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A B S T R A C T

Introduction. Machining of thin-walled parts represents one of the most challenging problems in modern mechanical 
engineering, particularly in the aerospace industry, precision instrumentation, and other high-technology sectors where 
requirements for geometric accuracy are critical. The low bending stiffness of such structures causes extreme sensitivity to the 
forces arising during machining: elastic deformations induced by the combined action of cutting forces and clamping forces 
lead to significant deviations from specified dimensions and shape, constituting one of the primary causes of manufacturing 
defects. Conventional methods of cutting parameter selection, based on reference data and operator experience, do not 
provide the capabilities for quantitative prediction of thin-walled workpiece deformation behavior and fail to account for the 
specifics of their deformation behavior. This problem is particularly relevant in the context of developing next-generation 
hybrid machine tools integrating mechanical and surface-thermal technological operations, where scientifically based 
selection of machining parameters is an essential condition for ensuring the required product quality. The purpose of the 
present work is to develop, implement in software, and comprehensively verify an intelligent decision support system (DSS) 
prototype designed for the scientifically based selection of optimal turning parameters to minimize elastic deformation 
of thin-walled parts as an integral component of a design methodology for hybrid metal-cutting systems. Research 
methods. The system is based on an analytical mathematical model establishing the functional relationship between 
cutting parameters, the resultant cutting force, and the elastic deflection of the workpiece, calculated using the cantilever 
beam model. An iterative multi-parameter optimization algorithm with the objective function of minimizing maximum 
deflection was implemented. Verification of system effectiveness was conducted on two representative thin-walled parts –  
a bushing made of steel 45 and a ring made of AK9ch aluminum alloy – through comprehensive simulation that included: 
verification of process technological feasibility in the SprutCAM CAM system and evaluation of deformation fields via 
static finite element analysis in the ANSYS Mechanical CAE system. Results and discussion. Application of the developed 
DSS provided a significant reduction in force exerted on the workpiece: the tangential cutting force component decreased 
by a factor of 2.1 for the steel bushing and by a factor of 10.8 for the aluminum ring. Finite element analysis confirmed  
a reduction in maximum elastic deformation of 72.3% (from 0.0602 to 0.0167 mm) for the steel bushing and of 87.9% (from 
0.0422 to 0.0051 mm) for the aluminum ring. A key technological result is that deformation values after optimization do 
not exceed the design tolerances for cylindricity. SprutCAM simulation confirmed the complete technological feasibility  
of the machining processes. The obtained results demonstrate the prospects of integrating intelligent decision-making 
systems into the design methodology of hybrid machine tools to enhance the competitiveness of the domestic machine tool 
industry.
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Introduction

Thin-walled parts, characterized by a diameter-to-wall-thickness ratio exceeding 15, are key structural 
elements in the aerospace industry, precision instrumentation, power engineering, and other knowledge-
intensive sectors that impose critical requirements on weight reduction while simultaneously ensuring high 
geometric accuracy [1–3]. The widespread use of such parts in modern structures is driven by the trend 
toward lighter and more functional products; however, their manufacture entails considerable technological 
challenges governed by the fundamental specifics of the mechanical behavior of these structures.

The principal problem in the machining of thin-walled parts is their extremely low bending stiffness, 
which causes pronounced sensitivity to external force effects [4, 5]. During turning, the workpiece is sub-
jected to the simultaneous action of several groups of force factors: cutting forces generated by the tool dur-
ing surface formation, clamping forces exerted by the workholding fixtures, and, in certain cases, inertial 
forces due to workpiece rotation. The combined action of these factors gives rise to elastic deformations 
that may exceed the permissible deviations in form and dimensions specified in the design documentation 
[6, 7]. This results in a high rate of manufacturing rejects, an increased number of finishing operations, and, 
ultimately, a significant increase in production costs.

Conventional methods of cutting parameter assignment, based on reference standards and the empirical 
experience of process engineers, were developed for machining rigid workpieces and do not account for the 
deformation behavior of thin-walled structures [8, 9]. These methods operate with productivity and tool life 
criteria but do not incorporate an assessment of the workpiece deformation response, which fundamentally 
limits their applicability to the class of parts under consideration. Moreover, the very process of clamping a 
thin-walled workpiece in a jaw chuck introduces an initial deformation whose shape and magnitude are deter-
mined by the design of the clamping device, the number of jaws, and the force application scheme [10, 11].

The aforementioned problem assumes particular significance in the context of the growing demand of 
the modern machine tool manufacturing industry for the development of next-generation hybrid machine 
tools that integrate mechanical and surface-thermal technological operations [12–33]. Contemporary re-
quirements for accuracy, productivity, automation, and adaptability of process equipment under condi-
tions of production digitalization and implementation of the Industry 4.0 concept necessitate the creation 
of methodological approaches that ensure optimization of both preliminary design studies and the actual 
design process for competitive hybrid metalworking systems [34, 35]. Given the increasing structural com-
plexity of machined parts, the growing demand for multifunctional equipment, and the objective shortening 
of production cycles, it becomes imperative to integrate advanced technologies – surface-thermal treat-
ment, robotics, and digital control — into machine tool systems [36, 37]. However, existing methodological 
approaches to design frequently fail to account for the multitasking nature of such systems, the complexity 
of their development at the preliminary design stage, and the need to ensure modularity and flexibility of 
the configuration [38].

The fragmented application of different machining technologies leads to an increase in the number of 
operations and workpiece refixturing, an increase in time and material costs, an accumulation of locating 
errors, and, consequently, a reduction in machining accuracy [39]. For instance, in the conventional 
organization of a manufacturing process that includes mechanical machining and surface-thermal hardening 
operations performed on separate equipment, material deformations during thermal exposure and refixturing 
errors necessitate increased inter-operational allowances reaching 30–40% of the specified depth of the 
hardened layer [40]. Therefore, the development of a comprehensive approach to the design of hybrid 
systems, combining modern principles of automation, digital modeling, and machining parameter prediction, 
constitutes a pressing scientific and practical challenge whose resolution is of strategic importance for 
enhancing the competitiveness of the domestic machine tool industry.

One of the key elements in the design methodology for hybrid equipment is the creation of intelligent 
tools that provide scientifically substantiated assignment of technological machining parameters, taking into 
account the specifics of particular part types and their manufacturing conditions. With respect to thin-walled 
parts, this implies the need for systems capable of quantitatively predicting the workpiece deformation 
response and directionally optimizing machining parameters to minimize geometric distortions.
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In recent decades, numerical and algorithmic methods have been actively developed to address the 
problem of deformation control during machining of thin-walled parts. Simulation of the machining 
process using the finite element method (FEM) in CAE systems such as ANSYS and ABAQUS enables 
detailed analysis of stress and strain fields, providing valuable information for process adjustment [41, 
42]. A number of researchers [43, 44] have demonstrated the effectiveness of finite element modeling for 
predicting thermomechanical deformations during machining of thin-walled parts made from aluminum 
and titanium alloys. However, a full-scale FEM analysis requires substantial computational resources 
and specialized expertise, which significantly constrains the possibilities of its operational use under the 
conditions of manufacturing process planning.

An alternative research direction involves the application of mathematical optimization algorithms – 
genetic algorithms, swarm intelligence methods, and simulated annealing algorithms – to search for optimal 
combinations of cutting parameters [45–47]. The effectiveness of these methods has been demonstrated for 
solving multi-criteria technological optimization problems, including the simultaneous minimization of 
surface roughness and maximization of machining productivity. Nevertheless, metaheuristic algorithms 
often operate on a “black-box” principle, failing to provide the user with a transparent and physically 
interpretable justification for the proposed solutions [48]. This circumstance diminishes the level of 
confidence in the generated recommendations on the part of process engineering personnel and impedes the 
practical deployment of such systems.

Several researchers have attempted to develop comprehensive decision support systems for process 
engineering that integrate physical process models with optimization algorithms. In [49], an architecture 
for an expert system for the selection of machining conditions based on production rules was proposed; 
however, the static nature of the knowledge base limits the system’s adaptability. Studies [50, 51] 
demonstrated the potential of neural network models for predicting force parameters and deformations 
during machining; however, the requirements for large training datasets and the non-interpretability of 
results remain significant limitations.

Thus, the analysis of the current state of the scientific problem reveals the need for a hybrid intelligent 
tool that would combine the computational speed of analytical calculations, the transparency of a physics-
based mathematical model, the purposefulness of algorithmic optimization, and the possibility of rigorous 
verification of results by numerical modeling. Such a tool, on the one hand, addresses a specific technological 
challenge – optimization of machining parameters for thin-walled parts – and, on the other hand, forms an 
element of an intelligent subsystem suitable for integration into hybrid machine tool equipment implementing 
the concept of digital manufacturing.

The present study continues and substantially extends the ideas established in the earlier work by 
Zhargalova A.D. and Eremeykin P.A. [52], devoted to the conceptual architecture of a software system for the 
selection of rational turning parameters for thin-walled parts. The preceding research was primarily focused 
on the formulation of a system architecture based on production rules and the development of a modular 
concept that laid the methodological foundation for this research direction. The present work achieves a 
significant advancement in several directions: at the theoretical level, an analytical mechanical model based 
on cantilever beam theory has been constructed, establishing a quantitative functional relationship between 
cutting parameters and the elastic deformation of the workpiece; at the algorithmic level, an iterative multi-
parameter optimization algorithm with a clearly defined parameter adjustment strategy and convergence 
criteria has been developed and implemented; at the software implementation level, a fully functional 
prototype of a web-based system has been created, integrating a knowledge base on materials and tools, 
a computational engine, and an optimization module; at the verification level, a cross-platform validation 
strategy has been implemented, combining CAM simulation of the manufacturing process and static finite 
element analysis of deformations.

The purpose of this work is the algorithmic implementation and comprehensive computational 
verification of an intelligent decision support system prototype for the scientifically substantiated selection 
of optimal turning parameters for thin-walled parts, considered as a constituent element of the design 
methodology for hybrid metalworking systems.
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To achieve the stated purpose, the following objectives were addressed:
– formulation of an analytical mathematical model establishing the functional relationship between 

cutting parameters and elastic deformation of a thin-walled workpiece;
– development and software implementation of an iterative multi-parameter optimization algorithm for 

cutting parameters with an objective function targeting minimization of maximum deflection;
– creation of a prototype web-based DSS with a graphical user interface; verification of system 

effectiveness through CAM simulation of the manufacturing process and static finite element analysis of 
deformations for representative thin-walled parts made from structural materials.

Methods

Mathematical model of the thin-walled workpiece deformation response

The accuracy of surface generation during turning of thin-walled parts is largely governed by the 
magnitude of the radial cutting force component Fy, which induces bending deflection of the workpiece 
in the direction normal to the machined surface [53]. For quantitative assessment of this deformation, the 
developed system employs a simplified yet physically grounded cantilever beam model that analytically 
relates the cutting parameters to the geometric outcome of machining.

Calculation of the force parameters of the cutting process is performed on the basis of classical empirical 
relationships adapted for the analysis of the deformation response [54, 55]. The tangential (principal) cutting 
force component Fz is determined by:

	 f
x y n

z p rF C t s V K= ⋅ ⋅ ⋅ ⋅ ,	 (1)

where t is the depth of cut (mm); s is the feed rate (mm/rev); V is the cutting speed (m/min); Cp, x, y, n are 
empirical coefficients determined by the properties of the workpiece material, tool geometry, and machin-
ing conditions; 

Kfr is a correction factor accounting for the actual mechanical properties of the workpiece material.
The radial Fy and axial Fx cutting force components are determined through established proportional 

relationships with the tangential component [56]:

	 0.35 zxF F≈ ⋅ ,	 (2)

	 0.45 zyF F≈ ⋅ .	 (3)

The specific values of the proportionality coefficients are determined by the machining conditions and 
tool geometry and are stored in the system’s knowledge base.

Prediction of the maximum elastic deflection δmax of the thin-walled workpiece, modeled as a cantilever 
beam clamped at the chuck end, is performed using the formula:

3

3
y
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F L

E I

⋅
δ =

⋅ ⋅
,

where L is the design length of the cantilevered workpiece section (mm); E is the elastic modulus of the 
material (MPa); I is the second moment of area of the cross-section (mm4).

For the annular cross-section characteristic of the class of parts under consideration, the second moment 
of area is given by:

4 4( ),
64

I D d
π

= ⋅ −

where D is the outer diameter of the workpiece; d is the inner diameter of the workpiece.
Despite the simplifying assumptions (neglecting rotational motion of the workpiece, non-uniformity 

of load distribution along the machining length, and dynamic effects), this model provides an adequate 
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estimate of the order of magnitude of the deformation and its dependence on the process parameters, as 
confirmed by extensive experimental data [57, 58]. A fundamental advantage of the analytical model is its 
minimal computation time, enabling its deployment within the iterative optimization algorithm in real time.

Architecture of the intelligent system

The developed intelligent DSS is implemented as a modular architecture, the schematic diagram of 
which is presented in Fig. 1. The system comprises four principal functional blocks: a knowledge base on 
materials and tools, a calculation module, an optimization module, and a web-based user interface.

The knowledge base contains structured information on empirical coefficients for cutting force calculation, 
physical and mechanical properties of structural materials (elastic modulus, ultimate tensile strength, yield 

Fig. 1. Component architecture of the 
intelligent decision support system

strength, hardness), characteristics of cutting tools, and reference recommendations for assignment of initial 
machining parameters. The calculation module implements the computational procedures for determining 
force parameters and the deformation response in accordance with the described mathematical model.

The modular architecture of the system is fully consistent with the design principles for hybrid 
machine tool equipment, which presuppose flexibility of design solutions, adaptability to a wide range of 
manufacturing tasks, and the possibility of functional upgrading. In the future, this system can be integrated 
as a control software module within the digital subsystem of a hybrid machine tool complex, providing 
adaptive assignment of machining parameters with due consideration of the actual workpiece condition and 
current machining environment.

Iterative optimization algorithm

The core of the system is an iterative multi-parameter optimization algorithm whose objective is to 
determine the set of parameters V, s, t that minimizes the objective function δmax while simultaneously 
satisfying the technological constraints on the permissible ranges of machining parameters. The flowchart 
of the algorithm is presented in Fig. 2.

The algorithm commences by assigning initial (starting) cutting parameters based on reference standards 
[59] stored in the system’s knowledge base. For this set of parameters, the force characteristics of the process 
and the predicted workpiece deformation are calculated in accordance with the described mathematical 
model. Subsequently, the admissibility condition is verified:

,δ ≤ δmax admissibility
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Fig. 2. Flowchart of the intelligent system’s 
algorithm

where δadmissibility is the permissible deformation derived from the design tolerance on the form (cylindricity) 
of the machined part.

If this condition is not satisfied, the algorithm proceeds to the stage of iterative parameter adjustment 
aimed at reducing the radial cutting force component Fy. The adjustment strategy is based on a sensitivity 
analysis of the objective function with respect to each of the controlled parameters. As follows from 
the empirical cutting force formula, the depth of cut t enters the expression with the highest exponent x 
(typical values x = 1.0 … 1.2), which determines its dominant influence on the magnitude of the force 
effect. Accordingly, reducing the depth of cut constitutes the most effective control lever. The algorithm 
implements a sequential reduction of t and s with a concurrent minor adjustment of V until the admissibility 
criterion δmax ≤ δadmissibility is satisfied.

The physical rationale of the optimization strategy consists in transitioning to so-called “gentle” cutting 
regimes [60], characterized by reduced instantaneous force loading on the workpiece while maintaining the 
technological feasibility of the process. This approach finds a direct analogy with the task of optimizing 
process parameters in hybrid machining systems, where harmonization of the mechanical and surface-
thermal treatment conditions is required to ensure the desired product characteristics [61].

User interface structure

To ensure convenient interaction between the process engineer and the developed system, an intuitive 
web-based interface has been created using modern front-end technologies (HTML5, CSS3, JavaScript) 
in conjunction with a server-side component built on the Flask (Python) microframework. The interface 
structure is presented in Fig. 3.

The interface is logically divided into three principal functional zones. The parameter input panel is 
intended for specifying the initial data required for calculations: geometric parameters of the workpiece 
(outer and inner diameters, machining length, and wall thickness), selection of the workpiece material from 
the built-in database, and specification of accuracy requirements – the permissible deformation magnitude 
or form tolerance (cylindricity). The output and evaluation panel displays, in a structured tabular format, 
both the initial and optimized cutting parameters, calculated values of all cutting force components, and 
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Fig. 3. Structure of the intelligent decision support system user interface

the required clamping force. This panel also includes automatic classification of the part by the thin-wall 
criterion based on the diameter to wall thickness ratio. The results visualization area is intended for graphical 
presentation of the algorithm outcomes, including the display of the final calculated deformation value and 
its compliance with the specified tolerance.

This interface structure minimizes data preparation time, ensures transparency of the optimization process, 
and forms an objective basis for informed technological decision-making. Integration of the client-side 
component with the server-side calculation and optimization modules ensures a high system response speed.

Objects of study

Two representative thin-walled parts (Fig. 4) were selected for testing and verification of the developed 
DSS, representing different structural materials and exhibiting different geometric parameters:

Part 1 – bushing made of steel 45: outer diameter 64h9 mm, inner diameter 60H8 mm, length 40 mm, 
wall thickness 2 mm, diameter-to-wall-thickness ratio 32, cylindricity tolerance 0.02 mm. Workpiece mate-
rial – medium-carbon structural steel 45 with an elastic modulus E = 200 GPa.

Part 2 – ring made of aluminum alloy AK9ch: outer diameter 69h9 mm, inner diameter 59H8 mm, 
length 20 mm, wall thickness 4 mm (5 mm on one side), diameter-to-wall-thickness ratio 17.3, cylin-
dricity tolerance 0.01 mm. Workpiece material – casting aluminum alloy AK9ch with an elastic modulus  
E = 71 GPa.
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                                           a                                                                                                     b
Fig. 4. Working drawings of the study objects: 

a – bushing made of steel 45; b – ring made of AK9ch aluminum alloy

The selection of these objects was determined by the need to evaluate the versality of the system with 
respect to materials possessing substantially different physical and mechanical properties (the elastic 
modulus of steel exceeds that of the aluminum alloy by nearly a factor of three), as well as to parts exhibiting 
different degrees of thinness of walls.

Comprehensive verification methodology

Verification of the effectiveness of the optimized cutting parameters was conducted according to a two-
level scheme providing a comprehensive assessment of the proposed solutions.

At the first level (technological verification), CAM simulation was performed in the SprutCAM 
environment. Virtual machining of the workpieces was carried out to verify the technological correctness 
of the control programs generated for CNC lathes CAK4085 and VMC-CK6140. During simulation, the 
following were monitored: correctness of the tool path, completeness of stock removal, and absence of 
collisions between the tool, workpiece, and machine tool components.

At the second level (deformation verification), static finite element analysis was performed in the ANSYS 
Static Structural environment. Mesh models of the investigated parts were created, to which force loads 
corresponding to both the initial (reference) and optimized cutting parameters were applied. Clamping 
forces in a three-jaw chuck and the radial cutting force component were modeled. The FEM analysis 
methodology conforms to modern approaches to modeling of process-induced deformations validated in 
[62, 63]. This verification strategy provides a comprehensive evaluation of the proposed solutions both 
from the standpoint of their technological feasibility and from the perspective of guaranteeing the required 
geometric accuracy, which is of fundamental importance for the design of advanced hybrid machine tool 
equipment.
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Results and Discussion

Cutting parameter optimization results

The developed intelligent DSS demonstrated a consistent and technologically justified optimization 
strategy aimed at a radical reduction of the instantaneous force load on the thin-walled workpiece. 
A comparative analysis of the initial (reference) and optimized cutting parameters, together with the 
corresponding force factors for both study objects, is summarized in Table.

Comparative analysis of cutting parameters and force factors before and after optimization

Parameter
Bushing (steel 45) Ring (AK9ch)

Initial Optimized Initial Optimized

Cutting speed V, m/min 131.6 118.4 126.0 102.3

Feed rate s, mm/rev 0.25 0.188 0.20 0.162

Depth of cut t, mm 2.00 0.20 2.00 0.32

Spindle speed n, rpm 655 589 599 486

Tangential force Fz, N 652.4 308.6 161.6 15.0

Axial force Fx, N 228.0 108.0 57.0 5.0

Radial force Fy, N 294.0 139.0 73.0 7.0

Total cutting force F, N 750.9 355.2 186.1 17.3

Clamping force Fc, N 4172.7 1193.4 1298.4 161.0

Analysis of the data presented in Table reveals several fundamentally important patterns.
The dominant change in both cases is a radical reduction in the depth of cut: by a factor of 10 for the steel 

bushing (from 2.0 to 0.2 mm) and by a factor of 6.25 for the aluminum ring (from 2.0 to 0.32 mm). This is 
a direct consequence of the mathematical model: the depth of cut enters the force calculation formula with 
the highest exponent, making it the most effective control parameter. The feed rate was reduced by 24.8 % 
and 19.0 %, respectively, providing additional reduction in force loads. The cutting speed was adjusted only 
slightly (reductions of 10.0 % and 18.8 %), since this parameter enters the formula with the lowest exponent 
and its influence on the cutting force is comparatively minor.

The combined effect of the described adjustments resulted in a reduction of the total cutting force by 
a factor of 2.1 for the steel bushing (from 750.9 to 355.2 N) and by a factor of 10.8 for the aluminum ring 
(from 186.1 to 17.3 N). The substantial difference in the degree of reduction is explained by the difference in 
the values of the empirical coefficients for steel and aluminum alloy: the higher sensitivity of the aluminum 
alloy to changes in the depth of cut ensures a proportionally greater reduction in the force effect.

A fundamentally important ancillary outcome of the optimization is a proportional reduction in the 
required clamping force Fc, calculated according to the methodology for ensuring reliable workpiece 
fixation [64]: by a factor of 3.5 for the steel bushing and by a factor of 8.1 for the aluminum ring. This 
result carries independent technological significance, since the clamping force constitutes an independent 
source of thin-walled workpiece deformation [10, 11]. The reduction in clamping force creates an additional 
margin for minimizing the initial deformation of the workpiece caused by non-uniform radial compression 
in the jaw chuck.

The obtained results confirm the validity of the selected algorithmic strategy, based on the prioritized 
reduction of the depth of cut, and are consistent with the general scientific approach to the formation of 
“gentle” machining conditions described in [60, 65]. It should be noted that the transition to “gentle” 
conditions inevitably entails an increase in the number of passes required to ensure complete stock removal; 
however, in the context of thin-walled part machining, this increase is compensated by a fundamental 
improvement in geometric accuracy and a reduction in the scrap rate.
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Finite element analysis results
Static FEM analysis in the ANSYS environment provided quantitative confirmation of the effectiveness of 

the proposed optimization strategy. Comparative deformation fields for both study objects under the initial and 
optimized machining parameters are presented in Fig. 5.

                                          а                                                                                                 b

                                          c                                                                                                 d

Fig. 5. Comparison of deformation fields obtained in ANSYS: 
a – deformations of the steel bushing with initial parameters; b – deformations of the steel bushing with optimized param-
eters; c – deformations of the aluminum ring with initial parameters; d – deformations of the aluminum ring with optimized 

parameters

For the steel bushing, the maximum elastic deformation decreased from 0.0602 mm (under initial parameters) 
to 0.0167 mm (under optimized parameters), representing a relative reduction of 72.3%. For the aluminum ring, 
the analogous reduction was from 0.0422 mm to 0.0051 mm, i.e., 87.9%. Visual analysis of the deformation fields 
(Fig. 5) clearly demonstrates not only a decrease in the absolute magnitude of the maximum deflection, but also a 
substantial contraction of the zone of maximum deformations, indicating a more uniform stress distribution within 
the workpiece body under the optimized conditions.

The most significant technological result is the comparison of the post-optimization deformation values with 
the design tolerances for cylindricity. For the steel bushing, the obtained value δmax = 0.0167 mm does not exceed 
the cylindricity tolerance of 0.02 mm. For the aluminum ring, the value δmax = 0.0051 mm likewise falls within 
the tolerance of 0.01 mm. This result is of principal importance: it demonstrates that the developed system is 
capable of generating not merely improved, but technologically sufficient machining parameters that guarantee 
compliance with the design requirements for form accuracy.

The substantially higher optimization effectiveness for the aluminum ring (87.9% versus 72.3%) is 
explained by a combination of physical and mechanical and geometric factors. The aluminum alloy is 
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characterized by a lower elastic modulus, which causes greater sensitivity of the deformation response to 
changes in the force parameters. Furthermore, the greater wall thickness of the ring (4 mm versus 2 mm) 
provides an increased second moment of area of the cross-section, amplifying the effect of force load 
reduction on the resultant deformation.

It should be noted that the FEM analysis results establish a lower bound on the achievable accuracy, 
since the model accounts for static loads but does not incorporate several additional factors: dynamic cutting 
force components, thermal deformations, tool wear, and imperfect workpiece locating. Nevertheless, the 
obtained quantitative estimates possess considerable practical value for preliminary analysis of technological 
capabilities and substantiation of design decisions during the development of manufacturing processes, 
including in the context of hybrid machine tool equipment design.

CAM simulation results

Virtual machining in the SprutCAM CAM system (Fig. 6) confirmed full technological feasibility of the 
processes constructed on the basis of the optimized DSS recommendations.

                                                  а                                                                                                 b
Fig. 6. Results of virtual machining in SprutCAM: 

a – simulation of bushing machining (steel 45); b – simulation of ring machining (AK9ch aluminum alloy)

For both study objects, tool motion trajectories were correctly generated, complete stock removal was 
ensured, and collisions between the tool and machine tool components were eliminated. Analysis of the 
trajectories demonstrated that the optimized parameters fall within the technological capabilities of the 
CAK4085 and VMC-CK6140 lathes, confirming the practical applicability of the proposed solutions.

Discussion in the context of hybrid equipment design

The developed DSS formalizes the process of searching for “gentle” machining conditions by linking them 
directly to the expected geometric outcome through a quantitative assessment of workpiece deformation. 
This fundamentally distinguishes the proposed approach from existing methods based on empirical tables 
or “black-box” optimization algorithms and is consistent with the global trend toward the development of 
scientifically substantiated methods for accuracy control of manufacturing processes [66, 67].

The obtained results demonstrate that directional optimization of cutting parameters using analytical 
models can be no less effective for controlling deformations of thin-walled parts than increasing the 
complexity of fixture design [68], and should be considered as the first and mandatory stage of manufacturing 
process planning. This conclusion is of particular significance for the tasks of hybrid machine tool equipment 
design, where the integration of intelligent machining parameter control systems allows compensating for 
limitations imposed by the structural complexity of multifunctional machine tool systems.
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In the context of the research project on the development of theoretical foundations and conceptual 
approaches to the design of hybrid machine tool equipment integrating mechanical and surface-thermal 
technological operations, the present study contributes in several directions. First, the methodology for the 
development of intelligent subsystems providing scientifically substantiated assignment of mechanical 
machining parameters has been demonstrated; this methodology can be extended to combined (hybrid) 
processes involving simultaneous or sequential mechanical and surface-thermal treatments. Second,  
the proposed DSS architecture, based on the integration of physics-based mathematical models, 
optimization algorithms, and verification procedures, forms the prototype of a digital twin of the 
manufacturing process – a key element of the Industry 4.0 concept and intelligent manufacturing [69–
71]. Third, the obtained quantitative data on the dependence of the deformation response of thin-walled 
workpieces on machining parameters create a foundation for the design of adaptive control systems for 
hybrid equipment capable of adjusting parameters in real time on the basis of feedback from sensor 
monitoring systems.

A promising direction for the further development of the DSS is its extension to account for thermal 
deformations arising from the integration of surface-thermal operations (induction hardening, laser 
treatment) into a unified processing cycle with mechanical machining. Such an extension would require 
the inclusion of temperature fields and thermoelastic deformations in the mathematical model; however, 
the proposed system architecture supports such scaling without fundamental redesign of the algorithmic 
framework.

Certain limitations of the present study should also be noted, as they define the directions for future work. 
System verification was performed exclusively by means of computer simulation; for definitive confirmation 
of result validity, full-scale experiments with measurement of actual deformations of machined parts are 
required. The mathematical deformation model is based on the simplified cantilever beam model, which 
does not account for the three-dimensional nature of deformation in real parts and may introduce errors 
when machining parts with complex geometry. Furthermore, the current version of the system does not 
account for dynamic effects (vibrations, self-excited oscillations), which may exert a significant influence 
during machining of ultra-thin-walled parts with wall thicknesses below 1 mm.

Conclusion

As a result of the conducted research, a methodology for the intelligent selection of turning parameters 
for thin-walled parts has been developed and verified, implemented as a prototype of a web-based deci-
sion support system founded on the integration of analytical physics-based mathematical modeling of the 
deformation response, an iterative multi-parameter optimization algorithm, and cross-platform verification 
procedures in CAM/CAE environments.

The key element of the system is the optimization algorithm, which simultaneously and coherently ad-
justs all principal process parameters – depth of cut, feed rate, and cutting speed – in the direction of mini-
mizing the objective function (maximum elastic deflection of the workpiece) while satisfying constraints on 
the permissible parameter ranges. The algorithm implements a strategy of prioritized reduction of the depth 
of cut as the parameter with the greatest force effect, ensuring a coordinated decrease in both cutting forces 
and the required clamping force.

For the test parts – a bushing made of steel 45 and a ring made of aluminum alloy AK9ch – application 
of the algorithm resulted in a reduction of the total cutting force by factors of 2.1 and 10.8, respectively, 
and of the clamping force by factors of 3.5 and 8.1. Static finite element analysis in ANSYS quantita-
tively confirmed a reduction in the maximum calculated elastic deformation by 72.3 % (from 0.0602 to  
0.0167 mm) for the steel bushing and by 87.9 % (from 0.0422 to 0.0051 mm) for the aluminum ring.  
A critically important technological outcome is that the post-optimization deformation values do not exceed 
the design tolerances for cylindricity (0.02 mm and 0.01 mm, respectively), demonstrating the system’s 
capability to generate technologically sufficient machining parameters. CAM simulation in SprutCAM con-
firmed complete technological correctness of the generated control programs.
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The conducted study demonstrates that a systematic approach combining analytical calculation, 
algorithmic optimization, and simulation modeling enables the transition from empirical assignment 
of cutting parameters to a scientifically substantiated one, thereby creating a foundation for improving 
the machining accuracy of thin-walled parts, reducing the scrap rate, and shortening the manufacturing 
process planning time. The obtained results constitute an element of an intelligent subsystem suitable for 
integration into next-generation hybrid machine tool equipment combining mechanical and surface-thermal 
technological operations, and contribute to the development of the methodology for creating competitive 
hybrid metalworking systems meeting the requirements of Industry 4.0.
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