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Preface

This Reprint contains a selection of articles discussing the development and future trends of
computer-aided design (CAD) technology for mechanical engineering, as well as the incorporation
of CAD into new digital manufacturing techniques. The theme revolves around the use of CAD as
one of the most relevant supports of the digital design process. The areas covered include parametric
modeling, topology optimization, simulation accuracy, additive manufacturing, quality control, and
advanced CAD/CAM integration. The book’s scope is therefore an update on the latest achievements
in research concerning the development of computational design and manufacturing tools and their
application in practice. Special emphasis is placed on the idea of the digital thread, where the
design process, simulations, manufacturing operations, and validation are connected via digital data
environments. The issues addressed in the selected papers concern geometric accuracy, dynamic
validation, approaches for generative design, and the application of geometric dimensioning and
tolerancing to additive manufacturing systems.

The main purpose of this research is to reveal the new technologies that will form the basis of
future design methodology in industrial and, especially, mechanical engineering. The volume shows
that modern computer-aided design systems go beyond mere drawings and are becoming intelligent
tools for many tasks such as optimization, automation, decision making, and manufacturing
integration. At the same time, the influence of artificial intelligence, digital twins, and additive
manufacturing in designing innovative and effective solutions is becoming more prominent.

Industries are facing a rise in demand for reduced development time, improved product
quality, more efficient structures and material usage, and new validation techniques to verify
high-performing mechanical systems. These are the motivating factors behind this Reprint. The
spread of generative design through Al, simulation techniques, and additive manufacturing leads to
further scientific discussion of these technologies, and their possibilities and obstacles.

The Reprint targets scholars, academics, postgraduate students, and professionals in the
disciplines of mechanical engineering, design computation, manufacturing engineering, additive
manufacturing, and digital manufacturing processes. It is especially suitable for researchers and
practitioners who are keen to learn about advanced techniques in computer-aided design (CAD),
topology optimization, simulation-based design, intelligent manufacturing, and artificial intelligence

for engineering purposes.

Rocco Furferi
Guest Editor
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Editorial
Computer-Aided Design in Mechanical Engineering: Insights
and Future Directions from a Special Issue

Rocco Furferi

Department of Industrial Engineering, University of Florence, 50134 Florence, Italy; rocco.furferi@unifi.it;
Tel.: +39-3204644761

1. Introduction

The discipline of mechanical engineering (ME) relies on digital architecture provided
by Computer-Aided Design (CAD). Contemporary CAD systems extend far beyond simple
tools for drafting; they are indispensable platforms integrating complex three-dimensional
modeling, finite element analysis (FEA), parametric manipulation, and crucial integration
points with advanced manufacturing technologies [1]. This radical transformation in the en-
gineering workflow is directly motivated by industry mandates: the necessity to accelerate
iterative design cycles, reduce time-to-market intervals, and achieve rigorous optimization
of both structural integrity and material efficiency, particularly within safety-critical and
high-performance sectors [2]. The benefits of CAD are plain, including significant cost re-
ductions, shorter development cycles, improved product quality, and the ability to rapidly
adapt designs to meet changing requirements or constraints. Moreover, CAD serves as
an enabler of innovation by providing a platform where cutting-edge technologies can
converge. Its integration with virtual and augmented reality opens new horizons for immer-
sive visualization and collaborative design, artificial intelligence enhances decision-making
through generative design and automated error detection, and additive manufacturing
leverages CAD models directly to create complex, customized structures [3] that were once
impossible to fabricate. Together, these advances are expanding the frontiers of what can be
achieved in mechanical engineering, fostering a new era of smart, sustainable, and highly
efficient product development.

This Special Issue provides a comprehensive overview of the digital thread’s current
state in ME, presenting novel research that collectively defines the next wave of compu-
tational design and manufacturing methodologies. The featured contributions cluster
around three interconnected and critical themes. The first theme, related to precision in
advanced modeling and Quality Assurance (QA), addresses the fundamental challenge
of ensuring geometric accuracy, covering methodologies ranging from proprietary tool
profiling techniques to the rigorous establishment of quality frameworks, such as the chal-
lenging integration of Geometric Dimensioning and Tolerancing (GD&T) with Additive
Manufacturing (AM). The second theme focuses on the revolutionary shift toward so-
phisticated generative techniques, showcasing advancements that include human-guided
and Al-enhanced Topology Optimization (TO) alongside the development of specialized
parametric algorithms for creating complex, customized structures. The third theme is
related to simulation fidelity and dynamic behavior validation: it explores the absolute
necessity of employing rigorous computational and experimental methods to validate dy-
namic performance, ensuring that digital predictions reliably mirror real-world structural
behavior (see Figure 1).

Appl. Sci. 2026, 16, 4136 https://doi.org/10.3390/app16094136
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Figure 1. Pillars of the digital threads in papers collected in this Special Issue.

2. Contributions Overview

The articles collected in this Special Issue emphasize an intense industry shift toward
customizability, efficiency, and computational rigor in ME design. The range of expertise
presented spans from highly technical geometric methodologies to large-scale system
integration, as summarized in Table 1.

In [4], a high-precision geometric design required for internal thread-milling cutters is
addressed. This work focused on validating the Tangent Circles Method, a graphical profil-
ing technique proposed as an industrially viable and simpler alternative to mathematically
complex analytical methods. The comparison demonstrated a “good match” between the
profiles derived graphically using CAD software (SolidWorks 2022) and those calculated
analytically, confirming deviations were within acceptable manufacturing limits. By effec-
tively democratizing the design process for precision tooling, the method accelerates the
design cycle while ensuring the quality of the resulting thread profile. The study confirmed
that technological factors like rake angle and relief height also significantly influence the
final tool geometry.

The authors in [5] presented a comprehensive methodology for the automated design
and parametric modeling of excavator buckets within a CAD environment. The core
innovation utilized the configuration abilities of a single 3D model to efficiently manage
numerous product variants—ranging broadly in length (600 mm to 2000 mm), features,
and type/number of teeth. Quantitative results validated that this parametric approach
drastically reduced the overall number of unique models (e.g., from 95 to 35 parts) and
corresponding modeling errors by over 50% compared to traditional methods. Crucially,
the methodology includes an automated design documentation algorithm that seamlessly
integrates the authoritative CAD models with enterprise-wide PDM and ERP systems,
ensuring data consistency across the entire digital thread.

The research carried out in [6] introduced a novel multi-solution Topology Opti-
mization (TO) aimed at boosting both the diversity of generated designs and the human
designer’s control. It proposed integrating human-provided free-hand sketches as quantifi-
able geometric constraints, separating them into a stroke-based undirected boundary con-
straint and a closed-shape-based regional constraint. This dual-constraint approach, paired
with Fourier mapping-based length-scale control, allows for the flexible manipulation of
structural aesthetics without excessively sacrificing mechanical performance. Diversity is
enhanced by randomly perturbing internal parameters (like Fourier frequencies) across
parallel TO processes. The framework successfully generates diverse, high-performance de-
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sign sets for components like wheel spokes, shifting optimization from a singular objective

to a controllable design exploration.

Table 1. Key contributions from the papers collected in this Special Issue.

Industrial and Technical

Reference Primary CAD Theme Key Contribution/Result Application Context
Geometric Vahdatlo'n of the .Tgngent Circles Method'’s Internal Thread-Milling
[4] : high precision compared to
Modeling . T Cutters
analytical profiling.
. Methodology for automated design and
Parametric . . . . .
[5] Modelin parametric configuration modeling using Excavator Buckets
& PDM/ERP integration.
Topology Sketch—gmded T.O frailmework enhancing Innovative Structural
[6] Optimization solution diversity and human Design (Wheel Spokes)
P controllability. & p
Rigorous validation of TO-designed .
. . . . . . Internal Combustion
[7] Finite Element Analysis  connecting rod using multi-body dynamics .
. y Engine Components
and Goodman fatigue analysis.
Simulation Fidelity and Systemr?\tlc comparison finding the .] Ol.l’lt Headlamp Vibration
[8] S method is most accurate (7.6 Hz deviation) .
Validation ) . Test Jigs
for dynamic bolt modeling.
GD&T and Perspective on integrating GD&T with AM, .
e . . Component Quality
[9] Additive focusing on MBD, anisotropy, and novel .
. . . . Assurance in AM
Manufacturing inspection techniques.
. Custom algorithms using
Design for Rhino/Grasshopper for semi-automatic
[10] Additive SSHoppet DfAM Lightweighting
. generation of gradient, conformal
Manufacturing .
lattice structures.
Graph-based framework integrating
CAD/CAM Integration machining feature recognition, process Intelligent manufacturing
[11] and Intelligent Process scheme decision-making, and automatic of shaft-type mechanical
Planning process route generation with high components

planning accuracy.

The authors in [7] focused on applying Topology Optimization (TO) to a highly

dynamic component—an internal combustion engine connecting rod—with stringent
constraints. The objective was to minimize mass and von Mises stress while maintaining a
Factor of Safety (FOS) above 2.5, moving beyond simple mass reduction. The optimization
process successfully achieved a 5.66% mass reduction from the original design and a 6.25%
reduction in maximum von Mises stress. The design was rigorously validated by linking the
static TO to a multi-body dynamic analysis (at 1000 rpm) to extract realistic motion loads,
followed by a Goodman fatigue life analysis. The final component confirmed long-term
durability, with FOS remaining above the critical threshold even at one million cycles.
Reference [8] systematically analyzed the impact of six different FEA bolt connection
methods (e.g., bonded, joint, beam) on predicting the dynamic behavior of a structure (a
headlamp vibration test jig) against an experimental benchmark. It confirmed that common
bonded methods significantly overestimate the natural frequency (544.1 Hz vs. 493.2 Hz
experimental), largely due to assumptions of excessive stiffness. The research identified the
Joint connection method as the most accurate, achieving a minimal frequency deviation of
only 7.6 Hz (a 1.5% error). While bonded methods were the fastest in terms of computational
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time, the study demonstrated that for high-fidelity dynamic modeling, the minimal extra
computing cost of the Joint method yields a massive gain in simulation accuracy.

In the Perspective paper [9], the author outlined the critical challenges and neces-
sary adaptations for integrating established Geometric Dimensioning and Tolerancing
(GD&T) principles with Additive Manufacturing (AM) technologies. It highlighted how
AM'’s characteristics—including complex freeform geometries, anisotropic properties, and
process-induced variances like warping—break traditional subtractive-based GD&T mod-
els. Key advancements proposed include the development of functional datum systems
and surface profile tolerancing for non-Euclidean shapes, shifting to area-based surface
texture parameters, and the introduction of formalized distinctions between as-built and
post-processed tolerances. Fundamentally, the paper advocates for the urgent adoption of
Model-Based Definition (MBD) into the Digital Thread to embed all GD&T information
directly into the authoritative 3D model.

The authors in [10] addressed the need for accessible tools in Design for Additive
Manufacturing (DfAM) by developing custom, semi-automatic Grasshopper algorithms
(Rhino 8) for generating sophisticated, strut-based gradient and conformal lattice struc-
tures. This low-cost approach challenges the reliance on expensive, proprietary commercial
software packages for complex lightweighting solutions. Through three-point bending
tests on PA2200 specimens, the research quantified the performance impact of various
design parameters. The most significant finding was that Conformity (structures con-
forming to the boundary geometry) and maximized Strut Diameter positively dominated
the resulting load-bearing capacity (force/weight ratio). The work validates the feasi-
bility of democratizing advanced DfAM functionality within customizable parametric
modeling environments.

Reference [11] proposes an intelligent process planning framework for shaft-type
components that directly bridge CAD geometry and executable machining routes through
multi-graph representations. By combining machining feature recognition, process scheme
decision-making, and route planning within a unified graph-based architecture, the ap-
proach demonstrates how advanced CAD data can be systematically enriched with man-
ufacturing semantics and process constraints. The high reported accuracies in feature
recognition and process route generation confirm the potential of graph neural networks
to enhance automation, consistency, and decision reliability in CAD/CAM integration,
reinforcing the broader trend toward data-driven and intelligent design-to-manufacturing
pipelines highlighted throughout this Special Issue.

3. Research Questions and Main Findings

Based on the work of the authors in this Special Issue, a number of research questions
and solutions are proposed to stimulate future research in this field.

3.1. Towards Manufacturing Precision

In today’s industrial landscape, the search for precision in manufacturing is more than
a technical goal. Advancements in CAD, digital technologies, automation, and data-driven
processes are transforming manufacturing into a discipline where accuracy defines success.
Moving towards manufacturing precision means reducing variability, optimizing resources,
and delivering products that meet exacting standards while enabling sustainable growth. In
this context, the authors of [4] declared that the main research question for high-precision
chip-removal processes (such as thread milling) relies in the accurate profiling of the
cutting tool as an absolute prerequisite. The traditional analytical methods used to achieve
this precision are often mathematically laborious, complex, and computationally intensive,
creating a persistent barrier to their widespread industrial adoption. The research presents a

4 https://doi.org/10.3390/app16094136
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solution by validating the Tangent Circles Method, a graphical profiling technique designed
for implementation within a standard CAD system, specifically addressing internal thread-
milling cutters. The graphical methodology replaces complex equations by defining a
series of tangent circles (profiling circles) to an Archimedean spiral (which represents
the thread profile in the cross-section). The centers of these circles lie precisely on the
specified trajectory of the tool center. The core validation involved comparing the geometric
parameters that were graphically derived with the results obtained from complex analytical
equations. The comparison demonstrated a “good match,” confirming that the resulting
profile deviations were within acceptable manufacturing limits. This outcome validates the
Tangent Circles Method as being both mathematically sound and industrially viable.

3.2. Enhancing Modeling Efficiency Through Parametric Automation and PDM/ERP Integration

The engineering challenges in managing extensive product lines are characterized by
high-variability results in model proliferation, redundant efforts, and a significant increase
in potential design errors [12]. To deal with the relevant research question, a methodology
is introduced that fundamentally addresses this issue by leveraging parametric modeling
via configurations within a CAD system such as SolidWorks 2022 [5].

This approach is exemplified by its application to excavator buckets, which range
broadly from Class A to Class M with lengths spanning 600 mm to 2000 mm. Components,
including the Base Part and Upper Part, are designed parametrically, allowing diverse
product versions to be managed within a single 3D model. The quantifiable efficiency
gains are substantial. Comparative data confirms a reduction in the total number of unique
models required, shrinking from 95 parts in the traditional approach to only 35 parts,
resulting in average time-savings of over 50% for modeling (e.g., 65 h reduced to 34 h for
parts). Crucially, this reduction in manual effort yields a proportional reduction in observed
modeling errors.

The proposed methodology formalizes the link between CAD and enterprise-wide
systems. It explicitly incorporates the integration of CAD models with Product Data
Management (PDM) systems (such as SolidWorks PDM 2022) and Enterprise Resource
Planning (ERP) systems (such as RDS ERP). While this initial setup requires a high upfront
investment in specialized knowledge, the resultant long-term benefit is a non-linear scaling
of design efficiency. PDM/ERP integration transforms the engineering process from a
sequence of compartmentalized tasks into an integrated system where manufacturing and
logistics (e.g., Supplies and Production) instantly access accurate, verified design data. This
approach establishes the CAD model as the authoritative data source for the entire enter-
prise, reinforcing the Digital Thread concept and delivering systemic efficiency through
centralized data management and improved traceability, which is vital for accelerating
time-to-market.

3.3. Next Generation Topology Optimization: Human Control and Dynamic Evaluation

Topology Optimization (TO) is widely adopted to generate high-performance struc-
tures, typically aiming to minimize compliance under volume constraints [13]. However,
traditional TO algorithms suffer from two main limitations: limited human controllability
over design features and insufficient solution diversity, often necessitating burdensome
manual redesign iterations. To deal with this issue, a novel sketch-guided, multi-solution
TO framework is proposed in [7] to overcome these limitations by intentionally integrat-
ing human aesthetic input and computational randomness. This framework operates by
codifying intuitive human aesthetic and stylistic preferences (expressed via sketch) as
soft, quantifiable geometric constraints that are designed to dynamically compete with the
primary engineering objective (performance/compliance minimization).

5 https://doi.org/10.3390/app16094136
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The framework uses dual control strategies, integrated with Fourier mapping-based
length-scale control: a Stroke-based undirected structural boundary constraint ensures
the structural boundaries align with sketched strokes. This constraint preserves design
freedom in adjacent regions and is vital for promoting design diversity and helping the
algorithm escape localized optima, although it may result in a slight increase in compliance.
A closed-shape-based regional constraint drives material uniformity within a closed sketch
contour. This constraint effectively stabilizes structural features and approximates a hard
constraint when given a large weight coefficient, although its use tends to reduce solution
diversity. Diversity is significantly enhanced by running multiple parallel TO processes
where two key parameters are randomly perturbed: the Fourier mapping frequencies and
the load force magnitudes. This strategy manages the adversarial relationship between
aesthetic control and the optimization objective to produce a set of diverse, high-performing
solutions. The result is that the designer shifts from passively accepting one singular
optimal solution to actively exploring a Pareto front defined by both performance metrics
and human-defined aesthetic criteria.

Reference [7] explores the potential of next generation TO with particular focus on its
application in highly dynamic components within internal combustion engines, such as
connecting rods, mandates a stringent validation process that extends far beyond standard
static stress analysis. A rigorous workflow is presented that systematically integrates
mass/stress minimization (using the Solid Isotropic Material with Penalization or SIMP
method in ANSYS Discovery 2024 R2) with an extensive post-optimization validation incor-
porating rigid body dynamics, transient analysis, and fatigue life analysis. The optimization
successfully targeted mass reduction and maximum von Mises stress minimization, while
simultaneously adhering to the critical constraint of maintaining a reliable factor of safety.

This research strongly emphasizes that for highly dynamic systems, successful TO
is insufficient without rigorous, multi-physical validation that accounts for static com-
pression, complex dynamic/inertial loads, and longevity. Critically, the study found that
excessive mass reduction leads to noticeable engine imbalance and increased vibration due
to a disturbance in the inertial balancing ratio between the connecting rod mass and the
crankshaft counterweight. This reinforces that optimization in dynamic systems must be a
holistic process constrained by kinematic and inertial requirements, not merely compliance
and volume.

A complementary research direction emerges at the interface between CAD and man-
ufacturing planning [11], where graph-based artificial intelligence methods extend design
intelligence beyond geometry toward automated decision-making across the downstream
stages of production. In this context, CAD models are no longer treated as static reposi-
tories of shape information, but as structured data sources enriched with manufacturing
semantics, process constraints, and operational knowledge. By leveraging graph repre-
sentations and learning-based reasoning, these approaches enable the automatic selection
of machining schemes and the generation of consistent process routes directly from de-
sign data, reinforcing the role of CAD as the central driver of an integrated, intelligent
design-to-manufacturing pipeline.

3.4. Integrating Quality Control in Design for Additive Manufacturing: The Challenge of
GD&T Standardization

Additive Manufacturing (AM) enables the creation of highly innovative and complex
geometries, such as lattice structures, gyroids, and inaccessible internal channels [14]. Simul-
taneously, AM processes introduce undesired effects to be controlled, such as anisotropic
material properties, thermal distortion, warping, and shrinkage [15]. These factors chal-
lenge the core tenets of Geometric Dimensioning and Tolerancing (GD&T), which was
historically developed and standardized for subtractive processes. Traditional GD&T stan-
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dards struggle with non-Euclidean surfaces, where defining datum systems for freeform
shapes is non-trivial; anisotropy, where layer-by-layer fabrication causes significantly
rougher surfaces in the vertical /build direction; and inspection limitations, where internal
features are inaccessible to traditional Coordinate Measuring Machines (CMMs).

This situation is not merely a metrology issue; it represents a fundamental challenge
to the industrial scalability and certification of AM parts. Without robust, unambiguous,
and standardized tolerancing, the innovative designs generated by DfAM tools cannot
move reliably into regulated mass production [9], especially when integrated into com-
plex assemblies alongside subtractive manufactured components. To address this critical
bottleneck, the perspective highlights several necessary adaptations in GD&T practice:

e A transition toward functional datum systems and surface profile tolerancing for
freeform geometries, validated using non-contact metrology like point cloud analysis
or mesh comparison.

e The evolution of surface roughness standards, shifting focus from traditional line-
based parameters (Ra, Rz) to area-based parameters (Sa, Sq), which are far better-
suited to characterizing complex, anisotropic AM surfaces.

e The formal integration of manufacturing fidelity requirements by distinguishing
between as-built tolerances (raw AM surface finish) and post-processed tolerances
(tighter limits achieved through secondary operations).

The solution requires fully integrating Model-Based Definition (MBD) into the Digital
Thread. MBD embeds all GD&T information, material specifications, and necessary anno-
tations directly into the 3D model, eliminating the reliance on ambiguous 2D drawings.
This integration facilitates automated tolerance checks during build simulation and enables
advanced inspection techniques to verify the component directly against the CAD source,
ultimately unlocking the full potential of complex generative designs for industrial scale.

3.5. Customization and Conformity in Design for Additive Manufacturing

The capacity to design complex, functionally graded lattice structures is traditionally
restricted by reliance on highly specialized, expensive commercial software (e.g., nTopology
nTop or Altair Inspire Personal Edition), creating significant financial and accessibility barri-
ers for research and small firms. As already mentioned, a methodology is developed in [10]
for generating customized, semi-automatic Grasshopper algorithms (a Rhino 8 plugin) to
generate gradient, conformal, strut-based lattice structures, offering a low-cost, customiz-
able alternative. The custom algorithm leverages native Grasshopper functions combined
with open-source plugins (Crystallon V2.0, Dendro V0.9.0, IntraLattice V07.06, Pufferfish
V2.3) to control complex parameters, including unit cell topology, conformity (conforming
or non-conforming to surface geometry), and gradients in cell size or strut diameter. The
functionality was subjected to quantitative experimental validation using 3-point bending
tests on PA2200 arch specimens, focusing on the resulting force/weight ratio. This out-
come confirms the potential of leveraging accessible parametric CAD environments with
open-source extensions to achieve complex DfAM functionality previously restricted to
proprietary commercial packages. This represents a significant pathway toward democ-
ratizing advanced lightweighting and material performance optimization techniques by
lowering the financial and learning curve barriers.

4. Discussion

The findings of the seven papers published in this Special Issue collectively demon-
strate the existence of a robust, though continuously maturing, digital engineering ecosys-
tem in ME:

7 https://doi.org/10.3390/app16094136
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e  Validation Requires Multi-Physical Integration: The development of high-performance
components demands that validation protocols transcend disciplinary silos, linking
geometry (TO) with structural mechanics (stress), dynamics (kinematics/vibration),
and manufacturing feasibility.

e  The Trend of Accessible Customization: The industry exhibits a shift away from sin-
gle dependence on monolithic software. Evidence suggests that custom, bespoke
algorithms built on accessible platforms (such as Rhino/Grasshopper) can success-
fully deliver highly specialized DfAM results, such as conformal and gradient lattice
structures, which were previously restricted to expensive commercial packages.

e Data Centrality in Quality and Efficiency: Both efficiency gains and rigorous qual-
ity assurance fundamentally rely on robust, centralized data management systems
(PDM/ERP) and the establishment of the CAD model, via MBD, as the single authori-
tative source of product data throughout its lifecycle.

The synthesized research points toward a convergence of the technologies that will
define the next decade of CAD/ME practice, marked by the increasing influence of cognitive
systems and the formalization of digital data pipelines. Therefore, the following areas of
investigations will be the subject scientific and industrial research in the near future.

4.1. The Rise in Artificial Intelligence for Generative Design

The integration of Artificial Intelligence is one of the most frequently cited directions
for CAD evolution [16], promising to automate routine tasks, suggest methods of material
optimization, and provide predictive insights by learning from the historical data and
simulation outcomes. Generative Design is concurrently expanding its reach, moving
beyond simplistic mechanical constraints to integrate multi-disciplinary considerations,
including thermal, electrical, and kinematic factors [17].

However, the primary long-term challenge for the adoption of Al in ME industries
(e.g., automotive and aerospace) is not technical capacity but regulatory compliance and
traceability. Current Al solutions, particularly generative models (LLMs), frequently
operate as “black boxes,” making it difficult to trace their engineering rationale. This lack
of transparency undermines the traceability required by standards such as the Machinery
Directive 2006/42/EC [18] and ISO 12100.4 [19].

The critical future research direction for Al in ME must focus on developing Explain-
able AI (XAI) models for Topology Optimization and GD&T that can provide verifiable,
traceable design rationale [20], and establishing Al-based compliance checking mechanisms
to ensure automatically generated designs satisfy safety and regulatory standards before
physical prototypes are manufactured.

4.2. The Evolution of Digital Thread and Digital Twin

The realization of Digital Thread is an essential condition for achieving industrial
scaling in AM [21]. The successful implementation of the digital thread hinges on fully
adopting the Model-Based Definition (MBD), which ensures that GD&T annotations and
other critical parameters are embedded directly into the authoritative 3D model, thereby
minimizing data loss and misinterpretation across the chain (CAD, Simulation, and CAM).

High-fidelity parametric models and accurate dynamic simulations serve as the digital
foundation for the Digital Twin concept. The logical progression is to integrate these virtual
models with real-time operational data, allowing engineers to track wear, simulate predic-
tive maintenance, and refine subsequent designs based on true operating conditions. Future
research efforts should prioritize the integration of MBD data [22] and parametric modeling
systems with real-time operational data streams, especially for complex machinery like
excavator buckets, to enable continuous, data-driven design optimization.
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4.3. Gaps in Standardization and Validation Processes

The points identified across the collected research necessitate targeted efforts in the
development of standards. Dealing with AM metrology, as well as the complexities of
AM geometries, particularly internal features and freeform surfaces, demand further
standardization of non-contact inspection techniques (e.g., Computed Tomography (CT)
scanning and optical 3D scanning) to ensure reliable quality verification [9].

When referring to dynamic modeling Standards, it is evident that the quantitative
findings regarding simulation fidelity should inform industry guidelines on the preferred
bolt modeling methods for highly dynamic or vibration-sensitive structures. These stan-
dards should explicitly balance the need for high accuracy (joint method) against the
computational and complexity overhead (bonded method) across different design phases.

Finally, with reference to multi-material tolerancing, the current GD&T frameworks
are insufficient for handling the dimensional complexity of multi-material or functionally
graded AM parts, requiring new standards to establish consistent and unambiguous
tolerance values. All these aspects should be considered for future research in the field of
CAD for ME.

5. Conclusions

This Special Issue highlights the current trend in Computer-Aided Design for Mechan-
ical Engineering, characterized by a search for efficiency and accuracy. The contributions
collectively demonstrate significant advances:

e  [Efficiency Through Parametric Systems [23]: The proven feasibility of employing para-
metric modeling integrated with PDM/ERP systems substantially reduces design time
and error for product lines with high variability, institutionalizing the digital thread.

e  Precision: The validation of graphical, intuitive CAD techniques, such as the Tangent
Circles Method, for traditionally analytical precision tool profiling, enhances the
accessibility of complex engineering geometry in standard industrial practices [4].

e  Generative Intelligence: The development of novel TO frameworks successfully in-
tegrates human stylistic preferences (sketches) as functional constraints that simul-
taneously drive the generation of diverse, high-performance design sets, marking a
pivotal step in human-machine collaboration [24].

e Rigorous Validation: The establishment of comprehensive protocols for generative
designs mandates analysis across static stress, multi-body dynamics, and fatigue life
for dynamic components [25].

e  DfAM Maturation: The ability to generate complex, functionally graded lattice struc-
tures using customized, low-cost parametric tools challenges the dominance of high-
cost commercial software and expands access to advanced DfAM [7,8].

e  Quality Assurance: The urgent need for GD&T to adapt via MBD, area-based parame-
ters, and non-contact inspection technologies is highlighted as essential for reliably
managing the complexities inherent in AM geometries [9].

The future path of CAD in Mechanical Engineering is moving toward fully cognitive,
Al-driven digital methodologies and tools, where design, manufacturing, and validation
are seamlessly and intrinsically linked. This forthcoming generation of tools will rely on
the foundations established here: robust parametric modeling, highly accurate simulation
fidelity, and formalized digital communication. Future research efforts, particularly those
aimed at resolving the fundamental regulatory and traceability challenges posed by Al,
the full realization of the Digital Twin concept, and the necessary standardization of
GD&T frameworks for Additive Manufacturing, will ultimately define the industrial
competitiveness of the next generation of mechanical components.
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Abstract: Geometric Dimensioning and Tolerancing (GD&T) are among the basic concepts
of functional fitness and quality assurance in modern manufacturing. The historical
development of GD&T took place primarily in the ambit of subtractive manufacturing;
the advent of Additive Manufacturing (AM) now presents novel challenges due to the
complexity of geometries, material variability, and process-induced variances. The present
Perspective Paper briefly hints at key challenges for the future of GD&T in AM, with an eye
to the necessary adaptation of tolerancing principles to AM-specific geometries, integration
of Model-Based Definition (MBD) in digital threads, and development of new standards
for surface texture and tolerance stack-up. New inspection techniques are also highlighted
for the AM parts, which would become more prominent. This study underscores the need
for continued research and collaboration to develop comprehensive GD&T frameworks
tailored to AM, ensuring its industrial scalability and interoperability with traditional
manufacturing systems.

Keywords: geometric dimensioning and tolerancing; ISO; additive manufacturing;
model-based definition; surface texture features

1. Introduction

As widely recognized, Geometric Dimensioning and Tolerancing (GD&T) is a method
for specifying and conveying engineering tolerances on engineering drawings and
computer-generated 3D models, using a symbolic language that explains the nominal
geometry of a physical object and the acceptable variations from it [1]. The nominal (the-
oretically perfect) geometry of parts and assemblies, the permitted variation in the size,
form, orientation, and location of individual features, and how features may differ from
one another so that a component is deemed adequate for its intended use are all defined by
GD&T. This framework addresses traditional subtractive manufacturing techniques like
machining, turning, and milling, and establishes geometric and dimensional criteria for
designed components [2,3]. These processes allow the production of either simple parts
with prismatic or revolving features or more complex geometries (especially when CNC
machine centers are adopted); in any case, such parts are characterized by a well-defined
topology and, depending on the process itself, by specific and usually consistently an-
notatable tolerance values. Quite the reverse, Additive Manufacturing (AM) enables the
creation of complex geometries and freeform shapes that challenge traditional tolerancing
approaches [4]. Mainly due to the special features of additive processes, including layer-
by-layer fabrication, the manufacturing of complex geometries, and material variability,
the adoption of GD&T in AM is expected to be significantly developed in the next years.
Standardized techniques to properly specify and communicate dimensions and geometric
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tolerances of additive manufactured parts will be required to deal with issues like the
implementation of topology-optimized designs, surface roughness, and the presence of
anisotropic features on a macroscopic scale (e.g., resulting from layer-by-layer manufac-
turing) and on a microscopic scale (e.g., due to the thermal history in the AM process). In
particular, the main challenge is to ensure that AM components fulfill functional require-
ments while aiding efficient production and quality control, especially when integrated into
machines composed of both subtractive manufactured and AM components. To achieve di-
mensional compliance with the original CAD model, some approaches are used to manage
geometric, dimensional, or shape errors in AM. For instance, stair-stepping, a rough surface
caused by AM’s layer-by-layer bottom-up method, can potentially result in a geometrical
error. Along with component shrinkage, these geometrical errors are also influenced by
material qualities, process parameters, support structures, and surface approximation
errors brought on by slicing techniques. As a consequence, the design phase needs to take
into account the expected actual geometry of the manufactured parts, planning a set of
actions to ensure its compliance with the originally designed digital part. Accordingly,
the geometrical mismatch between the printed items and the CAD and toolpath models is
a significant problem to be confronted with when AM is involved as a primary method
for building a part [5]. Because of the alterations made during the slicing step to build a
toolpath model that depends on different slicing settings, the printed part is not the same
as the original CAD model. The goal is to reduce the deviations and/or compensate them
based on the process conditions [6]. However, to function as a comprehensive geometric
quality sensing and control strategy, the integration of GD&T and AM requires considerable
development. According to recent literature [6-10], the key perspectives for integrating
GD&T and AM can be categorized into the following issues:

Adaptation of GD&T principles to AM-specific geometries
Surface texture and tolerance stack-up

Digital thread and model-based definition [11]

The advent of Artificial Intelligence in GD&T
Standardization of inspection for AM

GD&T adaptation to different technologies

GD&T in AM assembly parts

The present Perspective Paper aims to briefly hint at key challenges for the future

of GD&T in AM, with an eye to the necessary adaptation of tolerancing principles to
AM-specific geometries, integration of Model-Based Definition (MBD) in digital threads,
and development of new standards for surface texture and tolerance stack-up. This will act
as a basis for stimulating a discussion within the scientific community on this fascinating
topic that will be prominent shortly in manufacturing and industrial fields.

Figure 1 shows a conceptual schematic illustrating the adaptation of GD&T principles
to Additive Manufacturing.

Traditional GD&T GDA&T Adaptation to AM New Opportunities
Challenges

L '
SR G e High precision for final parts
process effects

MBD Integration

Figure 1. Conceptual schematic illustrating the adaptation of GD&T principles to AM.
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2. Adaptation of GD&T Principles to AM-Specific Geometries

As mentioned above, differently from subtractive manufacturing, AM introduces
some design complexities such as organic geometries, the presence of internal features,
and, possibly, lattice structures. Dealing with non-Euclidean surfaces, these are difficult to
dimension and tolerate using conventional GD&T standards. By way of example, lattice
structures or gyroids used in lightweight aerospace components may not have clearly
defined planes, axes, or cylinders for referencing traditional datum systems. For what
concerns internal features, such as channels, cavities, and voids, the main issue is related
to their inaccessibility for measurement using traditional inspection tools like coordinate
measuring machines (CMMs); as a consequence, it is not trivial to determine the actual
dimensions of such features, despite the fact that this challenge is shared with the field
of precision casting, where several techniques can also be adapted to AM. Finally, the
layer-by-layer process in AM results in anisotropic material properties and dimensional
variation due to factors like residual stress, heat distortion, or powder bed characteristics.
This makes it difficult to define a set of geometrical tolerances on the part.

To address these challenges, GD&T is rapidly evolving to encompass functional
datum systems that can reference freeform surfaces instead of relying on idealized planes or
cylinders [12,13]. Therefore, future GD&T practices will integrate surface profile tolerancing
for freeform surfaces using methods such as point cloud analysis or mesh comparison to
verify the manufactured geometry against the design intent. Not by chance, ISO 21920-
1:2021 [14] and ASME Y14.46 [15] (under development for AM-specific GD&T) define a set
of parameters for surface texture, including those suitable for irregular shapes produced by
AM. AM has been used by businesses like Rolls-Royce and GE Aviation for manufacturing
engine parts with complex geometries, such as fuel nozzles. Tolerances for freeform
surfaces and functional interfaces need to be defined for these components using GD&T
modifications. Another example is provided by freeform designs customized to each
patient’s anatomy, which are used in patient-specific implants, such as those made with
AM for orthopedics. Instead of using traditional dimensions, GD&T standards should be
adopted to include tolerances for fitness and function.

3. Surface Texture and Tolerance Stack-Up

Since AM is mostly layer-by-layer based, tolerance stack-up and surface texture
requirements are different from those adopted in conventional manufacturing. Layer
thickness, material deposition technique, powder size, and post-processing methods are
some of the parameters that affect both the final shape of the part (which deviates from
the designed part and the traditional machined surfaces) and the surface finish in AM
parts. These variations provide difficulties for conventional GD&T procedures and ISO
tolerancing standards.

In terms of surface texture, it should be noticed that the layering process causes AM
parts to generally have anisotropic surface roughness, with the vertical (build) direction
frequently having rougher surfaces than the horizontal. As a consequence, standard rough-
ness parameters such as Ra (Arithmetic Average Roughness), Rz (Maximum Height), or Sa
(Surface Area Roughness) may not fully define the complexity of AM surface profiles [16].
Furthermore, AM may use support structures to stabilize overhanging features [17], leaving
residual marks or artifacts that affect the surface finish. The immediate consequence is that
designers should be aware of the difference between specific tolerances for post-processed
areas and as-built surfaces. As seen by ISO/ASTM 52920:2023 standard [18], which estab-
lishes rules for test artifacts in AM to assess surface roughness, standards are progressively
concentrating on specifying surface finish requirements, especially for AM procedures.
Moreover, several authors [19-21] are proposing the use of area-based parameters (Sa, Sq)
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to better characterize roughness in AM parts compared to the traditional line-based pa-
rameters (e.g., Ra). In addition, inspection methods based on Reverse Engineering [22,23]
methods, such as optical 3D scanning, light interferometry, and CT, can be used for assess-
ing complex AM surfaces, thus allowing GD&T standards to enable precise evaluation of
surface profiles.

Regarding tolerance stack-up, dimensional variability in individual parts brought
on by AM process features (such as warping or shrinking) might result in unforeseen
tolerance stack-up problems in assemblies, including AM components. For instance, when
tolerances are not properly maintained across many AM components, parts with tight
assembly clearances (e.g., turbine blades) cannot operate under design conditions. To deal
with this issue, GD&T practices will increasingly include provisions for as-built tolerances,
which reflect the raw AM surface finish directly from the 3D printer, and post-processed
tolerances that will ensure tighter limits achieved through secondary processes such as
machining, polishing, or chemical finishing [24]. Additionally, process-induced variations
like warping and thermal distortions will be incorporated into tolerance stack-up models
for AM parts, and sophisticated simulation techniques like digital twins and finite element
analysis (FEA) will aid in the prediction of tolerance accumulations in assemblies.

Unfortunately, since existing GD&T standards primarily focus on single-material com-
ponents, it is still difficult to obtain consistent tolerance values for multi-material or graded-
material AM parts. As a result, future studies are anticipated to focus on this area [25].

4. Digital Thread and MBD Integration

A recent improvement in Additive Manufacturing is the combination of Model-Based
Definition (MBD) with GD&T within the digital thread ecosystem. By ensuring that
tolerance criteria are efficiently transferred from design to both manufacture and inspection,
this integration is expected to improve the AM workflow’s accuracy and efficiency. It is
expected in the near future that GD&T information, material specifications, and other
annotations will be embedded directly into a 3D CAD model, eliminating the reliance
on traditional 2D drawings. Even though we live in an increasingly digital world, this
central step is not easy to implement immediately. Many companies, especially SMEs,
still work using 2D drawings for manufacturing. This requires the designer to indicate
the geometric and dimensional tolerances on this drawing, rendering the analysis of AM
processes more complex. By empowering MBD, even for traditional subtractive processes,
it will be easier to consider the precise definition of tolerances on simple geometries
but also on freeform surfaces and lattice structures. ISO standards are aware of this
opportunity, as demonstrated by ISO 16792:2021 [26]—Digital Product Definition Data
Practices, which specifies requirements for the preparation, revision, and presentation of
digital product definition data, and supports two methods of application: 3D model only
and 3D model with 2D drawing in digital format. Under these premises, organizations are
turning to Additive Manufacturing (AM) as a solution to supply chain and manufacturing
restrictions in today’s more complicated production and sustainability contexts. However,
companies must oversee intricate, interconnected, and data-driven events to deploy AM
on an industrial scale. The secret to enhancing AM capability is the digital thread, a single,
seamless strand of data that runs from the original design to the completed part.

Digital thread’s primary benefit is that it allows designers to directly implement
GD&T into 3D models, ensuring their tolerance objectives are maintained throughout
the manufacturing and inspection processes. When specifying tolerances on complex
surfaces and interior aspects that are difficult to accurately depict in 2D drawings, this
is especially helpful. Additionally, automatic tolerance checks are made easier during
the process simulation and build preparation phases by incorporating GD&T within the
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MBD framework. In fact, automatic GD&T assignment and validation for AM-specific
geometries is now supported by software programs like Siemens NX version 2306 (Siemens
AG, Munich, Germany), PTC Creo (PTC Inc., Boston, MA, USA) and Autodesk Fusion
360 (Autodesk Inc. San Francisco, CA, USA). Lastly, because inspection tools may extract
GD&T information directly from CAD models, GD&T annotations in the digital thread
allow automated inspection utilizing sophisticated measuring systems like 3D scanners
and CT scans, minimizing errors in manual interpretation. However, even though MBD is
supported by several GD&T standards (such as ISO 1101 [27]), further harmonization is
needed to handle AM’s particular requirements, like layer-specific annotations and freeform
tolerancing. Furthermore, data loss or incorrect interpretation of GD&T annotations in
AM processes may result from a lack of connectivity between design, simulation, and
manufacturing software. Fortunately, this issue was addressed in the past by leveraging
the concept of Constructive Technological Entity that aims to embed the same object pieces
of geometrical and technological information, targeting a better data transfer between
different types of software (e.g. CAD like Siemens NX, version 2306 and CAM like Siemens
NX CAM version 2024). As a final remark, it is possible to state that Artificial Intelligence-
based methods will also assume their role in this process by leveraging the integration of
GD&T and MBD by automating tolerance assignment based on part functionality and AM
process capabilities [28]. By analyzing data from previous builds, machine learning models
can anticipate deviations and adjust process parameters, leading to improved accuracy and
reduced need for post-processing. This data-driven approach enhances the reliability and
efficiency of AM processes [29].

MBD is used by firms such as Lockheed Martin, Boeing, and Baker Hughes to include
GD&T into AM component designs, guaranteeing adherence to stringent aerospace tol-
erances throughout manufacturing and inspection. For AM parts, automakers such as
Ford and BMW use MBD and GD&T integration to speed up prototyping and guarantee
dimensional correctness during assembly.

5. The Advent of Artificial Intelligence in Geometric Dimensioning and
Tolerancing (GD&T)

The rapid development of Artificial Intelligence may be considered among the hottest
topics in research in countless industry sectors today. GD&T makes no exception. Recent
works deal with the implementation of Al-based methods, mostly making use of Convolu-
tional Neural Networks (CNNs) to enable automated detection of geometric features from
CAD models and scanned parts and to extract GD&T symbols from 2D and 3D drawings
to assess tolerance zones [30]. Another important contribution of IA in tolerance analysis is
related to the use of reinforcement learning and genetic algorithms to optimize tolerance
allocation by reducing manufacturing costs while maintaining quality [31]. In the context
of Additive Manufacturing, Al-driven optimization methods could help compensate for
material shrinkage, warping, and roughness, ensuring more reliable dimensional control.
Finally, deep learning models integrated with Control Measurement Machines and optical
inspection systems can analyze dimensional deviations in real time, improving inspec-
tion speed and reliability [32]. Al-driven anomaly detection techniques can also assist in
predicting potential defects before they occur. Despite its advantages, demonstrated by
scientific literature, Al-driven GD&T faces challenges such as data availability, model inter-
pretability, and integration with existing manufacturing workflows. Accordingly, future
research should focus on developing explainable Al models, improving Al robustness, and
standardizing Al-based GD&T methodologies.
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6. Standardization of Inspection for AM

As briefly aforementioned, complex AM geometries may not always be appropriate for
conventional inspection instruments (CMMs, calipers). As a result, non-contact measuring
techniques for AM component inspection will be more frequently included in GD&T
standards [33].

These methods include the following: (1) using laser or structured light scanners to
provide accurate digital representations of the surface geometry of an item, allowing for
thorough surface examinations; (2) optical 3D scanning, which projects fringe patterns onto
a component’s surface and uses cameras to record the reflected data to perform precise
shape and dimension analyses without physical contact; (3) Computed Tomography (CT)
scanning, which uses X-rays to capture internal and external geometries and enables both
the identification of subsurface defects and the dimensional assessment of internal features
that are otherwise unmeasurable with traditional methods. Therefore, standardization
and benchmarking in GD&T for AM will increasingly be involved together with the
mature development of Reverse Engineering techniques, allowing for the development
of uniform methods for defining, measuring, and verifying tolerances specific to AM
processes. These efforts will ensure consistency, interoperability, and reliability across
industries using AM technologies. In general, there is a lack of standardization in terms
of tolerancing dimensional stability for AM parts. This is mainly due to the rising of AM
process-dependent deviations on manufactured parts, due to thermal distortions, warping,
and shrinkage, depending on the different AM technologies and on the wide range of
materials used to produce the parts. To confront these issues, some efforts are currently
in development, based on the standard ISO/ASTM 52910:2018 [34], providing a set of
guidelines and recommendations for using AM in product design. However, more studies
are expected in the future regarding this important topic.

7. GD&T Adaptation to Different Technologies

GD&T needs also to be adapted to different processes commonly adopted to manufac-
ture mechanical parts, such as Powder Bed Fusion (PBF) and Directed Energy Deposition
(DED), while also considering the unique behaviors of materials like metals, polymers,
and ceramics. In PBF processes, dimensional accuracy is influenced by powder particle
size, laser scanning strategies, and thermal distortions, requiring tighter controls on form
tolerances (flatness, cylindricity) and position tolerances (true position, concentricity) [35].
DED processes, on the other hand, produce larger, near-net-shape components with higher
thermal input, often leading to higher residual stress and lower feature resolution, mak-
ing profile tolerances more critical for accounting for surface variations [36]. Because of
anisotropic shrinkage and microstructural alterations, metal AM parts require process-
specific tolerance compensation. With an emphasis on profile and straightness tolerances,
polymer AM, like FDM or SLS, necessitates GD&T modifications for warping and layer
bonding irregularities. Because of its brittleness and sintering shrinkage, ceramic AM,
which finds utility in biomedical and aerospace applications, poses difficulties that call for
GD&T solutions that take post-processing dimensional changes into account. By tailoring
GD&T to each AM process and material, functional accuracy is guaranteed, post-processing
requirements are decreased, and reliability is improved across a range of applications.

8. GD&T in AM Assembly Parts

As widely recognized, GD&T plays a crucial role in ensuring the dimensional and
geometric accuracy of assemblies by allowing the control of both dimensional and geometric
tolerances by leveraging ISO 2692:2001 [37] and ASME Y14.5 - 2018 (R2024) [38] rules listed
in Table 1.
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Table 1. ISO [37] and ASME [38] rules for assemblies.

ISO Rules ASME Rules
Rule 1: Independence Principle Rule 1: Envelope requirement
Each dimensional or geometric prescription must be When specifying only dimensional tolerances, these
respected in itself (independently) unless a particular always apply under maximum envelope conditions
relationship is specified [equivalent to ISO Rule 2]. No modifier is used.
Rule 2: Interdependence
Rule 2: Envelope requirement To establish an interdependence between geometric and
The shape of an element must never exceed the envelope dimensional tolerances, a modifier has to be adopted
of the perfect shape corresponding to the maximum according to the principle of Maximum Material or
material condition. ISO adopts modifier E Minimum Material [equivalent to ISO Rule 3]. ASME
adopts modifiers M and L

Rule 3: Interdependence

To establish an interdependence between geometric and
dimensional tolerances, a modifier has to be adopted
according to the principle of Maximum Material or
Minimum Material. ISO adopts modifiers M and L

Rule 3: Regardless of Feature Size

Each dimensional or geometric prescription must be
respected in itself (independently) unless a particular
relationship is specified. ASME adopts modifier RFS

The aforementioned rules are clearly applicable to 2D drawings, ensuring the compli-
ance of the manufactured parts to be assembled with their designed functional scope. Since
AM parts are purely model-driven manufacturing processes [39], the role of 2D drawings
in designing AM parts is of little value. Therefore, GD&T annotation practices should move
toward 3D annotations. This is a big challenge in the GD&T field, especially due to complex
geometries, e.g., for Topologically Optimized parts. For these parts, geometric and dimen-
sional annotations may not be able to capture either the complexity of the manufactured
surfaces or the surface of mating features. To partially solve this issue, GD&T practices are
moving from purely symbolic definition to semantic CAx-integrated annotation, the latter
being this intended for computer-based use.

9. Discussion and Conclusions

The integration between Geometric Dimensioning and Tolerancing and Additive
Manufacturing is a critical aspect of ensuring the reliability, consistency, and functionality
of AM-produced components. Unlike subtractive manufacturing, where the manufacturing
process is relatively simpler, AM throws many challenges, including complex freeform
geometries, anisotropic material properties, and process-induced deviations that are not
easily implemented in the GD&T standard. All these issues indicate a shift from traditional
GD&T approaches toward more flexible and encompassing methodologies.

The first important development is the adaptation of GD&T principles to AM-specific
geometries, where functional datum systems and freeform surface tolerancing are gaining
prominence. Because layer-by-layer fabrication creates distinct roughness patterns and
dimensional irregularities, it is also important to incorporate tolerance stack-up models
and surface texture analysis specifically designed for AM. Additionally, the integration of
Model-Based Definition (MBD) into the digital thread seems to be a challenging yet effective
strategy for ensuring continuity from design to manufacturing by reducing interpretation
mistakes and enabling automated tolerance checking. Again, the key to guaranteeing
AM'’s industrial scalability includes standardization and benchmarking. Not by chance,
standardized procedures for the inspection, tolerancing, and quality control of AM compo-
nents are being developed by organizations like ASME and ISO. Finally, a significant step
forward is the increasing reliance on non-contact inspection techniques, which allows for
the verification of complex internal and external geometries.
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However, challenges still exist. The development of interoperability among various
AM procedures, software tools, and GD&T standards continues to evolve and calls for
constant improvement, as well as industry cooperation. Furthermore, current GD&T
frameworks do not adequately handle the additional tolerancing issues presented by multi-
material and functionally graded AM components. It is also important to note that when
a given AM process cannot ensure a set of tolerances that comply with the functional
requirements of a part, AM either cannot be selected as an appropriate process, or it needs
to be followed by another additional manufacturing process. This is particularly true for
complex assemblies consisting of many mated parts, where strict control of the tolerance
chain is required in addition to the tolerances of the specific parts.

Future work must concentrate on integrating GD&T with AM-driven design
paradigms as research advances, making sure that tolerancing strategies complement
AM’s special strengths rather than imposing limitations inherited from conventional man-
ufacturing techniques. Overall, GD&T and AM integration is a developing topic that
necessitates interdisciplinary collaboration between standards organizations, software
developers, and engineers. GD&T can fully support the expanding industrial usage of
AM by developing digital and, why not, Al-driven quality control procedures, improving
tolerance definitions for AM-specific geometries, and setting internationally recognized
benchmarks. The ultimate objective is to provide a strong, automated, and scalable frame-
work that guarantees AM-produced parts meet functional and regulatory criteria while
preserving manufacturing efficiency and cost-effectiveness. This, to the best of the author’s
knowledge, is the future of engineering practice, where traditional manufacturing methods
will be increasingly integrated with additive techniques and necessarily connected with the
problems inherent to the need to tolerate mechanical components with an unambiguous
and consistent system. For this reason, this Perspective Paper aims to inspire all researchers
and practitioners working in the mechanical engineering sector to implement every pos-
sible effort to promote the integration of GD&T and AM as a strategy for the effective
manufacturing of mechanical components and complex mechanisms.
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Abstract: Vibration testing is crucial for understanding structural dynamics, yet conven-
tional modeling of bolt connections often leads to significant inaccuracies. This study
systematically compares six bolt connection methods—bonded, adaptive bonded, joint,
beam, screw, and fixed bolt—using a finite element analysis of a headlamp vibration test
jig. The six bolt connection methods were selected based on approaches adopted in previ-
ous studies. The experimental results identified the joint connection method as the most
accurate, minimizing deviations in natural frequency to 7.6 Hz compared to experimental
tests at 493.2 Hz, while bonded methods overestimated the frequency at 544.1 Hz due to
excessive stiffness assumptions. Efficiency analyses highlighted bonded methods as the
most computationally streamlined, offering preprocessing times as short as 30 s and shorter
overall analysis times. These findings emphasize the importance of selecting appropriate
bolt connection methods in the early design phase to ensure accurate natural frequency
predictions and mode shape representations. Although this study does not consider bolt
preload forces, the work shows the possibility of offering practical guidelines for improving
the reliability and efficiency of vibration test jig designs by bridging the gap between
analysis and experimental results.

Keywords: bolt implementation; dynamic behavior analysis; vibration testing; finite ele-
ment analysis

1. Introduction

Vibration testing provides critical data for assessing the safety and durability of a struc-
tural design by analyzing the natural frequencies and mode shapes of the structure [1,2].
This analysis is crucial for understanding the dynamic behavior of structures and assessing
design suitability and durability [3-5]. Resonance at specific frequencies, in particular, can
increase component fatigue and reduce durability, making design review and vibration test-
ing an essential preventative step [6-8]. These vibration tests are performed by fixing the
structure under test. A jig is required to obtain accurate test results with natural frequencies
and mode shapes superior to those of the test object [9]. This is because the influence of
the jig’s properties on the test results is minimized, enabling an accurate evaluation of the
actual durability performance of the structure [10].

Vibration test jigs are typically assembled using ribs and plates fastened with bolts.
The bolt connection method significantly affects properties such as rigidity and natural
frequency [11-13]. In the early design stages, bolt connections are often simplified and
modeled as bonded (perfect bonding) to improve analysis efficiency. Although this ap-
proach reduces analysis time, it fails to fully capture the actual contact behavior of bolt

Appl. Sci. 2025, 15, 505 https://doi.org/10.3390/app15020505
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connections, leading to discrepancies between the analysis and test results [14-16]. This
hinders the derivation of accurate test results and increases the likelihood that the jig design
properties will not meet expectations under real-world conditions.

The bolt connection method significantly affects the natural frequencies and mode
shapes of a vibration test jig. Therefore, differences may arise between the analysis and ex-
perimental results depending on the contact conditions and connection method chosen [11].
Numerous studies have analyzed the effects of bolt connection methods on the natural
frequencies and mode shapes of structures through experiments and numerical analysis,
emphasizing their critical role in ensuring design accuracy and appropriateness [17,18].
For instance, a study showed that failing to reflect the actual contact conditions of the bolts
during vibration testing can reduce the consistency between the analysis and experimental
results, highlighting the importance of proper bolt implementation methods to improve
design accuracy [19]. Additionally, a study that experimentally demonstrated the impact of
bolt connection methods on natural frequencies and mode shapes suggested that selecting
the correct connection method during the initial design stage is essential [20].

To address the discrepancy between analysis and test results, various bolt imple-
mentation methods have been proposed [21]. For example, connecting a line body under
rigid conditions can improve analysis efficiency by providing shorter analysis times in
vehicle engine vibration testing [22]. Furthermore, the simplified connection approach has
been effectively applied in the vibration analysis of diesel engine cylinders, streamlining
bolt implementation while maintaining adequate accuracy [23]. However, research on
bolt implementation methods in vibration testing remains fragmented, and a systematic
comparison and evaluation of the performance and limitations of each method are lacking.

This study analyzes the natural frequencies, mode shapes, and efficiency of various
bolt implementation methods using a vibration test jig to determine the most suitable
method for design and analysis. To achieve this, a headlamp jig and M6 standard tapped
bolts currently in use were selected as the research materials. The bolts were modeled
using six different implementation methods, and their natural frequencies, mode shapes,
analysis times, and preprocessing efficiency were compared. Additionally, the natural
frequencies obtained from vibration tests were compared with those of the analysis models
to evaluate the effectiveness of each method. Through this analysis, this study seeks
to provide practical guidelines for design and analysis stages, contributing to improved
accuracy and efficiency in structural design.

2. Materials and Methods
2.1. Specifications

In this study, M6 standard tapped bolts were selected as the research model. These
bolts are used in actual vibration tests to connect the ribs and feature a design that forms
internal threads directly on the counterpart without requiring nuts, particularly in situations
where through-holes cannot be drilled. Figure 1 and Table 1 present the dimensions and
specifications of the M6 bolts used in this study.

B ‘ P
D)HHWWW
Al

Figure 1. M6 bolt dimensions.
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Table 1. M6 bolt dimensions.

. Head Head .
Length [L] Diameter [d] Diameter [D] Thickness [K] Pitch[p] = Threaded Length [S]
Dimension (mm) 40 6 10 4 1 20

Figure 2 shows the headlamp vibration test jig used for analysis and testing. Head-
lamps are continuously exposed to vibration and shocks during operation, making vibration
testing essential. Furthermore, the headlamp vibration test jig, which requires numerous
bolt fastenings, is well-suited for comparing behaviors based on bolt fastening methods.
The jig weighed 67.8 kg and comprised 14 ribs, 2 lamp-fastening sections, and 1 lower plate.
The ribs were 20 mm thick, while the lower plate was 25 mm thick, with dimensions of
892.4 mm along the x-axis and 652.7 mm along the y-axis. The jig’s overall height, measured
from the top of the lower plate, was 628.8 mm. A total of 291 bolt holes were created on
the jig at 30 mm intervals, with additional holes at 100 mm intervals on the lower plate for
attachment to the vibration testing machine (Figure 2).

Figure 2. Structure and fastening positions of the vibration test jig for a headlamp.

2.2. Finite Element Analysis

In this study, six methods were used to simulate bolt connections: bonded, adaptive
bonded, joint, beam, screw, and fixed bolt. The six selected methods in this study represent
the functions for a bolt simulation available in ANSYS and Inspire (i.e., widely used
commercial software). The adaptive bonded, joint, and beam methods were provided in
ANSYS, while the screw and fixed bolt methods were provided in Inspire. Particularly,
the adaptive bonded and beam methods were used in previous studies, such as those that
analyzed diesel engine vibrations [23], and the joint method was also frequently applied
in engine vibration testing research [22]. On the other hand, the screw and fixed bolt
methods were included in this study for comparative purposes although they were not
widely studied. Figure 3 shows the fastening appearance of the bolts used. In addition,
Figure 4 shows the application sequence of the proposed method in a flow chart.
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Figure 3. Implementation methods for bolt connections.
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Figure 4. Implementation procedures for bolt connections.

The bonded connection method (Figure 3a) establishes a fully bonded state by applying
bonded conditions to the contact area without modeling the bolt. Contact conditions are
applied to prevent deformation or slippage on all contact surfaces, ensuring a solid bond
between structures. This method assumes that the entire joint area acts as a rigid body;,
regardless of the contact area, thus representing high bonding strength. This connection
method was implemented using the “Contacts” tool in ANSYS Connections.

The adaptive bonded connection method (Figure 3b) models bolts as line bodies,
assigning contact areas and bonded conditions to connect them. To implement this, bolts
are created by connecting two line bodies. These line bodies are divided into threaded and
non-threaded sections for representation. At the non-threaded sections, contact conditions
are applied to the upper and lower edges of the holes to simulate a weaker bonding
strength. Additionally, contact conditions are applied between the line bodies and surfaces
with internal threads to represent the threaded contact. This connection method was
implemented using the “Contacts” tool in ANSYS Connections.

The joint connection method (Figure 3c) models bolts as line bodies and rigidly
connects them with the contact areas. Bolts were created as line bodies in the same
way as in the adaptive bonded method. For contact representation, the non-threaded
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sections of the line body were assigned contact conditions at the upper and lower edges.
Additionally, the threaded sections were assigned contact conditions between the line body
and the internal thread surfaces. This method was implemented using the “Joint” tool in
ANSYS Connections.

The beam connection method (Figure 3d) implements bolts as virtual beam elements
and rigidly connects the contact areas. A notable feature of this method is that it does
not require prior creation of bolt bodies. Unlike the adaptive bonded method, where
bolt contacts are specified separately, the creation of beams directly serves as the bolt
representation. Therefore, contact conditions are directly applied to the edge of the surface
where the bolt head is fastened and the area on the lower plate where the internal threads
are located. This method was implemented using the “Beam” tool in ANSYS Connections.

The screw connection method (Figure 3e) models bolts as line bodies and connects
the contact areas using Rigid Body Element 2 (RBE2) constraints. RBE2 ensures that all
connected nodes behave as a rigid body, maintaining identical displacements and rotations
across the nodes. In the screw connection method, bolts could be created simply without
requiring additional contact conditions or the need to locate bolt positions. This method
simplifies fastening, enabling efficient modeling and analysis. This connection method was
implemented using the “Fastener” tool in the Inspire analysis program.

The fixed bolt connection method (Figure 3f) also models bolts as line bodies and
connects the contact areas using RBE2 constraints. Unlike the screw connection method,
the nodes at the top and bottom of the CBAR are designated as fixed points, ensuring that
both ends of the bolt remain completely fixed. Similar to the screw connection method, the
fixed bolt method allows bolts to be created simply without assigning additional contact
conditions or locating bolt positions. The fixed bolt method provides a fastening method
that simulates connections where rigidity is relatively important. This connection method
was implemented using the “Fastener” tool in the Inspire analysis program.

For the representation of line bodies, BEAM188 elements were used in ANSYS analysis,
while CBAR elements were used in Inspire. BEAM188 elements have the characteristic of
allowing thickness information to be input for one-dimensional structures. Additionally,
these elements have six degrees of freedom and can account for axial forces, shear forces,
bending, and torsion moments. CBAR elements have the same degrees of freedom and can
similarly represent the physical properties of bolts.

In general, computational analysis results tend to indicate higher natural frequencies
compared to experimental values, as they cannot perfectly account for all conditions.
To address this, contact friction between contact areas, excluding bolt joints, was not
considered in the contact conditions. This assumption was based on the relatively small
contact area between the ribs. In addition, the bolts, positioned at 30 mm intervals, were
considered sufficient to provide the necessary structural strength for the connection [24].
Moreover, the preload of the bolts was excluded, as it could excessively influence the
computational analysis results by further increasing the structural strength.

Figure 5 shows the finite element model of the entire jig. The FE model of the jig
was constructed using SOLID185 in ANSYS, 8-node solid elements. This element uses the
simplified enhanced strain formulation. Enhanced strain formulation modifies gradient
tensor and strains in lower-order elements to prevent shear and volumetric locking [25].
The model consisted of 1,094,136 nodes and 627,725 elements, with an average aspect ratio
of 2.31 and an average Jacobian ratio of 0.97, indicating sufficient mesh quality [26]. The
detailed calculations are provided in Sections A and B. The bolt material properties were
assigned based on AISI 304 stainless steel (density: 8 x 10~° kg/mm?, Young’s modulus:
195.0 GPa, Poisson’s ratio: 0.29, and yield strength: 215 MPa). The jig material properties
were assigned based on Aluminum Die Casting (ALDC) (density: 2.75 x 10-¢ kg/mm?,
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Young’s modulus: 69.6 GPa, Poisson’s ratio: 0.33, and yield strength: 165 MPa). The
analysis was conducted using the ANSYS 24 R1 and Inspire 2023 programs. A personal
computer (Intel i9-12900K, GPU: GEFORCE RTX 3080, RAM: 64 GB, Santa Clara, CA, USA)
was used for the analyses.

Figure 5. Finite element model of the jig.

2.3. Testing Methodology

The vibration test was conducted using a Dongling’s ES-200LS2-650 vibration tester
(Suzhou, China). This equipment provides a maximum impact force of 600 kN, a frequency
range of 5-2100 Hz, a maximum acceleration of 1000 m/s? (100 g), a maximum displace-
ment of 76 mm, and a maximum allowable weight of 2500 kg. Acceleration measurements
were recorded using Kistler’s 8703A250M5 accelerometer (Winterthur, Switzerland). Data
acquisition and analysis were performed using the VR9500 Vibration Controller along with
the VibrationVIEW software (v.15.2, Vibration Research, Jenison, MI, USA). The test was
conducted over a frequency range of 30 Hz to 700 Hz, which is set to be more than twice
the minimum criterion for the first natural frequency of the vibration test jig (350 Hz). In
addition, the vibration test was conducted along a single axis in the X-axis direction [27,28].

Figure 6 shows the jig fixing position and the position where the acceleration sensor
is attached in the vibration experiment. The test subject was the headlamp vibration test
jig, with a total weight of 70.4 kg for the jig and bolts combined. Sensors were fixed using
adhesive to the lamp-fastening position (Top Head) at the topmost part of the vibration
test jig (Figure 6). The sensors were positioned at the topmost part of the vibration test
jig (Top Head) to sensitively reflect the overall vibration characteristics of the structure.
This is because the top section experiences the maximum deformation and acceleration
during resonance, making it the optimal location for analyzing natural frequencies and
mode shapes [29]. The jig was made of ALDC material, and the test subject was fastened
using M6 standard tapped bolts. The jig was secured to the vibration tester using M10
standard hex wrench-tapped bolts, with the fixed location set at the center of the top plate
of the vibration tester. The test results derived the first natural frequency by analyzing
changes in acceleration and phase angle. Resonance frequency was considered to occur
when the change in phase angle exceeded 90°.
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W Bolting Point

(a) Top view (b) Isometric view (c) Isometric view
(Analysis model) (Analysis model) (Experimental model)

Figure 6. Vibration testing equipment and jig: (a) top view, (b) isometric view (analysis model),
(c) isometric view (experimental model).

2.4. Comparison of Analysis and Test Results

This study was conducted to identify the optimal bolt connection method by compar-
ing the natural frequencies and mode shapes observed in the jig for various bolt connection
methods against vibration test results. The comparison was conducted by evaluating the
representativeness of the bonded connection method in vibration testing. It involved analyz-
ing changes in the jig’s natural frequencies and mode shapes depending on the connection
method, assessing the similarity with test results, and performing an efficiency analysis.

First, the study evaluated whether the bonded connection method, which is the most
common method used to represent bolt connections, effectively represents vibration testing.
For this purpose, the jig’s natural frequencies derived from vibration testing were compared
with those obtained through bonded-based vibration analysis. Here, natural frequency
refers to the frequency at which resonance occurs at the Top Head of the jig (493.2 Hz).

Second, the study analyzed whether there were similarities or differences in the jig’s natural
frequencies and mode shapes depending on the bolt connection method. For this analysis, the
first natural frequencies and mode shapes of the jig were compared for each bolt connection
method [12,30,31]. The first natural frequency is the most sensitive indicator of structural
stiffness and directly reflects changes in bonding strength and stiffness caused by different
connection methods. Additionally, the first natural frequency represents the overall dynamic
characteristics of the structure and serves as a critical criterion in design and analysis [32-34].

Third, the bolt connection method that produces natural frequencies most similar to
those of the vibration test was determined. For this, the natural frequencies of the Top
Head measured during vibration testing were compared with those calculated for each bolt
connection method. Through this comparison, the connection method showing natural
frequencies closest to the test results was selected.

Fourth, the efficiency of the analysis for each bolt connection method was compared.
For this purpose, the CP Time and total memory usage required for the analysis of each
connection method were analyzed. CP Time represents the total processing time the CPU
spends on actual computation during the analysis and reflects the complexity of an analysis
model and the efficiency of computational tasks. The total memory usage serves as a metric
to assess the complexity and resource consumption of the analysis model. High memory
requirements can slow down the analysis or even cause it to fail, making memory usage an
important metric. Additionally, the time and effort required for generating finite element
models of bolts and the fastening procedures during preprocessing were also analyzed to
comprehensively evaluate the usability of each connection method.
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3. Results

Figure 7 shows the changes in acceleration and phase angle measured in the jig during
the vibration test. The first natural frequency of the jig is 493.2 Hz, with an acceleration peak
of 17.1 g and a phase angle change of 85° at this frequency. This result varied significantly
from the analysis result of the bonded connection method. The natural frequency of the jig
with the bonded connection method was 544.1 Hz, approximately 10.3% higher than the
vibration test result.
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Figure 7. Acceleration and phase response with natural frequency identification.

Figure 8 shows the natural frequencies and mode shapes observed in the first mode
for different bolt connection methods. The colors in Figures 8 and 9 indicate the relative
mode shape deformations across the structure. Four methods (adaptive bonded, beam,
screw, joint) exhibited lower natural frequencies and distinct mode shapes compared to
the bonded connection method. For example, the adaptive bonded method showed a
local bending mode (Local Mode) along the y-axis in the ribs, with a natural frequency of
324.7 Hz. The beam method also exhibited local bending along the y-axis in the ribs, with
the lowest natural frequency of 301.8 Hz. The screw method showed local bending in the
ribs, with a natural frequency of 388.2 Hz. The joint method exhibited bending deformation
along the x-axis at the Top Head, with a natural frequency of 500.8 Hz. By contrast, the
fixed bolt method showed a higher natural frequency (881.9 Hz) compared to the bonded
connection method, with a local mode displaying bending along the y-axis in specific ribs.

Figure 9 illustrates the mode shapes and natural frequencies observed at the Top Head
for different bolt connection methods. The Top Head position was specifically selected
because it corresponds to the location where the accelerometer sensor was attached during
the vibration test. This verifies that the analysis aligns with the actual experiment setup.
The bolt connection method with the highest frequency was the bonded connection method,
which exhibited a frequency of 544.1 Hz in the first mode. The method with the lowest
frequency was the beam connection method, which showed a frequency of 349.8 Hz in the
fifth mode. However, the bolt connection method with results most similar to those of the
vibration test was the joint connection method, which exhibited a frequency of 500.8 Hz
in the first mode, showing only a 7.6 Hz difference from the test result. The fixed bolt
connection method, which exhibited the highest frequency in the first mode, did not show
a mode occurring at the Top Head among the six modes analyzed.
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Figure 8. Natural frequencies and mode shapes based on different bolt connection methods:
First mode.
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Figure 9. Natural frequencies and mode shapes based on different bolt connection methods: Top
Head mode.

Table 2 summarizes the preprocessing time, CP Time, and memory usage for each
bolt connection method. Preprocessing times were averaged over five trials conducted
by experts to enhance the reliability of the analysis. The analysis efficiency and resource
consumption varied significantly depending on the bolt connection method. Preprocessing
time was particularly influenced by the number of bolts created and fastened. The adaptive
bonded and joint methods required the longest times, each exceeding 6000 s (more than
one hour), whereas the bonded, screw, and fixed bolt methods completed preprocessing in
just 30 s. The beam method showed intermediate results, requiring approximately 3000 s.
For CP Time, the adaptive bonded method took the longest, at 598 s, while the bonded
method was the fastest, at 91.65 s. In terms of memory usage, the bonded method consumed
the most memory at 37,393 MB, whereas the screw method was the most efficient, using
only 25,590 MB.

30



Appl. Sci. 2025, 15, 505

Table 2. Comparison of preprocessing time, analysis time, and memory usage for different bolt
connection methods.

Bonded Adaptive Bonded Joint Beam Screw Fixed Bolt
Average time required 30 6000 6000 3000 30 30
preprocessing [s]
CP Time [s] 95 598 97 345 209 274
Memory usage [MB] 37,393 35,731 32,671 30,044 25,590 25,985

4. Discussion

This study analyzed the natural frequencies, mode shapes, and efficiency of various
bolt implementation methods in a vibration test jig to propose the optimal connection
method. To this end, the natural frequency and mode shape of the vibration test jig applied
with six-bolt connection methods were compared to the natural frequency (493.2 Hz)
derived from the Top Head in an actual vibration experiment. The joint connection method
was found to produce the results most similar to the vibration test, with a difference of only
7.6 Hz, indicating high accuracy.

Through the results of this study, the discrepancy between vibration test results and
bonded connection analysis was quantitatively assessed. The bonded connection method
showed a natural frequency of 544.1 Hz, approximately 10.3% higher than the vibration
test result (493.2 Hz). This is because the bonded contact exhibits greater stiffness than
the bolt connections. Whereas bolt connections only connect specific points with gaps
between joint surfaces, bonded connection assumes complete bonding between nodes,
resulting in stronger coupling [35]. Therefore, although the bonded connection method is
effective for simulating welded connections, it has limitations in representing the dynamic
characteristics of bolt connections.

To determine whether the proposed bolt connection methods could simulate actual
bolts, the differences in natural frequencies among the connection methods were examined.
The two types of connections differed in structural stiffness, with bolt connection methods
(except for fixed bolts) exhibiting relatively lower natural frequencies than bonded connec-
tions. This is because, unlike bonded connections, bolt connection methods involve smaller
contact areas and account for nonlinear behavior in their coupling characteristics [36].
Additionally, the fixed bolt method exhibited a natural frequency of 881.9 Hz, which was
337.8 Hz higher than the natural frequency of 544.1 Hz for the bonded connection. This
is because the fixed bolt method was based on Inspire’s functionality, which treats the
bolt head and endpoints of the threads as fixed points, restricting displacement and ro-
tation degrees of freedom at both points. In other words, the fixed bolt method exhibits
excessive rigidity, making it unsuitable for reproducing the dynamic characteristics of
actual bolts. However, the fixed bolt method can be effectively utilized in designs requiring
maximum structural coupling rigidity, such as heavy equipment, bridge structures, or
stationary machinery.

A comparison of the modes among the analyzed bolt connection methods showed
that the bonded connection method exhibited a global mode where the entire jig moved,
while the bolt connection methods (except for the joint method) showed local modes with
maximum deformation occurring in the ribs. This is because bolt connection methods
have insufficient contact area and bonding strength, with nonlinear behavior influencing
vibration characteristics [37-39]. On the other hand, the joint method, similar to the
bonded connection, exhibited a global mode where the entire jig moved. This is because
the joint method, based on ANSYS’s joint functionality, rigidly connects two surfaces or
points, providing high contact stiffness. As a result, relatively high contact stiffness in
the rib connections occurs, effectively dispersing vibrations in local areas. Therefore, the
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joint method provides higher contact stiffness than other bolt implementation methods,
significantly impacting structural stiffness and vibration behavior.

This study successfully identified a reliable bolt connection method for vibration test jigs
through computational modal analysis and experimental validation, providing an approach
for accurate dynamic behavior prediction. The modal analysis evaluated the dynamic behavior
of the structure based on natural frequencies and mode shapes. Among the methods, the
joint method indicated the most similar results, with approximately a 1.5% difference from
the experimental values. These results are consistent with bolt connections for the dynamic
analyses of an automotive engine [22], where a similar joint method showed a high correlation
between the natural frequency of the computational analysis results and experimental results,
further validating the reliability of this study. Furthermore, incorporating dynamic stress into
this study’s methodology could lead to a more refined design of structural dynamic behavior.
A study on FE refinement for accurate dynamic stress [40] showed that considering dynamic
stress in the evaluation process not only improved the structure’s fatigue performance but
also enhanced the reliability of the design under dynamic conditions. Thus, this approach
could provide dynamic characteristic-based designs with greater practical applicability and
improved overall performance.

In terms of analysis efficiency, notable differences between the connection methods
were observed. The adaptive bonded method required the longest analysis time at 598 s,
followed by the beam method at 345 s, while the joint method required a relatively short
analysis time of 97 s. The screw and fixed bolt methods had analysis times ranging from
approximately 200 to 300 s. The bonded method required the shortest analysis time at
91.65 s, but exhibited significant discrepancies from the test results, limiting its ability to
reproduce the dynamic characteristics of actual structures. During preprocessing, the joint
and adaptive bonded methods required approximately 2 min per bolt to generate line
bodies and assign contact conditions, and the beam method also required significant time
for assigning contact conditions, resulting in low preprocessing efficiency. By contrast,
the screw and fixed bolt methods significantly reduced preprocessing time by utilizing
Inspire’s Fastener functionality, which automates preprocessing. As a result, while the joint
method provided high analysis accuracy, it required substantial time for preprocessing,
making it the second most time-consuming method overall. The adaptive bonded and
beam methods also required significant time for both preprocessing and analysis, whereas
the screw and fixed bolt methods demonstrated their potential as efficient alternatives in
the early stages of design owing to their simplified preprocessing and short analysis times.

This study has some limitations. First, the analysis did not explicitly consider bolt
preload and contact friction coefficients, indicating that the subtle effects that may occur
under actual bolt fastening conditions were not fully captured. Second, the experiment was
limited to excitation in the x-axis direction only, restricting a comprehensive evaluation
of the dynamic behavior of the structure under various vibration directions. Third, the
study was based on a single jig design case, limiting the generalizability of the findings to
other structural designs. Nevertheless, this study demonstrated the utility of quantitatively
comparing natural frequencies and mode shapes for various bolt implementation methods,
providing valuable insights for the design and analysis of vibration test jigs.

5. Conclusions

This research systematically compared and analyzed the natural frequencies and mode
shapes associated with different bolt implementation methods in the design of vibration
test jigs. The bonded condition failed to adequately reproduce the dynamic characteristics
of bolt connections, resulting in significant discrepancies between the analysis and actual
vibration test results. However, the joint method exhibited the smallest difference in natural
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frequency compared to the test results, making it a reliable option for design. This suggests
that the joint method can relatively accurately represent the contact conditions and stiffness
of actual bolts, thus demonstrating that the choice of bolt connection method has a critical
influence on the accuracy and efficiency of design and analysis. Although there were
some differences between the analysis models and experiments, along with limitations in
achieving complete consistency across software platforms, this study provides practical
guidelines for selecting connection methods to consider during the early design stage. We
believe that future studies incorporating diverse loading conditions and additional design
cases will help in establishing more generalized criteria.
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Appendix A

Figure Al shows an image of one rib in the finite element model of the jig with varying
mesh sizes. To achieve a balance between efficiency and reliability, the mesh sizes were
varied throughout the analysis. Detailed information for mesh sizes ranging from 8§ mm to
4 mm is provided in Table Al. Additionally, Table Al presents the number of nodes and
elements, as well as the mesh quality, for each mesh size. The mesh quality was compared
using the aspect ratio, which shows convergent values at a mesh size of 5 mm. Based on
this evaluation, the mesh size for the jig model was set to 5 mm.

yyyy

(a) 8 mm (b) 7 mm (c) 6 mm (d) 5 mm (e) 4 mm

Figure A1. FE models of ribs according to mesh size.
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Table A1. Number of nodes and elements and mesh quality according to mesh size.

Mesh Size [mm] 8 7 6 5 4
Number of Nodes 608,064 867,557 1,015,244 1,094,136 1,425,119
Number of Elements 343,811 496,721 582,436 627,725 820,739
Aspect Ratio 2.69 2.50 243 2.31 2.29
Jacobian Ratio 0.97 0.96 0.97 0.97 0.97
1st Frequency [Hz] 544.9 543.5 543.7 543.8 543.8
Appendix B

Table A2. Effect of Bolt Mesh Size on the First Natural Frequency.

Mesh Size [mm] 7 6 5 4 3 2

1st Frequency [Hz] 500.14 500.14 500.12 500.12 499.97 499.96
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Abstract: This research article outlines our aim to perform topology optimization (TO)
by reducing the mass of the connecting rod of an internal combustion engine based on
static structural and dynamic analyses. The basic components of an internal combustion
engine like the connecting rods, pistons, crankshaft, and cylinder liners were designed
using Autodesk Inventor Professional 2025. Using topology optimization, we aimed to
achieve lesser maximum von Mises stress during static structural analysis and maintain
a factor of safety (FOS) above 2.5 during rigid body dynamics. A force of 64,500 N was
applied at the small end of the connecting rod while the big end was fixed. Topology
optimization was carried out using ANSYS Discovery software at various percentages on a
trial-and-error basis to determine better topology with lesser maximum von Mises stress.
Target reduction was set to 4%, and as a result, 5.66% mass reduction from the original
design and 6.25% reduced maximum von Mises stress was achieved. Later, transient
analysis was carried out to evaluate the irregular motion loads and moments acting on the
connecting rod at 1000 rpm. The results showed that the FOS remained above 2.5. Finally,
the optimized connecting rod was simulated and verified for longevity using Goodman
fatigue life analysis.

Keywords: topology optimization; connecting rod; finite element method; multibody
dynamics; factor of safety; fatigue life analysis

1. Introduction

The connecting rod is the most crucial and highly dynamic component of internal
combustion engines, which helps in converting the reciprocating motion of the piston into
the rotational motion of the crankshaft [1]. The connecting rod consists of a small end,
shank, and big end, where the small end is connected to the piston using a piston pin,
and the big end is attached to the crankshaft [2]. Irregular motion loads and moments
due to crankshaft rotation combined with the combustion forces from the piston acting
on the connecting rod play a vital role in optimizing this structure without affecting its
longevity. Frictional energy loss plays an important role in mechanical efficiency and
accounts for between 10% and 15% of the energy produced by internal combustion engines.
Components of the engine and drivetrain, such as the piston rings, valve guides, cam
followers, fuel injector pistons, shims, transmission gears, and front seals, are to varying
degrees affected by friction. The selection of appropriate materials and lubricants and the
proper design and size of an engine’s functional parts are not only necessary to minimize
friction and wear on operational components but also to reduce friction and wear on engine
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components. The proper size of an engine can reduce fuel consumption by about 9% [3].
Finite element method (FEM) strength analysis is used to determine the cause of damage,
evaluate structural integrity, and optimize design to prevent failure by simulating the
distribution of stress and material behavior under different loading conditions [4]. In the
past few years, computer-aided design (CAD) tools like SolidWorks 2024 and Autodesk
Inventor 2025, and FEM tools like ABAQUS 2023HF2, NASTRAN 2023.4, etc., have evolved,
and the TO process plays a major role in product improvement. The storage and reuse
of the data from the CAD model for future improvement, adaptation, or use in different
applications is widely implemented by many product developers [5].

CAD models are simulated with structural analysis to understand their deformation,
displacement, etc. Structural analysis is a method used to study behavior under static
loading conditions depending on material properties, mesh, and boundary conditions [6].
According to the Kisaru Shveli method, the FOS at the connecting rod body should be
above 1.5, and at the big end and small end, it should be above 2.5 [7]. Dynamic analysis is
a method used to evaluate the kinematics of assembly by studying motion while a system
is kept rigid from deformation [8]. The application of the TO process has a large scope
depending on the requirement of structural enhancements in fields like the automotive
industry [9], robotics [10], aerospace [11], and industrial machinery [12]. There are several
methods used to achieve TO, such as the density-based method, level-set method, evolu-
tionary structural optimization, etc. [13]. The TO process is a computational method used
to reduce the mass and the maximum von Mises stress of a defined boundary condition,
while ensuring structural integrity, optimizing material distribution, and maintaining a
suitable factor of safety for reliable performance under applied loads [13,14].

However, despite its application, limited research has addressed the TO of highly
dynamic components like connecting rods, crankshafts, etc. The main objective of this
research was to perform TO on a connecting rod using the finite element method and
multibody dynamics by reducing the mass and maximum von Mises stress during static
structural analysis. Unlike conventional topology optimization studies that focused ex-
clusively on mass reduction, this research simultaneously optimized the distribution of
stress and ensured structural integrity by maintaining a safety factor (FOS) above 2.5. The
current study also incorporated static structural analysis, dynamic analysis, and fatigue life
analysis (Goodman criteria) to fully evaluate the long-term durability of optimizing designs.
In addition to the static TO, this study validated an optimal design under dynamic load
and fatigue life analysis, ensuring that the connecting rod was stable under an irregular
load and moment of motion.

Furthermore, material restrictions were introduced to ensure that optimized designs
could be manufactured using traditional production methods such as forging and casting.
These material savings can contribute to fuel efficiency and improved engine performance.
An optimized design was evaluated by transitional analysis and fatigue under realistic
load conditions to ensure that it remained structurally sound under operational stress. The
results demonstrate that, when combined with rigorous structural validation, topology
optimization can significantly improve the performance of components while reducing
unnecessary material use.

This paper is structured in the following way: Section 1 (Introduction) explains the
problem and objective of this research along with a description of the proposed solution;
Section 2 (Materials and Methodology) describes the properties of the chosen material and
the design of the IC engine components; Section 3 (Computational Analysis) describes
the methodologies used; Section 4 (Results) includes a discussion and comparison of the
results; Section 5 (Conclusion) explains the outcome of the research and future scope of
this work; and the References section contains the bibliography of this work.
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2. Materials and Methodology
2.1. Design and Material Selection

All the IC engine components including the connecting rod were designed using
Autodesk Inventor Professional 2025. Since the objective of this study was to optimize the
topology of the connecting rod, all other components were set as rigid bodies during the
transient structural analysis and suppressed during the TO process.

The connecting rod was mostly designed with an I-Section for normal IC engines and
an H-Section for race engines, and the mass of the connecting rod should be somewhere
between 0.4 kg and 1 kg. The connecting rod ratio (1) is defined by the relationship between
the crank radius (7.) and the length of the connecting rod from the center of the small
end and the big end (I.+). Typically for passenger car engines, the connecting rod ratio (1)
should be between 0.28 and 0.32 [15].

A=< 1)
lcr
45
A= 103 = 02041 )

Here the connecting rod ratio (A) was around 0.30 and it satisfied this condition [15].
The major dimensions of the original connecting rod geometry are shown in Figure 1.
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Figure 1. Major dimensions of the connecting rod’s initial design.

2.1.1. Material Selection

The chosen connecting rod was made from 36MnVS54 and is used in the second
generation of fracture-split material. This is the latest technology used while manufacturing
connecting rods nowadays; in this method, the connecting rod is manufactured as a single
component and then it is split into two halves at the crank end [16]. Based on the selected
material, the mass of the initial connecting rod was 654 g. The major composition of this
low-alloy steel is manganese and vanadium which improve its durability to withstand
tensile, compressive, and buckling loads. Other materials like carbon, silicon, sulfur,
phosphorus, and chromium can also be found in small quantities [17]. The properties of
36MnV54 steel are shown in Table 1.

Table 1. Properties of 36MnVS4 [16].

Yield Strength ~ Tensile Strength Density Modulus of Elasticity =~ Poisson’s Ratio
800 MPa 1000 MPa 7.85 g/cm? 210 GPa 0.29

2.1.2. Design of Engine Components

Other components of the engine were designed to yield a low speed and high torque,
based on the following assumed parameters: 4-cylinder inline engine, cylinder bore of
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81 mm, and cylinder stroke length of 82.25 mm, which could run at a maximum speed of
1000 rpm in Table 2.

Table 2. Assumed engine parameters for the initial design of the connecting rod.

Engine Type Cylinder Bore Stroke Length Engine Speed
Inline 4-cylinder 81 mm 82.25 mm 1000 rpm (Max)

2.1.3. Assembly of Engine Components

Since this assembly was designed only for motion study and kinematic analysis, the
components in this IC engine assembly were minimized to four major components, the
crankshaft, piston, connecting rod, and cylinder liner, avoiding small components like
piston rings, bearings, etc. The precision of the other parts was not given priority, and the
parts were designed to be close to fit and used only to evaluate the kinetics of unknown
reaction forces and moments acting on the connecting rod. The assembly was made with
the help of revolute joints, fixed joints, and translational joints. Figure 2 shows the assembly
of the cylinder liner, piston, and crankshaft from Autodesk Inventor 2025.

Piston —

Cylinder

Sleeve ;
Connecting

Rod

Crankshaft

Figure 2. Virtual assembly of the crankshaft, connecting rod, piston, and cylinder liner.

The assembly design was exported from Autodesk Inventor Professional 2025 as a
STEP file to have compatibility with ANSYS Discovery and Workbench.

2.2. Methodology

In this study, the finite element method, multibody dynamics, and topology optimiza-
tion were carried out using ANSYS 2024 R2 and ANSYS Discovery 2024 R2 software. The
TO process was conducted for various percentages on a trial-and-error basis to determine
the minimum von Mises stress and the results were verified for their longevity during
dynamic conditions. The whole TO process from the connecting rod, based on static struc-
tural analysis, to the validation of the topology in multibody dynamics is shown below in
Figure 3.
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Figure 3. Topology optimization and validation process workflow.

3. Computational Analysis

In this study, we conducted various analyses to evaluate the performance of the connec-
tion rods, including static and dynamic analyses. These analyses helped to verify the structural
integrity, load capacity, and possible failure modes under different operating conditions.

3.1. Static Structural Analysis

Static structural analysis was performed in the ANSYS workbench, and engineering
data were added to the material library for the material 36MnVS4. Then, the initial con-
necting rod’s CAD model was imported into the ANSYS environment. Figure 4 shows the
boundary conditions and mesh properties of the static structural analysis used in the initial
design of the connecting rod. Mesh properties are important in structural analysis, as higher
mesh resolution leads to more accurate simulation results [18]. As a boundary condition,
the big end of the connecting rod was fixed, and a load of 64,500 N was applied to the small
end as shown in Figure 4a. The mesh was then generated, as shown in Figure 4b.

Calculation of force acting on the piston due to combustion ( fc).

For gasoline engines, their maximum peak pressure is between 70 bar and 130 bar [19].
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D: OG_Static_Structural
Static Structural
Time: 1.s
11/27/2024 6:16 PM

[A Fixed Support
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[ Elements : 209,641
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Figure 4. (a) Boundary conditions applied during the static structural analysis in the initial design.
(b) Mesh properties used during the static structural analysis in the initial design.

Assuming the peak pressure (P) as 125 bar for the gasoline engine, the area of the
piston (A) was determined using a piston diameter (d,) of 81 mm in the following equation:

A=7mx <dzp>2 3)

The area of the piston (A) was therefore 0.005153 m?.
fe=PxA )

fo = 64,4125 ~ 64,500N (5)

The force acting on the piston due to combustion ( fc) was 64,500 N.

As a boundary condition, the big end of the connecting rod was set as fixed, and the
combustion force of 64,500 N was applied directly on the piston and carried to the small
end of the connecting rod. When the combustion force was applied on the small end of the
connecting rod, a buckling load acted on the shank part of the connecting rod as a result,
causing it to experience compressive stress, which may have led to bending or deformation.
Later, meshing was performed and 302,691 nodes with 209,641 elements were generated
for a resolution of 5, slow transition, and fine span angle center as shown in Figure 4. Once
the mesh was generated, the loading conditions were applied based on the peak pressure.

Based on the boundary conditions, the obtained maximum von Mises stress was
5.8556 x 10° Pa and the maximum von Mises strain was 0.0028.

3.2. Topology Optimization

ANSYS Discovery software uses the Solid Isotropic Material with Penalization (SIMP)
method. During the iteration process, the ANSYS Discovery solver adjusts the material
density, (p) from 0 (p) to 1 within the permissible area outside the protected depth. Herein,
if the material density (p) is equal to 1, it represents full material density, and if the (p) is
equal to 0, it represents zero material density [20]. There are several options for the TO
process in ANSYS Discovery, i.e., optimizing for the strength or response to free vibration,
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optimizing for a specified frequency, optimizing to minimize stress, and optimizing to
minimize volume [21].

(p) =p" xK (6)

where K denotes the real stiffness matrix of an element, and p denotes the factor of penal-
ization [14,22].
The following targets were outlined for the TO process:

To reduce the mass at least by 3%;

To reduce the maximum von Mises stress and von Mises strain;

To define the protected depths at both ends of the connecting rod;

To maintain major dimensions;

To obtain a different cross-section than the I-Section;

To keep the FOS above 2.5;

To manufacture the component in both additive manufacturing and conventional forging.

In this research, minimizing stress was set as the objective of the TO process. While
setting the boundary conditions, the same conditions were used as in the static structural
analysis, and by defining the protected depths of 0.012 m on both ends of the connecting
rod, the TO process could be carried out as shown in Figure 5 [23]. The TO process was
carried out at various target percentages from 3% to 5% to reduce the mass of the existing
design [24].

Figure 5. Protected depth of 0.012 m on both ends of the connecting rod.

Two of the important factors influencing the optimization process were the quality
of the mesh and the number of elements. Once the topology was achieved, facets were
created for that percentage of reduced mass, and we were required to clean up the facet
design using the repair facet tool and subD hybrid option as shown in Figure 6, before
exporting it as an STL or STEP file [25].

The goal of the TO in this study was to minimize mass while ensuring structural
integrity by controlling the von Mises stress.

minM(p) = / p dQ) @)
where p is the material density function, M(p) is the total mass of the connecting rod, and

() denotes the design domain.
mpinamx (o) (8)

where 0y, is the maximum von Mises stress in the structure [26,27].

The connecting rod was subject to the following constraints.

The optimized design had to ensure that von Mises stress did not exceed an allow-
able limit:

Omax (P) < Oullow )
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Figure 6. The sequence of the connecting rod TO from initial facets to the final subD hybrid conversion.

To ensure structural safety, the minimum FOS had to be maintained as the following:

FOS — Oyield

E— > 25 (10)

As a boundary condition, the big end of the connecting rod was fixed, and force was
applied to the small end of the connecting rod [28].

After solving the topology at various percentages on a trial-and-error basis, the results
targeted at 4% mass reduction had a mass reduction of 5.66% with minimum von Mises
stress compared to the targeted values of 3% and 5%. Figure 7a shows the original shape of
the connecting rod, and Figure 7b shows the final optimized topology of the connecting
rod with a 5.66% mass reduction and initial design.

Figure 7. (a) Original shape of the connecting rod. (b) 5.66% reduced mass from the original shape of
the connecting rod.

The obtained topology had a 5.66% reduction in mass from 654 g to 618 g.

3.3. Dynamic Analysis

The objective of the dynamic analysis was to determine the unknown reaction forces
and moments acting on the connecting rod while the engine was running at the speed of
1000 rpm. During the dynamic analysis, all the bodies were defined as rigid bodies and
assembled using transitional, fixed, and revolute joints. The rotational velocity (w) was
determined based on the defined maximum rpm. For the speed of 1000 rpm, the rotational

velocity is defined as
o — RPM x 27

<0 = 104.72 rad/s (11)
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Once the connections were defined according to Table 3, the maximum unknown
reaction forces acting on the connecting rod were probed using a joint probe in the solution
section. Since all bodies were set as rigid, there was no meshing involved while determining
the dynamic motion loads.

Table 3. Connections used in the engine assembly.

Connections Between the Parts Joints Used Degrees of Freedom
Cylinder liners to ground Fixed joint 0 DOF
Crankshaft to ground Fixed revolute joint 1 DOF
Cylinder to piston Transitional joint 4 (x-axis)
Piston to connecting rod Revolute joint (2) x 4 DOFs
Connecting rod to crankshaft Revolute joint (2) x 4 DOFs

While constructing the assembly, it was important to calculate the total degree of
freedom (DOF), by assuming the required kinematic motions for each part individually [29].
This assembly had 13 degrees of freedom, and it is explained below as shown in Table 3.

A rotational velocity (w) of 104.72 rad /s was applied on the crankshaft as shown in
Figure 8a. Once the motion study was completed, the maximum reaction loads as shown
in Figure 8b,c were retrieved from the solution and exported as a text file to evaluate the
reaction forces acting on the connecting rod in a separated static structural analysis.

A: 5.66%_Rigid_Dynamics

Joint Probe
05-02-2025 18:11

(b)
A: 5.66% Rigid Dynamics
Joint - Rotational Velocity
Time: 0.12's
05-02-2025 18:04

[l Joint - Rotational Velocity: 104.72 rad/s

Y

s

0.000 0.050 0.100 (m)

A: 5.66% Rigid_Dynamics
Joint Probe
05-02-2025 18:05

0.000 0.050 0.100 (m)
- .

0025 0.075 (c)

Y

.

Figure 8. (a) Boundary conditions—A rotational velocity of 104.72 rad /s was applied to the crankshaft.

0.000 0.050 0.100 (m)
LB

0.025 0.075

(b,c) Maximum unknown reaction forces extracted using a joint probe while the piston was moving
toward the top dead center and the bottom dead center.
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From this study, the engine assembly had a good balance between the counterweight
of the crankshaft and the newly obtained topology of the connecting rod, which is due to
a minimum weight reduction and optimized topology. When the weight reduction was
targeted at more than 7%, there was a noticeable imbalance and increase in vibration due
to the connecting rod weight ratio and the counterweight of the crankshaft.

Motion Loads

Motion loads are the loads that are obtained from the motion of a mechanical system
with certain allowable DOFs, such as inertial loads due to the mass of moving parts, impact
loads due to sudden collisions, and dynamic loads from cyclic motion or vibrations, etc.
In this study, motion loads were important since the engine underwent rapid tensile and
compressive forces during cyclic motion along with inertial forces due to the motion of the
crankshaft and connecting rod.

The obtained motion load from the rigid body dynamics was applied to a new static
structural study, where the connecting rod was subjected to two reaction forces, and two
tensile forces were applied simultaneously along with two reaction moments while moving
toward the top dead center (TDC), as shown in Figure 9a,b.

C: OG_Static_Structural_TDC * F: 5.66%_Static_Structural_TDC
Static Structural ' Static Structural 2

Time: 1. s Time: 1.s

05-02-2025 18:53 05-02-2025 20:10

|A Rotational Velocity: ﬂ Rotational Velocity:

. Remote Force: 609.61 N . Remote Force: 858.13 N

B Moment: 1.4517x10° N-m B Moment: 2.3238x1075N-m
. Remote Force 2: 293.51 N A . Remote Force 2: 1156.1 N

Bl Moment 2:3.7434x10®N-m B Moment 2: 1.0394x107°N:m

Figure 9. (a) Maximum unknown reaction forces applied during static structural analysis on the initial
design while at the TDC. (b) Maximum unknown reaction forces applied during static structural
analysis on the optimized topology with a mass reduction of 5.66% while at the TDC.

These reaction force values as shown in Figure 9a explains When the connecting rod
moved toward the TDC, there were remote forces of 609.61 N and 293.51 N acting as tensile
forces, along with moments of 1.4517 x 107 Nm and 3.7434 x 1073 Nm acting on the
initial design of the connecting rod.

Figure 9b shows that when the connecting rod moved toward the TDC, there were
remote forces of 858.13 N and 1156.1 N acting as tensile forces, along with moments
of 2.3238 x 107> Nm and 1.0394 x 108 Nm acting on the optimized topology of the
connecting rod with a mass reduction of 5.66%.

The forces obtained from the rigid body dynamics were applied to a new static
structural study where the connecting rod was exposed to two compression forces at the
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same time as two reaction moments while it moved toward the bottom dead center (BDC),

as shown in Figure 10a,b.
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E: 5.66%_Static_Structural_BDC
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Figure 10. (a) Maximum unknown reaction forces applied during static structural analysis on
the initial design while at the BDC. (b) Maximum unknown reaction forces applied during static
structural analysis on the optimized topology with a mass reduction of 5.66% while at the BDC.

These reaction force values as shown in Figure 10a explains When the connecting
rod moved toward the BDC, there were remote forces of 428.47 N and 171.96 N acting
as compressive forces, along with moments of 8.0576 x 10~ Nm and 1.4539 x 1078 Nm
acting on the initial design of the connecting rod.

Figure 10b shows that when the connecting rod moved toward the BDC, there were
remote forces of 503.54 N and 746.81 N acting as compressive forces along with moments
of 1.7722 x 107 Nm and 8.7817 x 10~* Nm acting on the optimized topology of the
connecting rod with a mass reduction of 5.66%.

These reaction force values show how the engine balance varied between the initial
design of the connecting and optimized topology for 5.66% weight reduction. When the
mass of the connecting rod was reduced by more than 7%, that may have caused a total
imbalance between the counterweight of the crankshaft and the connecting rod, making
the engine unstable by causing high vibrations. To avoid this problem, the ratio between
the crankshaft counterweight and connecting rod should always be maintained.

4. Results

This section has two parts, wherein the first part explains the results obtained directly
from the static structural analysis, and the second part discusses the verification of the
optimized topology from the dynamic analysis.

4.1. Results from Static Structural Analysis

The maximum von Mises stress obtained from the original topology for the applied
load of 65 KN was 5.8556 x 108 Pa, as shown in Figure 11a, while the minimum von Mises
stress was 630.8 Pa, with an average von Mises stress of 6.3227 x 107 Pa. Once the topology
was optimized for the targeted 4%, the mass was originally reduced by up to 5.66% from
654 g to 618 g. The maximum von Mises stress obtained for the same load of 65 KN was
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5.5006 x 108 Pa, as shown in Figure 11b, and the minimum von Mises stress was 291.7 Pa,
with an average von Mises stress of 1.3862 x 108 Pa.

D: OG_Static_Structural E : 5.66%_Static_Structural
Equivalent Stress Equivalent Stress
Type: Equivalent (von-Mises) Stress Type: Equivalent (von-Mises) Stress
Unit: Pa Unit: Pa
Time: 1s Time: 1s
11/27/2024 5:48 PM 11/27/2024 6:00 PM

5.8556x10° Max 5.5006x10° Max
|| 5.2049x10° F 4.8895x10°
- 4.5543x10° o 4.2783x10°
 3.9037x10° - 3.6671x10°

3.2531x108 3.0559x108

2.6025x108 2.4447x10°

1.9519x108 1.8335%108

I 1.2224x108

1.3012%10%
I 6.5062x107 6.1118x107
630.8 Min 291.7 Min

0.000 0.040 0.080 (m) 0.000 0.040 0.080 (m)
I I I
0.020 0.060 0.020 0.060
Figure 11. (a) Maximum von Mises stress acting on the initial design. (b) Maximum von Mises stress
acting on the 5.66% mass-reduced optimized topology.

4.2. Results from Motion Loads

The dynamic study was carried out to extract the motion loads to evaluate the safety
factor of the connecting rod. As discussed in Section 3, the connecting rod was subjected to
simultaneously tensile and compressive loads, and only the maximum reaction forces acted
while the connecting rod moving toward the TDC and BDC was evaluated. Goodman
fatigue life analysis was used to evaluate the FOS and life of the connecting rod and verify
that the optimized topology did not fail under the defined conditions. Based on the given
reaction forces, the connecting rod had the lowest safety factors of 2.8476 and 2.6182 at the
crank end while moving toward the TDC and BDC, respectively, as shown in Figure 12a,b.
Given that the FOS needed to be more than 2.5 for the connecting rod, the results satisfied
this condition since the obtained FOS values were above 2.5 even in the weaker nodes.

E: 5.66%_Static_Structural_TDC F: 5.66%_Static_Structural_BDC
Safety Factor Safety Factor

Type: Safety Factor Type: Safety Factor
05-02-2025 17:44 05-02-2025 17:45

15 Max 15 Max
10 I 10
= 2.8476 Min =~ 2.6182 Min
0 0
(a) (b)
0.000 0.025 0.050 (m) 0.000 0.025 0.050(m)
| | | | |
0.013  0.038 0.013  0.038

Figure 12. (a) Safety factor after applying the motion loads on the 5.66% mass-reduced optimized
topology at the TDC. (b) Safety factor after applying the motion loads on the 5.66% mass-reduced
optimized topology at the BDC.
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Goodman fatigue life analysis was used since the chosen material was alloy-steel and
to predict the lifecycle of the connecting rod when it was subjected to varying stress [30].
Contributions of this research

1. The TO process of the connecting rod showed the possibilities of optimizing similar
highly dynamic components.
2. Animprovement in the existing design was achieved by reducing the mass by 5.66%.

«®

The static structural results were validated by the dynamic analysis.

4. The obtained optimized topology was designed in such a way to make it possible
to be produced by both conventional manufacturing methods like forging and addi-
tive manufacturing.

5. The combination of static structural analysis for the design and rigid body dynamics

for the verification of the optimized design can be repeated and applied to simi-

lar studies.

The results clearly show that the connecting rod did not fail under the given motion
load conditions while moving toward the TDC and BDC, even at 1 million cycles, as shown
in Figure 13a,b.

E:5.66%_Static_Structural_TDC
Life

Type: Life
11/28/2024 8:57 PM

I 1x108 Max
1x108 Min
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Life

Type: Life
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I 1x108 Max
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Figure 13. (a) Life of the connecting rod after applying the motion loads on the 5.66% mass-reduced
optimized topology at the TDC. (b) Life of the connecting rod after applying the motion loads on the
5.66% mass-reduced optimized topology at the BDC.

5. Conclusions

This research aimed to optimize the topology of a connecting rod by reducing the mass
of the component and minimizing the maximum von Mises stress. The optimization process
included various procedures including static structural analysis and dynamic analysis for
the validation of the FOS and the life of the connecting rod based on Goodman fatigue
analysis. A motion study was carried out as part of the validation, where the maximum
unknown reaction forces and moments acting on the connecting rod were evaluated while
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the connecting rod moved toward the TDC and BDC. The main obtained results were
the following:

e  The topology of the connecting rod was optimized to 5.66% from 654 g to 618 g.

e  The maximum von Mises stress was reduced from 5.8556 x 10% Pa to 5.5006 x 10° Pa
during static structural analysis.

e  The FOS was maintained above 2.6 during the dynamic analysis of the connecting rod.

As part of this study, it was also found that the excess reduction in the mass of the
connecting rod had a direct effect on the stability of the engine. Hence, the weight ratio
between the connecting rod and the counterweight of the crankshaft should be maintained.

A possible continuation of this research could be conducted by manufacturing the
topology-optimized connecting rod using additive manufacturing or by other conventional
methods and experimenting with different materials to improve the properties of the
connecting rod. Later, the new connecting rod could be tested using the digital image
correlation method (DIC) to validate the simulation results with the actual results.
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Abbreviations

The following abbreviations are used in this manuscript:
TO Topology optimization

FOS  Factor of safety

FEM  Finite element method

RPM  Revolutions per minute

CAD Computer-aided design

IC Internal combustion

STEP  Standard for the Exchange of Product
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SIMP  Solid Isotropic Material with Penalization
STL Stereolithography

DOF  Degree of freedom

TDC  Top dead center

BDC  Bottom dead center

DIC Digital image correlation
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Abstract: Topology optimization (TO) is a powerful generative design tool for innovative
structural design, capable of optimizing material distribution to generate structures with
superior performance. However, current topology optimization algorithms mostly target a
single objective and are highly dependent on the problem definition parameters, causing
two critical issues: limited human controllability and solution diversity. These issues
often lead to burdensome design iterations and insufficient design exploration. This paper
proposes a multi-solution TO framework to address them. Human designers express their
stylistic preferences for structures through sketches which are decomposed into stroke
and closed-shape elements to flexibly guide each TO process. Sketch-based constraints
are integrated with Fourier mapping-based length-scale control to enhance human con-
trollability. Solution diversity is achieved by perturbing Fourier mapping frequencies and
load conditions in the neural implicit TO framework. Adaptive parallel scale adjustment is
incorporated to reduce the computational cost for design exploration. Using the structural
design of a wheel spoke as a case study, the mechanical performance and diversity of the
generated TO solutions as well as the effectiveness of human control are analyzed both
qualitatively and quantitatively. The results reveal that the sketch-based constraints and
length-scale control have distinct control effects on structural features and have different
impacts on the mechanical performance and diversity, thereby enabling fine-grained and
flexible human controllability to better balance conflicting objectives.

Keywords: topology optimization; structural design; innovative design; free-hand sketch;
human control; design diversity

1. Introduction

Topology optimization (TO) is a powerful tool for innovative structural design. By op-
timizing material distribution within a given design domain, it can generate conceptual
designs that meet specified objectives and constraints, offering novel structures with supe-
rior engineering performance [1-5]. It has been widely applied in tasks like lightweight
optimization and also shows great potential in other fields including heat transfer [6,7],
fluid dynamics [8], photonics [9,10], etc.

An important feature of TO is that it eliminates the need for parameterization, avoiding
the limitations of manually defined design parameters, and offering a broad, unconstrained
design space. As such, it is an ideal generative design algorithm for the early conceptual
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design phase. Currently, TO algorithms for structural design can generate highly com-
plex and optimized structural features, surpassing parametric design solutions in both
mechanical strength and material efficiency [11]. However, they have two key limitations
that hinder their broader application: a lack of efficient human control over the generated
structural features and a limited diversity of solutions [12,13]. Since design exploration
involves multiple complex and hard-to-quantify factors, a practical approach is to search
for a diverse set of good solutions rather than a single optimized one, with cross-domain
experts analyzing, filtering, and determining the final optimal design through iterations. In
the collaboration between design experts and TO algorithms, enabling a human to directly
and precisely control some structural features, such as making the minimal length scale
of structures equal to a preset value, is crucial to reducing iterative processes. Meanwhile,
solution diversity is key to exploring high-quality and novel designs.

Recently, studies focusing on enhancing human controllability and solution diversity
for TO algorithms have attracted increasing attention. To address the first challenge, some
studies [14-18] have focused on controlling the length scale of generated geometric features,
as the length scale is critical for issues like local stress concentration, structural complexity,
and manufacturability. Other approaches focus on guiding the TO process using specific
geometric patterns, such as periodic cells [19-22], image content [23], or a reference de-
sign [24]. Among these, sketch-based TO guidance methods [12,25] demonstrate efficient
controllability and are particularly intuitive for designers accustomed to expressing ideas
through sketches. However, existing studies only provide a single way to achieve human
control, limiting the flexibility in managing the fine-grained features and hindering the
achievement of proper balance among conflicting design factors. Furthermore, though hu-
man control inevitably impacts design exploration freedom and reduces solution diversity,
there are no existing studies that have tried to quantify this effect or explored methods to
address it.

To address the second challenge, existing studies typically enhance solution diversity
by perturbing the load condition parameters or adjusting the multi-objective weights [12,26].
Some studies [13,26-28] also propose data-driven approaches to enhance diversity by learn-
ing implicit representations from existing TO datasets, followed by random sampling
in the learned latent feature space. However, studies on TO solution diversity remain
lacking, and to our knowledge, no studies have quantitatively analyzed TO solution diver-
sity or compared different diversifying approaches. Existing qualitative results indicate
insufficient diversity, and show that diversifying solutions by merely perturbing hyper-
parameters has a significant negative impact on the mechanical performances of structures.

To address the aforementioned challenges in enhancing collaboration between human
designers and generative algorithms in innovative structural design, this paper proposes a
novel multi-solution TO framework. This framework integrates two approaches to achieve
human controllability: sketch-based constraints and length-scale control of geometric
features. Free-hand sketches are decomposed into stroke elements and closed-shape
elements, with two distinct constraints introduced for them accordingly: a stroke-based
undirected structural boundary constraint and a closed-shape-based regional constraint.
They are further integrated with length-scale control of geometric features to provide
multifaceted control strategies. Each control strategy, with unique control characteristics for
structural features, has a different impact on design quality and diversity, thereby enabling
fine-grained and flexible human controllability. Additionally, the framework enhances
solution diversity by introducing randomness through the perturbation of Fourier mapping
frequencies and load condition parameters in the density-based neural implicit TO process.
To reduce the computing cost caused by having multiple TO processes, this framework
implements an adaptive parallel computing scale adjustment method. A case study of an
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innovative design of automobile wheel spokes is conducted, and comprehensive studies
on human controllability and its impact on both design quality and diversity are carried
out qualitatively and quantitatively.

The main contributions of this paper are summarized as follows:

1. Novel sketch-based constraints, including a stroke-based undirected structural bound-
ary constraint and a closed-shape-based regional constraint, are proposed to enable
sketch-based TO control.

2. Sketch-based constraints and length-scale control of geometric features are integrated,
providing multifaceted control strategies to enable fine-grained and flexible control.

3. A diversifying method based on random sampling of Fourier mapping frequencies
in a neural implicit TO process is proposed, and quantitative studies on different
diversifying methods as well as the effects of human control strategies on design
quality and diversity are conducted.

4. An adaptive parallel computing scale adjustment method is incorporated to improve
the efficiency of multiple TO processes.

2. Related Works
2.1. Human Control in Topology Optimization

The main advantage of TO is that designers only need to specify the design objectives,
constraints, and load conditions within the design domain, without the need to provide
prior knowledge for structural design parameterization. Most existing TO algorithms,
particularly the earlier developed ones [29-31], provide an optimal solution of structural
topology for a TO problem according to the design factor of mechanical performance.
However, as numerous factors need to be considered in engineering practice, the TO algo-
rithms fail to produce satisfactory solutions directly, leading to laborious iterations between
human designers and the algorithms [32,33]. This problem became more pronounced
due to the immature post-processing techniques of TO solutions. Effective human control
over TO solutions is the key to this problem, which is becoming a highlight topic in this
research field.

Recent studies on this problem have focused on controlling the length scale of ge-
ometric features [14-18], as the length scale is very important not only for mechanical
performance but also other factors like manufacturability. Traditional TO algorithms tend
to generate excessively fine-grained structures, which can incur problems in addictive
manufacturing process such as local collapse or difficulty in support material removal.
Ha et al. [15] and Schiffer et al. [16] achieved interactive control of the feature sizes within a
region of interest through a proximity-based weighting function and three-phase projection
scheme, respectively. The latter further enabled control of multi-phase maximum and
minimum solid feature sizes and /or void feature sizes. Li et al. [34] explicitly derived the
numerical formulation of minimum structural feature size constraints for density-based
TO algorithms, offering broad applicability and low sensitivity to algorithm parameters.
He et al. [35] introduced a hole-filling strategy in the bidirectional evolutionary structural
optimization (BESO) framework to control structural complexity by filling internal cavities
and tunnels, respectively, with preset structures whose size parameters were adjustable.
Chandrasekhar et al. [14] introduced a Fourier mapping layer in a density-based neu-
ral implicit TO framework to control the maximal and minimal geometric feature size.
Lazarov et al. [36] provided a detailed review and comparative analysis of studies on
length-scale control for density-based TO algorithms.

Research on human controllability also includes using specific geometric pat-
terns [19-22]. Zhang et al. [19] used predefined texture patterns to guide the optimization,
dividing the design domain into multiple groups, where the repetition of the control pattern
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within each group was managed independently. Meng et al. [20] achieved similar control-
lability by arranging predefined patterns to determine the design domain. Li et al. [21]
derived specific geometric constraints for the internal regions of shell structures to make
the generated structures match the predefined patterns. Zhang et al. [25] proposed using
free-hand sketches for TO guidance by extracting multi-level morphological features from
design images using convolutional neural networks and introducing a similarity constraint
between the extracted morphological features of TO solutions and the sketch. Their pro-
posed method generates structural designs that embody the high-level morphological
semantics of the sketch. Zhang et al. [23] used aesthetic images as guidance, employing in-
dependent feature extraction neural modules for the aesthetic style and form content of the
images, respectively, which were then used to apply separate constraints. Zhong et al. [37]
proposed exploiting the text-image priors embedded in the CLIP model [38] to enable text-
based control over the aesthetic styling of the generated structures. Li et al. [12] proposed
combining drawing guidance with manual scoring to modify TO solutions interactively.
The sensitivity numbers of BESO within the affected regions of drawn strokes were ad-
justed, while the sensitivity numbers could also be globally adjusted according to manual
scoring feedback.

Overall, length-scale control of geometric features has been enabled by several exist-
ing methods with its effectiveness and reliability validated, while guidance with specific
geometric patterns is relatively immature. A proper length-scale control method can
be selected according to customized design requirements for a specific TO framework,
such as a density-based solid isotropic material, with penalization (SIMP) or BESO algo-
rithms. The key challenge here is to properly determine the length-scale parameters [14,16].
For guidance with specific geometric patterns, existing studies can be divided into two
categories: leveraging domain knowledge, or reference designs based on similarity con-
straints. Methods of the first category are sensitive to the application scenario and highly
dependent on expertise, which limits their usability. Methods of the second category
encounter inevitable conflicts between the similarity constraint and other objectives like
mechanical performance optimization. Current methods tackle this only by a single weight
coefficient of the similarity constraint, which is insufficient to reach a proper balance.

To enhance the flexibility of human control over TO solutions and better balance the
various design factors, this paper combines sketch-based constraints with length-scale
control. The sketches are decomposed into stroke elements and closed-shape elements,
with different constraint terms and penalty weights assigned, respectively, to enable fine-
grained control of different structural features. As studies on TO solution diversity and the
impact of human controllability on diversity are lacking, this paper fills this gap as well.

2.2. Deep Learning-Enhanced Topology Optimization

Deep learning (DL) [39] has shown great potential in learning latent features from
large datasets, facilitating tasks like new content exploration in latent spaces and prediction
in decision-making tasks. In the field of TO, integrating DL methods has emerged as a
promising solution to some of the field’s tough challenges. Such studies can be broadly cate-
gorized into three types: (1) developing black-box TO solver models that replace traditional
iterative TO algorithms [27,40-43]; (2) fusing DL with traditional algorithms [13,44-46]; and
(3) using DL models to replace the finite element analysis (FEA) process, thus accelerating
the iterations [47-49].

Among the first type of study, Yu et al. [42] used an encoder-decoder framework
based on convolutional neural networks (CNNSs) to establish a mapping from boundary
conditions and optimization settings to the solutions of traditional TO algorithms. They
further integrated conditional generative adversarial networks (cGANSs) to improve image
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resolution of the outputs. Nie et al. [40] proposed a cGAN-based TO solver model, and in-
corporated multi-physical field simulation results with the load and boundary conditions
to improve the quality of the generated designs. Maze et al. [41] replaced cGANs with a
diffusion model [50,51] as the TO solver, and introduced a surrogate model to ensure struc-
tural performance and manufacturability. Zheng et al. [43] employed a U-Net model [52]
as a 3D TO solver. Yoo et al. [27] proposed learning low-dimensional latent space from
existing TO designs with a convolutional auto-encoder, then generated diverse designs via
a sampling strategy based on design of experiment (DOE) in latent space.

Another branch of studies focused on fusing DL methods with iterative TO algorithms.
Chandrasekhar et al. [44] encoded the density function of the Solid Isotropic Material
with Penalization (SIMP) method using neural networks (NNs), combining the sensitivity
analysis through automatic back-propagation of the NNs and independent FEA module.
Chen et al. [45] introduced the FEA results of the initial material distributions as conditional
input to the neural-encoded density function. Their results showed improved structural
performance and higher computing efficiency. Wang et al. [46] embedded TO within a
c¢GAN framework with loss terms of structural compliance and volume constraints to guide
the optimization. Jang et al. [13] used reinforcement learning in an iterative fusion pipeline
to improve design diversity.

A significant challenge in TO is the computational cost associated with the FEA.
To address this, Qian and Ye [48] proposed a dual-model artificial neural network for
forward computation and sensitivity analysis of the FEA, with discrepancy loss between
the predicted and true FEA results. Yin et al. [49] introduced physics-informed neural
networks (PINNs) to simulate the forward and sensitivity analysis of the FEA instead.
Li et al. [47] proposed using a structure-mapping neural network to refine coarse-grained
TO solutions into fine-grained ones at each iteration, thereby enabling an FEA to be
conducted on low-resolution grids.

Although DL-based TO solvers beat traditional iterative algorithms in inference ef-
ficiency and design diversity, the generated designs mostly fail in satisfying mechanical
constraints and manufacturability, making the DL-based solvers invalid as direct solutions
to design problems. Using DL-based methods to replace FEA is effective in accelerating
iterations while having a small influence on final outputs. One of the obstacles to using
data-driven methods is the difficulty in establishing large datasets. Despite current ad-
vancements in incorporating DL, traditional iterative TO algorithms continue to play a
critical role in ensuring the reliability and quality of the final designs. Fusion of them to
fully leverage their respective strengths has great potential for achieving more efficient,
high-quality, and diverse topology optimization.

3. Method

Figure 1 shows the proposed multi-solution TO framework for solving the typical
structural design problem of minimizing compliance under volume constraint. Multiple
parallel TO processes for solving the same problem are employed with consistent algo-
rithm hyper-parameters. In each process, a SIMP-based method with a neural network
that implicitly encodes the density function over the continuous domain is implemented.
The volume constraint and sketch-based constraints are transformed into penalty loss
terms and combined with the compliance loss term through a weighted sum, serving as
the total training loss for the neural-encoded density function. The neural input signals
are Fourier frequency components of sampled grid points. The high- and low-frequency
thresholds of the input signals determine the length scale of the spatial geometric features.
The Fourier sampling frequencies and load force magnitudes are randomly perturbed
across TO processes to produce diverse design solutions. The TO processes are synchro-
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nized, and have their solution set filtered by removing redundant solutions at regular
optimization iteration intervals after the first several iterations, which adaptively adjusts
the parallel scale. Filtering is according to the similarity metrics in terms of geometry and
design objective values.

Human control
Length scale 1,

Control Constraint weight: f

parameters
Constraint weight: y
(T T T T T | i
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Figure 1. Overview of proposed multi-solution TO framework with human controllability.

The remainder of this section gives details of the proposed framework and the appli-
cation of it in an innovative structural design scenario.

3.1. TO Process with Neural-Encoded Density Function

The mathematical formulation of solving the aforementioned design problem with
the SIMP method is given in Equation (1). The optimizable variables of the design problem
are the material density values of the discrete elements, p = {p. }, where p, is the material
density of the e-th element within the value range [0, 1]. p. = 1 represents that this element
has solid material and p, = 0 represents that this element is void. The design objective is to
minimize the total structural compliance C.

For a specific design problem to be solved, the user-defined hyper-parameters include
the applied force F, the prescribed volume V*, the element stiffness matrix for solid
material element K?, the material’s Young’s modulus Eg, the element volume v, and the
penalization exponent p. In Equation (1), the first constraint, K(p)u = F, is the static
equilibrium equation, where K(-) is the finite element stiffness matrix as a function of
the element densities p assembled from the element stiffness matrix K,(p) computed by
Equation (2). u is the displacement field computed from the static equilibrium equation.
The second constraint represents the volume constraint.

min C=F u=uK(p)u 1)
P
subjectto K(p)u =F
Zpeve <V
e

57



Appl. Sci. 2025, 15, 2753

K(p) = [Ke(p)] = [KVEop}] ©)

In the SIMP method, the element densities are continuous within the range [0, 1],
and are pushed to 0 or 1 with increasing penalty value (typically initialized as p = 1 and
gradually increased), thereby generating an approximately binary topology design solution.
The element densities are optimized on the basis of an FEA of structural compliance
conducted on fixed sample grids using domain-specific methods such as Optimality Criteria
(OC) or Method of Moving Asymptotes (MMAs). This approach limits the resolution of
the solution and requires an analytical sensitivity analysis. This study adopts the neural-
encoded density function proposed by Chandrasekhar and Suresh [44], which leverages
the high non-linearity of neural networks to represent a continuous density function
over the design field in the SIMP method. This transforms the discrete element density
optimization into continuous density function learning, alleviating the limitation of the
solution resolution. This also allows different sample grids to be applied for various FEA
objectives, for better balance between FEA accuracy and computation cost. Additionally,
a sensitivity analysis can be automatically performed using the back-propagation of the
neural network. The neural-encoded density function is denoted as py, (+), where w is the
neural weights.

3.2. Length-Scale Control

This study adopts the Fourier mapping method [14] to achieve structural feature
length-scale control. The input coordinates of sample points are transformed into Fourier
domain frequency signals, which are filtered using high- and low-frequency thresholds
corresponding to the maximum and minimum allowable feature sizes, I,y and I,,,;;,, re-
spectively. For each sample point p = (x,y), the frequency signals are computed as shown
in Equation (3), and are then passed through the leaky ReLU activation function and the
sigmoid normalization function before being fed into the neural network. The relationships
between the frequency thresholds and the allowable feature sizes are shown in Equation (4).

FTs(p) :{cos(% (fl"x—i—flyv)),sin(%(fl"x +f1yv)> (3)
cos(%(ffanfzyv)),sin(%(fzxx—i-fgv))

cos(%(fr’ffx —i—f%fv)),sin(% (f;ffx +fov))]

h h] @)

f © [lmux, Linin
where f = {ff, fly 13 f%/ I % o f} is the set of Fourier frequencies, 1y is the number
of frequencies, FT(p) is a 2n¢-length vector after Fourier mapping, and  is the mesh
edge length.

Structural compliance is evaluated by finite element analysis using a uniformly sam-
pled grid. The forward computation of sample densities, static equilibrium equation, and
computation of final compliance are given in Equations (5)—(7), respectively.

pe(w, f,7) pee = P (FTf(p)) ®)
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Je = u;rKeue (6)
J=Y 0l @)

where ¢ is the analysis element, J, is the compliance of element ¢, and ] is the total compliance.

In the experiment of this study, an FEA is conducted with one sample point located
at the center of element. When higher FEA accuracy is required, it is straightforward to
use multiple sample points within an element, taking advantage of a continuous density
function. The number and distribution of Fourier frequencies have a significant influence on
design solutions; this will be analyzed and used to enhance solution diversity in Section 4.

3.3. Sketch-Based Constraints

Free-hand sketches are intuitive for designers to express ideas. Some aspects of sketch
images such as line thickness or shading variations are irrelevant to the desired structural
topology, and the sketch can be simply decomposed into open-stroke elements and closed-
shape elements. Corresponding constraint terms tailored to the unique characteristics of
strokes and closed shapes are introduced. Strokes reflect the designer’s intended structural
boundaries without imposing constraints on material distribution in adjacent regions.
During the early design ideation, designers typically conceptualize characteristic lines that
capture key stylistic or visual features rather than defining precise shapes. To accommodate
this, a stroke-based constraint is introduced, ensuring that the structural boundaries of the
generated design align with the sketched strokes while maintaining a degree of freedom
in neighboring regions to facilitate further exploration of the design space. The proposed
constraint is an undirected structural boundary constraint, where the loss is computed
based on the similarity between current structural boundaries and the sketched strokes,
as described in Equation (8).

= \2
Ledge = Z(RIZJ — Ei,j) . H[RI,;]v>OA5] (8)
L]

where RI represents the sketch image normalized to [0,1], E represents the current struc-
tural boundaries within the design domain, and I} is the indicator function.

The structural boundaries are extracted by a differentiable convolution operator on the
density distribution map, where the convolution kernel is the edge-detecting Sobel operator,
as shown in Equations (9)—(11). The density distribution map is obtained by forward
computation of the density function at uniformly sampled grid points. In experiments,
the sample grid resolution is taken as the image resolution of the sketch for convenience.

E=/(I+K,)? + (I1+K,) + e )

«  E—min(E)
B = max(E) — min(E) (10

where I is the density distribution map, * is the convolution operator, Ky and K, are the
Sobel kernels along the x- and y-directions, respectively, € is a small constant to avoid
division by zero (in experiments, € = 1 x 107), and P is the non-design field within the
density distribution map.

The sketch-based constraint is transformed into a penalty loss term for the neural den-
sity function. Since the steps of structural boundary extraction and constraint loss computa-
tion are differentiable, sensitivity analysis for this constraint term can be automated through
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the back-propagation of the neural network. In experiments, morphological dilation is
applied to preprocess the sketch image to improve the saliency of strokes, and the weight
coefficient of this constraint is gradually increased as similar to the volume constraint.

The closed-shape elements not only contain contour lines, which reflect the intended
structural boundaries, but also signify the visual integrity of the drawn shape by the closure
of the contours. Based on this, a direct way to apply a constraint is to make the closed
shape directly represent a cavity or a solid. This study presents a more flexible constraint
that drives the material distribution within the closed-shape region to be nearly uniform
while allowing some variation. It is transformed to a penalty loss term, thereby enforcing
a soft constraint to achieve visual integrity. The calculation of this loss term is shown in
Equation (12).

Larea = Z(RIPZ‘,]' - Ii,j)z “lirir,;>05) (12)
L]
where RIF is the preprocessed sketch image with the closed-shape region flood-filled and
normalized to [0, 1].

The weight coefficient for this loss term is a useful control parameter to adjust the
saliency of the drawn closed shapes in the generated structure. When it is set as small,
the generated structure may have small branches within the closed shape which are not
visually obvious but significantly reduce the total compliance. Also, the preserved freedom
of exploration within the closed shapes promotes solution diversity. When it is set as large,
the closed-shape-based constraint approximates the hard boundaries of the design field,
which is suitable when local structural details have been determined.

In application, designers can first conceptualize key stylistic structural features, sketch
them, and make the algorithm explore diverse designs by setting a small weight coeffi-
cient for the closed-shape-based constraint. In subsequent interactive iterations between
designers and the TO algorithm, structural parts are gradually designed and the constraint
weight coefficient can be set to be larger for structural shapes in those parts to preserve
them, until the structural design is complete.

The total loss function for updating the neural-encoded density function is given in
Equation (13).

2
(%
L:{0+a<ze‘f: 61> +,8’Lgdge+’y'Lm’Bﬂ (13)

where ] is the initial total compliance value for normalization, « is the weight coefficient for
the volume constraint, and § and vy are weight coefficients for the stroke-based constraint
and closed-shape-based constraint, respectively.

3.4. Parallel Computing for Multi-Solution TO Framework

In the proposed TO process, perturbing the load force magnitudes, the initial weights
of the neural network, as well as the Fourier sampling frequencies are all useful ways to
generate multiple diverse designs. To account for the low interpretability of the neural
network, this study perturbs the Fourier sampling frequencies f and the load force magni-
tudes F across multiple TO processes. As will be proved by the experiments in Section 4,
this can provide sufficient design diversity.

A larger parallel scale increases the likelihood of discovering more innovative and
high-performance designs, but it also increases the computing cost and produces more
redundant solutions that are identical or highly similar to each other. To balance this
conflict and remove redundant solutions, an adaptive parallel scale is employed. Multiple
synchronized parallel TO processes are run, and a similarity measure for each pair of
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solutions within the current solution is set after a fixed number of iterations are conducted.
A randomly selected solution is removed from pairs with high similarity to reduce the
parallel scale before continuing the optimization iterations.

Similarity indexes include differences in compliance values and the image-based
Structural Similarity Index Measure (5SIM) and pixel-wise mean absolute error (MAE), as
computed by Equations (14) and (15). The SSIM index is better at capturing the structural
characteristics that align with human visual perception, while the MAE index better reflects
the data-level difference.

(2pxpty +C1) - (200 +C2)

SSIM(x,y) = . (14)
(B+u+C1) (F+03+C)
1 N
MAE(x,y) = 55 Y| — il (15)

1

where x and y represent the density distribution maps of two solutions, px and py, are the
average density values, o2 and (75 are density variances, 0y is the covariance of density
distribution maps, C; and C; are small constants to avoid division by zero, and N is the
number of pixels.

In early iterations of the TO process, the number of gray cells with intermediate
density values is large, which makes the structural boundaries blurry. As the iterations
progress and the SIMP penalty factor increases, the densities tend to binarize and structural
boundaries become more clear and stable. As design diversity is mostly cultivated in the
early iterations, a parallel scale is adapted only after the early iterations.

A conflict between human preferences expressed through sketches and the compliance
minimization objective is very likely to occur. Guided by sketch-based constraints, some
generated structural features may be detrimental to compliance minimization, thus are
unreasonable for multi-objective optimization. Recognizing such structural features, i.e., the
region of conflict, is important to ensure the quality of solutions.

To achieve this, we propose a sensitivity-based method to automatically recognize
the region of conflict in structures. Given the TO framework’s total loss minimization,
the elements with positive sensitivity values for the sum of compliance loss and sketch-
based penalty loss, denoted as L;, should have their density values decreased under the
virtual condition where sketch-based constraints are not applied. Therefore, among the
solid elements in the generated structures, the ones with positive sensitivity values can
be recognized as the region of conflict. The computation is expressed in Equation (16).
The sensitivity can be conveniently computed via gradient back-propagation of neural
networks, and the autograd function of PyTorch 1.5 is implemented in the experiment.
During iterations of adaptive-scale parallel solving, solutions with large conflict regions
are also removed.

oLy
F={pe|5-,pe > 08 16
loel 3, } (16)

Algorithm 1 is the pseudo-code of the multi-solution TO framework with adaptive
parallel scale.
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Algorithm 1: Pseudo-code of multi-solution TO framework with human con-
trollability and adaptive parallel scale.

Input: Vx, R, [,,;,, M

Parameter: py,

Output: {TO;}

1. Initialize Ey, Kg, tssims EMAE, Ecomp, Evols N,No,n,a,B,v,p=1

2. Compute RIF from RI

3. For each of M individual TO process do:

4. Randomly initialize neural weights w

5. Sample f according to Equation (1); Fy, grid points p 4 for FEA, p for
output

6. Compute Jo

7. For each iter of N iteration do:

8. For each of n parallel steps do:

9. For each i of M individual TO process do:

10. NN forward for pu, (FT¢(pop)), generate current design TO;

11. NN forward for pw(PTf(pFEA)), compute J;, L;, V; = Y peve

12. NN backward, update w

13. Update p = min(pmax, P + Pinc); & = Min(&max, & + Xinc)

14. B = min(ﬁmaX/ B+ ﬁInC)} Y= min(’)’max/ v+ ’)/Inc)

15. If iter > Nj then:

16. For each pair (TO;, TO;);; do:

17. Compute SSIM(i, j), MAE(i, j)

18. If SSIM(i,j) > tssim and MAE(i, j) < tyag and [J; — Jj| < tcomp and
|V; = Vi| < tyol then:

19. delete TO;

20. For each TO, do:

21. If TO; has large region of conflict then:
22. delete TO;

23.  Return TO solutions {TO;}

4. Experiments
4.1. Experiment Settings

This paper uses the innovative design of automotive wheels as a case study to validate
the proposed multi-solution TO framework. The focus of the design is the disk-view
2D structural pattern of the spokes, which can be solved as a 2D structural TO problem.
Typical design requirements for wheel hubs include being lightweight and having a high
stiffness, using the structural yield (compliance) under specific static loading conditions as
the stiffness metric. Accordingly, the TO problem is to minimize compliance under the total
material volume constraint. Since the design of automotive wheels also requires aesthetic
considerations, a balance between structural performance and aesthetics is desired, making
this case highly suitable for validating the TO framework, aiming at enhancing solution
diversity and human controllability.

Specific definitions of the design field and boundary conditions are shown in Figure 2.
Structural compliance under both normal force and shear force is used as the stiffness
metric. The normal force simulates the weight of the vehicle and wheel hub itself. It
distributes on the outer rim within a 30° central angle range. The shear force simulates the
ground friction force on the wheel, acting at the midpoint of the normal force distribution.
Within a square domain, density values are set as 1 (solid) for the wheel rim and axle
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regions, variable (actual design field) for the spoke region, and 0 (void) for the other region.
A fixation constraint is applied at the center of the axle.

Shear Force F,

[ void
|:| design
- solid

D=180

Figure 2. Definition of design field, boundary, and load conditions.

The rotational symmetry of the wheel spoke is handled explicitly: the annulus design
field is evenly split into several fan units, with one (e.g., the topmost) designated as the
reference unit. After sampling grid points for density computation, the points outside the
reference unit are mapped to their central symmetric counterparts inside the reference unit,
based on angular intervals defined by the fan angle. The counterparts are then taken as the
actual input to the density function.

The content of this section illustrates the following: (1) an experiment for generating
innovative structural designs by the TO framework; (2) an experiment for human con-
trollability; (3) an analysis of the impacts of human control on both the design quality
and diversity; (4) a comparative analysis with existing methods; and (5) an analysis of
adaptive-scale parallel computing. The first experiment is used to verify the ability of the
proposed method to enhance structural design exploration, and a qualitative evaluation of
the generated results is conducted. The second experiment is used to verify that our method
enables designers to control structural features precisely and flexibly. The third experiment
is conducted to quantitatively analyze the impacts of human control parameters on design
quality and diversity, in order to provide insights for designers to better fine-tune them.
The fourth experiment is to verify the superiority of the proposed method over existing
ones. The fifth experiment is to verify the usefulness of an adaptive scale in improving
computing efficiency. Figure 3 gives a summary of the experiment design.

Experiment task Purpose

Experiment of generating innovative Verity the ability to enhance design

. . --> Section 4.2
structural designs exploration

Verify that the human control is precise

and flexible ~ 7 Section 4.3

Experiment of human controllability [—

(quantitative)

Analysis of impacts of human control Understand the impacts of control

on design quality and diversity parameters, to help fine-tune them 7 Section 4.4

(quantitative)

Comparative analysis with existing Verify the superiority of proposed

methods method -+ Section 4.5

(quantitative)

Analysis of adaptive scale parallel Verify usefulness of adaptive scale in

. . . . . --+ Section 4.6
computing improving computing efficiency

Figure 3. Summary of experiment design.
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4.2. Experiment for Generating Innovative Structural Designs

The TO framework is tested using the hyper-parameters summarized in Table 1 to
generate innovative structural designs of automobile wheels. &, B, and vy are initialized
as 0. arue, Bine, and vy, are the increment values in each TO iteration. npr4 is the grid
sampling resolution for FEA computation. An adaptive parallel scale is not implemented
by setting Ny equal to N. Sketch images are preprocessed by applying a morphological
dilation operator of kernel size (2,2). Figure 4 illustrates the loss curves and intermediate
solutions during the iterative TO process. The two sketch-based constraint penalty losses
take effect on the density distributions from the beginning of the iterations. As it iterates,
the volume constraint has a stronger effect, with a decreased penalty loss value, the compli-
ance gradually converges, while the sketch-based constraint penalty losses exhibit some
degree of fluctuation. To ensure the comparability of results across multiple TO processes,
a fixed number of iterations is set in the experiments. The convergence of each solving
process is verified according to the relative changes in the loss terms for compliance and
volume constraint. Over the last 30 iterations, if the relative changes in both losses remain
below a threshold, the conversion of the process is validated.

Table 1. Hyper-parameters of multi-solution TO framework.

Parameter Value Parameter Value Parameter Value
Desired volume 0.35 No 30 Xmax 100
NN layers 1 x (100,) n 5 Pmax 1
NEEA 180 M 20 “Ymax 0.1
Imin 9 KIne 0.3 Pmax
Imax 80 Blne 5x 1074 E 1
ng 1000 Yine 5x 107° Nu 0.3
ng 30 PlInc 0.04
compliance stroke-based

vol constraint

closed-shape-based

8e® &

0.5
e AN~
0.0 1 ‘ ‘ ‘ ‘ ‘
0 25 50 75 100 125

Iteration

Figure 4. Loss curves and intermediate solutions during the iterative TO process.

Figures 5 and 6 show the generated innovative structural designs constrained by two
examples of free-hand sketches. Using a parallel scale of M = 20 without an adaptive scale,
a total of 20 designs are generated for each sketch image; from them, 8 randomly selected
designs are displayed.
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The sketch in Figure 5 contains sharp, angular strokes, reflecting a bold and austere
style, while the sketch in Figure 6 displays droplet-shaped forms, reflecting a soft and
graceful style. Qualitatively, it is evident that the generated solutions embody the visual
styling features of those sketches. Also, they exhibit large differences from each other
in terms of structural topology and geometric features, verifying the effectiveness of the
proposed TO framework in generating innovative structural designs that conform to free-
hand sketches and are diverse.

Sketch Generated TO solutions
1. Comp=3.266 2. Comp=2.969 . Comp=2.977 4. Comp=2.991
Vol=0.389 Vol=0.395 Vol=0.393 Vol=0.396
5. Comp=2.912 6. Comp=2.969 . Comp=3.305 8. Comp=3.005
Vol=0.392 Vol=0.395 Vol=0.389 Vol=0.387

Figure 5. Generated innovative structural designs constrained by sketch image 1.

Sketch Generated TO solutions
1. Comp=2. 740 | 2. Comp=2.675 T 3. Comp=2. 745 | 4. Comp=2. 846 |
Vol=0.386 Vol=0.386 Vol=0.386 Vol=0.384
Comp=2.789 . Comp=2.729 . Comp=2.914 8. Comp=2.676
Vol=0.385 Vol=0.391 Vol=0.383 Vol=0.390

Figure 6. Generated innovative structural designs constrained by sketch image 2.

In most of the generated structures, a cavity that closely matches the closed-shape con-
tour is generated, though subtle differences between them appear in some solutions. This
is due to the closed-shape-based constraint being assigned with a large weight coefficient
(Yine = 0.1B1yc). In a special case of solution 4 in Figure 6, the contour is matched by a
solid structure rather than a cavity. This is caused by the undirected boundary constraint
suppressing the closed-shape-based constraint. These experimental results show that the
former constraint is beneficial for promoting solution diversity while achieving an effective
sketch-based constraint. Also, the competition between two different constraint terms
further facilitates the diverse design exploration.

Figure 7 presents more examples of generated solutions. Among them, two sketch
images that only contain stroke elements also achieve effective human control. In solution
2 of Figure 7, the drawn strokes are implicitly reflected by several contour segments of
different structural branches, demonstrating the flexibility of the undirected boundary
constraints. Such flexibility benefits the generation of solutions with appealing visual
effects. The compliance values vary by a large amount across the solution sets generated



Appl. Sci. 2025, 15, 2753

by different sketches, which indicates that the rationality of sketches has a decisive impact
on the generated designs’ quality. The volume ratios have very small variance, which is
due to the increment in the volume constraint weight being much greater than that of the
sketch-based constraints.

Sketch Generated Sketch Generated

1. Comp=3.0756 2. Comp=3.2330

Vol=0.3942 Vol=0.4091
3. Comp=3.0439 4. Comp=2.9757
Vol=0.4035 Vol=0.3991

Figure 7. Generated innovative structural designs constrained by sketch images 3—6.

When random perturbation is applied to more hyper-parameters of the TO algorithm,
more diverse and innovative structural designs can be generated. Here, experiments
generating more broadly diversified innovative structural designs of wheel hubs are con-
ducted. The desired volume, load force magnitude, and Fourier sampling frequencies are
all randomly perturbed. Meanwhile, the generated TO design images are further converted
into 3D models to facilitate intuitive evaluation by designers and subsequent detailed
simulation analysis. The 2D-to-3D conversion steps are illustrated in Figure 8.

1 NURBS fitting
Input img
closed contour curvature
Preprocess computation
I
’ Pixel inversion: (256, 256) ‘ split closed contour into
segments by curvature
’ Hub area filling ‘
! NURBS fitting on
’ Gaussian smooth: (3, 3) ‘ segments (geomdl)
I

!
’ Otsu’s binary ‘

v
Export to dxf .

Contour detection !
Extrusion and solid cut

l

Output
3D model

’ cv2.FindContours() ‘
|

’ Closure check ‘

Figure 8. Illustration of 2D-to-3D conversion steps.

The input image is first preprocessed by pixel inversion, hub region filling, denoising
with Gaussian smoothing, and binarization based on Otsu’s method. Then, the contours
within the design field are extracted and closed. After that, NURBS fitting is carried out
on contour segments, which are split according to curvature. Finally, the NURBS curves
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are exported in the DXF format, and 3D models are obtained through extrusion and solid
cutting operations.

Figure 9 showcases the innovative structural designs generated under the control of
six different sketch examples, as well as the corresponding 3D design models. The obtained
diverse innovative designs not only satisfy the sketch constraints but also have good
performances in terms of the basic compliance metric. Their variance in shape is very
useful to stimulate the creative thinking of designers. In practice, designers can first
evaluate the generated solutions qualitatively in terms of aesthetic appeal, innovativeness,
etc., then choose the ones with low compliance and human preference to further carry out
a multi-criteria mechanical simulation analysis.

Vo / L:A P o Y
o=c® ooy 1 53
kel A o0 s IrS%e
3 K _Y N A\

Figure 9. Innovative design exploration results for automobile wheel spokes under sketch-based
constraints. Randomly perturbed hyper-parameters include dv, Iin, and f. (a) Guided by sketch 1.
(b) Guided by sketch 2. (¢) Guided by sketch 3. (d) Guided by sketch 4.

4.3. Experiment of Human Controllability

Figure 10 presents the experimental results of human controllability over the generated
structural features by integrating the minimum allowed structural feature size /,,,;;, and
the relative weight coefficient of the closed-shape-based constraint over the stroke-based
constraint A (Y = v - Brne)- It is intuitive for designers to take control by simply fine-
tuning these two hyper-parameters, as their control effects are precisely targeting at specific
structural features and are independent from each other.

When the control parameter A is set to be small, the drawn closed-shape region con-
tains many branching structures. In this case, if the value of ,,,;,, is also small, the generated
structure is highly complex, with low manufacturability, the drawn shape is not visually
prominent, though the compliance is small; if ,;, is larger, the structural complexity
becomes lower, the hand-drawn shape is more prominent, but compliance increases signifi-
cantly. When A is set to be larger, there are fewer branching structures within the drawn
shape region, leading to a result similar to a hard constraint on the design field boundary.
The shape becomes more prominent, especially when the shape has a large area, which
significantly affects the aesthetic styling. /,,;, has a bigger impact on compliance than A.
These experimental results verify that the two control parameters have different effects on
the structural compliance, and mechanical and aesthetic performance, enabling human
designers to achieve a better balance between multiple factors in a flexible control manner.

The flexibility of human controllability is valuable for practical application, as solving
conflicts between different design factors is the main challenge in conceptual structural
design. Mechanical and aesthetic performances are conflicting in most cases. Meanwhile,
increased structural complexity lowers the manufacturability, as overly narrow structural

67



Appl. Sci. 2025, 15, 2753

branches may be unfeasible to produce. Structural complexity also impacts aesthetic
appeal, with simpler and regular forms generally considered more aligned with modern
aesthetic standards.

Imin=3
Comp=2.4071 Comp=2.6377 Comp=2.5814
Vol=0.4036 Vol=0.3976 Vol=0.4043
Imin=6
Comp=2.7865 Comp=2.9718 Comp=2.8229
Vol=0.3983 Vol=0.3970 Vol=0.3898
Imin=9
comp=3.1138 Comp=3.0246 Comp=2.9943
vol=0.3951 Vol=0.3960 Vol=0.3970
Imin=12
Comp=3.0437 Comp=3.3299 Comp=3.1956
Vol=0.4075 Vol=0.3970 Vol=0.3938

Figure 10. Experimental results of human controllability by integrating /,,;,, and A.

4.4. Impacts of Human Control on Design Quality and Diversity

The qualitative analysis of the experimental results as above has verified the effec-
tiveness of the proposed TO framework to generate conceptual structural designs while
providing flexible human controllability. The results also indicate that human control may
conflict with the compliance minimization objective of the TO algorithm, leading to an
increase in the compliance minimization. In the following, an ablation study is presented
that quantitatively analyzes the impact of the three human control approaches on both the
solution quality and diversity.

The design quality metrics include the total structural compliance and volume. Al-
though multiple aspects in mechanics, fatigue life, heat transfer, manufacturability, etc.,
are necessary to verify the engineering applicability of design, it is too costly and time-
consuming to carry out a detailed analysis for all design in the conceptual stage. Thus,
using compliance and volume criteria can effectively find the initial designs that meet the
basic requirements.

Diversity metrics include the image-based average SSIM index and MAE index be-

tween pairs of solutions, denoted as SSIM and MAE, respectively, and the coefficients
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of variance for the compliance and volume ratio, denoted as CV(yp and CV,y;. Their
computation formulas are given in Equations (16)—(18).

Y.z SSIM(i, j)
SSIM = Ry B (17)
— Yy MAE(i,))
AE = R (18)
o(x)
CV, = —~ x 100% 19
p(*) 8 19)

where o () is the standard deviation of the metrics’” values, and () is the mean of the
metrics’ values.

In the ablation experiment of the stroke-based constraint, parameter By, is selected
from [0,5 x 107°,2 x 107%,5 x 1074, 8 x 107 %]; a closed-shape-based constraint is not
applied (A = 0). In the ablation experiment of the closed-shape-based constraint, as contour
lines are essential to make the drawn shape visually prominent, By, is set to 5 x 1074,
and A is selected from [8 x 107°,4 x 107%,2 x 1073,1 x 1072,5 x 10~ 2]. In the ablation
experiment of the minimal allowed feature size, I,,,;;, is selected from [3, 6, 9, 12], B, is set
to5 x 1074, and A is set 0.05. The other hyper-parameters are the same as in Table 1. The
sketch images of Figures 5 and 6 are utilized as case 1 and case 2.

The experimental results of the ablation study are shown in Figures 11-14. Quantita-
tive results of several TO algorithm runs are given in Table 2. An increase in Sy, leads to
obviously larger compliance. The average compliance value is 2.62 when this constraint
is not applied, but increases to 3.15 and 2.87 for case 1 and case 2, respectively, given
Brnc =5 % 104 Importantly, an increase in B, does not reduce the solution diversity but
slightly improves it. A possible reason is that this constraint makes it easier to escape local
optima through interfering with the compliance minimization objective while avoiding
limiting the material distribution in the regions surrounding the strokes, thereby exploring
the design space more divergently. Therefore, the undirected structural boundary con-
straint is very beneficial to preserve freedom of design exploration under sketch-based
human control.

In contrast, the experimental results reveal that the closed-shape-based constraint
reduces the solution diversity but has no obvious impact on the compliance or volume
ratio. From an analysis of the results in Figure 10, the main reason for the reduction in the
solution diversity is that a large A makes the drawn shape region approximate a non-design
field. Stable compliance and volume ratio values indicate that the “remaining” design field
is still sufficient for exploration. It is verified that by decomposing sketches into strokes
and closed-shape-based elements with distinct control features, the solution quality and
diversity can also be better balanced.

The experimental results also reveal that an increase in the minimal allowed feature
size leads to larger compliance and reduced diversity, which aligns with the conclusions
drawn from the qualitative analysis. Based on the control features of the three control
parameters, a proper approach is to first focus on drawing strokes and simply rely on a
stroke-based constraint to promote diverse exploration; subsequently, add closed shapes
and increase this constraint weight incrementally to optimize compliance while restricting
the material volume. The minimal allowed feature size should be preferably set to a large
value according to multifactor requirements in practice.
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Figure 11. Ablation study of By, (a), A (b), and I,;,;, (c) in terms of compliance.
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Figure 12. Ablation study of By, (a), A (b), and I,;,;, (c) in terms of volume.
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Figure 13. Ablation study of By, (a), A (b), and I,;,;, (c) in terms of SSIM.
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Figure 14. Ablation study of By, (a), A (b), and I,;;;, (c) in terms of MAE.
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Table 2. Quantitative experimental results of ablation study.

Case 1
Setting Heomp Mool CVeomp  CVyor SSIM MAE
Brnc=0 2.5831 0.3892  0.0204 0.0074  0.6461 0.1385
Bine =5 X 104 3.1602 0.3970  0.0687  0.0111 0.6069  0.1634
Bine =5 X 1074, A =0.05 3.1263  0.3948  0.0523  0.0073  0.7585  0.0841
Bine =5 X 1074, A =0.05,1,,, =12 3.4158 03952 0.0798 0.0068 0.7170  0.1058
Case 2
Setting Heomp Mool CVeomp  CVyor SSIM MAE
Bruc=0 25979  0.3884  0.0230 0.0079  0.6457  0.1386
Bine =5 X 104 29896 0.3919  0.0939  0.0094 0.6199  0.1579
Bine =5 X 1074, A =0.1 2.8207 0.3894 0.0558 0.0070 0.7235  0.1111
Bine =5 X 1074, A =0.1, 15, = 12 29787  0.3928  0.0565 0.0138  0.8138  0.0659

4.5. Comparative Analysis with Existing Methods

The proposed TO framework is compared with the sketch-guided TO algorithm (base-
line 1) by Oh et al. [26] and the interactive TO algorithm (baseline 2) by Li et al. [12]. Baseline
1 directly utilizes the entire reference sketch image and a similarity constraint between the
TO solution and the sketch. In order to avoid using existing design datasets, to ensure
comparability between methods, load condition parameter perturbation is adopted for
baseline 1, replacing its data-driven approach of enhancing diversity. Baseline 2 combines
the free-hand sketch and human scoring to achieve controllability, and achieves solution
diversity by perturbing the sensitivity numbers of the soft-skilled BESO algorithm accord-
ing to human input. To avoid the uncertainty of human input, the random perturbation of
density values is employed as an approximate strategy, with three different perturbation
magnitudes for analysis. The proposed TO framework without load condition parameter
perturbation is also compared.

While traditional TO algorithms, such as SIMP or BESO, are unable to offer design
diversity, existing multi-solution TO algorithms achieve this with three typical methods:
simply perturbing the design parameters like load force magnitudes, data-driven feature
learning, and adjusting the optimizable variables based on interactive human input. Data-
driven methods offer strong design diversity, but both the diversity and quality of the
solutions depend on the size and quality of the training dataset. As such, quantitative
comparison between these two types of methods is unfeasible. Due to the uncertain
effect of the subjectivity of human input, quantitative comparison between these types
of methods and parameter perturbation-based ones is also unfeasible. Therefore, this
paper only conducts quantitative comparative experiments using the two latest parameter
perturbation-based methods, with the same optimizable parameters.

For each compared method, sketch example case 1 is used as the human input, and the
perturbation range of the load force parameter Fy is set as [0.3, 1.5]. The evaluation criteria
for the methods are the same as above, with the average of 20 repeated runs for each
method being the evaluation metric.

Table 3 presents the results of the comparative experiment. In terms of solution quality,
the proposed TO framework, along with baseline 1, outperforms baseline 2 by a large
margin, verifying that perturbations in the load condition or Fourier sampling frequencies
have a very similar impact on the solution quality, but perturbing the density values
significantly reduces the quality. The proposed method achieves the best performances, as
indicated by the metrics in bold. In terms of diversity, the proposed framework outperforms
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baseline 1, as well as outperforming baseline 2 when it has a small perturbation amplitude
(<0.4). It only slightly lags behind baseline 2 when the perturbation amplitude is large
(=0.4) in terms of morphological diversity. For baseline 2, as the amplitude increases,
the compliance and volume increase significantly, even violating the volume constraint,
as indicated by the picomp metric shown in bold. While baseline 2 can generate the most

diverse solutions (SSIM = 0.7358, MAE = 0.0663), it excessively sacrifices solution quality
and struggles to reasonably balance the conflict between solution quality and diversity by
only adjusting the perturbation amplitude. The above comparative analysis verifies the
contribution of the proposed framework in achieving both high design quality and diversity.

Table 3. Comparative experiment results for proposed TO framework and alternatives.

Setting Heomp ool CVeomp CVyor SSIM MAE

Density perturb (amp = 0) 3.1164 0.3960 0.0151 0.0033 0.9731 0.0097
Density perturb (amp = 0.1) 3.3117 0.4019 0.0204 0.0047 0.9084 0.0207
Density perturb (amp = 0.4) 3.8991 0.4382 0.0192 0.0049 0.7358 0.0663

Load cond perturb 3.0322 0.3955 0.0243 0.0067 0.8700 0.0399
Fourier freq perturb 3.0322 0.3955 0.0298 0.0067 0.8641 0.0411
Proposed 3.0322 0.3955 0.0317 0.0075 0.8339 0.0516

4.6. Analysis of Adaptive-Scale Parallel Computing

To test the effectiveness of the adaptive parallel scale strategy for the multi-solution
TO framework, comparative experiments are conducted with and without this strategy.
Hyper-parameters Ny = 10 and N = 30 when they are implemented, and Ny = N = 30
when they are not implemented, with solution set filtering only after the iteration ends.
The initial parallel scale M is set to 50 with the adaptive parallel scale, and selected from
[50, 40, 30] without it. The sketch example of case 2 is utilized as the human input for all
cases. The threshold values for the similarity metrics are fixed during the iterations, which
ensures that solution pairs are retained as long as their difference is large according to
the absolute criteria. Those values are first empirically set to ensure that about 50% of the
solutions from the initial solution set are retained, then adjusted to make each similarity
metric effective for detecting similar pairs. We set tgsjp = 0.9, tpap = 0.02, teomp = 0.1, and
tpor = 0.01.

A comparison of the experimental results is shown in Table 4. The number of retained
solutions after filtering with the adaptive parallel scale is 16, the same as the number of
obtained solutions without this strategy and a smaller initial parallel scale (M = 30). We
highlight the results obtained using the two experimental settings in bold in Table 4, as
their comparison validates the superiority of adaptive-scale parallel computing. However,
this strategy leads to a shorter computing time and improved solution diversity, due to
divergent exploration primarily occurring in the early optimization iterations, making a
larger initial parallel scale more beneficial.

As described in Section 3, due to the conflict between sketch-based constraints and
the compliance minimization objective, the generated structures may include some unrea-
sonable features. Figure 15 showcases two examples that include unreasonable features
generated under the guidance of the sixth sketch example. In Figure 15a, a very thin
protruding branch is generated guided by the stroke-based constraint, but it is not con-
nected to the other side of the structure. From the von Mises stress map, which is useful to
visualize the distribution of equivalent stress within the structural field and is computed
by the finite element analysis steps as in the TO algorithm, it is clear that this branch is not
contributing as a load path, which suggests that it is an unreasonable design. In Figure 15b,
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the protrusion part on the support structure also does not contribute as load-bearing and
exists solely to conform to the drawn shape of the sketch.

Table 4. Comparative experimental results for adaptive parallel scale method.

Setting Time (s) Num Heomp Mool CVeomp  CVyor SSIM MAE
N/AdM =50 3060.7 50 27101  0.3887 0.0264 0.0058 0.8428  0.0488
filtered / 23 2.7320  0.3895  0.0320 0.0063  0.8110  0.0601
N/AM =40 2448.6 40 27164 0.3888  0.0253  0.0060 0.8453  0.0477
filtered / 19 27391 0.3897 0.0313 0.0065 0.8170  0.0578
N/AdM =30 1836.4 30 27190 0.3888  0.0273  0.0058  0.8473  0.0472
filtered / 16 2.7415 0.3894 0.0330 0.0065 0.8241  0.0555
Ad N =50 1810.4 16 2.7267 0.3891 0.0278 0.0054 0.8041 0.0617
filtered / 16 / / / / / /

(a) unreasonable example 1 (b) unreasonable example 2

Figure 15. Unreasonable generated structures due to conflicts between sketch-based constraints,
volume constraint, and compliance.

Figure 16 shows examples of recognized regions of conflict using the sensitivity-based
method. The regions of conflict are marked in red. The thin protruding branch in the
second solution is recognized as unreasonable. It is clear that this feature would be the first
to be removed if only compliance minimization and the volume constraint were applied.
This solution is removed from the solution set, while the first solution with a smaller region
of conflict is retained.

Detected region of

TO solution von Mises stress .
conflict

Figure 16. Examples of recognized regions of conflict.
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5. Conclusions

This paper proposes a novel sketch-constrained multi-solution topology optimization
algorithm, designed for human-machine collaborative structural conceptual design ex-
ploration scenarios. It allows designers to express preliminary structural design features
through hand-drawn sketches, which form constraints for the topology optimization algo-
rithm. The algorithm divides the sketch content into open-line elements and closed-shape
elements, and introduces line-based undirected structural boundary constraints and closed-
shape-based regional material distribution constraints. The former imposes no material
distribution restrictions on the areas on either side of the lines, enabling the exploration
of many novel forms that integrate the sketch’s line elements into the topology, creating
unique visual effects. Additionally, compared to unconstrained topology optimization,
it does not reduce the morphological diversity of the design solutions. The latter drives
uniform material distribution within the shape regions, which, while somewhat reducing
the design exploration space and diversity, enhances the visual prominence of the sketch’s
shape elements. Importantly, when line constraints are already in place, this approach does
not reduce structural performance, allowing designers to gradually refine local structural
designs while exploring other parts of the structure in a high-quality, divergent manner.
Furthermore, the mutual suppression between the two sketch constraints can further
enhance design diversity.

In contrast, existing sketch constraint methods only directly use the overall sketch
similarity constraint to control the topology optimization results. The experiments show
that the proposed method provides designers with a finer and more flexible approach to
controlling algorithm results through hand-drawn sketches, allowing for better balancing of
structural performance, lightweight, visual effects, design exploration diversity, and novelty.
Additionally, the design diversity offered by the proposed method is significantly stronger.

This algorithm also integrates Fourier mapping-based feature size control, allowing de-
signers to combine it with sketch constraints for flexible control over both the local features
and overall complexity of the generated structure. By introducing randomness through per-
turbations in the Fourier sampling frequency and adopting a parallel optimization strategy
based on adaptive scale adjustment, the algorithm generates diversified and innovative
design solutions. The experiments show that the proposed Fourier sampling frequency
perturbation method outperforms existing boundary condition parameter perturbation
and design domain density perturbation methods both in terms of design solution quality
and diversity. Based on the proposed parallel optimization strategy, the multi-solution
topology optimization algorithm in this paper offers comprehensive advantages in manual
controllability, design solution quality, diversity, and computational efficiency, providing
an effective solution for current topology optimization algorithms that are unsuitable for
structural innovation design exploration.

The research and experimental process also identified several issues that need further
resolution. First, the conflict between the sketch constraints reflecting human preferences
and the algorithm’s structural performance optimization objective has not been fully mit-
igated. Although the proposed algorithm uses sensitivity-based method to detect and
remove unreasonable designs from the solution set, it is better to automatically generate
solutions in which the material in each part of the structure not only satisfies the sketch
constraints but also contributes to mechanical performance. Also, finite element calcula-
tions are the most time-consuming step in topology optimization algorithms, and exploring
ways to avoid or accelerate the finite element computation process is also a valuable area
for future research. Further, how to help designers quickly learn the basics of the control
characteristics of hyper-parameters should be studied when the design structure becomes
more complex and more hyper-parameters are included according to constraints like man-

74



Appl. Sci. 2025, 15, 2753

ufacturability. To improve the applicability of the proposed method in engineering design
practice, future study will focus on involving the manufacturing constraints and consider
the complex effects of material performance variance in different working conditions.
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Abstract: This paper presents the process of automated designing and parametric modeling
of excavator buckets using the CAD system. A methodology has been developed that
covers all stages of design, from the creation of 3D models of the parts, sub-assemblies, and
assemblies to the generation of design documentation, using template files. The presented
approach allows the creation of parametric models with multiple configurations, which
cover different variants of the products according to their technical characteristics and
purpose. This paper describes in detail the technological process, including the manufacture
of parts and the assembling of sub-assemblies, in accordance with modern production
requirements. Bucket classification according to excavator operating weight is included.
Parametric modeling of the main components, such as the base and upper part of the bucket,
is also described. In addition, an algorithm for automation of design documentation has
been developed that integrates PDM systems for engineering data management. Using the
presented methodology leads to a reduction in the volume of created documentation and
optimizes the design process, providing the opportunity for rapid adaptation to various
client requirements. Data management within a PDM system ensures centralized storage,
actuality, and accessibility of information, which contribute to more efficient production
and management of product data.

Keywords: excavator buckets; excavators; methodology; development; 3D models; auto-
mated designing; parametric modeling; CAD system; template files; design documentation;
PDM system

1. Introduction

This paper introduces the process of developing excavator buckets with a CAD sys-
tem. The parts, sub-assemblies, and assembly of the bucket are parametrically designed.
Different bucket models differ in their purpose, dimensions, and construction. The buckets
are mounted on excavators and used for excavation work [1,2].

The bucket is designed and developed with the CAD system SolidWorks 2022 [3].
Using the CAD system significantly facilitates the process of developing the product. The
design is performed in the three-dimensional space. Three-dimensional models of the
parts, sub-assemblies, and assemblies are developed. The process of creating the design
documentation is automated through the use of template files.

2. Literature Review
2.1. Parametric Modeling of Products with a CAD System

Three-dimensional models of parts, sub-assemblies, and assemblies are created
through CAD systems. Design documentation is being developed—part drawings, as-
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sembly drawings, assembly specifications, and individual product specifications. Three-
dimensional models can be used to create new design documentation. In 3D models of
the parts and assemblies, the additional information is set by attributes (users and systems
ones). The information from the attributes can be used for documentation management with
a PDM system, as well as by other departments in a company with an ERP system [3-6].

Parametric modeling is used when the designed products have many versions and
varieties. A single 3D model is created, where different versions of the product are pre-
sented with configurations. This results in a small amount of design documentation for a
specific product. The big amount of documentation can cause many problems, for example,
how to manage, organize, classify, and archive the documentation; who has the right to
change and update it; the documents should always be with the latest version; and which
other departments of the company have access to this documentation and the specialized
information they are interested in [5,6].

Parametric modeling reduces the time of the design process and increases its efficiency.
Design automation is achieved, which means that designers do not have to redesign the
product when there is a change in the dimensions of the model. Engineers can model
parametrically dimensions of the model, geometric constructions in the model (Features),
constraints between parts in an assembly (Mates), etc. All of these parameters can be
adjusted by making a few minor changes. In this way, product variants are created very
quickly compared to the traditional modeling approach.

High accuracy is achieved in product modeling. Various algorithms are used in the
creation of 3D models, which leads to a reduction in modeling errors.

Parametric modeling creates variations of 3D models and assemblies. It can be easily
integrated into various manufacturing processes, which leads to faster product manufac-
turing.Parametric modeling is used for structural analysis or for analyzing the kinematics
of machines. The reason is the ability to quickly process extremely complex geometric data.

2.2. Design Documentation Management Through PDM System, Application of ERP Systems

CAD systems are used to develop a large volume of design documentation—3D
models, drawings, specifications, etc. Specialized systems, like PDM and ERP systems, are
used to manage and maintain it. To manage the design documentation of the products
considered in this publication, the PDM system SolidWorks PDM 2022 and the ERP system
RDS ERP are used [3,4].

Product Data Management (PDM) systems are specialized software used to manage
product data. The term “product data” means all information related to the product. PDM
systems manage arrays of data and information necessary for the design, manufacture, and
assembling of the products, as well as for their maintenance. The functionalities of PDM
systems have been improved and, in addition to the Design and Engineering Departments,
they are now used by other departments such as Supplies, Production, and Maintenance.
This means that PDM systems are developed to manage and control the huge volume of
electronic data created by CAD/CAM/CAE systems.

Enterprise Resource Planning (ERP) systems are used in all processes necessary for
the functioning of a company—people management, finances, production, availability of
materials or products, supply system, services, orders, etc. One of the main functions of
ERP systems is the shared database, i.e., the employees from different departments operate
with the same information for their specific needs.

Both systems are part of the so-called Product Lifecycle Management (PLM). This
means that a specific product is tracked from the creation of the product concept to the end
of its life cycle.
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2.3. Designing Buckets for Excavators

The design of the discussed buckets is a long process, which is implemented in many
stages. Each stage has its own specific characteristics that can be presented in the following
sequence [7]:

PRELIMINARY PHASE

- Preliminary design—CAD software SolidWorks 2022 is used to model the parts, sub-
assemblies, and assemblies of the designed bucket model;

- Simulation inspections—the buckets are inspected with the Finite Element Method;

- Three-dimensional model adjustments—depending on the results obtained during the
previous stage, the necessary structural changes are made to the parts, sub-assemblies,
and assemblies of the bucket;

- Production of the preliminary prototypes—a real prototype of the bucket is produced;

- Conducting prototype tests—prototype tests are carried out in real conditions.

DESIGN PHASE

- Adjustments to 3D models and drawings—based on the results from the testing stage,
the necessary design changes are made to the parts, sub-assemblies, and assemblies of
the bucket;

- Simulation inspections—reverification of the bucket using the Finite Element Method;

- Production of the design prototypes—a real prototype of the bucket is produced;

- Conducting prototype tests—prototype tests are carried out in real conditions;

- Design freeze—the design process of the product is finalized.

INDUSTRIALIZATION PHASE

- Final modeling—3D models of the parts, sub-assemblies, and assemblies of the bucket
are finalized and drawings and specifications are developed;

- Engineering Pilot—mass production technologies are used to manufacture the bucket;

- Testing and Certification—the produced buckets are tested and certified.

PRODUCT LAUNCH
- Start of production—serial production of the bucket begins.

This publication will only consider 3D modeling of products or modification of already
created 3D files by using the capabilities of modern CAD systems. Emphasis will be placed
on the capabilities of parametric modeling of buckets and on the automated creation of
design documentation (drawings of parts, drawings of assemblies, and specifications). The
CAD system used is SolidWorks 2022 [3].

Regardless of the type of CAD system used, the principles of modeling are the same.
Popular CAD systems for modeling and simulations in 3D space are Autodesk Inventor [8],
Solid Edge [9], Creo [10], CATIA [11], Altair Inspire [12], and others.

The aim of using CAD systems is to increase the efficiency of engineering work by reduc-
ing design time and the possibility of errors. This can only be achieved through automation
of product design. Another effect is to reduce the volume of design documentation.

2.4. Bucket Classification

Depending on the operational weight of the excavator, a classification of the buckets
by classes was made (Table 1). Each bucket, depending on its class, differs in shape,
dimensions, length, volume, and other specific indicators [1,2,13-23].
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Table 1. Classification of buckets, depending on the operating weight of the excavator.

. ) 5 9 14 17 23 27 31 40 55 70 95 130
Excavator Operating Weight, t ¢ 13 16 22 26 30 38 50 65 90 120 150
Bucket class A B C D E F G H ] K L M

Excavator buckets are characterized by the following features, which 3D models must
also possess: bucket length; attachment for establishing the arm of the excavator; and type,
size, and number of used teeth.

Depending on the class, the length of the buckets is from 600 mm to 1500 mm and,
for larger classes, it reaches up to 2000 mm. The excavator arm is attached to the bucket
attachment holes using pins. The bucket attachment is different for all the models of
excavators. The type and size of the teeth depends on the class of the bucket and the
customer requirements, and their number is determined by the length of the bucket.

It should be noted that it is possible to manufacture special bucket designs [1,2,13].
For this purpose, standard designs are used, to which the necessary changes are made.
This happens often, since sometimes buckets are used under specific operating conditions
that require specialized designs, which are different from standard models. Special bucket
designs are shown in Figure 1. These are, for example, buckets with a length of 400 mm
and 500 mm, buckets with specialized attachments, for mounting the quick-change devices
(Quick Couplers), buckets with holes on the side surfaces, buckets without teeth, etc.

(e) (f)

Figure 1. Special bucket designs class D: (a) 400 mm; (b) 500 mm; (c) 1000 mm—QC (Quick Coupler);
(d) 1000 mm—QC1 (Quick Coupler 1); (e) 1000 mm—with holes; (f) 1000 mm—without teeth.
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According to the classification presented in Table 1, multiple 3D models need to be
developed as follows for:

- Each bucket length for each class;
- All types of bucket attachments used by various excavators;
- Each different tooth model.

In conclusion, it can be said that, with so many different versions and variations of
bucket designs, the task of designing them becomes very difficult, both in terms of the huge
amount of work involved in the design and in terms of the complexity of the work and
control of the entire work process.

A certain product can be designed by applying two main methods—traditional mod-
eling or parametric modeling. Both approaches are applied in practice. Depending on the
products being developed, the method to be used is also chosen.

In addition, the development of 3D models must be consistent with the technology for
manufacturing the buckets, as well as with the possibility of using the models from the
PDM and ERP system.

2.5. Bucket Manufacturing Technology

The bucket manufacturing technology includes several stages.

The first stage is manufacturing the upper part of the bucket together with the backet
attachment. The parts that are made of sheet metal are cut from sheet metal with the appro-
priate thickness, after which some of them are machined on CNC machines (Figure 2) [24,25],
and others are bent to appropriate shape and size. Other parts are cut from tubes with the
appropriate dimensions; then, they are machined on lathes machines.

Figure 2. Machining of the ear part from the backet attachment of the upper part.

All the parts are assembled with a fixture, tack welded, and welded. The upper part
is machined on a machining center; the mounting holes are machined (Figure 3) [24,25].
Specialized CAM software is used to create the machining program—SolidWorks CAM
2022 [3].

The second stage is assembling the entire bucket using a fixture. The upper part is
installed on the fixture and all other parts of the bucket are added. The parts are tack
welded. The bucket is removed from the fixture and welded. After welding the bucket,
the teeth are assembled and welded. The last stage is the control of the dimensions of the
bucket. The integrity and quality of the weld beads are checked.
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Figure 3. Machining of the mounting holes of the upper part.

3. Parametric Modeling of Excavator Buckets

This publication presents an approach to improve the efficiency of the product design
process by using parametric modeling. The CAD system SolidWorks 2022 was used [3].

The SolidWorks CAD system enables parametric modeling through parametric tables
or through configurations.

The capabilities of MS Excel are used in the modeling using parametric tables. Parts,
sub-assemblies, and assemblies are configured using tables in which values of the parame-
ters are set. Formulas can be used and calculations can be made.

In configuration modeling, configurations are created in parts, sub-assemblies, and
assemblies. The values of the parameters are set in the configurations. The publication
discusses the method of parametric modeling through using configurations. For each of
the bucket classes, a single 3D model has been developed that is parametrically modeled.

To illustrate parametric modeling, a class D bucket will be considered. This bucket
class is for excavators from 17 to 22 t, which are widely used in practice.

Figure 4 shows the 3D model of the bucket considered in the publication.

@) (b) (©)
Figure 4. Excavator bucket class D: (a) 3D model of the bucket; (b) base part; (c) upper part.

The 3D model is composed of two sub-assemblies—a base part, including parts of the
bucket and teeth, and an upper part, including all other parts and the backet attachment. Re-
gardless of the bucket class, every 3D bucket model consists of these two basic sub-assemblies.

Each of the parts from the sub-assemblies is developed by using different 3D modeling
commands—Extruded Boss/Base, Revolved Boss/Base, Extruded Cut, Revolved Cut, etc.
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Parts that are made from sheet metal are created using the module Sheet Metal; in this way,
their unfolding is obtained. The parts are assembled into individual sub-assemblies, which
are assembled into the assembly of the bucket [13].

When products are developed and modeled with a CAD system, it is appropriate to
use a specific design methodology. This makes the modeling process easier and reduces
the time required for designing the elements. Figure 5 shows a summarized algorithm of
the methodology for designing excavator buckets.

Designing
the Base part

Designing the parts

Creating parts
configurations

Parts
dimensions
control

Assembling the parts
into a Base part
sub-assembly

Parts
interference
check

Creating Base part
configurations

Configuring the parts
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control

Teeth assembly

Tooth multiplication for
each configuration

mmmg Designing the Bucket

Assembling the Base
and Upper parts
of the bucket

interference
check

Creating Bucket
configurations

Configuring
the Base part

Bucket
dimensions
control

Configuring
the Upper part

Bucket
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control

Design documentation
development

Specifications
development
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Figure 5. Excavator bucket design algorithm.

3.1. Parametric Modeling of Base Part
Figure 6 shows the algorithm used to design the base part.
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Assembling the parts
Designing the parts into a Base part Teeth assembly
sub-assembly

Creating parts Tooth multiplication for

configurations : Parts each configuration
interference

check

Parts

dimensions .
sl Creating Base part

configurations

Configuring the parts
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Figure 6. Base part design algorithm.

The 3D model of the base part is parametrically modeled through configurations and
Figure 7 shows its components.

Figure 7. Components of the base part. 1—Blade, 2—Bottom, 3—Side, 4—Left Rib, 5—Right Rib,
6—Horizontal Rib, 7—Internal Rib, 8—Teeth.

Parts with positions 1, 2, and 6 are parametrically modeled and they have different
length configurations. This sub-assembly contains three parts that are structurally identical
but differ in length.

To model parametrically the 3D model of the base part, configurations are cre-
ated in the Configuration Manager (Figure 8). Each configuration represents a differ-

ent length of the base part. Base parts differ in length—from 500 mm (NGPD50FEI) to
1500 mm (NGPD15FEI).
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@ B R[[S[F [~

Configurations

- @ MGPD10FEl Configuration(s) (Default)

3 Tables

4 ‘Eﬁ + Default [ NGPD10FEI ]
MGPD50FEI [ NGPD10FEI ]
MGPDEOFEI [ MGPD10FEI ]
MGPD7OFEI [ NGPD10FEI ]
MGPDBOFEI [ NGPD10FE! ]
MGPDA5FEI [ NGPD10FEI ]
MNGPDSOFE! [ MGPD1OFEI ]
MNGPD10FEI
MGPD11FEI [ NGPD10FEI ]
MGPD12FEI [ NGPD10FEI ]
MNGPD13FEI [ NGPD1OFEI ]
MNGPD14FEl [ NGPD10FEI ]
MGPD15FEI [ NGPD10FEI ]

Figure 8. Configurations in the 3D model of the base part.

The next step is to configure the parts in the assembly of the base part. Parts with
positions 1 (Blade), 2 (Bottom), and 6 (Horizontal Rib) contain configurations with different
lengths. For each configuration of the base part, the corresponding configuration of the
parts is set.

Figure 9 shows an example of the configurations of the base part and the specified con-
figurations of the blade part. For the respective lengths of the base part, the blade part has
the following configurations—from 500 mm (12L5027035FEP) to 1500 mm (12L1527035FEP).

Configuration 12LXX2T035FEP-1@NGPD10FEI ﬂ

Name Supp = i - Fived
Default L] Default L] []
NGPDSOFEI (] 12L5027035FEP || ]
NGPDSOFEI L] 12LB027035FEP || []
NGPD7VOFEI (] 12LT027035FEP || ]
NGPDS0FEI L 12LB027035FEP || []
NGPD35FEI [] 12L8527035FEP || ]
NGPDSOFEI ] 12L8027035FEP .| ]
NGPDOFEI ] 12L1027035FEP | []
NGPD11FEI (] 12L1127035FEP || ]
NGPDZFEI [] 12L1227035FEP || []
NGPD13FEI (] 12L1327035FEP || ]
NGPD14FEI ] 12L1427035FEP || ]
NGPD15FEI ] 12L1527035FEP || ]
= Creates & new co ion. =

Figure 9. Configuring the blade part.

A single 3D model of the blade part has been developed. Configuring the blade part
involves setting different values for its length in the corresponding configuration (Table 2).
In this case, parametric modeling is implemented by configuring a dimension from the 3D
model of the part.

If the part is developed using the traditional modeling approach, a different 3D model
of the blade part with the corresponding length must be modeled for each bucket model. In
the case of class D buckets, 12 different 3D models of the part must be designed. Modeling
multiple parts is a prerequisite for making errors. In addition, the modeling time increases.

The number of teeth is different for different bucket configurations. Each tooth consists
of several parts (Figure 10a). In the 3D model of the bucket, the parts are assembled and,
using the Linear Component Pattern function, multiplied to the required number. For each
configuration, the corresponding number of teeth is multiplied by the function. Depending
on the configuration that is used, the corresponding geometric construction (Feature) is
activated, while the others are suppressed using the Suppressed command (Figure 10b). In
this case, parametric modeling is implemented by configuring a geometric construction
(Feature) from the 3D model of the bucket.
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Table 2. Configurations of the blade part.

Ne Bucket Size, mm Base Part Configuration Part Configuration Part Length, mm
1 500 NGPD50FEI 121.5027035FEP 512
2 600 NGPD60FEI 12L.6027035FEP 612
3 700 NGPD70FEI 121.7027035FEP 712
4 800 NGPDSO0FEI 121.8027035FEP 812
5 850 NGPDS85FEI 121.8527035FEP 862
6 900 NGPD90FEI 121.9027035FEP 912
7 1000 NGPD10FEI 121.1027035FEP 1012
8 1100 NGPD11FEI 12L.1127035FEP 1112
9 1200 NGPD12FEI 121.1227035FEP 1212
10 1300 NGPD13FEI 121.1327035FEP 1312
11 1400 NGPD14FEI 121.1427035FEP 1412
12 1500 NGPD15FEI 121.1527035FEP 1512

(@)

y v v v v v v w

Yy f 24TIR<2> (Default) <<Default>_PhotoWorks Stato di visualizrazione>
% ? 24CL<2> (Default) < <Default>_PhotoWorks Stato di visualizzazione>
{% ? 24RD=2> (Default) <<Default>_PhotoWorks Stato di visualizzazione=
@ 15335-24«2> (Default) <<Default>_PhotoWorks Stato di visualizzazione>
é% ’ 24TLR«<3> (Default) <= Default>_PhotoWorks Stato di visualizzazione>
Yy @ 24C1<3> (Default] <<Default>_PhotoWorks Stato di visualizzaziones
By @ 24RD<3> (Defaukt) <<Default>_PhotoWorks Stato di visualizzazione»
@@ Accoppia

EE Ripetizionel Localel-Denti 0800

ER RipetizionelLocalel-Denti 0850

%B Ripetizionel Locale1-Denti 0900

BB Ripetizionel Locale1-Denti 1000

EE RipetizionelLocalel-Denti 1100

BB Ripetizionel Localel-Denti 1200

EE Ripetizionel Localel-Denti 1300

EE RipetizienelLocale1-Denti 1400

BB Ripetizionel Localel-Denti 1500

(b)

Figure 10. Configuration of teeth for a 1000 mm bucket: (a) Explode view of the 3D model of the base

part; (b) tooth configuration.

There are different types of bucket teeth and, therefore, different sizes, for example, FK Fast
Key, FS Orca S, FE Orca, Super V, CO CAT J, CAT K, KM Komatsu, VL Volvo, etc. [1,2,13,18].
If a bucket with a different tooth model has to be developed using the traditional modeling

approach, a completely new 3D model of the bucket must be modeled too.

The following figure shows the tooth configuration (FK Fast Key) for a class D bucket,

with a length of 1000 mm.

Figure 11 shows different lengths of the base part, parametrically modeled with configurations.

(@)

Figure 11. Parametric models of the base part: (a) 500 mm; (b) 1000 mm; (c) 1500 mm.

(b)
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3.2. Parametric Modeling of Upper Part
Figure 12 shows the algorithm used to design the upper part.
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Designing
the Bucket Attachment

Creating parts
configurations

Assembling

Parts the Bucket Attachment

interference
check

Design documentation
development

Parts
dimensions

e Creating Upper part

configurations

Specifications
development

Configuring the parts

dimensions
control

Figure 12. Upper part design algorithm.

The 3D model of the upper part is parametrically modeled through configurations
and Figure 13 shows its components.

Figure 13. Components of the upper part. 9—Tube, 10—Cover, 11—Rib, 12—Bucket Attachment.

Parts with positions 9, 10, and 11 are parametrically modeled and they have different
length configurations. This sub-assembly also contains three parts that are structurally
identical but differ in length. The Bucket Attachment 12 is the transitional link between
the bucket and the excavator arm. The bucket attachment is different for different excava-
tor models.
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To model parametrically the 3D model of the upper part, configurations are cre-
ated in the Configuration Manager (Figure 14). Each configuration represents a different
length of the upper part. Upper parts differ in length—from 600 mm (GPD6025-B33) to
1500 mm (GPD1525-B33).

CHEIE IR e

Configurations

- @ GPD1025-B33 Configuration(s) (Default)

4 Tables
¥ Eﬂ +" Default [ GPD1025-B33 ]

GPD1125-B33 [ ¢
GPD122

Figure 14. Configurations in the 3D model of the upper part.

The next step is to configure the parts in the assembly of the upper part. Parts with
positions 9 (Tube), 10 (Cover), and 11 (Rib) contain configurations with different lengths.
For each configuration of the upper part, the corresponding configuration of the parts is set.

Figure 15 shows an example of the configurations of the upper part and the specified
configurations of the tube part. For the corresponding lengths of the upper part, the tube
part has the following configurations—from 600 mm (D6070) to 1500 mm (D1570).

% Muodify Configurations

Configuration DXXTO-1@GPD1025-B33
Name 3 C 5

<]

-

(O IIIE

Default
05070
o770
08070
08570
08070
01070
01170
01270
01370
01470
01570

Default
GPD6025-B33
GPOT025-B33
GPD8025-B33
GPD8525-B33
GPDO025-B33
GPD1025-B33
GPD1125-B33
GPD225-B33
GPD1325-B33
GPD1425-B33
GPD1525-B33
< Creates a new config ion. =

1
OOOO OO OO EE e

e TR e e e e[l e

Figure 15. Configuring the tube part.

A single 3D model of the tube part has been developed. Configuring the tube part
involves setting different values for its length in the corresponding configuration (Table 3).
Parametric modeling is implemented by configuring a dimension from the 3D model of
the part.

If the part is developed using the traditional modeling approach, a different 3D model
of the tube part with the corresponding length must be modeled for each bucket model. In
the case of class D buckets, 11 different 3D models of the part must be designed. Modeling
multiple parts increases modeling time and the possibility of making errors.

Figure 16 shows different lengths of the upper part, parametrically modeled
with configurations.
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Table 3. Configurations of the tube part.

Ne Bucket Size, mm Upper Part Configuration Part Configuration Part Length, mm
1 600 GPD6025-B33 D6070 540
2 700 GPD7025-B33 D7070 640
3 800 GPD8025-B33 D8070 740
4 850 GPD8525-B33 D8570 790
5 900 GPD9025-B33 D9070 840
6 1000 GPD1025-B33 D1070 940
7 1100 GPD1125-B33 D1170 1040
8 1200 GPD1225-B33 D1270 1140
9 1300 GPD1325-B33 D1370 1240
10 1400 GPD1425-B33 D1470 1340
11 1500 GPD1525-B33 D1570 1440

(@) (b)
Figure 16. Parametric models of the upper part: (a) 600 mm; (b) 1000 mm; (c) 1500 mm.

3.3. Parametric Modeling of Buckets
Figure 17 shows the algorithm used to design the bucket.

Assembling the Base
and Upper parts
of the bucket

Configuring Design documentation
the Base part development

Specifications
ub-Assemb Bucket development
interference dimensions

check control

Creating Bucket Configuring
configurations the Upper part

Bucket
dimensions
control

Figure 17. Bucket design algorithm.

The 3D model of each bucket is parametrically modeled and has configurations with
different lengths. The number of teeth is configured for each length. Depending on the
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model of excavator for which the respective bucket is designed, the bucket attachment is
different, as well as the type and size of the teeth.

The 3D bucket model consists of the sub-assemblies—the base part and upper part are
assembled using the main planes of the Assembly, i.e., Front Plane (Piano Frontale), Top
Plane (Piano Superiore), and Right Plane (Piano Destro) (Figure 18).

(a) (b) (©)

Figure 18. Assembling the basic sub-assemblies of the 3D model of the bucket: (a) 3D model of the
bucket; (b) base part; (c) upper part.

To perform assembly, the 3D models of the sub-assemblies have in the same place
co-ordinate systems and planes that match with the co-ordinate system Origin and the
base planes Front Plane, Top Plane, and Right Plane of the 3D model of the bucket. The 3D
model that is assembled in this way allows quick replacement of the base or upper part
with other similar ones through the function Replace Components. This allows automated
generation of new 3D models of buckets, with different base parts or upper parts. For
example, all special bucket designs shown in Figure 2 are modeled in this way.

To model parametrically the 3D model of the bucket, configurations are created in the
Configuration Manager (Figure 19). Each configuration represents a different length of the
bucket. Buckets differ in length—from 600 mm (NGPD60FE-B33) to 1500 mm (NGPD15FE-B33).

9 E/R[¢[@[N[E[HF]

Configurations

- {y NGPD10FEI-B33 Configuration(s) (Default)

> Tables

4 Tﬁ +" Default [ NGPD10FEI-B33 ]
MNGPDBOFE-B33 [ NGPD10FEI-B33 |
MNGPDTOFE-B33 [ NGPD10FEI-B33 |
MNGPD80FE-B33 [ NGPD10FEI-B33 |
MNGPD85FE-B33 [ NGPD10FEI-B33 |
MNGPDS0OFE-B33 [ NGPD10FEI-B33 |
MNGPD10FE-B33 [ NGPD10FEI-B33 |
MNGPD11FE-B33 [ NGPD10FEI-B33 |
MNGPD12FE-B33 [ NGPD10FEI-B33 |
MNGPD13FE-B33 [ NGPD10FEI-B33 |
MNGPD14FE-B33 [ NGPD10FEI-B33 |
MNGPD15FE-B33 [ NGPD10FEI-B33 |

GTEFETEFETEFEFSF

Figure 19. Configurations in the 3D model of the bucket.

The next step is to configure the sub-assemblies in the assembly of the bucket. The
base part and the upper part also contain configurations. For each bucket configuration, the
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corresponding configuration from the specific sub-assemblies is set. In this case, parametric
modeling is implemented by configuring the sub-assemblies of the 3D model of the bucket.

Figures 20 and 21 show examples of bucket configurations and configurations that are
set for the base part and the upper part.

% Medify Configurations
Configuration NGPDMOFE-@NGPD10FEI-B33 ﬂ

Name Suppress Configuration Fixed
Default [] Default [ ]
NGPDGOFE-B33 ] NGPDGOFE] e ]
NGPDTOFE-B33 ] NGPRODTFOFE] e []
NGPDEOFE-B33 ] NGPDEOFE] e []
NGPDESFE-B33 ] NGPDESFE] e []
NGPDOOFE-B33 ] NGROSOFE] e ]
NGPD10FE-B33 ] NGPD10FE] e ]
NGPD11FE-B33 ] NGPD11FEl e ]
NGPD12FE-B33 ] NGPD12FE] e ]
NGPD13FE-B33 : NGPD13FEI | :
NGPD14FE-B33 : NGPD14FE] | :
NGPD15FE-B33 : NGPDMSFE] | :
= Creates a new configuration. =

Figure 20. Configuring the base part.
@ Maodify Cenfigurations
Configuration GPD1025-B33-1@NGPD10FEI-B33 ﬂ

Name Suppress| Configuration Fixed
Default L] Default [l []
NGPDGOFE-B33 [] GPDS025-B33 || ]
NGPDTOFE-B33 : GPDT025-B33 || :
NGPDBOFE-B33 ] GPDB025-B33 || O
NGPDB5FE-B33 ] GPDBS25-B33 |+ O
NGPDSOFE-B33 ] GPDR025-B33 || O
NGPD10FE-B33 : GPD1025-B33 || :
NGPD11FE-B33 : GPD1125-B33 || :
NGPD12FE-B33 : GPD1225-B33 [+ :
NGPD13FE-B33 : GPD1325-B33 || :
NGPD14FE-B33 ] GPD1425-B33 || ]
NGPD15FE-B33 ] GPD1525-B33 || ]
= Creates a new configuration. =

Figure 21. Configuring the upper part.

Figure 22 shows different bucket lengths parametrically modeled with configurations.

5 S
"I/’\‘

W

(a) (b) (c)
Figure 22. Parametric models of the bucket: (a) 600 mm; (b) 1000 mm; (¢) 1500 mm.

3.4. Design Documentation of the Buckets

Complete design documentation has been made for the developed excavator buckets.
The process of its creation is automated by using document Template files in the SolidWorks
CAD system.
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Template files for the Part and Assembly documents are used to create the 3D models
of the parts and assemblies. In the template of each 3D model of the part or assembly, from
the File Properties menu, in the Summary Information window, in the Custom section,
the required attributes (users and systems ones) are selected. The attributes for each
configuration are filled in the Configuration Specific window [5,6].

After the attributes of the 3D models have been filled in, the design documentation of
the product (drawings and specifications) is prepared. For the considered example of an
excavator bucket, drawings of all parts, the upper part sub-assembly, and the assembly of
the bucket are developed.

For the development of the drawings, template files are used for the Drawing docu-
ments, which represent the standard drawing formats—A4, A3, A2, A1, and AQ. Informa-
tion from the attributes is automatically visualized in the drawing tables, in the assembly
drawing specifications, and in individual product specifications [5,6].

Figure 23 shows examples of completed templates for the tube part and the sub-
assembly of the upper part.

Summary Information = O x
summary Custom  Configuration Specific
BOM quantity:
Delete Edit List
Property Name Type Value / Text Expression Evaluated Value ~
1 |DESCRIZIONE Text || TUBO D152, 4422, 2524 TUBO D152,4x22, 2x024
2 |ip Text || DMXTO DXXT0
3 |MacCHINA Text ~|
4 |TIPO_ARTICOLO Text |5k SR
5 FAMIGLIA Text |~ Tubi collegamento Tubi collegamento
6 |PESO Text || "SW-Mass@DXXT0.5LDPRT 65.877
T |MATERIALE Text ~||Fe510 Fe510
8 |STATO_MATERIALE Text | Tubo Tubo
9 [TPO_LAVORAZIONE Text [+ Entrambe Entrambe
10 |CReATO_DA Text ||stankav N, Stankov M,
11 [CREAZIONE DATA Text [ 14/02/2024 14/02/2024
12 |ULTIMA_MODIFICA_DA Text ~ || Sgarbi 5. Sgarbi 5.
13 [ULTIMA_MODIFICA_DATA Text || 03/06/2024 03/06/2024
14 [REVISIONE Text ~| o
oK Cancel Help

Figure 23. Template of the tube part.

The following attributes are used in the template of each Part—Descrizione (name of
the part), ID (drawing number), Macchina (assembly from which the part is taken), Peso
(weight), Materiale (designation and type of the material from which it is made), Tipo
Lavorazione (manufacturing operations), Creato Da (developed the document), Ultima
Modifica Da (checked the document), Revisione (revision of the document), etc.

Figure 24 shows the drawing of a tube part, with an automatically filled table, based
on the attributes specified in the 3D model of the part.

If this drawing is made using the traditional modeling approach, the drawing table
should be filled in manually. Apparently, there would be errors as a result of repeated,
identical actions by the designer.

Figure 25 shows the attributes are used in the template of each Assembly—Descrizione
(name of the assembly), ID (drawing number), Macchina (assembly on which the current
assembly is based), Peso (weight), Tipo Lavorazione (manufacturing operations), Creato
Da (developed the document), Ultima Modifica Da (checked the document), Revisione
(revision of the document), etc.
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Figure 25. Template of the upper part.

Figure 26 shows a drawing of the upper part, with an automatically filled table and

specification, based on the attributes set in the 3D model of the assembly.

filled in manually. The specification is created in the drawing or made as a separate
document and, again, filled in manually. Many mistakes are made and the time for creating
increases significantly.

the buckets have been developed, the next step is their management by the specialized
systems—PDM and ERP. The design documentation is managed by the PDM system
SolidWorks PDM 2022 [3]. The various departments of the company have access to this

In the traditional modeling approach, the table on the drawing of the assembly is

After the 3D models of the parts, sub-assemblies, assemblies, and all drawings of

information and operate with it through the ERP system RDS ERP [4].
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Figure 26. Drawing of the upper part.

In the PDM system, each configuration of the 3D model of a part or assembly is
entered as a separate product. The system automatically fills in the fields on the Product
Card based on the information set in the attributes of the part or the assembly for the
corresponding configuration. If it is necessary in the product card, additional information
can be added manually.

PDM systems are used when there is a big amount of design, technological, produc-
tion, and other types of documentation accompanying the products that are developed,
manufactured, and maintained. PDM systems solve the problems related to the main-
tenance, storage, and actuality of the large volume of documentation connected to the
products [5,6].

4. Bucket Modeling Methods

A certain product can be designed by using traditional modeling or configurational
parametric modeling. Both approaches are applied in practice.

The parametric modeling approach through configurations has been chosen because
of the advantages it has. The reason for using this approach becomes clear after comparing
the two modeling methods.

4.1. Traditional Bucket Modeling

In the traditional modeling approach, a 3D model is created for each bucket size. The
3D model of the bucket is an Assembly composed of parts and sub-assemblies. All parts
are modeled in advance. Parts are structurally the same but differ in length, for different
bucket models must be modeled as separate parts. In this bucket model, there are six parts.
Some of the parts are the same for all buckets and they are modeled once. Depending on
the bucket size, the number of these parts is different. For example, some buckets have
four teeth but there are buckets that have fewer, more, or no teeth at all. After modeling the
parts, they are assembled into the 3D model of the bucket. Table 4 shows a class D bucket
and its components.

This approach has many disadvantages:

- Alarge number of parts that must be modeled in advance;

- A large number of assemblies to model;

- Possible modeling errors due to the large variety of 3D models of parts and assemblies;

- Creation of a big amount of design documentation—drawings of parts, drawings of
assemblies, and specifications;
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- Redesigning the product when the size is different.

Table 4. Classification of class D buckets, designed using the traditional modeling approach.

Bucket Size, mm 600 700 800 850 900 1000 1100 1200 1300 1400 1500
Number of unique parts,
that do not require changes 29 (28-600 mm, 700 mm)
Numbe.r of parts that 6 6 6 6 6 6 6 6 6 6 6
require changes
Total number of parts 61 61 67 67 67 67 71 71 71 71 75
3D model of the bucket Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes
(Assembly)
All these lead to a decreased efficiency of engineering work during design and an
increased possibility of errors.
4.2. Parametric Bucket Modeling
In parametric modeling through configurations, a single 3D model of the bucket is
modeled and it includes all its variations (Table 5). The 3D model of the bucket is composed
of parts and sub-assemblies. All parts are modeled in advance. Parts that differ only
in length are modeled parametrically through configurations. The parts are assembled
into sub-assemblies, which are also modeled parametrically. The sub-assemblies are also
assembled into the assembly of the bucket, which is also modeled parametrically.
Table 5. Classification of class D buckets, designed using the parametric modeling approach.
Bucket Size, mm 600 700 800 850 900 1000 1100 1200 1300 1400 1500
Number of unique parts,
that do not require changes 29 (28-600 mm, 700 mm)
Number of parts that 6
require changes
Total number of parts 61 61 67 67 67 67 71 71 71 71 75
3D model of the bucket A single 3D model for all buckets class D
(Assembly)

Parametric modeling through configurations achieves high design efficiency. Design
time is significantly reduced, as well as the possibility of making errors in modeling. The
volume of design documentation accompanying the product is significantly reduced too.
All this leads to an increase in the efficiency of engineering work when designing with

CAD systems.

5. Research Methodology and Experimental Results

Several examples are considered to validate the proposed parametric modeling ap-

proach with configurations.

First, the traditional modeling approach will be considered. All parts and assembly
of the class D buckets will be modeled. The time required to develop the 3D models will

be calculated.

Second, the parametric modeling approach will be considered. The same parts and
single assembly of the class D bucket will be modeled. The time required to develop them

will be calculated.

All design time measurements were performed with the participation of engineers
from the university R&D department working on real industrial projects. The projects are
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performed for external corporate clients. The measured values reflect the time required to
design real products ordered by industrial partners who use the R&D department to design
their products. This ensures that the results are representative of industrial conditions and
validates the effectiveness of the proposed parametric methodology.

5.1. Traditional Modeling of Parts and Assemblies

The modeling of all the parts for the buckets, class D, will be considered. According to
the information from Table 4, 29 unique parts and 6 parts need to be modeled for each 3D
bucket model. These six parts differ only in length. The total number of parts that need to
be modeled is 95 (Table 6).

Table 6. Time for traditional modeling of all bucket parts.

Bucket Size, mm 600 700 800 850 900 1000 1100 1200 1300 1400 1500 Total, h
Number of Unique Parts, 29
that do not Require Changes
Numbe.r of parts that 6 6 6 6 6 6 6 6 6 6 6
require changes
Designer I
Modeling time, h 32 3 3 3 3 3 3 3 3 3 3 62
Designer II
Modeling time, h 33 4 4 4 4 4 4 4 4 4 4 73
Designer 111
Modeling time, h 31 3 3 3 3 3 3 3 3 3 3 61
Average time, h 65
The 3D models of all parts are modeled in advance. Therefore, in the column for a
bucket, size 600 mm, the total time for modeling 29 unique parts is recorded, plus the time
for modeling six parts, which are only for this bucket model. In the following columns, the
time for modeling the six parts for the corresponding bucket model is recorded. The parts
differ only in length.
The modeling of all buckets, class D, will be considered. According to the information
in Table 4, 11 3D bucket models need to be modeled (Table 7).
Table 7. Time for traditional modeling of all bucket assemblies.
Bucket Size, mm 600 700 800 850 900 1000 1100 1200 1300 1400 1500 Total, h
Designer I
Modeling time, h 8 1 1 1 1 1 1 1 1 1 1 18
Designer I1 9 15 15 15 15 15 15 15 15 15 15 24
Modeling time, h ’ ’ ’ ’ ’ ’ ’ ’ ’ ’
Designer 111
Modeling time, h 8 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 23
Average time, h 22

First, the 3D model of a bucket, size 600 mm, is modeled. All parts are assembled in
an Assembly file. The total time for the complete assembly of the bucket is recorded in the
column. The following columns show the time needed for assembling only the six parts
that differ in length. The following 3D models of the buckets are created from the base
model 600 mm, replacing only the six different parts. The Replace Components function is
used. This allows automated generation of new 3D models.
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5.2. Parametric Modeling of Parts and Assemblies

The modeling of all the parts for the buckets, class D, will be considered. According to
the information from Table 5, 29 unique parts and 6 parts that differ only in length need to be
modeled. These six parts will be modeled as a single 3D model with configurations for the
corresponding lengths. The total number of parts that need to be modeled is only 35 (Table 8).

Table 8. Time for parametric modeling of all bucket parts.

Bucket Size, mm 600 700 800 850 900 1000 1100 1200 1300 1400 1500  Total, h
Number of Unique Parts, 29
that do not Require Changes
Number of Parts that 6
Require Changes
Designer I
Modeling time, h 34 34
Designer 11
Modeling time, h 35 35
Designer 111
Modeling time, h 3 3
Average time, h 34

The modeling of all buckets, class D, will be considered. According to the information
from Table 5, only one 3D bucket model will be modeled (Table 9).

Table 9. Time for parametric modeling of all bucket assemblies.

Bucket size, mm 600 700 800 850 900 1000 1100 1200 1300 1400 1500  Total, h
ModDS?;%gn’fiI;rfe, h 10 10
Mo]cjigfiifg (’Efrrllle h 11 11
Mgieeslﬁgetrugi h 10 10
Average time, h 10

In parametric modeling, a single 3D model of a bucket is modeled, with configurations
for the different lengths. All parts are assembled in an assembly file. For the corresponding
bucket configurations, the six parts, which are of different lengths, are configured.

5.3. Errors Occurring in the Modeling

When modeling parts and assemblies with CAD systems, errors of various kinds may
occur. Such errors can be:

- Errors in determining the dimensions during the process of designing the parts;

- Errors in 3D modeling of parts;

- Errors in assembling the parts into the bucket assemblies;

- Errors when creating configurations of parts and assemblies;

- Errors in configuring parts and sub-assemblies in assemblies of the buckets;

- Errors when filling in the Template files of the 3D models of the parts and the assemblies;
- Errors when creating drawings of parts and assemblies;

- Errors when filling in the drawing tables;

- Errors when creating and filling in specifications.
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In Table 10, the summarized errors in the designing and modeling of excavator buckets
are given, using the two approaches—traditional modeling and parametric modeling.

Table 10. Bucket modeling errors.

Modeling Method Traditional Modeling Parametric Modeling
Mo[(;ifiir%giijors 20 >
M(E:leesliiigeérilors 24 8
M?gg;i%lr;z:jirs 22 >

Average number of errors 22 6

5.4. Research Results

According to the obtained results for the modeling of the parts and assemblies of the
buckets, the following conclusions can be made:

- Intraditional modeling, the total number of parts and buckets that need to be modeled
is bigger—95 parts and 11 buckets, compared to 35 parts and 1 bucket in paramet-
ric modeling;

- Intraditional modeling, the average time for modeling the total number of parts and
buckets is longer—65 h for parts and 22 h for buckets, compared to 34 h for parts and
10 h for buckets in parametric modeling;

- Intraditional modeling, the average number of errors that occur is higher—22, com-
pared to 6 in parametric modeling;

- Parametric modeling significantly increases the efficiency of engineering work—the
volume of design documentation created is reduced and the time required for model-
ing products is reduced;

- As aresult of the smaller amount of design documentation, the number of errors in
product modeling is significantly reduced;

- Reducing design time is especially important in modern working conditions, where
engineering departments consist of only a few people;

- Parametric modeling is an approach that should be used for products with many
variants and variations, as is the case with the considered excavator buckets.

[*))

. Application of the Parametric Modeling Approach

The presented parametric modeling approach is applied in the development of various
products, which demonstrates its functionality and versatility. The following figures
will present examples of products developed using the parametric modeling method
through configurations.

For each of the examples, a single 3D model has been developed. In the assembly of
the product, the parts and sub-assemblies are parametrically modeled with configurations.

Figures 27 and 28 show cleaning buckets [1,2]. They are parametrically modeled with
configurations. The buckets vary in length—from 1600 mm to 2400 mm. Each configuration
represents a different bucket length.

Figure 29 shows trapezoidal buckets [1,2]. They are parametrically modeled with
configurations. The buckets vary in length—from 2500 mm to 5000 mm. Each configuration
represents a different bucket length.
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(@) (b)

Figure 27. Parametric models of cleaning buckets for straight terrain, class D: (a) 2000 mm;
(b) 2000 mm, with additional blade.

Figure 28. Parametric models of cleaning buckets for sloping terrain, class D: (a) 2000 mm;
(b) 2000 mm, with additional blade.

(a) (b)

Figure 29. Trapezoidal buckets: (a) 5000 mm; (b) 5000 mm, with additional blades.

Figure 30 shows the scarifier tooth [1,2]. It is parametrically modeled with configura-
tions. The products differ in length. Each configuration represents a different length of the
scarifier tooth.
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@) (b) (©)
Figure 30. Scarifier tooth (ripper): (a) 950 mm; (b) 1150 mm; (c) 1350 mm.
The following figures show grapple buckets, developed again using the proposed

method for parametric modeling by configurations [26-28]. The grapple bucket consists of
left and right buckets, which are manufactured as a set (Figure 31).

(a) (b)
Figure 31. Components of the grapple bucket, 1000 mm: (a) left bucket; (b) right bucket.

Figure 32 shows the 3D model of the bucket, which is parametrically modeled. The
buckets differ in length, respectively—600 mm, 800 mm, and 1000 mm.

@) (b) (©

Figure 32. Parametric grapple bucket models: (a) 600 mm; (b) 800 mm; (c) 1000 mm.

The grapple buckets have a complex shape and construction. For the manufacture
of the left and right grapple buckets in a set, specially designed fixtures are used. The
fixture is used to base the parts and sub-assemblies of the buckets in a specific position
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with precisely defined distances between them. Figure 33 shows the designed fixture for
assembling the grapple buckets, which is also parametrically modeled.

(a) (b) (©)

Figure 33. Parametric models of the grapple bucket manufacturing fixture: (a) 600 mm; (b) 800 mm;
(c) 1000 mm.

Figures 34-38 show other examples designed using the parametric modeling approach.

Figure 35. Parametric model of a grapple for bulk materials, 2600 mm.

The proposed method for parametric modeling through configurations has been
successfully validated in real engineering projects, not only in the design of excavator
buckets but also in the development of other complex products, such as excavator and
crane grapples, crane booms, and hydraulic demolition hammers. All these applications are
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related to the construction and heavy engineering industries, where parametric modeling
provides rapid adaptation of structural elements to different sizes, loads, and installation
requirements. In the case of grapples, parametric modeling allows for rapid generation of
variants with different sizes of jaws (buckets) and drive mechanisms. In the case of crane
booms, parametric modeling provides various boom sizes in the set for the crane. In the
case of hydraulic hammers, optimization through configurations ensures compatibility
with different excavator models and working loads.

Figure 38. Parametric model of a set of crane booms.
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All the products presented in the publication have a complex shape and structure.
Specialized fixtures are used to manufacture them. The parametric modeling approach
can be used to develop not only products but also specialized fixtures. According to the
methodology, only one 3D model of the fixture is developed, which is parametrically mod-
eled using configurations. In the same way; fixtures for assembling, welding, mechanical
processing, functional testing, or product control are designed and modeled.

Figures 39-41 show examples of metalworking tools developed using the parametric
modeling approach through configurations.

Figure 39. Parametric model of a thread rolling head for internal threads for M30.

Figure 40. Parametric model of an adjustable thread rolling head.

Figure 41. Parametric model of a thread rolling head with automatic retraction of the rolling rolls.

Another place where this methodology finds direct application is the design of met-
alworking tools. Tools such as thread cutting heads and thread rolling heads have been
modeled. The tools consist of a cutting part and shank. According to the specific machine,
the shank of the tool is designed through parametric modeling, which ensures its reliable
and effective fastening. In this type of product, the main challenge is to provide a standard-
ized but, at the same time, flexible connection between the cutting part of the tool and its
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shank. The shank is attached to the machine through different holders, each of them has its
own standard sizes and design features. Through parametric modeling, configurations can
be created that allow the tool to be quickly adapted to different machines, without the need
to design the model again. This significantly facilitates the design process and allows the
implementation of one tool in different production environments.

The practical implementation of the method in co-operation with industrial partners
demonstrates its applicability in various manufacturing sectors and confirms its potential
for optimization of engineering processes. In addition, integration with PDM and ERP
systems allows effective management of project data and version traceability, which fa-
cilitates co-ordination between the different stages of design and production. This not
only improves the accuracy of engineering documentation but also reduces the time to
implement new products in series production.

7. Discussion

This article presents a methodology for automated design and parametric modeling
of excavator buckets, implemented with CAD system SolidWorks 2022 The methodology
covers all stages of product design—modeling of 3D models of parts, creating assemblies,
and generating design documentation. The article highlights the advantages of this type of
parametric design as well as improving work efficiency.

All modern CAD systems offer mechanisms for parametric modeling and configu-
ration, although they have different names and different approaches to implementation.
For example, in SolidWorks 2022, this is called “Configurations” [3]; in PTC Creo 11, it is
“Family Tables” [29]; in CATIA V6 R2024, it is “Design Tables” [30]; in Autodesk Inventor
2024, it uses “iParts/iAssemblies”, automated by iLogic [31]; and Siemens NX 2406 has
“Part Families” and “Product Configurations”, combined with User-Defined Attributes
(UDA) [32]. The methodology considered in this study is not specific to only one CAD
system but is applicable to different CAD software. This makes it possible to adapt our
approach to different industrial environments, without being limited to the use of only
one specific software. Future research could conduct a more in-depth analysis of the
performance of these different CAD platforms in industrial applications.

One of the main outcomes from the application of this type of parametric model-
ing is the significant reduction in the volume of design documentation, as well as the
reduction in the complexity of the work performed. Traditional design requires a manual
creation of numerous design variations, while the automated generation of different bucket
configurations requires minimal human interaction.

The comparison between traditional and parametric modeling through configurations
clearly demonstrates a significant advantage in productivity when using configurations.
The use of parametric modeling and configurations leads to a significant reduction in
the number of necessary 3D models and drawings, which results in 50% time savings
in modeling through configurations. Automating the creation of documentation leads
to a significant reduction in errors and improves the accuracy of the design. This is
especially true for companies where rapid design preparation is required to meet the
specific customer requirements.

The proposed methodology has been tested with professional engineers working
on real industrial projects commissioned by external companies. They use parametric
modeling with configurations within standard industrial processes, which ensures that
the measured time and efficiency reflect real operating conditions. Although this study
focused on a specific industry area, further testing in different sectors would be beneficial.
Future research could extend the evaluation by collecting feedback on the applicability
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of the method from engineers working in different manufacturing environments, which
would allow a wider analysis of its adaptability and effectiveness.

The proposed approach to modeling through configurations has been successfully
applied by the R&D Centre at the University of Ruse (Bulgaria) on projects for several
different clients. The goal is to increase the efficiency of engineering processes and reduce
design time. Engineering departments usually consist of several people and the time
required to design and model a specific product should be minimal. Design work is a
crucial stage in the product manufacturing process. In real production, the time from
receipt of an order for a specific product to its actual production is very short. In this
case, the engineering tasks involve more than just developing 3D models and design
documentation. It is necessary to know the entire technological process for the product
production. The development of 3D models must be consistent with the specific technology
for manufacturing the product. The examples of the excavator buckets and all products
described in the publication have been manufactured and are actively used in practice.
The approach discussed is only part of the entire process of developing a specific product,
focusing only on the final 3D modeling and preparation of documentation.

Integrating CAD models with Product Data Management (PDM) and Enterprise
Resource Planning (ERP) systems improves the options for data management. By struc-
turing product data within a centralized system, the revision and control processes can
be managed effectively. This integration not only optimizes the collaboration between
Engineering and Production departments but also improves traceability and adherence to
industry standards.

The results of this study are consistent with the existing scientific literature on paramet-
ric modeling and its applications in engineering design. Previous studies have highlighted
the benefits of automation created by CAD systems to reduce development time cycles and
improve product quality. The present methodology builds on these principles, demonstrat-
ing their practical application in the design of excavator buckets.

However, although the proposed methodology significantly increases design efficiency,
there are also certain limitations. The initial setup and configuration of parametric models
require specialized knowledge and thorough understanding of the functionalities of the
CAD software. In addition, the effectiveness of the automated design process depends
on the stability of the predefined parameters and constraints. It might be exciting to see
if we can use Al to optimize the parameterization even more and obtain some better
design solutions.

While Al-based modeling has significant potential in engineering design, its direct
integration into regulated industrial environments poses a number of challenges, espe-
cially related to compliance with regulatory requirements such as the Machinery Directive
2006/42/EC. Current Al solutions are oriented towards optimization according to various
criteria such as efficiency. However, we have not found publications that Al solutions have
mechanisms for automated compliance with industry standards, traceability of engineering
changes, and certification processes. Furthermore, automatically generated Al designs may
not pass the necessary regulatory validation for industrial use. These factors make the
direct integration of Al into parametric engineering workflows challenging and require ad-
ditional research. Of particular interest would be the area of Al-based compliance checking
and automated regulatory validation.

Any modern publication related to CAD modeling should also address the role of
artificial intelligence. Despite the potential of generative Al models in engineering design,
their direct integration into the product design process has some significant limitations and
challenges. This is especially valid if the designed products are aimed at the EU and other
related markets.
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Main challenges with using generative AI models in product design:

Generative Al models create shapes and designs based on optimization algorithms
but do not guarantee compliance with industry standards (e.g., ISO, ASME, or the
Machinery Directive 2006/42/EC). This creates risks of an invalid product that does
not meet the necessary safety, durability, or manufacturability requirements.
Generative Al models, especially those based on neural networks, often function
as a “black box”—it is difficult to understand why the system has made a certain
decision. This leads to problems with the traceability of engineering decisions (a key
requirement in the Machinery Directive and quality management standards), espe-
cially in highly regulated industries such as automotive, aviation, construction tools
and equipment, or medical equipment. It is easy to reach a case of a product failure,
where it will be difficult to trace which parameter or which logic in the Al led to the
defective design.

CAD systems are designed to work with traditional geometric and parametric models,
not with the organic shapes generated by Al The present Al can create 3D models
(STL, STEP, and IGES) that cannot be directly opened in SolidWorks or other 3D CAD
systems without additional manual processing [33].

Generative Al has no engineering intuition or experience, which are often key to
making decisions in complex situations. An engineer can predict future work scenarios
that Al cannot take into account if they are not included in its training data.

When the safety of machines/devices/equipment directly depends on them being

designed using a Large Language Model (LLM), then there will be regulatory implica-

tions under the Machinery Directive and its new extended cyber requirements. Here are

some scenarios:

If an error made in the LLM design leads to potential safety risks (e.g., incorrect
tolerances, noncompliance with safety standards, unsuitable materials, or incorrect
calculations), then control and compliance are required.

The Machine Directive requires traceability of software changes to designs, and LLM
is dynamic and generates code/designs that may be difficult to verify. Validation and
certification of the results of each design stage may be required to ensure that LLM
does not create risks.

If the LLM has an impact on the safety of machinery, it is very likely that additional
certification or additional inspections will be required (e.g., according to ISO 12100 [7]
and IEC 61508 [34]).

If LLM generates safety code or CAD models that are critical to the safety of the
products, validation and testing will need to be provided.

In summary, when LLM is a critical part of the design of machinery, it will require

severe additional verifications and compliance with the Machinery Directive. Depending

on the use, it may also fall under the new cybersecurity requirements.

Where does Al have potential?
Despite limitations, generative Al technologies have potential as follows:

For conceptual design—to quickly generate innovative ideas that can be further
developed by engineers.

When optimizing specific parameters—for example, when reducing the weight of
parts or minimizing material costs.

For engineering analysis—discovering correlation dependencies between parameters
in complex structures.

In conclusion, this study demonstrates that effective parametric modeling optimizes

engineering processes. It reduces design time, minimizes errors, and improves documen-

107



Appl. Sci. 2025, 15, 3389

tation management, supporting the development of digital engineering methodologies.
Although the development does not address this issue, the authors believe that the method-
ology can be applied in other areas of machine design, supporting efficiency and innovation
in industrial design.

8. Conclusions

An approach for designing specialized products using a CAD system is presented.
The implementation of parametric modeling through the SolidWorks CAD system allows
significant automation in the design of excavator buckets. The use of configurations
facilitates the creation of various product variants, reducing the time and volume of
manually created documentation.

The presented approach is applicable to other similar products, which emphasizes its
universal nature. In this way, similar problems related to the development and management
of documents can be solved.

The presented bucket design approach provides a possibility for creating a bucket
with a new size or a custom bucket design from an existing class within minutes.

Using the parametric modeling approach with configurations, specialized fixtures
for manufacturing can be developed. These include fixtures for assembling, welding,
mechanical processing, functional testing, product control, etc.

Parametric modeling through configurations is used in various areas of industry
where machines, equipment, and structures are designed. The presented methodology is
used to model products with multiple variations, sizes, and versions.

The use of attributes (user and systems ones) in the 3D models of parts and assem-
blies enables the automated preparation of design documentation (drawings of parts and
assemblies and specifications).

The proposed approach of modeling through configurations improves the efficiency
of engineering work by reducing design time, the volume of design documentation, and
errors during product design.

The presented integration between the 3D models and PDM system allows effective
management of a large volume of design documentation. Automatic synchronization of
attributes in models and the system leads to better traceability, variation, and accessibility
of data for all departments in the company, including departments such as Supplies and
Production. The files can also be used by other company departments through the ERP
system. This is an innovative approach to the digitalization of engineering processes.

The use of specialized CAM software to create machining programs significantly in-
creases the accuracy and efficiency in bucket production. The inclusion of 3D models for
direct preparation of production documentation demonstrates the modernization of traditional
production methods, while facilitating the implementation of technological improvements.

Although the present study demonstrates the advantages of parametric modeling in
the automation of the design process for excavator buckets and other similar products, the
potential of this approach can be extended in several directions.

One possible future direction is the integration of the proposed methodology with the
concept of Digital Twins. The parametric models that have been developed can be used as
a basis for building virtual representations of the products, which can be updated in real
time with operational data. This would allow tracking of wear and load on structures, as
well as optimization of future designs based on real operating conditions.

Another important aspect is the potential use of artificial intelligence for automatic
generation and optimization of parametric models. Al-based algorithms could suggest
optimal design solutions based on analysis of previous designs and operational data. Future
research could explore the interaction between parametric modeling and Al to improve
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the flexibility and efficiency of the design process. Changes in regulations in major global
markets regarding Al will lead to additional challenges for the use of Al in the design of
industrial products.

The main challenge in using generative Al models in product design for highly
regulated industries (automotive, aerospace, construction tools and equipment, medical
devices, etc.) is the lack of ability for control, traceability, and compliance with market
regulations and industry standards. While these systems can be a powerful tool for the
conceptual phase of designing or optimizing specific aspects, they are not yet able to replace
human engineering judgment and strictly regulated engineering processes.
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Abstract: Accurate profiling of thread-milling cutters is one of the main prerequisites of
high-precision internal thread production. Despite the accuracy of analytical methods, their
complexity in most instances makes practical application an issue. The current research
addresses a graphical profiling method, the Tangent Circles Method, introduced by the
authors for the facilitation of thread-milling tool geometric design. Several thread-milling
cutters were designed employing this method, and their working surface profiles were
compared with those obtained analytically. The comparison showed a good match, with
profile deviations within acceptable manufacturing limits. CAD-based simulations also
demonstrated that rake angle and relief height parameters significantly influence the re-
sulting tool geometry. The results validate the Tangent Circles Method as a mathematically
sound and industrially viable tool-profiling method for industry use. Its easy application
and precision make it a reliable choice over analytical methods in internal thread-milling
cutters” industrial design.

Keywords: internal threads; thread-milling cutters; tool surface; analytical profiling; graphical
profiling; CAD system

1. Introduction

Thread milling is among the common processes of internal thread manufacturing
in industrial applications due to its flexibility, surface finish parameters and suitability
in CNC machine centers. Among the various categories of tools that are available, some
special thread-milling cutters are more applicable for cutting internal threads in complex
or non-standard parts.

Despite their advantages, the biggest problem in their conception is precise profiling
of the cutter’s working areas. The cutter must exactly model the thread shape without
inducing undercutting of flanks. Analytical profiling methods, although precise, are prone
to be heavily mathematical and computation-intensive. Graphical methods, however, are
easier to carry out but are hardly ever verified to design high-precision tools.

The graphical profiling technique developed by the authors, known as the Tangent
Circles Method, is applied in this work to define the geometry of cutting tools with com-
plex profiles. This graphical method was originally developed by the authors as a practical
approach to tool profiling and is presented here along with its validation against ana-
lytical results. To the best of the authors’ knowledge, this is the first time the Tangent
Circles Method is formally described and tested in the context of internal thread-milling
tool design.

Several thread-milling cutters are designed, and the tool profiles obtained using the
graphical method are directly compared with those generated analytically. This comparison

Appl. Sci. 2025, 15, 7308
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allows us to assess the mathematical accuracy of the graphical approach. Additionally,
CAD-based simulations are used to evaluate the influence of tool design parameters such
as rake angle and relief height on the final shape of the tool profile. The aim of this study is
to validate the Tangent Circles Method as a reliable and precise alternative to analytical
profiling for internal thread-milling cutters and to examine how design variables affect tool
geometry through simulation.

2. Literature Review
2.1. Thread-Forming Methods

Thread forming is a complex and laborious technological process. Nevertheless, the
formation of threads and other helical surfaces is one of the most common technological
tasks in mechanical engineering. Threads are widely used in various designs of machines,
mechanisms, devices and many differently shaped parts and fasteners.

The wide variety of machine parts with different shapes, sizes and accuracies of helical
surfaces, as well as the variety of materials from which they are made, also determines the
variety of methods for forming threads, which are reduced to the following three groups:

- Methods for thread forming by chip removal;

- Methods for forming threads by plastic deformation of the processed material in a
non-heated state;

- Methods for forming threads during the primary forming of parts.

The first two methods are the main and most common ones. Their choice, in addition
to the accuracy, productivity and efficiency provided, mainly depends on the values of the
mechanical characteristics of the material being processed—Brinell hardness (HB), tensile
strength (Rn) and relative elongation (A%).

Cutting processes provide higher quality characteristics of the machined surfaces, high
accuracy, low roughness and higher strength, yield and fatigue limits of the machined parts.

The third group of methods forms threaded surfaces or parts of threaded surfaces
in hard alloy and plastic parts. The methods used are powder metallurgy, pressing or
pressure casting, etc.

Figure 1 shows a flowchart with the main characteristics determining the applicability
of the methods of forming threads [1,2].

2.2. Forming of Internal Threads by Milling

Forming internal threads by cutting is the most common method. Internal threads
can be formed with thread-turning tools, taps, disk thread-milling cutters, thread-milling
cutters and thread-cutting heads [1,2]. In practice, forming internal threads is mainly
realized with thread-milling cutters.

Short internal threads with fine and normal pitches are made with thread-milling
cutters. The method of cutting threads with thread-milling cutters is performed on special
thread-milling machines or CNC machines under conditions of medium and mass pro-
duction. These tools in certain cases successfully replace thread-cutting taps, especially
when cutting threads in body parts, due to the fact that when the tool is destroyed, the geo-
metric characteristics of the machined threaded surfaces remain intact. The disadvantages
of this type of tool include the deviations in the profile of the formed thread due to the
thread-forming scheme and the design features of the tools. These deviations are reduced
by implementing a new working profile of the cutters determined by profiling.
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Mechanical characteristics of the processed material

Brinell hardness — HB
Tensile strength — Rm, Mpa

Relative elongation — A, %

Internal

External
Thread type

HB>330 o : HB>330
Rm>1200 Grinding chip removal Rm>870

Rolling

No No

Chip removal using

tools with specific
geometry

Figure 1. Flowchart for determining the applicability of the most common groups of thread forming

methods.

During operation, the tool axis is parallel to the workpiece axis. The working move-
ments performed by the thread-milling cutter are shown in Figures 2 and 3. Milling of
internal threads is realized by the main rotary movement 1, radial feed movement 2, circu-
lar feed movement 3 and longitudinal feed movement 4. The thread-milling cutter cuts
radially into the workpiece with movement 2 until the complete profile of the thread is
formed. The thread is formed by up-milling while performing a circular feed movement 3
and axial movement of the tool with a movement 4 equal to the thread pitch P.

Figure 2. Working movements when milling an internal thread with a thread-milling cutter in a

cross-section of the workpiece.
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S S S
Thread milling
cutter

Workpiece
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Figure 3. Working movements when milling an internal thread in an axial section of the workpiece.

The forming of internal threads by milling is performed on CNC machines, and
specifically on machining centers, because of their capabilities to provide the complex
combinations of main and feed-forming movements. CNC systems contain a variety of
automated cycles for thread processing. Through them, high accuracy and efficiency of
processing is achieved, significantly reducing machine times [3-5].

Despite the many sources of information on the process of milling internal threads with
thread-milling cutters, there are many issues that have not been sulfficiently addressed. For
example, questions about solving the problem of determining the tool profile to compensate
for deviations from the theoretical profile due to the parallelism of the axes of the tool and
the workpiece, the formation of helical chip flutes or the presence of a rake angle. There are
also issues related to technological and design errors when milling internal threads, etc.

Figure 4 shows the methods used for profiling the working part of metal-cutting tools.

Universality
(Applicability)

(O DN — — — — — — Computer adapted m

|
|
|
|
|
|
|
|
|
|
: Grapho-analytical
|
|
|
|

The classical methods for profiling cutting tools are the grapho-analytical methods. In

o
=
(2]
c
3]
£
c
-
9]
Q
©
—

L

Figure 4. Profiling methods.

this type of design, part of the input data for the analytical part of the profiling is taken
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from graphical schemes developed on a scale with high magnification. However, their
accuracy is relatively low. Grapho-analytical methods are used to verify the results of
classical analytical modeling.

With the advent of modern CAD systems for three-dimensional modeling, the need
for such scaling disappears because it is possible to work with the real dimensions of the
products, and the accuracy with which the graphic schemes are measured, for example in
the CAD system SolidWorks, is eight digits after the decimal point. The required accuracy,
which is usually used when profiling the cutting tools, is high, at four digits after the
decimal point. In this way, the use of modern CAD systems completely replaces the classical
methods of grapho-analytical design, and there is no need to check the results analytically.

Profiling is used in the manufacture of various types of metal-cutting tools. Through
analytical or graphical profiling, the working parts of the tools are obtained, which in most
cases represent surfaces with a complex shape. Such tools are, for example, thread-turning
tools [1,2], taps [1,2], dies [1,2], thread-cutting heads [1,2], finger-milling cutters [1,2], end
mills [1,2,6-9], thread-milling cutters [1,2,10], disk-shaped thread-milling cutters [1,2,11],
ring-shaped tools for vortex thread milling [12], combined tools [13,14], profile turning
tools [15-17], gear-shaped cutters [1,2,18], profile milling cutters [19], single-tooth thread-
milling cutters [20] etc.

The publication considers the profiling of the working part of thread-milling cutters
by an analytical method and by a graphical method using a CAD system. The profiling of
tools for forming metric threads is considered. These are the threads that are widely used
in practice. If a tool needs to be designed for another type of thread, the proposed method
for graphic profiling can be used. The method is applicable for all types of threads that
have a straight profile.

3. Analytical Determination of the Tool Surface Profile of
Thread-Milling Cutters for Milling Internal Threads

When milling threads with thread-milling cutters, the tools are oriented relative to the
machined surface so that the axis of the rotary profile working part of the tool is parallel to
the geometric axis of the machined thread. This positioning of the tool relative to the milled
surface leads to deviations in the axial profile of the latter. The forming of the specified
axial profile of the formed surface without deviations is achieved by implementing special
profiling of the tool surface.

To determine the profile of the tool surface on which the cutting edges of the teeth
are located, with a known profile of the formed surface, an analytical method was used.
Using a graphical method, the same profiling of the tool surface was performed through
the SolidWorks 2022 CAD system, and its accuracy and reliability were validated.

3.1. Methodology for Analytical Determination of the Profile of the Tool Surface

Figure 5 shows the profile of an internal thread in cross- and axial section.

A thread whose profile in axial section is linear is defined as an Archimedean helical
surface. Any section of it normal to its geometric axis, for example, section A-A in Figure 5,
is an Archimedean spiral with an equation in polar coordinates:

R; = a.;, mm (1

where R; is the radius vector of the Archimedean spiral in mm; a is parameter of the
Archimedean spiral in mm/rad; ¢; is the angle of rotation of the spiral in rad.
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These cross-sections are identical but are rotated relative to each other by an angle ¢;,
depending on the helical parameter of the helical surface (Figure 6):

.
g = 51, rad )

where p = % is a helical parameter; P is the thread pitch in mm; n is the number of thread

passes; z; is the displacement of the secant plane along the “z” axis in mm.

A

y
A-A

A
A

—»‘
7

A
% 7
7 / /ﬂ\( Archimedean e ~\~§0’
- / io,

1

7

A

%\
y Dy

D,

D

(a) (b) (c)
Figure 5. Profile of the formed thread: (a) cross-section; (b) axial section; (c) thread parameters.
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Figure 6. Scheme for determining the profile of the tool surface when milling internal threads.

7

The secant plane A-A also intersects the rotational tool surface oriented in the “Oxyz”
coordinate system. Its section in the same secant plane is a circle with diameter d;, which is
tangent to the Archimedean spiral S at point i, where they have a common normal passing
through points i and 1’ (Figure 6). This section is a profiling section of the tool surface.
Since the rotary tool surface has a smaller diameter than the inner diameter of the thread,
the center distance A is set, which is determined by the following equation:

Ay =R —rg,mm 3)
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where R is the radius of the outer diameter of the thread and r is the radius of the circle of
the tool tangent to the outer diameter of the thread in mm.

The circle drawn with radius A is the trajectory of the circular feed motion 3 (Figures 2
and 3). In order to realize the milling, it is necessary that the normal vector at any point of
the spiral describing the cross-section of the thread intersects this circle.

Considering that with known pitch P, number of thread passes n, average diameter
D, and thread profile angle « each helical surface is determined, then Archimedean spirals
are also determined, drawing the different sections that the tool touches. Their parameter

o

a” can be determined by the following equations:

Ry = a.og, mm 4)
R¢ = a.@g, mm @)
P
H=Ry—Rg = ——+
0 —Re 2.tg%’mm (6)

where Ry is the radius vector of point 0 of the Archimedean spiral drawn at angle ¢g in
mm; Ry is the radius vector of point 6 on the same spiral, but at an angle ¢4 in mm; H is
the height of the theoretical thread profile in mm.

Then,

H=a.po—a.9s=a.(po— ¢s), mm @)

The radius vectors of the spirals increase from Ry to a value of Ry for an angle
©6 — @9 = X. Then, from Equation (7), it follows that H = 2%, and taking into account
Equation (6), for the spiral parameter, the following equation is obtained:

P
= ———,m/rad 8
a ga/m/ma ®)

For a certain parameter of the spiral “a” and given radius vectors R; at different points
in the range Ry + Rg, the angle of rotation of the spiral ¢; is determined. For each value of
@j, the position of the secant plane z; in the coordinate system “Oxyz” is also determined
by the following equation (Figure 7):

P

X
zi= 7~ (R — Rz).tgi,mm )

Figure 7. Scheme for determining the z; coordinate of the tool surface.
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i
1

To determine the radii of the tangent (profiling) circles at any point “i”, it is necessary
to know the coordinates of the tool center. To determine them, the equation of the circle
with radius Ag describing the trajectory of the center of the tool surface and the equation of
the normal to the Archimedean spiral at the i-th point in the “Oxyz” coordinate system
is used.

The equation of the circle is as follows:

A3 =% +y*, mm (10)

v
1

The equation of the normal at any contact point “i” is determined by the following

equation:
dXi
(y—y) = *dfyi-(X*Xi) = —k(x—x), (11)
where
x; = Rj.cosg;j, (12)
¥; = Ri.sing;, (13)
K— _ a.cos®; — R;.sin; (14)

a.sing; + R;.cos;
By solving (10) and (11) together and taking into account (12)—(14), after processing,
the following quadratic equation is obtained:

<l + kz) .x(z) +2.k.(y; — kxi).xo + 1(2.xi2 + yi2 — A% —2kx.y; =0. (15)
Taking into account that
a3 =1+k% (16)
b1 = Z'k'<Yi — k.Xi), (17)
a1 = K03 +y? - AF -2k, = (ki — ;)2 — A3, (18)
Equation (15) becomes
al.x% +bi.xg+c=0. (19)

The elements of the equation are as follows:

—by + /b? — 4d.ay.c
11T 14/Db1 1-C1 20)

XU = 2.a1 !
—bl - \/b% - 4.a1.C1
X2/ - 2 al . (21)

These are the abscissas of the intersection points 1’ and 2’ of the normal with the
trajectory of the tool center (Figure 6).

Using Equation (11) with known abscissas x;; and X,, the values of the ordinates of
the intersection points y;/ and y, are also determined. In order to determine the diameter

of the profiling circle dy;, the distances l;» and 1, between these points and point “i” are
determined according to the following equations:

Iy = /(= %02 + (33, — )2, 22)

by = \/(XZ/ —xi)? + (yo —yi)*- (23)
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The radius of the profiling circle ry; is assumed to be equal to the smaller value of 1;/
or ly.

The forming line of the profile of the disk tool is obtained from the series of values of
zg; and rg; and drawing the symmetrical profile (Figure 8).

Zoi

Z1,

Theoreti cal axial profile
of the tool surface

Substitute

Figure 8. Tool surface profile.

By ignoring the slight curvature of the side forming the profile and replacing it with a
straight line that passes through points 1 and 5, the profile angle of the axial profile of the
producing tool surface is also determined (Figure 8).

After replacing the resulting profile curve with a straight line passing through points
1 and 5, the difference between the thread profile angle « and the tool surface profile angle
ag; (i=D5)is determined. This difference is taken as the necessary correction Axg of the tool
surface profile and is determined by the following equations:

Z0i = Zi — Z],mm (24)

hi = Rimax - Ri,mm (25)

hoi = Toimax — T0i,mm (26)

o = 2.arctg (?) ,° (27)
0i

Aoy = o — gy, ° (28)

where z; is the applicate of point 1 of the profile, determined by Equation (9) ati =1 in
mm; Ripax is the maximum radius of all radius vectors R;, determined by Equation (1),
in mm; rpimax is the maximum radius of all radii of the profiling circle rp;, determined by
Equations (22) and (23), in mm.

Using the developed analytical profiling methodology, a Microsoft Excel 2019 program
was created to determine the profile of the tool surface. It is assumed that the coordinates
of five points of the thread profile are calculated (Figure 8).

Table 1 summarizes the methodology for determining the parameters of the tool
surface profile. The parameters and equations used to determine them are shown.

Table 1. Equations for determining the parameters of the tool surface profile.

Parameter Equation
Tool surface center trajectory radius Ag =R —1p, mm
. . _ nP
Parameter of the Archimedean spiral A= gy
Current radius vector of the spiral R; = %, mm
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Table 1. Cont.

Parameter Equation

Spiral rotation angle 0 = %,rad
Abscissa of point i X; = Rj.cos@;, mm
Ordinate of point i y; = Rj.sing;, mm
Angular coefficient of the normal in point i k=— Wm
Parameter a; a; =1+Kk
Parameter by by = 2.k.(y; —kx)
Parameter c; Cl = <k-Xi - Yi)z - A(z)
Abscissa of point 1/ xp = —tvbi—daia \/zb%*“lfl mm

a1 4
Abscissa of point 2/ Xy = iz vbitdare \/2b%*4~a1'cl mm

.aj 4
Ordinate of point 1/ vy = k(xy — x) + y;, mm
Ordinate of point 2/ Vo = k(X — Xj) + y;, mm
Distance between point 1’ and point i ly = \/(le —xi)2 + (yp — y;)? , mm
Distance between point 2’ and point i ly = \/ (xor = %i)2 4 (yo — y;)% , mm
Radius of the profiled circle ro; = min(ly/, 1), mm
Applicate of point i zi =5 — (R —Ry).tg$, mm

Distance between point 1’ and point i

"1

along the “y” axis of the profiled circle hoi = Toimax = T0i,mm

Distance between point 1’ and point i

“"_

along the “z” axis of the profiled circle 200 = 20 T Z1mm

Distance between point 1’ to point i along

the “y” axis of the thread B = Rimax = Rimm

Difference in profile heights Ah; = hpi —himm
Tool profile angle opp = 2.arctg (%) ,°
Deviation in profile angle Aog = o0 — oy, °

3.2. Application of the Methodology for Analytical Determination of the Tool Surface Profile

According to a developed methodology for analytical determination of the profile
of the tool surface, an example of determining the parameters of a thread-milling cutter
for cutting internal threads has been solved. The tool surface of a thread-milling cutter
M10 x 1, with which an internal metric thread M20 x 1 is formed, is determined. Table 2
shows the results of solving the problem.

Table 2. Profile parameters of the tool surface of a thread-milling cutter when forming an internal
thread M20 x 1.

Name of the Parameter Designation Value
Thread Parameters M20 x 1
Thread pitch P, mm 1
Outer diameter D, mm 20
Medium diameter Dy, mm 19.350
Inner diameter Dy, mm 18.917
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Table 2. Cont.

Name of the Parameter Designation Value
Profile angle a, © 60
Number of thread passes n 1

Tool Parameters M10 x 1

Outer diameter of the milling part of the

thread-milling cutter do, mm 8417

Tool surface profile parameters

Tool surface center trajectory radius Ap, mm 5.791
Parameter of the Archimedean spiral a 0.275664
Points from the tool surface profile point 1 point 3 point 5
Current radius vector of the spiral R;, mm 10 9.6752 9.4587
Spiral rotation angle @i, rad 36.2760 35.0979 34.3125
Abscissa of point i X;, mm 1.4714 —8.2967 —9.1762
Ordinate of point i yi, mm —9.8912 —4.9775 2.2945
Angular coefficient of the normal in point i k —8.2855 0.5618 —0.2812
Parameter a 69.6489 1.3157 1.0791
Parameter by —38.1083 —0.3552 0.1610
Parameter C1 —28.2501 —33.4389 —33.4568
Abscissa of point 1/ X/, mm 0.9667 5.1782 5.4941
Abscissa of point 2/ Xor MM —0.4196 —4.9083 —5.6433
Ordinate of point 1/ y1/, mm —5.7100 2.5933 —1.8314
Ordinate of point 2/ Yo, mm 5.7760 -3.0737 1.3009
Distance between point 1’ and point i Iy, mm 42115 15.4560 15.2394
Distance between point 2’ and point i 1y, mm 15.7809 3.8866 3.6700
Radius of the profiled circle ro;, mm 42115 3.8866 3.6700
Applicate of point i Zi, mm 0.0625 0.2500 0.3750
: o -
slon the " s of the profled cscle  Movmm 0 03249 05415
: Y A
slong the 7" ais of the profiea crde  Awmm 0 01875 03125
: ) .
Ellst,?;‘,?iz‘;tyfi;r; point Wtopointialong  p, mm 0 0.3248 0.5413
Difference in profile heights Ahj, mm 0 0.0001 0.0002
Tool profile angle i, © 0 59.9805 59.9801
Deviation in profile angle Aoy, © 0 0.0195 0.0199

The calculations were made with the program based on Microsoft Excel 2019. The
program contains all the equations from Table 1. The diameter of the thread-milling cutter
dg and the type of thread that will be formed are entered into the program. After that, the
program calculates the parameters of the tool surface.

The designation used for the thread-milling cutter M10 x 1 means M—metric thread,
10—minimum size of the formed thread and 1—thread pitch, P. The same approach is used
for the designations of all thread-milling cutters in the publication.

With the values obtained for the points of the tool surface profile, it can be manu-
factured. Each tooth of the thread-milling cutter must be machined with such a surface.
The tool surface obtained by the analytical profiling method is such that when the tool is
operated, there is no trimming of the profile of the formed thread.
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4. Graphical Determination of the Tool Surface Profile of
Thread-Milling Cutters for Milling Internal Threads

4.1. Methodology for Graphical Determination of the Tool Surface Profile

The graphical method for determining the tool surface was developed using the
SolidWorks 2022 CAD system [21]. Profiling is performed in the following sequence:

- The main parameters of the formed internal thread D, D2, D1, P and « are defined.

- A three-dimensional model of the internal thread is drawn according to the specified
parameters.

- The main design parameters of the milling part of the tool dy, dyg, d19, Py and &g are
defined (Figure 9).

- Theradius Ay is determined according to Equation (29), and the trajectory is drawn
that describes the center of the milling part of the tool during the milling process,

lo

I:)0 (0%))
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/ / :(\_
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| ©| © 2
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Figure 9. Parameters of the milling part of the thread-milling cutter.

Ag =

mm (29)

where D is the outer diameter of the formed thread in mm; d is the outer diameter of the
milling part of the tool in mm.

- Secant planes intersecting the theoretical profile of the thread with height H from point
1 to point i at distances from z; to z; along the axis of the thread are built (Figure 10).
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Figure 10. Determining the diameters of the circles forming the tool surface.
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The larger number of secant planes determines the larger number of points to describe
the profile of the tool surface. This increases its accuracy.

- Ineach secant plane, circles with diameters djos, dags, daps, - - . dips are drawn from
the tool surface, which are tangent at points 1, 2, 3, ... i of the Archimedean spiral and
have a center lying on the circle with radius A (Figure 10).

In Figure 10 these circles are drawn only in section A-A; therefore, they are rotated
by a certain angle ¢; proportional to the distances z; and determined by Equation (2). The
circles defining the tool surface profile are shown in Figure 11.

Thread
surface

Tool surface

Figure 11. Profiled tool surface.

- The coordinates of points 1, 2, 3, ... i in the “Oxyz” coordinate system are determined,
which are necessary for constructing the tool surface and are obtained in the different
cross-sections corresponding to the diameters dygs, dags, dsgs, - - - dios (Figure 12).

y
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2 A
A 3
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Z4 Thread
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3 3 3B » Z3
— [ [ =3 *
©T| T| T| © Tool
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Tool Axis
o
Thread Axis
> o
z X

Figure 12. Forming of the theoretical tool surface of the tool.

- The profile of the tool surface is drawn by connecting points 1, 2, 3, . .. i with a spline

line (Figure 12).
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After connecting the points with a spline, the theoretical tool surface of the milling
part of the tool is obtained that does not trim the thread profile. The resulting profile has a
convex shape.

- The coordinates of the points on the tool surface corresponding to the main diameters
of the tool profile dy, dyy and djg are determined (Figure 13).

A 17

2,

7 30
- >
z

% Z10
220
230

B

A

Figure 13. Determining the points on the tool surface corresponding to the main diameters of the

tool profile.

With a known radius A of the circle that describes the milling part, the positions of
the tool diameters dg, dyg and djg are determined in secant planes through the tool surface
obtained by profiling at points 1y, 29 and 3. The points are located at distances z1g, zyg
and z3, corresponding to the location of the diameters of the internal thread D, D, and Dy
(Figure 13).

- The tool surface profile obtained after profiling is replaced with straight lines
(Figure 14).

f
a0
1
A Py y Profile obtained after
20 profiling
0
1 o
30/ 120 Replaced
y straight line
ol o ol e Z10
o N — >
©T| ©| © o _ Zoo
o 230

Figure 14. Profile of the surface of the tool obtained after profiling.

The defined profile uses curvilinear forming. Curves are replaced by straight lines
from point 1y to point 3¢ (Figure 14). As a result of the replacement, the deviation of the
profile &g is obtained. The profile of the new tool surface is obtained with a profile angle
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o < oo as well as a width at the tip f,9 < f;, where f; is the width of the groove of the
internal thread.

The size of the error 8 is influenced by the pitch P of the formed thread, the outer
diameter of the milling part dy and the ratio between the diameters of the milling part of
the tool and the outer diameter of the thread d/D, that is, the maximum diameter of the
internal thread that can be machined with a given diameter of the milling part.

Figure 15 shows the profiling of the tool surface of a thread-milling cutter M10 x 1 us-
ing the CAD system SolidWorks 2022. The results of the profiling can be seen in Section 5.2.
The graphical profiling of the tool surface of milling cutters for forming threads M10 x 1,
M16 x 1.5 and M20 x 20 was made. The methodology described in Figure 15 was used
for profiling.

D1 8.918
D2 9.351
10

Figure 15. Cont.
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h20 0.3253
h10 0.5413

r10 3.7029
r20 3.918%

| 710 0.3125

r0 4.2442

_AD 0.791

(f)

Figure 15. Graphical profiling of an M10 x 1 thread-milling cutter with SolidWorks 2022: (a) Stage 1;
(b) Stage 2; (c) Stage 3; (d) Stage 4; (e) Stage 5; (f) Stage 6.

Profiling with the SolidWorks 2022 CAD system includes the following stages:

A three-dimensional model of a part with an internal thread M10 x 1 is drawn.

In a plane built in the cross-section, the profile of the internal thread with diameters
D, D, and Dy is drawn. In this way, the position of points 1, 2 and 3 is defined
(Figure 15a).

Planes are built in the axial section passing through points 1, 2 and 3 (Figure 15b).

In the plane passing through point 1, a circle with radius ry is drawn tangent to a
point of the Archimedean spiral and with a center lying on the circle with radius Ay
(Figure 15c¢). The circle corresponds to the diameter of the instrument dy.

In the plane passing through point 2, a circle with radius ryg is drawn tangent to a
point of the Archimedean spiral and with a center lying on the circle with radius Ay
(Figure 15d). The circle corresponds to the diameter of the instrument dyy.

In the plane passing through point 3, a circle with radius rqg is drawn tangent to a
point of the Archimedean spiral and with a center lying on the circle with radius Ay
(Figure 15e). The circle corresponds to the diameter of the instrument dyy.

A new sketch is built on which the resulting tangent circles with radii r¢, o9 and ry

are drawn, which form the profile of the tool surface in cross-section (Figure 15f).

From the sketch, information is obtained about the profile height hy; and the angle of
the tool surface profile ;.

4.2. Graphical Determination of the Influence of the Rake Angle and the Height of the Backing off
on the Tool Surface

The profile of the tool surface is influenced by the rake angle vy and the backing off

Ko. They lead to a tooth profile that is different from that in the axial section, i.e., a profile
with a different height hy and a different profile angle (. The values of the rake angle yg
depend on the mechanical characteristics of the material being processed and are in the
range 0--10°, and the height of the backing off Ky determines the values of the back angle

at the top points.
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The graphical method for determining the influence vy and K was developed using
the CAD system SolidWorks 2022 [21]. The profile of the tool surface obtained by analytical
or graphical profiling methods is taken as a starting point.

The graphical method is performed in the following sequence:

- The coordinates of the points on the tool surface corresponding to the main diameters
of the tool profile dy, dyy and dj( are determined (Figure 16).

A y“
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et D1
D,
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Y
N~ o]
\
»

A
Figure 16. Defining the main design parameters of the tool.

With a known radius of the circle A, which describes the milling part, the position of
the tool diameters d, dpp and djg is determined in secant planes through the tool surface
obtained by profiling. The secant planes are located at distances corresponding to the
location of the internal thread diameters D, D, and Dj.

- Asecant plane A-A is constructed at a point corresponding to the outer diameter d
of the milling part of the tool (Figure 16).

- Graphical builds are made in the secant plane at different rake angles, varying from
Yo to voi, to determine the heights of the profile along the front surface, varying from
hg to hy; (Figure 17).

A

y
A-A

Figure 17. Determining the influence of the rake angle y( on the profile height hy along the front surface.
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As the rake angle v increases, the profile height also increases, while its width
remains constant.

The influence of the height of the backing off Ky on the profile angle o is expressed
in the presence of the rake angle v(. Using the graphical builds shown in Figure 17, the
height of the backing off K is also added (Figure 18).

s
eyl e
y

Figure 18. Change in profile height hy in the presence of rake angle v and backing off height K.

When the rake angle changes from yq to yp; and there is a backing off height K,
the profile height of the tool surface changes from hy to hg;, which changes the profile
angle from o to ag; and leads to a deviation of the angle Axg at a constant tooth width by
(Figure 19).
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Figure 19. Change in profile height hy and profile angle « in the presence of rake angle vy and
backing off height K.

To form an accurate thread profile, it is necessary to take into account the deviation
A of the profile angle:
Aag = xo — i, (30)
The resulting difference AK( does not affect the accuracy of the thread, since the latter
depends on the accuracy of the realization of the center distance.

Figure 20 shows the determination of the influence of the rake angle and the height of
the backing off on the tool surface of a M10 x 1 thread-milling cutter using the SolidWorks

2022 CAD system.
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Figure 20. Determining the influence of the rake angle yy and the backing off height Kq on a M10 x 1

thread-milling cutter with SolidWorks 2022: (a) Stage 1; (b) Stage 2.
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The results of the profiling can be seen in Section 5.3. The graphical profiling of the
tool surface of the milling cutters M10 x 1, M10 x 1.5 and M10 x 2 was performed, which
were used to form internal threads with diameters from M10 to M24 with thread pitches
P1, P1.5 and P2 mm. For each of the variants, the corresponding three-dimensional models
and sketches were developed in SolidWorks 2022. The methodology described in Figure 20
was used for profiling.

Determining the influence of the rake angle yg and the backing off height Ky with the
SolidWorks 2022 CAD system includes the following stages:

- A three-dimensional model of a part with an internal thread M10 x 1 is drawn.

- The coordinates of the points of the tool surface 1 and 3, corresponding to the diameters
of the tool profile dy and dj, are determined in advance. The coordinates of the points
are obtained from the analytical or graphical profiling of the tool surface of the thread-
milling cutter.

- Aplane is drawn in the axial section passing through point 1 (Figure 20a).

- In the plane with a known radius of the circle Ay, which describes the milling part,
circles with radii ry and ryg are drawn through the points corresponding to the tool
diameters djy and dqg.

- Graphical builds are made in the secant plane, corresponding to the rake angle yp;—0°,
3°,5% and 10°. In this way, the heights of the profile along the front surface from hy to
hy; are determined.

- Acurve corresponding to the backing off height K is drawn.

- A new sketch is drawn on which the resulting tool surface is drawn in cross-section
(Figure 20b). From the sketch, information is obtained about the profile height hy; and
the tool surface profile angle x; at different values of the rake angle ;.

5. Research Methodology and Experimental Results

5.1. Deviations Inherent in the Thread-Milling Scheme with Thread-Milling Cutters Determined
by the Analytical Method

Through the developed analytical method for profiling, the deviations of the profile
angle of the milling part were determined as Axgy. The influence of the change in the
diameter of the internal thread D on the profile angle o at different ratios of the diameters
of the tool and the thread dy/D, as well as at a certain pitch of the thread P, was studied.
The rake angle of the front surface is yo = 0°. The forming of internal threads of different
diameters with thread-milling cutters M10 x 1, M10 x 1.5 and M10 x 2 was studied.
Threads M10, M12, M14, M16, M18, M20, M22 and M24 are formed with steps P1, P1.5 and
P2. The results obtained are given in Table 3.

Table 3. Deviation of the profile angle Axy depending on the change in the diameter of the internal
thread D and the ratio dg/D at a certain thread pitch P.

D, mm dy, mm Ay, mm do/D ro, mm 0, mm r1p, Mm g, ° Ay, °©
Thread-Milling Cutter M10 x 1
M10 x 1 0.792 0.842 42506 3.9253 3.7083 59.9125 0.0875
M12 x 1 1.792 0.701 42237 3.8986 363818 59.9419 0.0581
M14 x 1 2792 0.601 42169 3.8919 3.6752 59.9581 0.0419
M16 x 1 3.792 0.526 42140 3.8891 3.6724 59.9683 0.0317
M18 x 1 8.417 4792 0.468 42124 3.8875 3.6709 59.9752 0.0248
M20 x 1 5.792 0.421 42115 3.8866 3.6700 59.9801 0.0199
M22 % 1 6.792 0.383 42109 3.8860 3.6694 59.9836 0.0164
M24 x 1 7.792 0.351 42104 3.8856 3.6690 59.9863 0.0137
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Table 3. Cont.

D, mm dy, mm Ay, mm do/D 1y, mm I'pp, mm r19, mm o, © Acxg, ©
Thread-Milling Cutter M10 x 1.5
MI0 x 1.5 1.062 0.788 40043 35152 3.1889 59.7866 02134
MI2 x 1.5 2.062 0.656 3.9656 34772 3.1514 59.8616 0.1384
Ml4 x 1.5 3.062 0.563 3.9539 3.4658 3.1404 59.9014 0.0986
M16 x 1.5 4062 0.492 3.9485 3.4606 3.1354 59.9260 0.0740
MI8 x 1.5 7.876 5.062 0.438 3.9455 3.4578 31327 59.9423 0.0577
M20 x 1.5 6.062 0.394 3.9437 3.4561 3.1310 59.9538 0.0462
M22 x 15 7.062 0.358 3.9424 3.4549 3.1299 59.9621 0.0379
M24 x 1.5 8.062 0.328 3.9416 3.4541 3.1292 59.9684 0.0316
Thread-Milling Cutter M10 x 2
MI0 x 2 * 1333 0.734 3.7552 3.1009 2.6637 59.5885 04115
MI2 x 2 * 2333 0.611 3.7078 3.0552 2,619 59.7389 0.2611
M14 x 2 3.333 0.524 3.6915 3.0397 2.6049 59.8163 0.1837
M16 x 2 4333 0.458 3.6836 3.0324 25981 59.8631 0.1369
M18 x 2 7.335 5333 0.408 3.6791 3.0283 2.5942 59.8939 0.1061
M20 x 2 6.333 0.367 3.6763 3.0257 25919 59.9153 0.0847
M22 x 2 7333 0.333 3.6744 3.0240 25903 59.9308 0.0692
M24 x 2 8.333 0.306 3.6730 3.0228 25893 59.9424 0.0576

* Threads M10 x 2 and M12 x 2 are not standard. Additional calculations were made for greater completeness of

the obtained results.

Figures 21 and 22 present a graphical interpretation of the results obtained in Table 3.

Based on the calculations made, the following conclusions can be drawn:

- It was found that with an increase in the diameter of the thread D, at a constant pitch

of the thread P and a constant outer diameter of the tool dy, the deviation of the profile

angle of the tool surface Aoy decreases;

- It was found that increasing the pitch of the internal thread P leads to an increase in

the deviation of the profile angle of the tool surface Axg;

- It was found that with an increase in the ratio of the diameters of the tool and the

thread do/D at a constant pitch of the thread P, the deviation of the profile angle of

the tool surface Ay increases.
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Figure 21. Deviation of the profile angle Ax depending on the change in the diameter of the internal
thread D at a certain thread pitch .
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Figure 22. Deviation of the profile angle Axy depending on the change in the ratio of the diameters
of the tool and the thread d(/D at a certain pitch of the thread P.

5.2. Graphical Verification of the Analytical Profiling Method

In order to compare the results obtained by the analytical or graphical method, the
task of determining the profile of the tool surface was solved by both methods when
forming different internal threads—thread M10 x 1 with a thread-milling cutter M10 x 1,
thread M16 x 1.5 with a thread-milling cutter M10 x 1.5 and thread M20 x 2 with a
thread-milling cutter M10 x 2. For the graphical method, the results were obtained from
the three-dimensional models and sketches developed for each of the variants with the
SolidWorks 2022 CAD system.

For both solutions of the task, the profile is defined in three points—point 1, point 3
and point 5 (Figure 8), with the corresponding radii R, R, and R;. The obtained results are
presented in Tables 4-6.

Table 4. Parameters of the profile of the tool surface intended for forming an internal thread M10 x
1, obtained analytically and graphically.

Name of the Parameter Designation Value

Thread parameters M10 x 1

Thread pitch P, mm 1
Outer diameter D, mm 10
Medium diameter Dy, mm 9.350
Inner diameter Dy, mm 8.917
Profile angle «,° 60
Number of thread passes n 1
Tool Parameters M10 X 1
Outer diameter of the milling part of the thread-milling cutter dg, mm 8.417
Tool surface profile parameters

Tool surface center trajectory radius Ag, mm 0.791

Points from the tool surface profile point 1 point 3 point 5

Results obtained using the analytical method

Radius of the profiled circle ro;, mm 4.2506 3.9253 3.7083
Distance from point 1’ to point i along the “y” axis of the profiling circle hg;, mm 0 0.3253 0.5422
Distance from point 1’ to point i along the “z” axis of the profiling circle Z0i, mm 0 0.1875 0.3125
Tool profile angle i, © 0 59.9166 59.9125
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Table 4. Cont.

Name of the Parameter Designation Value
Deviation in profile angle Aoy, © 0 0.0834 0.0875
Results obtained using the graphical method
Radius of the profiled circle Toj, mm 4.2442 3.9189 3.7029
Distance from point 1’ to point i along the “y” axis of the profiling circle hg;, mm 0 0.3253 0.5413
Distance from point 1’ to point i along the “z” axis of the profiling circle Z0i, mm 0 0.1875 0.3125
Tool profile angle i, ° 0 59.9175 59.9969
Deviation in profile angle Axg;, © 0 0.0825 0.0123
Table 5. Parameters of the profile of the tool surface intended for forming an internal thread
M16 x 1.5, obtained analytically and graphically.
Name of the Parameter Designation Value
Thread parameters M16 x 1.5
Thread pitch P, mm 15
Outer diameter D, mm 16
Medium diameter D), mm 15.026
Inner diameter Dy, mm 14.376
Profile angle «, ° 60
Number of thread passes n 1
Tool Parameters M10 x 1.5
Outer diameter of the milling part of the thread-milling cutter dg 7.876 mm
Tool surface profile parameters
Tool surface center trajectory radius Ay, mm 4.062
Points from the tool surface profile point 1 point 3 point 5
Results obtained using the analytical method
Radius of the profiled circle roj, mm 3.9485 3.4606 3.1354
Distance from point 1’ to point i along the “y” axis of the profiling circle hg;, mm 0 0.4878 0.8131
Distance from point 1’ to point i along the “z” axis of the profiling circle Zpj, Mm 0 0.2813 0.4688
Tool profile angle i, ° 0 59.9292 59.9260
Deviation in profile angle Aoy, © 0 0.0708 0.0740
Results obtained using the graphical method
Radius of the profiled circle roj, mm 3.9468 3.4590 3.1340
Distance from point 1’ to point i along the “y” axis of the profiling circle hp;, mm 0 0.4878 0.8128
Distance from point 1’ to point i along the “z” axis of the profiling circle Zpi, Mm 0 0.2813 0.4688
Tool profile angle i, © 0 59.9328 59.9450
Deviation in profile angle Aoy, © 0 0.0672 0.0550

Table 6. Parameters of the profile of the tool surface intended for forming an internal thread M20 x
2, obtained analytically and graphically.

Name of the Parameter Designation Value
Thread parameters M20 x 2

Thread pitch P, mm 2
Outer diameter D, mm 20
Medium diameter Dy, mm 18.701
Inner diameter D, mm 17.835
Profile angle «, ° 60
Number of thread passes n 1
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Table 6. Cont.

Name of the Parameter Designation Value
Tool Parameters M10 x 2
Outer diameter of the milling part of the thread-milling cutter dg, mm 7.335
Tool surface profile parameters
Tool surface center trajectory radius Ag, mm 6.333
Points from the tool surface profile point 1 point 3 point 5

Results obtained using the analytical method

Radius of the profiled circle Toj, mm 3.6763 3.0257 2.5919
Distance from point 1’ to point i along the “y” axis of the profiling circle hp;, mm 0 0.6506 1.0844
Distance from point 1" to point i along the “z” axis of the profiling circle Zpj, mm 0 0.3750 0.6250
Tool profile angle i, ° 0 59.9192 59.9153
Deviation in profile angle Ao, © 0 0.0808 0.0847
Results obtained using the graphical method
Radius of the profiled circle Toj, mm 3.6745 3.0240 2.5903
Distance from point 1’ to point i along the “y” axis of the profiling circle hp;, mm 0 0.6505 1.0842
Distance from point 1" to point i along the “z” axis of the profiling circle Zpj, mm 0 0.3750 0.6250
Tool profile angle ®p;, Mm 0 59.9251 59.9236
Deviation in profile angle Aoxp;, mm 0 0.0749 0.0764

Based on the calculations made, the following conclusions can be drawn:

- It was found that the values of the profile parameters of the tool surface obtained
analytically and graphically differ minimally. The difference obtained is after the third
decimal place. The reason for this is the use of input data with values accurate to the
fourth decimal place when drawing three-dimensional models, which leads to the ac-
cumulation of errors, as well as the permissible minimum deviations that SolidWorks
2022 gives when drawing helical lines and, from there, Archimedean spirals.

- It was found that high-accuracy results are obtained that are fully sufficient for the
construction of the tool surface.

- It was proved that the replacement for technological reasons of the curvilinear of the
tool surface profile obtained after profiling by analytical or graphical methods with a
straight line causes insignificant deviations of the profile &,.

5.3. The Influence of the Rake Angle and the Backing Off on the Tool Surface

The deviations of the height of the profile hy and of the profile angle of the milling
part Aoy were determined by the developed method. The influence of the rake angle yq
and the diameter of the internal thread D on the profile angle o was studied with a certain
pitch of the thread P and at different ratios of the diameters of the tool and the thread dy/D.
Forming of internal threads from M10 x 1 to M24 x 1 with an M10 X 1 thread-milling
cutter, threads from M10 x 1.5 to M24 x 1.5 with a M10 x 1.5 thread-milling cutter, and
threads from M10 x 2 to M24 x 2 with an M10 x 2 thread-milling cutter was considered.
The results were obtained from the three-dimensional models and sketches developed
for each of the variants with the SolidWorks 2022 CAD system. Results are presented in
Table 7.
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Table 7. Values of the profile height hy and the profile angle deviation Axg depending on the change

in the rake angle yg and the thread diameter D for a certain thread pitch P and a constant backing off

height K.
D, mm Yo =0° Yo =3° Yo =5° Yo =10°
hy, mm g, ° Ay, © hy, mm &g, ° Ay, © hy, mm g, ° Ay, © hy, mm &g, ° Ay, ©
Thread-Milling Cutter M10 x 1
dp =8.417 mm
Ko =1.119 mm
M10 x 1 0.54228  59.90533 0.09467  0.54230 59.90716 0.09284  0.54233  59.90259 0.09741  0.54250  59.88706 0.11294
M12 x 1 0.54190  59.94192 0.05808  0.54192  59.94009 0.05991  0.54195 59.93734 0.06266  0.54212  59.92179 0.07821
M14 x 1 0.54170  59.96023 0.03977  0.54172  59.95840 0.04160  0.54175 59.95565 0.04435  0.54192  59.94009 0.05991
Mi16 x 1 0.54160  59.96938 0.03062  0.54162  59.96755 0.03245 0.54166  59.96664 0.03336  0.54182  59.94924 0.05076
Mi18 x 1 0.54150  59.97854 0.02146  0.54152 5997671 0.02329  0.54156  59.97305 0.02695  0.54172  59.95840 0.04160
M20 x 1 0.54150  59.97854 0.02146 ~ 0.54152 5997671 0.02329  0.54156  59.97305 0.02695  0.54172  59.95840 0.04160
M22 x 1 0.54150  59.97854 0.02146  0.54152 5997671 0.02329  0.54156  59.97305 0.02695  0.54172  59.95840 0.04160
M24 x 1 0.54140  59.98771 0.01229  0.54142  59.98587 0.01413  0.54146  59.98221 0.01779  0.54162  59.96755 0.03245
Thread-Milling Cutter M10 x 1.5
dop =7.876 mm
Kp =1.083 mm
M10 x 1.5 0.81540  59.79199 0.20801  0.81546  59.78835 0.21165  0.81556  59.78228 0.21772  0.81607  59.75133  0.24867
M12 x 1.5 0.81420  59.86495 0.13505  0.81426  59.86129 0.13871  0.81437  59.85460 0.14540  0.81489  59.82298 0.17702
M14 x 1.5 0.81350  59.90757 0.09243  0.81356  59.90392 0.09608  0.81367  59.89722 0.10278  0.81419  59.86555 0.13445
M16 x 1.5 0.81310  59.93196 0.06804  0.81316  59.92830 0.07170  0.81327  59.92159 0.07841  0.81379  59.88991 0.11009
M18 x 1.5 0.81280  59.95026 0.04974  0.81286  59.94660 0.05340  0.81297  59.93989 0.06011  0.81349  59.90818 0.09182
M20 x 1.5 0.81270  59.95636 0.04364  0.81276  59.95270 0.04730  0.81287  59.94599 0.05401  0.81339  59.91428 0.08572
M22 x 1.5 0.81250  59.96857 0.03143  0.81256  59.96491 0.03509  0.81267  59.95819 0.04181  0.81319  59.92647 0.07353
M24 x 1.5 0.81240  59.97468 0.02532  0.81246 5997101 0.02899  0.81257  59.96430 0.03570  0.81309  59.93257 0.06743
Thread-Milling Cutter M10 x 2
dp =7.335 mm
Ko =1.045 mm
M10 x 2 * 1.09150  59.59147 0.40853  1.09165  59.58468 0.41532  1.09192  59.57246 0.42754  1.09323  59.51324 0.48676
M12 x 2* 1.08820  59.74120 0.25880  1.08835  59.73438 0.26562  1.08863  59.72165 0.27835  1.08998  59.66035 0.33965
M14 x 2 1.08660  59.81405 0.18595  1.08676  59.80676 0.19324  1.08704  59.79400 0.20600  1.08840  59.73211 0.26789
M16 x 2 1.08550  59.86422 0.13578  1.08566  59.85692 0.14308  1.08594  59.84415 0.15585  1.08731  59.78170 0.21830
M18 x 2 1.08490  59.89163 0.10837  1.08506  59.88432 0.11568  1.08534  59.87150 0.12850  1.08671  59.80904 0.19096
M20 x 2 1.08440  59.91448 0.08552  1.08456  59.90716 0.09284  1.08484  59.89437 0.10563  1.08622  59.83137 0.16863
M22 x 2 1.08410  59.92819 0.07181  1.08426  59.92088 0.07912  1.08454  59.90808 0.09192  1.08592  59.84506 0.15494
M24 x 2 1.08370  59.94649 0.05351  1.08386  59.93917 0.06083  1.08414  59.92637 0.07363  1.08552  59.86331 0.13669

* Threads M10 x 2 and M12 X 2 are not standard. Additional calculations were made for greater completeness of

the obtained results.

Figures 23-26 present a graphical interpretation of the results obtained in Table 7.
Based on the calculations made, the following conclusions can be drawn:

It was found that when milling internal threads with tools with a constant outer

diameter dy and backing off height Ky, with an increase in the rake angle of the teeth

Yo of the milling part, the height of the profile hy and the deviation of the profile angle

of the tool surface Ax increase, and the width of the teeth by remains constant;

It was found that with an increase in the diameter of the internal thread D at a constant

pitch of the thread P and a constant external diameter of the tool dy, the profile height

hy and the deviation of the profile angle of the tool surface Aoy decrease;

It has been proven that in order to obtain an accurate profile of the internal thread, it

is necessary to correct the profile of the tool surface by Axy and AKp.
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Figure 23. Deviation of the profile angle Acy depending on the change in the rake angle vy, the
diameter D and the pitch P of the internal thread.
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Figure 24. Profile height hy depending on the change in the rake angle vy and the diameter of the
internal thread D with thread pitch P =1 mm.
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Figure 25. Profile height hy depending on the change in the rake angle vy and the diameter of the
internal thread D with thread pitch P = 1.5 mm.
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Figure 26. Profile height hy depending on the change in the rake angle v and the diameter of the
internal thread D with thread pitch P = 2 mm.

6. Application of Analytical and Graphical Profiling in the Design of
Thread-Milling Cutters

The presented methods for profiling the tool surface of internal thread-milling tools
have been used in the development of various designs of thread-milling cutters. The fol-
lowing figures present three-dimensional models of tools that are parametrically modeled
through configurations. A modeling approach was used in which configurations represent
different variants and variations in the models [22].

A specialized methodology was developed to determine the design parameters of the
thread-milling cutters. Through the methodology, the equations were determined according
to which the parameters of the individual elements of the tool are calculated—milling part,
transition part and shank. A Microsoft Excel 2019 program was developed with which the
parameters of the thread-milling cutters are determined depending on the internal thread
that needs to be formed.
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Figure 27 shows the design of a thread-milling cutter designed for forming internal
threads with diameters from 6 to 25 mm on CNC machining centers with three or more
controlled axes.

Figure 27. Elements of a thread-milling cutter: 1—milling part, 2—transition part, 3—shank.

The tool consists of a working part and shank 3. The working part consists of a milling
part 1 and a transition part 2. The milling part has a length of 2D, where D is the diameter
of the formed thread.

Figure 28 shows parametric models of the thread-milling cutter representing different
designs with straight and helical flutes. The parameters of the milling part and the shank
are parametrically modeled.

(a)

Figure 28. Parametric models of the thread-milling cutter: (a) Thread-milling cutter with straight

flutes. (b) Thread-milling cutter with helical flutes.

Design documentation has been prepared for the presented tools for forming internal
threads using the SolidWorks 2022 CAD system. The process is automated by using tem-
plate files for the three-dimensional models and drawings. Attributes (users and systems
ones) are filled in the three-dimensional model templates, after which the information from
them is visualized in the tables of the drawings [22]. Figures 29 and 30 show the developed
drawings of the two models of thread-milling cutters.
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7. Discussion

The shaping of internal threads by cutting is performed by various methods using
tools such as thread-turning tools, taps, thread-milling cutters and thread-cutting heads.
Among them, the highest productivity and efficiency is achieved when milling with thread-
milling cutters.

The design and manufacture of such tools requires an accurate definition of the
tool surface. In this regard, two approaches are presented—analytical and geometric
profiling. A comparison of the results shows that both methods give very close values
when determining the points of the tool surface.

An analytical method has been developed to determine the profile of the working
part of the thread-milling cutters. The developed methodology calculates the points of
the profile of each tooth that build the tool surface. For this purpose, a Microsoft Excel
2019-based program has been developed that automatically calculates these points. The
obtained parameters allow the design and manufacture of a thread-milling cutter for a
specific internal thread or for a group of threads.

In parallel, a graphical method for profiling the tool surface using a CAD system is
proposed. This method provides a profile in which the helical surfaces of the formed thread
are not trimmed. The implementation using SolidWorks 2022 allows for the assessment
of the resulting profile deviations when milling internal threads. The graphical method
based on enveloping curves forms the profile by multiple circles that are tangent to an
Archimedean spiral in axial section and intersect the thread profile in cross-section. Com-
pared with classical analytical approaches, the proposed graphical methodology allows
for a more intuitive verification of the profile and easier application when working with
non-standard thread and/or helical profiles.

One of the main advantages of the proposed graphical method is that it is easy to use
and implement in CAD software. This makes it accessible even to engineers who may not
have much experience in mathematical modeling. Although analytical methods remain
more precise from a theoretical perspective, the graphical method is accurate enough for
practical applications and helps speed up the design process.

The influence of the design parameters rake angle vy and the backing off K, on the
profile of the cutting edge has been assessed. The analysis shows that at constant values
of the outer diameter dy and the backing off Ky, increasing the rake angle v, leads to an
increase in the height of the profile hy and an increase in the deviation of the profile angle
Acxg. When the thread diameter D increases, at a constant pitch P and tool diameter d, an
opposite trend is observed—the height of the profile hy and the deviation of the profile
angle Axg decrease. It has also been established that to achieve an accurate profile, it is
necessary to correct the profile of the tool surface by Axg and AKj.

The verification of the results obtained by the analytical method was carried out with
the graphical method. Both approaches achieved similar values for the profile parameters.
The accuracy of the obtained results is sufficient for the design and subsequent production
of a specific thread-milling cutter.

A program has been created in Microsoft Excel 2019 to determine the design parame-
ters of the thread-milling cutter—including the milling part, transition part and the shank.
On this basis, designs of thread-milling cutters for internal threads have been developed.
Geometric and design parameters have been determined using the analytical and graphical
methods. Parametric three-dimensional models have been created in the CAD system
and the process of creating design documentation automated using template files. User
and system attributes are entered into these files, which are also used in the drawings.
Information from the attributes can be used for documentation management through a
PDM system as well as by other departments in the company through an ERP system.
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However, the methods have their limitations. The results depend on the accuracy
of the entered parameters and the CAD environment. The influence of real production
factors such as wear, deformations and sharpening errors is not automatically taken into
account—these factors are taken into account in the process of the final design of the tool
by setting the necessary tolerances, which take into account the type of machining, the
type of material being processed, the type of tool material as well as other elements of the
cutting mode.

The presented methodology can be used directly in engineering practice, especially
in small and medium-sized companies. The methodology is intended for profiling tools
for forming all types of threads that have a straight profile. Another advantage is the
possibility of the tools having a rake angle vy different from 0°.

After some additional work, the methodology could be extended to design tools for
machining external threads. The same methodology could also be used to profile tools for
complex-profile helical surfaces and threads whose profiles are not linear as are the metric
threads presented in this publication.

8. Conclusions

The paper proposes and evaluates a graphical profiling method referred to as the
Tangent Circles Method. The method for graphical profiling of the tool surface of thread-
milling cutters for internal threads is studied. It is based on the use of tangent circles and
is implemented in a CAD environment. The method is validated by comparison with
results obtained using the analytical method. Simulations with different parameters are
also performed. The results show a very good match between the graphical and analytical
approaches. The differences in the profile angle are minimal and within the tolerances for
real manufacturing.

The graphical method has several practical advantages. It enables quick profile
visualization. It is easily performed using a standard CAD system. It requires fewer
calculations. It is suitable for designers and technologists who work with tight deadlines
and with limited resources. It can also be applied to non-standard tools where analytical
approaches become too complex and difficult to apply and require high mathematical
knowledge.

The results demonstrate that the Tangent Circles Method is a reliable and effective
technique for modeling complex tool geometries using CAD systems. Its ease of use and
good accuracy make it a practical alternative to conventional analytical techniques. The
method has strong potential for broader application in the design of advanced cutting tools
and may be further implemented in automated tool-design systems or extended to support
non-standard thread geometries.

However, the method has its inherent limitations. It depends on the accuracy of the
CAD software and the correct setting of the parameters. In case of errors in the geometry
or insufficient resolution, deviations occur. The method does not take into account the
influence of mechanical deformations, wear or sharpening errors.

A positive aspect of the presented work is the analysis of the influence of the rake
angle yg and the backing off Ky on the profile of the tools. It is shown that these parameters
have a significant influence on the profile of the cutting edges. By changing the rake angle,
the height and inclination of the working surface change. With a combined change in
and Ky, a visible deviation from the ideal profile is obtained. This shows that profiling
should not be considered in isolation. It should be taken into account with the design and
technological characteristics of the tool.

The comparative analysis between the analytical and graphical methods confirms the
reliability of the tangent circle approach. For different threads and tools, it has been found
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that the results of the two methods differ by less than one tenth of a degree in the profile
angle. This is completely acceptable in design and production.

The proposed graphical method of Tangent Circles is suitable to be used in manufac-
turing. It is accurate enough for real applications. It is easy to implement and understand.
The authors support the idea that this method is also suitable for small and medium-sized
companies where the necessary time cannot be allocated and there are no resources or
capacity for full analytical modeling. However, if the task has increased accuracy require-
ments, or when profiling tools is characterized as critical, the proposed method should
be used in combination with analytical analysis or with real verification of the results
in production.
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Abstract: In recent years, significant advancements have been made in the field of design
for additive manufacturing (DfAM). These advancements have focused on key aspects such
as topology optimization (TO), generative design (GD), lattice structures, and Al-based
algorithms. This paper presents a methodology for developing custom Grasshopper®
algorithms to create strut-based, gradient, and conformal lattice structures. Two test
geometries were devised and imported into Grasshopper®, and different lattice structures
with varying settings, such as conformity, lattice topology, and strut diameter gradient
and cell size gradient, were generated and manufactured. A series of experiments was
conducted to assess the impact of input parameters on the formation of lattice structures,
their performance in three-point bending tests, and their effect on functionality, applicability,
and usability. The experimental investigation yielded clear findings regarding the usability
and functionality of the proposed algorithm. However, the findings indicate that although
the overall process is usable, improvements are required to streamline the algorithm in
order to avoid geometry generation errors and to make it more user-friendly. This approach
presents a low-cost, customizable alternative to commercial lattice generation tools, with
direct integration in Rhino 8 and Grasshopper®.

Keywords: additive manufacturing (AM); design for additive manufacturing (DfAM);
lattice structures; parametric CAD; Rhino 8; Grasshopper

1. Introduction

In a manner analogous to timber or steel truss construction, lattice and support struc-
tures are employed in AM to achieve the desired product properties. Support structures
facilitate the fabrication of freely suspended, thin, or protruding features with minimal
additional material input. Strut-based lattice structures are the typical components of these
structures [1]. These elements are incorporated manually by the user or automatically by
the relevant program during the component preparation process [2,3]. This method is
designed to ensure the most stable and distortion-free production possible [4,5]. Following
the manufacturing process, the porous design enables the user to either manually remove or
machine away the supports. Processes such as RENA® HIRTISATION® employ specifically
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developed support structures that can be electro-chemically removed without causing
damage to the part.

The implications for design freedom and form freedom of AM are significant factors in
the development of suitable parametric CAD solutions [6]. These solutions employ design
mechanisms such as topology optimization (TO) [7,8], generative design (GD) [9,10], and
lattice structures [11-13]. The objective of implementing these mechanisms is to reduce
weight, minimize the number of components in assemblies, and enhance the performance
of the individual components. All of the aforementioned mechanisms require substantial
computational capabilities. Lattice structures present a particularly challenging aspect
in this regard [14-16]. Consequently, the current software tool landscape offers limited
capabilities in assisting with the creation of complex lattice structures that incorporate
varying conformity or gradients in cell size or strut diameter. Examples of such solutions
include nTopology nTop [17], Altair® Sulis™ [18], Altair® Inspire™ [19], Carbon® Design
Engine Pro [20], Autodesk Netfabb Ultimate [21], and Metafold [22]. However, these tools
are costly, have steep learning curves, and offer limited control over conformal and gradient
features, motivating the development of a custom Grasshopper-based solution.

In the context of Design for Additive Manufacturing (DfAM), the utilization of such
structures is equally applicable to filling material into volumes of components or in the
context of connecting two walls [23,24]. Determining the degree of filling is imperative for
minimizing production time, material usage, and weight. The lattice structures generated
in the component-volume are generally constant, frequently manifesting cubic base cells
that remain consistent irrespective of the CAD-model at hand. The generation of these
lattice structures is not based on the shape of the component itself; rather, it is based on
external factors, such as the intended stiffness-to-weight ratio, favorable acoustic [25],
dampening [26,27], or heat transfer characteristics [28].

Previously mentioned software tools are characterized by their advanced capabilities;
however, they are not inherently accessible due to the complexity of their learning curves.
Moreover, these tools frequently carry a substantial financial investment [15].

This contribution aims to present an innovative and readily accessible lattice design ap-
proach that utilizes the parametric CAD software Rhino 8 (Version 8 SR23, 8.23.25251.13001,
8 September 2025) and the visual programming editor plug-in Grasshopper. This approach
is designed to facilitate the development of customized algorithms for the purpose of
automatically filling imported CAD geometry with conformal gradient strut-based lat-
tice structures. Apart from the desired input file, the user can choose from a variety of
input commands such as voxel size, number of voxels, unit cell topology, conformal or
non-conformal design, gradient or constant design, mesh quality and output file type.

2. Materials and Methods

The subsequent sections address the identification and acquisition of all necessary as-
sets, including the requisite software tools and plugins. These sections will also encompass
the development of the test series, the specification of the 3-point bending test setup, and
the manufacturing of the test specimens.

2.1. Software and Hardware

The custom algorithms were developed in Grasshopper® [29], a visual programming
plug-in available in the parametric CAD tool Rhino 8 [30]. Given the range of functions
available in Grasshopper®, there are multiple approaches or options for developing an
algorithm that can achieve the desired outcome. Ref. [31] proposes an algorithm for the
corporation of Voronoi Lattices into CAD models. Other methods of designing custom
lattice topologies are shown in refs. [32-34], while [35] showcases a novel approach with a
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novel type of base cell topology utilizing curved struts as well as pointing out the limitations
of available software tools and Grasshopper-based open source algorithms.

In this particular instance, the majority of the functions from the Grasshopper® na-
tive library were utilized, with select key components being derived from the plugins
Crystallon [36], Dendro [37], IntraLattice [38] and Pufferfish [39].

2.1.1. Crystallon

This plugin is an open-source Grasshopper® toolkit for creating lattice structures.
Unlike plugins with independently programmed function blocks, Crystallon v2.0.1 offers
editable clusters based on native Grasshopper® components that can be adapted to specific
applications and needs by the user. Its modular structure allows for easy integration with
other plugins and components. In this work, the components were used to create different
cell types and divide geometry into a grid structure based on various input parameters
and strut diameter modifications.

2.1.2. Dendro

This is a volumetric modeling plugin based on the OpenVDB library. Dendro v1.0.0.
offers several ways to enclose points, curves and meshes as a volumetric data type so that
various operations such as smoothing, offsets and unions can then be performed on these
volumes. This makes it possible to quickly create mesh bodies with the desired settings
and export them in STL format for AM. Certain components use all available processor
cores through multithreading, which saves a lot of time in creating the volumes and
converting them into a mesh body compared to other native Grasshopper® components or
plugins, depending on the hardware used. In this work, the most diverse components for
conversion, filtering and merging were used as the final step of lattice structure generation.

2.1.3. IntraLattice

This Grasshopper® plugin is used to generate fixed lattice structures within a 3D
design space. Developed in 2015, IntraLattice 0.7.6 served as an open-source, extensible
alternative to the commercial solutions available at the time for 3D modeling software for
AM applications, a field that was growing rapidly. The plugin was a valuable research tool
that served as a platform for breakthroughs in design and optimization. In this work, its
components were used to create various unit cells, cell types, and mesh body analysis tools.

2.1.4. Pufferfish

Similarly to a pufferfish, the main focus of the included components of this plugin
is enabling shape changes, such as fades, transitions, averages, transformations, and
interpolations. The 330 available components in Pufferfish v3.0.0 primarily use parameters
and factors as inputs to provide greater control over processes. There are also additional
components that simplify common Grasshopper® operations and convert Rhino 8 functions
into Grasshopper® function blocks. For this work, geometry-changing components such as
“Shell polysurface”, but also support components such as “Is Surface Trimmed” were used.

As demonstrated in [15,16], the design of complex lattice structures necessitates sub-
stantial computational capabilities. The following hardware was used to compute all
predefined lattice topologies for the two test series:

e  Processor: AMD Ryzen 9 5900X, 12C /24T, SC@5 GHz, MC@4.5 GHz
RAM: 64 GB (4x 16 GB Kit), DDR4-3600, CL.16-18-18-38

Graphics: GeForce RTX 3060 OC, 12 GB GDDR6

HDD: Samsung SSD 980 PRO 2 TB, M.2

OS: Microsoft Windows 10 Professional (x64) Build 19045.3208
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Two test geometries with varying complexity were defined in order to quantify the
algorithm’s different setting capabilities. As illustrated in Figure 1a the geometry and
primary dimensions of the test specimen “arch” are relatively uncomplicated. The test
geometry comprises a basic, uniform, and symmetrical arch shape, exhibiting uniform
thickness throughout the entire cross-section of the model.
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e Spline curve

22.54

5.14

@) (b)

Figure 1. Primary dimensions of, test geometry “arch” (a) and “wing profile insert” (b).

The more complex dimensions of the test geometry “wing profile insert” are shown in
Figure 1b. This model is part of a more complex assembly of a formula student race car’s
rear wing assembly.

2.2. Test Series

Two test series were devised each with a different focus on both test components and
the depth of the investigation:
e  Testseries 1: Partial factorial test with test geometry arch
o  Testseries 2: Open test with test geometry wing insert (use case Formula Student)
Different base cell topologies were used in the development of the algorithm and
the formulation of the test specimens for the two test series. As illustrated in Figure 2a,b,
the base cell topologies BCCXYZ and FCCXYZ were utilized in test series 1. A variant

of the Diamond base cell topology (Figure 2c¢) is utilized among the two aforementioned
topologies in test series 2.

(a) (b) ()

Figure 2. Base cell topologies used in both the formulation of the algorithm and the subsequent
specimens design, (a) BZZXYZ, (b) FCCXYC, (c) Diamond.
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Each variation, irrespective of its origin in the test series, was subjected to five iterations
of production and subsequent testing. The arithmetic mean, median and confidence
intervals were subsequently calculated to obtain meaningful numerical value.

2.2.1. Test Series 1

The parameters investigated exhibit varying degrees of influence on the component’s
stability (arch and wing profile insert), enabling a good understanding of the parameter’s
influence on component performance. However, the number and possible gradations
of configurable and adjustable parameters that can be used to determine the geometry
of the lattice structure and the resulting diversity of variants exceed all test capacities.
Consequently, with the help of partial factorial design of experiments, a comprehensive
framework was established, encompassing six core factors (A-F), each of which was
meticulously evaluated across two distinct levels or settings:

e A (base cell topology): In this series of tests, only BCCXYZ and FCCXYZ were utilized
because these cell types are well documented in the literature [27,40,41].

e B (conformity): This factor was instrumental in determining whether the structure
conforms to the geometry’s surface(s) or not. The surfaces that the lattice structure
follows are the upper and lower arch surfaces.

e C (gradient cell size): This parameter was employed to delineate the continuity
or gradation of the unit cell size in all principal directions. In principle, further
subdivisions could be made based on the axis directions (X, Y, and Z). However, the
same defined progression curve was always selected for reasons of simplification.

e D (gradient strut diameter): This factor was employed to ascertain whether the diam-
eter of the struts is uniform or gradually varying. In the case of gradually varying
struts, the maximum deviation from the actual diameter was set at 0.2 mm in both the
upward and downward directions. Therefore, the smallest value (0.8 mm or 1.22 mm)
was designated as the minimum dimension, and the largest value (1.2 mm or 1.62 mm)
entered in line E was designated as the maximum dimension. In the event that the bar
diameter was uniform, the original value, which was entered in the middle in each
case (1 mm or 1.42 mm), was utilized.

e [ (strut diameter, when gradient): This parameter served to dictate the selection
of the lower or upper diameter range. The upper value is equivalent to twice the
cross-sectional area of the lower value.

e [ (cell size relative to total volume of design space, when gradient): The average
unit cell size, otherwise known as the unit cell volume, is specified as a percentage
of the total volume of the design space (input CAD model) in order to ensure the
comparability of different component sizes, as well as conformal and non-conformal
lattices. The F factor was utilized as the means to control the aforementioned unit
cell size. The division of the structure into X, Y, and Z axes was always set so that the
calculated percentage value returned in the algorithm corresponds to 0.8 or 1.6%.

Table 1 presents a comprehensive list of these factors, along with their respective levels
and the corresponding setting values.

In order to create uniform and comparable unit cell sizes and reasonably manufac-
turable test specimen, the number of cells and resulting struts that could be implemented
for conforming and non-conforming structures for the respective percentage to be achieved
was tested in advance. Table 2 presents the resulting values that were utilized for the
structures. The mean percentage of correct responses was 0.793% for the lower level and
1.606% for the upper level.
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Table 1. Setting table for the study using a partial factorial experimental design.

Factor Parameter Settings
— +

A Base cell topology BCCXYZ FCCXYZ

B Conformity No Yes

C Gradient cell size No Yes

D Gradient strut diameter No Yes

E Strut diameter, when gradient 0.8-1-1.2 1.22-1.42-1.62

Cell size relative to total volume of
F 0.8% 1.6%

design space, when gradient

Table 2. Configurations of the unit cell sizes, the numbers in parentheses are chosen when either cell
size or strut diameter are gradient.

0.8% 1.6%
Factor Non-Conformal Conformal Non-Conformal Conformal
Direction X Y Z X Y Z X Y Z X Z
Cells 13 4 6(7) 12 4 2 10 3 5(6) 8 2
Struts 14 5 7(8) 13 5 3 11 4 6(7) 9 3
Achieving optimal consistency and comparability in structural outcomes necessitated
meticulous coordination and minimal deviation. This ensured that conformal and non-
conformal structures could be reliably and validly compared. The strut diameter exerted a
minor influence on this phenomenon, as the available design space experienced a reduction
in proportion with larger cross-sections in comparison to the total volume. This was
attributable to the corresponding strut radius of the outermost struts.
A full factorial test design with six factors and two levels would result in 2° = 64 dif-
ferent test components. Given the necessity of manufacturing and testing each component
multiple times, this approach is not viable given the available resources. Consequently,
a partial factorial test plan with six factors and two stages was selected, according to the
scheme 2(6=2) = 16 distinct test components. The test design encompasses six factors and
16 distinct test components. As illustrated in Table 3, the classification of the lower (—) and
upper (+) levels is also delineated. [42,43].
Table 3. 2(°~2) partial factorial experimental design.
Nr. A B AB C AC AE E D AD BD ABD BF ACD F AF  TestNr.
1 — . + — + + - — + + — + - - + 8
2 + - - - - + + - - + + + + - - 7
3 — + — — + — + — + — + + — + — 2
4 + + + — — — - — — — — + + + + 16
5 - - + + - - + - + + - - + + - 13
6 + - - + + - - - - + + - — + + 15
7 — + — + - + - - + - + — + — + 6
8 + + + + + + + — - - - — - - - 14
9 - - + - + + - + - - + — + + - 4
10 + — - - - + + + + — — - - + + 3
11 — + . — + — + + — + — — + - + 11
12 + + + - - - - + + + + - - - - 12
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Table 3. Cont.

Nr. A B AB C AC AE E D AD BD ABD BF ACD F AF  Test Nr.
13 - - + + - — + + - - + + - - + 10

14 + — — + + — — + + — — + + — — 1

15 - + - + - + - + - + - + — + — 9

16 + + + + + + + + + + + + + + + 5

The experimental design has a resolution of IV and thus has the following properties
according to Siebertz: “Haupteffekte sind mit Dreifachwechselwirkungen vermengt und
Zweifachwechselwirkungen untereinander. Das Feld ist geeignet, um Haupteffekte sicher
zu bestimmen, Zweifachwechselwirkungen lassen sich jedoch nicht eindeutig zuordnen”
[The main effects are interwoven with triple interactions and double interactions with each
other. The field is suitable for reliably determining main effects, but double interactions
cannot be clearly assigned] [42].

Table 4 presents a comprehensive list of the 16 components and their respective config-
urations. The utilization of this table facilitates the precise creation of each component in ac-
cordance with the specified settings of the algorithm, enabled by the adaptable parameters.

Table 4. Factor settings resulting from experimental design.

Nr 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
A - + — + - + — + - + - + — + - +
B - - + + - - + + - - + + — — + +
C - - - - + + + + - - — - + + + +
D — — — — — — — — + + + + + + + +
E - + + - + - — + - + + — + — - +
F - — + + + + — — + + — — — - + +

2.2.2. Test Series 2

The test geometry “wing profile insert” was utilized in the open experiments category
without the use of an extensive partial factorial experiment design and consisted of a real-
world application in the form of a winglet insert for a race car. As illustrated in Figure 1b,
the primary dimensions of the solid body (design space) of the winglet profile insert are
presented. The distinct geometry configurations were devised by leveraging the insights
derived from the initial test series. Given the potential variability in the optimization
among different 3D designs and the dynamic nature of the factors in relation to initial tests,
the possibility of identifying additional, potentially superior structural variants is possible.

2.3. Test Setup and Manufacturing

All test specimens, that were derived from the two test series and developed from the
proposed Grasshopper® algorithm were manufactured out of PA2200 [44] using a Formiga
P110 SLS (LPBF) machine by EOS GmbH (Krailling, Germany). The process parameter
for the SLS process utilized was the standard “EOS” parameter with a layer thickness of
100 pm. The parts were subsequently processed using a blasting with the use of glass beads.
Temperature and humidity conditions were not taken into account.

The load tests were carried out using 3-point bending tests because there is already
ample work on tensile and compression tests of lattice structures [27,45,46]. The bending
test is also ideal for investigating whether non-conformal or conformal and constant or
gradient lattice structures can have a superior force/weight ratio. The 3-point bending
tests were conducted using a Testmatic System Z5-X1200 (Niirnberg, Germany) materials
testing machine.
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The ISO 178:2019 standard was predominantly utilized for the design of the test
procedure [47]. In order to ensure the reliability of testing on the test specimen, a specimen
holder was developed that deviates from the standard. As illustrated in Figure 3a, the
specimen holder and the compression fin affixed within the testing apparatus are depicted
from a frontal perspective. Figure 3b presents a visual representation of the specimen holder
and the pressure fin positioned at an angle from above, with a test specimen integrated
into the assembly. For the lower contact surfaces, a small metal plate was placed between
the specimen holder and the test specimen on the left and right. By reducing the friction
between the specimen and the holder, the deformation space is not excessively restricted
because the support surfaces can slip freely when a load is applied. To mitigate the potential
for slippage or forward or backward deviation of the specimens in the X-direction, which
could occur with specimens exhibiting imperfect symmetry, the specimens are positioned
within a 1 mm deep, transverse groove along the y-axis.

() (b)

Figure 3. 3-point bending test setup, (a) sample holder and pressure fin clamped in machine, (b) test

specimen on sample holder.

The configuration of the testing machine was established through a series of pre-
liminary tests conducted prior to the formal test series. Therefore, the subsequent set-
tings shown in Table 5 were established for all test series as a compromise between data
quality, the requisite test time, and the various specimens (arch, wing insert) and their
specific properties.

Table 5. Settings 3-point bending test.

Parameter Value
Test speed [mm/min] 10
Max. force [N] 30
Travel [mm] 25
Test method 3 point bending test
y-axis Force [N]
X-axis Travel [mm]

3. Results

The next sections delineate the methodologies for identifying and obtaining all re-
quired assets, including the required software plugins, development of the algorithm, and
testing and validation of the proposed test geometries (partial factorial tests as well as the
open tests of both the arch and the wing insert). Additionally, the sections discuss the im-
plications and limitations of the proposed algorithm as well as the used software plugins.
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3.1. Algorithm

The fundamental principle guiding the algorithm’s design was to ensure its accessibil-
ity, even for users with no prior experience with Rhino 8 or Grasshopper®. Consequently,
all components and functions necessary for the control of output were arranged in chrono-
logical order, with the more complex calculation clusters positioned subsequent to the
components that should ideally be defined first, in order to achieve a reliable result. In the
subsequent section, the algorithm’s excerpts and their respective outcomes are presented
for several pivotal components and clusters. This approach aims to offer insight into the
algorithm’s design structure.

The creation and integration of the unit cells and the lattice structure are based on the
components of the Crystallon plugin. The plugin’s entire structure is predicated on the use
of voxels, which are a spatial unit into which a single unit cell fits. In this context, a voxel
serves as the representation of a unit cell within a three-dimensional grid.

The proposed algorithm is divided into eight steps, as illustrated in Figure 4:

1.  The process initiates with the definition of the input CAD model as the design space,
followed by

2. The subsequent subdivision of this model into voxels.

3. Following the selection of the unit cell topology and its properties conformity and
gradients in cell size or strut diameter,

4. The unit cell is integrated into the previously defined voxels.

5. Following the implementation of optional adjustments and fine-tuning such as trim-
ming, addition of material such as shells or closed surfaces, and text labeling,

6. The entirety of the lattice structure and its data set become available for the purpose
of documentation.

7. Subsequently, the lattice structure can be meshed and output using the Dendro plugin,

8. Or output (baked) as a 3D model using the Grasshopper function “pipe”.

Voxel dimensions were defined via user-adjustable parameters. As illustrated in
Figure 5a, the adjustable parameters for the number of divisions into voxels of the input
CAD model in each principal direction are displayed. Furthermore, the number of surfaces
to which the resulting lattice structure should conform is selected via the input menu. Due
to the random numbering of surfaces in each imported CAD model by Rhino 8, users must
additionally select the preferred surfaces in Grasshopper® with optical feedback from the
Rhino 8 model view. The resulting conformal voxels are shown in Figure 5b, highlighting
surfaces 1 and 2 of the input CAD model in the Rhino 8 model view.

Additionally, factors A to F are selected in Grasshopper®. As illustrated in Figure 5c,
the setting parameters for factors A to D for test series 2 are clearly defined. Please note
that factor E is directly dependent on the selected base cell topology (factor A) as well as
on the selection of the strut diameter gradient (factor D). Please note that Factor F was not
implemented in test series 2. Figure 5d illustrates the populated voxels of the input CAD
model’s design space, represented by the struts of the resulting FCCXYZ lattice before the
selected gradient strut thickness is added.

To facilitate a range of desirable configurations, including conformal or gradient lattice
structures, the algorithm can adopt multiple paths at this stage in the algorithm. These
elements are then integrated in accordance with the user’s designated selection.

152



Appl. Sci. 2025, 15, 10364

1 2 3 P lated
. . . . opulate
Input Voxelisation Parametrization P
voxels
I | I |
( N\ )
+  CAD import »  Cell size + Conformal/ non- Cell topology
e translation e #Cellsin X conformal Strut diameter
* rotation e f#CellsinY ¢ Gradient cell size
e f#CellsinZ ¢ Gradient strut
diameter
,//
/ ~
= 5
e
|\ /L J
5 6 7
Optimization Reporting Meshing Output
I I I I
4 N\ f N\
e Trim ¢ Visualization of *  Meshing Geometry
+ Clean lattice settings parameters output (baking)
*  Modify e Visualization of ¢ Mesh resolution File export
e Text label final lattice +  Unify (STL, 3MF, STP)
e Calculation time
Y 4
7 /,/fllf j
&
&7 ot
. VAN

J

Surface 2

(b)

&7
)

e
= 4

() (d)

Figure 5. View of the developed algorithm and its visual output, (a) adjustable voxel and surface
parameters in Grasshopper®, (b) resulting voxels and highlighted surfaces the lattice conforms to in
Rhino 8, (c) selected unit cell parameters in Grasshopper © for test specimen #3_T4, (d) filled voxels
with defined FCCXYZ unit cell topology in Rhino 8.
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In order to enable uniform gradients for the gradual variation in voxel dimensions, the
user can adjust the respective distance between the corner points via the “Graph Mapper-
component”. The input is invariably a sequence of numbers that delineates the distance
between the corner points of the voxels. In the “Graph Mapper” components, this sequence
of numbers undergoes a transformation according to the selected curve in the diagram,
ensuring its mapping in the sequence of numbers. For example, a sinusoidal curve in the
Graph Mapper changes voxel spacing along the x-axis from 5 mm at one end to 2 mm at
the other.

Once the topology meets the user’s requirements, the final step involves correctly
merging the individual 3D bodies and generating the mesh for export, thereby obtaining a
part with a high-quality output design. Consequently, there are multiple variants in the
algorithm to obtain the final output topology. The appropriate variant and the associated
topology type are determined by the respective further processing steps. One of the
potential methodologies enables the integration of components from the Dendro plugin.

These geometries undergo a series of processes, including trimming, export, and
export verification. In the absence of errors attributable to defective bodies, the part can
subsequently be saved as a file. In Figure 6a,c, the input geometry, arc, and wing profile are
represented, respectively. In Figure 6b,d, the output models of the lattice structures arch
and wing profile inserts are depicted, respectively.
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Figure 6. Input and output geometries of the proposed algorithm, (a) solid CAD model of the arch,
(b) conformal BCCXYZ lattice (test part #1_15), (c) solid CAD model of the wing insert, (d) conformal
BCCXYZ lattice (test part #3_T3).

3.2. 3-Point Bending Tests

The following subsections contain the results of the 3-point bending tests, which have
been calculated and derived from the test evaluation. The findings presented herein enable
the design of lattice structures based on empirical evidence, utilizing designated reference
points and corresponding parameter settings. This development eliminates the necessity
for conducting simulations and tests to a certain extent.

3.2.1. Test Series 1

The evaluation and results of the partial factorial test series are essential for under-
standing the individual influencing factors and their effect on component stability. In the
process of engineering lattice structures, it is imperative to consider the factors and effects
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in accordance with the constituent geometry. This approach ensures the optimization
of structural stability or weight reduction, thereby maximizing the structure’s potential.
Table 6 shows the settings used for the 16 individual test specimens of test series 1.

Table 6. Factor settings for the individual test specimen of test series 1.

Nr. A B C D E F
#1 01 BCCXYZ non-conformal uniform uniform 1 0.8
#1 02 FCCXYZ non-conformal uniform uniform 1.42 0.8
#1_ 03 BCCXYZ conformal uniform uniform 1.42 1.6
#1 04 FCCXYZ conformal uniform uniform 1 1.6
#1_05 BCCXYZ non-conformal gradient uniform 1.42 1.6
#1 06 FCCXYZ non-conformal gradient uniform 1 1.6
#1 07 BCCXYZ conformal gradient uniform 1 0.8
#1 08 FCCXYZ conformal gradient uniform 1.42 0.8
#1 09 BCCXYZ non-conformal uniform gradient 0.8-1-1.2 1.6
#1 10 FCCXYZ non-conformal uniform gradient 1.22-1.42-1.62 1.6
#1 11 BCCXYZ conformal uniform gradient 1.22-1.42-1.62 0.8
#1 12 FCCXYZ conformal uniform gradient 0.8-1-1.2 0.8
#1_13 BCCXYZ non-conformal  gradient  gradient 1.22-1.42-1.62 0.8
#1_14 FCCXYZ non-conformal  gradient  gradient 0.8-1-1.2 0.8
#1_15 BCCXYZ conformal gradient  gradient 0.8-1-1.2 1.6
#1_16 FCCXYZ conformal gradient  gradient 1.22-1.42-1.62 1.6

As illustrated in Figure 7, the mean values of the load curves for the 16 distinct geome-
tries are presented in a force-displacement diagram. The component designated as “#1_08"
demonstrated the capacity to withstand the maximum force, while the component identi-
fied as “#1_06" exhibited the least resistance. For the test parts designated as #1_02, #1_13,
#1_05, #1_14, and #1_01, which are all composed of non-conforming structures, anomalies
emerge in comparison to the other parts in the subsequent load curve. Subsequent to the
initial ascent of the curve, the force abruptly escalates at a high rate in certain instances. The
faulty force curve resulting from excessive deformation is not associated with the actual
load-bearing capacity and is therefore ignored.
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Figure 7. Force-displacement diagram of the averaged measured values of the samples from the
partial factorial test plan.
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According to ISO 178:2019, the load tests should test up to a bending load &; of
5%. According to the formula stipulated in the standard, the maximum deformation
for the arch geometry is estimated to be approximately 7 mm (see the vertical dotted
line in Figure 7). When this is considered, all anomalies in the load curves are eliminated,
rendering them non-decisive for further evaluation. Figure 8a,b show the different behavior
of test specimens with different settings under load.

(@) (b) (©)

Figure 8. Comparison between lattice structures under load, (a) non-conformal (#1_06), (b) conformal
(#2_F7) with surrounding closed surface and (c) failed non-conformal (#1_06) due to misalignment
and binding in the fixture.

The specimen’s weak points, due to excessive deformation, cause the contact sur-
faces to bend upwards, and the middle section of the arch to jam in the specimen holder
(Figure 8c). This results in incorrect, excessive force values, as the structure has already
failed beforehand.

In order to effectively categorize the components according to their effectiveness in
reducing weight while maintaining the same load-bearing capacity, a comparison with the
full body is necessary. As illustrated in Figure 9, the respective weight and maximum force
achieved by the 16 test parts are compared to the full body as a percentage. It is evident
that the components failed to maintain a proportional balance between the reduction in
maximum force and the decrease in weight. The component designated as #1_08 exhibited
a weight percentage of 63.1% and a maximum force percentage of 46.1%, while component
#1_16 demonstrated a weight percentage of 48.5% and a maximum force percentage of
33.9%. These components exhibited optimal performance.
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Figure 9. Weight and maximum force of the test parts as a percentage of the arch solid body & #2_F1,
the confidence intervals are shown in red to emphasize their small margin and make it more visible.
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It is imperative to consider factors beyond the fundamental load capacity, namely
the force/weight ratio and the impact of individual parameter settings on this ratio. To
obtain this, the force/weight ratio was calculated at the maximum force reached in each
case. Then, the statistical evaluation of the mean values and effects at this maximum point
was conducted. Table 7 presents a comprehensive list of the individual components, along
with the respective level settings for the factors and the interactions. In the lower section,
the respective mean values are calculated for the upper and lower levels. The subsequent
section details the effect calculation, which is derived from the difference between the (+)
and (—) mean values. Therefore, the effect signifies the magnitude and direction of the
effect that a factor has when either the lower (—) or upper (+) level is integrated into a
component. In the event that factor B is utilized as a point of reference, it can be deduced
that the incorporation of the upper level (+) into a component, which serves as an indication
of the structure’s conformity, results in an average enhancement of the force/weight ratio
by 15.69 when compared to the utilization of the lower level (—) for the same component.
Conversely, in the case of factor F, for example, smaller unit cells (—) provide an average
force/weight ratio that is 6.79 times greater than if larger unit cells are used.

Table 7. Evaluation of the maximum force/weight ratio.

Test # # A B AB C AC AE E D AD BD ABD BF ACD F AF Fm
8 1 - - + - + + — — + + - + - - + 7.9
7 2 + — — - - + + - - + + + + - - 218
2 3 - + - — + - + - + — + + - + - 187

16 4 + + + - — - - - - - - + + + + 173
13 5 — — + + — - + — + + — — + + - 59
15 6 + — — + + — — — — + + — — + + 14
6 7 - + - + - + - - + - + - + - + 181
14 8 + + + + + + + - - = — — — - — 356
4 9 - - + - + + - + - - + - + + - 39
3 10 + — — — — + + + + — — — — + + 10.7
11 11 — + — — + - + + — + — — + — + 289
12 12 + + + — — — — + + + + — - — - 292
10 13 - - + + - - + + — - + + - — + 147
1 14 + — — + + — — + + — — + + — — 4
9 15 — + — + — + — + — + — + — + — 14
5 16 + + + + + + + + + + + + + + + 34

MW+ 192 245 186 159 168 183 213 174 161 179 177 165 167 132 16.6
max.F/m MW - 140 88 147 173 164 15 12 158 172 154 155 167 165 20
Eff. 524 157 39 -1404 33 93 16 -1125 22 —-02 02 —6.80.00

16.6

The observed range of interaction values extends from 3.85 for AB to 0 for AF. The
precise effects of the respective interactions are not enumerated here due to the scope. The
force/weight ratio was also determined at 2, 4, 6, 8, 10, and 12 mm so that the influence
of the effects can also be seen at different load or, in this case, deformation values. The
mean values of the individual stages and the resulting effects were also calculated from
this. As illustrated in Figure 10, the resulting effect diagram of factors A-F is based on the
force/weight ratio at deformations of 2, 4, 6, 8, 10, and 12 mm, as well as the maximum
force. The lower mean value corresponds to the value determined for the negative step,
while the upper mean value corresponds to the value determined for the positive step. The
effect corresponds to the difference between these values and thus provides an indication
of a positive or negative course, as well as the magnitude of the effect. It is evident that
factors (C) and (D) exert no significant influence on the force/weight ratio in the context of
these investigations. The situation is distinct for factors (A), (B), (E), and (F), some of which
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exhibit pronounced tendencies. The analysis indicates a favorable outcome in terms of the
efficacy of FCCXYZ unit cells in comparison to BCCXYZ cells. The factor (B) demonstrates
a clear enhancement in the load-bearing capacity of the components due to the presence of
conformal lattice structures. The variation in the parameter (E) indicates that average strut
diameters of 1.42 mm compared to 1 mm have a positive effect on component strength.
The factor (F) indicates that smaller unit cells are preferable for stability over larger cells.
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Figure 10. Effect diagram of factors A—F based on the force/weight ratio at different load levels (1) at
2 mm deformation, (2) at 4 mm deformation, (3) at 6 mm deformation, (4) at 8 mm deformation, (5) at
10 mm deformation, (6) at 12 mm deformation, (7) at maximum load /force.

It is imperative to ascertain whether the observed effects emanate from the varied
parameter settings or if they are merely a consequence of chance, resulting from extraneous
influences. To this end, a normal probability plot can be utilized to ascertain whether the
values in a data set are approximately normally distributed or not. Figure 11 displays the
standard probability distribution of the primary effects and interaction effects. It is evident
that the effects F, E, and B deviate significantly from a normal probability distribution or
a random distribution. Consequently, these deviations can be attributed to the change in
the factor. Conversely, the majority of the effects are in the positive range, indicating that
the “steps/adjustments” have a greater positive effect on the force/weight ratio of the
structures than the “- steps/adjustments.”
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Figure 11. Normal probability for main effects A to Fand interaction effects AB to AF shown in
Table 7 with the regression line shown in gray.
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3.2.2. Test Series 2

The knowledge acquired from preceding tests was integrated into the development
of the geometries of the wing profile inserts. Table 8 shows the settings used for the
6 individual test specimens of test series 2.

Table 8. Factor settings for the individual test specimen of test series 2.

Nr. A B C D E
#3_T1 Solid body test specimen
#3_T2 Manually optimized test specimen
#3_ T3 BCCXYZ conformal uniform uniform 1 not implemented
#3 T4 FCCXYZ conformal uniform gradient 1.22-1.42-1.62 not implemented
#3_T5 FCCXYZ non-conformal uniform gradient 1.22-1.42-1.62 not implemented
#3_T6  Diamond conformal uniform gradient 0.8-1-1.2 not implemented

Consequently, it was feasible to enhance the structures in a preliminary iteration to
such a degree that certain structures exhibited enhancements in the load tests (Figure 12a)
in comparison to the manually optimized original component (Figure 12b).

ISe L

- »
o e W

(a) (b)

Figure 12. Wing profile insert with different types of internal structures, (a) automatically filled design
space with conformal FCCXYZ lattice structure (#3_T4), (b) manually optimized structure (#3_T2).

As illustrated in Figure 13a, the weight and maximum force of the wing profile inserts
during the bending test are expressed as a percentage of the solid body. A thorough
examination reveals that none of the components exhibit a higher force/weight ratio in
comparison to the full body (& #3_T1). For this scenario to be applicable, the gray bar on
the right must exceed the black bar on the left. For the component (J #3_T4), which has
conformal FCCXYZ unit cells with a continuous strut diameter with an average thickness
of 1.42 mm, a ratio of almost 1:1 is achieved. It has been determined that, at 58.5% of the
full body weight, 58% of the force could be absorbed. This would create a load-bearing
alternative corresponding to the lighter weight.

As illustrated in Figure 13b, the weight and maximum force of the wing profile inserts
during the bending test are represented as a percentage of the manually optimized and
currently utilized component. It is imperative to underscore that component (J #3_T4)
exhibited the capacity to absorb a 28% greater force compared to a manually optimized com-
ponent (O #3_T2) that possessed an equivalent mass. In a similar manner, the component
(D #3_T5), which exhibited 86% of the weight, demonstrated the capacity to absorb 28%
more force compared to the manually optimized component (& #3_T2). This outcome un-
derscores the efficacy of integrating lattice structures within existing components, a concept
that holds considerable promise for further refinement through additional optimization of
the structural design.
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Figure 13. Weight and maximum force of the wing profile inserts, (a) as a percentage of the solid
body (D #3_T1), (b) as a percentage of the manually optimized structure (& #3_T2), the confidence
intervals are shown in red to emphasize their small margin and make it more visible.

4. Discussion

A thorough examination of the advantages, disadvantages, and limitations of Rhino 8
and Grasshopper®, which became evident during the development, implementation, and
optimization of the algorithm, as well as a comparison of the newly developed algorithm
with existing programs and approaches, is essential to ascertain the novelty and added
value of the present study’s findings.

4.1. Advantages of Rhino 8 and Grasshopper®

The design possibilities are extensive: The visual programming paradigm is known for
being flexible and simple. This makes it possible to implement a wide range of operations.
The wide variety of components available allows for easy changes to the lattice parameters.
It is thought that users who already know the basics of how to use the system will be able
to create or edit data in the right way, although there might be a few small problems along
the way.

It has been demonstrated that there are numerous paths that can lead to the same out-
come. This dynamic process is a continuous source of novel concepts for the development,
adaptation, and optimization of specific functions for various applications.

The software offers a multitude of plugins and extensions, providing users with a wide
range of customization options, thereby resulting in a vast array of functional capabilities.
The subsequent evolution and incorporation of novel functionalities is dependent not only
on the efforts of the developers, but also on the proactive engagement and contribution of
the user (open source) community.

A significant amount of literature is available on the subject. The wealth of online
resources, including explanatory videos and active forums, ensures that users can acquire
the necessary knowledge without reliance on external courses or product support. The di-
versity of existing application examples also serves as a source of inspiration for one’s own
implementations, thereby ensuring that the range of tested algorithms and the collective
knowledge of the community are in a state of perpetual growth.

The software is characterized by its ability to function seamlessly with a wide array
of file formats. The import and export of geometries is not confined to a limited number
of file types; rather, it offers a wide range of options that cater to diverse application
areas. Consequently, there is no requirement for conversions, which often entail the
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loss of information. The exportation of STL or STEP files, for instance, is a swift and
straightforward process.

With a maximum cost of around EUR 1000 for a permanent license, Rhino 8 and
Grasshopper® are competitively priced compared to CAD software on the market, which
frequently have much higher price points. There are also more affordable options available
for students and individuals pursuing training.

4.2. Disadvantages of Rhino 8 and Grasshopper®

The system’s capacity for multithreading is limited. The components in Grasshopper
use one CPU core. Additionally, components and function blocks connected in series can
only be calculated sequentially. Consequently, the utilization of sophisticated algorithms
can result in extended calculation times, during which the program becomes unresponsive,
thereby compromising the user experience.

The creation of mesh bodies and “meshes” can lead to a very high RAM requirement
for Grasshopper if the level of detail is set too high. Given that Rhino 7 and Grasshopper
do not have very high minimum hardware requirements, 16 GB of RAM can quickly
become scarce.

In some cases, the reason for a system’s functionality or failure can be unclear, particu-
larly when specific parameters have been altered. It is also imperative to exercise caution
when combining certain components and the data required by some modules as inputs,
ensuring that they do not result in an endless calculation loop.

At sharp corners and edges, notch effects can lead to load peaks, which should
therefore be avoided in order not to weaken the structure. However, achieving smooth
transitions between individual struts or at junctions can require significant effort or may not
be feasible with Grasshopper. While the native Grasshopper feature “Multipipe” provides
gradual transitions, it is not fully compatible with gradient strut diameters and gradient
cell sizes.

The upper limit of 3D bodies or geometry elements that can be used sensibly with
the PC configuration used in this study is approximately 3.000 individual struts. This
corresponds to approximately 500 voxels, which may not be sufficient for larger bodies that
are to be provided with small unit cells.

4.3. Comparison with Other Software Tools

As previously shown in refs. [15,16], the range of software solutions designed for the
creation of 3D CAD models with incorporated lattice structures for AM is now extensive.
nTopology’s nTop [17] is based on unique software elements that make it possible to exploit
the full potential of AM through innovative component design. This makes the software
particularly suitable for TO and lattice structure generation. The workflow of the algorithm
developed in the course of this work is very similar, in the sense that parts can be imported
and lattice structures can be integrated in further steps.

In nTop the processes do not have to be created anew for each design or each compo-
nent, but function blocks that have been inserted and adapted once can be reused. This
approach ensures significant time efficiency by integrating the same operations and associ-
ated structures into different parts. The selection of ready-made function blocks, with a
variety of setting options, offers easy access to component optimization, which also allows
very detailed and specific requests. In contrast to the Grasshopper® algorithm, which
was developed from the ground up and now only requires parameter setting, the shown
approach involves leveraging existing functions.

In nTop gradients can be embedded in components in a number of ways, making it
easier for the user to implement them. For instance, it is possible to insert an image with a
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grayscale value corresponding to the gradient into the background. This image can then
be used as a reference value for adjusting the structure. The program does not offer any
simple conversion options for conformal structures. The scope of geometry optimization
is defined by the program’s functional capabilities and cannot be extended by adding or
creating new components, as is possible with Grasshopper®.

Autodesk® Fusion 360 [48], for instance, provides straightforward access to lattice
structures for users familiar with the Autodesk® ecosystem. In contrast, Autodesk® Net-
fabb [21] offers a more in-depth exploration of the realm of gradient lattice structure design.

Altair® Sulis™ 1.12 [18] is a good choice for users looking to enter the field of lattice
structures due to its straightforward and user-friendly interface, along with its capacity to
swiftly generate satisfactory results in structural integration within a matter of minutes.
More complex sequences and combinations can also be implemented with a more advanced
understanding of the program.

Carbon® Design Engine Pro [20] is regarded as one of the most advanced tools avail-
able on the contemporary market for designing lattice structures. As demonstrated in
previous publications, the software tool has the capacity to integrate diverse strut-based
lattice structures within a single CAD design space. These structures encompass varied rela-
tive density values, distinct gradient values (both cell size and strut diameter), and different
conformity levels. The workflow is readily comprehensible and provides effective visual
feedback. Furthermore, it enables the incorporation of sensor data, including pressure
values measured in millibar, thus providing a multifaceted approach to data integration.
The software functions within a browser window on a cloud service, thereby ensuring
independence from the computational capabilities of the user’s personal hardware.

4.4. Comparison to Prior Research

The investigation of the designed test specimen and the subsequent testing showed
typical limitations as well as desirable outcomes when comparing with prior research on
this matter. This is particularly relevant when investigating functionally graded lattice
structures. Preliminary investigations indicate that for applications requiring high stiff-
ness, strength, or energy absorption (e.g., protective structures, crash absorption, medical
implants), it is advantageous to use a smaller unit cell size and sufficiently large strut
diameter [49]. However, it is essential to maintain a balance with the manufacturability of
the designed structures. If weight is a limiting factor or if material costs are significant, it
is essential to maintain strut thickness at a minimum while ensuring the integrity of the
design to prevent local instabilities [50]. Functionally graded lattice structures have the
potential to meet different requirements within a single component. These structures can
be designed with high density in areas where loads are high and with thinner areas where
weight can be saved. It is essential to ensure that transitions are as smooth as possible to
avoid stress peaks [51]. Manufacturing technology and parameters are critical, and discrep-
ancies often arise between planned values (strut thickness, cell size) and manufactured
values [52].

5. Conclusions

This work comprised two major tasks. The initial step involved the creation and
implementation of algorithms using Rhino 8 and Grasshopper®. These algorithms have
the capacity to semi-automatically integrate lattice structures into chosen 3D designs.
The subsequent step entailed the determination of the effects of the individual adjustable
parameters on both the algorithms as well as the output lattice designs. The implementation
of both of these tasks was successful, as thoroughly delineated in Section 3. The respective
conclusions and a general overview and outlook are summarized in the following sections.
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5.1. Algorithms

Following a period of familiarization and the implementation of the aforementioned
plugins, the comprehensive array of Grasshopper® functions could be utilized to address
a wide range of settings, in order to meet user expectations. The resulting algorithms
enable the provision of lattice structures tailored to individual preferences. The algorithms
function reliably and have been tested with a variety of input 3D models. The quality of the
output structures can be adapted accordingly for AM production, and the ability to support
a large number of file formats enables free further processing. The tailored algorithms
present an alternative solution to existing programs on the market, offering a customizable
and expandable range of functions that is not readily available in any other design program
today [15,16,53].

Section 4 enumerates the potential extensions to the proposed algorithms and the
respective advantages and disadvantages of the Grasshopper® environment. Another
potential avenue for exploration pertains to the cross-section geometry of the struts. To
illustrate, the implementation of oval struts could facilitate the realization of specific com-
ponent properties for anisotropic loads and bodies. The implementation of smoothed and
adjustable transitions between the individual struts at the crossing points has the poten-
tial to enhance the load-bearing capacity of the structures while maintaining a negligible
increase in weight.

Furthermore, the proposed algorithms could be made available to the public upon
request, which would serve to further enhance performance and user-friendliness.

5.2. 3-Point Bending Tests

The experimental tests and subsequent evaluation of the results provide a clear illustra-
tion of the behavior exhibited by the various lattice structures and the respective advantages
and disadvantages of the parameters. The failure patterns identified are consistent with
the load results. It was demonstrated that, in specific applications, the implementation
of conformal lattice structures can yield superior outcomes compared to conventional
methods such as increasing strut thickness or reducing unit cell size.

Due to the limited scope of the investigation, it is possible that certain aspects and
factors do not fully reflect reality and thus their magnitude. Due to the two-dimensional
experimental design, the effects are always linear. However, it is probable that the factors
E or F in particular are not linear. To investigate this issue in greater depth, it would
be necessary to conduct measurements at multiple stages. A meticulous analysis and
representation of all interactions are imperative to draw conclusions about the mutual
influence of the factors. The substantial effort required, particularly in the context of
experimental designs with numerous parameters, generates the necessary content for an
independent study.

The utilization of anisotropic unit cells, exemplified by the FCCZ cell, which were also
investigated in refs. [54-57], in accordance with the direction of force holds promise for
enhancing the potential for further weight reduction while preserving stability. In addition
to the material savings, structures with a superior force-to-weight ratio compared to the
corresponding solid body would likely be feasible.

The test subject’s small component sizes and the subsequent formation of exceedingly
thin struts contribute to the part’s remarkable flexibility and “softness.” This complicates
the distinction between elastic and plastic deformation, and tests rarely result in complete
failure, i.e., breakage. This characteristic renders it advantageous when the necessity is
for an easily deformable structure or a flexible component. However, it is not useful if the
component is required to assume a rigid role. The tests themselves, as well as the evaluation,
were also made more difficult because the components easily pushed away or “gave way.”
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It is posited that the implementation of a test force at a reduced velocity could mitigate the
adverse effects, thereby facilitating the acquisition of more precise measurement outcomes.
However, this approach entails a substantial increase in the time required for the tests, a
circumstance that was not feasible over the course of this work.
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Abstract

Conventional process planning methods—typically driven by rules or expert heuristics—
struggle to handle complex structural components, often yielding low efficiency and limited
optimization. This paper proposes an intelligent process planning method for shaft parts
based on multi-graph fusion. The framework integrates three core stages—machining
feature recognition, machining scheme decision-making, and process route planning—into
an end-to-end pipeline that transforms 3D models directly into executable machining routes.
First, machining features are automatically identified using an attributed adjacency graph
(AAG) representation coupled with a graph attention network (GAT). Next, the system
leverages process knowledge and machining parameters to assign the optimal processing
scheme for each feature. Finally, a sequence prediction model built on a machining-
element directed graph (MEDGraph) generates process routes that satisfy manufacturing
constraints. Experimental results demonstrate recognition and planning accuracies of
98.97% and 96.14%, respectively, underscoring the robustness and effectiveness of the
proposed framework. This work establishes a unified pathway from design geometry to
process execution, offering a powerful enabler for intelligent and adaptive manufacturing.

Keywords: machining feature recognition; process scheme decision-making; process route
planning; graph neural networks

1. Introduction

Process planning plays a critical role in linking product design and manufacturing.
For shaft parts, which are widely used in aerospace, automotive, and machine tool indus-
tries, the rationality of their machining process routes directly impacts product quality,
manufacturing cost, and production efficiency. Despite continuous advancements in smart
manufacturing technologies, process planning in manufacturing enterprises still relies
heavily on manual experience, leading to issues such as low efficiency, weak reusability,
and insufficient adaptability to complex manufacturing tasks [1]. Concurrently, the vast
amounts of historical process data and standardized knowledge accumulated by enterprises
have not yet been fully exploited.

With recent advances in artificial intelligence, research in process planning has grad-
ually shifted from rule- and expert knowledge-based approaches towards data-driven
methods. Technologies such as deep learning and graph neural networks have demon-
strated promising performance in manufacturing feature recognition, process scheme
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recommendation, and process route optimization. However, current research still faces
two major limitations. First, studies predominantly focus on isolated stages such as feature
recognition, scheme decision-making, or operation generation, lacking an integrated model-
ing framework that spans the entire workflow. Moreover, the expression and utilization of
manufacturing semantics (e.g., process attributes, tooling equipment, machining elements)
are insufficient, making it difficult for planning outcomes to reflect knowledge associations
within the engineering context.

To address the aforementioned issues, a multi-stage integrated process planning
method for shaft parts is proposed in this study, which takes a 3D model as input and
outputs a complete process route. The method encompasses three core steps: machining
feature recognition, machining scheme decision-making, and process route generation,
along with the construction of corresponding datasets and a model system.

The structure of this paper is as follows: Section 2 reviews related research. Section 3
introduces the fundamental concepts used in this study and details the dataset construction.
Section 4 elaborates on the proposed methodology. Section 5 presents the experimental
results and analysis. Section 6 provides the conclusions and future prospects.

2. Related Work

Intelligent process planning serves as a core link between product design (CAD) and
manufacturing execution (CAM). As illustrated in Figure 1, it generally consists of two
key stages: machining feature recognition (MFR) and process route planning. Machining
feature recognition aims to extract geometrically meaningful features with manufacturing
semantics from three-dimensional CAD models, thereby converting design information
into an intermediate representation that can be interpreted by manufacturing knowledge.
Based on the recognized features, process route planning determines machining sequences,
methods, and parameters by considering process knowledge and resource constraints.
Following this logical framework, this section reviews representative research on machining
feature recognition and automated process route planning.

Feature Recognition

3D Model Results
- Machining Element Sequence

| 1 End Face 1 - Rough turning
- 1 End Face 1 LIDE
Machining Feature — Automated Process :
Recognition 2 Cylindrical Surface 1 Route Planning :
{ | . n-1 Blind Hole 1 - Drilling
n Blind Hole 1 - Reaming

n-1  Conical Surface 1
n Blind Hole 1

Figure 1. Flowchart of intelligent process route generation.

2.1. Machining Feature Recognition Methods

As illustrated in Figure 1, machining feature recognition represents the initial stage
of intelligent process planning. Its core task is to automatically extract structural features
with manufacturing semantics from three-dimensional models, thereby providing essential
input for subsequent process planning. In recent years, with the rapid development
of artificial intelligence technologies such as deep learning and graph neural networks
(GNNs), research on MFR has shown a clear shift from traditional rule-driven approaches
to data-driven methods, and from single-feature recognition to complex and interacting
feature identification.
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In terms of model representation, traditional point cloud and voxel structures are
convenient for neural network processing but inherently suffer from the loss of boundary
geometry and topological relationships. To preserve the integrity of manufacturing seman-
tics, recent research has shifted toward constructing graph structures based on boundary
representation (B-Rep). Lambourne et al. [2] proposed BRepNet, which directly takes the
topological structure of B-Rep as input and employs coedge-based convolution kernels
to achieve face-level semantic segmentation across 35,000 models, reaching an accuracy
of 92.52%, significantly outperforming point cloud and mesh-based approaches under
the same conditions. Ma et al. [3] introduced a multi-attribute face-edge graph (maFEG),
encoding the full B-Rep as a graph structure and developing Sheet-metalNet to enable
graph-level incremental learning. Similarly, Park et al. [4]'s DFGAT, Zhang et al. [5]’s
BrepMFR, and Colligan et al. [6]'s Hierarchical CADNet are all based on B-Rep graph repre-
sentations, further confirming its advantages in retaining geometric details and improving
recognition accuracy.

In terms of recognition network architectures, GNNs have gradually replaced early
convolutional networks and become the mainstream choice. Wang et al. [7] proposed the
DeepFeature framework, which integrates rule-based methods with GNNs and employs
graph convolution operations to learn local features of variable topological structures.
Zheng et al. [8] combined Transformer self-attention mechanisms with GNNs to construct
SFRGNN-DA, thereby improving recognition performance for complex geometries. No-
tably, Wu et al. [9] were the first to introduce a multi-task GNN, AAGNet, which takes
geometric attributed adjacency graphs (gAAGs) as input and simultaneously performs
semantic segmentation, instance segmentation, and base-face segmentation. On the MFIn-
stSeg dataset containing more than ten thousand STEP files, AAGNet achieved state-of-the-
art accuracy and effectively addressed the lack of instance-level segmentation capability
in methods such as Hierarchical CADNet [6]. Building upon this, MFTReNet [10] further
coupled semantic segmentation, instance grouping, and topological relationship predic-
tion, significantly enhancing the modeling of complex topological associations among
features. It should be noted that most existing machining feature recognition methods rely
on ordinary graph structures to model pairwise relationships, which limits their ability to
represent multi-feature co-occurrence and higher-order associations. Li et al. [11] proposed
an adaptive multi-view hypergraph learning (AMH) framework, which effectively captures
higher-order correlations through dynamic hyperedge construction and an attention-based
fusion mechanism, thereby enhancing generalization performance across varying operating
conditions. Although this method was originally developed for bearing fault diagnosis,
its higher-order relationship modeling paradigm provides valuable insights for complex
machining feature recognition.

Beyond model architecture, dataset quality and annotation richness also have a de-
cisive impact on the performance of MFR systems. The MFTRCAD dataset released by
Xia et al. [10] comprises over 20,000 STEP models and provides dual annotations at the
instance level, including both feature segmentation and topological relationships. Yang
et al. [12] constructed a volumetric feature dataset by converting feature recognition into
a subgraph detection problem using Zone Graphs, thereby avoiding manually designed
combinatorial rules. In addition, synthetic data generation techniques—such as the 24-class
representative feature dataset in BrepMFR [5]—effectively alleviate the high cost associated
with real data annotation.

Despite significant progress in geometric representation, network architecture, and
task modeling for machining feature recognition in recent years, the overall research still
faces several shortcomings. First, existing models predominantly rely on ordinary graph
structures, which offer limited capability in characterizing complex geometric-topological

169 https://doi.org/10.3390/app16020828



Appl. Sci. 2026, 16, 828

relationships, making it difficult to fully capture multi-feature interactions and higher-order
association constraints. Second, there is a deficiency in cross-domain generalization ability,
as the substantial distributional discrepancy between synthetic data and real-world parts
significantly hinders the practical application of these models. Third, public datasets still
exhibit limitations in terms of category coverage, topological annotation accuracy, and
the scale of authentic data. To address the limitations of existing public datasets, this
study constructs an extended dataset covering typical machining features of shaft-type
parts. Each sample in this dataset is provided with both semantic segmentation labels
and instance segmentation labels, thereby offering robust data support for model training
and validation.

2.2. Automated Process Route Planning

After obtaining the machining feature recognition results, the process route planning
stage (as shown in Figure 1) aims to generate the optimal machining sequence. This pro-
cess requires balancing efficiency, quality, and cost under multiple constraints, including
geometric, process, and resource limitations. With the development of intelligent manufac-
turing and industrial big data, traditional planning methods that rely on human expertise
are gradually being replaced by data-driven and intelligent reasoning approaches.

Knowledge graphs explicitly represent manufacturing knowledge in a semantic form,
serving as a core medium for reusable and interpretable process expertise. Liang et al. [13]
proposed a knowledge-graph-based approach for modeling process design intent, captur-
ing tacit experience through a “process design intent annotator” and supporting subse-
quent reuse. Xiao et al. [14] provided a systematic review of knowledge graph construction,
refinement, validation, and generation techniques in CAPP, highlighting the emerging
trend of integrating knowledge graphs with large language models. Zhang et al. [15]
further combined knowledge graphs with reinforcement learning, transforming process
decision-making into a sequence recommendation task on the graph, thereby improving
the utilization efficiency of multi-source heterogeneous knowledge. Duan et al. [16] lever-
aged representation learning to extract typical machining process routines (TMPRs) from
massive historical process routes, overcoming the limitations of traditional single-class
classification based solely on part geometry and significantly enhancing process reuse.

GNNs have been widely applied to process planning due to their ability to simulta-
neously encode part topology, geometry, and Product Manufacturing Information (PMI).
Zhang et al. [17] integrated stacked autoencoders with knowledge graphs to achieve end-
to-end inference for macro-level process routes. Hussong et al. [18] proposed MaProNet,
which employs a graph attention mechanism to directly learn from the attributed adjacency
graph (AAG) of CAD models, thereby avoiding the information loss typically caused by
voxelization. Wang et al. [19] constructed an attribute graph oriented toward machining
features and used a graph convolutional network (GCN) to predict multiple feature-specific
process routes in a single step, achieving an accuracy of 93.31% on an aerospace structural
component dataset. Building on this, Zhang et al. [20] further combined convolutional
graph neural networks with a deep reinforcement learning framework to enable efficient
automatic process route generation for complex structural parts.

Reinforcement Learning (RL) has demonstrated notable advantages in rapid decision-
making under dynamic resources and uncertain environments. Wu et al. [21] integrated
operation sequencing and resource allocation into a unified decision matrix and employed
an Actor-Critic framework to achieve fast responses to resource fluctuations in process
planning. Guo et al. [22] proposed a multi-start exploration strategy that effectively allevi-
ates the local optimum dilemma in large-scale problems. Xiao et al. [23] applied Proximal
Policy Optimization (PPO) to learn sequencing patterns from historical process cases,
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and validated the generalization performance of the algorithm through experiments on
50 complex structural components. Furthermore, Zhang et al. [24] introduced Monte Carlo
Tree Search for aerospace aluminum parts, enhancing state—action-reward modeling and
thereby improving the exploration efficiency and solution quality of Deep Reinforcement
Learning (DRL).

With the growing global emphasis on carbon emission reduction, machining time
and energy consumption have emerged as critical objectives in process route optimiza-
tion. Feng et al. [25] developed both cutting and non-cutting energy consumption models
and proposed a staged integrated optimization strategy: first, Non-dominated Sorting
Genetic Algorithm II (NSGA-II) was employed to simultaneously optimize cutting pa-
rameters to reduce energy consumption, shorten machining time, and ensure surface
quality; subsequently, a genetic algorithm was applied to optimize operation sequencing,
further decreasing non-cutting energy consumption. Chu et al. [26] introduced a predic-
tion model based on radial basis function (RBF) networks and addressed the energy—time
trade-off problem under multiple alternative process routes by combining Strength Pareto
Evolutionary Algorithm 2 (SPEA2) with NSGA-IL. Wang et al. [27], focusing on remanufac-
turing scenarios, proposed a machine spindle speed switching strategy and employed a
reinforcement-learning-enhanced particle swarm optimization algorithm to simultaneously
optimize process planning and scheduling, thereby achieving coordinated improvements
in energy efficiency, economic benefits, and environmental performance.

Despite significant advancements in process route planning through knowledge
graphs, graph neural networks, and reinforcement learning in recent years, several short-
comings persist. First, while existing knowledge graphs can explicitly represent process
semantics, they remain inadequate in supporting dynamic evolution, cross-domain knowl-
edge transfer, and deep integration with intelligent reasoning, thereby limiting their ability
to fully facilitate complex process decision-making. Second, although research based on
graph neural networks has enhanced the modeling of part geometry-process couplings,
challenges remain in achieving a unified representation of multi-source heterogeneous
information and efficient inference for large-scale parts. Third, while deep reinforcement
learning demonstrates advantages in handling dynamic resources and uncertain environ-
ments, its convergence speed, global optimality, and interpretability still fall short of the
requirements for industrial-level applications.

To address these gaps, the present study constructs a dedicated dataset incorporating
process semantics and constraint information, thereby filling the void in existing research
datasets. Methodologically, we design a decision-making model based on message-passing
neural networks and a process route planning model that embeds process rules. This
design enables unified representation of diverse process information while ensuring that
process constraints are automatically satisfied during planning.

2.3. Process Planning Research for Shaft-Type Parts

Although significant progress has been made in general machining feature recognition
and process planning methods, their performance remains highly dependent on specific
application scenarios and part geometric characteristics. As typical rotational parts, shaft-
type components have relatively standardized feature types. However, their machining
sequences are subject to strict constraints and heavily rely on established process specifica-
tions and expert experience. Therefore, the core challenge for shaft-type parts lies not in
feature diversity but in how to effectively embed domain knowledge to generate feasible
and optimized machining sequences.

In recent years, research on process planning for shaft-type and rotational parts has
developed several distinctive approaches. In terms of feature recognition, Zubair and
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Abu Mansor [28,29] employed a volumetric decomposition method, which decomposes
the volume difference between the blank and the finished part into rough/finishing sub-
volumes, achieving systematic identification of internal and external features in both
symmetrical and asymmetrical rotational parts. Elmesbahi et al. [30] proposed a hybrid
graph-rule method based on the STEP-NC standard, enabling efficient recognition of com-
plex interactive features such as axial and end-face features, thereby supporting seamless
CAD/CAM integration.

Regarding process decision-making and knowledge representation, existing studies
predominantly rely on knowledge bases and ontology modeling. Ma et al. [31] constructed
an ontology-based knowledge base that explicitly defines causal relationships among
features, operations, tools, and machine tools, and uses rule-based reasoning to automati-
cally match manufacturing resources, enhancing system scalability. Li et al. [32] further
integrated data-driven and knowledge-based reasoning by introducing a generative adver-
sarial network to learn the distribution of process parameters, addressing the limitations of
traditional case-based reasoning in adapting to new parts.

In terms of machining strategy innovation, Takamori et al. [33] proposed an automatic
planning scheme combining turning and milling for organic-shaped parts. This approach
prioritizes efficient rough machining via an optimal turning axis, supplemented by milling
for finishing, offering an efficient machining paradigm for complex-profile shaft-type parts
such as crankshafts.

In summary, while existing research has made progress in feature recognition, knowl-
edge modeling, and specific strategies, it still faces two major limitations. First, there is an
over-reliance on predefined rules, with insufficient capability for autonomously learning
process sequences from data, resulting in limited flexibility. Second, most solutions remain
isolated and have yet to form an end-to-end intelligent planning framework that integrates
feature recognition, parameter optimization, and sequence generation. To address these
limitations, the present study constructs a dedicated dataset for shaft-type parts and de-
signs an intelligent planning model that uniformly represents multidimensional process
information and automatically satisfies process constraints, thereby advancing the field
toward a higher degree of automation.

3. Data Acquisition

Constructing large-scale and diverse datasets is essential for training and evaluating
deep learning models. To meet the requirements of the proposed process route planning
approach for shaft-type parts, three dedicated datasets were developed in this study: a
machining feature recognition dataset, a feature—process decision dataset, and a process
route planning dataset.

3.1. Construction of the Machining Feature Recognition Dataset

The creation of the machining feature recognition dataset primarily involves three
stages: automatic generation of shaft-type parts, construction of the AAG, and definition of
feature labels. The overall creation process is illustrated in Figure 2.

This feature recognition dataset is generated using parametric modeling technology.
By programmatically constructing over 2000 three-dimensional models, it simulates the
distribution patterns of machining features in real shaft-type parts. The models cover
typical feature combinations, with both their geometric and topological structures validated
for process rationality, thereby providing effective data support for deep model training.
Although the sample size is approximately 2000, each part contains multiple feature nodes
and topological relationships, such that the number of effective data units available for
supervised learning far exceeds the nominal sample count. Combined with the advantages
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of graph neural networks in small-sample scenarios and the recognition accuracy exceeding
98% achieved in experiments, the scale of this dataset is sufficient to support adequate
model convergence and generalization.
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Figure 2. The workflow for building the machining feature recognition dataset.

The automatic generation of parts is designed to reflect actual turning machining
logic while ensuring coverage of typical features across diverse geometric scales. Based on
the practical sequence of turning operations, a cylindrical blank with an arbitrary length
and diameter is first constructed. Subsequently, different diameters of external cylindrical
features are generated by random segmentation. Following this, in accordance with the
typical order of feature generation in turning operations, external conical features and relief
groove features are randomly generated sequentially, and finally, through-holes or blind
holes are generated. To ensure the rationality of the dataset, the generated shaft-type parts
generally exhibit a spindle shape. At the same time, to guarantee full coverage of feature
types and diversity in shape, structure, and scale, each three-dimensional model contains
4 to 20 machining features. Furthermore, the parameters of each feature (such as the
diameter range of external cylinders, the taper range of external cones, and the size range
of relief grooves) are randomly selected within reasonable intervals for actual shaft-type
part machining, thus covering typical geometric feature combinations and diverse actual
machining scales of shaft-type parts.

After generating the 3D models of the parts, this study adopts the method of AAG-
Net [9] to structurally represent the 3D models using Attribute Adjacency Graphs (AAG).
AAG integrates topological structure with face and edge attributes, enabling a complete
description of machining features within the model. Specifically, an undirected graph (FAG)
is first constructed based on face adjacency relationships. Then, attribute information of
faces and edges is extended to form a complete AAG, with its attribute definitions provided
in Table 1.
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Table 1. Face and edge attributes.

Entity Attribute Description

Face Type The geometric type of the face (plane, cylinder, etc.)
Face Area The area of the face

Face Centroid The centroid coordinates of the face

Face Loops The number of loops in the face

Edge Type The geometric type of the edge (line, circle, etc.)
Edge Length The length of the edge

Edge Convexity The convexity of the edge (concave, convex, or smooth)

To support supervised training, the dataset provides two types of labels for each
model: semantic segmentation labels and instance segmentation labels. The semantic
segmentation labels assign each face to a specific feature category (e.g., plane, cylindrical
surface, etc.). The instance segmentation labels, in the form of an adjacency matrix, identify
the face connectivity relationships within the same feature instance and distinguish face
nodes belonging to different feature instances.

3.2. Construction of the Feature—Process Decision Dataset

To train and validate the feature—process decision model, a new dataset was further
constructed on the basis of the feature recognition dataset. This dataset incorporates
enriched process information and machining schemes, forming the feature—process decision
dataset. The overall construction workflow is illustrated in Figure 3.

|

Surface
roughness

| Machining
1 '
Machining features and accuracy
process information

Figure 3. Workflow for constructing the feature—process decision dataset.

During the construction of the feature machining scheme decision dataset, a system-
atic feature machining scheme library was first established. This involved organizing
common machining process paths and equipment parameters, clarifying the machining
steps, applicable scopes, and typical process constraints for each scheme, thereby providing
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a knowledge base for subsequent scheme generation. Table 2 presents partial examples of
external cylindrical surface machining schemes from this library. Subsequently, the existing
machining feature recognition dataset was expanded. This expansion specifically included
supplementing material information and related process parameters for the shaft-type
parts. By integrating the process knowledge contained in the feature machining scheme
library and applying a fuzzy comprehensive evaluation method, the optimal machining
scheme was determined for each machining feature.

Table 2. Feature—process scheme library (partial).

No. Machining Scheme Machining Accuracy Surface Roughness Application Scope
1 Rough turning 11~13 6.3~25.0
2 Rough turning—Semi-finishing turning 8~10 3.2~6.3
P it Applicable to various metals
3 Rough. turning S.erm fmlghmg 69 0.8~1.6 pzxce e o atoa]
turning—Finishing turning ptq

Rough turning-Semi-finishing

4 turning—Finishing turning—Rolling 6-8 0.025-0.2
: Rough ming S rsin

& & Applicable to quenched steel
6 Rough turning-Semi-finishing 5.7 0.1~0.4 and unquenched steel

turning-Rough grinding—Precision grinding

This study established an evaluation index system composed of material properties,
feature types, machining accuracy, and surface roughness, which was applied to the fuzzy
comprehensive evaluation of machining schemes. The weights assigned to each index are
as follows: part material 0.444, feature type 0.312, machining accuracy 0.122, and surface
roughness 0.122. Based on the determined indices and weights, a single-factor fuzzy
evaluation was conducted to establish the fuzzy relationship matrix between machining
schemes and feature requirements under each index. The weight vector and the fuzzy
relationship matrix were then synthesized through computational operations to obtain the
comprehensive evaluation results for each scheme. The optimal machining scheme was
subsequently selected based on the ranking of these scores. Through the above process, the
constructed dataset primarily consists of two parts: one is the extended attribute adjacency
graph of the part and its feature attributes (including workpiece material, feature type,
machining accuracy, surface roughness, etc.); the other is the labels, which represent the
optimal machining scheme for each corresponding machining feature.

3.3. Construction of the Process Route Planning Dataset

To provide the data foundation required for building the process route planning
model, a dataset was constructed that incorporates machining elements and their sequen-
tial dependencies. Based on feature—process schemes, the dataset was systematically
decomposed into a collection of machining elements, with machining attributes and pro-
cess constraints explicitly defined. Furthermore, machining workflows were represented
in the form of graph structures, thereby supporting subsequent path generation and op-
timization. The overall workflow for constructing the process route planning dataset is
illustrated in Figure 4.

Based on the previously determined feature—process schemes, each scheme was refined
into multiple machining elements, thereby constructing a machining unit set that contains
complete operation information. Each machining unit corresponds to a specific machining
step and is associated with key attributes such as machining type, equipment and tool
requirements, and machining stage. On this basis, typical process rules commonly applied
in modern manufacturing practices—such as datum priority, roughing priority, surface
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finishing priority, and major-surface priority—were incorporated to further clarify the
sequential dependencies among machining elements, thereby forming a structured set of

process constraints.

F(x) = y1f1(x) +v2f2(x) + vafs(x)
minF(x)

Evaluation Function for the Machining
Element Sequence

¥

/
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___________ N\
I 2 End Face 1 - Semi-finishing 1| |
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| . | | i_
| n-1 Blind Hole 1 - Drilling | | | _
I n Blind Hole 1 - Reaming I | | Ranking Score Vector
L‘ Machining Element Set /l l\ Machining Element Directed Graph
Construction of Machining Element Set Construction of MEDGraph Construction of Sequence Labels

Figure 4. Workflow for constructing the process route planning dataset.

To formally represent machining elements and their dependencies, a machining-
element directed graph (MEDGraph) was constructed. In this graph, each node represents
a machining unit, while each directed edge indicates the precedence constraint between
two machining elements. Each machining unit can be expressed as a quadruple:

me = (ID, f;,S,T)

In this framework, ID denotes the unique identifier of a machining unit, f; represents
the machining feature, S denotes the machining stage (e.g., roughing, semi-finishing, and
finishing), and T refers to the cutting tool. The construction of the MEDGraph involves
initializing the graph, traversing machining elements, identifying constraint relationships,
and creating the corresponding nodes and edges, thereby forming a complete directed
graph structure.

To extract machining unit sequences from the MEDGraph, an improved topological
sorting algorithm is employed, combined with a backtracking strategy to generate multiple
candidate sequences. Subsequently, an evaluation function is constructed to select the
optimal machining unit sequence from these candidates. The evaluation function consid-
ers machining cost (equipment, tools, time, etc.), machining efficiency (processing time,
equipment utilization), and machining quality (accuracy, surface roughness) to compute
an overall score for each sequence. The sequence with the highest score is selected as the
optimal process route.

The dataset constructed based on the aforementioned method consists of two parts:
first, the machining unit directed graph and its node features; second, the labels, which are
the corresponding optimal machining unit sequences.
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4. Methods

To address the issues of heavy reliance on manual intervention and insufficient flexi-
bility in traditional machining process route planning, this paper proposes an intelligent
process planning method for shaft parts based on multi-graph fusion. The overall frame-
work, as illustrated in Figure 5, comprises three core components: feature recognition,
feature machining scheme decision-making, and machining process route planning.
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Figure 5. The pipeline of the proposed framework.

In the feature recognition stage, the system analyzes the 3D model of the shaft part to
extract its topological and attribute information, constructing an AAG. With the aid of a
graph neural network, machining features are classified and identified, thereby obtaining
structured feature information.

In the process scheme decision-making stage, the method integrates the feature recog-
nition results with the part’s process requirements. It analyzes the machining constraints
(such as material, accuracy, surface quality, etc.) for each feature and, based on the existing
process scheme library, employs a decision-making model to match each feature with its
optimal machining scheme. This results in a process scheme set covering all features.

In the process route planning stage, the system further decomposes the machining
schemes into machining elements, constructing a dependency graph to clarify sequential
constraints. A process planning model based on directed graphs is then utilized for learning
and optimization, ultimately generating a machining unit sequence that satisfies the process
requirements and is globally optimal, thereby completing the part’s process route planning.

The proposed method achieves intelligent generation of a complete process route
directly from a 3D model. It organically combines feature recognition, scheme decision-
making, and route planning across three levels, providing a new approach for the efficient
machining of shaft parts. The following sections will elaborate on these three aspects
in detail.

4.1. Machining Feature Recognition

The machining feature recognition task involves understanding the structure of com-
plex 3D geometric models, where different neighboring patches and topological relation-
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ships contribute unequally to feature semantics. For instance, critical datum planes or key
connecting edges have a significantly greater impact on determining feature types than
other auxiliary faces. Therefore, the model must be capable of automatically distinguishing
the importance of different neighbors to more accurately extract local geometric patterns
relevant to feature semantics. Based on these task characteristics, this paper selects the
graph attention network (GAT). The attention mechanism of GAT can adaptively learn the
influence of different neighbors on the target node, thereby highlighting key geometric
elements when aggregating neighborhood information. Compared to traditional GCNs that
use uniform neighborhood weights, GAT can effectively handle industrial CAD graph data
with heterogeneous geometric structures and strong topological differences through learn-
able attention weights, and demonstrates improved expressive power and generalization
performance even in scenarios with limited data.

Building on this, this paper proposes a GAT-based machining feature recognition
model capable of processing nodes, edges, and their attributes in graph-structured data.
Through two branches—semantic segmentation and instance segmentation—the model
simultaneously achieves classification and localization identification of machining features.
Figure 6 illustrates the overall architecture of the model, which consists of three core
modules: the feature encoder, the graph encoder, and the feature classifier.
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Instance Ground
Truth

[ Instance
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10D : |
|
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Node 1 Features - I Semantic |
|

4D
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AAG
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GATConv

Graph Attention @~ T

Feature Embedding Module Ehetio: Segmentation Module

Figure 6. Architecture of the machining feature recognition model.

The feature encoder integrates local topological information of edges with their origi-
nal attributes to generate enhanced edge representations. Specifically, for each edge, the
source node features (10D), target node features (10D), and original edge features (4D) are
concatenated to form a 24D composite vector. This vector is then transformed through a
multilayer perceptron (MLP) to produce enhanced edge features in a latent feature space.
By replacing the original edge features in the graph with these enhanced features, an
enriched graph representation that captures local structural information is constructed. The
enhanced edge features, together with the node features, serve as the input to the graph
encoder, supporting subsequent message passing and feature aggregation.

The graph encoder employs a GAT architecture, which models dependencies within
the graph by dynamically computing attention weights among nodes. In this architecture,
each node adaptively attends to the importance of its neighbors, thereby effectively ex-
ploiting contextual information during feature updating. The attention mechanism in GAT
mainly involves two steps: attention coefficient computation and feature aggregation. First,
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the attention module evaluates the relevance between a target node and its neighboring
nodes, assigning an importance weight to each neighbor. Then, the aggregation module
performs a weighted summation of the neighbors’ features according to these weights,
yielding a summary vector that captures local context. This summary vector is typically
combined with the node’s original features (e.g., via concatenation or addition) and passed
through a nonlinear activation function to complete the feature update. By stacking mul-
tiple graph attention layers, the encoder progressively captures more complex relational
patterns among nodes, thereby achieving deep modeling of graph-structured features.

The feature classifier consists of two components: semantic segmentation and instance
segmentation. For semantic segmentation, a Softmax classifier is employed to assign each
node to its corresponding machining feature category (e.g., hole, slot, or cone). For instance,
segmentation, an MLP is used to generate linkage scores between pairs of nodes, indicating
whether two nodes belong to the same feature instance. The outputs of these two tasks are
optimized using different loss functions and are jointly used to produce the final predictions
of the model.

Regarding the loss functions, cross-entropy (CE) loss is adopted for semantic segmen-
tation to quantify the discrepancy between predicted probabilities and ground-truth labels.
The total semantic segmentation loss is computed as the average of the losses across all
nodes and is denoted as Ls.

1N K
Ls = ——) ) tilog(p:)
Nizl i=1

Here, K denotes the number of classes, which is 5 in the machining feature recognition
dataset. p; represents the predicted probability vector for a node belonging to class i, while
t; is the one-hot label vector, where §; = 1 if the label corresponds to class i, and §; = 0
otherwise. N denotes the total number of nodes.

For instance, segmentation, the loss function is the binary cross-entropy (BCE) loss,
which measures the discrepancy between the predicted linkage scores S and the ground-
truth adjacency matrix A. The ground-truth adjacency matrix is a binary matrix, where
each element explicitly indicates whether a connection exists between two nodes. The
total instance segmentation loss, L;, is obtained by averaging the BCE losses across all

node pairs.
BCE(t, p) = —tlog(p) — (1 —t)log(1 — p)

1 N
L= ﬁz BCE(Ajj, Sij)
ij=1
Here, A;; denotes the ground-truth adjacency value between nodes i and j, while
Sij represents the predicted linkage score between nodes i and j. N is the total number
of nodes.

4.2. Feature—Process Decision

After completing machining feature recognition, this study further selects the most
suitable machining scheme for each feature. Since the determination of machining schemes
depends on process constraint relationships between a feature and its local neighborhood—
such as relative dimensions, structural connectivity, and machining compatibility—a model
capable of effectively modeling the local structural dependencies of “node-edge-node” is
required. Based on these task characteristics, this paper selects the Message Passing Neural
Network (MPNN) as the core framework. MPNN integrates node and edge attributes
through an explicit message-passing mechanism, allowing it to directly represent local
dependencies related to process semantics. Moreover, compared to models relying on
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Extended

attention mechanisms, MPNN offers more stable computation and lower memory overhead,
making it more suitable for the industrial data in this study, which involves a large number
of nodes and relatively regular graph structures.

Building on this, the study constructs the feature machining decision model shown in
Figure 7, which automatically selects the optimal machining scheme for each feature from
the extended attribute adjacency graph. The model consists of three key components: a
feature encoder, a graph encoder, and a machining scheme decision module. The input to
the model is an extended attribute adjacency graph containing node and edge attributes,
and the output is the corresponding machining scheme category for each feature. Table 3
lists the face and edge attributes included in this extended attribute adjacency graph.
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Figure 7. Architecture of the feature—process decision model.
Table 3. Face and edge attributes of the extended AAG.
Entity Attribute Description
Face Type The geometric type of the face (plane, cylinder, etc.)
Face Area The area of the face
Face Centroid The centroid coordinates of the face
Face Loops The number of loops in the face
Face Material The type of the workpiece material
Face IT The processing accuracy grade attribute of processing features
Face Ra The roughness attribute of machining features
Face Feature The type of the machining feature
Edge Type The geometric type of the edge (line, circle, etc.)
Edge Length The length of the edge
Edge Convexity The convexity of the edge (concave, convex, or smooth)

The attribute encoder employs an MLP to encode the node and edge attributes of
the extended AAG, generating corresponding feature vectors. These encoded vectors are
then assigned to the respective nodes and edges in the graph, forming an enhanced graph
representation that serves as the input to the graph encoder.
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The message passing module is built upon an MPNN architecture, which captures
the dependencies among nodes and edges through iterative message passing. Each node
updates its representation by aggregating information from its neighboring nodes. The
message passing process involves three steps: message computation, aggregation, and
update. Specifically, the message computation function generates messages based on node
and edge features; the aggregation function collects messages from neighbors; and the
update function refines the node representation using the aggregated messages. The graph
encoder consists of multiple stacked message-passing layers, each employing different
aggregation functions (e.g., sum, mean, or max) to capture diverse structural features of
the graph.

In this study, the process scheme decision is formulated as a node classification
task. The decision module applies a Softmax classifier to assign each node to one of the
predefined machining scheme categories. The primary objective is to accurately classify all
nodes into 15 machining scheme classes, thereby learning the complex mapping between
graph-structured data and process schemes, and predicting the most suitable scheme for
each machining feature.

Regarding the loss function, cross-entropy (CE) loss, denoted as Lcg, is also adopted
for the process scheme decision.

Lep = — &
CEN

K
2 n)log

] Mz

Here, K denotes the number of machining scheme categories, which is 15 in the

feature—process decision task. N is the number of training samples. y@

1

ground-truth label of the n-th sample, where ygn)

(n) (n
Yi

1
class i.

represents the
= 1 if the sample belongs to class i, and

= 0 otherwise. p; ) denotes the predicted probability that the n-th sample belongs to

4.3. Process Route Planning

In the process route planning task, machining elements inherently form a directed
graph structure with sequential dependencies. Therefore, a GCN that can directly process
graph topology is selected as the core model. Compared to models such as GAT or MPNN,
which rely on attention mechanisms or more complex message-passing methods, GCN
demonstrates greater robustness in scenarios with limited industrial process data, clear
machining logic, and stable structural relationships. It also incurs lower computational
costs and can effectively capture local and global process dependency patterns through con-
volutional operations. Furthermore, the process constraint-aware convolutional mechanism
proposed in this paper can naturally embed process semantics such as datum precedence
and rough-finish sequencing within the GCN framework. This enables the model to simul-
taneously learn process rules while aggregating graph structural information, making it
better aligned with the engineering characteristics of process route planning.

Consequently, this paper designs a process route planning model based on GCN,
allowing it to accurately learn the mapping from “machining unit dependencies—process
rules—optimal route” from historical process data. This enables the generation of machining
routes that satisfy process logic constraints for new parts. The model takes the machining
unit directed graph of the part as input and outputs the globally optimal machining
unit sequence. The model architecture includes a feature encoding module, a graph
convolutional module, and a ranking module, as illustrated in Figure 8.

The feature embedding module employs an MLP to encode the node attributes of the
MEDGraph, generating corresponding feature vectors. These encoded vectors are then
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assigned to their respective nodes, resulting in an enhanced MEDGraph that serves as the
input to the graph convolution module.

Ground Truth
Sorting Score

T VISELOSS
Back Propagation

Node
Features
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MEDGraph GCNConv —

Graph Convolution
Feature Embedding Module Module Sorting Module

Figure 8. Architecture of the process route planning model.

The graph convolution module takes the enhanced MEDGraph as input and outputs
updated node representations as well as their coordinate representations after convolu-
tional operations. This module is composed of three primary convolutional layers. Batch
normalization is applied to all convolutional layers, and a ReLU activation function is
employed after each primary convolution layer. These layers are responsible for extracting
shared feature representations from the input graph by propagating and aggregating in-
formation through node features and adjacency relationships, thereby updating the node
representations.

In the graph convolution module, each convolutional layer enables nodes to aggregate
information from neighboring nodes and connecting edges. As the network deepens,
higher-level and more global structural features are progressively abstracted, enhancing
the model’s capacity to perceive the entire graph. This process allows each node to capture
not only larger-scale local information but also global context, enriching the network’s
representational power. Typically, each convolutional layer is followed by a ReLU activation
function to strengthen the non-linear expressive capability of the model. In addition, batch
normalization is applied to all graph convolution layers to accelerate training and improve
model stability.

The main responsibility of the sequencing module is to map the node feature vectors
output from the graph convolution module into a ranking score vector. This ranking score
vector represents the ranking scores of all nodes in the graph, with each node corresponding
to a unique score. By sorting the nodes in ascending order of these scores, a reasonable
machining sequence can be generated.

Specifically, the sequencing module uses a linear layer to transform the node feature
vectors—obtained after multiple graph convolution operations—into ranking score vectors.
During training, the model learns to accurately predict node sequences by minimizing
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the mean squared error (MSE) loss between the predicted ranking score vector and the
ground-truth ranking score vector. The loss function is defined as follows:

R I P
MSE(y, §) = 1 Y (vi = 9)°
i=1

Here, y = [y1, 12, . . ., yn] denotes the ground-truth ranking score vector, § = [¥,V5,--., ¥x]
denotes the predicted ranking score vector, and N is the number of nodes in the machining
unit directed graph. Based on the ranking score vector, the module can output the optimal
sequence of machining elements, ultimately achieving the goal of process route planning.

5. Experiments and Results Analysis
5.1. Experimental Setup

To comprehensively validate the effectiveness of the proposed method, this study
automatically constructs a dataset containing 3D models and complete process flows
based on typical manufacturing process rules and historical machining documents. This
comprehensive dataset consists of three sub-datasets designed to support the three tasks
of feature recognition, machining scheme decision-making, and process route planning.
These sub-datasets provide the necessary inputs and labels for training, validation, and
testing at each stage of the model.

All datasets are randomly divided into a training set (80%, totaling 1600 samples), a
validation set (15%, totaling 300 samples), and a test set (5%, totaling 100 samples). The
training set is used for learning model parameters, the validation set for performance
evaluation during training, and the test set for final generalization ability assessment.
Furthermore, to enhance evaluation reliability, a ten-fold cross-validation method is applied
to the training set. The training set is equally divided into 10 subsets, with 9 subsets used for
training and 1 subset for validation in each iteration. This process is repeated 10 times, and
the average performance is taken as the evaluation result of the model during the training
phase. The experiments are conducted on a high-performance workstation equipped with
an AMD Ryzen 7 7840HS processor, 1 TB of memory, and an NVIDIA RTX 4050 GPU. The
deep learning platform used is PyTorch 2.1.0, the graph neural network tool is DGL 2.2.1,
and the optimizer is ADAM.

5.2. Experimental Results

To verify the effectiveness of the sub-models in the tasks of feature recognition, process
scheme decision, and process route planning, a comprehensive evaluation was conducted
on the loss convergence, prediction accuracy, and generalization ability during training.

The loss and accuracy curves of the feature recognition model for semantic segmen-
tation during training and validation are shown in Figure 9, while the corresponding
confusion matrix on the test dataset is presented in Figure 10. The accuracy of all models
was obtained through ten-fold cross-validation. In the feature recognition model, the
semantic segmentation task achieved a training accuracy of 99.21% and a test accuracy of
98.97%. The instance segmentation task attained a training accuracy of 99.95% and a test
accuracy of 99.71%. The training and validation performance of the instance segmentation
task is illustrated in Figure 11. For the machining scheme decision-making task, the training
and test accuracies were 98.58% and 98.14%, respectively. The corresponding loss and
accuracy curves are shown in Figure 12, and the confusion matrix on the test dataset is
given in Figure 13. The process route planning task achieved training and test accuracies of
96.87% and 96.14%, respectively. The loss and accuracy curves of the process route planning
model during training and validation are presented in Figure 14. The accuracy for each
task was calculated as follows: feature recognition was based on the proportion of correctly
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02}

0.0

classified samples for semantic segmentation and the proportion of correctly segmented
samples for instance segmentation; machining scheme decision-making was determined
by comparing the consistency between predicted and actual schemes; and process route
planning was evaluated based on the proportion of samples with exact matches.
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Figure 9. Loss and accuracy curves of the feature recognition model for semantic segmentation on
the training and validation sets.
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Figure 10. Confusion matrix for the semantic segmentation task on the test dataset.

The training process demonstrated that all sub-models converged well, with loss
curves rapidly declining and then stabilizing. The training and validation accuracy curves
remained closely aligned, showing no significant signs of overfitting. Furthermore, confu-
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Loss

Loss

sion matrices indicated that both the feature recognition and machining scheme decision-

making models exhibited high classification precision and reliability on the test set.
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Figure 11. Loss and accuracy curves for instance segmentation of the feature recognition model on

the training and validation sets.
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Figure 14. Loss and accuracy curves of the process route planning model on the training and
validation sets.

In summary;, all three sub-models achieved high accuracy and stable generalization
performance, primarily attributed to their reasonable structural design and process seman-
tic modeling. Feature recognition integrates geometric and topological information through
attribute adjacency graphs and graph attention networks, enhancing the ability to identify
complex structures. Machining scheme decision-making employs attribute encoding and
nonlinear mapping to achieve precise matching under multiple constraints. Process route
planning models operation dependencies based on the machining unit directed graph,
balancing process rules with overall rationality. These designs collectively validate the
effectiveness and feasibility of graph neural networks in integrated process planning.

When designing this process planning framework, we fully considered the require-
ments for computational efficiency and resource consumption in industrial applications.
The relevant performance metrics are provided in Table 4. Based on the results in the table,
it can be observed that the feature recognition module, built on the GAT architecture, main-
tains high inference efficiency despite involving attention weight calculations, particularly
under the scale of attribute adjacency graphs typical for shaft parts. The machining scheme
decision-making module effectively controls model size and memory usage by adopting
the lightweight MPNN, making it more suitable for deployment in embedded process
systems. The process route planning module utilizes the structurally concise GCN, whose
local aggregation mechanism results in linear complexity, enabling stable inference times
even on samples containing multiple machining elements. The entire framework, from 3D
model input to process route generation, can be completed within the order of hundreds of
milliseconds, meeting the real-time requirements of actual production. Furthermore, all
three modules are constructed based on graph-structured data, endowing them with strong
structural generalization and scalability. When new types of shaft parts are introduced,
only the corresponding samples need to be supplemented, without requiring significant
modifications to the overall architecture.

Table 4. Computational efficiency and resource consumption of each model.

Network Number of Parameters Average Inference Time Per Sample Peak GPU Memory Usage

Feature recognition model 0.24 M 5.64 ms 0.01GB
Feature machining decision model 019M 5.32 ms 0.02GB
Process route planning model 0.03M 6.32 ms 0.02GB
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To further validate the effectiveness of our approach, this study conducted compara-
tive experiments on machining feature recognition using the publicly available MFCAD
and MFCAD++ datasets, comparing the results with our self-constructed shaft part dataset.
All experiments were based on the same model architecture and training configuration to
ensure comparability of the results. Table 5 presents the recognition performance on the
three datasets.

Table 5. Recognition performance on the three datasets under our proposed feature recogni-

tion model.
Dataset Accuracy F1-Score
The feature recognition dataset of this study 99.21% 98.80%
MFCAD 94.32% 93.37%
MEFCAD++ 90.87% 89.85%

The above results show that our method achieved the highest recognition accuracy
of nearly 99% on the shaft part dataset. However, on public datasets such as MFCAD
and MFCAD++, which feature more complex characteristics and are primarily focused
on milling parts, the accuracy decreased compared to existing methods. This is mainly
because the public datasets contain a wider variety of part types, with more complex
feature morphologies and spatial relationships. In contrast, the design of our model is
more tailored to shaft parts, utilizing lower input feature dimensions and a lighter network
architecture. Consequently, it struggles to maintain the same level of performance in more
complex scenarios. Overall, the comparative experiments validate the high reliability and
accuracy of our method in the context of shaft parts, while also indicating that there is still
room for improvement in the recognition of complex milling-type parts.

We also conducted various ablation studies to evaluate the impact of node attributes,
edge attributes, and certain important attribute features on network performance. The
ablation experimental results for each model are presented in Table 6.

Table 6. Ablation study results for each model.

Network Attributes Accuracy
full attributes 99.21%
Feature recognition model without node attributes 39.37%
without edge attributes 98.23%
full attributes 98.58%
without machining feature type 83.41%
Feature machining decision model =~ without surface roughness and machining accuracy 59.18%
without machining accuracy 60.67%
without material type 65.57%
full attributes 96.87%
without node attributes 78.86%
Process route planning model without edge attributes 95.91%
without machining stage 96.52%
without machining feature 96.43%

For the feature recognition model, the removal of node attributes led to a significant
performance drop, indicating their critical role in distinguishing the geometric forms of
shaft-type features. In contrast, the impact of edge attributes was relatively weaker. For the
feature machining decision model, the absence of attributes such as machining accuracy,
material type, and related process properties noticeably degraded model performance.
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This demonstrates that these attributes are directly linked to the logic of machining scheme
selection and are core factors for the model’s decision-making accuracy. For the process
route planning model, node attributes also had a significant influence, as their removal
led to a substantial decline in planning accuracy. Comparatively, removing individual
node attributes like the machining stage or machining feature had a lesser effect on perfor-
mance. This is primarily because the results of process route planning are determined by a
combination of multiple feature attributes and process constraint relationships, exhibiting
stronger multi-factor coupling characteristics. Overall, the ablation experiments validate
the importance of various input attributes in different models. They also highlight that
model design must adequately consider the contribution of each attribute to its specific task.

5.3. Case Study

To verify the effectiveness of the proposed intelligent process planning method for
shaft parts based on multi-graph fusion, the typical shaft part shown in Figure 15 was
selected as a case study for full-process analysis and experimental validation.
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Figure 15. 3D model of the example part.

First, a 3D model is created based on the part engineering drawing, and corresponding
process information is assigned to each feature. During the creation of the 3D model,
features such as keyways, threads, chamfers, and fillets are removed. Subsequently, feature
recognition is performed to identify all features within the part. The recognition results are
shown in Figure 16. The model’s recognition results are consistent with the actual features,
indicating that the feature recognition model possesses strong capability in identifying
machining features.

Next, by inputting the feature recognition results and machining process information
into the feature machining decision model, the machining scheme for each machining
feature can be obtained. The machining scheme set for the features of this part is presented
in Table 7.
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Figure 16. Machining feature recognition results for the example part.

Table 7. Machining feature recognition results of the example part.

Feature Machining Scheme
End Face 1 Rough turning-Semi-finishing turning
End Face 2 Rough turning-Semi-finishing turning
Cylindrical Surface 1 Rough turning—Semi-finishing turning
Cylindrical Surface 2 Rough turning-Semi-finishing turning-Grinding
Cylindrical Surface 3 Rough turning-Semi-finishing turning—Grinding
Cylindrical Surface 4 Rough turning-Semi-finishing turning—Grinding
Cylindrical Surface 5 Rough turning—Semi-finishing turning
Cylindrical Surface 6 Rough turning—Semi-finishing turning
Cylindrical Surface 7 Rough turning-Semi-finishing turning-Grinding
Cylindrical Surface 8 Rough turning-Semi-finishing turning—Grinding
Cylindrical Surface 9 Rough turning—Semi-finishing turning
Conical Surface 1 Rough turning-Semi-finishing turning—-Rough grinding-Finishing grinding
Relief Groove 1 Rough turning
Relief Groove 2 Rough turning
Relief Groove 3 Rough turning
Relief Groove 4 Rough turning

Based on the machining scheme set, a machining unit set is constructed and input
into the process route planning model, thereby obtaining the predicted sequence of ma-
chining steps. Additionally, to meet the validation requirements of this study, the process
documentation for this example part was organized and structured, resulting in an actual
machining sequence derived from the experience of human process experts. A comparison
between the model-predicted sequence and the actual machining sequence is presented in
Table 8, from which it can be observed that differences occur mainly between the 14th and
27th machining steps, while the remaining steps are identical.

From the discrepancy analysis, it can be observed that after the “Cylindrical Sur-
face 9—Rough turning” step, the model tends to continue the rough machining phase,
thus sequentially scheduling steps such as rough turning of circular grooves and rough
turning of cones. In contrast, in the actual process, operators prefer to first complete the
semi-finishing of the external cylindrical surfaces by changing tools while maintaining the
original clamping setup, before proceeding with operations like rough turning of grooves
and cones.
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Table 8. Comparison between the predicted and actual machining sequences for the example part.

Predicted Machining Sequence

Actual Machining Sequence

End Face 1—Rough turning

End Face 1—Rough turning

End Face 2—Rough turning

End Face 2—Rough turning

End Face 1—Semi-finishing turning

End Face 1—Semi-finishing turning

End Face 2—Semi-finishing turning

End Face 2—Semi-finishing turning

Cylindrical Surface 3—Rough turning

Conical Surface 3—Rough turning

Cylindrical Surface 2—Rough turning

Cylindrical Surface 2—Rough turning

Cylindrical Surface 1—Rough turning

Cylindrical Surface 1—Rough turning

Cylindrical Surface 4—Rough turning

Cylindrical Surface 4—Rough turning

Cylindrical Surface 5—Rough turning

Cylindrical Surface 5—Rough turning

Cylindrical Surface 6—Rough turning

Cylindrical Surface 6—Rough turning

Cylindrical Surface 7—Rough turning

Cylindrical Surface 7—Rough turning

Cylindrical Surface 8—Rough turning

Cylindrical Surface 8—Rough turning

Cylindrical Surface 9—Rough turning

Cylindrical Surface 9—Rough turning

Relief Groove 1—Rough turning

Cylindrical Surface 4—Semi-finishing turning

Relief Groove 2—Rough turning

Cylindrical Surface 5—Semi-finishing turning

Relief Groove 3—Rough turning

Cylindrical Surface 6—Semi-finishing turning

Relief Groove 4—Rough turning

Cylindrical Surface 7—Semi-finishing turning

Conical Surface 1—Rough turning

Cylindrical Surface 8—Semi-finishing turning

Cylindrical Surface 4—Semi-finishing turning

Cylindrical Surface 9—Semi-finishing turning

Cylindrical Surface 5—Semi-finishing turning

Cylindrical Surface 3—Semi-finishing turning

Cylindrical Surface 6—Semi-finishing turning

Cylindrical Surface 2—Semi-finishing turning

Cylindrical Surface 7—Semi-finishing turning

Cylindrical Surface 1—Semi-finishing turning

Cylindrical Surface 8—Semi-finishing turning

Relief Groove 1—Rough turning

Cylindrical Surface 9—Semi-finishing turning

Relief Groove 2—Rough turning

Cylindrical Surface 3—Semi-finishing turning

Relief Groove 3—Rough turning

Cylindrical Surface 2—Semi-finishing turning

Relief Groove 4—Rough turning

Cylindrical Surface 1—Semi-finishing turning

Conical Surface 1—Rough turning

Conical Surface 1—Semi-finishing turning

Conical Surface 1—Semi-finishing turning

Cylindrical Surface 2—Grinding

Cylindrical Surface 2—Grinding

Cylindrical Surface 3—Grinding

Cylindrical Surface 3—Grinding

Cylindrical Surface 4—Grinding

Cylindrical Surface 4—Grinding

Cylindrical Surface 7—Grinding

Cylindrical Surface 7—Grinding

Cylindrical Surface 8—Grinding

Cylindrical Surface 8—Grinding

Conical Surface 1—Rough grinding

Conical Surface 1—Rough grinding

Conical Surface 1—Finishing grinding

Conical Surface 1—Finishing grinding

The case study demonstrates that the model-predicted machining sequence is highly
consistent with the actual machining sequence in terms of overall order. Both encompass
typical processes such as rough and semi-finishing machining and strictly adhere to the fun-
damental process principle of “roughing before finishing.” This indicates that the proposed
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process route planning model can not only effectively learn the topological dependencies
between machining steps but also maintain process rationality and execution norms during
sequence generation, thereby providing preliminary validation of the effectiveness of the
proposed method.

6. Conclusions

This study proposes an intelligent process planning method for shaft parts based on
multi-graph fusion, establishing a three-stage integrated technical system that progresses
from machining feature recognition to feature machining scheme decision-making, and
finally to process route planning. To support model training, a multi-source dataset cover-
ing feature recognition, scheme decision-making, and route planning was autonomously
constructed, addressing the gaps in process semantic annotation and missing process
parameters. Methodologically, a feature recognition model based on a GAT, a scheme
decision-making model based on an MPNN, and a process-constraint-aware GCN embed-
ding process rules were designed, achieving a unified representation of diverse process
information and the integration of process constraints. Experimental results show that the
proposed method can achieve fully automated conversion from a 3D model to a complete
process route without manual intervention. It attains a high level of feature recognition ac-
curacy, scheme decision-making rationality, and route planning consistency. The generated
machining sequences show strong alignment with real process sequences, significantly
enhancing the intelligence and industrial adaptability of process planning for shaft parts
and providing effective technical support for the development of intelligent manufacturing.

Although the method proposed in this paper has achieved significant results in exper-
imental validation, several issues remain for further research and refinement. First, it is
necessary to further enhance the model’s generalization ability for different types of parts
and more complex, diverse machining scenarios, thereby improving its applicability in real
industrial environments. Second, the interpretability and trustworthiness of the model
require further strengthening to meet the practical demands for decision transparency and
stability in industrial applications. Additionally, although the method has been validated
on public datasets and real part case studies, comprehensive industrial-level manufac-
turing validation—such as systematic testing on actual machining equipment or within
real production line environments—still poses certain challenges. This research is largely
constrained by the accessibility of real process data and manufacturing resources. Future
work will strengthen collaboration with industry to gradually introduce more real parts,
actual process plans, and manufacturing process data, enabling a more comprehensive
evaluation of the proposed method’s performance in real production environments.

At the same time, for the tasks of machining scheme decision-making and process
route planning, there is still a lack of structured, standardized, and publicly accessible
benchmark datasets. This limitation hinders systematic comparison and reproducibility
across different methods to some extent. Follow-up research will actively explore share-
able data organization formats, progressively improve the transparency of synthetic data
generation rules, and further validate and compare the proposed method based on avail-
able standard data. Ultimately, by integrating more efficient deep learning architectures,
richer representations of geometric and process knowledge, and continuous industrial
validation, we aim to build a more intelligent, reliable, and scalable automated process
planning system.
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