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Abstract. The production of modern wooden elements requires parts with much greater 

geometric accuracy and surface geometry (SG) precision than a few years ago. These requirements 
are met by so-called hybrid technologies, which must also be inexpensive to implement. The 
integration of processing procedures (usually in a single operation) is aimed at achieving a 
synergistic effect. The combination of different processes from different technologies provides 
synergy, i.e., advantages greater than the optimization of each individual process performed 
separately. This article presents experimental results and data from numerical experiments on the 
finishing of wooden elements. The hybrid technology used in the study was a combination of 
milling and finishing with lacquering. These processes were integrated on a multi-axis CNC 
machining center. The results show that milling across the grain produces more burrs on the wood 
surface than milling parallel to and against the grain. Plastic deformations of real surfaces were 
determined using simulations. The article also discusses the structure of the model and how it can 
be used for computer simulation using the finite element method (FEM). It has been proven that 
laser processing is more efficient than traditional manual processing. The aim of the study was to 
determine how to use the potentially developed hybrid processing model to predict surface 
characteristics expressed by amplitude, volume, and functional parameters of surface geometry. 

Keywords: CNC, milling machine, woodworking, design, microcontroller, hybrid processing, 
surface geometry, manufacturing platforms. 

 
1 ORCID: https://orcid.org/0009-0009-1032-3624 
Master of Rural Construction, 
Owner of Brilliant Cars Inc. 
e-mail: Dashkovskyileonid@gmail.com 



 

 
132 

GLOBAL	PROSPERITY	 2025	VOLUME	5	ISSUE	4	

Introduction	
Modern technology for manufacturing wooden elements is becoming increasingly 

integrated (one machine, several tools, short production times, and reduced costs). Scientific 
research and industrial practice focus on combining types of processing [1-3], including 
turning [4], milling [5], drilling, and thread cutting, using machining centers with forming 
processes such as grinding [6-8]. The main goal of the new technology is to meet the 
requirements for smoothness and strength of wooden surfaces [9]. Optimization of the 
technological parameters of turning [10] or milling [11] allows for satisfactory surface 
geometry (with low roughness and a useful Abbott-Fairstone curve). Given the predetermined 
accuracy, the main problems for the technologist are the efficiency and economics of 
woodworking production.  

In addition to the stress responsible for strength, the operational properties of the surface 
[12] also include a new set of additional requirements defined by designers and research and 
development specialists. A more common new requirement is a specified level of surface 
isotropy [13]. It is advantageous to prepare a surface with an isotropic geometric structure 
when the operating conditions have not been fully defined. An isotropic surface results in 
uniform wear of components during their use. Provided that the surface geometry has low 
roughness, an isotropic surface ensures uniform and high surface reflection in all areas, which 
is particularly important in modern industrial design [14]. The surface texture obtained using 
hybrid manufacturing methods largely depends on the kinematic-geometric conditions and 
technological parameters determined by the technologist. The surface of the finished product 
often has traces of the treatment applied to the finishing of wooden elements [15]. The 
processing of the remains of the last treatment creates a significant limitation for synergy in 
hybrid technological processes [16]. This article presents available digital manufacturing 
platforms for small woodworking businesses and discusses the role of DIY CNC in the 
development of craft design. 

Literature	Review	
Various studies have been conducted to analyze digital manufacturing platforms for small 

woodworking businesses using experimental, numerical, and analytical approaches. 
Rodriguez et al. [17] introduced an experimental and numerical approach to investigate 
surface properties, hardness, and residual stresses after the shot peening process. They found 
that the shot peening process significantly improves surface properties and residual stress 
values. El-Tawil and El-Aksir [18] conducted an experimental study based on response 
surface methodology to analyze the effect of smoothing speed, feed rate, number of passes, 
and smoothing force on the surface roughness and hardness of turned parts. Dispersion 
analysis showed that smoothing force and feed rate had the greatest impact on surface 
roughness and hardness. 

 Abd Rahman et al. [19] conducted an experimental study using Taguchi's experimental 
design to determine the effect of smoothing parameters on the surface properties of AISI 1010 
flat surfaces using a multi-ball tool. The results obtained from the variance analysis showed 
that the smoothing force had a significant effect on both hardness and surface roughness. 
Aviles et al. [20] investigated the effect of low-plasticity ball burnishing on the strength 
improvement of normalized AISI 1045 steel. Both untreated and blackened samples, polished 
with balls, were subjected to fatigue testing under rotary bending up to 3.25 × 106 cycles. It 
was shown that the strength of ball-treated samples improved by approximately 21.25% 
compared to untreated samples. Traveso-Rodriguez et al. [21] also integrated longitudinal 
vibration with a machining tool to improve the surface characteristics of G10380 steel. They 
analyzed the surface roughness, hardness, and residual stresses of the machined parts. The 
results showed that applying vibration to the machining tool significantly improved the 
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roughness of the machined surface, but less stable results were observed in terms of sample 
hardness and residual stresses.  

Revankar et al. [22] applied shot peening to round titanium bars. They investigated the 
surface roughness, hardness, wear resistance, and residual stresses of the treated wooden 
elements. They found that the use of shot peening significantly improves the relevant 
properties compared to turned samples. From the above observations, it can be seen that 
most of the research was based on experimental studies. However, theoretical studies are 
very useful for a better understanding of the mechanism of shot peening finishing of wooden 
elements and expanding its application. In this case, few studies have been conducted to 
analyze the equalizing forces or the mechanism of surface formation. 

Sharizam et al. [23] conducted an analytical study to predict the equalizing force after 
milling wooden elements. They used Hertz's elastic contact model to determine the equalizing 
depth threshold for elastic deformation. In turn, they obtained the pressing depth values for 
elastic-plastic and plastic deformation of wooden elements. The results obtained from their 
analytical model were in good agreement with the experimental results. Higemann et al. [24] 
developed a theoretical model for predicting the surface roughness of wooden elements and 
the pressure on the coated surface. They also used Hertz's contact theory with appropriate 
simplifications to include the influence of the alignment depth in the model. The results 
showed that the experimental results were consistent with the analytical approach. Tengku 
Sulaiman et al. [25] developed an analytical model based on the theory of micromechanical 
slip lines to correlate the relationship between surface roughness and alignment force in 
hybrid finishing methods for wooden elements. The model included the mechanical 
parameters of the material, the grinding force, the number of surfaces roughnesses over a 
given length, the surface roughness angle, and the geometric parameters of the grinding 
process, such as the ball diameter. Using this model, it is possible to predict the surface 
roughness of a sample after a single grinding and polishing process. 

Design	Objectives	and	Computer	Model	of	the	Polishing	Process	
Four common types of wood were selected and milled separately in three different 

directions. The mechanism of microburr formation was analyzed under different working 
conditions. An experimental platform for laser ablation was then created and used to remove 
burrs caused by milling on the four types of wood. The ablated surfaces were observed under 
a scanning electron microscope (SEM). Based on the observations, the interaction between 
the laser and surface burrs was investigated, and laser ablation burr removal was simulated 
on ABAQUS. On this basis, the authors discussed how various laser parameters affect laser 
ablation burr removal. 

To analyze changes in the structure of wooden elements obtained on CNC machines after 
hybrid processing, the finite element method (FEM) was used with a previously generated 
point cloud for the real surface (Figure 1). 

 
Figure 1 – Randomly selected profile used for polishing simulation. 
Source:	[17]	
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A randomly selected milled profile was set as a reference for the finite element method 
results (Fig. 2). After polishing, the profile was obtained in the same way as the milled surface 
profile. The selected parameters were determined for both profiles (Table 1). 

 
Figure 2. Randomly selected control profile obtained in experimental studies after milling. 
Table 1 - Material balance parameters — roughness profile 

Title 
 

Parameter 
description 
 

Context 
 

Unit 
 

After Milling 
 

After Polishing 
parameters 

Rmr Relative 
material 
balance of 
roughness 
profile 

c = 1 µm 
below 
the highest 
peak, 
Gaussian 
filter, 0.8 mm 

% 35.90 81.50 

Rdc Difference in 
roughness 
heights of 
profile parts 

p = 20%, 
q = 80%, 
Gaussian 
filter, 
0.8 mm 

µm 2.36 0.66 

Milling with ball cutters leaves marks, with the feed per revolution and the diameter of 
the ball cutter being the dominant factors in roughness. Grinding smooths out the marks. 
Preliminary numerical simulations [18] demonstrated in a sensitivity analysis that a mesh 
size of less than 50 µm does not significantly affect the plastic deformation and residual 
stresses of milled and ground surfaces. Therefore, considering the hardware limitations of the 
physical model developed using Nastran FX, a mesh gap size of 20 μm was used for a single 
finite element. 

 
Figure 3. Surface polishing model developed in the finite element model (FEM) 

environment. 
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Changes in roughness were observed in the selected profile of the milled surface in the 
physical model. The changes visible in Figure 3 are the result of changing the measuring grid 
(2 × 2 μm) to a FEM × 20 μm grid. The samples used in the experiments were 0.4 mm wide 
and 2 mm long. The simulated physical object resembled a pyramid with a cut-off top. It had a 
height of 10 mm, a base width of 1 mm, and a length of 25 mm (Figure 4). Nonlinearity was 
attributed to the sample material to account for residual stresses resulting from previous 
milling. 

 
Figure 4. Sample prepared for Nastran FX modeling. 
Results of Experimental Studies 
The results show that milling across the grain results in more burrs on the wood surface 

than milling parallel to and against the grain. Due to hardware limitations and high computing 
power requirements in numerical studies, the selected segment of the actual milled surface 
was only 1.5 mm long. Therefore, only the unfiltered P-parameters of the profile were 
calculated in accordance with EN-ISO 4287 (Figure 5). The value of the Pa parameter can be 
easily interpreted by analogy with the Ra parameter (arithmetic mean deviation of the 
unfiltered profile). 

 
Figure 5. Plastic deformation of the sample after one pass of the polishing tool with a 

force of 500 N.  
Source:	[24]	
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The greatest deformations were observed near the “sharp” peaks. Deformations of the 
peaks caused by the force acting on the CNC machine tool in the normal and tangential 
directions to the surface led to uniform filling of the gaps across the entire area. In this 
particular case, polishing the surface peaks led to plastic “filling” of the profile. The trend 
observed in the numerical study was also confirmed in the experiment (Figure 6). 

 
Figure 6. The graphs show the surface profile after milling, the permanent deformation in 

the tested profile, and the final profile after grinding with a force of 500 N. 
 
Small differences (less than 10%) between experimental and numerical results were 

observed only for the parameters most commonly used in engineering: Pa and Pq (Figure 7). 
Similarly, a small difference was observed in the filtered profile for the roughness parameter 
Ra. The values of the 2D SG parameters depended on all points in the set formed by the 
profile, the variability of which was constant (for Pa) or root mean square (for Pq) relative to 
the defined arithmetic mean value. 

 
Figure 7. Changes in the parameters of a two-dimensional layered material (2D SG) in the 

roughness profile (profile filtered in accordance with EN-ISO 4287). 
Source:	[25]	
 
The degree of agreement between the experimental model and the experimental results 

for the unfiltered parameters of the Pt and Pz profile amplitudes was poorer. In this case, the 
coordinates of individual points were decisive in terms of their values. The extreme 
displacement of individual points on the surface decreased with an increase in the size of the 
FEM grid gap (decrease in the resolution of the FEM model). Similarly, significant differences 
were observed for the 2D SG parameters that determined the distribution of the profile 
ordinates, including Psk asymmetry and Pku excess. The observed asymmetry of the 
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distribution of unfiltered profile points and the concentration of points around the mean 
value were greater in the experimental study. This was due to the very high resolution of the 
profilometer used in the study. The observed direction of changes in surface character after 
the use of hybrid technology was consistent. 

Conclusions	
The developed finite element model (FEM) allowed us to satisfactorily determine the 

parameters Rmr and Rdc of the core ratio of the material. Values based on the distribution of 
profile ordinates given by the Abbott-Fairstone curve are often used by technologists to 
determine the required tribological properties of a product surface. 

To determine the parameters of the material core, the extreme points at the peaks and 
troughs of the profile are discarded. Based on a comparison of numerical research data and 
empirical experimental data, the following conclusions can be drawn. Due to hardware and 
software limitations, only one grinding pass was simulated in the initial study. That is why the 
results of residual surface deformation obtained in the numerical experiment and the 
experimental study differed slightly. The origin of the observed differences lay in the spread 
of residual deformation and stress beyond the zone of direct contact between the workpiece 
and the grinding tool. In practical terms, this means that each subsequent grinding pass took 
place on a surface that had already been ground. 
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