SWorldJournal Issue 34 /Part 1 (X5

https://www.sworldjournal.com/index.php/swj/article/view/swj34-01-133

DOI: 10.30888/2663-5712.2025-34-01-133
INTELLIGENT OPTIMIZATION OF TOOL PATHS TO ACCELERATE

THE PRODUCTION OF 3D WOOD DECOR ON CNC MACHINES

Leonid Dashkovskyi

ORCID: https://orcid.org/0009-0009-1032-3624
Master of Rural Construction,

Owner of Brilliant Cars Inc.

Abstract. Guided by the ‘“technology promotion platform,” manufacturers often prioritize
product identity over universal design. However, the transition to standardization does not promote
user autonomy but reduces costs. This approach allows for the optimization of tool trajectories in
CNC woodworking operations to accelerate the production of 3D decor. The thickness of the wood
sheet cannot exceed 15 mm. Wood cubes were used as raw material to create a conceptual prototype
that can be used in the future for built-in furniture.

The main goal of the proposed study is to revolutionize and intelligently optimize tool
trajectories, solving traditional problems of accelerating the production of 3D wood decor on CNC
machines. The proposed method eliminates the need for adhesives, simplifying assembly and
increasing structural integrity using CNC machines. Designers optimize bricks using CAD and FEA
analysis, which facilitates rapid prototyping without glue. The focus on finite element analysis of
mechanical properties, 3D cross-section, tool and material selection ensures the creation of
functional prototypes. Key parameters, including finite element analysis of mechanical properties,
slicing of a virtual 3D model into layers corresponding to brick thickness, and selection of
appropriate tools and materials, are critical to achieving the desired results. By applying this
approach, manufacturers can simplify production processes, reduce material waste, and increase
product adaptability, which ultimately contributes to user autonomy and cost reduction.

Keywords: 3D decor, solid materials, manufacturing process, CNC machine, pins, finite
element analysis.

Introduction

The trend toward ready-to-assemble furniture is rapidly spreading in global
manufacturing, significantly impacting both customers and manufacturers. Prototyping
methods such as injection molding, metal casting, and additive manufacturing of 3D
wood decorations play a crucial role in reducing production time and accommodating
complex designs [1].

Reverse engineering methods create 3D CAD models from existing objects,
facilitating the efficient production of complex shapes and surfaces. They are crucial
for design modifications, re-engineering, or troubleshooting [2-3]. Finite element
analysis (FEA) further supports the verification of the structural integrity of these
models by simulating forces and ensuring compliance with safety criteria prior to
prototyping [4]. Rapid prototyping (RP) technologies, such as fused deposition
modeling (FDM) and laminated object manufacturing (LOM), enable rapid layer-by-
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layer prototyping from 3D CAD models [5]. Although these processes are efﬁcienf,

they are often more expensive, making them suitable for unique applications with low

production volumes. Solution analysis helps in selecting the most appropriate RP

process based on cost, considering factors such as material and equipment costs [6—8].
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Figure 1 - Modeling of the force applied by a CNC machine to a wooden surface

Source: developed by the author based on [11]

In this study, CNC machines are used to make prototypes, which are commonly

used in woodworking and decorative applications. By converting 3D virtual models

into tool paths, the CNC milling machine precisely cuts materials, ensuring high-

quality surface finishing. Incorporating user-friendly concepts into product design

stimulates innovation and reduces design barriers [9]. Excessive investment in

prototypes through trial and error can lead to reduced customer satisfaction due to a

“technology push” approach [10]. Conversely, standardizing parts using a universal
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design platform promotes independent manufacturing of solutions, reducing costs and
time while increasing product development efficiency. Thanks to CAD and CAM
integration, machine operators can preview tool paths, fine-tune cutting parameters,
and avoid costly mistakes before running the actual machine.

Research Results

Once an accurate 3D model has been created, CNC machines can be used to cut
complex shapes out of wood, stone, or other materials, often used to create exact
replicas of original components. The figure above shows that the von Mises stress
around the fracture site was approximately 47.953 MPa, which exceeds the yield
strength of the material (45,000 MPa). 3D trajectories include the movement of the Z-
axis during the cutting process. The tool moves along a trajectory that bends and
changes depth as needed. These trajectories are necessary for machining complex
geometries. CAM software creates a triangular mesh of the workpiece to generate the
3D tool trajectory. To demonstrate the proposed approach, a sheet of wood was
selected as the raw material, which was machined using a CNC machine based on the
developed cutting conditions. Table 3 shows cutting heads made of different materials,

and high-speed steel was selected for the study [12—13].

Table 1 — Permissible cutting speeds for various tool materials

Tool material Year of first use | Permissible cutting speed for wood
m/min ft/min
Ordinary carbon tool steel 1800 Below 10 Below 30
High-speed steel 1900 25-65 75-200
Cast cobalt alloys 1915 50-200 150-600
Ceramics (Al203) 1955
Coated carbides 1970

Source: developed by the author based on [14]

Due to the height of the cutting head groove (as shown in Fig. 2), the thickness of
the wood sheet cannot exceed 15 mm. Wood cubes were used as raw material to create

a conceptual prototype that can be used in the future for built-in furniture (Fig. 3).
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Figure 2 — A) Sketching the geometric shapes of the prototype, B) Cutting tool
materials with their permissible cutting speeds, C) Previewing all tool

trajectories before cutting the prototype

Source: developed by the author based on [15-17]

Modern CNC machines use additional axes to further refine tool movements.
CNC operators use 4- and 5-axis tool paths when working with complex parts that
require rotation around one or more axes. These tool paths allow for the machining of
undercuts and complex curves that cannot be achieved with simpler 2D or 3D tool
paths. Classic CAM systems (such as Fusion 360 and ArtCAM) use standard trajectory
generation (Table 2). Path optimization can reduce processing time by 30—-50% without
compromising quality.

Unlike geometry reconstruction, texture reconstruction of 3D objects has received
less attention. Previous work has explored this topic by studying color 3D
reconstruction on voxels or point clouds [20-21] based on appearance synthesis and

multi-view geometry. Recent approaches have alternatively studied 2D texture atlases
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(UV mapping) for 3D meshes to map a point on a manifold to a pixel in a texture atlas.
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Figure 3 — A) Loading and editing G-code in CNC software, B) Setting the

cutting head along the x and y axes to zero — the starting point

Source: developed by the author based on [18-19]

Table 2 - Key parameters of the CNC tool trajectory

Parameter Meaning Importance
Cutting speed How fast the tool rotates (rpm or Affects heating, wear, and

SFM) processing

Feed rate How fast the tool moves across the Balance between time and tool

material life
Entry/exit strategy How the tool starts and ends cutting | Affects tool life and marks on

the surface

Tool engagement angle How much the edge of the tool Helps maintain constant load on

touches the material the tool

Source: developed by the author based on [20]
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These methods mainly use differential rendering to transform the problem into an
unobservable view synthesis problem. The created 3D repositories can support high-
quality texture restoration studies. The applied 3D-FUTURE provides furniture shapes
with informative textures. We applied two basic models for texture synthesis, Texture
Fields and the BicycleGAN++ method.

To support the proposed concept of using CNC machines to reduce wood
processing time, several prototypes were developed, manufactured on real models
(ornaments, bas-reliefs) taking into account the direction of the wood fibers. These
prototypes are scaled approximately 1:20 relative to the actual product. In CAM
systems (such as Fusion 360, ArtCAM) using standard trajectory generation, the
performance of CNC machines in cutting small-diameter figures and geometric shapes
resembling a “Lego-like construction” that is both compact and complex was

evaluated.

Figure 4 — A) Tool paths for milling on a CNC machine, generated in CAM

software, B) Railing element milled on a CNC machine

Source: developed by the author based on [21-23]
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After refining the 3D model, the process moved on to physically reproducing the
elements using CNC milling, which is provided by ArtCAM software. Fully integrated
with the CAM system, tool paths were created based on the optimized digital model
(Figure 4). These tool paths determined the movements of the CNC machine's milling
tools, directing them to reproduce the complex details and shapes of the original
Baroque patterns. Milling on a CNC machine was particularly effective in reproducing
repetitive decorative motifs with high precision, which is an important feature for
elements such as balusters or floral patterns that must fit together perfectly. Figure 4
shows examples of ornamentation and bas-relief applied to wooden railings. Using
CNC machines with this innovative method, a deeper interpretation was achieved. In
particular, the prototypes demonstrate innovative designs, providing a deeper
understanding of the capabilities of CNC machines in processing complex details and
smaller components. An analysis of the CNC machine's performance in generating

trajectories is shown in Table 3.

Table 3 — Comparison of processing time and material consumption with and

without adaptive modeling strategies in CAM systems and on CNC machines

Parameters Method
CAM systems Without prior modeling
Setup time 40 minutes 20 minutes
Processing time (all components) 76 minutes 254 minutes
Use of material 116 minutes 280 minutes
Use of supplementary material 6 minutes

Source: developed by the author based on [24]

Digital tools offer significant advantages for large-scale projects, but manual
craftsmanship remains indispensable for unique, complex elements.

Conclusions

Well-designed tool paths are the basis for efficient and accurate CNC machining.

The types of tool paths, key parameters, and optimization strategies that will reduce
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cycle time, extend tool life, and achieve better surface finish were discussed. Complex
3D decorative shapes on wood were obtained and designed by optimizing the tool path

and adjusting the cutting head along the x and y axes to zero.

References

1. O. A. Eftekhari and R. B. Young, “Consumers’ preferences and willingness to
pay for ready-toassemble furniture,” J. Consum. Mark., vol. 34, no. 6, pp. 565-575,
Aug. 2017.

2. K. Wirmefjord, R. Soderberg, L. Lindkvist, and A. Dagman, ‘“Non-rigid
variation simulation for readyto-assemble furniture,” in American Society of
Mechanical Engineers (ASME), vol. 2B-2019, doi: 10.1115/IMECE2019-10285.

3. F. D. Frumosu, G. ©. Rensch, and M. Kulahci, “Mould wear-out prediction in
the plastic injection moulding industry: a case study,” Int. J. Comput. Integ. M., vol.
33, no. 12, pp. 1245-1258, Oct. 2020, doi: 10.1080/0951192X.2020.1829062.

4. M. R. Khosravani and S. Nasiri, “Injection molding manufacturing process:
Review of case-based reasoning applications,” J. Intell. Manuf., vol. 31, pp. 847-864,
2020, doi: 10.1007/s10845-019-01481-0.

5. D. S. Wang, S. Li, Y. P. Zhang, B. Liu, L. Gu, L. Zhang, W. Jiang, and J.
Wallenius, “Finite element analysis of the main reactor vessel in the China initiative
accelerator driven system,” Eng. Fail. Anal., vol. 146, no. 5, Apr. 2023, doi:
10.1016/j.engfailanal.2023.107121.

6. C. Bermudo Gamboa, S. Martin Béjar, F. J. Trujillo Vilches, and L. Sevilla
Hurtado, “Geometrical analysis in material extrusion process with polylactic acid
(PLA) + carbon fiber,” Rapid Prototyp. J., vol. 29, no. 11, pp. 21-29, Dec. 2023, doi:
10.1108/RPJ-09- 2022-0294.

7. G. Guerrero-Vacas, J. Gomez-Castillo, and O. Rodriguez-Alabanda,
“Manufacture of thermoplastic molds by fused filament fabrication 3D printing for
rapid prototyping of polyurethane foam molded products,” Rapid Prototyp. J., vol. 30,
no. 11, pp. 32-49, Jan. 2024, doi: 10.1108/RPJ-03-2023-0085.

8. S. M. Kennedy, K. R. Amudhan, J. R. Robert, A. Vasanthanathan, and A. V.

ISSN 2663-5712 133 www.sworldjournal.com



¥

PR
SWorldJournal Issue 34 / Part 1 \'é}p

M. Pandian, “Experimental and finite element analysis on the effect of pores on bio-
printed polycaprolactone bone scaffolds,” Bioprinting, vol. 34, p. €00301, Oct. 2023,
doi: 10.1016/5.bprint.2023.e00301.

9. R. Winarso, P. W. Anggoro, R. 1., J. Jamari, and A. P. Bayuseno, “Application
of fused deposition modeling (FDM) on bone scaffold manufacturing process: A
review,” Heliyon, wvol. 8, mno. 11, p. ell1701, Nov. 2022, doi:
10.1016/j.heliyon.2022.e11701.

10. S. M. Kennedy, R. B. J. Robert, P. Seenikannan, V. Arunachalam, and K.
Amudhan, “An investigation on mechanical properties of 3D pen fused zones for
additive manufactured parts,” Eng. Solid Mech., vol. 11, no. 3, pp. 263-270, Mar. 2023,
doi: 10.5267/j.esm.2023.3.003.

11. U. Hofmann, M. Fankhauser, S. Willen, D. Inniger, C. Klahn, K. Loffel, and
M. Meboldt, “Design of an additively manufactured hydraulic directional spool valve:
an industrial case study,” Virtual Phys. Prototyp., vol. 18, no. 1, doi:
10.1080/17452759.2022.2129699.

12. O. Habbal, A. Farhat, R. Khalil, and C. Pannier, “Application of fused
filament fabrication 3D printing and molding to produce flexible, scaled neuron
morphology models,” Rapid Prototyp. J., vol. 30, no. 11, pp. 192-204, Jul. 2024, doi:
10.1108/RPJ10-2023-0378.

13. M. Soori, B. Arezoo, and R. Dastres, “Machine learning and artificial
intelligence in CNC machine tools: A review,” Sustainable Manufacturing and Service
Economics (SMSE), vol. 2, p. 100009, Apr. 2023, doi: 10.1016/j.smse.2023.100009.

14. K. Satyanarayana, V. Kumar, R. Rathod, M. Shafi, S. Chary, A. Alkhayyat,
and M. Khanduja, “Optimization of machining parameters of CNC milling operation
for material removal rate and surface roughness on En-24 steel using Taguchi method,”
E3S Web Conf., 2023, pp. 01011, doi: 10.1051/e3scont/202339101011.

15. F. Tehranizadeh, K. Rahimzadeh Berenji, and E. Budak, “Dynamics and
chatter stability of crest-cut end mills,” Int. J. Mach. Tools Manuf., vol. 171, p. 103813,
2021, doi: 10.1016/j.iyjmachtools.2021.103813.

16. Y. Zhang, L. Tatarintseva, T. Clewlow, E. Clark, G. Botsford, and K. Shea,

ISSN 2663-5712 134 www.sworldjournal.com



¥

PR
SWorldJournal Issue 34 / Part 1 \"é}p

“A template design and automated parametric model for sustainable corbel dwellings
with interlocking blocks,” Developments in the Built Environment, vol. 14, no. 2, p.
100148, Mar. 2023, doi: 10.1016/j.dibe.2023.100148.

17. N. S. A. Asman, N. Bolong, A. K. Mirasa, and H. Asrah, “Life cycle
assessment of interlocking compressed earth brick and conventional fired clay brick
for residential house,” J. Phys. Conf. Ser., vol. 1529, no. 4, p. 042012, Apr. 2020.

18. R. Safi, “What consumers think about product selfassembly: Insights from big
data,” J. Bus. Res., vol. 153, pp. 341-354, 2022, doi: 10.1016/].jbusres.2022.08.003.

19. T. Mehtab, M. A. Kamal, and S. Farooq, “Analysis of ready-to-assemble
(RTA) furniture with reference to metropolitan cities in India,” Archit. Eng., vol. 3, pp.
160-170, 2022, doi: 10.32629/aes.v313.1005.

20. A. Mateja, “Usability research of an online store using eye tracking: A
comparison of product specification formats,” Procedia Comput. Sci., vol. 225, pp.
3233-3242,2023.

21. OPPEIN, “Advantages of choosing RTA (Ready-toAssemble) cabinets for
wholesalers,” Cabinet Insights Blog. Accessed: Apr. 15, 2023. [Online]. Available:
https://shorturl.at/oMT27.

22. K. Ninikas, J. Kechagias, and K. Salonitis, “The impact of process parameters
on surface roughness and dimensional accuracy during CO2 laser cutting of PMMA
thin sheets,” J. Manu. Mater., vol. 5, no. 3, pp. 74, Jul. 2021, doi:
10.3390/jmmp5030074

23. H. Pelit, M. Korkmaz, and M. Budakci, “Surface roughness of thermally
treated wood cut with different parameters in CNC router machine,” Biores., vol. 16,
no. 3, pp. 5133-5147, May 2021, doi: 10.15376/biores.16.3.5133-5147.

24. Bhattacharjee, D., Nag, S., Deb, S., 2023. Deployment of fractals through
CNC devices. Procedia Comput. Sci. 218, 2541-2549. https://doi.org/10.1016/;.
procs.2023.01.228.

ISSN 2663-5712 135 www.sworldjournal.com


https://shorturl.at/oMT27

