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Preface

This Special Issue, entitled “Advances in Wood Processing Technology”, focuses on high-quality

original research articles and reviews on the latest (innovative) approaches in the development of

wood-based material processing, new ecological wood-based composites, advanced wood processing

functions, and further advances in industrial production research in the field of wood-based materials

and their applications. Wood is an attractive construction material and has several favorable

properties and advantages. However, it also has shortcomings and various limitations, such

as limited fire resistance, dimensional instability, and susceptibility to various biotic and abiotic

damages. Today, it is possible to improve some properties of wood with the help of extensive

innovative methods. Technical progress is largely conditioned by the process of discovering and

improving technological processes and methods. New ideas do not usually arise by chance, but

social conditions are necessary for this (achieving a certain state of knowledge and technology that

requires a new quality, the accumulation of knowledge about a given problem). We are very grateful

for contributions concerning the latest technologies for the processing of both growing wood and

wood-based composites.

Martin Kučerka, Alena Očkajová, and Richard Kminiak

Editors
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Special Issue on Advances in Wood Processing Technology
Martin Kučerka 1,* , Alena Očkajová 1 and Richard Kminiak 2
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2 Department of Woodworking, Faculty of Wood Sciences and Technology, Technical University in Zvolen,
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* Correspondence: martin.kucerka@umb.sk

An Overview of Published Articles

The primary goal of this Special Issue, “Advances in Wood Processing Technology”,
was to showcase cutting-edge research and development in the field of wood-based ma-
terials. It aimed to promote innovative approaches for processing wood, creating novel
ecological composites, enhancing wood processing functions, and optimizing industrial
production processes. Ultimately, this Special Issue sought to contribute to the advance-
ment of wood as a sustainable and high-performance construction material by addressing
the challenges and limitations of traditional wood-based materials.

Wood, a naturally abundant and renewable resource, offers numerous advantages as a
construction material, including strength, durability, and aesthetic appeal. However, its
susceptibility to fire, dimensional instability, and biological degradation poses challenges
for its wider application [1]. This Special Issue focused on addressing these limitations
through technological innovation [2]. By exploring new processing techniques, developing
advanced wood-based composites, and optimizing industrial production, researchers
aimed to unlock the full potential of wood as a high-performance material [3].

The first article [4] concludes that wood density directly affects its Brinell hardness
and capacity for self-re-deformation. Specifically, denser woods like beech have a lower
percentage of permanent indentation, indicating a higher ability to recover shape. This
recovery ability in radial and tangential sections is influenced by both density and applied
force, whereas in longitudinal sections, it is solely dependent on density. This study
highlights that side compression of wood cells is mostly reversible, contrasting with the
irreversible damage caused by longitudinal deformation.

The aim of another paper [5] was to investigate the possibilities of increasing the
lifetime of woodworking tools through the application of thin hard layers. These layers,
applied by physical or chemical vapor deposition methods, have the potential to signifi-
cantly increase the wear resistance of tools. The results of this study show that multi-layer
coatings, especially chromium-based coatings, are the most promising. Coatings with a
lower coefficient of friction were found to exhibit higher wear resistance. This property
has been shown to be a more important predictor of tool life than the hardness of the
coating itself.

The primary goal of the article [6] is to optimize the CO2 laser cutting process for
spruce wood by using an artificial neural network (ANN) to predict cut characteristics.
This article specifically focuses on identifying the critical role of laser performance and
cutting speed in wood cutting quality and efficiency, developing an ANN model to predict
cutting kerf properties and the heat-affected zone based on laser power and the wood’s
annual ring count. The next section addresses the verification of the model predictions
against the existing literature [7–10] and finally proposes the determination of the optimal
laser power to achieve the desired quality of spruce wood cut.

The study [11] analyzed the performance of the edge banding module in a fully
automated wooden door production line. By examining production data, researchers aimed

Appl. Sci. 2024, 14, 7863. https://doi.org/10.3390/app14177863 https://www.mdpi.com/journal/applsci1
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to identify factors influencing module efficiency. Results indicate that the module operates
flexibly and independently of control parameters, suggesting potential for operational
improvements and optimized work scheduling across the entire production line.

The article [12] by Koleda et al. was focused on the determination of the size of wood
dust particles generated during milling of chipboard using an experimental optical method.
The results showed that the proposed optical method allows more accurate determination
of particle size and shape compared to the traditional sieve method. This method provides
more detailed information on the composition of wood dust, which can be useful for further
research and applications.

The article by Hortobágyi et al. [13] investigated the feasibility of using vibration
monitoring on a pneumatic gripper for adaptive control during the milling process. This
study analyzed vibration data collected during milling operations, employing fast Fourier
transform to identify the dominant frequencies related to tool cutting [14,15]. Statistical
analysis revealed that tool type, spindle rotation, and material significantly influenced
vibration patterns. While feed rate showed less impact, the results suggest that vibra-
tion monitoring can potentially serve as a valuable signal for adaptive control. Future
research will focus on combining vibration data with surface roughness measurements and
developing a smart pneumatic gripper for the woodworking industry.

The research by Suleiman et al. [16] shows the potential to increase the value of Por-
tuguese eucalyptus forests by using them for glulam production. This research succeeded in
producing glulam from eucalyptus without changing the standard production process. The
resulting glulam exceeded the strength requirements for high-strength softwood glulam.

The aim of the paper by Abdullah Beram [17] was to improve the properties of black
poplar wood through impregnation with calcium oxide solutions. This research compared
vacuum and immersion impregnation methods, using different solution concentrations.
The results showed that both methods improved the wood’s thermal stability and flame
resistance while reducing water absorption and swelling. The impregnation process also
affected the wood’s surface properties, increasing roughness but decreasing water con-
tact angle. This study concludes that calcium oxide is effective in improving the overall
performance of black poplar wood.

The study [18] compared the embedment strength of cross-laminated timber (CLT)
reinforced with glass fiber-reinforced polymer (GFRP) or densified wood. The results
showed that both reinforcement methods improved embedment strength, with densified
wood offering the highest values. The embedment strength was higher when the load
was applied parallel to the outer layers of CLT [19]. The NDS formula (National Design
Specification) provided the most accurate prediction of embedment strength compared to
other models. This study concludes that both densification and GFRP reinforcement can
enhance CLT performance, but densification appears to be a more effective option.

A recent paper by authors Marina Chavenetidou and Vasiliki Kamperidou [20] inves-
tigated the surface roughness of chestnut wood in different anatomical regions and trunk
heights. This research found that surface roughness varied significantly depending on the
orientation of the wood grain, with measurements perpendicular to the grain resulting in
higher roughness values. While no significant differences were observed between heart-
wood and sapwood roughness, tangential surfaces exhibited the highest roughness overall.
This study concludes that surface roughness in chestnut wood is primarily influenced by
wood grain orientation and is consistent across different trees and trunk heights.
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Experimental Granulometric Characterization of Wood Particles
from CNC Machining of Chipboard
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Abstract: The aim of this paper is to determine the particle size composition of the wood particles
obtained from CNC milling the chipboard using an experimental optical granulometric method.
Composite materials (chipboard) are the most-used materials in the woodworking and furniture
industries. The proposed optical method of measuring particles’ dimensions is compared to the
sieving technique. The researched experimental method allows for the determination of not only the
size of the fraction of an individual particle’s fraction but also more detailed information about the
analyzed wood dust emission, for example, the largest and smallest dimension of each single particle;
its circularity, area, perimeter, eccentricity, and convex hull major and minor axis length; or the color
of the particle.

Keywords: wood particles; optical analysis; MATLAB

1. Introduction

Machining is one of the highly used processes in modern-day industrial applications,
with increasing demands from customers all over the world in areas such as transportation,
medicine, surgery, automobiles, space, aeronautics, etc. [1]. The development of industry
and the economy puts pressure on the speed of production for products and goods. In
addition to the advantages, this trend also has many negative aspects, for example, the
excessive production of waste material that can largely be recycled. Waste in the form of
particles is also generated during the production of semi-finished products. This is mainly
particles and dust, which must be removed so that they do not affect the production process
and the operators.

In the specialist literature, sawdust is characterized as a polydisperse bulk material
consisting of coarse and medium-coarse fractions, i.e., a bulk material with grain sizes
above 0.3 mm, while the proportion of finer fractions with smaller chip sizes is not excluded.
According to the classification indicators of bulk materials stated in STN 26 0070, sawdust
is classified as B-45UX i.e., a fine-grained loose mass (0.5 ÷ 3.5 mm) that is hygroscopic,
and low-flowing and an abrasive mass with a tendency to clump [2].

Sawdust can be used as a secondary raw material. It is one of the starting raw materials
for the production of agglomerated chip materials and the chemical processing of wood,
a valuable raw material for energy use by direct combustion, and the basic raw material
for the production of dimensionally and energetically homogenized fuel (briquettes and
pellets) [3].

The carcinogenic risk to humans posed by occupational exposures to wood dust and
formaldehyde needs to be evaluated, since a number of occupational situations that involve
exposure to wood dust also entail exposure to formaldehyde, such as in plywood and
particleboard manufacturing, furniture- and cabinet-making, and parquet floor sanding
and varnishing. The highest occupational exposures were noted to occur in wood furniture

Appl. Sci. 2023, 13, 5484. https://doi.org/10.3390/app13095484 https://www.mdpi.com/journal/applsci4
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and cabinet manufacturing, especially during machine sanding and similar operations, in
the finishing departments of plywood and particleboard mills, and in the workroom air of
sawmills and planer mills near chippers, saws, and planers. Citing findings from several
recent well-designed case-control studies, this study concludes that occupational exposure
to wood dust is causally related to adenocarcinoma of the nasal cavities and paranasal
sinuses [4–6].

Wood processing into a final product is a very complex technological process. The
main aim of wood processing is to create a workpiece with the required shape, dimensions,
and surface quality [7]. One of the most-used methods of woodworking is milling [8–13].
The quality of the processed surface by milling is affected by various factors, such as the
cutting conditions, the blunting of the tool, and the appropriately chosen tool [14–18]. In
the case of the wear of the tool during a long period of milling, the vibration frequency may
increase, resulting in a decrease in the quality of the milled surface. Tool wear is affected
by many factors including the workpiece material, cutting parameters, tool geometry and
materials, tool temperature, and cooling methods. All these parameters affect the service
life of the tool [19–21].

Currently, the chipboard production is a priority direction in the development of the
woodworking industry. Particle board (chipboard) is a material used in the production of
cabinet furniture and construction. The popularity of chipboard is also due to the fact that
manufacturers of this board material are trying to introduce the promising developments of
scientists, to keep up with the times [22,23]. The technology for the production of particle
boards is a complex process including a number of important operations. The quality
indicators of the finished product largely depend on it. For this reason, we chose this
material as the material for our experiment. In addition to the purely technological aspects,
the environmental safety of chipboard production is the most relevant, which is reflected in
the modern patent, scientific, and technical literature. Chipboard is composed of particles
and thin slivers of wood that are made by cutting the wood feedstock with rotating knives
and shearing the wood into small elements. The characteristics of chipboard are its low cost,
its high thickness, and the capability to manufacture large-dimension boards. Chipboard
manufactured from waste materials has an extra carbon offset value, making a contribution
to a sustainable environment.

Particleboard is a composite panel product consisting of cellulosic particles of various
sizes that are bonded together with a synthetic resin or binder under heat and pressure. Par-
ticle geometry, resin levels, board density, and manufacturing processes may be modified
to produce products suitable for specific end uses. At the time of manufacture, addi-
tives can be incorporated to impart specific performance enhancements including greater
dimensional stability, increased fire retardancy, and moisture resistance.

Today’s particleboard gives industrial users the consistent quality and design flexibility
needed for fast, efficient production lines and quality consumer products. Particleboard
panels are manufactured in a variety of dimensions and with a wide range of physical
properties that provides maximum design flexibility for specifiers and end users.

2. Materials and Methods
2.1. CNC Machine

The experiments were carried out on a 5-axis CNC machining center SCM Tech Z5
manufactured by the company SCM Group, Rimini, Italy.

The basic technical parameters of the machining center given by the manufacturer are
provided in Table 1.

5
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Table 1. Technical and technological parameters of CNC machining center SCM Tech Z5.

Parameter Range

Userful desktop 3050 × 1300 × 300 mm
X-axis speed 0–70 m·min−1

Y-axis speed 0–40 m·min−1

Z-axis speed 0–15 m·min−1

Vector rate 0–83 m·min−1

Revolutions 600–24,000 rpm
Power 11 kW

Maximum tool diameter D = 160 mm
Maximum tool length L = 180 mm

2.2. Tool Parameters

A diamond shank cutter tool with two rows of cutting diamond blades (Diamond
Router Cutter Economic Z2 + 1 − D18 × 26L85S = 20 × 50) was used, manufactured by
IGM Tools and Machines (Figure 1). The basic technical and technological parameters given
by the manufacturer are provided in Table 2. This tool was chosen for its frequent usage in
small woodworking companies due to its high tool lifetime and relatively low cost [24–26].
The cutter was used in previous experiments. The usage time was approximately 120 min.
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Figure 1. Diamond Shank Cutter Economic Z2 + 1 − D18 × 26L85.

Table 2. Technical parameters of the milling tool.

Name Working
Diameter D (mm)

Working Length L
(mm)

Diameter of
Chucking Shank

S (mm)

Number of
Cutting Blades

Material of
Cutting Edges

Router Cutter
Economic Z2 + 1 18 26 20 2 + 1 HW Diamond

2.3. Milling Wood Samples

A pressed chipboard was used as a sample for milling. The sample had a raw sur-
face without processing, moisture content of 9.5%, and panel density of 600–640 kg·m3.
Samples of particleboard blanks with the following dimensions, thickness t = 18 mm,
width w = 300 mm, and length l = 500 mm, were used in the experiment. The specimens
were machined by cylindrical, circumferential milling through the entire thickness, with a
diamond shank milling cutter with the following technological parameters: constant depth
of cut e = 4 mm; rotation speed of spindle with cutting tool n = 18.000 rpm; feed speed
vf = 4, 6, and 8 m·min−1. For each combination of parameters, six specimens in total were
collected. The conventional milling (up-milling) method was used for the experiment.

The sawdust obtained during milling was then scanned using a Nikon D5200 camera.
This camera was placed on a tripod above the scanned area. The shooting lens was a
standard camera lens, Nikon AF-S Nikkor 18–55 mm f/3.5–5.6 GDX VR II (Nikon, Bangkog,
Thailand). This lens is designed for use with Nikon’s DX-format single-lens reflex cameras.
A 3× zoom covers the commonly used focal length range of 18–55 mm and a Silent Wave
Motor (SWM) from Nikon offers quiet autofocus. Its view angle is 76–28◦50′.
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During scanning of the measured sawdust, particles may overlap each other. In this
case, the overlapping sawdust would be evaluated as one particle, which would introduce
an error into the measurement. So that the sawdust in the sample does not overlap, the
particles are separated from each other during the scanning itself using a vibrating table
(Figure 2).
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Figure 2. Vibrating table for separating wood particles.

The vibrating table was assembled from two steel plates, which are connected by four
springs. The springs were placed in the corners of the plates and fixed by welding. On the
bottom of the upper plate, there is an eccentric electric motor in the middle, the movement
of which creates an oscillating movement by the upper plate. The speed of the motor and,
thus, the strength of the vibrations are adjusted by regulating the supply voltage for the
motor. A simple circuit with an LM317 regulator was used as a voltage regulator (Figure 3).
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Figure 3. Circuit for voltage regulation. LM317 pins: 1: Adjust; 2: VOUT; 3: VIN.

LM317 is a monolithic integrated circuit in TO-220 packages intended for use as a
positive adjustable voltage regulator. It is designed to supply more than 1.5 A of load
current, with an output voltage adjustable over a range from 1.2 to 37 V. The nominal
output voltage is selected by means of a resistive divider, making the device exceptionally
easy to use and eliminating the stocking of many fixed regulators. The input voltage for
the controller was 12 VDC voltage from the main adapter. The output voltage from the
regulator ranged from 1.25 to 11.3 V. This voltage powered the eccentric motor in the
vibrating table.

The particles were scanned with the following parameters (Table 3):
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Table 3. Shooting parameters.

Parameter Value

ISO sensitivity 100
Shutter speed 6.0 s

Aperture f/5.6
Focal length 55 mm

Effective pixels 24.2 Mpix
Sensor format APS-C

Image sensor type CMOS

Scanning of the samples was carried out in low light so that the shadow of the particles
was not visible. Therefore, images were recorded with a long exposure, 6 to 15 s.

A sample of an image with analyzed particles is shown in Figure 4.
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Figure 4. Image with analyzed particles.

Images of sawdust taken in this way were subsequently analyzed in the MATLAB
program (MathWorks, Natick, MA, USA), using the proposed program (Figure 5).

Appl. Sci. 2023, 13, x FOR PEER REVIEW 5 of 15 
 

Table 3. Shooting parameters. 

Parameter Value 
ISO sensitivity 100 
Shutter speed 6.0 s 

Aperture f/5.6 
Focal length 55 mm 

Effective pixels 24.2 Mpix 
Sensor format APS-C 

Image sensor type CMOS 

Scanning of the samples was carried out in low light so that the shadow of the parti-
cles was not visible. Therefore, images were recorded with a long exposure, 6 to 15 s. 

A sample of an image with analyzed particles is shown in Figure 4. 

 
Figure 4. Image with analyzed particles. 

Images of sawdust taken in this way were subsequently analyzed in the MATLAB 
program (MathWorks, Natick, MA, USA), using the proposed program (Figure 5).  

 
Figure 5. Proposed MATLAB program for wood particles’ analysis. 

The text block of the displayed required information was mainly used for the design 
of the application for listing certain information, for example, the value of the content of 

Figure 5. Proposed MATLAB program for wood particles’ analysis.

The text block of the displayed required information was mainly used for the design
of the application for listing certain information, for example, the value of the content of
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the test object. During the experiment, the total number of found objects in the currently
analyzed image was written into this block.

The “Analysis” button was designed for quick analysis of measured data, such as a his-
togram of detected particle areas. However, it was not used in the experiment; all analyses
were performed in the program Statistica (TIBCO Software Inc., Arlington, VA, USA).

The program works according to the following algorithm (Figure 6).
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Figure 6. Program algorithm.

First, an image with a reference distance is opened, which helps to determine the
scale of the conversion from digital image to the metric system. This step is important
to accurately determine the dimensions. The MATLAB program detects all dimensions
from the digital image; therefore, the measured values are in pixels. For the conversion to
metric dimensions, a conversion coefficient is found. To calculate it, a known distance is
scanned in the first opened photo. In the experiment, an office ruler was used. In this ruler,
2 points with a known distance were selected by clicking the mouse. When clicked, the X Y
coordinates of the given points were determined, and the distance between the points in
pixels was calculated using relationship (1).

DistPx =

√
(X2 − X1)

2 + (Y2 −Y1)
2 (1)

where

DistPx—distance between the selected points in pixels;
X1, Y1—coordinates of the first selected point;
X2, Y2—coordinates of the second selected point.

From this distance in pixels in the image and from the known distance on the ruler,
the conversion coefficient is then calculated according to relationship (2):

Con.Coe f =
Distmm

DistPx
(2)

where

Con. Coef —conversion coefficient;
Distmm—known distance in metric system (mm);
DistPx—known distance in pixels.
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Subsequently, the analyzed image is opened, in which it is necessary to select the
background color of the sawdust, which depends on whether there are light wood particles
on a black background or dark wood particles on a white background. These combinations
are suitable for the contrast between the searched sawdust and the background, so that they
can be easily identified. In the case of a background with a similar color to the searched
objects, particles may be incorrectly assigned to the background, or false objects may be
created [27,28].

For next analysis, this image is converted into binary form using a function:

im2bw(I, graythresh(I)) (3)

where I—a variable representing the loaded image.
Function im2bw converts the input image to a binary form, in which the pixels

belonging to the sawdust have the value of 1 (white), and the other pixels have a value of
0 (black). The decision level for this transfer is calculated using a function: graythresh(I).
This computes a global threshold T from grayscale image I, using Otsu’s method. Otsu’s
method chooses a threshold that minimizes the intraclass variance of the thresholded black
and white pixels [27–29]. During this binarization, fictitious holes may be created, due to
the structure of the sawdust. These are subsequently removed using a function:

imfill(BW,’holes’) (4)

where

BW—input binary image;
‘holes’—parameter of the imfill function.

Function imfill(BW,’holes’) fills holes in the input binary image BW. Using parameter
‘holes’, only holes in objects are removed (Figure 7). Hole is a set of background pixels that
cannot be reached by filling in the background from the edge of the image.
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Figure 7. Removing holes in objects [30,31].

In a binary image modified this way, the dimensional characteristics of the sawdust
are subsequently detected by pressing the “Measurement” button.

It is possible to determine the dimensional parameters of the sawdust in the digital
image modified in this way. The following functions were used in the MATLAB program
to determine sawdust parameters:

regionprops(BW, properties)
bwferet(BW, properties)

(5)

where

BW—input binary image;
properties—specified, required calculated properties.

Using the regionprops function, the required properties of the found particles are
calculated. The list of these characteristics is specified as Properties in the function region-
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props. To measure the dimensions of the sawdust, the following were determined: Area,
Perimeter, Centroid, Orientation, and Circularity.

Function bwferet measures the Feret properties of objects in an image and returns the
measurements in a table. The input properties specify the Feret properties to be measured
for each object in input binary image BW. The measured Feret properties include the major
and minor axis length, Feret angles, and endpoint coordinates of Feret diameters.

The Feret properties of an object are measured by using boundary points on the
antipodal vertices of the convex hull that encloses that object (Figure 8).
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Figure 8. Major and minor length.

Area of individual sawdust is determined with a parameter ‘Area’. This parameter
counts all pixels belonging to individual sawdust in the binary image.

The Perimeter measurement of sawdust is determined using a parameter ‘Perimeter’.
Function regionprops computes the perimeter by calculating the distance between each
adjoining pair of pixels around the border of the region.

The position of the center of sawdust is determined by a parameter ‘Centroid’, which
detects the horizontal and vertical coordinates of the position of the center of particle in
the image.

The rotation of sawdust in the image is detected by a parameter ‘Orientation’. This
represents an angle between the x-axis and the major axis of the ellipse that has the same
second moments as the region, returned as a scalar. The value is in degrees, ranging from
−90◦ to 90◦ [27,28].

Roundness of objects is returned as a structure with parameter ‘Circularity’. The
structure contains the circularity value for each object in the input image. The circularity
value is computed as

4·Area·π
Perimeter2 (6)

Since MATLAB detects dimensional information about found objects in pixels, the
obtained information is converted to metric system. This is accomplished by multiplying
the perimeter and the min and max dimension data by the conversion coefficient that was
calculated at the beginning of the measurement. Particle area data are multiplied by the
square of the coefficient. The circularity parameter is not recalculated by this coefficient
because it is a relative quantity. The measured data are sent to an Excel table. The data
modified in this way are saved in an Excel table using the “xlswrite” function. The data can
be further processed in the Excel program. We exported these data to the program Statistica.
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3. Results

The proposed program allows for the measurement of the dimensions of each individ-
ual particle. A sample of the determined dimensions is displayed in Figure 9.
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Figure 9. Section from the analyzed image with sawdust: (a) original image; (b) analyzed image.

The found dimensions were analyzed by one-way ANOVA in the Statistica program
(TIBCO Software Inc., USA). Figure 10 shows the weighted means of the area of the
analyzed sawdust for individual feed speeds.
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Figure 10. Weighted mean of dimensional characteristics of the analyzed sawdust: (a) sawdust area;
(b) sawdust perimeter.

As shown in Figure 10, the area and perimeter of the sawdust are changing with
different feed speeds. The smallest particles were formed by milling with the smallest feed
speed. By increasing the feed speed, the size of the generated sawdust also increased. The
largest sawdust was created at a feed speed of vf = 6 m·min−1.

The weighted means of the major and minor axes are shown in Figure 11.
To measure by area and perimeter, the major and minor axis dimensions were recorded

at a feed speed of 4 m·min−1. At higher feed speeds, the dimensions were larger. The
largest sawdust dimensions were recorded at a feed speed of 6 m·min−1.
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The statistical significance of the detected parameters in the change in speed was
determined using Duncan’s test (Table 4).

Table 4. Duncan’s test of areas.

Feed Speed {1} {2} {3}

4 m·min−1 0.000011 0.000009
6 m·min−1 0.000011 0.011701
8 m·min−1 0.000009 0.011701

Table 3 shows that the change in feed speed is statistically significant because the
probability of the similarity of the datasets is less than 5%.

Using the described method of determining the sawdust dimensions, it is also possible
to determine the roundness of objects (Circularity). For a perfect circle, the circularity value
is 1.

As shown in Figure 12, the shape of the sawdust is similar to a circle in the sample.
For small particles, however, the circularity increases, which is due to the fact that these
small particles have a needle-like shape. They have a small area but a larger perimeter. For
larger particles, the roundness is smaller because these particles have a shape similar to a
circle. The analysis of the variance of the circularity is shown in Figure 13.
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For a comparison with the sieve analysis, the obtained results were converted from
the percentage representation of the sawdust to an area corresponding to the sieves with
fractions: 2, 1, 0.5, 0.25, 0.125, 0.063, 0.032, and less than 0.032 mm. Figure 14 shows
the results.
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Figure 14. The percentage of individual sawdust fractions.

Figure 14 shows that the largest share of the sawdust was from the fractions 0.25
and 0.5 mm. The major factions (2 a 1 mm) had a small share, approximately 5% at each
feed speed.

4. Discussion

An optical analysis of the sawdust and other small materials encounters the problem
of overlapping particles during scanning. When several particles overlap each other, such
a cluster is typically identified as one separate particle. This problem can be solved using a
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vibrating table, on which the particles of re ias separated from each other using vibrations
before scanning.

Another problem can be capturing all the particles for analysis. The particles’ removal
efficiency during CNC machining of the particleboard highly depends on the operation type
realized by the CNC center as well as the machining pathway [32,33]. For pocketing, the
quantity of particles that remained on the panel after routing was negligible and, therefore,
the exhaustion efficiency was near 100%. For milling, however, it was at the level of 87%,
which was not satisfying. In this study, a particle size analysis of the sawdust was also
performed. It showed that the wood particles left over on the machine and around it were
not smaller than 0.1 mm. The efficiency of the wood particles’ removal decreased with the
particles’ size increase.

It is possible to identify the effect of shear force on the proportion of the smaller
particles within the fine fractions in terms of the influence of the physical and chemical
properties of sawed and sanded material, as well as the shape, the dimensions, the sharp-
ness of cutting tools, and technological factors. A feed rate reduction means a decrease in
the nominal thickness of the particle, and, thus, the particles move between finer fractions.
This fact was also confirmed by other studies [34–36]. The formation of dust particles can
occur in all open places of machines as well, especially on the premises of CNC machines
as a result of maintenance, repairs, cleaning, inspections, tool changes, etc. [30,31,37–39].

This paper is based on the standard scientific methodologies for the evaluation of
particles from the wood milling process, which are accepted for their scientific capacities,
but, at the same time, we consider it necessary to discuss this topic from the point of view
of objectivity and in the context of the stated findings.

As Kminiak (2021) wrote, it is very difficult to determine the content of the finest dust
particles. This content may not be captured by the camera due to the complicated shape
of the particles, leading to a possibly incomplete data analysis. Therefore, a smaller focal
length camera or a microscope should be used for wood dust with a larger dimensional
span. Only then is it possible to detect and quantify the content of the finest dust particles
and, thus, to estimate the occupational health risks accordingly [40,41].

One of the ways to improve the chips’ geometric measurement is to use the optical
method, which was proposed by Sandak et al. (2005) and also by Palubicki et al. (2007).
This method has many advantages, since it is simple and fast, does not use very expensive
equipment, and has high accuracy [42,43].

5. Conclusions

This research demonstrated the possibility of a more complex analysis of sawdust
using the proposed program. In the commonly used methods, for example sieve analyses,
the result is only the percentage representation of the size of the individual fractions
compared to the total sample [44,45]; thus, the described method allows for obtaining
more information about the measured sawdust sample. The dimensional characteristics
are determined for each individual particle.

During the analysis of the particles generated during the milling process at different
feed speeds, it was found that the smallest particles are generated at a feed speed of
4 m·min−1. The largest sawdust particles were generated at a feed speed of 6 m·min−1.
In order to reduce health risks during milling, it is, therefore, not advisable to use low
feed speeds. They produce smaller chips and dust that could endanger the health of the
operating personnel.

The formation of fine wood dust particles represents a significant occupational hazard
to the health and safety of workers. The results obtained can be used for optimizing the
technological programs of CNC milling machines, thus reducing the occupational exposure
to harmful wood dust emissions in the wood processing industry.

The improvement of the work environment in wood processing and furniture enter-
prises, by adopting adequate occupational safety and health practices, is desirable not only
from the perspective of workers but also because it contributes substantially to labor pro-
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ductivity by enhancing workers’ motivation, increasing competitiveness, and promoting
economic growth.

During particle scanning, this method was found to be quite time-consuming. This was
mainly due to the dark contrasting background of the sawdust. For further experiments, it
would be more appropriate to provide light under the sawdust, which would speed up the
scanning. Moreover, the particles illuminated in this way would have sharper contours.

In this experiment, a standard lens for a Nikon camera was used. Its maximum focal
length is 55 mm. For further research, we plan to try other lenses with longer focal lengths
as well as other cameras with extra-long focal lengths. A longer focal length allows for
shooting at a smaller view angle. Therefore, the investigated particles scanned in this way
should have clearer details.
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Abstract: Milling with use of CNC machines is a well-established method and much research was
concluded on this topic. However, when it comes to wood and wood composites, the material non-
homogeneity brings a lot of variability into cutting conditions. As a part of research into potential
signals for nesting milling, material vibrations at clamping points were examined in this study. The
main goal was to conclude if cutting parameters have a statistically significant effect on measurement.
The place of measurement was analyzed so it was accessible to the machine operator. Medium
density fiberboard and particleboard specimens were cut through by razor and spiral mill, with
spindle rotating 10,000 and 20,000 min−1 and feed rates 2, 6, 10 m·min−1. Vibrations were measured
at vacuum grippers, and were then processed by fast Fourier transform. Then, frequency spectrum
maxima were compared, as well as amplitude sizes. Main frequencies were of roughly 166 Hz and
multiples, suggesting their origin in tool rotation. When maxima were compared, tool use, spindle
rotation, and feed rate seemed to affect the result. Frequency spectrum amplitudes were subjected to
analysis of variance, significant effect was found on spindle speed, tool, and specimen material. No
significant effect was found with differing feed rates.

Keywords: MDF; CNC; milling; vibration measurement

1. Introduction

The technology of machining native wood and wood-based materials by multi-axis
CNC machining centers is increasingly used especially in the manufacturing of complex
parts, or so-called nesting milling. CNC machines are often used without direct control
by a human operator and, therefore, the setting of appropriate technological parameters
is extremely important for trouble-free machining, achieving the required quality of the
workpiece, minimizing vibration and electricity consumption, and, last but not least,
ensuring adequate work environment [1,2]. The ongoing digital revolution (Industry 4.0)
brings techniques for inspection and for collecting data on the production process and
their online processing remotely using interconnected cyber-physical systems. It does
not have to be only about evaluating data in real time, but also about their prediction
with the aim of environmental protection and sustainability industry [3]. The problems
related to this can result in the development of new intelligent sensors, methods, and
procedures for measuring quantities that indirectly characterize the machining process
(energy consumption, acoustic emissions, vibrations, dust) and are suitable for creating a
digital twin of intelligent production [4].

Milling is a well-known manufacturing process, where many problems already have
been addressed. Many studies were conducted to find dependence of roughness of ma-
chined material on cutting parameters. Generally, the surface roughness depends on
spindle speed, feed rate, and tool diameter. To achieve a smoother surface, high spindle
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speed with slow federate should be used, ideally with a small diameter tool [5–13]. How-
ever, such parameters also create higher cutting forces which are undesirable [14]. A big
aspect is from material itself. Especially where wood is concerned, material homogeneity
plays a big role.

Medium density fiberboard (MDF) is a wood-based industrial product. It is made
from wood waste fibers bonded together by resin, while heated under pressure. MDF has
certain advantages when compared to native wood and is currently preferred in many
applications [10]. MDF roughness from manufacture increases with rising compression
strength [15]. It is generally denser than particle board as well as plywood. Even though it
consists of fibers and not veneers, it can be applied as a construction material in most cases,
where plywood is used nowadays.

The density of a typical MDF is between 500 kg·m−3 and 1000 kg·m−3 whereas the
density of a particle board is in the range from 160 kg·m−3 to 450 kg·m−3. In contrast to
natural wood, MDF does not contain knots or rings [16]. Experimental studies provided
assessment of the concrete cutting parameters for machining isotropic and orthotropic
wood-based materials [17,18].

Vibrations during the machining process were subjected to multiple studies. Vibrations
are often frequent problem which affects dimensional accuracy of the parts being machined,
surface finish quality and tool life. Vibrations are induced due to machine faults, cutting tool,
cutting parameters, workpiece deformation, etc. These vibrations are generally measured
using accelerometers mounted on various machine parts elements [19].

From the point of view of vibration measurement, several articles were published,
especially in the area of metal materials machining. A relation was found for steel [20]
and titanium [21] machining, that surface roughness is most dependent on feed rate, while
cutting speed has the highest effect on tool vibration. Similar results were found for
aluminum in [22]. Other studies were focused on finding a relation between vibrations
and surface finish, with signal spectrum analysis and wavelet packet transform (WPT),
where it resulted in vibration ranges correlating the vibration amplitudes with resultant
surface roughness. The measured vibration and wavelet packet transform method could
be effectively applied for real-time, highly accurate, and reliable roughness monitoring,
with a low computation power cost in CNC machining [23]. Singular spectrum analysis
was also considered as a viable strategy for assessing vibration signals used to the real-time
monitoring of machined surface finish [24], as well as the calculation of surface quality in
CNC turning by model-assisted response surface approach [25]. Tool vibration signals were
experimentally monitored by spectral kurtosis and ICEEMDAN energy modes for insert
abrasion assessment [26]. Surface quality prediction models based on a regression method
and artificial neural network were developed in [27,28]. Multiple methods involving
machine learning were summarized and compared in [29]. Tool geometry was also found
to be a big factor, when vibrations are assessed [30–32].

The fast Fourier transform used in this study is a valuable tool in situations when
signal processing is needed. It is a computation instrument for easier signal analysis. FFT
can be used on computers for power spectrum analysis as well as for filter simulation. This
tool is basically an efficient way to calculate the discrete Fourier transform of data sample
sequences [33] and to transform the time domain signal into frequency domain [34]. The
Fourier transform was applied for surface roughness prediction to obtain the features of im-
age texture [35], and for real-time measurement and intervention system for build-up-edge
and tool damage to analyze the vibration signals for fast recognition of signal irregulari-
ties [36]. It was also successfully tested for on-the-fly CNC interpolation method [37]. In
this research, fast Fourier transform was used to find dominant frequencies which were
combined with noise in a composite signal. When multiple frequencies are combined, it is
almost impossible to decompose a signal into original elements by signal shape assessment.
After fast Fourier transform, two-sided amplitude spectrum and single-sided amplitude
spectrum can be calculated with use of signal length. Other examples of the fast Fourier

20



Appl. Sci. 2023, 13, 5061

transform use are the conversion of Gaussian pulse or the turning of periodical waves from
the time domain to the frequency domain [38].

Experiments with MDF routing showed that a suitable cutting edge angle, with
consideration of tool material, is in lower scope of ordinarily used HM tools. From the
range of the research, the best performing angle was roughly 40 degrees [39]. Another
factor that was both cause and effect of vibration is tool wear [2]. To mitigate this effect,
many methods were tested, with a range of them focusing on MDF routing. An adaptive
regulation system generating responses to advancing tool wear was developed in [40]. A
neural network was tested for tool wear monitoring, where several machining factors were
measured, including cutting forces, temperature, and power [41]. Mathematical models
were also used for the correction of size parameters at 13 levels of a tool wear, with resulting
control charts [42].

Another factor affecting vibration is clamping. Vacuum clamping systems, such as
the one used in this study, are usually used for particle boards milling on woodworking
machining centers. The vacuum gripper systems provide good access to the workpiece
edges during machining. A downside of this securing method is un-clamped board areas
with relative distance to nearest gripper. These are relatively free to vibrate in a wide
frequency range while machining takes place. Due to these vibrations, the roughness of the
machined edge is higher, and the process is accompanied by high acoustic emission [43].
However, all the above could be measured by other non-intrusive methods, such as vibro-
acoustic analysis [44–46], or by means of energy consumption tests [47,48].

This research focused on the evaluation of vibrations during milling of medium density
fiberboards on 5-axis CNC machine. The goal of the study was a confirmation of the effect
of changing the technological parameters of milling wood-based agglomerates on the size
of the vibration amplitude. Vibration measurement should serve as one of the appropriate
signals for an adaptive machining control system, which is the goal of ongoing research
of FMA analysis of potential signals suitable for adaptive control of nesting strategies for
milling wood-based agglomerates. The research was intended to confirm the hypotheses
that a change in spindle speed, feed rate, workpiece material, and a change in the tool
influences the change in the amplitude of the resulting vibrations. At the same time, one of
the goals of the article was to measure these vibrations in a place accessible to the operator.

2. Materials and Methods

Medium density fiberboards cut to 500 × 300 × 18 mm with weight 1960 g were used
as specimens. The density of these specimens was 720–740 kg·m−3. Particleboards of
the same dimensions were added as reference specimens. The density of particleboards
given by the manufacturer was 600–640 kg·m−3 (deciduous 10%, coniferous 90%), and urea
formaldehyde glue with paraffin admixture was used; both originated from Kronospan
Ltd., Zvolen, Slovakia. The manufacturer declared that the material complied with the EN
14,322 standard, EN 312-2, and emission class E1 (EN ISO 12460-5) [49–51].

A measurement was conducted on a 5-axis CNC machining center SCM Tech Z5
(Figure 1), in laboratories of Technical University in Zvolen. Table 1 provides the basic
technical-technological parameters given by the manufacturer.

Figure 1. CNC machining center SCM Tech Z5.
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Table 1. CNC machining center SCM Tech Z5 technical parameters.

CNC Machining Center SCM Tech Z5 Technical Parameters

Useful desktop (mm) X = 3050, Y = 1300, Z = 3000
Speed in x axis (m·min−1) 0 ÷ 70
Speed in y axis (m·min−1) 0 ÷ 40
Speed in z axis (m·min−1) 0 ÷ 15

Vector rate (m·min−1) 0 ÷ 83

Technical Parameters of the Electric Spindle with HSK F63 Connection

Rotation in C axis 640◦

Rotation in B axis 320◦

Revolutions (min−1) 600 ÷ 24000
Electric power (kW) 11

Maximum tool dimensions (mm) D = 160, L = 180

Vibration was measured by PicoScope with MEMS accelerometer TA143 [52] with
parameters in Table 2.

Table 2. Basic parameters of accelerometer TA143.

Parameter Value

Maximum measurable acceleration ±5 g
Output 0–2 V DC

Output scaling 99 to 122 mV·g−1

0 g output 0.85 to 1.15 V

Specimens were clamped to four pneumatic grippers, each with surface 120 × 120 mm
and clamping force 16 kg/m2 (Figure 2). Each cut had a depth of 19 mm, and so, the whole
thickness of the material was machined in one run.

Figure 2. Measurement assembly. (a) Pneumatic grippers (G1–G4), (b) magnetic attachment of
accelerometer (1), (c) NVH kit with PicoScope.

To emulate the conditions of nesting milling, a tool trajectory cut through the middle
of specimen. The spiral and razor cutter shown in Figure 3 were used as tools, with
parameters summed in Table 3.

Varying feed rate of 2, 6, 10 m·min−1 was used, with spindle rotations 10,000 and
20,000 min−1. Cutting was repeated 3 times for each parameter. Both experimental layout
and cutting parameters are shown in Figure 4 and Table 4 [53].

As seen in Figures 2 and 4, accelerometer probes were attached onto pneumatic
grippers. To select placement location, multiple tests were conducted with probes placed
on each gripper. An example of a result with spindle revolutions of 20,000 min−1 and feed
rate of 6 m·min−1 is shown in Figure 5.

Although cutting parameters were the same, the placement of accelerometer had a
visible impact. Grippers G1 and G4 had a larger peak in the beginning of cutting, as they
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were closer to the start of tool path. However, there was still a big difference, due to tool
rotation. On gripper G1 and G2, vibrations were caused by conventional milling, while
grippers G3 and G4 side were experiencing climb milling. Another useful fact was that
vibrations in y axis never showed as maximum in measurement.

Therefore, it was concluded that four channels of accelerometer were used to simul-
taneously measure x and z axes of two grippers. Goal was to have at least one sensor as
close to the source as possible, and so, a pair of grippers, one near start and one near end
position, were chosen. Lastly, as grippers G3 and G4 showed larger extremes, they were
the final choice and sensors were placed as shown in Figure 4.

Data were then processed in MATLAB (MathWorks, Inc., Sentic, MA, USA). The initial
signal was cut, so only the milling part would be assessed, and measured voltage was
converted to acceleration by output scaling [52].

Figure 3. Cutters used in experiment. (a) Razor cutter, (b) spiral cutter.

Table 3. Tool parameters.

Parameter Razor Mill Spiral Mill

Flute diameter 16 mm 16 mm
Shaft diameter 25 mm 16 mm

n max 24,000 24,000
Teeth 2 3

Cut direction straight up-cut
Cutting edge IGM D16 L28.3 solid
Chip breaker - yes
Tool carrier HSK 63 GM 300 HSK 63 GM 300

Reduction sleeve - 16–25

Figure 4. Experiment layout: Specimen placement and tool path on CNC. G—pneumatic gripper,
A—accelerometer, x, y, z-orientation of accelerometer axes, G1–G4—Grippers no. 1–4.
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Table 4. Number of measurements for each combination of cutting parameters.

Cutting Parameters VF [m·min−1]
2 6 10

Tool n [min−1] Grip. x y z x y z x y z

sp
ir

al
m

ill 10
,0

00

1 - - - - - - - - -
2 - - - - - - - - -
3 3 - 3 3 - 3 3 - 3
4 3 - 3 3 - 3 3 - 3

20
,0

00

1 - - - 3 3 3 - - -
2 - - - 3 3 3 - - -
3 3 - 3 3 3 3 3 - 3
4 3 - 3 3 3 3 3 - 3

ra
zo

r
cu

tt
er

10
,0

00

1 - - - - - - - - -
2 - - - - - - - - -
3 3 - 3 3 - 3 3 - 3
4 3 - 3 3 - 3 3 - 3

20
,0

00

1 - - - - - - - - -
2 - - - - - - - - -
3 3 - 3 3 - 3 3 - 3
4 3 - 3 3 - 3 3 - 3

Figure 5. Result of measurement on individual axes. (G1–G4)—pneumatic grippers no. 1 to 4,
blue—x axis, red—y axis, green—z axis.

Parts of the signal which contained information from before and after the milling
process were cut. The threshold value ± 7 mV was used to determine the beginning and
ending of the desired signal. Then, fast Fourier transform in MATLAB was used to calculate
single-sided amplitude spectrum of vibrations [38] (percent sign “%“ marks comments in
MATLAB code):
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L = length (X);
Fs = sampling frequency;
T = 1/Fs;
T = (0:L−1)*T;
Y = fft(X); % computing of FFT;
P2 = abs(Y/L);
P1 = P2(1:L/2 + 1);
P1(2:end−1) = 2*P1(2:end−1);
f = Fs*(0:(L/2))/L;
plot(f,P1); % generating of FFT graph;
title (“Single-Sided Amplitude Spectrum of S(t)”); % title of generated graph;
xlabel (“f (Hz)”); % x and y labels of generated graph;
ylabel(“|P1(f)|”);
In this code, X is input variable as sequence of acceleration according to the sampling

period; L is number of samples in X; Fs is the value of sampling frequency; T is sampling pe-
riod; t is time of discrete sample according to sampling period; Y is result of FFT from signal
X; P2 are absolute values of Y/L ratio; P1 is computing of one-side spectrum amplitudes.

As there were multiple low peaks (noise) in mixture with significantly higher ampli-
tude peaks, a threshold value of |Y(f )| = 0.5 was set as minimum for result to be recorded.
Additionally, multiple frequency maxima were concentrated around certain values. For
better readability, only the maximal value was recorded from such groups. Original signal,
its cut form, and dominant frequencies with their maxima are shown in Figure 6.

The entire procedure of the experiment described in previous paragraphs is graphically
displayed in Figure 7.

Figure 6. Example of signal processing. (a) PicoScope output showing vibrations of four channels,
blue—x axis of gripper 4, green—y axis of gripper 4, red—x axis of gripper 3, yellow—y axis of
gripper 3, (b) MATLAB output, (b1) signal from PicoScope (b2) Amplitude spectrum as FFT result
(b3) list of peaks and their maxima, blue—x axis result, green—z axis result.
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Figure 7. Scheme of experiment procedure.

3. Results

To enable data assessment, the results shown in Figure 6(b3) were also program-
matically saved to tables, as shown in Table 5. Each dominant frequency is marked by
bold font.

Table 5. Example of filtered output from fast Fourier transform.

G3 X G3 Z G4 X G4 Z
f (Hz) Maxima f (Hz) Maxima f (Hz) Maxima f (Hz) Maxima

165.93 0.93 166.13 0.80 165.93 1.92 166.13 3.26
498.20 1.56 332.26 0.85 498.39 1.86 332.06 0.96
1328.06 0.84 498.20 5.15 829.67 0.57 498.20 9.72
1494.19 0.58 664.33 1.10 996.19 0.94 664.33 1.30

830.26 1.22 830.26 1.38
996.39 2.12 996.19 0.76
1162.52 0.69
1328.65 0.51

Dominant frequencies were summarized. In most cases, when no parameters changed,
they remained similar. A summary of their averages is shown in Figure 8.

Next, to determine if vibrations on the gripper could be used as a signal for adaptive
control, the dependency between cutting parameters and single-sided amplitude spectrum
amplitudes were assessed by analysis of variance (ANOVA). This analysis was conducted
for significance level p = 5%. Figure 9 shows the dependency of amplitudes when changing
spindle rotation from 10,000 to 20,000 min−1. As the revolutions increased, the vibration
amplitudes also increased.
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Figure 8. Summary of dominant frequency maxima though range of parameters.

Figure 9. Box plot of 95% confidence interval of amplitude dependency on spindle rotation.

Figure 10 shows the dependency of amplitudes when changing the spindle rotations
for different materials. When milling particleboard, amplitudes were lower than in milling
MDF board.
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Figure 10. Box plot of 95% confidence interval of amplitude dependency on material and
spindle rotation.

Figure 11 shows the dependency of amplitudes when changing feed rate for different
experimental materials. As the feed rate increased, amplitudes increased at milling MDF
boards bud decreased at milling particleboards.

Figure 11. Box plot of 95% confidence interval of amplitude dependency on material and feed rate.

Figure 12 shows the dependency of amplitudes for different tools and experimental
materials. The razor mill produced higher amplitudes of vibrations than the spiral mill at
both experimental materials.
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Figure 12. Box plot of 95% confidence interval of amplitude dependency on material and tool.

To verify the significance of differing parameters affecting amplitudes, the Duncan
test was performed. A significant difference was found between tools, as shown in Table 6,
spindle rotations are shown in Table 7, and materials are shown in Table 8. The change in
feed rate, as shown in Table 9, did not impact amplitudes significantly.

Table 6. Duncan test of spindle rotation effect on amplitudes.

No. n [min−1] Ampl. Mean 1 2

1 10,000 2.54 0.000842
2 20,000 3.32 0.000842

Table 7. Duncan test of tool effect on amplitudes.

No. Tool Ampl. Mean 1 2

1 spiral 1.80 0.000009
2 razor 3.59 0.000009

Table 8. Duncan test of material effect on amplitudes.

No. Material Ampl. Mean 1 2

1 MDF 3.28 0.000540
2 PTB 2.49 0.000540

Table 9. Duncan test of feed rate effect on amplitudes.

No. vf [m·min−1] Ampl. Mean 1 2 3

1 2 2.96 0.899389 0.490981
2 6 2.92 0.899389 0.540870
3 10 2.75 0.490981 0.540870

4. Discussion

The fast Fourier transform brought several results. First, as shown in Table 5, were
dominant frequencies. The first peaks were observed at 165.93–166.13 Hz. The next peaks
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were observed at 332.26 Hz and 498.2 Hz. These, with rest of peaks, presented multiples
of the first value. In some cases, multiples are not seen in Table 5. However, these were
still present, but with maxima smaller than 0.5;0 they were filtered out. Similar results
were observed through use of all parameters. Therefore, it seems the main vibrations were
caused by the rotating tool.

This theorem would be supported by the maxima summary shown in Figure 8. When
maxima from spindle rotation n = 10,000 min−1 are compared, the vibrations in x axis seem
smaller or equal to axis z. As expected, the spiral mill produced higher results mainly in
the z axis. With higher cutting speed n = 20,000 min−1, the use of spiral mill produced
larger maxima, which mostly seemed equally high in both x and z axis.

When comparing results from variance analysis, almost all parameter changes signifi-
cantly affected the results. In Figure 9, the results show that the spindle speed had an effect
on amplitude overall, with values in range (2.28–2.85) for n = 10,000 min−1 and (2.95–3.7)
for n = 20,000 min−1. The significance of this result is shown in Table 6. When different
material was also considered, as shown in Figure 10, the results were similar—amplitude
ranges were higher with higher cutting speed. Ranges were overall smaller with MDF,
when compared to PTB.

The effect of the varying feed rate, as shown in Figure 11, did not seem as clear. While
it could be stated for particleboard that a higher feed rate lowered maximum amplitudes,
the same cannot be deduced for MDF. The result reached for PTB also seemed to contradict
research where a lower feed rate resulted in higher surface quality [7]. The uncertainty of
this result can be also seen in the results of the post hoc test shown in Table 9. This might
be due to varying density of boards, where a larger number of specimens would bring a
more definite result.

Lastly, as shown in Figure 12, the tool impacts were compared. In both materials, the
use of spiral mill caused smaller amplitude ranges—(1.75–2.25) for MDF and (1.45–1.8) for
PTB. The use of razor mill resulted in higher ranges (3.5–4.6) for MDF and (2.7–3.6) for PTB.
These results were also confirmed by the Duncan test, as shown in Table 7.

5. Conclusions

The main goal of our research was to determine whether vibration monitoring on a
gripper could be used for adaptive control, and therefore, if changes during the milling
process would be detectable. To answer this question, tests were conducted to find if
changes of parameters would produce differing measurements. The fast Fourier transform
was used to process measured signals.

The most dominant frequencies (133 Hz and higher multiples) seemed to originate
from tool cutting into material. When single-sided spectrum maxima were compared, the
tool, spindle rotation, and feed rate seemed to affect the result.

The variance analysis and Duncan tests revealed a significant effect of tool, material,
and spindle rotations. The feed rate analysis did not show conclusive results where the
probability of similarity was over 5%.

Overall, vibrations measured at pneumatic gripper processed with fast Fourier analysis
seemed to be sufficient as a potential signal for adaptive control during milling, similarly
to [22,23]. As in [23], the roughness of specimens should be measured and paired with
vibrations in a further study, to provide data for adaptive control model.

The results and procedures of this study will also serve for measurements of amplitude
spectrum during nesting milling strategies in ongoing research. The limitation of the
investigated measuring and processing system was that if the signal is to be evaluated in
real time, it will require higher computational demands. The authors also intend to use this
system in the development of a smart pneumatic gripper for the woodworking industry,
where the modified procedures described in the article can be used.
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Nomenclature

CNC Computer Numerical Control
DC Direct Current
FFT Fast Fourier Transform
FMA Failure Mode Analysis
HM tools Hard Metal tools
ICEEMDAN Improved Complete Ensemble Empirical Mode Decomposition with Adaptive Noise
MDF Medium-Density Fiberboard
MEMS Micro Electronic Mechanic System
N revolutions (min−1)
PTB Particleboard
WPT Wavelet Packet Transform
vf feed rate (m·min−1)
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Using the Correlation between the Surface Roughness of Metallic Materials and the Sound Generated during the Controlled
Machining Process. Materials 2022, 15, 823. [CrossRef]

46. Iskra, P.; Tanaka, C. The influence of wood fiber direction, feed rate, and cutting width on sound intensity during routing. Eur. J.
Wood Wood Prod. 2005, 63, 167–172. [CrossRef]

47. Pantaleo, A.; Pellerano, A. Assessment of wood particleboards milling by means of energy consumption tests. Wood Mater. Sci.
Eng. 2014, 9, 193–201. [CrossRef]

48. Licow, R.; Chuchala, D.; Deja, M.; Orlowski, K.A.; Taube, P. Effect of pine impregnation and feed speed on sound level and cutting
power in wood sawing. J. Clean. Prod. 2020, 272, 122833. [CrossRef]

49. EN 14322; Wood-Based Panels-Melamine Faced Board for Interior Uses—Definition, Requirements and Classification. European
Committee for Standardization: Brussels, Belgium, 2017.

50. EN 312-2; Particleboards-Specifications-Part 2: Requirements for General Purpose Boards for Use in Dry Conditions. European
Committee for Standardization: Brussels, Belgium, 1996.

51. EN ISO 12460-5; Determination of Formaldehyde Release-Part 5: Extraction Method (Called the Perforator Method). European
Committee for Standardization: Brussels, Belgium, 2016.

52. Three Axis Accelerometer Kit—Quick Start Guide. Available online: https://www.picotech.com/download/manuals/
ThreeAxisAccelerometerKitQSG.pdf (accessed on 28 February 2023).

53. Hortobágyi, Á.; Koleda, P.; Kminiak, R. Workpiece gripper vibration measurement for nesting milling. Trieskové A Beztrieskové
Obrábanie Dreva 2022, 13, 19–24.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

33



Citation: Chavenetidou, M.;

Kamperidou, V. Impact of Wood

Structure Variability on the Surface

Roughness of Chestnut Wood. Appl.

Sci. 2024, 14, 6326. https://doi.org/

10.3390/app14146326

Academic Editors: Martin Kučerka,
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Abstract: Wood constitutes a unique and valuable material that has been used from ancient times until
nowadays in a wide variety of applications, in which the surface quality of wood often constitutes
a critical factor. In this study, the influence of different wood areas and therefore, of different
anatomical characteristic areas of chestnut wood (Castanea sativa Mill.) on the surface quality, was
thoroughly studied, in terms of surface roughness. Five different chestnut tree trunks were harvested,
from which five different disks were obtained corresponding to five different trunk heights. Surface
roughness was measured on these disks on the transverse, radial, and tangential planes, on the areas of
sapwood and heartwood, measuring the roughness in each point both vertically and in parallel to the
wood grain. The results revealed that the examined roughness indexes (Ra, Rz, Rq) follow a parallel
path to one another. In the case of all surfaces (transverse, radial, tangential) of the disks examined,
when the measurement was implemented perpendicularly to the wood grain, a significantly higher
roughness was recorded, compared to the wood grain measurements being implemented in parallel
with the wood grain. Significant differences between heartwood and sapwood roughness were
not demonstrated, although sapwood often appeared to exhibit a higher surface roughness than
heartwood sites. Among the roughness values of the three different surfaces, the highest roughness
in the vertical-to-wood-grain measurements was recorded by tangential surfaces, with slightly lower
values on the transverse surfaces and the lowest roughness on radial surfaces. Meanwhile, for the
measurements in parallel with the wood grain, the transverse surfaces presented significantly higher
roughness values compared to the tangential and radial surfaces. Significant roughness differences
were not detected among the surfaces at different trunk heights. Although, significant differences in
roughness were recorded among different trees, it was observed that all the studied trees align with
the identified and described within-tree trends.

Keywords: heartwood; quality; radial; roughness; sapwood; structure; surface; tangential; texture;
wood

1. Introduction

The quality of wood surfaces is highly crucial for the manufacturing of qualitative
wood-based products and structures. More specifically, the surface roughness is a matter of
great interest for numerous applications of wood in small- or bigger-dimension structures
(furniture, floors, frames, paneling, table-tops, etc.), defining their appearance, texture,
aesthetics, and user-generated sensation, among others [1,2]. Furthermore, low surface
roughness values, with regard to several wood species and used adhesives, have demon-
strated higher shear bonding strength results [3]. Wood surface quality depends mainly on
the wood structure and the implementation of wood mechanical processing procedures,
such as cutting, sanding, finishing, painting, curving, applying preservation methods,
adhesives, coatings, other substance layers, etc. [4–7].
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As a biological anisotropic material with a multidimensional surface area, wood tex-
ture is closely related to its structural and anatomical features (fibers, pores, tracheids, rays,
etc.) and its formation and appearance are affected by various factors, either environmental
or genetic. Different wood species, either softwood or hardwood, of different origin appear
to show variability in structure and properties [8,9], while even in the same trunk, large
differences in wood structure can be detected and, therefore, in wood surface quality as
well. Characteristics, such as the growth ring width, their homogeneity and appearance,
cell wall thickness, cell type composition and wood density, heartwood and sapwood
ratio, earlywood and latewood ratio, wood moisture content, surface planes (tangential,
radial, transverse), etc., undoubtedly influence the quality of a wood surface, forming
numerous geometric peaks and valleys [10,11]. As reported by Sadoh and Nakato [12], the
diffuse-porous wood species present lower surface roughness values than the ring-porous
wood species. Örs and Gürleyen [13] reported that compared to the radial planes, the
tangential planes presented higher surface quality. Lower surface roughness has been
recorded in latewood than the earlywood [14], probably because of the thicker cell walls
and the higher density of latewood. The factors of ring width, wood density, and ring angle
also seem to highly influence the surface roughness [15].

Moreover, the mechanical processing using different cutting machines and tool influ-
ences also affect the wood surface roughness. The final quality of a wood surface is strongly
dependent on cutting procedure kinematics, the feed speed, the rake angle [14], and other
preparation processes such as sanding and finishing [16,17], with machining defects such
as fuzzy, torn, or raised grain being correlated with high surface roughness. According
to the literature, slow-feeding wood planes outperformed high-feeding wood planes in
terms of surface roughness [18]. The level of maintenance of these machines and the cutting
means they carry, the storage conditions of the wood, the moisture content fluctuation until
the final use, and the subsequent dimensional stability of the wood, all constitute factors
that usually provide a totally different wood substrate in terms of roughness [7,19].

Therefore, roughness reflects the combined effect of several different factors simulta-
neously interacting and perhaps that is one of the reasons why it has not been thoroughly
comprehended so far, although it constitutes a property that significantly affects the utiliza-
tion degree of wood in several applications. It has also been revealed that surface quality,
and more specifically, surface roughness, is closely related to the duration and service life
of timber and the respective structures it participates in [20]. Smoother surfaces prove to
be more resistant to stress and wear [14]. Since high roughness corresponds to discontinu-
ities in the wood tissue, it is expected and inevitable that this is also associated with the
retention of a higher moisture content, the higher potential of wood biological damage,
wood degradation by the action of microorganisms, a deterioration in wood substrate, etc.
Therefore, the smoothness of wood surfaces has been associated with a longer service-life
duration of wood and wood structures.

Currently, empirical procedures and models have been applied, using several surface
roughness indexes of Ra, Rz, Rq, Rk and Rap, among others [21]. However, the most
commonly used surface roughness indexes being recorded, in order to define wood surface
roughness, are as follows: Ra, which corresponds to the average of the values of the
roughness profile; Rz, the mean value of the roughness depths of different sampling
lengths; and Rq, the largest roughness depth width. Determination methods can be applied
either with or without contact with the wood surface. Contact methods employ a stylus tip,
pneumatic methods, and tactile sensation [22]. A quite commonly used method is the use
of a profilometer bearing a diamond stylus, which runs a path on the surface and records
the surface roughness in different directions of wood grain [20,22,23].

The wood of chestnut is regarded as being classified among the most valuable timber
species of Europe and presents a great range of uses and applications in the form of round
timber, technical sawn wood, floors, furniture, high-value items, etc. [24,25]. It is a ring-
porous hardwood species with earlywood vessels that are of significantly higher diameter
than those of latewood, presenting a clear ring arrangement [25]. Especially when sapwood
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is being transformed into heartwood, the earlywood vessels are usually full of tyloses, while
latewood vessels are polygonal and are found in groups generating a flame-like design.
This species’ rays are more often uniseriate, rarely biseriate, and of different heights [8].
The parenchyma is mostly apotracheal and rarely paratracheal in places [8,25,26]. Chestnut
wood is considered to be of medium density, approximately 0.57–0.63 g/cm3, and in
general, density is strongly related to ring width. Especially for ring-porous hardwoods
such as chestnut, growth rings of high width tend to demonstrate higher values of density,
due to the fact that earlywood remains more or less stable, while the increase in growth
ring width is attributed to the increase in the latewood part. However, density is also
slightly affected by the cambium age and appears to decrease as the tree ages [27,28]. The
outdoors exposure of wood, where intensive changes in environmental conditions take
place, concerning relative moisture content, atmospheric precipitation, UV radiation, etc.,
causes chestnut wood to gradually deteriorate and discoloration of the surfaces occurs,
regardless of whether the wood has been coated with mild hydrophobic solutions or not,
which subsequently deteriorate the quality and roughness of wood surfaces [29].

According to the literature, only Sutcu and Karagoz [30] have dealt with surface quality
of chestnut among other species. More specifically, they investigated how machining
conditions (feed rate, spindle speed, step-over, axial depth, etc.) affected the roughness
of chestnut, beech, and walnut specimens, concluding that the wood roughness was
greatly influenced by the factors of cut depth, feed rate, and spindle speed. Therefore,
a great lack of research measurements and data have been identified in the literature with
regard to the surface roughness of chestnut wood and the factors influencing it, although
chestnut constitutes such an important timber species, frequently used in applications
where roughness is a crucial parameter. To the best of our knowledge, in the literature, there
is no study providing surface roughness data of chestnut wood, concerning the potential
surface roughness vertical variability, the variability among wood sections horizontally
(sapwood, heartwood)/planes (transverse, radial, tangential), or findings/information
about any potential correlation between structural characteristics and the roughness of
chestnut wood.

Therefore, the aims of the current study are to thoroughly examine the surface quality
of chestnut wood, in terms of surface roughness, examining the potential differences in
the three wood surface planes (transverse, radial, and tangential), in the different areas
of sapwood and heartwood, and to examine the potential variability “among different
chestnut trees” and “among different trunk heights” of surface roughness. In addition,
“between different direction measurements” (vertically/in parallel with the wood grain)
will also be examined in order to conduct a thorough roughness characterization of chestnut
wood. Potential correlations between wood structure variables and surface roughness are
going to be examined. The implementation of the current research is anticipated to provide
an insight into the scientific field of wood surface quality and roughness, as well as the
impact of the anatomical characteristics of chestnut wood material on wood roughness and
its rational utilization in various applications.

2. Materials and Methods
2.1. Sample Preparation

For the purposes of this study, five chestnut (Castanea sativa Mill.) trees were harvested
from a coppice forest in Sithonia Peninsula (Chalkidiki, Greece). The trees were as straight
as possible, without any apparent defects. The trees were aged 25–27 years and their
diameter ranged from 19.1 cm to 24 cm. Tree trunk disks of 3 cm thickness were obtained
for approximately every 1 m of height from the tree trunk base (starting from the height of
1 m) to the top, taking a total of 5 disks per trunk (25 disks in total).

The disks were transferred to laboratory infrastructure and conditioned in a closed
chamber under stable conditions (60% relative humidity, 20 ± 3 ◦C) until a constant weight
was achieved. The moisture content of the disk wood was recorded according to the ISO
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13061-1 [31] standard to be 7.6–8.5%. All the measurements were performed on the different
surface planes of these disks (Figure 1).
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Figure 1. Configuration of sampling method of the 5 disks per tree (on the left) and areas of interest for
measurement (on the right). The transverse surface/plane is perpendicular to the stem longitudinal
axis; the radial surface is oriented along the direction of a ray of the circumference described by the
stem; the tangential surface is perpendicular to the direction of a ray of the circumference described
by the stem. The arrows depict the direction of measurement (parallel with or vertical to the wood
grain); “H” corresponds to heartwood and “S” to sapwood area.

First of all, the disks were further cut using a band saw (Figure 2A) in order to form
samples of smaller dimensions bearing clear transverse, radial, and tangential surfaces
concerning the heartwood and sapwood areas of wood (Figure 2B). Afterwards, the samples
were code marked, sanded using 80-grit sandpaper on a sanding machine under the same
processing conditions (TC-US400, Einhell, Germany) (Figure 2C), and a polishing technique
was applied to all the samples to ensure the comparability and reliability of the results. In
general, if high-grit sanding is applied during surface preparation, roughness would be only
affected by wood structure and ingenuine properties. However, it is difficult to relate wood
anatomy to roughness, since sanding is a procedure that may be conducted in different
conditions and with different means. For instance, when high-speed cutting is performed,
softwood species are strongly affected [4,32]. Therefore, in the current study, only one and
the same person/operator implemented all the sample sanding processes, applying the
same sanding process on the same device, spending the same time on each wood sample
(approximately 2 min/surface). All the specimens were visually and empirically examined
and determined to have been appropriately sanded.
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2.2. Physical and Chemical Property Assessment

Prior to the roughness measurement, the dry density and maximum moisture content
of the samples (maximum moisture that can be absorbed/retained) were determined
according to processes described by Tsoumis [8], applying the equation of R0 = M0/V0,
where R0 corresponds to the dry density (g/cm3), M0 is the dry mass (g), and V0 is the
dry volume (cm3). Specifically, samples were formed in stripes without bark (beginning
from the diameter line of the trunk cross-section) and then, each stripe was split into pieces
of approximately 2–5 annual rings. Dry volume of the pieces was estimated with the
application of the water displacement method based on Archimede’s principle (which
states that a body immersed in a fluid is subjected to an upwards force equal to the weight
of the displaced fluid. This is a first condition of equilibrium) and was the dry weight after
heating for 24 h in an oven at 103 ± 2 ◦C. Maximum moisture content was determined
by applying weight measurements before and after the kiln drying for 24 h and until the
stabilization of the values. In most cases, measurements were conducted before and after
the extraction of the samples with hot water, so as to evaluate the relation between the
extractives presence and maximum moisture content and dry density and therefore, also
with wood surface roughness.

The wood extractive content (of those extracted with boiling water, referring mainly
to tannins, gum, sugars, coloring substances) of chestnut wood was also measured in the
current research, applying the common lab process (100 ◦C, 3 h, in a thermal jacket and
water vapor cooler system) [9].

2.3. Roughness Measurements

The measurements were conducted using a profilometer “Mitutoyo Surftest SJ-301”
fine stylus, based on ISO 21920-2:2021 [33] methodology (Figure 3). The measurements
were implemented on the prepared disks, at selected wood surface areas without any
defect, both in parallel with and perpendicular to the grain, on transverse, radial, and tan-
gential sections/planes of heartwood and sapwood areas. The applied methodology [33],
as well as the instructions of the profilometer manufacturer and previous published stud-
ies [5,34,35] were followed. The parameters of roughness that were recorded were Ra
(mean arithmetic profile deviation), Rz (mean peak to valley height), and Rq (maximum
roughness), based on previous relevant studies dealing with wood surface quality. Approx-
imately 15 measurements were obtained from each studied case (heartwood/sapwood,
transverse/radial/tangential section, parallel/perpendicular to the grain).
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Figure 3. Profilometer device and view of surface roughness measurements on wood on the right.

The measurement points were chosen randomly on the surface of the samples, in
order to ensure that both areas of earlywood or latewood in the three directions would be
involved and the whole surface area of each sample would be covered. More specifically,
a 2-dimensional rectangular sampling grid with points spaced 10 mm apart was placed over
each of these created areas of the wood disk specimens. Points found at each intersection
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of the grid were marked on the surface and included in the measurements. Particular
attention was paid to ensure the representativeness of the samples.

Additionally, prior to the process of roughness measuring, a calibration of the instru-
ment preceded, and temperature conditions were approximately 20 ± 3 ◦C [7,34,36].

2.4. Statistical Analysis

The statistical analysis of the results was implemented, initially applying a one-way
ANOVA, using the statistical package of SPSS (Statistics PASW), in order to identify which of
the surface roughness values of these categories differed from one another in a statistically
significant manner. Secondly, a two-way ANOVA was applied examining each of the
variable pairs, in which significant differences were recorded. In this way, potential variable
correlations were investigated and the impact of each of the different factors (independent
variables) on the dependent variable, level of surface roughness (Ra), were assessed. All
possible pairings and correlations among the variables were examined using the “enter”
approach. Non-statistically significant variables were excluded from the analysis through
the “stepwise” approach. The “stepwise” method, known for its strictness, permits only
statistically significant variables with a meaningful effect on the dependent variable to be
included in the multiple linear regression analysis. To detect potential autocorrelation in
the residuals of the regression analysis, the Durbin Watson statistic was calculated. All
statistical analyses were conducted with a significance level set at p-value = 0.05.

3. Results and Discussion
3.1. Physical and Chemical Properties Assessment

According to the results of this research, the average wood dry density was approx-
imately 0.60 g/cm3 and ranged from 0.57 g/cm3 to 0.63 g/cm3 (Table 1). The mean
maximum moisture content of chestnut wood was measured to be 100.43%.

Table 1. Density (dry and basic), maximum moisture content values (%), and extractive content (%)
of the chestnut wood studied.

Tree Dry Density g/cm3 Basic Density g/cm3 Maximum MC % Extractives %

1

x 0.565 0.526 110.236 13.208

s± 0.022 0.022 7.683 3.179

n 20 20 20 4

2

x 0.595 0.599 102.235 11.385

s± 0.033 0.030 7.063 2.326

n 23 23 23 4

3

x 0.599 0.561 100.696 14.133

s± 0.019 0.0202 4.736 2.6441

n 21 21 21 4

4

x 0.607 0.564 96.651 15.084

s± 0.025 0.026 5.958 3.2797

n 20 20 20 4

5

x 0.633 0.583 92.354 10.637

s± 0.037 0.030 6.951 1.6802

n 23 23 23 4

Mean x 0.600 0.599 100.434 12.889
x: mean value, s±: standard deviation value, n: number of examined samples.

Extractive content, as well as other factors such as the presence of tyloses, especially
in the heartwood area, are considered to be strongly related to increased wood density
especially in the heartwood area, and as a result, to a decrease in surface roughness. The
roughness and, in general, the surface quality of wood, is closely related to its density, as
well as its anatomical characteristics and chemical composition [9]. More specifically, the
higher the density of the wood, the smoother its surface, most of the time.
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Therefore, as can be seen in Table 1, chestnut is a species with a high content of
extractives and this is in line with medium to high values of its density, especially in the
heartwood area [8,27].

3.2. Surface Roughness

The three examined roughness indexes, Ra, Rz, and Rq, follow a parallel path to one
another, a trend that is also highlighted in the provided summary/clustering diagrams of
the five trees (Figures 4–8). Based on this and the available literature, the Ra index was
used in the statistical analyses of the current study to detect correlations among different
wood structure factors.
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Figure 4. Summary bar plot presenting the surface roughness index values (Ra, Rz, Rq in µm) of tree
1 (including the 5 disks).
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2 (including the 5 disks).
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Figure 6. Summary bar plot presenting the surface roughness index values (Ra, Rz, Rq in µm) of
tree 3 (including the 5 disks).
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Figure 7. Summary bar plot presenting the surface roughness index values (Ra, Rz, Rq in µm) of
tree 4 (including the 5 disks).

Chestnut wood, characterized by its medium value of density (approximately 0.57 g/cm3)
and relatively medium to high hardness values (approximately 41.07 N/mm2 tangentially and
40.29 N/mm2 radially), was expected to show medium surface roughness values [37–39]. In
general, density and porosity are inversely correlated with each other; therefore, both highly
affect smoothness, since high-density samples show lower roughness, though sometimes, also a
higher resistance during the sanding process [38,39]. Fortino et al. [40] found a correlation of
surface roughness with the hardness and scratch resistance of the wood, which applied in the
presence of different moisture contents. They concluded that the effect of wood structures such
as earlywood and latewood, and sapwood and heartwood were crucial factors. For instance, the
sapwood zones in softwood species show a higher scratch resistance (compared to heartwood),
with higher scratch resistance values recorded in the tangential direction. Finally, the scratch
resistance is lower in earlywood locations compared to latewood.
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Figure 8. Summary bar plot presenting the surface roughness index values (Ra, Rz, Rq in µm) of
tree 5 (including the 5 disks).

In the current study, statistically significant differences in roughness were not detected
among the values of the different heights of the tree (among the different tree disks, 1–5,
of each tree) when comparing the roughness values in the same variables (measurement
direction, specimen’s surface planes, areas of sapwood/heartwood). More specifically,
according to the statistical analysis, the surface roughness (Ra) was affected by only 4.5%
by the height of the specimen location in the trunk (different disks), presenting higher
roughness in the higher tree heights. Statistically significant differences were recorded only
between the lowest disks (1–2) and the highest disk (disk 5), proving that there is a slight
difference in the surface roughness of the wood depending on the location of the wood
specimen in the trunk longitudinally (trunk height). This could be probably attributed to
the fact that in the lower tree heights, near the base of the tree, the wood is more mature
and the density is higher due to the higher proportion of heartwood, among other factors.

The surface roughness, in general, was affected by 72.9% by the factors “Measurement
Direction” (vertically/parallel), “Planes” (transverse, radial, tangential surfaces), and the
factor “Area” (sapwood/heartwood) in combination. The interaction of the factor trunk
“Height” with the abovementioned factors of “Direction”, “Planes”, and “Area” affected
the variability of Ra only by 8%, providing more evidence that the impact of trunk height
can be considered to be of lower significance.

Nevertheless, significant differences appeared among different trees (comparing the
values of measurements of the respective variables of direction, plane types, disks, etc.),
with “Tree 3” revealing the statistically significant and lowest roughness compared to the
rest of the trees, while the described within-tree trends that were detected apply to each of
the tree cases.

The results of the current study also revealed that in all surface planes (transverse,
radial, tangential) of the examined disks, when the measurement was implemented ver-
tically to the wood grain, a statistically significant higher roughness value was recorded,
compared to the measurement implemented in parallel with the wood grain, which cor-
responds to statistically significant differences in all the studied cases. It is characteristic
that 67.6% of the variability of roughness is being influenced by the factor of measurement
“Direction” (orientation of vertically/parallel to wood grain). This tendency could be easily
explained, taking into account that vertical to the wood grain, higher height differences
are encountered due to earlywood–latewood transition zone areas, different growth rings,
etc. Chestnut, as a ring-porous hardwood species, also demonstrates differences in cell
wall thickness between the earlywood and latewood areas and as is widely accepted [41],
the surface roughness is strongly associated with cell wall thickness. More specifically,
latewood fibers present thicker cell walls than those of earlywood [8]. The presence of
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earlywood vessels that are characterized by a much higher cell diameter compared to
latewood results in density differences in each of the growth rings [8].

In this study, statistically significant differences between heartwood and sapwood
roughness values were not demonstrated, although sapwood appeared in some cases
to exhibit slightly a higher surface roughness than the corresponding heartwood sites
(referring to the same direction of roughness measurement). The wood tissue found in the
heartwood part of the trunk consists of cells that have ceased to serve as part of the tree’s
conduit system and the cells have been filled with storage/healing substances, extracts,
etc., presenting a slightly higher density.

The density of wood, in combination with its structural characteristics and chemical
composition, are all strongly correlated with its roughness [9], with the higher density
corresponding most of the time to smoother surfaces.

Among the roughness values of the three different surfaces examined on the disks, it
was observed that the highest roughness values (Ra) were detected, in most disk cases, on
the tangential surface of the disks, then on the transverse disks, and finally, the lowest Ra
values were recorded on the radial surfaces (concerning the vertical-to-the-grain measure-
ments). This finding could be attributed to the presence of radii on the radial surfaces that
probably make the wood surface smooth, as well as to the fact that the tangential surfaces
in the samples taken corresponded mostly to the sapwood part of the tree, and therefore
contained a higher proportion of sapwood than heartwood, which probably contributed
to an increase in the surface roughness. Additionally, concerning the vertical measure-
ments of all the categories, statistically significant differences were not recorded among the
different categories. Meanwhile„ regarding the parallel-to-the-grain measurements of all
the categories, statistically significant differences were found, with the transverse surfaces
of the examined wood specimens to reveal the highest roughness values (Ra) (Figure 9).
Therefore, when the roughness measurements were conducted parallel to the wood grain,
the highest roughness was observed in transverse surfaces, which corresponded to a statisti-
cally significant difference between transverse and the other two surface planes (tangential
and radial), and these two did not differ significantly from one another. This much higher
roughness recorded in transverse surfaces (when measured parallel to the wood grain)
could be explained by the fact that chestnut is a ring-porous wood species and when the
measurement of roughness is conducted in parallel orientation to the wood grain, there
is a high potential for the measurement to be implemented alongside the earlywood area,
which consists of cross-sectional cut vessels (of large diameter) [8] that would definitely
increase the roughness of the surface.
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After the examination of all possible pairs of factors in terms of combination and
interaction, we decided to apply a “decomposition” of the statistical analysis, abstract-
ing the factor “Area” (heartwood–sapwood) due to the fact that it did not demonstrate
a statistically significant impact. Moreover, the results of the remainder of the variable
combinations revealed that the 67.6% of the variability of surface roughness (Ra) is being
influenced by the factor of measurement “Direction” (vertically/parallel) and only 7.8%
by the factor “Planes” (transverse, radial, tangential), proving that the “Planes” variable,
although inducing statistically significant differences in roughness values, has quite a low
impact on the surface roughness (Figure 10).

1 
 

 
Figure 10. Clustering line chart of surface roughness index (Ra, µm) depending on the different
planes (transverse, radial, tangential), area (sapwood, heartwood), and direction of measurement
(vertically, parallel).

Additionally, regarding the transverse plane measurements, the Ra variability was
found to be influenced by the factor measurement “Direction” (vertically/parallel) by 20.9%
(Table 2). In the radial plane measurements, the impact of the measurement “Direction”
factor on Ra was found to be 48%, while in tangential measurements, 50.7% of the Ra vari-
ability was affected by the “Direction” factor. The effect of the “Planes” factor (transverse,
radial, tangential) on the Ra values with regard to the vertical measurements was very low
(1.1%), while for the parallel measurements, it was 18.5%.

Table 2. Analysis of variance output—Univariate tests of Ra (dependent variable).

Surface Planes Sum of Squares df Mean
Square F Sig. Partial Eta Squared

Transverse
Contrast 1383.516 1 1383.516 395.408 <0.001 0.209

Error 5227.442 1494 3.499

Radial
Contrast 4972.470 1 4972.470 1421.129 <0.001 0.488

Error 5227.442 1494 3.499

Tangential
Contrast 5373.363 1 5373.363 1535.704 <0.001 0.507

Error 5227.442 1494 3.499

df: degrees of freedom, F: F-value is the ratio of between-group and within-group variation, Sig.: significance.
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4. Conclusions

The results of the current study revealed that the three roughness indexes, Ra, Rz, and
Rq, that were studied had a parallel progression with one another. When the measurement
was carried out vertically to the wood grain on any of the disks’ surfaces (transverse,
radial, or tangential), the resulting roughness was noticeably higher compared to when
the measurements were implemented in parallel to the wood grain. Although sapwood
seems to more frequently exhibit higher surface roughness than the comparable heartwood
areas, no discernible differences in roughness between the two types of wood were found.
When the roughness measurements were conducted vertically to the wood-grain, the tan-
gential surfaces demonstrated slightly higher roughness values among the three surfaces
(transverse, radial, and tangential), with the transverse surfaces showing slightly lower
roughness values, and the radial surfaces showing the lowest values. Nevertheless, when
the measurements were in parallel to the wood grain, the transverse surfaces had signifi-
cantly higher roughness values compared to the tangential and radial surfaces. There were
no significant variations in surface roughness among the different disks or trunk heights.
Conversely, notable variations in roughness were seen amongst the various trees, with
Tree No. 3 exhibiting the lowest roughness (and the most significant statistical difference
among the trees studied), when compared to the other trees. But, as it happened, each of
the studied chestnut trees was found to fit the recognized and described within-tree trends
in detail.

The findings of this research are expected to contribute to the rational and thorough
utilization of chestnut wood, which constitutes a particularly significant, commercially
valuable species of hardwood, as well as to the integration and advancement of funda-
mental scientific knowledge, which is crucial for guaranteeing the generation of wooden
structures characterized by superior surface quality and a longer service life.
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Abstract: Embedment strength is an important factor in the design and performance of connections
in timber structures. This study assesses the embedment strength of lag screws in three-ply cross-
laminated timber (CLT) composed of densified poplar wood with densification ratios of 25% and
50%, under both longitudinal (L) and transverse (T) loading conditions. The embedment strength
was thereafter compared with that of CLT reinforced with glass-fiber-reinforced polymer (GFRP).
The experimental data was compared with results obtained using different models for calculating
embedment strength. The findings indicated that the embedment strength of CLT specimens made
of densified wood and GFRP was significantly greater than that of control specimens. CLT samples
loaded in the L direction showed higher embedment strength compared to those in the T direction. In
addition, 50% densification had the best performance, followed by 25% densification and GFRP rein-
forcement. Modelling using the NDS formula yielded the highest accuracy (mean absolute percentage
error = 10.31%), followed by the Ubel and Blub (MAPE = 21%), Kennedy (MAPE = 28.86%), CSA
(MAPE = 32.68%), and Dong (MAPE = 40.07%) equations. Overall, densification can be considered as
an alternative to GFRP reinforcement in order to increase the embedment strength in CLT.

Keywords: embedment strength; densification; cross-laminated timber

1. Introduction

Cross-laminated timber (CLT) is a type of wood product consisting of at least three
orthogonal layers of solid-sawn lumber bonded with adhesive, fasteners, or wooden
dowels [1]. Timber construction with CLT has gained popularity in both residential and
commercial applications.

Due to the load-bearing resistance of CLT, the efficacy of wood structures is highly
dependent on the applied connections [2,3]. In CLT structural systems, connections are
essential for lateral force transfer and energy dissipation [4]. Carpenter-made mortise and
tenon joints are typically found in traditional wood structures, but these conventional
connection types are rarely used in contemporary wood structures. Instead, a variety
of standard metal connectors and dowels are utilized [5–7]. Various factors can impact
the load-bearing capacity of connections between cross-laminated timber (CLT) elements,
including the type of wood species and technology used in CLT production, the specific
design of the engineering connection, environmental conditions such as ambient temper-
ature and air humidity, the type of applied load (static or dynamic), and the quality of
workmanship [8,9].
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Connections and fasteners in timber structures are subjected to numerous external
loading conditions, including the lateral load. Estimating the embedment strength of CLT
is essential, especially under lateral load conditions. In general, embedment strength is
a system property representing the resistance of wood to laterally loaded embedment
fasteners. When fasteners are inserted into the side face or the narrow face of cross-
laminated timber (CLT) at different angles relative to the fastener axis and load, the resulting
system property encompasses a range of inputs from the layers and laminations, which is
due to the varied load-grain angles [7].

Due to considerable variations in embedment strength, deformation, ductility, and
failure modes between the longitudinal and transverse layers, the orthogonal lamination
complicates the connection properties of CLT [1]. Additionally, due to the orthogonal
lamination, the embedment locations of dowels in CLT become more complicated. It is
possible to locate dowels parallel and perpendicular to the grain within and between a
single lamina in one layer as well as between layers when dowels are installed on the
narrow face of CLT [1]. Similarly, when installed on the flat side of the CLT panel, the
dowels may penetrate into multiple layers. Therefore, it is necessary to evaluate the
embedment strength in wood structures. The embedment strength of wood is necessary
for estimating the capacity of structural timber connectors using dowel-type fasteners.
This strength is derived from expressions that are based on tests carried out on timber.
Dowel-type connectors are the most frequent form of joint used in modern construction,
and they are typically made of wood or metal [10]. Dowel-type connections provide a
number of benefits, one of which is their ductile characteristic, which makes it possible for
considerable relative deformations and rotations to occur between the wood pieces [11].
Therefore, the embedding strength is not a specific attribute of the material but rather a
property of the system. Different empirical equations have been proposed to estimate
embedment strength. However, a thorough examination is necessary to develop novel
approaches that include relevant derived factors for the designer’s benefit [10].

Numerous factors influence the embedment strength of wood and engineered wood
products (EWPs), including the type of wood species, density, moisture content, loading
direction, dowel diameter, and so on [12].

Multiple studies have evaluated the embedment strength of connectors in CLT. Blaß
and Uibel [13] and Uibel and Blaß [14–16] conducted the first investigations of the embed-
ment strength of laterally loaded dowel-type fasteners in CLT. Santos et al. [17] observed
that wood density and embedment strength are related. This positive correlation was
also reported by [16]. A study on the nail-bearing strength of hybrid CLT composed of
Japanese larch and yellow poplar [18] revealed that increasing the higher ratio of minor
lamina thickness to nail depth resulted in a lower embedment strength in the hybrid CLT.
To obtain effective bearing resistance of the nail connection, the length of the nail used
for the mixed CLT should be chosen based on the thickness of the minor lamina. Several
additional studies [19–22] have investigated the embedment strength of connectors in CLT
and wood-based products. They worked on the embedment strength of EWPs such as CLT
made of various wood species.

The timber species used to manufacture CLT significantly affects its properties. Poplar
is a fast-growing tree, which is advantageous in nations with a wood supply shortage.
Several studies have examined the CLT properties of fast-growing timber species [23–29].

It is essential to reinforce the wood, notably at vulnerable connection points [30].
In addition, the low density of certain wood species, such as poplar, may results in un-
desirable mechanical properties. There are various techniques to reinforce EWPs and
improve the mechanical strength of timber structures, including but not limited to rein-
forcement using metals or fiber-reinforced polymers (FRPs). According to Saribiyik and
Akguuml [31], reinforcing the connections aims to preserve the continuity of structures and
lessen the drawbacks of connection elements with nails and bolts. Several investigations
on concrete [32,33], metal plates [32,34–36], rods, and bars as reinforcement in wood-based
products have been performed.
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Additionally, FRPs can be used in different ways for reinforcement [37]. Due to their
strength-to-weight ratio, glass-fiber-reinforced polymers (GFRPs) appear to be an optimal
fiber type for reinforcing wood components [31]. Douglas fir split timber stringers were
strengthened for shear and bending forces with GFRP layers. Depending on the severity
of beam fracture prior to reinforcement, the proposed strengthening design increased the
stiffness [38]. Hay et al. [39] showed that diagonal (0–90◦ lay-up) GFRP layers were more
effective than vertical ones in shear-strengthening creosote-treated Douglas fir beams with
horizontal fractures at their extremities. The mechanical characteristics of connecting points
of fiber-reinforced longitudinal notched lap joints fabricated from black pine lumber were
investigated [31]. The results demonstrated that GFRP could be utilized as a connecting
mechanism for timber members. Wu et al. [40] created a GFRP wood-affixed connection
as a replacement due to the potentially corrosive character of steel-plated pine wood
connectors. According to their findings, the majority of GFRP wood-bolted connectors
failed due to the bearing failure of the bolt openings in the wood panels when subjected to
lateral tension load.

Densification is another method for enhancing the mechanical properties of timber
and timber-based products that increases the strength, hardness, and abrasion resistance
of timber [41]. Densified timber can be utilized by creating laminates and processing the
densified wood with a similar construction to that of laminated veneer lumber (LVL), glue-
laminated timber (Glulam), and CLT. Feng and Chiang investigated the mechanical strength
of CLTs manufactured from densified wood [42]. The use of densified timber enhanced the
CLT’s bending strength and rigidity, with an increase in modulus of elasticity (MOE) and
modulus of rupture (MOR). A similar study on the use of densified wood was conducted
by Salca et al. [43], who manufactured and tested densified plywood. MOE, MOR, and
shear strength increased, as did the bonding quality of the adhesives between panels.

There is currently a knowledge gap on evaluating the effects of densification and
GFRP reinforcement on the embedment strength of CLT manufactured from fast-growing
poplar wood. Thus, this study aims to compare the embedment strength of CLT made of
densified timber with that of reinforced with GFRP in two loading directions in order to
determine which reinforcing technique may be more advantageous. In addition, different
approaches are used to calculate the embedment strength and find the model yielding
minimum error compared to the experimental data.

2. Materials and Methods
2.1. Materials and CLT Fabrication

Three-ply CLT panels made of air-dried poplar (Populus alba) wood with moisture
content of around 12% and oven-dry density of 400 ± 10 kg/m3 were used in this research.
CLT panels were produced in four groups. The thickness of the boards was 2 cm. One group
was reinforced with GFRP using a bidirectional (0◦/90◦) E-glass fiber fabric (fiber tensile
modulus and density of 70 GPa and 2.55 gr/cm3, respectively), as shown in Figure 1. Three
GFRP layers were added to each surface. Two groups were manufactured with densified
wood in two densification ratios (25% and 50%). In order to manufacture densified wood,
lumber panels were placed between heated platens in a hydraulic press and compressed.
Then, CLT panels were made from the densified wood. The last group consisted of CLT
with non-densified wood, considered as a control group (0). A summary of the sample
groups is detailed in Table 1. All components were cold-pressed for 150 min and pressure
of 1 MPa with one-component polyurethane glue.
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Figure 1. GFRP arrangement in CLT layers.

Table 1. Sample groups and repetitions.

Sample Groups Repetitions Description

Control
(unreinforced) 10

No reinforcement

0L, 0T (Loading direction: L = longitudinal, T = transverse)

25L 10 Reinforcement with 25% densification (loading
direction: longitudinal)

25T 10 Reinforcement with 25% densification (loading
direction: transverse)

50L 10 Reinforcement with 50% densification (loading
direction: longitudinal)

50T 10 Reinforcement with 50% densification (loading
direction: transverse)

GFRPL 10 Reinforcement with GFRP (loading
direction: longitudinal)

GFRPT 10 Reinforcement with GFRP (loading direction: transverse)

Embedment Strength Modelling and Experiments

After preparing the CLT panel, specimens with dimensions of 15 cm × 8 × cm × 6 cm
(length × width × thickness) were cut from the panel for the embedment strength test
(Figure 2). A lag screw (s) with a diameter of 8 mm was used as a fastener. The characteris-
tics of the fastener are detailed in Table 2.
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Finally, the embedment strength (ơ) was calculated using ơ
(

N
mm2

)
= F

A , in which F is

the yield load obtained from the 5% offset method (N) and A is the embedment area (mm2).
To determine the embedment strength, specimens were subjected to loading in two

directions of longitudinal (L) and transverse (T), as shown in Figure 3 using a Hounsfield
testing equipment model 0308 (Figure 3) and a loading pace of 5 mm/min.
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2.2. Statistical Analysis

The data was assessed statistically as a complete factorial design consisting of two
factors using the SPSS 25 program. The densification ratio (in three levels: 0, 25, and
50) and two CLT loading directions (L and T directions) were the two factors that were
taken into consideration for the statistical analysis. ANOVA test used to analyze those
factors statistically through the main and interaction effects. Afterward, the results (means)
of densified CLT samples were compared to those reinforced with GFRP. Four different
sample groups, each with ten replicates, were put through their paces throughout the
testing process. These sample groups included control (unreinforced) CLT specimens,
CLT samples with 25% densified layers, CLT samples with 50% densified layers, and CLT
samples reinforced with GFRP, all of which were loaded in both the longitudinal (L) and
transverse (T) directions. The statistical differences between the means were analyzed
using the multiple range test developed by Duncan with a confidence level of 95%.

2.3. Embedment Strength Equations

Currently, a number of distinct models of computation for CLT embedment strength
are available. The most important calculation models are discussed in this part so that a
comparison can be made between them.

The Kennedy [44], NDS [45], Ubel and Blub [46], Dong [2], and CSA [47] equations
were used in this study to predict the embedment strength of CLT. These equations were
developed based on various factors, such as density, loading direction, and so on.

Kennedy et al. conducted a comprehensive study including about 720 embedment
tests on Canadian cross-laminated timber (CLT) using lag screws, as well as 360 tests
using self-drilling screws. The experiments included a range of screw sizes from 6.0 mm
to 19.1 mm. A regression model that is not influenced by the panel layup and fastener
diameter was constructed. According to Kennedy’s model, the embedment strength is
calculated as follows:

fθ,avg,Ken =
80(ρ12 − 0.12)1.11

1.07(ρ12 − 0.12)−0.07sin2θ + cos2θ
(1)

where fθ,avg is average embedment strength (MPa), ρ12 is density at 12% moisture content
(g/cm3), and θ is loading angle relative to the grain of face layer (◦).

Based on the NDS model, the strength of the face layer’s embedment is linked to the
“effective” bearing length of the fastener. This bearing length is changed proportionally
based on the embedment strengths of both the transverse layer and the longitudinal layer.

According to the NDS model, the embedment strength is calculated as follows:

fθ,avg,NDS =
À{

Àρ
.

77G0

0.36G0
−0.45d0.5sin2θ + cos2θ

+
À⊥
Àρ

.
77G0

0.36G0
−0.45d0.5cos2θ + sin2θ

(2)

where G0 is measured relative density for the species or species group based on oven-dry
mass and volume; À{ is the lag screw embedment length in parallel layer (s); À⊥ is the lag
screw embedment length in cross layer (s); Àρ is the embedment length of the lag screw in
CLT specimen; and d is fastener diameter (mm).

Ubel and Blub conducted pioneering research on the lateral loading behavior of
dowel-type fasteners in cross-laminated timber (CLT) panels. The researchers conducted
experiments on smooth dowels ranging in diameter from 8 mm to 24 mm. These dowels
were tested in both three- and five-layer cross-laminated timber (CLT) components. The
dowels were strategically placed at gaps of one to three layers and subjected to loading
at angles of 0◦, 45◦, and 90◦ with respect to the grain orientation of the face layer. The
model is formulated as a mathematical expression that incorporates the variables of fastener
diameter, overall wood density of the panel, and loading direction in relation to the strength
axis of the panel, namely the grain direction of the surface layers of the cross-laminated
timber (CLT) panel.
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According to Ubel and Blub’s model, the embedment strength is calculated as follows:

fθ,avg,UB = 111.7(1− 0.016d) ρ1.16
12 ×


 ∑n

i=1 t0,i

t
(

1.2sin2θ + cos2θ
) +

∑n−1
j=1 t

90,j

t
(

1.2cos2θ + sin2θ
)


 (3)

where t0,i is the thickness of the CLT longitudinal layer i, and t90,j the thickness of the CLT
transverse layer i.

According to Dong’s model, the embedment strength is calculated as follows:

fθ,avg,Dong = 336.4(0.45− 0.02d) ρ12 × (
Rt

1.41cos2θ + sin2θ
+

1− Rt

1.41sin2θ + cos2θ
) (4)

where Rt the ratio between the total thickness of the transverse layers and the CLT thickness.
According to the CSA’s model, the embedment strength is calculated as follows:

fθ,avg,CSA =
0.9× 82ρ12(1− 0.01d)

0.9× 2.27sin2θ + cos2θ
(5)

All of the notation used in all equations is mentioned above. Mean absolute percentage
error (MAPE) values were used to evaluate the prediction performance of each model as
follows (Equation (6)):

MAPE =
1
n

n

∑
i=1

(∣∣yi − yp
∣∣

yi

)
100 (6)

where yi is the experimental value, yp is the predicted value, and n is the total amount of
data. The lower the MAPE values, the smaller the difference between experimental and
predicted values.

3. Results and Discussion
Effect of Densification Ratio and Loading Direction on Embedment Strength

With a confidence level of 95% (p-value > 0.05), the results of the analysis of variance
(ANOVA) shown in Table 3 suggest that both the densification ratio and the loading
direction had significant main impacts on embedment strength.

Table 3. ANOVA table for main and interaction effects of densification ratio and loading direction on
embedment strength of CLT samples.

Property Source df Mean
Square F Sig.

Embedment
strength

Densification ratio 2 2079.221 124.640 0.000 **
Loading direction 1 151.877 9.104 0.004 **
Densification ratio × loading direction 2 4.520 0.271 0.764 ns

** significant at 99% confidence level, ns non-significant.

As can be seen in Table 4, when compared to the control specimens, the embedment
strength of CLT samples improved by 46% and 66.8%, respectively, with a 25% and 50%
increase in densification ratio. Furthermore, it was discovered that the embedment strength
of the CLT samples was 8% greater in the longitudinal (L) direction compared to the
transverse (T) direction when the main effect of the loading direction of the CLT samples
on embedment strength was considered. This was due to the fact that both of these factors
were changed simultaneously. In addition, the findings showed that the embedment
strength of CLT samples with a densification ratio of 0 (control samples), 25%, and 50%
in the longitudinal loading direction of CLT samples was 10.9%, 5.4%, and 8.8% greater,
respectively, compared to the transverse loading direction.
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Table 4. Main and interaction effects of densification ratio and loading direction on embedment
strength of CLT samples with Duncan test results.

Main Effects

Densification ratio
0 29.8 (4.65) * A **

25 43.7 (3.4) B
50 49.7 (4.76) C

Loading direction T 39.44 (9.29) A
L 42.62 (9.41) B

Interaction effects

Densification ratio Loading direction Embedment strength (MPa)

0
T 28.24 (4.88) A
L 31.33 (4.07) A

25
T 42.52 (3.61) B
L 44.8 (2.92) BC

50
T 47.58 (4.19) C
L 51.75 (4.54) D

* The values in parentheses represent standard deviation. ** The letters show Duncan test results.

Comparing the embedment strength of CLT samples manufactured from densified
wood and those reinforced with GFRP was one of the goals of this investigation. The
embedment strength of the GFRP-reinforced CLT samples was compared with that of CLT
samples constructed out of densified wood, and the average embedment strength of the
CLT specimens is illustrated in Figure 4. The highest embedment strength belonged to
the 50L samples (51.75 MPa), while the lowest embedment strength belonged to the 0T
samples (28.24 MPa). The embedment strength of the CLT samples in the L direction was
greater than in the T direction. More specifically, the embedment strength of 0L, 25L, 50L,
and GFRPL samples was 10.9%, 5.4%, 8.8%, and 6.8% more, respectively, than that of their
counterpart samples tested in transverse direction. Reinforcement with 25% densification,
50% densification, and GFRP improved the embedment strength by 43%, 65.2%, and 43.4%,
respectively, compared to the unreinforced samples in the L direction (0L). On the other
hand, reinforcement with 25% densification, 50% densification, and GFRP improved the
embedment strength by 50.6%, 68.5%, and 49%, respectively, compared to the unreinforced
samples in the T direction (0T). In addition, no significant difference was observed in the
embedment strength of reinforced CLT samples with 25% densification and GFRP in both
directions (L and T). Therefore, it can be concluded that CLT with the same embedment
strength can be produced using wood with a densification ratio of 25% rather than rein-
forcing it with GFRP. This alternate method demonstrates more efficiency in terms of both
its cost and implementation. Previously, it was reported that embedment strength perpen-
dicular to the grain was lower than that parallel to the grain [1,2,48,49]. Reinforcement
with densification enhanced the wood density resulting in higher embedment strength of
CLT samples. From a designer’s point of view, wood density and dowel diameter are the
main properties of design. There are also some approaches where density is the only pa-
rameter [22,50]. Concerning face side insertion in CLT, Uibel and Blab [15,46] evaluated the
load-bearing capacity of dowels placed in manufactured with four distinct arrangements
and computed the embedment strength. The CLT embedment strength prediction model
was suggested based on the variable CLT lamination characteristics.
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Figure 4. Means and standard deviations of embedment strength of control, densified, and GFRP-
reinforced CLT specimens.

The load displacement of control, densified, and GFRP-reinforced CLT specimens is
shown are Figure 5. Accordingly, the yield points of the CLT samples in the L direction
were more than those in T direction. The yield points of 0L, 25L, 50L, and GFRPL were
8636 (N), 11,900 (N), 16,080 (N), and 13,720 (N), respectively. The highest yield point in the
L direction belonged to the CLT sample reinforced with 50% densified wood. On the other
hand, the yield points of 0T, 25T, 50T, and GFRPT were 7947 (N), 11,450 (N), 13,152 (N),
and 12,120 (N), respectively. The highest yield point in the L direction belonged to the CLT
sample reinforced with 50% densified wood.

The failure modes of CLT specimens are depicted in Figure 6. The typical failure
modes of tested CLT specimens are different in the situation where the lag screw is loaded
in the L and T direction of the CLT specimens. Cracks occurred along the grain when the
load was applied along with the L direction, as shown in Figure 6 (0L, 25L, and 50L). Cracks
in 25L and 50L show that the densification reduced the length of the cracks compared to
the unreinforced samples (0L). However, compression failure occurred in the embedment
surface, as shown in Figure 6 (0T, 25T, 50T, GFRPL, and GFRPT), or cracks appeared on
both edges of the cross layers, as shown in Figure 6 (0T), when the CLTs were loaded in
the T direction. The compression failure might occur layer by layer, which results in stress
redistribution [1].

The results of the prediction models in comparison with experimental results are
shown in Figure 7. NDS showed the most accurate results compared to the experimental
findings, followed by the Ubel and Blub and then the Kennedy and CSA formulas. Finally,
the formula of Dong et al. showed the lowest accuracy in terms of the prediction of experi-
mental results. Previously, all of these equations were applied to predict the embedment
strength of fasteners in EWPs, such as CLT. Accordingly, various results were obtained
regarding the accuracy of these equations. The accuracy of the equations might be related
to factors including moisture content, density, diameter of fastener, or the loading direction.
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Figure 5. Load-displacement curves of the reinforced and unreinforced CLT samples.
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The MAPE of all models is detailed in Table 5. The NDS formula showed the highest
accuracy (10.31%). After that, the Ubel and Blub formula showed the highest accuracy
(21.3%). On the other hand, Dong et al.’s formula showed the lowest accuracy (40.07%).
These findings indicate that the NDS and Ubel and Blub formulas are reliable in predicting
embedment strength in the tests related to loading directions and reinforcement factors.
The MAPE classification approach, which was established by Lewis [51], was used in this
investigation for the purpose of determining how accurately prediction models performed.
This categorization assigns models into one of four accuracy categories based on their mean
absolute percentage error (MAPE): excellent (MAPE < 10%), acceptable (MAPE 10–19%),
fair (MAPE 20–49%), and weak (MAPE ≥ 50%). Future studies could consider developing
machine learning modeling for embedment strength prediction. In addition, nondestructive
testing methods such as acoustic emission monitoring could be used to further investigate
the failure mechanism [52].

Table 5. MAPE of equations for predicting embedment strength of CLT specimens.

MAPE (%)

Ubel and Blab Kennedy Dong et al. NDS CSA

21.30 28.86 40.07 10.31 32.68

4. Conclusions

This work evaluated the embedment strength of 3-ply poplar CLT samples reinforced
with GFRP and densified wood (25% and 50%) in two loading directions (L and T). Over-
all, reinforcement improved the embedment strength of CLT samples. The embedment
strength of CLT samples in the L loading direction (outer layers to the same fiber direc-
tion) was greater than those in the T loading direction. CLT samples made from 50%
densified poplar wood showed the highest embedment strength (50L: 51.75 MPa and
50T: 47.58 MPa). However, there was no significant difference in embedment strength
between CLT samples reinforced with GFRP and CLT samples made from 25% densified
wood (25L: 44.8 MPa, GFRPL: 44.93 MPa, 25T: 42.52 MPa, and GFRPT: 42.08 MPa). Mod-
elling using the NDS formula yielded the highest accuracy (MAPE = 10.31%), followed
by the Ubel and Blub (MAPE = 21%), Kennedy (MAPE = 28.86%), CSA (MAPE = 32.68%),
and Dong (MAPE = 40.07%) equations. Densification can be considered as an alternative
to GFRP reinforcement in order to increase the embedment strength in CLT. Statistical
analysis showed that in terms of main effects, densification ratio and loading direction
significantly affect the embedment strength. However, in terms of interaction effects, both
densification ratio and loading direction at the same time had no significant effect on the
embedment strength.

Further studies are recommended to evaluate the embedment strength of CLT rein-
forced with GFRP and densified wood made of more than three layers. Further studies are
recommended to evaluate the embedment strength of various types of nails and screws
in CLT reinforced with GFRP and densified wood. According to the results of this study,
considering the cost of the products, 25% densification might be used instead of GFRP for
CLT reinforcement. However, further investigations regarding the effects of densification
on CLT properties, such as bending, glue line, and debonding, are required.
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Abstract: The objective of this work was to improve the thermal stability, flame resistance, and
surface properties of black poplar (Populus nigra L.) wood via different impregnation methods. The
impregnation methods were employed through two distinct modalities: vacuum impregnation and
immersion impregnation. Here, poplar wood was impregnated with calcium oxide solutions (1%,
3% and 5%). Fourier-transform infrared spectroscopic analysis revealed a shift in the typical peaks
of cellulose, hemicellulose, and lignin depending on the impregnation method and solution ratio.
Thermogravimetric analysis and the limiting oxygen index indicated that the samples impregnated
with lime solutions exhibited higher thermal stability than the unimpregnated wood. Both impregna-
tion methods caused a decrease in water absorption and thickness swelling of the sample groups.
Using a scanning electron microscope, the effect of the impregnation process on the structure of the
wood was examined. In terms of surface properties, it was determined that the surface roughness
value increased. On the contrary, it was observed that the contact angle value also increased. A
significant difference emerged between the applied methods. In conclusion, the applied lime minerals
are suitable substances to increase the flame resistance and thermal stability of black poplar wood.

Keywords: black poplar; impregnation; surface properties; thermal stability; wood protection

1. Introduction

Wood, a fundamental natural resource, has been employed in various applications
since time immemorial. Its versatility, renewable nature, and wide availability have ren-
dered it an indispensable material in industries such as construction, furniture, and manu-
facturing [1–3]. However, one of the perennial challenges associated with wood products is
their susceptibility to combustion. The threat of fire not only poses safety concerns but also
has substantial economic and ecological ramifications. Hence, there has been an enduring
quest to enhance the fire-resistant properties of wood [4–10].

Among the numerous wood species available, poplar wood (Populus spp.) stands out
for its fast growth rate and ease of cultivation. Poplar is widely distributed across temperate
regions, and its utilization has surged in recent years, particularly in applications where
rapid growth is essential [11]. Black poplar (Populus nigra L.) is one of these species. Black
poplar is distributed in North Africa, Central and Western Asia, and Europe, especially in
wetlands along riverbanks [12]. The distribution of poplar species in the world is more
than 100 million ha. Türkiye ranks fourth in the world in terms of poplar plantation
area [13]. More than 3 million m3 of wood are obtained annually from this species alone in
Türkiye [14]. Although black poplar wood is widely used in furniture production, it can
also find a place as a raw material in the packaging industry (boxes, crates, pallets, etc.) and
in the production of models, plywood, matches, composite panels, and prostheses [15,16].
Nevertheless, like many other wood varieties, poplar wood is inherently vulnerable to fire,
necessitating innovative approaches to improve its fire-resistant characteristics.

In this context, the impregnation of wood with fire-retardant chemicals has emerged as
a promising avenue for enhancing its fire resistance. Impregnation involves the penetration
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of wood with fire-retardant substances, which can alter the wood’s surface properties and
combustion behavior [17–19]. The choice of impregnation technique and the type of fire
retardant used are important factors in determining the effectiveness of this process. There-
fore, it becomes imperative to explore the influence of diverse impregnation techniques on
the surface characteristics and combustion behavior of poplar wood [20–25].

The practice of impregnating wood with various substances to enhance its properties
is a method that has been used for many years. It has been employed for centuries,
albeit with rudimentary techniques. Modern wood impregnation techniques have evolved
significantly [26–30]. One of the earliest methods involved simply soaking wood in a
solution containing fire-retardant chemicals. While this method is straightforward, it often
results in uneven impregnation and inadequate penetration of fire retardants into the
wood’s cellular structure. To address these limitations, vacuum impregnation and pressure
impregnation techniques were developed. Vacuum impregnation, in particular, involves
subjecting wood to reduced pressure before immersing it in a fire-retardant solution [24,31–34].

The choice of fire-retardant chemicals is a critical determinant of the efficacy of wood
impregnation. Fire retardants can be categorized into several classes, including inorganic
compounds, organic compounds, and intumescent agents [35–38]. Inorganic fire retardants,
such as ammonium phosphate and aluminum hydroxide, work by releasing water vapor
when exposed to heat, thereby reducing the wood’s temperature and retarding combustion.
One of these, calcium oxide (CaO), is a white, corrosive, and alkaline solid [39]. Calcium
oxide is used in the construction industry and in the production of paper, among many other
applications, such as the manufacture of various types of glass [39,40]. These compounds
are known for their non-toxic nature and widespread use in wood impregnation.

In this study, black poplar wood was subjected to different impregnation methods
with calcium hydroxide in order to improve its physical properties and resistance to
burning. Solutions prepared at different concentrations (1%, 3% and 5%) were used in
the vacuum method and the immersion method. The chemical and thermal changes
caused by the impregnation process in the samples were evaluated by comparison with the
control samples. The effects of different impregnation methods at different durations and
concentrations on the physical and fire properties of the samples were investigated.

2. Materials and Methods
2.1. Materials
2.1.1. Wood Material

The material of black poplar used in the study was obtained from Denizli Kırgız
Timber Company, Türkiye. According to TS 2470 standards [41], the samples were made
from sapwood and first-class timber materials that are smooth fiber, knotless, crack-free,
without color or density differences, and with yearly rings perpendicular to the surfaces. A
total of 30 samples were taken for each experimental group.

2.1.2. Impregnation Material (Calcium Hydroxide (Ca(OH)2))

Calcium oxide (CaO), often known as quicklime, is a substance that is frequently
utilized as a commercial product. At room temperature, it is an alkaline solid that is
white and caustic. In addition to CaO, quicklime contains magnesium oxide (MgO) and
silicon dioxide (SiO2), with minor traces of aluminum oxide (Al2O3) and iron oxide (Fe2O3).
This phenomenon is attributed to the inherent presence of these contaminants in the raw
material, ‘limestone’ [42,43] (Table 1). CaO powder was purchased from Ayteks Chemical
Industry Ltd. Denizli/Türkiye. Prior to its application in the impregnation process, calcium
oxide necessitates slaking (adding water to the lime). Afterwards, the powdered lime was
weighed to 1%, 3%, and 5% (w/v); the solutions were prepared through the slaking of lime
to Equation (1) [43].
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Table 1. Identifiers and properties of calcium oxide [43].

CAS number 1305-78-8
PubChem CID 14778

UN number 1910
Molecule formula CaO
Molecular mass 56.0774 g/mol

Appearance White to yellow/brown powder
Odor odorless

Density 3.34 gr/cm3

Melting point 2613 ◦C
Boiling point 3850 ◦C (100 hPa)

Solubility (in water) reacts to form calcium hydroxide
Acidity (pKa) 12.8

Calcium hydroxide exhibits a relatively low water solubility. Investigating its solubility,
it was determined [44] that it amounts to 0.0222 molal at 25 ◦C, corresponding to a low
solubility of 1.6 g in 1 kg of water.

CaO + H2O→ Ca(OH)2 (1)

2.2. Methods
2.2.1. Impregnation Methods (Immersion Method and Vacuum Method)

Calcium hydroxide (Ca(OH)2) solutions at concentrations of 1%, 3%, and 5% (w/v)
were prepared. According to the ASTM D 1413 standard, samples were impregnated with
these solutions using the medium-term (120 min) immersion method.

The vacuum method of impregnation of the test samples was carried out under the
conditions specified in ASTM D 1413. In this impregnation process, the samples were
subjected to pre-vacuum treatment at 760 mmHg−1 with a compressor in a closed container
for 30 min. Then, the samples were removed from the closed container and impregnated in
solution at atmospheric pressure for 30 min [45].

The samples in wet weights were held in the air-conditioning cabinet at a temperature
of 20 ± 2 ◦C and a relative humidity of 65 ± 5% until they reached equilibrium humidity
after impregnations. After being impregnated, the samples were maintained in an oven
set at 103 ± 2 ◦C until they were entirely dry. After these steps, the characterization was
conducted. The experimental design of the samples used in the study is given in Table 2.

Table 2. Experimental design of immersion and vacuum methods.

Method Sample Type Concentration of Solution (%) Impregnation Time (min)

Control A - -

Immersion
B 1 120
C 3 120
D 5 120

Vacuum
E 1 30 + 30
F 3 30 + 30
G 5 30 + 30

2.2.2. Preparation of Samples

Density (D), thickness swelling (TS) and water absorption (WA) experiments were car-
ried out with samples of 20 × 20 × 30 mm3 (L × T × R) volume. The density, dimensional
change, and water uptake determinations of the samples were conducted in compliance
with TS 2472, TS 4084, and TS EN 317 standards, respectively [46–48]. For each treated
wood sample, the weight percent gain (WPG) was calculated according to Equation (2).
The oven-dry weight of each specimen was recorded before and after impregnation. The
assessment of surface and fire properties adhered to relevant criteria. The residues left on
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the wood surface from the impregnation process were removed before the tests to ensure
they did not affect the results.

WPG =
(Wa−Wb)

Wb
× 100% (2)

where Wb is the oven-dry weight of specimens before treatment (g), and Wa is the oven-dry
weight of specimens after treatment (g).

2.2.3. Testings of Surface and Burning Properties

• Surface roughness test

Surface roughness measurements were conducted in accordance with the DIN 4768
(1990) standard [49], employing a stylus-type profilometer (Mitutoyo SJ-301, Mitutoyo
Corp., Kawasaki, Japan). The measurement was taken on the wood surfaces in parallel to
the grain direction (‖). The roughness values were captured with a sensitivity of 0.5 µm,
ensuring precision in the measurements. The key instrument parameters included a measur-
ing speed of 10 mm/min, a pin diameter of 4 µm, and a pin top angle set at 90 degrees. The
points selected for roughness measurement were deliberately marked in a random manner
across the sample surface. All measurements were conducted parallel to the direction of the
wood fibers. Three standard roughness parameters were determined: average roughness
(Ra); mean peak-to-valley height (Rz); and maximum roughness (Rmax). Ra values were
specifically employed for statistical evaluations. Additionally, measurements were repeated
whenever the scanning needle’s tip entered the cell spaces within the wood sample.

• Water contact angle test

According to GB/T 30693 (2014), the water contact angle of the surface of wood was
calculated. KRUSS DSA30 water contact angle meter (KRÜSS, Hamburg, Germany) was
used. The size of the water drop was 4 µL. The data were obtained 15 s after the water
droplet made contact with the wood surface. The contact angles were obtained at five
separate sites on the same sample surface using five replicates for each group, and the
mean value was calculated.

• FTIR analysis

The samples were finely ground, falling within the 40–100 mesh size range, in prepara-
tion for their utilization in Fourier-transform infrared (FTIR) spectroscopy and thermogravi-
metric analyses (TGA). Following the grinding process, pellets were created by subjecting
10 mg of wood flour and KBr to a 1:100 (w/w) ratio for each sample group. These pellets
were formed by applying a pressure of 602 N/mm2. For the FTIR analysis, a Perkin Elmer
BX FTIR spectrometer instrument (PerkinElmer U.S. LLC, Shelton, CT, USA) was employed,
operating at ambient temperature. The instrument covered a wavenumber range of 4000 to
400 cm−1, with a spectral resolution of 4 cm−1.

• DTG/TGA analysis

To assess the thermal stability of the samples, thermogravimetric analysis (TGA)
was conducted using an Exstar SII TG DTA 7200 (Exstar, SII NanoTechnology In., Tokyo,
Japan) instrument. The analysis was carried out under a nitrogen gas atmosphere, with
the samples experiencing a gradual temperature increase at a rate of 10 ◦C per minute,
spanning from 25 to 600 ◦C. Each sample was weighed at approximately 5 mg.

• LOI analysis

A flammability test to determine the limiting oxygen index (LOI) of wood samples
was carried out using a flammability tester (S.C. Dey Co., Kolkata, India). This test was
conducted in accordance with the ASTM D-2863 method [50]. The LOI value expresses
the minimum amount of oxygen required to start combustion. In the LOI apparatus, the
wood sample was positioned vertically and subjected to ignition for a minimum duration
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of 30 s. Throughout the ignition process, the ratio between nitrogen and oxygen in the
environment was carefully monitored and recorded.

• SEM analysis

A scanning electron microscope (FESEM, Zeiss Gemini Sigma 300, Jena, Germany)
equipped with an energy dispersive spectrometer (EDS) system (Bruker XFlash 6I100) was
employed to reveal the effect of impregnation on the particles.

• Statistical analysis

Statistical analysis was performed on the study’s findings using SPSS® 20.0 for
Windows® software. The data were subjected to an analysis of variance (ANOVA) test. A
Duncan test was used to identify the various groups in cases where the ANOVA test re-
vealed statistical differences via SPSS® 20.0 for Windows® (IBM Corp., Armonk, NY, USA).

3. Results and Discussion

• The physical properties

The physical characteristics of the samples of black poplar with different impregnation
methods are presented in Table 3. Using the ANOVA test, it was found that there was a
statistically significant difference between the control and impregnated sample sets in terms
of the physical characteristics of the experimental specimens. After applying the Duncan
test, four homogeneous clusters were delineated within each of the datasets corresponding
to D0, TS-2, and TS-24 h and five homogeneous clusters were delineated within each of the
datasets corresponding to WA-2, WA-24, and WPG.

Table 3. The physical properties of impregnated wood samples.

Sample Type D0 (g/cm3) WA-2 h WA-24 h TS-2 h TS-24 h WPG (%)

A 0.36 (0.09) 1 a 2 38.21 (3.57) a 72.89 (5.88) a 14.86 (2.43) a 17.26 (3.45) a -
B 0.41 (0.13) b 33.83 (3.26) b 67.86 (6.11) b 13.23 (1.31) b 15.08 (3.04) b 0.62 (0.09) a
C 0.44 (0.09) c 29.42 (2.61) c 63.22 (5.67) c 11.38 (1.14) c 13.77 (2.14) c 0.73 (0.21) b
D 0.45 (0.11) c 26.55 (1.93) d 59.49 (4.93) d 10.75 (0.81) cd 12.13 (1.86) cd 0.91 (0.18) b
E 0.42 (0.12) b 31.26 (2.79) c 63.92 (4.55) c 11.49 (1.05) c 14.86 (2.11) b 1.12 (0.30) c
F 0.46 (0.14) c 24.12 (2.44) d 58.32 (5.22) d 9.08 (1.27) d 12.22 (1.37) cd 1.79 (0.35) d
G 0.49 (0.09) d 22.07 (1.66) e 54.11 (4.83) e 8.83 (0.95) d 11.45 (1.96) d 2.28 (0.51) e

1: Standard deviation, 2: The same letters in a column of D0, WA-2, WA-24, TS-2, TS-24, and WPG are not
significantly different (p ≤ 0.01). The post hoc tests (Duncan) for the D0, WA-2, WA-24, TS-2, TS-24, and WPG
were analyzed separately because the interaction factor was significantly different.

It was found that the density (D0) and weight percent gain (WPG) rose when the lime
ratio increased in the two impregnation methods. When 1%, 3%, and 5% lime were added,
respectively, the D0 values were found to be between 0.41 and 0.49 g/cm3. Depending on
this, the WPG increased between 0.62% and 2.28%. Applied impregnation methods with
lime progressively decreased water absorption and thickness swelling in the samples. It
was observed that WA-2, WA-24, TS-2, and TS-24 values decreased when 1%, 3%, and 5%
lime were added, respectively.

The WA-2 decreased between 11.5% and 30.5%, the WA-24 values decreased between
6.9% and 18.4%, the TS-2 values decreased between 10.9% and 27.6%, and the TS-24 values
decreased between 12.6% and 29.7% in the immersion method. In the vacuum method,
which is the other method applied, the WA-2 decreased between 18.2% and 42.2%, WA-
24 values decreased between 12.3% and 25.7%, TS-2 values decreased between 22.6%
and 40.5%, and TS-24 values decreased between 13.9% and 33.6% (Table 3). These data
are consistent with earlier research, which found that adding lime to wood increased its
physical qualities and made it more stable dimensionally [5,8,9,33]. In addition, there
appear to be obvious differences in physical properties between the applied methods. It is
seen that the vacuum method provides more stability to the wood material compared to
the immersion method [51–53].
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• The surface roughness, contact angle, and LOI properties

Table 4 displays the surface roughness, contact angle, and LOI characteristics of
samples of black poplar treated with various impregnation methods. According to the
ANOVA test, a statistically significant difference was detected in the physical properties of
both control and impregnated sample groups. Following the implementation of the Duncan
test, we identified four consistent and similar groups within each dataset associated with
surface roughness, contact angle, and LOI.

Table 4. Surface roughness, contact angle, and LOI properties of impregnated wood samples.

Sample Type Surface Roughness (Ra) (‖) Changes (%) Contact Angle (◦) Changes (%) LOI (%) Changes (%)

A 2.77 (0.31) 1 a 2 - 41 (4.66) a - 23.16 (2.55) b -
B 3.36 (0.99) b 21.3 54 (4.34) b 31.7 26.75 (3.07) b 15.5
C 3.90 (0.83) c 40.8 59 (5.27) c 43.9 28.44 (2.43) b 22.8
D 4.12 (0.46) d 48.7 62 (4.02) d 51.2 30.08 (1.94) b 29.8
E 3.58 (0.60) c 29.2 61 (3.95) c 48.8 28.27 (1.64) b 22.0
F 4.35 (0.97) d 57.0 66 (6.26) e 60.9 30.62 (2.44) b 32.2
G 5.22 (0.44) e 88.4 68 (6.31) e 65.8 31.23 (2.74) b 34.8

1: Standard deviation, 2: The same letters in a column of surface roughness, contact angle, and LOI are not
significantly different (p ≤ 0.01). The post hoc tests (Duncan) for the surface roughness, contact angle, and LOI
were analyzed separately because the interaction factor was significantly different.

The average roughness parameter (Ra) increased with an increase in the solution
ratio. The values were found to be between 2.77 and 5.22. Compared to the control
group, the B group exhibited the smallest alteration, registering a 21.3% change, while
the G group displayed the most substantial variation with an 88.4% shift. Ra increases
the surface roughness of the impregnation process. It is explained that this situation is
related to the increase in the amount of substance on the surface as the amount of retention
increases [54–56].

The contact angle values of the groups included in the study are shown in Table 4.
It has been determined that as the lime concentration ratio increases, the contact angle
increases. The values were found to be between 41◦ and 68◦. It has been determined
that the highest hydrophobic sample group with a contact angle of 68◦ is obtained with
group G, which increases hydrophobicity by 65.8% compared to group A. Similar to the
findings for water absorption, increasing lime particles increased the contact angle, which
was significantly higher in woods treated and impregnated [57–60].

The LOI values of the sample groups are summarized in Table 4. The values were
found to be between 23.16% and 31.23%. It has been determined that the highest fireproof
sample group with a LOI of 31.23% is obtained with group G, which increases fire resistance
by 34.8% compared to group A. In wood impregnated with lime minerals, the LOI value
increased as the lime ratio increased. LOI values were found to be between 26.75% and
30.08% in the immersion method and between 28.27% and 31.23% in the vacuum method.
The vacuum method is posited to yield a superior insulating effect against heat transfer
compared to the immersion method. The retardation of flame propagation appears to stem
from the lime’s capacity to facilitate the generation of char. This ensuing coal coating forms
an insulative barrier, impeding the passage of combustible gases that sustain the flame and
displaying resistance to heat transfer [61–63].

• FTIR analysis

FTIR analysis was employed to discern the functional groups and chemical interactions
among the materials. The FTIR spectrum exhibited observable shifts in the characteristic
peaks of cellulose, hemicellulose, and lignin, contingent upon the impregnation method
and the ratio of lime additive. FTIR spectra encompassing the impregnated black poplar
samples, as well as the control samples, were recorded over the wavelength range of
4000 to 400 cm−1. The control group and the groups impregnated with both impregnation
methods show absorbance peaks for wood fibers at 876 cm−1 (Si–O–C), 1060 cm−1 (C–O–C),
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2910 cm−1 (C–H), and 3450 cm−1 (O–H). In addition, the impregnated groups showed a
new increase at 1450 cm−1 for C=O stretching vibration. The lack of a drop in the strength
of the band at 1060 cm−1 indicates that the cellulose’s C–O–C bonds have not been harmed
by the procedure. It may be argued that the impregnated lime particles are to blame for
this phenomenon (Table 5 and Figure 1). The absorption bands over 1450 cm−1 can be
assigned to the stretching vibrations of (CO3)- anions present in the carbonate phase in the
sample. The behavior of Ca(OH)2 adsorbed on the surface was monitored, showing that
Ca(OH)2 continuously transformed into the carbonate phase and crystallization proceeded
first through the formation of aragonite-like and then calcium-like carbonates [64].

Table 5. Match of wood functional groups to IR bands of spectra [65,66].

Spectrum Band Position, cm−1 Active Wood Mass Group Type of Vibration

3450–3400 O-H of alcohols, phenols and acids O-H stretching
2970–2850 CH2, CH- and CH3 C-H stretching
1462–1425 CH2 cellulose, lignin C-H deformations
1060–1025 C-O-C Deformation

876 Anti-symmetric out-of-phase stretching in pyranose ring Stretching in pyranose ring

Figure 1. FTIR Spectra of the impregnated and unimpregnated black poplar samples.

The presence of a band at 3450 cm−1 signifies a reduction in the quantity of OH groups,
leading to a further decrease compared to the control group. An examination of the FTIR
spectroscopy peaks reveals notable alterations in cellulose, hemicellulose, and lignin due to
the processing [23,66,67]. In contrast to the control group, the peak observed at 2910 cm−1

is notably diminished. This decrease can be attributed to the asymmetric stretching of
C–H methyl and methylene groups [68–70]. Conversely, a noticeable increase is evident
in the peak at 1450 cm−1 compared to the control group. This peak is characteristic of
lignin components and signifies symmetrical tension vibrations in C=O and –COO groups
within aromatic rings [71–73]. Moreover, these changes elucidate the influence of functional
groups in the added lime minerals on the wood. Another significant observation is the
increase in the 873 cm−1 band relative to the control group, which can be attributed to the
Si–O–Al stretching mode associated with CaO [74,75]. Additionally, distinct peak bands are
discernible at 430 cm−1 [23,76]. Those findings suggest that lime minerals were successfully
grafted into the poplar wood fibers.
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• DTG/TGA analysis

The TGA and DTG thermograms of the control and impregnated black poplar samples
are plotted in Figures 2 and 3.

Figure 2. TGA thermograms of the control and impregnated black poplar samples.

Figure 3. DTG thermograms of the control and impregnated black poplar samples.

The provided data in Table 6 summarize the initial decomposition temperature (T0),
maximum degradation temperature (Tmax), final temperature (Tf), and residual weight
(RW, %) for the wood samples, both impregnated and control, with calcium hydroxide. The
onset of degradation occurred at 140 ◦C for both the impregnated and non-impregnated
black poplar samples, signifying the removal of water and certain extractive components
from the specimens up to this temperature [77,78]. After 140 ◦C, the decomposition process
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continued until 476 ◦C in the control sample, between 494 and 531 ◦C in the samples
impregnated with the immersion method, and between 532 and 584 ◦C in the samples
impregnated with the vacuum method. The highest final temperature was determined in
the G sample at 584 ◦C. The maximum degradation temperature is the lowest value in the
control sample at 329 ◦C and the highest value in the G sample at 347 ◦C. From 140 ◦C to
476 ◦C, and 584 ◦C, hemicellulose, the remaining extractives, lignin, and cellulose were
decomposed [22,79]. The residue weight varied depending on the method of impregnation.
The rate of RW at 600 ◦C in the samples was 16.2% in the control sample (A), between
18.3 and 22.3% in the samples impregnated with the immersion method, and between 19.8
and 24.9% in the samples impregnated with the vacuum method. The TGA study results
showed that as the concentration of calcium hydroxide increased, the heat resistance of the
fibers gradually increased. Additionally, the amount of residue detected in the vacuum
method is slightly higher than in the immersion method. These values are relatively low
when compared with the literature results [80–84].

Table 6. Thermal degradation temperatures and residue weight of black polar samples.

Sample Type T0 (◦C) Tmax (◦C) Tf (◦C) RW at 600 ◦C (%)

A 140 329 476 16.2
B 140 332 494 18.3
C 140 337 503 18.5
D 140 338 531 22.3
E 140 339 532 19.8
F 140 342 576 24.4
G 140 347 584 24.9

T0: Initial decomposition temperature, Tmax: maximum degradation temperature, Tf: Final temperature.

• SEM analysis

Observation under SEM at high magnifications showed the samples of impregnated
and unimpregnated black poplar (Figures 4 and 5).

Figure 4. SEM topographs of black poplar: (A) control (500×); (E) impregnated sample (1000×).
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Figure 5. SEM micrographs of impregnated samples of black poplar: (B–D) (500×), (E–G) (1000×).

SEM analysis of impregnated wood material revealed the presence of impregnation
substances concentrated along the wood lumen cell and transition edges. Additionally,
nanoparticles were observed to form clusters within certain regions of the trachea [85]. It
can be seen that the amount of impregnation filling the lumen cell is related to the change
in concentration.

4. Conclusions

This study was undertaken to enhance the surface characteristics and fire-resistant
properties of black poplar wood, a rapidly growing tree species. In pursuit of this ob-
jective, two distinct methods were employed for the impregnation of calcium hydroxide.
In comparison to the immersion method, the vacuum impregnation method produced
better results, showing lower water absorption and thickness swelling values. This resulted
in an increase in hydrophobic characteristics of the wood. Notably, an increase in the
weight percent gain (WPG) ratio corresponded with a successful impregnation process and
a concurrent elevation in limiting oxygen index (LOI) values, suggesting improved fire
resistance. The Fourier-transform infrared (FTIR) analysis findings aligned with the ther-
mogravimetric analysis-differential thermal gravimetry (TGA-DTG) results, demonstrating
an augmentation in residue content as the concentration rate of impregnation increased.
These analyses affirm enhanced fireproof properties. Examination of scanning electron
microscopy (SEM) images revealed some deposits in lumen cell occupancy, indicative
of a successful impregnation process. Additionally, it was observed that while porosity
decreased, surface roughness increased due to the disintegration of structural elements.
This effect, however, led to an increase in contact angle values and the filling of surface gaps
on the poplar wood. In conclusion, calcium hydroxide emerges as an auspicious candidate
for augmenting the fire-resistant attributes of wood materials. The applicability of this
approach should be considered in accordance with specific use cases and the structural
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limitations inherent to poplar wood, thereby facilitating the production of more efficacious
end products.
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Abstract: Engineered wood products (EWPs) have evolved over time to become a popular and
sustainable alternative to traditional lumber by offering design flexibility, increased strength, and
improved quality control. This work analyzes the potential of Portuguese eucalyptus wood (Eucalyptus
globulus) to produce glued-laminated timber (glulam) for structural applications. Currently, this
hardwood is used for less noble applications in Portugal’s construction industry. To promote the use
of this species of timber in construction, an experimental campaign was conducted to characterize
its compression parallel to the grain and bending strength. The results demonstrated that this
hardwood presents a compression parallel to the grain strength of 73 N/mm2 and a bending strength
of 151 N/mm2 with a global value of elastic modulus equal to 24,180 N/mm2. Based on those strength
values obtained from the glulam produced with eucalyptus, one can conclude that the test results
presented here are higher than the ones declared by the current glulam made of softwoods; thus,
additional studies are encouraged.

Keywords: glulam; hardwoods; eucalyptus; experimental evaluation

1. Introduction

The Portuguese Institute of Nature Conservation and Forests (ICNF) shows that
the Eucalyptus globulus occupies 26.2% of all existing forests in the country, making it,
already, the most representative wood species in Portugal [1]. This hardwood is originally
from Australia and was introduced in Portugal in 1954 [2]. However, due to the fast-
growing nature of the tree, with short harvesting times between the ages of 10 and 15 years,
compared to the most representative local species, such as maritime pine (35 to 45 years) [3],
in addition to its easy adaptation to soil and atmospheric conditions, made its introduction
in the Portuguese forest easy and fast. Moreover, the growth of the national paper industry
made it economically interesting for private proprietors to plant eucalyptus.

In Portugal, eucalyptus is primarily used for pulp and paper production, as well as for
biomass as a source of energy [4]. In construction, this species has been used for parquet
flooring for residential buildings, and for traditional applications, such as railway sleepers,
mine structures [5], and for sports purposes, due to its hardness and clear color. In the past,
in particular in rural regions, as a consequence of its availability and low cost, it has been
used for structures such as roofs, floors, and walls. For example, the historical center of
Guimarães is well known for its half-frame timber construction system of using eucalyptus
wood since the second half of the 20th century.

The production of glued-laminated timber (glulam) normally uses softwoods such
as spruce, fir, and Scots pine, which are the most common species in Central Europe
and are where the most important manufacturers of glulam are located. By contrast, the
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Portuguese forests present a high percentage of hardwoods, with eucalyptus being the
most representative species. In this context, it will be interesting to study the possibility
of using eucalyptus to produce glulam, thereby adding value to the Portuguese forests. It
is possible to find German producers of glulam, which is made of beech from the black
forest; however, to our knowledge, the only producers of glulam made from eucalyptus are
located in Galicia, Spain, where the presence of this species is also important. Eucalyptus
seeds were first introduced in Spain in the 1800s [6], and their woods have been used in
different areas, from mercenaries to carpentry and buildings.

Most of the glulam is produced using softwoods; however, the use of some hardwoods
was previously mentioned in EN 14080 [7]. Unfortunately, Eucalyptus globulus was not
mentioned by this standard as a possible species to use in the production of glulam.

Seng Hua et al. [8] presented a summary of studies conducted on the different uses
of eucalyptus species worldwide, with special emphasis on engineered wood products
(EWP), such as glulam, cross-laminated timber (CLT), fiberboards, oriented strand boards
(OSBs), laminated veneer timber (LVT), and other particleboards and plywood. It was
demonstrated that glulam was the application least studied.

In Brazil, glulam beams made from Eucalyptus urogandis have been tested and ob-
tained values for bending strength in the range of 57–94 N/mm2, with an elastic modulus
in the range of 17,800–20,100 N/mm2, a compression strength parallel to the grain between
65 and 75 N/mm2, and a bond line shear strength of 10–12 N/mm2 [9], which suggested
that the species had great potential to be applied in glulam industries owing to its high me-
chanical properties.

Despite this lack of information, Franke and Marto [10] evaluated the use of
Eucalyptus globulus as an engineered material, achieving characteristic values of 115 N/mm2

and 83 N/mm2 for bending and compressive strength parallel to the grain, respectively.
Moreover, the gluing and delamination properties were measured with PUR adhesive, and
it was observed that none of the tried configurations were successful in meeting all the
requirements regarding the strength and durability of the glue lines. Nevertheless, glue
lines based on MUF adhesive were studied by Suleimana et al. [11], who obtained failures
that occurred mostly on the wood side and achieved shear strengths of 14 N/mm2 and
12 N/mm2 using surface-bonding and edge-bonding specimens, respectively.

In Spain, solid and glulam elements made of Eucalyptus globulus have been evalu-
ated and characterized by Lara-Bocanegra et al. [12], for use in timber grid shells. A
bending strength of 55 N/mm2 was achieved by the solid laths, while a strength class
higher than a GL56 could be attributed to the glulam elements. In Portugal, homoge-
neous glulam beams made of Eucalyptus globulus and hybrid (eucalyptus and poplar) were
evaluated by Martins et al. [13]. The average values obtained for bending modulus were
23,487–25,615 N/mm2 and 18,302–22,341 N/mm2 for local and global values, respectively,
while the bending strength ranged from 91 to 115 N/mm2 for the hybrid and homogenous
glulam beams, respectively.

In the current work, an experimental evaluation of glulam beams made from Eucalyptus
globulus is presented. Glulam beams were manufactured in an industrial facility and
tested in the laboratory under four-point bending tests. Due to the lack of data about
the mechanical characterization of the eucalyptus wood, small specimens, representing
the lamellae used in the glulam beams, were used to prepare compression parallel to the
grain and bending tests. The objective was to assess the mechanical characterization of the
raw material used in the lamellae. The National Laboratory of Civil Engineering (LNEC)
published results of an experimental campaign based on small clear samples of Eucalyptus
globulus [14], which were used as references. Density values of 750–850 kg/m3, bending
strength of 128 N/mm2, and a modulus of elasticity in bending of 17,500 N/mm2 were
demonstrated, while compression and tension strengths parallel to the grain were equal to
49 N/mm2 and 14 N/mm2, respectively, alongside a shear strength of 3 N/mm2.
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The main objective of the present work was to assess the possibility of producing
glulam from Eucalyptus globulus grown in Portugal, to add value to this hardwood species,
while reducing the national dependence on imported softwoods.

2. Materials and Methods

The eucalyptus specimens were collected from logs cut in north Portugal by a sawmill
located close to Amarante. After their preparation and transport to laboratories at the
University of Minho, all specimens were kept in a climatic chamber under a controlled
temperature of 20 ◦C and relative humidity (RH) of 60% for approximately 4 weeks, until
mass stabilization was reached, as recommended by NP 614 and ISO 3130 [15,16]. The
lamellae for the glulam beam production were prepared in the Rusticasa industry facilities
and the tests were conducted in the Laboratories of the Civil Engineering Department at
the University of Minho. Table 1 summarizes the experimental campaign performed with
the identified corresponding standards as follows.

Table 1. Summary of the experimental campaign performed.

Property Symbol Unity Standard

Moisture content ω % ISO 3130 [16]
Density ρk kg/m3 EN 13183-1 [17]

Compression parallel to the grain
(clear specimens) fc,0 N/mm2 ASTM D143 [18]

Bending strength (clear specimens) fm,90 N/mm2 ASTM D143 [18]
Bending strength on structural beams fm,90 N/mm2 EN 408 [19]

2.1. Determination of Moisture Content and Density

After the stabilization of the specimens inside the climatic chamber, they were removed,
and the dimensions and weight were measured to determine the density (ρ). Afterward,
the tested specimens were conditioned in an oven to dry and the moisture content (ω) was
measured. Both characteristics of the specimens were determined by equations that can be
found in ISO 3130 and EN 13183-1, respectively [16,17].

2.2. Compression Parallel to the Grain on Clear Specimens

The purpose of this test was to evaluate the compression strength parallel to the grain
in clear specimens by following the guidelines in ASTM D143 [18]; the specimens were
produced by following NP 618 [20]. These results allowed a control quality to be performed
on the raw material of Eucalyptus globulus lamellae. Moreover, it was, then, possible to
compare the results to the values suggested by LNEC [14].

The specimen was placed on the bottom plate of the machine centered on the vertical
axis, as shown in Figure 1a,b. The actuator was lowered until it touches the specimen’s face.
Then, the load, registered by a load cell with a maximum capacity of 200 kN, was applied
at a rate of 0.01 mm/second until the specimen was broken, which normally happened
after 3 (+/−2) min.

To determine the results of compression strength parallel to the grain, Equation (1)
was applied.

fc,0 =
Fmax

bh
(1)

where f c,0, is the compression strength parallel to the grain in N/mm2, Fmax is the maximum
load in Newton, and b and h are the width and height of the specimen cross-section,
respectively, measured in millimeters. In total, fourteen clear specimens were tested.
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2.4. Production of the Glulam Beams 
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urea-formaldehyde MUF 1242/2542, produced by Akzo Nobel, was used (Table 2). 
  

Figure 1. Compression parallel to the grain. (a) Test setup, (b) specimen.

2.3. Bending Strength on Clear Specimens

For the bending strength in clear specimens, tests according to NP 619 [21] and
ASTM D143 [18] were performed. The machine’s actuator was lowered until it touched
the specimen’s face. Then, a maximum actuator force of 25 kN with a constant speed of
0.01 mm/second was applied to ensure that the rupture occurred over a maximum period
of 3 (+/−2) min. Figure 2a,b shows a representative bending failure and the setup used.
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To determine the results of bending strength on the clear specimens, Equation (2) was
applied, whereas to obtain the values of the moisture content and density, measurements
for the weight and volume methods already described were applied to the specimens after
testing the bending.

fm =
3Fl
2bh2

[
N/mm2

]
(2)

where fm is the static bending tensile strength, expressed in N/mm2, F is the maximum
bending force recorded during the test, in Newton, l is the span between the beam sup-
ports in millimeters, and b and h are the width and height of the specimen cross-section,
respectively, in millimeter. In total, fifteen clear specimens were tested.

2.4. Production of the Glulam Beams

For the gluing of the glulam beams, a two-component of glue, so-called melamine-
urea-formaldehyde MUF 1242/2542, produced by Akzo Nobel, was used (Table 2).
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Table 2. MUF 1247/2526 technical specifications [22].

Component 1247 2526

Product MUF glue Hardener

Appearance Liquid Liquid

Color Opaque/White White

Viscosity
(At production moment)

10,000–25,000 mPas
(Brookfield LVT, sp.4, 12 rpm, 25 ◦C/

77 ◦F)

1700–2700 mPas
(Brookfield LVT, sp.4, 60 rpm, 25 ◦C/

77 ◦F)

PH
(At production moment) 9.5–10.7 (at 25 ◦C/77 ◦F) 1.3–2.0 (at 25 ◦C/77 ◦F)

Dry layer 64–69% Not applicable

Storage time (months) 15 ◦C/59 ◦F 20 ◦C/68 ◦F 30 ◦C/86 ◦F 15 ◦C/59 ◦F 20 ◦C/68 ◦F 30 ◦C/86 ◦F
4 4 2 4 4 2.5

Information on
formaldehyde Free formaldehyde ≤ 0.8% Formaldehyde free

Density Approx. 1270 kg/m3 Approx. 1070 kg/m3

Properties of the glue
Lightly colored glue joints. High resistance to water and adverse environmental conditions.

Meets the requirements of EN 301 [23] (for glue type I and II, service class 1, 2, and 3), EN 391 [24],
EN 392 [25], and DIN 68141 [26].

The production process began by sorting the boards and defining the beam configu-
ration. The process of beam manufacturing was conducted by the Rusticasa Company as
described below.

Firstly, the eucalyptus wood was obtained, and then, cut to produce lamellas of
2500 mm in length and with a transversal cross-section of 76 × 21 mm2. After that, the
lamellas were classified visually to make a control and remove the most defective lamellas;
the approved ones are shown in Figure 1a. Then, the approved lamellas were kept in a
climatic chamber for three months at a temperature of 20 ◦C and a relative humidity of
60%, for the glue curing to occur. Periodic measurement was performed to control moisture
stabilization. After drying, the lamellas were removed from the climatic chamber and
planed on the same day as the glue was applied (less than 6 h).

With the glue applicator on, as shown in Figure 3b, one person holds the first lamellae
and passes it from the middle of the glue applicator to another person and the second one
applies it to the press bed. This process provides a possibility for the uniform application
of the glue and was performed for seven lamellae before it was interrupted. To separate
between beams, the lamellae, without glue, were placed on the top of the group and the
same process of passing the lamellas from the middle of the glue applicator was repeated.
This step required 20 min to be completed for all the beams.

After all the lamellas were glued and placed on the press bed, they were subjected
to a pressure of between 133 bar and 135 bar, for one hour, for the gluing and curing to
occur, as shown in Figure 1c. Thereafter, they were removed from the press, the remaining
glue was cleaned and the faces and the corners were adjusted for the dimensions, shown in
Figure 1d. Finally, they were taken to the Laboratories of the Civil Engineering Department
of the University of Minho for testing. Note that, the same procedure mentioned above
was followed by Martins et al. [27] and Pedro et al. [28] in the production of glulam using
other hardwoods (Acacia melanoxylon and Acacia mangium, respectively).
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2.5. Bending Tests on Beams

The bending tests performed on structural glulam beams produced with eucalyptus
aimed to quantify their main bending properties, namely, global values of the modulus of
elasticity in bending (Em,g) and the corresponding bending strength (fm). These mechanical
properties were measured following the recommendation made by EN 408 [19] with regard
to the specimen’s geometry, test, setup, loading protocol, and instrumentation. Figure 4
illustrates the four-point bending test on a glulam beam made from eucalyptus. In total,
four glulam beams were tested.
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Bending strength of the beams is determined by Equation (3):

fm =
3aFmax

bh2 [N/mm2] (3)

where Fmax is the maximum load applied in Newton, b and h are the width and height of
the beam’s cross-section, respectively, in millimeters, and a is the distance between the
point where the load is applied and its closest support.

In addition, the global value of the elastic modulus in bending is obtained by Equation (4).

Em,g =
l3(F2 − F1)

bh3(w2 − w1)

[(
3a
4l

)
−
( a

l

)3
]
[N/mm2] (4)

where the F1 and F2 are the loadings corresponding to 10% and 40% of the maximum
load, respectively, in Newton, w1 and w2 are the displacements corresponding to loads
of F1 and F2, respectively, in millimeters, l is the distance between the two supports in
millimeters, and b, h and a, again, assume the meaning already presented for Equation (3).

3. Results

Here, all test results are presented and, when possible, comparisons with existing
values are made.

3.1. Results of Clear Specimens

Density (ρ) and moisture content (ω) of all specimens, as already mentioned, were
quantified according to ISO 3130 [16] and EN 13183-1 [17], respectively. In the first phase,
the density was calculated considering the boards with their initial dimensions before
the bending tests. Subsequently, the density was measured after the mechanical tests
near the failure zones for both structural and smaller specimens. The results obtained
are summarized in Table 3. The results of the mechanical tests performed on small clear
specimens for bending and compression, parallel to the grain, are depicted in Figure 5. The
failures obtained were, as expected, tension and crushing, respectively, which are presented
in Figure 5c,d.
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Table 3. Results of physical and mechanical characterization on clear specimens.

Characteristic
ρ ω f c,0 fm

(kg/m3) (%) (N/mm2) (N/mm2)

Compression parallel to the grain

Mean 802.43 9.65 72.84

Maximum 845.42 10.87 86.35

Minimum 691.53 8.74 52.5

CoV (%) 8.51 6.79 13.25%

Bending

Mean 809.5 8.86 151.34

Maximum 958.21 10.19 175.88

Minimum 615 6.58 118.65

CoV (%) 12.33 9.24 11.66%

Table 3 presents the average results obtained from the compression parallel to the
grain and bending tests, corresponding to the 14 and 15 tested specimens, respectively, as
well as its maximum, minimum, and coefficient of variation, CoV (%).

The results obtained for the clear specimens show similar values of strength for
bending ( fm) and compression, parallel to the grain ( fc,0), which were calculated according
to NP 618 [20] and NP 619 [21], respectively, and were also conciliated and supported
by ASTM D143 [18], which correspond to averages of 72.84 N/mm2 and 151.34 N/mm2,
respectively. The coefficient of variation was minus or equal to 13.26%. It is important to
note that the observed failure on the clear specimens was because of tension under the
bending strength (Figure 5c) and by crush under compression strength, parallel to the grain
(Figure 5d). Moreover, the density ranged between 802 kg/m3 and 813 kg/m3, with a CoV
of 12.5%, while the moisture content varied between 9% and 11%.

3.2. Bending Tests on Glulam Beams

The bending test results obtained for glulam beams produced in this study with
Portuguese eucalyptus are presented in Table 4.

Table 4. Results of the bending tests on the glulam beams produced from eucalyptus.

ρ

(kg/m3)
ω

(%)
fm

(N/mm2)
Emg

(N/mm2)

Mean 812.70 11.07 96.74 24,180
Maximum 854.83 11.65 106.16 26,300
Minimum 777.19 10.79 89.36 22,580
CoV (%) 3.68 3.13 7.37 6.46

The glulam beams made from eucalyptus, on average, have a density of 812.70 kg/m3

and a bending strength of 96.74 N/mm2, which is a value three times bigger than the higher
strength class for glulam made of softwoods, GL32 [7]. Moreover, the results obtained
for the modulus of elasticity in bending ranges from 22,580 N/mm2 to 26,300 N/mm2,
which are values approximately double the one of GL32 (32 N/mm2 and 14,200 N/mm2

for bending strength and global elasticity modulus, respectively). The force versus dis-
placement curves are presented in Figure 6a and it is important to point out that all beam
tests have reached failure modes typical for bending parallel to the grain, with a failure by
pure tension and progress of the failure by shear (Figure 6b,c).
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4. Discussion

Table 5 compares the results reported by the National Laboratory of Civil Engineering
(LNEC) based on small clear specimens of Eucalyptus globulus and the average values
obtained in the experimental campaign performed.

Table 5. Summary of the properties evaluated and reported by LNEC for the Portuguese Eucalyp-
tus globulus.

Properties Unity LNEC [14] Obtained Results

Density kg/m3 750–850 803–813

Bending strength Module of Rupture N/mm2 127.5 151.3

Compression parallel to the grain Strength of failure N/mm2 49.1 72.8

Bending strength (Glulam beams) Module of Rupture
N/mm2 - 96.7

Elasticity modulus - 24,180

The specimens measured have an average density of 805 kg/m3, corresponding to a
moisture content of clear and small-sized, which was taken from glulam specimens less
or equal to 12.5%, as recommended by EN 13183-1 [17]. These values are similar to the
corresponding results from LNEC [14], although they are less than the one presented by
Franke, and Marto [10] (980 kg/m3) and higher than the one presented by Almeida et al. [29]
(730 kg/m3). Therefore, compared to results from LNEC and previous works, the values
obtained in this experimental campaign can be assumed to be coherent and slightly better.

The compression parallel to the grain and bending strength attained average values of
73 N/mm2 and 151 N/mm2, respectively. These values are higher than the ones presented
by LNEC [14], by 48% and 19%, respectively. Regarding the ones presented by Franke and
Marto [10], similar values were achieved for the compression strength parallel to the grain
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(83 N/mm2, with a 14% difference) while it was higher than the bending strength value
(115 N/mm2). Moreover, this study pointed out experimental values higher than those
presented by Acosta [30] for the compression strength parallel to the grain and bending
strength, which were 89 N/mm2 and 116 N/mm2, respectively. This variety between the
values presented in distinct studies can be justified by different parameters such as the
origin and the age of the trees. It is worth highlighting that the average bending strength
and global elastic modulus values of 97 N/mm2 and 24,180 N/mm2, respectively, registered
for the glulam beams tested according to EN 408 [19], were higher than the maximum
ones suggested by EN 14080 [7] for glulam elements made of softwoods. Moreover,
they were higher than the ones obtained by an experimental campaign, conducted by
Nogueira et al. [9], on full-scale glulam beams manufactured with Eucalyptus urograndis in
Brazil. Nogueira et al. [9] achieved a bending strength in the range of 57–94 N/mm2 and
17,812–20,072 N/mm2 for the modulus of elasticity, with a compression strength parallel to
the grain strength of 65–75 N/mm2.

The results obtained in the experimental campaign performed demonstrate the promis-
ing mechanical properties of glulam made with Eucalyptus globulus, which can be considered
a competitive EWP for structural applications and an excellent alternative to the current
glulam made of softwoods.

5. Conclusions

The experimental campaign performed, and here presented, contributes to the hy-
pothesis that Eucalyptus globulus from Portuguese forests can be used to produce glulam.
Firstly, it was demonstrated that it is possible to produce glulam made from Portuguese
eucalyptus in an industrial environment without any special provisions or changes to the
regular production process, including gluing. Then, the obtained mechanical properties
of the glulam made of eucalyptus were shown to be superior to the high strength class
defined for current glulam made of softwood (GL32). Therefore, one can conclude that
the use of this hardwood species, which is already the dominant species in Portugal, can
contribute to adding value to Portuguese forests. It is important to note that the glulam
produced with Portuguese Eucalyptus globulus exhibited mechanical properties higher than
those found in the literature. However, only with a full and detailed characterization of
this wood species, and the glulam elements produced, can their use in construction be con-
sidered. In particular, the assessment of the presence of finger-joints in the response to the
glulam elements must be performed in future research since, in this study, no finger-joints
were considered.
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Abstract: The TechnoPORTA technology line is a fully automated smart line ensuring the highest
quality and efficiency of production wooden doors. The aim of the study was to experimentally
determine the performance of the edge banding module in the TechnoPORTA line on particular
working days and to determine the possible influence of organizational and technological factors
characterizing the line’s operation, which can be defined and determined by analyzing the temporal
technological data obtained from the IT systems controlling the line’s operation. The research
was conducted on the edge banding module, which is crucial to the performance of the entire
TechnoPORTA line. During the study, data on door leaf machining were collected such as the mean
time of production per one working cycle, mean time of retooling, number of retooling, number
of door leaves leaving in a series, and most frequent time of series. The data collected by the IT
system controlling the line indicates that this module is flexible and its performance is not related
to the control parameters. The results can be used to improve the operation of the module and the
replication of the work schedule to subsequent modules of the technological line.

Keywords: door industry; TechnoPORTA line; technological line; sustainable business model; IT systems

1. Introduction

Davis [1], the creator of the concept of mass customization (MC), defined it as reaching
a large number of customers, as is the case in mass markets, but also treating them individ-
ually, as in individualized markets. The assumption of MC is high individualization while
maintaining relatively low costs and mass production efficiency [2]. Today, the term MC is
used for strategies connected with high variety, personalization, and flexible production [3].
This results from the acceptance of the individual treatment of consumers. MC is also
related to the increased global competition, shortening the life cycle of products as well
as implementing new production and information technologies that enable companies to
produce to customer specifications at low cost [4,5]. Facing the customer-driven market,
the product design must cover a larger scope of the value chain and accentuate high-added
value to the customers [6]. MC can be treated as a key instrument in building relations
between producers and customers and gives manufacturers the opportunity to increase
customer satisfaction, and hence customer retention in the long-term [7], which is followed
by increasing customer loyalty [8].
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According to the concept, mass personalization enables companies to achieve a com-
petitive advantage through a product differentiation strategy while maintaining cost-
effectiveness. Cavusoglu et al. [5] explained that if the customization cost is not low enough,
companies should consider offering custom products instead of one single product. The au-
thors emphasize that introducing flexibility requires a significant initial investment, known
as the cost of operational flexibility. Furthermore, the mass production of tailor-made
products cannot proceed directly without some loss of efficiency. Even in an increasingly
individualized economy, many products are actually more semi-classic than completely
custom-made. An example is a product in which the consumer can choose the species of
wood, and the finish to be used in a particular design. Manufacturers of ready-to-assemble
furniture are experiencing increasing demand from customers who expect products to
be tailored to their specific needs such as a system for designing personalized ergonomic
furniture (chairs, beds, tables, kitchen interiors, etc.) using anthropometric dimensions
or other specific needs [9–12]. Based on the empirical test, Blecker and Abdelkafi [13]
underlined that proliferation had a significant impact on cost due to the complexity of
production, which affects the level of overhead costs. Of great importance, in addition to
the variety of products, is the construction of the material being processed such as solid
wood or wood-based panels, since the processing of wood-based materials is specific,
which can sometimes limit the scope of customization [14,15]. As product variety increases,
the planning complexity increases with more on-floor alternative routes, more work-in-
progress inventory, assembly line balancing problems, increasing variability, etc. [13]. In
the door industry, constraints on carrying out mass customization also arise from technical
standards specifying requirements, for example, in terms of strength, intrusion resistance,
soundproofing or other factors, with a particular focus on doors for public buildings [4].

Innovations in manufacturing processes should affect the cost reduction for the cus-
tomer, reducing waste without additional resource requirements. Referring to the idea of a
sustainable, circular economy, regeneration and the reuse of waste products and produc-
tion residues can significantly reduce energy consumption and waste [16–18]. In modern
production lines, achieving green production by saving energy and reducing emissions is
possible by combining the automation of most production operations and the source and
type of raw materials used in products such as using equally valuable forest biomass and its
own production waste [16,19,20]. The answer to these requirements is lean manufacturing
(LM) [21,22]. For any manufacturing company, machine breakdowns and downtime are a
source of unavoidable costs. It is their reliability that affects the productivity of the company
and directly affects the company’s bottom line. More and more companies are recognizing
the need to control the efficiency of machinery utilization, which allows them to identify
waste in the technological processes implemented and the existing production reserves [23].
The target state that all enterprises should strive for is 100% utilization of the machinery
park in their possession, and at the same time, no shortage of production is realized with
an efficiency corresponding to the nominal efficiency of the technological equipment and
machinery in their possession [24]. Based on these assumptions, the Porta KMI Poland door
manufacturing plant is betting on innovation in the development and modernization of the
production hall by creating a new customized TechnoPORTA technological line [25]. This
is a fully automated intelligent module line that ensures the highest quality and production
efficiency. Designed for mass customization while maintaining the required minimum
production batch size (one door leaf), the line meets the highest technical requirements [4].
The line was developed using technologically advanced machinery and equipment, en-
abling the greatest possible automation of work at each stage of processing including the
positioning and feeding of material and machine changeover [26,27].

The need for improvement in companies has existed for a long time, but in today’s
rapidly changing market, characterized by high dynamics and the need to flexibly adapt
production to the needs, it is becoming essential to implement [28–31]. There are many
tools and indicators for this to analyze the possibility of improving production processes in
a manufacturing plant including TQM (total quality management) [32–34], lean manage-
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ment [35,36], Six Sigma [37,38], and quality management system (QMS) in accordance with
the ISO standards [39,40]. An essential support for process improvement is the provision of
adequate human resources to effectively manage and improve processes [41,42]. Achieving
a high level of product quality requires continuous monitoring, analysis, and improvement
of the process. Continuous monitoring of the production process involves recording and
collecting accurate data on its progress. This type of activity is an important part of a com-
pany’s management strategy [43]. For this purpose, it is possible to use manual methods
(i.e., filling out the appropriate index cards or forms), but especially electronic methods (i.e.,
using MES—manufacturing execution systems). However, in order to analyze the process,
it can be difficult to coordinate the use of measurements with different specifications and
simultaneously from multiple workstations. It is much more practical to use numerical
indicators of a synthetic nature that combine data from different sources. For this purpose,
so-called key performance indicators (KPIs) are used in manufacturing systems. KPIs are
defined as a set of measures (metrics) used to facilitate the evaluation of the performance of
a production system from the perspective of productivity, quality, and maintenance [44,45].

In light of the need to evaluate the use of modules in the TechnoPORTA line in order
to determine the fulfilment of the productivity design assumptions under the conditions
specified by the MC concept, it was decided to conduct research to obtain production
data from the IT system controlling the operation of the line. The aim of this research
was to experimentally determine the performance of the edge banding module in the
TechnoPORTA line on particular working days and to determine the possible influence of
organizational and technological factors characterizing the line’s operation, which can be
defined and determined by analyzing the temporal technological data obtained from the IT
system controlling the line’s operation.

2. Materials and Methods

The edge banding module, which is crucial to the performance of the entire Techno-
PORTA line was selected for testing. During the production process, each door leaf passes
through this module at least three times (up to six times) to process three edges (two sides
and one top). Therefore in order to produce one door leaf, the module must perform
from three to six working cycles. In this process, subsequent machining units perform the
following actions:

1. Feeding door leaves for production (feeding portal);
2. Reference edge milling (reference milling machine);
3. Edge processing (the edge with a rebate processing machine);
4. Stacking and transfer to the further processing of door leaves (two-way stacking

portal).

The arrangement diagram and the most important machine units are shown in
Figures 1 and 2.
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Figure 2. The units of the edge banding module: (A) feeding portal, (B) reference milling machine,
(C) edge processing machine, (D) two-way stacking portal.

The research process consisted of two stages. In the first stage, machining data were
collected from 14 September to 5 December 2020. Then, the data obtained from the IT
system controlling the operation of the line were in the form of *.csv files. These data were
analyzed in MS Excel software to determine the efficiency of the edge banding module.

A sample layout of machine data in a *.csv file is shown in Figure 3.
First, the data were sorted based on the “CYCLE” column (Figure 4). When the value

in the column changed from “1” to “3”, for example, it means that an entire pallet of one
type of door leaf has gone through the machine tools to machine one edge, and then the
machines are retooled to another type of door leaves ready on the next pallet.

Using the “IF(C1 <> C2; 1; 1; 0)” function, the data from the “CYCLE” column can be
used to determine the moment when the machine retooling occurs. Passing through the
first door leaf after retooling, it is marked with the number 1 in the “L” column. Then, in the
“M” column, based on the “L” column, each series of processed door leaves is sequentially
numbered thanks to the formula “=L2 + M1”.
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Based on the obtained data in column F (Date), the start and end time of the work
shift could be determined. Based on these times, the production time for each day of
door leaves production was calculated. From column B (Production Barcode ID), it was
possible to count the number of working cycles performed on the door leaves produced
each production day. These two parameters are very important for the main parameter
characterizing production (i.e., the number of cycles performed per minute).

Column J shows the times of a working cycle for the production of door leaves. From
these data, it was possible to calculate the average production time per working cycle
using the function “=AVERAGE(Jx;Jy)”. Using the function “=MODESNGL(Jx;Jy)” it was
possible to find the most frequently occurring working cycle time, and using the function
“=COUNTIF(Jx:Jy;most frequent time)”, we could count how many times this time was
reached during production.
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Column K shows the retooling time. Using the filter, it was possible to extract and dis-
play only those rows containing times when retooling occurred. From the data displayed in
this way, it was possible to calculate the average time for retooling for individual production
days “=AVERAGE(Kx;Ky)” and the number of retooling occurred “=COUNT(Kx;Ky)”.

All of these parameters (mean time of production per one working cycle, mean time
of retooling, number of retooling, number of door leaves leaving in a series, most frequent
time of series) were summarized in a sheet (Figure 5) and then processed in the form
of graphs.
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At the end of the analysis, another sheet was created in the form of a contingency
table, in which the calculated statistical parameters were averaged for each production day
in the analyzed period (Figure 6).
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The results were summarized within the months of the study period (broken down
into data from September, October, November, and December).

3. Results

The number of working cycles per shift in the function of the mean time of the cycle
shows the strict theoretical inversely proportional relationship (Figure 7). However, this
was not the subject of this analysis. It is important to show that under favorable conditions,
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the edge banding module of the TechnoPORTA line could achieve an efficiency level of
over 2.5 cycles per minute. However, it is often lower, sometimes only 0.5 cycles per minute.
This means that there are factors that limit this performance. The scientific goal should be
to identify these factors and the business goal to eliminate or reduce their impact.
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Figure 7. Dependence of the number of cycle doors per minute on the mean time of the cycle.

Figures 8–11 show that there is a low level of influence of internal factors, which can be
determined based on the production data on the efficiency of this module. Figure 8 shows
that the average mean time of retooling is between 10 and 20 min. The number of cycles
performed per minute is not dependent on the average mean time of retooling. The number
of retoolings from 5 to more than 40 did not change the number of cycles performed per
minute, falling within the range of 0.5 to 2.5 per minute (Figure 9). Similarly, the number
of doors per pallet, ranging from 10 to even 60, did not affect the efficiency (Figure 10).
The most frequent processing times per day fell within a wide range from 3 to 54 cycles.
Their number is irrelevant to the performance calculated in cycles per minute (Figure 11).
Although the overall efficiency range was between 0.5 and 2.5 cycles per minute, on the
vast majority of days, a narrower range of 1 to 2 cycles per minute was achieved, regardless
of the values of the internal factors measured.

The mean time of retooling, number of retooling, number of doors on the pallet, and
number of the most frequent time in one working shift did not influence the efficiency of
the customized module of the edge banding of door leaves. It can be concluded that the
machine data collected from 14 September to 5 December 2020 did not allow us to identify
factors influencing the daily variability of efficiency. Either the IT system was unable to
catch them in this time, or they were outside the area controlled by the system.
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Figure 8. Dependence of the number of cycles performed per minute on the mean time of retooling.
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Figure 9. Dependence of the number of cycles performed per minute on the number of retoolings.
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Figure 10. Dependence of the number of cycles performed per minute on the number of doors on
the pallet.
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Figure 11. Dependence of the number of cycles performed per minute and the number of the most
frequent time of series.

4. Discussion

Although MC is a trend that nowadays is developing dynamically, companies can
perceive this phenomenon as a significant challenge. It happens because it requires both
the products and the production processes to be customized [46].
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There are two basic groups of limitations of mass customization connected with exter-
nal (customer, market) and internal (production, logistic) elements, looking from the point
of view of entities [47]. The first group of restrictions associated with external factors are
related to the structure of the market and unfavorable demand conditions. It is fundamen-
tal for companies to determine whether there is a potential market demand big enough
to respond to the customers’ preferences and expectations. It is mostly connected with
visible and measurable demand conditions that appear on the market. Customers demand
variety when they differ sharply in their preferences for certain attributes of a product.
Under such circumstances, customization may truly add value [5,47]. Production processes
must be flexible to provide individual product features, bearing in mind the impact of
the technological and material parameters on the final quality of, for example, the final
processing surface during edge banding, milling, or other operations in individual techno-
logical line modules [48,49]. Milling is at the forefront of operations with which to give the
final product the characteristics the customer wants. On the other hand, any slowdown or
recession may reduce the rationality of the implementation of the customization process.

It is also worth noting that the changes on the market have a cyclical nature (the theory
of business cycles). In particular, the concept of Kitchin’s minor business cycle can be
applied. described by Grasselli and Nguyen-Huu [50], taking a supply-side perspective,
manufacturers decide on the level of production based on the expected level of demand
and the desired level of inventory. On the demand side, investment is determined as a
function of utilization and profitability and can be financed by debt, whereas consumption
is independently determined as a function of income and wealth. In business activities,
the time lags in information and decision adjustment affect the prices, output, demand,
inventory, and employment in a periodic manner [50].

Mendelson and Parlaktürk [51] found that the implementation of MC depends on
the company’s competitive position on the market. They concluded that in a competitive
environment, before introducing MC, a company should consider reducing costs or making
efforts to improve the product quality. In the case of a monopoly, where price competition
does not exist, the company can easily implement costless personalization. However, strong
competition in the market makes companies accept worse financial results than if they
offered standard products [5].

The internal adverse factors of companies are those connected with production, tech-
nologies, and logistics. Mass customization requires a highly flexible production technol-
ogy [4]. Increasing flexibility takes place through the implemented innovations in the field
of modular structures and cost-effective operations as well as the increasingly common
use of information and digital technology to control production devices. Product–process–
supply chain engineering is coexistent in MC. Manufacturers implement reconfigurable
production systems (RMS) that help to operate in unpredictable and changeable markets
through the machines’ reconfigurability and flexibility [2]. Nevertheless, as described
by Modrak and Soltysova [52], assembly line balancing causes difficult and important
problems for manufacturers. Mass customization also requires a properly adapted logistics
system for the customer [47].

Taking into account the above-mentioned external and internal factors, companies
have to decide not only on whether to customize their products to the needs of the con-
sumers, but also the level of this adaptation. As mentioned by Hou et al. [53], manufacturers
can use optimization models to balance the costs of customization and the economies of
the scale of mass production. In industry, only certain product features can be customized
because only certain processing steps are sufficiently flexible.

The results of the study showed that neither the mean time of retooling, the number
of retooling a working shift, the number of door leaves on the pallet, nor the number of
the most frequent processing time in a door leaves series influenced the efficiency of the
line. These technological and production organization parameters are the internal factors
of the line, which can be calculated based on the machine reports generated and recorded
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in the IT production system. Therefore, it can be said that the edge banding module in the
TechnoPORTA line is flexible in known and measurable conditions.

However, as a result of the tests, a significant variation in the line efficiency was found,
defined by the average number of door leaves produced per minute, which was from
just over 0.5 to over 2.5 pieces per minute. This proves the presence of external factors
influencing the efficiency of the line, which could be connected with the customers’ order
structure or internal factors unidentified in the conducted tests. In this case, external factors
may include the volatility of the structure characteristic of the customers’ orders. On the
other hand, the IT production control system was updated and reprogrammed to identify
possible internal factors related to the operation of the TechnoPORTA line. The efficiency
of the line was also further stabilized, but it is still necessary to carry out more extended
working time observations, especially in terms of identifying the causes of downtime.

5. Conclusions

Based on the analysis of the obtained data and the discussion on the factors limiting
mass customized production systems, it can be concluded that in the case of the edge
banding module of the TechnoPORTA line, there was no influence of the mean time of
retooling, the number of retooling, the number of doors on the pallet, and the number of
the most frequent time in one working shift on the efficiency of this module. The data
collected by the IT system controlling the line indicates that this module is flexible and
its performance is not related to the control parameters. However, the large differences in
efficiency on individual days indicate the existence of efficiency-limiting factors. Therefore,
for the effective implementation of mass customization, thanks to which the efficiency of
the line modules will be stable and their operation as flexible as possible, it is necessary
to conduct planned technological tests to identify these factors and their significance. In
order to identify them, the process engineering department reprogrammed the IT system
to use production scheduling (ERP) data. Tests are in progress, which will show that
the identification and control of the technological factors improve the performance of the
customized line. The further direction of research will be the interpretation of the results
obtained, and based on them, the determination of further work to improve the operation
of the module and the replication of the work schedule to subsequent modules of the
technological line.
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4. Pędzik, M.; Bednarz, J.; Kwidziński, Z.; Rogoziński, T.; Smardzewski, J. The Idea of Mass Customization in the Door Industry

Using the Example of the Company Porta KMI Poland. Sustainability 2020, 12, 3788. [CrossRef]

97



Appl. Sci. 2022, 12, 12510

5. Cavusoglu, H.; Cavusoglu, H.; Raghunathan, S. Selecting a Customization Strategy Under Competition: Mass Customization,
Targeted Mass Customization, and Product Proliferation. IEEE Trans. Eng. Manag. 2007, 54, 12–28. [CrossRef]

6. Du, X.; Jiao, J.; Tseng, M.M. Understanding Customer Satisfaction in Product Customization. Int. J. Adv. Manuf. Technol. 2006, 31,
396–406. [CrossRef]

7. Bardakci, A.; Whitelock, J. Mass-customisation in Marketing: The Consumer Perspective. J. Consum. Mark. 2003, 20, 463–479.
[CrossRef]

8. Wang, Y.; Wu, J.; Lin, L.; Shafiee, S. An Online Community-Based Dynamic Customisation Model: The Trade-off between
Customer Satisfaction and Enterprise Profit. Int. J. Prod. Res. 2021, 59, 1–29. [CrossRef]

9. Bonenberg, A.; Branowski, B.; Kurczewski, P.; Lewandowska, A.; Sydor, M.; Torzyński, D.; Zabłocki, M. Designing for Human
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25. Kwidziński, Z.; Drewczyński, M.; Rogoziński, T.; Pędzik, M. Energy Efficiency in Mass Customized Production of Wooden Doors.

In Proceedings of the Chip and Chipless Woodworking Processes, Zvolen, Slovakia, 15–17 September 2022; Volume 13.
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Abstract: In addition to traditional chip methods, performance lasers are often used in the field
of wood processing. When cutting wood with CO2 lasers, it is primarily the area of optimization
of parameters that is important, which include mainly laser performance and cutting speed. They
have a significant impact on the production efficiency and cut quality. The article deals with the use
of an artificial neural network (ANN) to predict spruce wood cut characteristics using CO2 lasers
under several conditions. The mutual impact of the laser performance (P) and the number of annual
circles (AR) for prediction of the characteristics of the cutting kerf and the heat affected zone (HAZ)
were examined. For this purpose, the artificial neural network in Statistica 12 software was used.
The predicted parameters can be used to qualitatively characterize the cutting kerf properties of the
spruce wood cut by CO2 lasers. All the predictions are in good agreement with the results from the
available literary sources. The laser power P = 200 W provides a good cutting quality in terms of
cutting kerf widths ratio defined as the ratio of cutting kerf width at the lower board to the cutting
kerf width at upper board and, therefore, they are optimal for cutting spruce wood at 1.2·10−2 m·s−1.

Keywords: CO2 laser; artificial neural networks; wood kerf; spruce wood; heat affected zone

1. Introduction

Wood cutting by CO2 lasers is one of the basic methods of wood cutting to relatively
cut any dimensions and shapes. Among their advantages in comparison to other cutting
techniques such as CNC processing and water jet processing, belong quickness, non-contact,
good wood cutting, efficiency and therefore also the good surface properties of the wood.
Another advantage also lies in fact that by changing the parameters of the laser ray such as
power, cutting speed, cutting angle, protective atmosphere and its pressure, it is possible to
reach any sample dimensions with a good quality of surface which is crucial for the next
step of processing the sample. Another advantage of laser cutting lies in the fact that lasers
affect only limited areas by thermal stress. [1–6].

In the world of science there are many articles which deal with the effect of CO2
laser parameters and their effect on wood cut parameters. Factors which influence final
the cut of wood can be divided into three groups which are properties of the radiation
beam, properties of the laser device and the characteristics of the cutting process such as
laser power P, cutting speed v, number of annual rings AR, moisture, focal point position
and many more. The effect of P, v, and AR on the cut characteristics of spruce wood was
studied in [7].

Nukman et al. [8] studied the same cut parameters for Malaysian-based woods and
plywood and also presented the dependence of material removal rate MRR vs. P, v from
which it is good to see that the MRR increases with the laser power in the exponential
stabilizing form in the compressed air or nitrogen atmosphere. Other authors have studied

Appl. Sci. 2022, 12, 11355. https://doi.org/10.3390/app122211355 https://www.mdpi.com/journal/applsci100



Appl. Sci. 2022, 12, 11355

the effect of CO2 laser parameters on the width of the heat affected zone in wood-based
materials and wood composites. [9].

Th effect of laser parameters on the cut properties of wood-based composite materials
such as MDF were studied in [10]. The authors studied MDF cutting by a CO2 laser for
P = 520–530 W in the pulse and continuous mode. They found out that narrow kerf widths
can be achieved for the pulse mode.

Eltawahni et al. [11] defined methodology for evaluation of radiation beam effi-
ciency and quality based on the values of parameter WKR defined as the ratio of cut-
ting kerf width at the lower board WKL vs. the cutting kerf width at the upper board
WKU (WKR = WKL/WKU) which is mainly affected by P, v and position of the focal
point. They also find out that roughness increases with cutting speed and air pressure and
decreases with P and focal point position. In other work Eltawahni et al. [12] studied the
effect of laser parameters on the final cut of plywood materials.

Many authors have also studied the effect of focal point position on the final cut
properties. For wood-based materials the results are listed in [13] and for wood composites
they are listed in [14,15]. The effect of moisture content on the cutting of pine wood by CO2
lasers was studied in [16]. The effect of assistance gas on the laser cutting of wood-based
materials was studied in [17] and the effect of processing parameters and the parameters of
gas on the cutting of micro thin wood was studied in [18].

Values of cut parameters are often processed by K—means clustering algorithm
from the measured picture of the surface by several types of microscopies which is de-
scribed in [19].

CO2 lasers together with UV lasers, VIS and NIR lasers offer similar results in cutting.
All these lasers offer better results than other techniques. Several authors use UV, VIS and
NIR lasers for wood cutting. The next part deals with the effect of such laser’s parameters
on the machining of wood and wood composites.

Authors in the work [20] have studied the effect of wavelength and pulse width on
the cut of Japanese larch, cedar and beech wood using UV laser. In the work [21], the
authors have analyzed the effect of UV, VIS and NIR laser wavelengths on the machining
performance of wood.

The effect of laser properties on the surface characteristics of different types of woods
was studied in the works [22–25]. The authors of the work [22] studied the surface proper-
ties of beech wood after CO2 laser engraving. In the previous work [23] the authors studied
impact of radiation forms on beech wood color changes. The effect of CO2 laser parameters
on color changes in hardwoods and in limewood was published in the works [24,25].

Artificial neural networks have found very broad usage in material science such as
wood science, polymers science, metals science but also optimization of technologies for
materials processing. Many authors have used this very useful method for predicting wood
materials properties. Authors of the work [26] have predicted thermal conductivity of
wood using artificial neural networks. Surface roughness of wood in machining process
was modelled in [27] and ANN was applied for minimalizing surface roughness and power
consumption in abrasive machining of wood in the work [28]. ANN was also applied for
prediction of optimum power consumption in wood machining in the work [29].

Neural networks have also been widely used for optimization of materials technolo-
gies. The authors in the work [30] modelled formaldehyde emissions during a particleboard
manufacturing process and published the effect of the manufacturing technology on the
modulus of rupture (MOR) and the modulus of elasticity (MOE) vs. pressing conditions in
the work [31].

Other authors have dealt with prediction of adhesive bonding strength and bonding
quality vs. pressing conditions using ANN or multiple linear regression models [32–34].

Artificial neural networks have also been used for prediction of color changes in wood
which are largely affected by radiation from CO2 or other types of lasers. The authors in
the work [35] predicted the color changes of heat-treated wood during artificial weathering
and during heat treatment by natural atmospheric conditions in the work [36].

101



Appl. Sci. 2022, 12, 11355

The authors of the work [37] used ANN for determination of CNC processing pa-
rameters for the best wood surface quality. In the article [38], they determined the
surface properties of MDF and optimized CNC processing parameters for this type of
wood composite.

In comparison to MLP and RBF networks, artificial neural networks offer other possi-
bilities for prediction of manufacturing industry demands using a deep learning approach.
This method was described in detail in [39].

The goal of the article was to the predict values of cutting parameters at non-measured
values of laser power P. These results can be successfully used for complex characterization
of P, the AR effect on cut parameters for all applicable values of laser power for Picea abies.
The results of ANN can be used for prediction of cut parameters at any laser power values
between 100 and 500 W for all possible values of AR.

2. Materials and Methods

The experiments were carried on spruce wood (Picea abies L.). Experimental equipment
LCS 400 (VEB Feinmechanische Werke, Halle, Germany) was used for cutting. This system
consists of a CO2 laser (wavelength 10.6 µm and maximum power output 400 W), a
positioning table system (laser head positioning in the plane formed by the x and y axes)
and a special PC control system. The sample was placed in lens focus. The focused laser
beam stroked perpendicularly on the surface of the sample and the laser head carriage
moved along the width (axis x) at a certain scanning speed until the wood sample was
cut off. Cutting kerf was obtained from the wood specimens with dimensions T × R × L
(8 × 100 × 1000) mm (Figure 1) with average density ρ = 428.4 ± 27.9 kg·m−3. Samples
were cut tangentially by continuous laser powers 100 and 150 W, with cutting speeds of
(3, 6, 9)·10−3 m·s−1. The focal length was 1.27·10−1 m, beam diameter was 10−2 m, and
spot diameter was 3·10−4 m. The focal point position of laser beam was set up to 1/2 of the
sample thickness (measured from the upper surface of the board). The process gas was
supplied through a Laval contour nozzle with compressed air of 0.25 MPa. The parameters
of the cut were determined using digital microscopy through K-cluster analysis. The total
number of measurements was 108 in one block. The ratio of kerf width on the upper and
lower surface was calculated subsequently.
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Figure 1. Cutting scheme.

Abbreviations are used in the text, the meaning of which is as follows: cutting kerf
width on upper surface (WKU), cutting kerf width on lower surface (WKL), ratio of WKU
and WKL (WKR), width of heat affected zone on upper surface (WHAZU), width of heat
affected zone on lower surface (WHAZL), laser power (P) and number of annual rings (AR).

Definitions of investigated parameters are described in Figure 1.
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In the research, we define 5 cut characteristics whose meaning are as follows: cutting
kerf width on upper surface (WKU), cutting kerf width on lower surface (WKL), ratio
of WKU and WKL (WKR), width of heat affected zone on upper surface (WHAZU),
width of heat affected zone on lower surface (WHAZL), laser power (P) and number
of annual rings (AR).

Basics of Artificial Neural Networks

Artificial neural networks are used for prediction of materials properties when ana-
lytical mathematical approximation cannot be found. From this very robust mathematical
tool, material properties can be predicted.

The advantages of neural networks are as follows:

• The neural network can learn
• The neural network can generalize

The disadvantages are as follows:

• Neural networks need more values of one or more parameters that change in every
dataset as input compared with standard fitting procedures such as the-least squares
method and many others.

ANN usage is tested by statistical parameters root mean square error RMSE, coefficient
of determination R2 and the slope between the predicted and real measured values and the
relative root mean square error defined as the ratio of RMSE and minimal measured value
of predicted the parameter.

3. Results and Discussion

The results and discussion section will be divided into three parts namely measuring
the parameters results, ANN prediction results and studying the AR and P effect on WKU,
WKL, WKR, WHAZU, WHAZL. All the results were discussed with literature references.

3.1. Measured Values

Table 1 shows the average values with standard deviation for all input values of P
equal to 100 and 150 W. The figures in Table 2 show the average values together with the
standard deviations for all the input values of v equal to (3, 6, 9)·10−3 m·s−1. In Table 3 the
average values together with the standard deviations for all the input values of AR from 3
to 11 are shown.

Table 1. Descriptive statistics of all the measured parameters vs. P.

Value at P WKU
(10−3 m)

WKL
(10−3 m)

WKR
(-)

WHAZU
(10−3 m)

WHAZL
(10−3 m)

100 0.81 ± 0.17 0.50 ± 0.09 0.48 ± 0.04 0.16 ± 0.02 0.18 ± 0.02

150 0.91 ± 0.22 0.58 ± 0.14 0.77 ± 0.06 0.19 ± 0.02 0.26 ± 0.03

Table 2. Descriptive statistics of all the measured parameters vs. v.

Value at v WKU
(10−3 m)

WKL
(10−3 m)

WKR
(-)

WHAZU
(10−3 m)

WHAZL
(10−3 m)

3 1.04 ± 0.11 0.65 ± 0.08 0.64 ± 0.17 0.15 ± 0.02 0.20 ± 0.04

6 0.91 ± 0.13 0.56 ± 0.07 0.61 ± 0.16 0.18 ± 0.03 0.22 ± 0.06

9 0.62 ± 0.04 0.40 ± 0.02 0.63 ± 0.13 0.19 ± 0.02 0.23 ± 0.05
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Table 3. Descriptive statistics of all the measured parameters vs. AR.

Value at AR WKU
(10−3 m)

WKL
(10−3 m)

WKR
(-)

WHAZU
(10−3 m)

WHAZL
(10−3 m)

3 0.90 ± 0.24 0.57 ± 0.15 0.67 ± 0.19 0.17 ± 0.03 0.21 ± 0.06

4 0.91 ± 0.23 0.57 ± 0.14 0.66 ± 0.19 0.17 ± 0.03 0.21 ± 0.06

5 0.90 ± 0.23 0.56 ± 0.15 0.64 ± 0.18 0.16 ± 0.03 0.21 ± 0.06

6 0.87 ± 0.23 0.54 ± 0.14 0.63 ± 0.16 0.17 ± 0.03 0.21 ± 0.06

7 0.85 ± 0.22 0.53 ± 0.13 0.62 ± 0.16 0.17 ± 0.03 0.22 ± 0.05

8 0.81 ± 0.19 0.51 ± 0.12 0.60 ± 0.15 0.17 ± 0.03 0.22 ± 0.05

9 0.83 ± 0.21 0.52 ± 0.13 0.61 ± 0.17 0.18 ± 0.03 0.22 ± 0.05

10 0.82 ± 0.18 0.51 ± 0.11 0.61 ± 0.14 0.18 ± 0.02 0.23 ± 0.06

11 0.82 ± 0.19 0.52 ± 0.11 0.61 ± 0.14 0.19 ± 0.02 0.23 ± 0.06

3.2. ANN Prediction

In this article, we have used values of laser power 100 and 150 W, the number of
annual rings 3 to 11 and cutting speed (3, 6, 9)·10−3 m·s−1 as input values for teaching
and measured values of WKL, WKU, WHAZL and WHAZU and WKR, thus the training
groups have 54 lines. By routine, we obtained the five best artificial neural networks for
prediction of WKU, WHAZU, WKL, WHAZL and WKR.

In the measured values teaching and generalization we have used all the basic neural
networks used in the Statistica 12 software. According to a characteristic sum of squares,
we obtained the five best neural networks which are shown in Table 4. All the studied
multilayer perceptron networks used the Quasi–Newton training algorithm and the best
neural network MLP 3-3-5 used the BFGS 73 training algorithm with error function sum
of squares. The hidden layer was activated by logistic function and the output activation
function was exponential. The number of the hidden neurons’ possibilities were between 1
and 54 (length of dataset).

Table 4. Error propagation in the best neural networks.

Net Training Error
(-)

Testing Error
(-)

Validation Error
(-)

MLP 3-7-5 0.019 0.023 0.022

MLP 3-3-5 0.010 0.013 0.011

MLP 3-10-5 0.018 0.022 0.022

MLP 3-6-5 0.004 0.014 0.011

MLP 3-10-5 0.030 0.030 0.036

In this article we will present the results of the P and AR effect on the abovementioned
parameters of wood cutting for all the possible parameters of CO2 lasers from which it is
possible to predict Picea abies wood cutting properties at any laser power between 100 and
500 W and the number of annual rings between 3 and 11 with a goal to optimize the cutting
process. The results are given for Picea abies wood, therefore they can be successfully used
for CO2 laser cutting of Picea abies.

Artificial neural networks have been used for prediction of WKU, WKL, WKR, WHAZU,
WHAZL parameters for input parameters P = 200, 300, 400, 500 W, cutting speed
v = 1.2·10−2 m·s−1 and the number of annual rings AR = 3, 4, 5, . . . , 11. The error
propagation of the networks are presented in Table 4. All the types of errors are decimal
form of variance coefficient.
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From Table 4, it is good to see that the lowest error (the standard is the mean square
error) is obtained for network MLP 3-3-5 which was also found to be the best according
to the slope of the predicted vs. measured values, coefficient of determination R2, root
mean square error RMSE and relative root mean square error Rel_RMSE, which are shown
in Table 5.

Table 5. Statistical parameters of the ANN networks.

Statistical
Parameter of

WKU
(10−3 m)

WKL
(10−3 m)

WKR
(-)

WHAZU
(10−3 m)

WHAZL
(10−3 m)

Slope (-) 0.970 0.960 0.940 0.960 0.970

R2 (-) 0.950 0.980 0.933 0.960 0.970

RMSE
(parameter units) 0.010 0.004 0.012 0.001 0.002

Rel_RMSE (-) 0.018 0.012 0.035 0.009 0.013

From Table 5, we can conclude:

• The coefficient of determination R2 for all the output parameters dependent on the
input parameters is at least 0.933.

• The slope which should be close to 1 is for all the studied parameters higher than 0.94,
which is a very good result.

• The maximum value of Rel_RMSE which in percentage is equal to 3.5% is highly
under the measuring accuracy from which we can conclude that ANN can predict
with accuracy all the studied cutting results’ parameters.

• ANN can teach and predict with very high accuracy all the studied parameters.
• In the next three chapters we will deal with prediction of (WKU, WHAZU), (WKL,

WHAZL) and WKR vs. P and AR and discuss the effects of P and AR on all the
predicted parameters.

3.3. Prediction of WKU, WHAZU versus AR and P

In this chapter we will deal with prediction of WKU and WHAZU vs. AR, P at
non-measured parameters which give information on the quality of Picea abies cut on the
upper board. The results we will be presented as a graph of output property vs. AR, P in
categories of laser power at a cutting speed of 1.2·10−2 m·s−1.

In Figure 2a,b we are show the dependence WKU and WHAZU vs. AR and P for
cutting speed 1.2·10−2 m·s−1 in this order.

From Figure 2a,b we can see that AR have effect on WKU only for laser power 200 W
and don’t have effect on WHAZU. WKU is changing in average from 0.64 mm to 0.81 mm
which correspond to 26.5% which is above the measuring error of this dimension. Therefore,
we can conclude that AR does have statistically significant effect on WKU. Change of WKU
vs. AR at low power 200 W lies in fact that at 200 W is material removal rate MRR low thus
heat transfer through higher thermal conductivity by higher AR is significant which leads
to accumulation of heat in kerf region thus higher cutting kerf width which is proportional
to mass of wood which is burned.

At higher laser powers WKU don’t change with AR and P which can be described by
fact that at these values of P material removal rate MRR is at maximal value and therefore
heat transfer in the cutting kerf region don’t occur. This fact was also recorded by many
authors in literature like as Hernandez (16) on pine wood and Barnekov (13) and Asibu (6).
From the Figure 2 it is also good to see that laser power increases the cutting kerf width at
upper board which was found out also by Nukman (8), Ready (5) and Liu (18).
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Figure 2. (a) WKU vs. AR, P at 1.2·10−2 m·s−1; (b) WHAZU vs. AR, P at 1.2·10−2 m·s−1.

From Figure 2b is good to see that laser power don’t have significant effect on WHAZU
which is caused by fact that at higher cutting speed upper board thickness is cut quicker
and therefore heat propagation in HAZ region don’t occur which is in good agreement
with Asibu (6), Barcikowsky (9) and Lum (15). All presented results in Figure 2 is in good
agreement with Kubovský (7).

3.4. Prediction of WKL, WHAZL versus AR, P

In this chapter we will deal with prediction of WKL and WHAZL vs. AR, P at non-
measured input parameters which give information about quality of Picea abies cut on
lower board. The results we will present as graph of output property vs. AR, P in categories
of laser power at cutting speed 1.2·10−2 m·s−1.

In the Figure 3a,b we are showing dependence of WKL and WHAZL vs. AR and P for
a cutting speed of 1.2·10−2 m·s−1 in this order.

From Figure 3a,b we can see that AR has an effect on WKL only for a laser power
pf 200 W and does not have an effect on WHAZL. WKL however changes on average
from 0.6 mm to 0.53 mm which corresponds to 11.7% decrease. During cutting of wood
HAZ increases with depth of cut and this is mainly because of local heat sources above the
lower board which lead to heat transfer from the “higher” parts of the wood to the lower
surface. This also leads to enlargement of the width of HAZ together with fact that at a
lower board, the heat transfer to the heat affected zone is more significant thus the heat
generated in the cutting kerf region is transferred to the heat affected zone. This fact also is
in good agreement with Figures 2b and 3b from which it is good to see that the width of
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heat affected zone at the lower board 0.29 mm is statistically significantly higher than for
the upper board of 0.21 mm which correspond to a 39% increase. However, a decrease of
WKL vs. AR is on the bounds of measurement error.
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Figure 3. (a) WKL vs. AR, P at 1.2·10−2 m·s−1; (b) WHAZL vs. AR, P at 1.2·10−2 m·s−1.

On the other side, similar to the cutting kerf width at the upper board WKU, WKL
increases with laser power only for laser powers lower than 300 W at which the cutting
kerf width at the lower board reaches stabilization. This describes why the values of WKL
have statistically equal values for all laser powers between 300 and 500 W. These results
have been recorded in many scientific journal papers such as those by Ready (5), Lum (15),
Lum (10), Eltawahni (11) and Kubovský (7).

From Figure 3b, it is good to see that P and AR do not have a significant effect on
WHAZL. The reason for this lies in the fact that P and AR are not the main reasons for the
width of heat affected zone increasing, which is caused by heat transfer from the upper
parts of the wood to the lower parts of wood.

3.5. Comparison of P and AR Effect on Cutting Kerf Width and Width of the Heat Affected Zone
for the Upper Board and Lower Board

From Figures 2 and 3, we can conclude:

• For all values of P, AR value of WKU is statistically significantly higher than for WKL
which is caused by the fact that at lower board heat transfer, it plays a more significant
role in the kerf region.
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• For all values of P, AR value of WHAZU is statistically significantly lower than for
WHAZL which is caused by the fact that at lower board heat transfer, it plays a more
significant role in the heat affected zone region.

• The smallest difference between the values of WKU and WKL is at a minimal power
of 200 W.

• AR and P do not play a significant role in both WHAZU and WHAZL.
• WHAZU is significantly lower than WHAZL because of heat transfer from the upper

board to the lower board in the HAZ region.

3.6. Prediction of WKR versus Number of Annual Rings AR and Laser Power P

In this chapter we will deal with the prediction of WKR vs. AR, P at non-measured
input parameters which give information on the quality of Picea abies cut at whole thickness.
The results we will present as presented in a graph of output property vs. AR, P in categories
of laser power at a cutting speed of 1.2·10−2 m·s−1.

In Figure 4, we show the dependence of WKR vs. the AR and P for a cutting speed
of 1.2·10−2 m·s−1.
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Figure 4. WKR vs. AR, P at 1.2·10−2 m·s−1.

From Figure 4, we can see that AR has an effect on WKR only for a laser power of
200 W. WKR decreases with AR cca. 3% by increased values of AR by 1 thus statistically
significant changes occur only for values of AR = 8 and higher. From this graph, it is good
to see that increasing P causes worse cutting therefore it is better to use lower laser values
at a cutting velocity of 1.2·10−2 m·s−1. Changes of WKR at higher values of AR are caused
by the fact that with increasing AR, heat transfer through thermal conductivity of wood
plays a more significant role at the lower board vs. the upper board. The lower value of
laser power is also good according to manufacturing costs. The presented results are in
good agreement with Eltawahni (11) and Kubovský (7).

4. Conclusions

The results of this study suggest that the following conclusions:

• According to Tables 4 and 5, we can conclude that artificial neural networks are able
to predict values of all the studied parameters of cutting, with MLP 3-3-5 which has
low error backpropagation characteristics being the optimal neural network.

• The width of a kerf at the upper surface (WKU) and the width of a kerf at the lower
surface (WKL) do not increase with a P higher than 300 W.

• Both AR and P do not have a significant effect on WHAZU and WHAZL.
• AR changes WKR only when P is lower than 300 W, thus AR has an effect on WKR

only for low CO2 laser powers.
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• The values of WKU for all the studied parameters of P and AR are statistically signifi-
cantly higher than for WKL which is in contrast with the increased value of WHAZL
vs. WHAZU at cca. 40% level.

• The values of WKR at a P higher than 200 W are cca. equal to 0.7 which is a very low
value therefore higher powers lead to worse cutting quality so we can conclude that
they are not appropriate for a cutting speed of 1.2·10−2 m·s−1.

• Generally, the value of P = 200 W improves the cutting quality in the terms of WKR
values and therefore they are optimal for wood cutting at 1.2·10−2 m·s−1. The values of
WKR at P = 200 W are higher than the values of this parameter at 100 and 150 W even
if the cutting speed at optimization (1.2.10−2 m·s−1) is higher than at the measured
dataset (max 0.9. 10−2 m·s−1).

• Prediction of the cutting conditions of spruce wood machined by CO2 laser effects on
cut characteristics, obtained by artificial neural network MLP 3-3-5, can be used for
qualitative characterization of the cutting conditions in wooden
technological processes.

• In our article, we predicted the effect of P and AR by constant value of v on the cut
characteristics and therefore we used regression modelling using ANN in Statistica
software. According to abovementioned parameters this showed a very good corre-
lation, and a low sum of squares error, which for characterization of wood materials
cutting is highly under the error level at which these properties are measured, which
is in good agreement with other authors’ results.

• In the next stage of research, we will focus on studying the cutting speed v, the number
of annual circles (AR) and the laser power P effect on all above-mentioned parameters,
as it is very useful to compare the results with other approaches, which should be
deep learning approaches, non-linear parametric fitting procedures and many others
to optimize the accuracy of the prediction of cut characteristics.
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Abstract: The wide range of applications of wood are due to its strength properties. The mechanical
properties of wood in various parts or directions are different. The complex structure of wood
and its hygroscopicity prevent the use of coolants and lubricants, resulting in rapid tool wear
disproportionate to the hardness of the processed material. This significantly affects machining
efficiency and the quality of the processed surface. It seems that an effective method of reducing
tool wear is its modification with a thin hard coating produced by the Physical Vapor Deposition
or Chemical Vapor Deposition methods. The article presents tool materials used for woodworking,
areas for improving the efficiency of their work, and the impact of thin hard coatings on the increase
in tool durability, including binary coatings and also doping with various elements and multilayer
coatings. Scientific centers dealing with the above-mentioned subject are also mentioned. A brief
review of the effects of surface modifications of woodworking tools in the context of their durability is
presented. It was found that the most promising coatings on tools for woodworking were multilayer
coatings, especially based on chromium. Higher wear resistance was demonstrated by coatings with
a lower coefficient of friction. This value was more important than hardness in predicting the service
life of the coated tool.

Keywords: tool modification; woodworking tool; lifetime of the tool

1. Introduction

About 29% of the Earth’s surface and over 44% of Europe is covered by forests.
European forests represent about 25% of the world’s forest resources. Forested areas have
still been increasing, for the past 20 years by about 0.8 million ha per year.

Wood is an important raw material in construction, furniture, heating, the packaging
industry, etc. The huge popularity of wood as a raw material results from its special
properties and aesthetic qualities. It is an excellent, healthy, and renewable material
with a complex structure consisting of many types of cells and substances present in
different amounts, depending on the species of wood and its parts. In order to reduce
unit manufacturing costs, woodworking plants and furniture companies strive to increase
production of manufactured goods. Investments in modern tools, but also modern systems
for processing wood and wood-based materials, devices for assessing wood quality, and
processing technologies make it possible to meet growing environmental requirements and
reduce production costs.

The key factor influencing the effectiveness of wood and wood-based product pro-
cessing is the life of tools. This is directly related to tool wear and indirectly affects
power consumption and the surface quality of the workpieces. The use of advanced high-
performance cutting tools allows reduction in operating costs, which is directly responsible
for increasing the productivity of the technology used. One of the factors is the selection of
the tool material and the condition of machines. Processing hardwood species (oak, ash,
hornbeam, ebony, pink lapacho) may require tools made of different materials than for soft
wood (spruce, pine, larch) processing. The structure and chemical composition of wood
species, including the amounts of minerals and resin, significantly affect this choice. For
example, according to Kadur company [1], stellite planer knives are suitable for working

Appl. Sci. 2022, 12, 10389. https://doi.org/10.3390/app122010389 https://www.mdpi.com/journal/applsci112



Appl. Sci. 2022, 12, 10389

with hard and semi-hard wood, and HSS planer knives of alloyed tungsten (6–18%) are
suitable for semi-hard and soft woods.

In the wood industry, tungsten carbide tools are widely used for processing fiber-
boards, chipboards, and solid wood, as the successor to high-speed steel tools. However,
they also show a relatively high degree of wear in some applications. Although they prove
superior to high speed steel tools in many applications, the use of tungsten carbide tools in
some particle board and fiberboard applications is limited due to the relatively high degree
of wear. Therefore, there is an urgent need to search for new materials and technologies for
their production that would improve the wear resistance of tools.

The analysis of the literature shows that, after the initial failure to improve the ef-
fectiveness of tools by applying a protective coating, current data indicate a significant
improvement in abrasion resistance with a properly prepared substrate for the coating. One
of the most commonly used methods to increase tool life is to apply thin, hard coatings to
the cutting tool using physical vapor deposition (PVD) or chemical vapor deposition (CVD).

There are many reputable journals covering wood materials and wood-based products,
the biology and physics of wood, wood processing technologies, and the application of
these materials. These are, i.a., Bioresources, European Journal of Wood and Wood Products,
Journal of Wood Chemistry and Technology, Wood Material Science & Engineering, Wood Science
and Technology, and others. In many journals, there are special issues devoted to this subject;
for example, in Applied Sciences there is Application of Wood Composites, Advances in Wood
processing Technology [2–9].

The article presents a brief outline of the use of selected surface modifications of tools
for processing wood and wood-like materials. The aim of the article is the chronological
documentation of research conducted in this area, taking into account the type of wood
processing and the tool used for it, and not the performance of a comprehensive analysis of
the literature on wood processing. Due to the large differences in the structures of metal
and wood (cellular nature, anisotropy, and multi-scale level organization), the test results of
metalworking tools with a modified (hard thin coating) working surface cannot be directly
applied to woodworking tools.

2. Tool materials

Due to machining conditions, cutting tools should be characterized by high resistance
to mechanical loads and high temperatures. In the case of metal processing, frictional heat
can increase the temperature in the cutting zone to 700 ◦C [10], but during wood processing
and especially the processing of wood-like materials, the temperature exceeds 800 ◦C,
which results from high friction forces in the machining zone [11]. Such temperature occurs
both on the rake surface and the clearance surface, and has a significant impact on the wear
rate of the cutting tool. The main parameters which ought to be taken into account are:
chemical inertness and stable physical properties, including hardness at high temperatures,
low wear ratio for different wear mechanisms, and sufficient toughness to avoid material
fracture [12].

The history of the development of tool materials used for wood (wood-like materials)
and metal processing is similar. Tool steels were applied as the first materials; they were
relatively soon replaced by high-speed steels. The increased interest in wood-based material
processing and related problems resulted in the introduction of composite tools based on
hard, fine WC particles sintered with cobalt. Co is responsible for the elastic bounding
of hard WC particles. By selecting the size of hard particles and the amount of bonding
phase, the mechanical properties of sintered tools can be changed. Another group of
tool materials is stellites, characterized by high hardness depending on the chemical
composition (36–52 HRC), and high resistance to abrasion and high temperatures (up to
950 ◦C).

In the early 1980s, one of the most modern tools was sintered carbide. After the dra-
matic question “Is there life after tungsten carbide?” [13], the answer was almost immediate,
with “PCD replacing carbide in woodworking applications” [14]. At this time, there was an
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abrupt increase in interest in modified woodworking tools. The polycrystalline diamond
(PCD) displaced traditional steel and cemented carbide tools in woodworking [15–18]. The
significantly better strength and tribological properties of PCD, such as hardness (about
40–50 GPa, compared to 10–22 GPa for carbides) and low coefficient of friction, meant it
could enable an increase in durability and minimize the machine downtime of tools. This
meant that PCD tools offered considerable potential for cost savings in the machining of
wood and wood-like materials. Boyle indicated [15] that the life ratio of PCD tools com-
pared to carbide cutters was about 17:1. Only its price forced the search for new solutions.
These were the thin hard coatings deposited on tools’ working surfaces.

The application of tools with modified hard coatings for metalworking resulted in
an abrupt increase in production capabilities and product quality. Knowledge of the
research and exploitation of the coatings for metalworking tools cannot be fully adopted
in woodworking. This is related to the differences in their structures and properties,
including mechanical properties, coefficients of thermal conductivity, roughness, and
absorption of various substances. This results in the need to design new coatings that meet
market expectations.

Due to the hygroscopicity of wood and wood-like materials, an application of cooling
and lubricating agents is excluded. It seems that the best perspective to adopt is the
improvement of tool durability by surface modification. Klamecki [19], in one of the first
literature reviews of wood cutting tool wear, indicated the problems with the measurement
of edge dulling. He stated that tool wear deals primarily with the tool material, with the
work material, and with tool–work interactions, and the chemical nature of wood may
play a large part in cutting tool wear. Thibault et al. [20] summarized wood machining
over the last 50 years in France. They found that tool wear depends on the cutting process
parameters, and kind and quality of timber. Coating technologies may improve tool life.
Based on the literature, they indicated steel tool nitriding [21–23], and thin coating with a
hard material (CrxNy type) using physical vapor deposition gave promising results [24].

3. The Areas for Improving the Efficiency of Work Tools

The current requirements of users are mainly related to higher durability and reliability
of tools and productivity. They expect an increase in the speed of machining, the ability of
tools to work in automatic machining centers, and the processing of new, often difficult
to process materials. Therefore, investigations are needed to design, manufacture, test
on a laboratory scale, and implement such tools with the above requirements. These
expectations can be met through three groups of activities:

• Introduction of new materials for their production or modification of the properties
of the materials used, and selection of the geometry of the working parts of the
tools [13,20,25–37];

• Application of appropriate cooling and lubricating agents;
• Selection of the proper surface-coating system, and shaping of the surface properties

in terms of increasing the durability of the tools [14,24,38–41].

In recent years, there has been a growing interest in the subject of woodworking tools.
Figure 1 shows the number of publications on woodworking and woodworking tools as
well as tools with working surfaces modified by thin hard coatings.

In the last few years, a systematic increase in the number of publications has been
noticeable. The number of articles on uncoated tools is approximately four times that of
articles on coated tools. These articles discuss the results of new coatings formed on a wide
range of tools, and the processing of various materials under carefully selected conditions.
The aim of many works is to correlate the type of coating with the processed material and
processing conditions.

The analysis was made on the basis of the SCOPUS database, a scientific database
maintained by the Elsevier publishing house, containing information about published
scientific papers. The data presented in the Figure present the database resources, taking
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into account the terms “woodworking”, “woodworking tool” and “woodworking tool +
coating “ searched within all fields in the database.
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4. Surface Technologies

The development of tool materials looks to combine high hardness with high tough-
ness, to improve their mechanical, tribological and thermophysical properties, leading to
an improvement in the durability of cutting tools. One of the most important properties
of the coating is good adhesion to the substrate and between the substrate layers. Other
important properties are chemical stability and high wear resistance in working conditions.
One can specify two groups of technologies that improve the wear resistance of tools.

The first one includes methods for improving the mechanical properties of the material
tools (such as heat or thermo-chemical treatment). Heat treatment is to give them the
desired mechanical properties by changing their structure, while the thermo-chemical
treatment is to enrich the surface layer of the alloy in a certain element, such as C, N, Al,
Cr, Si, or group of elements, e.g., C and N, N and S, N and O. The aim of these treatments
is to give the surface layer specific physical properties—mainly resistance to abrasion, or
chemicals—usually by resistance to oxidation at high temperatures. The quality of the tool
is improved by applying heat treatment that allows it to obtain the desired hardness of the
blade, and the appropriate fine-grained structure of steel and toughness.

Thermo-chemical treatment, especially nitriding, has a beneficial effect on the perfor-
mance characteristics of tools. Many scientists indicate an increase in the wear resistance of
nitrided tools for woodworking. Dependent on the type of technology used, this increase
is as high as 100% [14,23,39].

The second group of technologies includes working surface modification techniques
for tools by applying coatings with special properties. Among these, CVD (chemical vapor
deposition) [42] and PVD (physical vapor deposition) [43] methods and surfacing using a
submerged arc welding (SAW) technique and a mixture of alloying elements spread on the
surface under industrial flux [44] can be listed.

The properties of the coatings can be modified by the type and roughness of the
substrate, the deposition temperature, the composition and pressure of the gaseous at-
mosphere in the vacuum chamber, substrate bias voltage, and arc current or magnetron
power, dependent on the deposition method. The above parameters influence the chemical
and phase composition of the coatings, crystallite size, density of the coating, and surface
quality (roughness). As an effect of properties such as hardness, elastic modulus, and also
adhesion, toughness and wear resistance can be improved. The findings of Valleti et al. [45]
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indicate that increase in substrate hardness results in higher adhesion of the coatings, but
increase in substrate roughness results in lower adhesion of the coating investigated.

5. Coatings Used for Woodworking Tools
5.1. Binary Coatings

The first coatings applied were two-element systems. There are three main elements
to synthesize protective coatings deposited on tools for woodworking: titanium [29,46–49],
chromium [14,24,39,50–54] and carbon [39,49,53,55–57]. The transition metal nitrides were
the most promising solution and they did not disappoint. One of the first tests in wood ma-
chining by TiN coating was sawing the following materials: hardboard, polyvinylchloride
coated particleboard, waste paper-based paperboard, plywood, and spruce. The coatings
were deposited by reactive triode ion plating on tungsten carbide with the thickness varied
from 0.7 to 1.0 µm. The results indicated various effects on tool wear. On the one hand,
when sawing hardboard and spruce, the coating reduced the wear on the rake face about
50% and 20%, respectively, compared with the uncoated tools. On the other hand, during
sawing of particleboard, paperboard, and plywood, there was no increase in the durability
of tools with a TiN coating [46]. This was one of the first signals that there is no universal
coating. A proper coating should be selected for each treatment and type of workpiece.
Additionally, other studies indicate that tool coatings can significantly improve wear resis-
tance, especially when proper substrate preparation and proper tool geometry and cutting
conditions are selected [29].

The advantages associated with the application of coatings to cutting tools are mainly
high surface hardness, improved abrasion resistance, chemical inertness, and a relatively
low coefficient of friction. After TiN coatings improving the durability of tools and machine
parts, but also limiting applications and environment, attention was paid to chromium
nitride coatings. These coatings, compared to coatings of other transition metal nitrides,
are characterized by high resistance to corrosion and oxidation. Other features include
high hardness and wear resistance, good adhesion of the coating to the steel substrate,
high operating temperature, and a relatively low coefficient of friction [58–62]. A thin
coating with a thickness of 2–3 µm may constitute a thermal barrier limiting heat transfer
to the substrate. The results of investigations conducted by Kusiak et al. [50] indicated a
significant reduction in the heat flux passing through the CrN coating, compared to the TiN
coating. This was due to the nearly three times higher thermal conductivity of titanium
nitride compared to chromium nitride. Single-layer CrN coatings are widely described in
the literature both in the field of basic research and in applications, including woodworking.
The higher resistance of the coatings to oxidation, and higher operating temperature are
characterized by multi-component coatings in which one of the components is aluminum,
e.g., TiAlN, forming thermally stable oxide coatings. In the cutting area, as a result of
the forces acting on the blade, the oxide coating is removed and immediately, under the
influence of high temperature, it is rebuilt.

It would seem that the thicker the coating on the tool, the longer it will last. Un-
fortunately, this is not true. Research carried out by Wiklund et al. [63] on a group of
coating-substrate systems used in mechanical applications showed that thinner coatings
are less susceptible to damage due to residual stresses as a result of adapting the geometric
conditions at the interface. They also found that there is a critical coating thickness at which
the stresses generated in it can cause the coatings to delaminate.

Durability tests of WC-Co inserts with CrN and Cr2N coatings (thickness up to about
6 µm) synthesized by magnetron sputtering have shown that knives with coatings 1–2 µm
thick have the best anti-wear properties. The service life of such tools was about four times
higher than that of uncoated tools [24]. The thicker coatings showed signs of wear much
earlier, probably due to the higher stresses in the coatings, confirmed by investigations
conducted by Djouadi et al. [26].

The investigations conducted by Beer et al. [53] showed that CrN coatings on the
60SMD8 steel substrate are characterized by a smaller (about 52%) reduction of the knife
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edge compared to steel knives. W-C:H (DLC with WC precipitations) coatings show worse
anti-wear properties. During the test, they showed delamination, and until the test was
stopped, they showed only about 40% improvement in knife edge reduction. It should
also be noted that the results varied significantly depending on the conditions of coating
deposition and the preparation of the tool for the test. Also, during the test, decreasing
power consumption and vibrations were observed for tools with CrN coatings, and the
cutting process was stable [53]. Similar results are presented in [26]. Such good results for
CrN coatings may have resulted from better adhesion of the coatings and a lower coefficient
of friction, which also reduced the cutting forces and made the cutting process more stable
in terms of vibration and veneer thickness [26].

5.2. Binary Coatings Doped with Various Elements

New requirements for tools, related to the increase in machining parameters or type
of machining and the processing of new materials, led to the design and manufacture of
new coatings. Two directions of change in coatings for woodworking tools were observed:
formation of three- and more-component coatings, and forming of multilayer coatings.
The influence of such elements as C, Si, Al, B, W, and Zr on the properties of coatings
based on titanium [26,29,41,64,65] and chromium [38,41,66,67] was investigated. The next
group, multilayer coatings, was also intensively studied [39,41,68–73]. Investigations of
multilayered structures with chromium nitride as one of the layers indicated that it was
possible to further improve hardness and toughness [14,74,75]. Some information about
the applied coatings, the effects of their use, and the materials machined are summarized in
Tables A1–A3. The coatings deposited on the tools are manufactured generally using PVD
and CVD methods. Here, the results of PVD coatings are analyzed and summarized in
Table A1 (magnetron sputtering) and Table A2 (cathodic arc evaporation). In Table A3, are
gathered coatings formed and described by authors as Physical Vapor Deposition (PVD).

It should be noted that the first works including the assessment of the durability of
the coating-modified tools did not reveal positive test results [76,77]. Titanium nitride
(TiN), titanium carbide (TiC), and titanium aluminum oxynitride (TiAlON) were formed by
plasma-assisted chemical vapor deposition on tungsten carbide tools applied to milling
laminated particleboard. It was found that the tools with TiC provided only a slight
improvement, and the tools with TiN and TiAlON did not provide any improvement in
wear resistance compared to the uncoated carbide tools [77]. The analysis of the results
of tests of TiN, TiAlN and TiN/TiCN coatings deposited by the PVD method on K grade
tungsten carbide tools used for continuous milling of particleboards showed that wear
resistance depends on the quality of the substrate, with the grain size and binder (cobalt)
content being the decisive factors in the tool. For tools with a low cobalt content and
small grains, there was a slight improvement in wear resistance, while coatings deposited
on tools with a higher cobalt content and larger grains reduced the wear resistance. The
authors observed the chipping of the coatings on the tool rake face, which was related
with poor adhesion of the coating to the substrate (tool), and indicated this as the primary
cause of poor wear resistance. [78]. Also, Darmawan et al. [68] indicated the poor adhesion
of the coatings as the reason for its low wear resistance. For all tested systems: tool TiN,
CrN, CrC, TiCN, and TiAlN, coating at both low and high cutting speeds of the wood-chip
cement board, delamination occurred, as well as oxidation of the coating accelerated by the
increase in cutting temperature. The above studies show the importance of adhesion to
their wear resistance.

The research indicates that the most important factors determining the improvement
of the performance of woodworking tools, but also of other types of processing, are good
adhesion of the coating to the substrate (tool), low friction coefficient, and good abrasion
resistance [26]. Many research centers have been involved in the optimization of these
factors, and the results of their work can be found in many reputable journals. The final
results of these works, with reference to specific applications for woodworking tools, are
also included in this study. Benlatreche et al. [38] investigated CrN-based coatings with
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the addition of Al or Si, because such three-component coatings have modified structural,
mechanical and tribological properties, including higher resistance to oxidation, higher
hardness, and lower friction coefficient. Medium density fiberboard was subjected to
routing tests. It has been found that the CrN coating improves the life of the cemented
carbide tool by about 25 to 40%, depending on the coating deposition parameters and the
deposition system used. The CrAlN coating had larger nose widths than the CrN coating,
but with the increase in aluminum concentration in the coating, the difference in nose width
between the coated and uncoated tool decreased. Depending on the type of MDF material
being processed, the reduction in nose width was from about 25% (MDF fireproof) to
about 40% (MDF standard). CrSiN coatings are characterized by slightly longer durability
than CrN coatings. The nose width is reduced by approximately 35% compared to the
uncoated tool and approximately 25% for the CrN coating. As for the aluminum coating,
an increase in silicon concentration causes a decrease in its wear resistance. Above results
are comparable with Ref. [69].

An important problem already at the early stage of tool testing was the monitoring
and evaluation of the machining efficiency of woodworking tools [3,79,80].

5.3. Multilayer Coatings

Multilayer coatings generally have better wear resistance compared to single-layer
coatings. This takes into account many factors such as: total thickness of the coating and
individual layers, type of layer, functions performed in the coating (adhesive, abrasive,
sliding, etc.). Greater wear resistance is connected with reduction in crack propagation
at grain boundaries and layers. The coated carbide tools provide better wear resistance,
surface roughness, and lower noise level compared to uncoated tungsten carbide tools in
the cutting of asbestos, WPC, LVL, and OSB. Among the coated carbide tools, the multilayer
TiAlN/TiBON coated carbide tool is the highest in wear resistance and is proposed for
cutting wood composites. The abrasives contained in the wood composite are important
in the wearing of the tungsten carbide tools. The structures of the wood composites
are important in determining the roughness of the machined surfaces. The noise level
and roughness increase due to an increase in wear and should be a good indication for
determining the wear of the coated and uncoated tungsten carbide tools [81]. This is
probably related to the high hardness of the coating, low coefficient of friction, and the
reported lubrication effect at high temperatures in cutting.

Ti-W-N/Ti-W and Cr-W-N/Cr-W multilayer coatings with different periods, as well
as comparison of single-layer coatings Ti-W-N and Cr-W-N with a thickness from 0.5
to 2.0 µm, deposited on WC-Co substrates, were the subject of research conducted by
Pinheiro et al. [41]. The results showed that both 1 µm thick single-layer coatings, tested
when cutting OSB, increased wear resistance approximately 2.5 times compared to uncoated
cutting tools. Using the same cutting parameters (as those used in industry), they showed
that the best result was achieved by applying the Cr–W–N/Cr–W multilayer coatings
(three layers). This coating increases the cutting ability of wood-based products by 500%
compared to the uncoated cemented carbide tool.

Kong et al. [54] conducted a comparative study of the wear resistance of HSS and
cemented carbide knives with a single-layer CrN and CrN/CrCN multi-layer coatings
during rounding of wood. They showed that the service life of CrN/CrCN-coated tools
increased by 170% (HSS) and 110% (cemented carbide) compared to uncoated tools and by
approximately 33% and 7%, respectively, compared to CrN-coated tools. Two important
conclusions can be drawn from this work: a harder substrate contributes to an increase
in durability more than a lower hardness substrate when covered with the same coating,
and a multi-layer coating gives a greater increase in durability compared to a single-layer
coating. A similar result was obtained for the same multilayer coating on HSS knives [71].

Figure 2 shows the parts of two planer knives, without a coating (top) and with a
CrN/CrN coating (bottom) [82]. The left side shows the knife wear after a distance of 77 km
of machining pinewood at feed speed—90 m/min, cutting speed—36 m/s and cutting
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depth 2 mm. The right side shows a fragment of the knife after sharpening, without wood
machining. The tests were performed using Weinig Hydromat 22A.
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Plastic deformation caused by high temperatures during cutting is visible on the edge
of the uncoated tool. The blade was heavily worn after the machining test. On the edge
of the CrN/CrCN-coated tool, slight wear is observed compared to the uncoated tool. In
the middle part of Figure 2 is an enlargement of the edges of both knives. In the case of
a tool with a CrN/CrCN coating, wear and delamination of the coating on the edge are
hardly visible.

The test conditions favored an increase in temperature on the cutting edge and on the
rake face. This leads to accelerated wear of the tools, resulting in, e.g., an increase in power
consumption by the milling machine, and on the other hand, a deterioration in the quality
of the processed material. Dependent on the type of processed wood, the wear rate and its
symptoms may vary.

Tool wear is observed in the rounding of the edge of the blade and the abrasion of the
rake face of the knife. Figure 3 shows a 3D view of the knife blade without a coating ready
to work (Figure 3a), as well as the knife blade without coating (Figure 3b) and the knife
blade with a CrN/CrCN multilayer coating (Figure 3c) after planing dry beech wood. The
cutting path in this case was 6000 m. After sharpening, the uncoated knives had a blade
radius of about 7 µm, while the coated knives had a slightly larger blade radius of about
10 µm. After cutting beech wood along a path of 6000 m, the radius of the knife blade
without the coating increased more than three times and amounted to 24 µm. Under the
same cutting conditions, the tip radius of the coated knife was approximately two times
greater, at 20 µm.
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Figure 3. 3D image of cutting edge of planer knife without the coating after sharpening (a), the
cutting edge of planer knife without the coating (b), and with CrCN/CrN multilayer coating (c) after
6000 m of dry beech wood cutting [83].

The rake face (Figure 3a) shows a different surface morphology in the blade working
zone, caused by the temperature increased by machining, higher than the tempering
temperature of the HS6-5-2 steel, i.e., above 550 ◦C (see Figure 2). This is represented by an
image of the rake face profile perpendicular to the edge of the blade. There is visible wear
of the knife rake face without the coating as a result of abrasion of the knife material. The
coated knife does not show this type of wear (Figure 4). This indicates the good anti-wear
properties of the coatings. The coatings also restrict the heat flow to the tool [50], which
can reduce or eliminate the tempering effect of the tool material. High temperature causes
plastic deformation of the material in the area of the blade edge, which promotes edge
rounding and accelerates tool wear, and also deteriorates the quality of the machined wood
surface. When sharpening the tool, restoring its original cutting properties, the material
with mechanical properties changed by temperature should be removed. In the case of the
tested knives made of HS6-5-2 steel, it is even 0.3 mm. This requires both an increase in
the tool regeneration time and a reduction in the number of such processes, resulting in an
increase in machining costs. In the case of knives with coatings, no negative influence of
temperature and no reduction in the hardness of the tool material was observed.
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Figure 4. The cutting edge profile of planer knife with CrN/CrCN multilayer coating after 6000 m of
dry beech wood cutting [83].

The greater efficiency of tools with a CrN/CrCN multilayer coating is manifested
in the lower surface area of the blade wear in relation to the uncoated knife. For such
selected tool-machined material systems and cutting process parameters, the surface area
of the blade wear for the coated knife is approximately 25% lower, which translates into
approximately three times longer cutting distance.
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The analysis of the data presented in Tables A1–A3 shows that they are very diverse.
The substrate, coatings, material treatments, and the material itself are different, as well as
the presentation and evaluation of the results.

The records in the above Tables are arranged according to the sequential year of
publication. It is not possible to unambiguously observe an increase in durability due to the
variety of coatings, types of material being processed, and probably different machining
parameters. One can also notice the important role of the deposition method and the
tool material used as a substrate for the coating. The above data confirm that there is no
universal coating that will be equally effective in the machining of various materials. The
coating design process should take into account the type of material being processed, the
machining parameters, and the type of tool to be used.

Nevertheless, based on the results presented in Tables A1–A3, it can be noted that:

• A comparison of various coatings operating in the same conditions shows the advan-
tage of CrN both in the treatment of beech wood [53] and OSB [24,71];

• Worse performance properties of Cr2N coatings compared to CrN [24,84] were con-
firmed, which may be caused by their greater brittleness and worse adhesion to
the substrate;

• A comparison of the wear resistance of single-layer coatings was presented by Ka-
zlauskas et al. [85]. Binary CrN and ternary AlCrN and TiCN coatings deposited on
WC-Co tools (substrates) during the milling of oak wood showed improved wear
resistance of cutters by factors of 3.0, 1.9, and 1.7, respectively. They also found that
CrN was characterized by the best adhesion among the tested coatings and a low and
stable coefficient of friction. They stated that low-friction coatings exhibited better
wear resistance;

• Ti-based coatings have inferior wear resistance compared to Cr-based coatings. This
applies to both magnetron- and arc-formed coatings. The Ti-W-N/Ti-W coating is
characterized by twice the tool wear area compared to the Cr-W-N/Cr-W coating in
the milling of OSB and particle board [41]. The wear of the tool covered by TiCN and
CrN coating is smaller by 1.6 and 2.0, respectively [57,65]. The above conclusions are
confirmed by Kazlauskas et al. [85];

• Multilayer coatings have better properties compared to single-layer coatings. CrN and
CrN/CrCN coatings were deposited on a substrate made of M2 steel and cemented
carbide and the timber boles were rounded [54]. Two significant effects were observed:

(a) The multilayer coating was characterized by a greater wear resistance of about
170%, while in the case of CrN coatings the increase was about 100%. These
results relate to the tests carried out on the M2 steel tool coating system. Ce-
mented carbide tools with coatings were characterized by a slightly lower
durability of approx. 110% (CrN/CrCN) and 100% (CrN). It should be noted,
however, that uncoated tools made of M2 steel rounded 15 boles, and cemented
carbide tools 188 boles;

(b) The comparison of these coatings shows that in M2 steel tools with CrN/CrCN
coatings the service time is about 33% higher compared to the CrN coating,
and in the case of a cemented carbide tool the increase is about 7% [54]. This
confirms the reports of many authors about the importance of the substrate;

• A comparison of the edge recession of tungsten carbide tools with TiAlN monolayer
coating and TiAlN/TiSiN and TiAlN/TiBON multilayer coatings in milling different
wood composites indicates a greater edge recession of the TiAlN and TiAlN/TiSiN
coatings [81]. Among the tested coatings, the smallest edge recession was demon-
strated by the TiAlN/TiBON multilayer coating, despite the fact that its hardness
was the lowest among the tested coatings, 2700 HV. The TiAlN/TiSiN coating, with a
hardness of 3600 HV and the highest coefficient of friction (0.9), showed greater edge
recession than the TiAlN single-layer coating. The results of these tests confirm that a
lower coefficient of friction is more important than hardness.
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5.4. Substrates Used for Testing the Properties of the Coatings

There are basically two types of substrates in Table A1, 60SMD8 alloy steel with a
hardness of 57–59 HRC [26,53], commonly used for cutting tools for peeling lathes, and
90MCV8 steel, hardness of 63–65 HRC, suitable for cutting and punching tools, etc., and
cemented carbide with a hardness of about 17 GPa.

The substrate has a major influence on the performance of the coating. Chekour et al.
considered the effect of the nitriding conditions of the 32CrMoV13 steel substrate as a tool
for the peeling of beech [23]. It was found that in most cases the nitrided layer is about
200 nm thick and the surface hardness is about 1000 HV, twice that of unnitrided steel. Tool
tests during peeling of the beech showed that the nitrided tool in a mixture with a small
concentration of nitrogen performs like an unnitrided tool. Duplex-treated tools (nitriding
and CrN coating) performed better than nitrided tools and allowed almost twice as much
processing as untreated tools. Duplex processing (nitriding and CrN coating) of low-alloy
steel, commonly used in the production of knives for the wood industry, allowed over 70%
reduction of knives’ edges [37].

5.5. Scientific Centers

One can indicate the scientific centers dealing with the production, implementation
and testing of tools modified with coatings for processing of wood. Based on SCOPUS
and Web of Science databases, one can indicate the dominant position of France [14,20–
24,26,41,48,50–53,66–68,84,86] in this challenge but Germany [49,76], Japan [40,48,68,87],
USA [71,87,88], UAE [28,29,71,87] and Poland [21,53,55–57,69–74,89–92] also deal with this
subject extensively. Also, scientists from such countries as: Belarus [93–96], China [54,75],
Finland [46], Indonesia [40,48,68,81], Italy [39], Lithuania [44,65,85,97–99], Portugal [41–100],
Slovakia [94], and Switzerland [33] have significant achievements in research and dissemi-
nation of knowledge about modified protective coatings for woodworking tools.

6. Conclusions

The history of thin hard coatings goes back to the 1970s. The possibilities of new
tool modification techniques were verified in laboratories and in industry, initially for
metalworking, and somewhat later also for woodworking. Wood is a specific material; it is
characterized by strong fluctuating local anisotropy, porosity, and a hygroscopic nature.
Hence, the demands placed on woodworking tools are particularly high. Thanks to the
progress in surface treatment, it is possible to obtain tools that meet the requirements of
customers to a greater extent than before. Knowledge about the applied modifications
of tools is becoming more and more available, as evidenced by the growing number of
scientific publications, as well as the multinational composition of research teams. The
main difficulty in analyzing the results is:

• Many articles are related to the processing of fiberboard or very dense homogeneous
wood, the most homogeneous and isotropic materials. The processing of other ma-
terials, softwood and wood-based materials, does not give unequivocal results in
the durability of the tools. It seems that the most important factors in modifying a
wood knife are low friction value, good abrasion resistance, good coating adhesion,
and thermal resistance. Most of the tested coatings belong to the simplest, two- or
three-element systems. Only in some cases have more complex coatings, such as
quaternary systems or multi-layer coatings with different structures, been investigated.
The test results indicate that the latter have better wear resistance, but standardized
tests should be performed to confirm this.

The analysis of the test results for the properties of coatings and the durability
of woodworking tools covered with these coatings allows for the presentation of sev-
eral conclusions:

• A comparison of various coatings operating in the same conditions shows the advan-
tage of CrN both in the treatment of beech wood and OSB. This is probably due to the
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lower brittleness of the CrN coatings, relatively low coefficient of friction, and very
good adhesion to the substrate;

• Chromium-based coatings have better wear resistance compared to titanium-based coatings;
• Multilayer coatings are characterized by better wear resistance compared to single-

layer coatings. This may be related to the reduction of crack propagation at the phase
and grain boundaries. As in the case of a single-layer coating, higher wear resistance is
found in coatings that exhibit a lower friction coefficient and are less brittle. The results
of the tests confirm that a lower coefficient of friction is more important than hardness;

• The type of tool material used, and its possible thermochemical treatment, have a great
influence on tool life. Increasing the hardness of the tool increases its productivity,
although not always its durability.

Future Directions

The field of wood-cutting tools still requires further research. It seems that future
research should focus on selecting one method of coating formation on a clearly defined
substrate (tool). The choice of the tested multilayer coating (coatings) showing the best
anti-wear properties is much more complex. It should be characterized by high hardness,
good adhesion to the substrate, stability at elevated temperatures, relatively low coefficient
of friction, and chemical inertness. Processing tests of the selected type of wood (wood-
based) material should be limited to one specific species and the same series of processing
parameters. It is also important to present the research results so that they can be compared
with the references.
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MDF medium density fiberboard
OSB Oriented Strand Board
ta-C tetragonal carbon
WPC wood plastic composite
LVL laminated veneer lumber
GRC Glass-reinforced concrete
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Appendix A

Table A1. Magnetron sputtering. Protective coatings applied to woodworking tools, synthetic
information on the coatings used, the materials processed, the type of substrate and the effect of
its modification.

Coating/
Structure Substrate Type of

Machining
Machining

Material Results Year Reference

W-C:H (DLC with WC
precipitations)
CrN

60SMD8 peeling beech wood

reduction of the
knives’ edges by
38% (W-C:H) and
52% (CrN)

1999 [53]

CrN
W–C:H(DLC) 60SMD8 peeling beech wood

cutting edge
reduction up to:
DLC—60%,
CrN—130%.

1999 [26]

CrN
Cr2N Carbide cutting OSB

reduction of the
knives’ edges
52% (CrN) and
40% (Cr2N)

2000 [84]

CrN
Cr2N Carbide cutting OSB

service life four
times higher
(CrN), about
1.8 times higher
(Cr2N)

2001 [24]

CrN 32CrMoV13
Nitrided peeling beech wood

increase the
service of the tool
by a factor of 1.3

2003 [23]

CrN Carbide routing OSB decrease in nose
width about 64% 2003 [51]

CrN 90MCV8 peeling MDF
reduction in the
wear of the edge
by about 50%

2005 [14]

CrN different
carbidess milling OSB dependent on

type of substrates 2005 [52]

CrAlN Carbide routing MDF
increase up to 2.5
times more than
unmodified ones

2007 [66]

CrAlN 90CrMoV8 peeling beech wood
reduction in the
wear of the edge
by about 50%

2009 [37]

AlCrN WC-2% Co routing
MDF, (M)

standard, and
(E) fireproof

max decrease in
nose width about
25%—MDF(M),
40% MDF(E) and
44% MDF

2009 [83]

CrSiN WC-2% Co routing MDF
max decrease in
nose width about
33%

2009 [38]
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Table A1. Cont.

Coating/
Structure Substrate Type of

Machining
Machining

Material Results Year Reference

Ti-W-N/Ti-W
Cr-W-N/Cr-W WC+4%Co milling OSB

reduction in
average wear
area: Ti based
coatings—to 54%,
Cr—to 100%,

2009 [41]

Ti-W-N/Ti-W
Cr-W-N/Cr-W WC+4%Co milling particle board

reduction in
average wear
area: Ti based
coatings—to
215%, Cr—to
460%

2009 [41]

TiAlN
TiAlN/aCN Carbide cutting chipboard

max. increase by
23%
(TiAlN/aCN)

2020 [89]

TiN/AlTiN
TiAlN/a-C:N

Different
carbides cutting chipboard max. increase by

56% (TiN/TiAlN) 2021 [90]

Table A2. Cathodic arc evaporation. Protective coatings applied to woodworking tools, synthetic
information on the coatings used, the materials processed, the type of substrate and the effect of
its modification.

Coating/
Structure Substrate Type of

Machining
Machining

Material Results Year Reference

TiN
(Ti,Zr)N

60SMD8
90WDCV peeling beech wood

cutting edge reduction
up to: Ti based coatings
17%,

1999 [26]

CrN/CrCN HS6-5-2 planing pine wood reduction in average
wear area to 170% 2011 [71]

Cr2N/CrN HS6-5-2 cutting pine wood reduction in average
wear area of 60% 2011 [69]

TiCN
CrN
DLC

K01–K20 milling

wood panel
oaken scantlings

glued by
polyvinyl acetate

wear compared to
the uncoated cutters.
TiCN—smaller by 1.6 ×
DLC—smaller by 1.9 ×
CrN—smaller twice

2015 [65]

ZrN
MoN WC + Co milling particle board

reduction in volume
wear to 150% (MoN) and
110% (ZrN)

2016 [93]

TiAlN K10 cutting mersawa wood
fiberboard,

particleboard,
GRC

edge recession reduction
by factor: 0.27
0.60
0.33
0.38

2016 [40]

TiAlN/TiSiN K10 cutting mersawa wood
fiberboard

particleboard
GRC

edge recession reduction
by factor: 0.38
0.78
0.43
0.54

2016 [40]
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Table A2. Cont.

Coating/
Structure Substrate Type of

Machining
Machining

Material Results Year Reference

TiAlN/TiBON K10 cutting mersawa wood
fiberboard

particleboard
GRC

edge recession reduction
by factor: 0.62
1.13
0.83
1.10

2016 [40]

CrN
CrN/CrCN M2 steel cutting timber

improvement in the tool
durability of 170%
(CrN/CrCN), 100%
(CrN)

2018 [54]

CrN
CrN/CrCN

cemented
carbide rounding timber

improvement in the tool
durability of 110%
(CrN/CrCN), 100%
(CrN)

2018 [54]

TiAlN K10 tungsten
carbide tool milling asbestos

WPC
LVL
OSB

edge recession reduction
by factor: 2.12
1.09
1.5
1.54

2019 [81]

TiAlN/TiSiN K10 tungsten
carbide tool milling asbestos

WPC
LVL
OSB

edge recession reduction
by factor: 1.08
0.84
1.35
1.33

2019 [81]

TiAlN/TiBON K10 tungsten
carbide tool milling asbestos

WPC
LVL
OSB

edge recession reduction
by factor: 2.33
3.18
4.0
3.67

2019 [81]

CrN/CrCN HS6-5-2 planing pine wood improvement in the tool
durability of 142% 2020 [91]

AlCrBN HS6-5-2 planing pine wood improvement in the life
service by 205% 2021 [92]

Table A3. Physical vapor deposition (PVD). Protective coatings applied to woodworking tools,
synthetic information on the coatings used, the materials processed, the type of substrate and the
effect of its modification.

Coating/
Structure Substrate Type of

Machining
Machining

Material Results Year Reference

ta-C
cemented
tungsten
carbide

milling
melamine
laminated

particle board
2.5-fold lifetime increase 1999 [49]

TiN SKH 51 sawing oil palm
afina
sugi

tool wear
10% decrease
25% increase
64% increase

2006 [47]
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Table A3. Cont.

Coating/
Structure Substrate Type of

Machining
Machining

Material Results Year Reference

TiN P30 cutting hardboard,
cement board life time increase 30–45% 2008 [48]

TiAlN/TiBN,
TiAlN/TiSiN,
TiAlN/CrAIN
TiAlN

K10 milling particle board

multilayer-coated tools
experienced a smaller
amount of delamination
wear than the
monolayer-coated tool.
The best multilayer
coating was
TiAlN/CrAlN

2010 [68]

CrN, AlTiN,
TiAlN, TiCN,
and CrN

WC-Co milling oak wood

improvement in wear
resistance by factors of:
3.0 (CrN), 1.9 (AlCrN),
1.7 (TiCN)

2022 [85]
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8. Sydor, M.; Mirski, R.; Stuper-Szablewska, K.; Rogoziński, T. Efficiency of Machine Sanding of Wood. Appl. Sci. 2021, 11, 2860.

[CrossRef]
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Abstract: The purpose of the study was to measure the Brinell hardness (HB) of six wood species
and evaluate the ability to recover the depth of the imprint (self-re-deformation). Straight-grain clear
samples of ash, beech, alder, birch, iroko, and linden wood were prepared. Measurements were made
in the three main reference timber cross-sections: radial (R), tangential (T), and axial/longitudinal (L)
and with two measuring loads of 30 kG and 100 kG (294.2 N and 980.7 N). The tested wood species
could be classified into hard (ash, beech), medium-hard (alder, birch, iroko), and soft (linden) wood
species. The HBs of each tested wood species differed in the cross-sections, i.e., side hardness (R, T)
and end hardness (L). Higher HB values were obtained at 100 kG load in all species and all three
cross-sections. The lowest influence of the measurement force value on the HB value was revealed for
the soft wood species (linden: 107–118%). This influence was visible for the other five medium-hard
and hard wood species, ranging from 125% to 176%. The percentage of temporary imprint in total
imprint depth (x/H) varied from 12 to 33% (linden 12–18%—the lowest self-re-deformation ability;
beech 25–33%—the highest self-re-deformation ability). The results of this study underline that the
higher the density of the wood, the higher the Brinell hardness, and, simultaneously, the greater the
measurement force used, the higher the Brinell hardness measured. The ability of self-re-deformation
in wood’s R and T cross-sections depends on the wood density and the measuring force used. In
contrast, this ability only depends on the wood density in the L cross-section. Those observations
imply that the compaction of the cell structure during side compression is mainly non-destructive,
while the longitudinal deformation of the cell structure (the buckling of cell walls and fracture
of ends of the cells) is to a great degree destructive and irreversible. These results can be used
in the construction and furniture sectors, especially when designing products and planning the
woodworking of highly loaded wood floors and furniture elements.

Keywords: wood hardness; Brinell hardness; indentation depth; plastic deformation; elastic
deformation; imprint recovery; indentation recovery; alder; linden; birch; ash; iroko; beech

1. Introduction

Hardness is the ability of a material to resist localized deformation. Hardness test
force can be applied by scratching, cutting, mechanical wear, bending, dynamic or static
indentation. In static indentation hardness measurement methods, a non-deformable ball,
pyramid, cone, cylinder, or needle-shaped indenters are applied [1–3]. The measured
indentation projection area, total indentation area, indentation depth, or force needed to
indent an indenter to the required depth is used for hardness calculation. The principal
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wood macro-indentation hardness testing approaches are Brinell, Vickers, Rockwell, Meyer,
Knoop, Shore, Leeb, and Janka. The most widely used test procedures for measuring
the hardness of wood materials are the Brinell–Mörath, Janka, and Monnin methods [4],
which means that rounded intenders are preferred, those that do not crack the wood. The
Brinell method for wood materials is standardized in EN 1534: 2020 [5], which describes
the method of testing the hardness of wood floors using a 10 mm ball indenter, and a
force of 1 kN reached in 15 ± 3 s, maintained for 25 ± 5 s and then released. The imprint
size measurement is performed after the load is removed, so this method concerns only
the plastic imprint size. The scientific literature presents a proposal to modify the Brinell
method in measuring the hardness of wood. This proposal postulates calculating the wood
hardness based on the depth of the imprint under load, including both elastic and plastic
components of the imprint [6,7].

In our previous study [8], the hardness of wood materials was measured using the
Brinell method, and, in addition to the size of the permanent imprint (which is a measure
of Brinell hardness), we also analyzed an elastic component of the imprints, i.e., one that
spontaneously disappears after removing the measuring force. In this way, we tested a
feature of the wood in addition to hardness: the ability to self-shallow the imprint after
removing the measuring force (self-re-deformation). Analyzing the hardness and self-re-
deformation ability, we concluded that tested materials could be divided into soft (beech,
pine, iroko), medium-hard (merbau, common oak, maple, red oak), and hard materials,
e.g., high-density fiberboards (HDF), plywood. The highest relative value of the plastic
imprint in total deformation, ranging from 79 to 83%, was observed in the soft materials
tested. Values ranged from 72 to 76% in medium-hard materials and only about 65% in
hard materials. Therefore, hard materials exhibited the highest ability, among the materials
tested, to reduce the depth of deformation immediately after force removal. A measuring
force of 30 kG was used in these tests, and the hardness was measured in one wood
cross-section (side hardness). Wood, a material with cylindrical orthotropy, has three
perpendiculars one to another, reference main cross-sections. The main cross-sections are
related to the wood grain direction: the longitudinal (L) cross-section (also called axial),
the radial (R), that of its secondary growth, and the tangential (T), orthogonal to both [9].
The so-called “end hardness”, measured in the L cross-section, is higher than the “side
hardness”, measured in the cross-sections R and T, which are close to each other [9–11].
This study aimed to measure the hardness of the six hardwood species in all three main
cross-sections and evaluate their tendency to self-re-deformation, that is, the self-executing
flattening of the measuring ball imprint.

2. Materials and Methods

The research was carried out on six hardwoods. The test samples, 30 mm × 30 mm ×
20 mm in size, were made of: alder, linden, birch, ash, iroko, and beech. All logs used to
prepare the test samples had a regular structure (not eccentric). The test samples were clear
and made from logs without any structural defects of the wood. The logs were primarily cut
into lumber according to three principal anatomical planes of reference in the stem: radial
(R), tangential (T), and axial/longitudinal (L) cross-sections (Figure 1). Twelve samples
were made for each of the wood species tested.
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Table 1. Wood species names and average densities of test samples used. 

Species 
Average Density 
(g/cm3) 

Alder (Alnus glutinosa (L.) Gaertn) 0.500 
Linden (Tilia europaea L) 0.505 
Birch (Betula alba L.) 0.595 
Ash (Fraxinus excelsior L.) 0.660 
Iroko (Milicia excelsa (Welw.) CC Berg) 0.690 
Beech (Fagus sylvatica L.) 0.740 
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performed the uniaxial hardness measurements in the all three main cross-sections (R, T, 
and L) and used two measuring force values (30 and 100 kG). Symbolic specifications of 
the hardness measurement conditions HB 10/294.2/60 and HB 10/980.7/60 were assigned 
to both sets of test conditions, respectively: 
• Measuring ball diameter  D = 10 mm 
• Total force 1 P30 = 30 kG (F = 294.2 N, (𝐹/𝐷max

ଶ ൌ 3.2) 
• Total force 2 P100 = 100 kG (F = 980.7 N, (𝐹/𝐷max

ଶ ൌ 10.6) 
• Partial force P1 = 10.0 kG (98.07 N) 
• Total load time  t = 125 s 
• Number of measurements for each material n = 12 

Figure 2 shows the Brinell tester used and the measuring force application mode. 
  

Figure 1. The clear test specimen oriented according to the main cross-sections in the stem.
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After the primary cut, the planks were dried at a temperature lower than 60 ◦C. The test
samples were cut and then conditioned at a temperature of 20 ± 2 ◦C and relative humidity
of 65 ± 3% for three months. The moisture content of the test samples immediately before
the hardness measurements was 10 ± 0.5%, and their average densities are given in Table 1.

Table 1. Wood species names and average densities of test samples used.

Species Average Density
(g/cm3)

Alder (Alnus glutinosa (L.) Gaertn) 0.500
Linden (Tilia europaea L) 0.505
Birch (Betula alba L.) 0.595
Ash (Fraxinus excelsior L.) 0.660
Iroko (Milicia excelsa (Welw.) CC Berg) 0.690
Beech (Fagus sylvatica L.) 0.740

Brinell hardness tester, model HBRV-187.5E (Huatec, Beijing, China), was used. We
performed the uniaxial hardness measurements in the all three main cross-sections (R, T,
and L) and used two measuring force values (30 and 100 kG). Symbolic specifications of
the hardness measurement conditions HB 10/294.2/60 and HB 10/980.7/60 were assigned
to both sets of test conditions, respectively:

• Measuring ball diameter D = 10 mm
• Total force 1 P30= 30 kG

(
F = 294.2 N,

(
F/D2

max = 3.2 )
• Total force 2 P100= 100 kG

(
F = 980.7 N,

(
F/D2

max = 10.6 )
• Partial force P1 = 10.0 kG (98.07 N)
• Total load time t = 125 s
• Number of measurements for each material n = 12

Figure 2 shows the Brinell tester used and the measuring force application mode.
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Beijing, China), (b)—force exertion modes.

The Brinell hardness (HB) is calculated based on the diameter of the imprint. The
boundary of the imprint on the wood is unclear [8,11,12]. An additional factor that makes
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hardness measurement difficult is the “sinking-in effect” [12], especially in the T and R
main cross-sections of wood [7]. Therefore, we used the Dino-Lite AM4815ZT EDGE digital
microscope (IDCP B.V., Almere, The Netherlands) with extended dynamic range (EDR),
extended depth of field (EDOF), and the possibility of measuring under polarized light.
Figure 3 shows example images taken during tests.
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Figure 3. Examples of imprints (iroko wood, 37×magnification).

The HB values were calculated according to the following formula:

HBd =
2·P

π·D·
(

D−
√

D2 − d2
)

where:
P = applied force (kG);
D = diameter of the indenter (mm);
d = diameter of the imprint (mm).
Figure 4 shows three stages of imprint creation during the hardness test: before the

loading, a ball indenter under full load, and an indenter after removing the load.
The total imprint depth (H) is the sum of the depth of the permanent imprint h (the

one that remains after the measuring force P is removed) and the depth of an elastic imprint
x (only under load with the measuring force P). The hardness tester used allows measuring
the depth of the elastic component x of the total imprint depth, which is readable after
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removing the measuring force (x = H − h) (Figure 4). Based on the indenter diameter
(D), and the measured values of imprint diameter d, the permanent imprint depth can be
calculated by the formula h = D−

√
D2 − d2/2. Based on the measured elastic component

of the imprint (x), the total imprint depth can be calculated: H = x + h. Therefore, the
force P and the diameter of the indenter D were constant; we measured d and x, and we
calculated h and the hardness HB. Statistical calculations of the errors of the HB values and
the imprint depth values were performed for the significance level of 95%: α = 0.05, n = 12,
11 degrees of freedom, from the distribution of the t-Student: t0.05,11 ≈ 2.571.
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Figure 4. The imprint creation during hardness tests: (a)—stage 1, the ball without load, (b)—stage 2,
the ball loaded with measuring force, (c)—stage 3, the permanent indentation after a force is removed
(P—measuring force, D—diameter of the ball, d—the permanent imprint diameter, H—the total
imprint depth, h—the permanent (plastic) imprint depth, x—the elastic (temporary) component of
imprint depth).

3. Results

Figure 5 summarizes the calculated Brinell hardness values (HB) based on the diameter
of the imprint (d). The wood species in Figure 5 are arranged according to their increased
density. The HB of the test wood samples varied depending on the grain direction. The
highest HB values were in the L cross-section, while the smaller values were in the R and T
sections. Hardness also depends on the measuring force used. The HB measured at the
force of 100 kG were greater than those measured at 30 kG.
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Figure 5. The Brinell hardness of the tested wood in the three main cross-sections of wood at two
measuring forces (30 kG and 100 kG).

The computed hardness confidence intervals (shown as error bars in Figure 5) had
varying widths. With a measuring force of 30 kG in the R cross-section, they ranged from
2% to 13% (average 7%) of hardness, in the T cross-section from 8% to 18% (average 13%),
and in the L section from 1% to 9 (average 4%). However, with a measuring force of 100 kG,
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the confidence intervals ranged: in the R cross-section from 3% to 13% (average 12%), in
the T cross-section from 5% to 15% (average 8%) and in the L cross-section from 4% to 9%
(6% on average). It can be observed that the average measurement uncertainty seems to be
smaller in the L cross-section than in the R and T cross-sections. The highest measurement
uncertainty was calculated for linden and ash in the R section; they were 18%. The width of
the confidence interval is related to the confidence level, the sample size, and the variability
in the sample. We used a 95% confidence level and we performed twelve measurements
for each tested combination: two measuring forces, three cross-sections, and six types of
wood. The confidence intervals varied from 1% to 18%; this confirms the well-known high
variability of wood properties [9].

Increasing hardness with increasing wood density was noticeable in all three cross-
sections and at both measuring forces (Figure 6).
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Figure 6. The Brinell hardness—wood density: (a)—30 kG measuring force, (b)—100 kG measur-
ing force.

Figures 7–9 present the measured imprint depths. The tested wood species are ar-
ranged in ascending order according to their density, and the graphs show the two compo-
nents of the total imprint depth. The permanent (plastic) imprint (h), which remains after
the measuring force, is marked in blue, and the elastic component of the imprint’s depth (x)
is marked in green, that is, the distance by which the imprint’s depth was decreased.
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Figure 9. Imprint depth under measuring load (longitudinal direction).

Regarding the study’s primary aim, the most important is the permanent imprint
depth (h) shares of the total imprint depth (H). These shares are shown in Figures 10–12
(the symbols R, T, L, and h, H are set out in Figures 1 and 4).

The imprint depths caused by the force of 30 kG (Figures 7–9) were from 2.1 to
3.0-times smaller than the imprint depth caused by the 100 kG measuring force. This
proportion between the imprint depths was similar in all three main wood cross-sections
(R, T, L). The depths of imprints in the R and T cross-sections were similar, while they were
three-times greater than in the L cross-section.

The shares of permanent imprint depth h in the total imprint depth H (including the
elastic component of deformation x) did not depend on the cross-section of wood (R, T, and
L) and the measuring force value. In each studied case, they ranged from 70 to 80%.
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Figure 10. The R cross-section: the permanent imprint depth (h) shares the total imprint depth (H).
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Figure 11. The T cross-section: the permanent imprint depth (h) shares the total imprint depth (H).
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Figure 12. The L cross-section: the permanent imprint depth (h) shares of the total imprint depth (H).

4. Discussion
4.1. Hardness

The Brinell hardness of wood is associated with wood density [10], and it can be
increased by increasing the density of the wood after pressing. Laskowska confirmed this
possibility in tests involving the pressing of beech, oak, and pine wood, during which,
after increasing the density of the samples by approximately 30%, the hardness increased
by about 100% [13]. The hardness can also be reduced by reducing the strength of the
wood after thermal modification [14]. Poplar wood, with a reduced modulus of elasticity
(after thermo-modification at a temperature of 190–210 ◦C), had reduced hardness by about
25% [15]. Thermal modification influences the reduction of hardness in every main cross-
section of wood differently: in the longitudinal cross-section by 3%, the radial cross-section
by 15%, and the tangential cross-section by 25% [16]. The hardness is a property of the
surface layer of the material [17], so the hardness of wood strongly depends on its density
profile. Surface-densified pinewood shows an increased hardness and a high variation in
measured hardness values, regardless of which testing method was used [18].

Our research confirms a well-known feature of wood mentioned in the Introduction:
the hardness strongly depends on the cross-section of wood [9,10]. Our study obtained
the highest hardness values in the longitudinal cross-section (L), perpendicular to the
trunk axis (the end hardness of wood). The hardness was smaller in radial and tangential
cross-sections (R and T—the side hardness of wood) (Figure 5). Those results are in line
with the literature. For example, the radial hardness of Amboyna wood is 30–40% of the
end hardness, and its tangential hardness is approximately 120–130% of the radial hardness
(hardness R and T—a force of 20 kG was used; hardness L—a force of 50 kG was used) [19].
Our research confirms this regularity; hardness measured with 30 kG of all tested wood
species was 26–45% and 104–124%, respectively, while hardness measured with 100 kG:
28–47% and 89–129%, respectively. In the case of beech wood, these values were 40 and
129% (force 100 kG). Similar hardness ratios were obtained in the experiment by Sedlar et al.:
42% and 126%, respectively (force 1000 N, 10 mm ball intender) [16]. Table 2 shows the
ratios of hardness measured in our tests in dependence of measuring force used and in
dependence of directions to wood fibers.

139



Appl. Sci. 2022, 12, 5049

Table 2. HB values ratios. Three main cross-sections of wood (R, T, and L) and two measuring forces.

Ratio Equation
Wood Specie

Alder Ash Beech Birch Iroko Linden

Hardness depending
on the measuring

force value

HB(L. 100 kG)/HB(L. 30 kG) 128% 136% 138% 134% 130% 118%
HB(R. 100 kG)/HB(R. 30 kG) 157% 145% 136% 150% 159% 107%
HB(T. 100 kG)/HB(T. 30 kG) 143% 125% 155% 157% 142% 119%

Hardness depending
on the cross-section

HB(R. 30 kG)/HB(L. 30 kG) 26% 45% 41% 31% 36% 30%
HB(R. 100 kG)/HB(L. 100 kG) 32% 47% 40% 35% 44% 28%
HB(R. 30 kG)/HB(T. 30 kG) 123% 104% 113% 109% 124% 109%

HB(R. 100 kG)/HB(T. 100 kG) 104% 89% 129% 114% 111% 122%

The measured HB values also depend on the measuring force used. We obtained
the higher hardness values at a force of 100 kG. Similar observations were made by
Koczan et al. [20], who described the results of wood hardness tests, among others, of beech
wood. A potential explanation for the higher hardness values at 100 kG than at 30 kG is the
strain hardening effect, which increases with a decreasing indentation of the measuring
ball. This phenomenon was observed when measuring the hardness of metals [21]; in
wood, the material’s cellular structure additionally influences it. Only after increasing the
load did the plastic buckling of the cell walls reduce the volume of the voids and densify
cell walls [22]. Based on the results of our research, the tested species can be classified
into hard (ash, beech), medium-hard (alder, birch, iroko), and soft wood (linden) species.
The influence of the measuring force value on the measured hardness was the lowest for
soft species; it was (depending on the grain direction) from 118 to 107%. That influence
ranged from 125 to 176% for the remaining wood species, as shown in Table 2. In the case
of hardness measurements in the L cross-section, the influence of the force on hardness was
the least diversified (118–138%); while in the R cross-section, this influence was the most
diverse (107–176%).

4.2. Self-Re-Deformation

The ability to self-shallow the imprint after removing the measuring force (self-re-
deformation) seems to depend on the density of the wood. A graphical representation
of the self-re-deformation ability in the three main cross-sections of wood is presented in
Figures 13–15.

The wood species with the highest density exhibited the highest ability of self-re-
deformation. This is in line with our previous research [8] and reports from the litera-
ture [23]. In the case of the clear sapwood of kiln-dried Scots pine, the ability of side
elastic self-re-deformation ranged from 45% (sphere-shaped intender, 1000 N) for densified
material to 91% (cylinder-shaped intender, 2500 N) [24]. As shown in Figures 13–15, the
ability to self-decrease in the depth of the imprint after removing the load in all main
cross-sections (R, T and L) slightly increased with increasing wood densities. This tendency
was observed for both measuring forces, 30 kG and 100 kG. In the R and T cross-sections,
after the load is removed, the self-re-deformation ability was greater for the measuring
force of 100 kG and less for the measuring force of 30 kG. In the L cross-section, the ability
of self-re-deformation in the tested range depends only on the density of the wood (it does
not depend on the value of the measuring force). These results show that the ability of
self-re-deformation depends both on measuring force and the wood density in the R and T
cross-sections; however, in the L cross-section, the ability of self-re-deformation depends
on the wood density only. Overall, these results suggest the different progressions of
cell-structure deformation in the R and T cross-sections compared to the L cross-section [25].
Cells are strongly elongated in the L direction; during compression in the R or T direc-
tions, they occur in the following sequence: (a) the linear-elastic bending of the cell walls,
(b) the plastic buckling of the cell walls and reduction of void volume, and (d) cell walls
are visco-elastically compressed (densification on a macroscopic level). The linear-elastic
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bending of the cell walls is almost fully reversible, and the densification of cells is partially
reversible. When the indenter is pressed in the R and T directions, the wood cells bend and
collapse after reaching their plastic collapse load. Compression in the L direction (axially)
causes the kinking of elongated cell walls in the L direction [26]. Kink (failed yield) occurs
by local plastic buckling [27] or by the fracture of the cells’ ends [28]. Local plastic buckling
usually begins at points where the cells bend to make space for a ray [25]. Vural and
Ravichandran described a similar deformation process of balsa wood cells under longitudi-
nal compression. They related the course of deformation to wood density, stating that it is
by the initial elastic and then plastic buckling of cell walls in low-density specimens, while
kink band formation and end-cap collapse dominate in higher-density specimens [29]. This
was also confirmed by the results of our research presented in Figures 13–15. Within the
wood species, the tendency to self-re-deformation was generally higher for the measuring
force of 100 kG (lower h/H). The only exception was found for the softest hardwood specie
(linden), where a greater tendency to self-re-deformation was observed at the measuring
force of 30 kG.
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The longitudinal strength of wood is always larger than the other two “directional”
strengths, in part because the microfibrils of cellulose in the cell walls lie most nearly along
the longitudinal direction, making the cells stiffer against longitudinal deformation [28,30].
In addition, a hexagonal prismatic wood cell is stiffer longitudinally (during compression)
and less stiff transversely (in radial and tangential directions) because the thin cell walls
bend [31]. The higher the density, the thicker the cell walls [9]. Therefore, density is an
essential factor in predicting the strength of the wood.
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5. Conclusions

• The greater the density of the wood, the highest Brinell hardness—and, at the same
time, its tendency to self-re-deformation (self-shallowing of an imprint after the re-
moval of the measuring force) is greater. The hardest tested wood species (beech)
shows a share of the permanent imprint depth in the total imprint depth (h/H) only
from 67 to 75%, while the wood with the lowest hardness (linden) from 82% to 88%.
The self-re-deformation ability is thus linked to the wood density: the harder the wood,
the smaller the share of the permanent imprint depth in the total imprint depth.

• The ability to self-re-deformation of all the tested wood species’ radial and tangential
cross-sections (R and T) depends on the wood density and the measuring force used.
In contrast, in the longitudinal cross-section (L), this ability only depends on the wood
density (the self-re-deformation ability is independent of the measuring force used).
This observation shows that the compaction of the cell structure during side compres-
sion is largely reversible (semi-destructive), while the longitudinal deformation of the
cell structure (the buckling of cell walls and fracture of ends of the cells) is irreversible
(destructive).
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