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Abstract. This paper presents a novel deployable mechanism for Urban Air Mobility (UAM) vehicles that supports propeller engines
in flight and folds compactly for ground transport. To optimize this complex system, a rigorous Integration of Computer-Aided
Design and Analysis (I-CAD-A) framework is developed in four sequential phases: 2D kinematic pre-dimensioning, detailed 3D
geometric modeling, Multi-Body Dynamic (MBD) simulations to identify operational loads, and Finite Element Analysis (FEA) for
structural verification. To bridge the critical data-transfer gap between dynamic MBD joint reactions and FEA structural boundaries,
this study introduces and evaluates three novel load-transformation techniques: the Direct Reactions Method (DRM), the Moments
Transformation Method (MTM), and the Loads Distribution Method (LDM). The proposed integrated approach yields a robust design
for the foldable opening mechanism that supports propeller engines in autonomous urban air mobility vehicles, which serves as the
paper’s case study. In particular, the numerical experiments demonstrate that the proposed I-CAD-A framework yields a structurally
sound, high-performance opening mechanism. Specifically, the proposed optimization process increased the minimum safety factor
from the critical failure state of 0.22 to the standard value of 1.50, while incurring only a marginal mass penalty of 7.77%. Beyond the
specific UAM application, this research provides a general, robust workflow for developing complex, articulated mechanical systems
comprising rigid and flexible bodies. This research, therefore, not only proposes a new design for a foldable opening mechanism
but also offers a detailed, structured, and robust methodology for developing complex mechanical systems composed of articulated
rigid-flexible bodies.

Keywords: Theoretical and Applied Mechanics, Mechanics of Machines, Integration of Computer-Aided Design and Analysis (I-CAD-
A), Computer-Aided Design (CAD), Multi-Body Dynamics (MBD), Finite Element Analysis (FEA), Urban Air Mobility (UAM).

1. Introduction

1.1 General Perspective and Main Motivations

Flying cars and self-driving technology are important research areas that represent a frontier in sustainable and safe mobility.
A system that combines these two technologies can decrease traffic, lower emissions, improve safety, and reduce the risk of acci-
dents [1-4]. In recent years, advances in technology, engineering, and materials science have made this vision more concrete. The
increasing demand for urban mobility solutions and rising road congestion has led to a growing interest in personal aerial vehicles
that can operate both on the ground and in the air [5-9]. The advent of flying cars is perceived as a potential solution to traffic con-
gestion in densely populated areas, offering a more expedient and flexible mode of transportation [10-13]. Nevertheless, this novel
mode of transportation presents a unique set of engineering challenges that must be addressed to guarantee the safety, dependabil-
ity, and practicality of these vehicles [14-16]. Among the numerous challenges inherent to the development of flying cars, the design
of propeller-folding mechanisms represents a particularly crucial aspect [17]. The ability of flying cars to transition between ground
and air modes is enabled by propeller-folding mechanisms that fold the propellers during ground operation and deploy them for
flight. The structural integrity of the propeller-folding mechanism is of paramount importance for the safe operation of flying cars,
as any failure in this system could result in catastrophic consequences during flight or while transitioning between modes [18-21].

The significance of propeller-folding mechanisms extends beyond the specific context of flying cars. Similar mechanisms are
employed in a variety of aerospace applications, including commercial and military aircraft, where spatial limitations necessitate
folding propellers to accommodate storage within confined spaces, such as hangars or aircraft carriers [22-24]. In all of these cases,
the mechanical system must be capable of withstanding substantial forces and moments due to external and internal excitation.
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Accordingly, the insights derived from this study may have broader applications in the field of aviation, extending beyond the do-
main of personal aerial vehicles.

The structural components analyzed in the present study include the most critical components, that is, the pins that connect
the various elements of the folding mechanism and the arm that transmits forces from the propeller to the vehicle body. These
components are subjected to a multitude of complex loads during operation, including bending moments, shear forces, and axial
loads [25-28]. Consequently, it is essential to ensure the strength and durability of these components, as they are instrumental to
maintaining the overall structural integrity of the propeller-folding mechanism. The failure of these components could result in a
loss of vehicle stability and safety, both on the ground and in flight [29, 30]. Therefore, a rigorous design methodology is fundamen-
tal. The goal is to analyze the mechanical behavior of components while accounting for all possible stresses acting on the system.
To ensure the integrity and durability of the mechanism, it is necessary to precisely describe the entire force field and evaluate the
effects these generate on the overall assembly. In this sense, integrating multibody analysis with the finite element method provides
a comprehensive and realistic view of the system behavior [31,32].

In the context of designing and analyzing complex articulated mechanisms, the integration of computer-aided design, multibody
dynamics, and the finite element method has become a widely adopted methodology due to its capacity to streamline the design
process and enhance the structural analysis of systems with multiple interacting components [33,34]. This hybrid approach allows
engineers to simulate the behavior of mechanical systems at various stages, from geometric modeling to the assessment of dynamic
performance and stress distribution under different load conditions [35,36]. In this vein, the folding propeller mechanisms of flying
cars represent a distinctive and intricate system that can benefit from a comprehensive design approach, given the interdependence
of structural, aerodynamic, and mechanical considerations. Thus, this is the comprehensive background in which this investigation
is conducted, thereby fulfilling the primary motivations mentioned above.

1.2 Literature Review

A synthetic literature survey pertinent to the topics of interest for this investigation is provided below.

The advent of flying cars is poised to revolutionize transportation, offering a new level of convenience and flexibility for per-
sonal travel [11, 37]. Nevertheless, for these vehicles to become a practical reality, they must comply with the rigorous safety and
performance standards that will undoubtedly be set forth [38,39]. It is, indeed, clear that creating vehicles capable of operating
on both the ground and in the air requires a new design approach. Starting from a detailed Computer-Aided Design (CAD) model,
multibody simulation allows for the definition of realistic kinematic and dynamic scenarios of engineering interest, from which the
most critical load conditions are derived [40,41]. To this end, developing a high-fidelity Multi-Body Dynamic (MBD) model represents
a fundamental step in the design process analyzed in this work. Subsequently, by applying the loads resulting from the multibody
analysis to a structural model constructed using the Finite Element Method (FEM), it is possible to investigate stress distributions,
deformations, and localized stresses, and to verify the structural integrity of the most solicited components. This integrated ap-
proach enables validation of system geometry and robustness by effectively combining CAD, MBD, and FEM models. For instance,
the combination of MBD and FEM models allows for identification of the forces acting on components and their distribution across
materials, thereby providing valuable insights into potential failure modes [42,43]. This dual approach is of paramount importance
for ensuring the safety and reliability of flying cars, where even minor design flaws can have significant consequences for safety and
vehicle performance.

Computer-Aided Design (CAD) is a pivotal tool in contemporary engineering, providing a platform for the creation, modification,
and analysis of three-dimensional models of mechanical systems [44,45]. Historically, CAD has evolved from a tool used primar-
ily for drafting and geometric modeling to an indispensable component of the product design and engineering process [46,47]. In
recent decades, significant advances in CAD technology have facilitated the creation of highly detailed models, which serve as the
basis for subsequent analysis. The aforementioned models provide the requisite geometric data for simulations to be performed
in Multi-Body Dynamics (MBD) and Finite Element Method (FEM) environments. More specifically, the integration of CAD into the
analysis of mechanical systems has been a topic of extensive exploration in recent literature. Pérez Bayas et al. posited that CAD
models facilitate not only the initial design process but also iterative testing and refinement when integrated with other analytical
tools [48].

In the context of flying cars, CAD software is instrumental for modeling the articulated mechanisms that fold and deploy the
propellers, where precise control over the geometry is paramount. Computer-aided design ensures the accurate representation and
subsequent analysis of complex shapes, such as those of the propeller arms and pins, in downstream processes. Moreover, the pre-
cision of the CAD model is directly proportional to the fidelity of both dynamic and structural simulations [49]. In [50], Louhichi et
al. highlight the importance of CAD precision, underscoring that minor discrepancies in the geometric model can lead to significant
differences in subsequent MBD and FEM analyses. For folding propeller mechanisms, it is therefore essential to model the pins,
arms, and joints with high precision to ensure the correct transfer of loads and the reliable operation of the system in both ground
and air modes. Additionally, CAD enables the expeditious fabrication of prototypes, thereby enabling designers to evaluate disparate
configurations and optimize the mechanism before commencing physical testing [51].

Multi-Body Dynamics (MBD) provides a framework for analyzing the motion and interactions of interconnected rigid and flexible
bodies within a mechanical system [52-55]. The utility of MBD in analyzing articulated systems has been well documented in the
literature. In the context of flying cars, MBD is paramount for understanding the dynamic forces and moments generated by the
propeller-folding mechanism during both deployment and retraction. The MBD approach enables simulation of the entire mecha-
nism operations, incorporating the forces acting on the joints and links as the vehicle transitions between flight and ground modes.
For example, Dietz et al. illustrated the use of MBD to determine dynamic loads in railway components, subsequently transferring
these loads to FEM for further structural analysis [56]. Similarly, Braccesi et al. underscored the benefits of employing MBD to sim-
ulate intricate mechanical systems and ascertain the reaction forces that shape stress distributions within the system [57].

The workflow discussed earlier is directly applicable to the design of flying cars, where MBD can be used to predict load distri-
butions and component interactions, including propeller arms, pins, and actuators, during the propeller-folding process. In the case
of folding propellers, MBD simulations help identify critical areas where high stress concentrations or mechanical instabilities may
occur, thereby informing the FEM analysis. Software such as MSC ADAMS is frequently used for these simulations, enabling engi-
neers to model both rigid and flexible bodies within the system [58]. The application of MBD enables the simulation of the complete
range of motions that the folding propeller mechanism will undergo during operation, including articulated and constrained me-
chanical systems subjected to friction forces [59], encompassing both static ground conditions and dynamic flight maneuvers [60].
Such capabilities are essential to ensuring the mechanism withstands the forces generated across all operational scenarios without
excessive wear or failure.

The Finite Element Method (FEM) is a widely used technique for structural analysis, particularly for complex geometries and
varying load conditions where analytical solutions are not feasible [61,62]. By dividing a structure into discrete components, the
FEM numerical approach enables engineers to assess the distribution of stress, strain, and displacement across the entire system.
In the CAD-MBD-FEM workflow, the FEM application represents the final step in assessing the ability of the propeller-folding mech-
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anism to withstand the loads and stresses identified in the MBD simulation. The work of Akgun et al. highlights the significance
of FEM in mechanical design, particularly in the context of systems comprising articulated mechanisms [63]. In another case study
analyzed by Pappalardo et al. [64], the authors employed the multibody dynamics approach to assess the reliability of scissor-lift
mechanisms by analyzing the dynamic behavior of the key mechanical components. This methodology is highly relevant to the
folding propeller mechanisms of flying cars. Similarly, Louhichi et al. propose that integrating FEM with CAD and MBD enables
iterative design refinement, in which stress analysis results inform the geometric model for further optimization [65].

Another challenge in this integration is modeling flexible components in MBD simulations, as traditional MBD tools are better
suited to rigid-body dynamics. In [66], Hamed et al. proposed that incorporating supplementary degrees of freedom to accommo-
date deformation modes could enhance the precision of these simulations. This is particularly pertinent to the folding propeller
mechanism, in which specific components may undergo both rigid-body motion and elastic deformation during operation. Addi-
tionally, integrating flexible bodies into the MBD model enables engineers to achieve a more accurate representation of the resulting
dynamic behavior. In [67], Sun et al. demonstrated the effectiveness of the finite element method in designing a flying car chassis.
This method enabled the development of a strong but lightweight structure. In [68], De Simone et al. proposed an advanced design
approach for the optimization of a vertical take-off vehicle, using an approach based on the Design of Experiments (DOE) technique,
applied to a parametric model developed in the SIMSCAPE MULTIBODY simulation environment. The optimal configuration was
then validated using an FEM model, enabling evaluation of the kinematic and dynamic behavior of this mechanism.

To conclude, the consistent body of literature discussed above testifies to the importance of the main topics addressed and solved
in this study.

1.3 Formulation of the Principal Research Questions of this Study

In mechanical and industrial engineering problems, designers use CAD (Computer-Aided Design) software that employs NURBS
(Non-Uniform Rational B-splines). NURBS enable the generation of smooth, elegant curves and surfaces, ensuring optimal represen-
tation of parts. Analysts, however, must transform these elegant but computationally inefficient representations into finite elements
to perform structural analyses using the FEM (Finite Element Method) [69, 70]. Finite element analysis and CAD are multi-billion-
dollar sectors, yet they do not truly interact. According to a 1999 study by the National Institute of Standards and Technology, the
lack of integration between CAD and analysis cost the U.S. automotive industry more than 600 million dollars per year [71]. Indeed, it
has been estimated that 60% of the total time required to carry out the analysis is spent converting the CAD model into one suitable
for FEA (Finite Element Analysis) [72]. This stage entails simplifying the complete CAD model to remove all components not required
for subsequent analyses, as well as identifying and correcting potential geometric issues [73,74]. The simplified model must then
be appropriately transferred to the analysis software, within which all connections among the various parts must be defined.

The ’pre-processing’ stage constitutes the actual bottleneck of the entire workflow described above, yet it is essential to reduce
computational time as much as possible [75]. Automating these phases would save time and, therefore, enable analysis results to
be obtained more rapidly. In this way, more analyses could be performed, and development could be pushed toward increasingly
complex and safer products. By contrast, 20% of the time is devoted to mesh generation and the subsequent manipulation stage.
This phase is essential because the element size must be selected to avoid making the model computationally burdensome while
preventing the analysis results from deviating too far from reality. The remaining 20% of the time is used for analysis, including
defining boundary and loading conditions and performing the solution phase of the mathematical model. Precisely because of this
difficulty, complex and innovative components are being designed less and less frequently. The approximately 80/20 modeling/anal-
ysis ratio is, therefore, a widespread industrial problem. There is a strong desire to reverse this trend; however, despite substantial
efforts, the progress achieved has been limited. The primary issue is the lack of integration between CAD and FEA, which researchers
are addressing by developing I-CAD-A (Integration of Computer-Aided Design and Analysis) environments [76,77].

The integration of CAD, MBD, and FEM software has been widely acknowledged as a practical methodology for optimizing com-
plex mechanical systems. CAD models provide the geometric foundation, MBD simulations offer insight into the dynamic loads
and interactions within the system, and FEM assesses the structural integrity of the components. This integrated approach not only
improves the efficiency of the design process but also enhances the accuracy of the final product. In [78], Perez Bayas et al. highlight
that integrating these tools enables a unified workflow that spans from initial geometric design to dynamic and structural analysis.
Braccesi et al. identified one of the principal challenges in integrating CAD, MBD, and FEM as the efficient communication between
software platforms [79]. To address this issue, they proposed a methodology in which the FEM mesh is generated directly from the
CAD model, obviating the need for additional simplifications. This reduces the time required to prepare the model for analysis and
minimizes the potential for errors during data transfer. This streamlined approach is particularly advantageous for applications
such as folding propeller mechanisms, where both dynamic and structural performance are of paramount importance.

Despite the clear advantages of these integrated environments, fully automating the design-analysis-redesign loop remains a
significant challenge and a primary focus of ongoing research. Implementing automated optimization algorithms, such as genetic
algorithms or gradient-based optimizers, to directly link MBD transient outputs to CAD parametric dimensions is often hindered by
geometric robustness and numerical stability issues during automated feature regeneration. The field still lacks standardized data
interoperability protocols that can handle the nonlinearities of complex deployable mechanisms without human intervention. This
complexity is further compounded by the uncertainties inherent in the design of high-performance mechanical systems, which
necessitate a cautious approach to automation to avoid propagating modeling errors [80]. However, effective methodologies for
integrated CAD-MBD-FEM analysis have been proposed in the literature, forming the basis of the present research [35]. This study,
in particular, focuses on developing a validated, high-fidelity manual iterative framework as a critical prerequisite. This baseline
is essential to ensure that the sensitivity of the foldable mechanism is fully understood before transitioning to fully automated
optimization loops in subsequent development phases.

1.4 Scope and Contributions of this Investigation

A new class of vehicles is emerging and defining a new type of personal and urban transportation. These vehicles, called flying
cars, are playing a leading role in the development of Urban Air Mobility (UAM). The aim is to develop vehicles that are capable
of both ground and air transportation. This makes it possible to decrease vehicular traffic and reduce emissions. Given the dual
application, it is necessary to achieve a strong, lightweight structure. From this perspective, this research proposes the design of
a deployable opening mechanism capable of supporting the engines of a flying car and, at the same time, folding during ground
transport, reducing the overall size of the resulting multifunctional vehicle.

The development of flying cars represents one of the most exciting challenges of modern engineering, with the potential to rev-
olutionize both urban mobility and personal transportation [81]. In this vein, the folding and deployment mechanisms for propellers
are critical, particularly during transitions between ground and air modes. The principal objective of this investigation is, therefore,
to design a mechanism for this particular application, with a focus on the structural integrity of the pins and the arm. Given the
structural role these components play in ensuring the reliability of the opening mechanism, a comprehensive design methodology
is needed to guarantee their performance under diverse load conditions.
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In the context of the present research, the use of advanced design and modeling techniques is essential. The design phases
can be divided into four macro-categories that iteratively follow each other: a) preliminary sizing with the Euler-Bernoulli beam
theory; b) geometric modeling based on CAD software; c) kinematic and dynamic modeling through MBD software; and d) strength
analysis using FEM software. This comprehensive analysis concentrates on the pivots of the mechanism, which not only support
the structure but also enable the rotation and movement required during deployment. The arm supporting the propulsion system
of the vehicle plays an equally important role. In particular, both components must be modeled and analyzed in detail to ensure
the system remains intact under operational stress.

To break down the barriers between engineering design and analysis, it is necessary to reconstruct the entire process while
maintaining compatibility with existing techniques. A fundamental step is to focus on a single geometric model that can be used
directly as an analysis model or from which the analysis models can be derived automatically. This will require replacing the tradi-
tional finite element representation with an analysis procedure based on the CAD representation. In this way, it will also be possible
to address the discrepancy between the geometric and analysis models [82]. This discrepancy often makes simulations difficult and
inefficient, especially when design parameters and the associated geometry must be repeatedly modified and updated [83]. The
lack of integration also renders optimization processes very slow and inefficient [84]. It is often necessary to solve an optimization
problem, such as minimizing a function subject to equality and inequality constraints [85]. To do so, the design-analysis-redesign
phases shown in Figure 1 must be carried out entirely manually.

CAD

FEM

Fig. 1. Challenges in the manual integration of CAD, MBD, and FEM computational methodologies.

One of the principal challenges in this study is accurately translating reaction forces and moments from the MBD model into
the FEM analysis. Despite the widespread use of integrated CAE environments, the current literature lacks a detailed, standardized
protocol for mapping transient dynamic reactions onto static structural meshes. While many studies use the general CAD-MBD-FEM
sequence, they often omit the specific mathematical or physical criteria that bridge these disparate simulation domains, treating
load transfer as a trivial secondary step. Furthermore, common commercial solutions typically rely on internal, flexible-body solvers
that employ automated model reduction. However, these black-box approaches often obscure the underlying load-distribution me-
chanics at the joint level and limit the designer’s control over interface behavior.

To address and resolve the issues mentioned above, the performance of three different approaches is examined in this investi-
gation: 1) the Direct Reactions Method (DRM), 2) the Moments Transformation Method (MTM), and 3) the Loads Distribution Method
(LDM). These innovative approaches represent three novel methods specifically devised in this investigation. Thus, to effectively
address the main issues considered in this study, three methodologies are proposed and distinguished, with a view to understand-
ing which best represents actual behavior from a stress-and-strain perspective. The comparative analysis presented in the paper
demonstrates how incorrect load assessments can lead to faulty system design. Furthermore, the Loads Distribution Method (LDM),
in which loads were applied as surface pressures across the pins, was identified as the most realistic simulation technique. This
approach reduced stress concentrations and provided a more accurate representation of the mechanical behavior of each structural
component. This methodology was employed for the final analysis of the pins and the arm, ensuring that all elements could with-
stand the operational loads.

This study presents the design of a deployable opening mechanism that supports the engines attached to the propellers of a
flying car and folds during ground transport, thereby reducing the overall size of the final vehicle prototype. To ensure the structural
integrity of the resulting design, which is the most fundamental feature of the proposed design, all components are assumed to be
made of metallic materials. An interesting direction for future work could be to fabricate the supporting arm from composite mate-
rials to reduce the weight of the mobile parts of the articulated system, while keeping the deployment system metallic to maintain
overall structural strength. Thus, in a future extension of the research, the connection between the two components will be studied
as a glued joint using cohesive models [86-88].

Itis important to emphasize that the methodology presented herein is centered on virtual prototyping, a strategic paradigm shift
in aerospace engineering that aims to validate complex kinematic architectures before allocating manufacturing resources. Using a
high-fidelity, integrated CAD-MBD-FEM environment, the design space is explored and structural risks are mitigated cost-effectively,
thereby addressing the current lack of comparative benchmarking for existing electric Vertical Take-Off and Landing (eVTOL) foldable
mechanisms. However, this is a direct consequence of the Urban Air Mobility sector’s technological maturity. At present, the vast
majority of academic research focuses on operational aspects such as acoustic signatures, urban integration, and communication
infrastructure. At the same time, the structural and mechanical details of commercial prototypes are strictly protected by corporate
confidentiality. As this technology transitions from conceptual development to certification, the public availability of such data is
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expected to increase. In this context, the present study establishes a necessary numerical baseline for the subsequent phase of the
project, which involves constructing physical demonstrators. These functional prototypes will provide the experimental validation
and empirical correlation required to finalize the design for flight testing, effectively bridging the gap between the digital twin and
the physical aerospace component.

As explained above, this subsection concisely summarizes the broad scope and the main contributions of the present investiga-
tion, which are discussed in detail throughout the paper. In summary, the main original contributions of this work are as follows: ()
the development of a complete CAD-MBD-FEM workflow for the virtual prototyping of a deployable propulsor-support mechanism,;
(I) the formulation and comparison of three load-transfer strategies for mapping MBD joint reactions into FEM boundary/loading
conditions; (III) the identification of the Loads Distribution Method as the most physically representative approach for pin verifica-
tion; and (IV) the iterative structural redesign of the critical pins and support arm until the prescribed safety-factor requirement is
achieved.

1.5 Organization of the Manuscript

In addition to Section 1., which serves as an introduction to this work, this paper is organized as follows. Section 2. lays the foun-
dation for the background material and describes the computational methods used, which together define the proposed integrated
methodological approach that leads to a combined CAD-MBD-FEM technique. Section 3. defines the central concept of the present
design and describes the key elements to be addressed and verified with subsequent analysis. Section 4. provides a clear presenta-
tion of the numerical results obtained in this research across the different environments and is entirely dedicated to the discussion
of the final results from the implementation of the proposed CAD-MBD-FEM methodology. Finally, Section 5. provides a summary
of the findings of this work, the main conclusions, and an outlook on future research directions for the design and optimization of
articulated mechanisms using the integrated CAD-CAE methodology proposed herein.

2.Background Materials, Computational Methods, and Proposed Approach

2.1 Perspective on Computer-Aided Engineering (CAE)

This section provides an overview of the background materials and computational methods used in this investigation, with spe-
cial attention to the fundamental issues encountered in modern Computer-Aided Engineering (CAE) design and synthesis problems.
In particular, the discussion below focuses on the Integration of Computer-Aided Design and Analysis (I-CAD-A). This advanced ap-
proach synergistically integrates apparently incompatible tools from Computer-Aided Design (CAD), Multibody System Dynamics
(MSD), and Finite Element Analysis (FEA). Some general perspectives on this problem are presented herein, while the subsequent
parts of this section summarize the typical features of the mathematical approaches that underlie Computer-Aided Design (CAD),
Multibody System Dynamics (MSD), and Finite Element Analysis (FEA). In addition, the last part of this section presents the approach
adopted throughout this study to achieve the desired Integration of Computer-Aided Design and Analysis (I-CAD-A).

Furthermore, this section establishes the integrated theoretical foundation required to navigate the multidisciplinary complex-
ity inherent in the design and validation of deployable propulsor support systems. To enable a rigorous transition from conceptual
modeling to high-fidelity virtual prototyping, it is essential to delineate the fundamental principles of CAE, CAD, MBD, and FEM as
they pertain specifically to this aerospace application. The following subsections provide a structured roadmap of the methodolog-
ical pipeline, beginning with a precise geometric definition in a CAD environment and progressing to multibody dynamics needed
to capture the complex mechanism’s dynamic response. This is ultimately coupled with advanced finite element methods to assess
structural integrity under rigorous operational loads. By providing this theoretical background at the outset, the manuscript ensures
that the reader possesses the necessary conceptual tools to appreciate the sophisticated synergy required for the successful devel-
opment of the complex deployable systems presented in the subsequent research results.

In recent years, Computer-Aided Engineering (CAE) has become a cornerstone of structural design, allowing for systematic ex-
ploration and optimization of complex mechanical systems [89]. Despite these advances, contemporary workflows remain fun-
damentally constrained by the interplay among high-fidelity simulation, design representation, and optimization in the presence
of strongly nonlinear structural responses. In structural optimization, nonlinear behavior undermines the effectiveness of clas-
sical optimization strategies. Although adjoint formulations offer theoretical efficiency for large-scale sensitivity analysis, their
robust implementation remains challenging for nonlinear transient problems with discontinuous updates, evolving damage, and
component optimization. Another persistent methodological limitation lies in design parameterization. Topology and shape opti-
mization depend critically on the representation of geometry and material distribution. These limitations indicate that advances
in computer-aided engineering are challenged not only by computational cost but also by deeper methodological issues, including
nonlinear model complexity, numerical sensitivity, optimization tractability, and representational fidelity. Most of all, a fundamen-
tal issue is the incompatibility between the mathematical formulations that characterize the computational environments used for
geometric design, kinematic and dynamic analysis, and structural strength verification.

In modern mechanical engineering, the Integration of Computer-Aided Design and Analysis (I-CAD-A) is severely limited by in-
compatibilities arising from different computational representations and numerical requirements across Computer-Aided Design
(CAD), Multibody System Dynamics (MSD), and Finite Element Analysis (FEA). In general, CAD systems primarily use boundary rep-
resentations and parametric, feature-based models built with trimmed NURBS surfaces and topological entities. These models are
designed to preserve the original design intent rather than to focus on computational stability. In contrast, MSD solvers typically
require precise, robust geometric descriptions that are well-defined and suitable for both rigid-body dynamics and flexible-body
formulations. Small gaps, component overlaps, redundant features, and ambiguous contact surfaces generated by CAD kernels
can destabilize constraint enforcement, contact detection, and numerical integration. Furthermore, FEA introduces an additional
layer of incompatibility because it depends on meshable solid domains and well-conditioned discretizations. Also, CAD models
frequently exhibit non-manifold edges, sliver faces, small radii, and geometric degeneration that obstruct automated meshing and
degrade element quality, leading to ill-conditioned stiffness matrices and convergence failures. Moreover, translating CAD geometry
via neutral formats, e.g., STEP or IGES, often results in the loss of parametric constraints, tolerance inconsistencies, and corrupted
topology, which propagate differently through the MSD and FEA preprocessing pipelines. This incompatibility is exacerbated when
flexible multibody dynamics are sought, since mapping between CAD-based geometry, FEA-derived reduced-order models, and MSD-
compatible body representations requires consistent reference frames, material metadata, and interface definitions that are not
natively supported across tools. Consequently, I-CAD-A workflows remain sensitive to geometric fidelity, kernel-dependent toler-
ances, and incompatible abstraction levels, requiring extensive manual healing, defeaturing, and reconciliation to achieve robust
interoperability.

Journal of Applied and Computational Mechanics, Vol. xx, No. x, (2026), 1-34



6 Carlos Pérez Carrera et. al., Vol. xx, No. x, 2026

2.2 Overview of Computer-Aided Design (CAD)

In mechanical engineering, CAD software is a tool used for solid modeling and geometrically representing objects with complex
three-dimensional shapes. This approach is indeed used in various fields, both engineering and non-engineering. A CAD tool allows
for precise modeling of the geometry of components that form a mechanical system, thereby creating an assembly, checking for
interference, and verifying the manufacturability of the virtual prototype devised for a new product. For these reasons, CAD modeling
plays a fundamental role in the modern mechanical engineering industry.

To accurately represent a three-dimensional object, CAD programs mainly use a mathematical representation based on the Non-
Uniform Rational B-spline (NURBS) [90]. For the sake of demonstration, consider a space of dimension d = 3. From a mathematical
point of view, the parametric equations of a curve described by a vector C(u) of dimensions d x 1 based on the NURBS representation
are reported below:

k
C(u) =>_ Ri(u) P; (1)
i=1
being: wiNen(a)
Ri(u) = —————— @

k
>~ wpNp,n(u)
p=1

where v is the curve intrinsic parameter, : is an integer index, P; are the control points of the parametric curve C(u), w; are the
weights associated with the control points, N; ,,(u) are the B-spline basis functions having degree n, and k is the number of knots
along the curve direction. The control points represent geometric coefficients of the curve, which, together with the weights, the
basis functions, and the knot vector that governs their parameterization and range of influence, determine the three-dimensional
shape of the curve. Basically, the curve is a linear combination of the rational basis functions, in which the basis functions in u
define the variation along the intrinsic curve direction.

On the other hand, the parametric equations of a NURBS surface described by a vector S(u, v) of dimensions d x 1 can be obtained
as the tensor product of two NURBS curves. By doing so, using two independent control parameters u and v, which are respectively
associated with subscripts ¢ and j, it is possible to get the following formulation:

S(u,v) = Z

i=1j

l
Rij(u,v) Py ; ®3)

=1

being:

Wi j Ni,n(u)Nj,m(U)

k 1
> 2 wp,gNp,n(u)Ngm(v)
p=1g=1

R j(u,v) =

(4)

where v and v are the surface intrinsic parameters, i and j are integer indexes, P; ; are the control points of the parametric sur-
face S(u,v), w;,; are the weights associated with the control points, N; ,,(u) and Nj ., (v) are the B-spline basis functions having
respectively degree n and m, and k and [ are the number of knots along the two surface directions. Thus, the surface is a bilinear
combination of the rational basis functions in the two directions, in which the basis functions in « define the variation along one
intrinsic surface direction, while those in v define the variation in another intrinsic surface direction.

In summary, NURBS form a unified mathematical framework for representing and manipulating parametric curves and surfaces
with high geometric fidelity. They generalize polynomial B-splines by incorporating rational weighting, enabling the exact repre-
sentation of conic sections and quadratic geometries while retaining the locality, smoothness control, and numerical stability of
spline bases. A NURBS entity is defined over a non-uniform knot vector and a set of weighted control points, whose blending func-
tions determine the shape and continuity. This formulation supports efficient refinement, stable evaluation, and precise continuity
management for CAD modeling.

2.3 Overview of Multibody System Dynamics (MSD)

In modern mechanical engineering, multibody systems are a broad class of articulated mechanical systems that encompass
mechanisms and machines [91]. More specifically, multibody systems are characterized by three fundamental features: 1) compo-
nentbodies (rigid or flexible); 2) kinematic joints (ideal or real); 3) mechanical actions (internal or external). Thus, a multibody system
can be thought of as a set of rigid or deformable mechanical components interconnected with each other by kinematic constraints
and subjected to generalized force fields and/or applied forces. A schematic representation of the mechanical model of a typical
multibody system is shown in Figure 2.

From a general perspective, Figure 2 schematically shows that a multibody system is a complex mechanical system composed
of several elements. Specifically, this analysis includes rigid bodies, holonomic or nonholonomic kinematic constraints, nonlinear
force fields or elements, and external actuators or control sensors. In the case of rigid multibody systems, the kinematics of a rigid
body is entirely defined by that of a body-fixed reference system attached to each body. As a result, the local position of an arbitrary
material point P belonging to the rigid body is described in terms of the location and orientation of the body-fixed frame of reference.
The mathematical reference tool used for this purpose is known as the fundamental equation of rigid kinematics, which is defined
as follows:

r(P) = R+ u(P) = R+ Au(P) (5)

where d = 3 is the space dimension, r(P) represents the global position vector having dimension d x 1 of the material point P
attached to the rigid body, R denotes the global position vector having dimension d x 1 of the origin O of the body-fixed reference
system, u(P) is the global position vector having dimension d x 1 of the material point P, A is the rotation matrix having dimension
d x d of the rigid body, and @(P) is the local position vector having dimension d x 1 of the material point P. It is worth noting that,
from a mathematical perspective, Equation (5) can be interpreted as a field equation that relates the local position vector of the
material point P to its global counterpart.

Additionally, the velocity and acceleration fields of the rigid body can be readily determined analytically by evaluating the first
and second derivatives of the rigid body position field with respect to time as v(P) = »(P) and a(P) = ¥(P) = #(P). In order to
achieve this, one can write:

v(P)=R+wxu(P)=R+ A(® x a(P)) (6)
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Fig. 2. Schematic representation of a multibody mechanical system model.

and
a(P)=R+axu(P)+wx (wxu(P) =R+ A(ax a(P)+ A(@ x (@ x a(P))) ?)

where v(P) and a(P) respectively represent the global velocity and acceleration vectors having dimension d x 1 of the material point
P attached to the rigid body, R and R respectively denotes the global velocity and acceleration vectors having dimension d x 1 of
the origin O of the body-fixed reference system, w and @ respectively identify the global and local angular velocity vectors having
dimension d x 1 of the rigid body, whereas o and & respectively define the global and local angular acceleration vectors having
dimension d x 1 of the rigid body. In analogy with Equation (5), Equations (6) and (7) can be interpreted as field equations that
relate the local position vector of the material point P to its corresponding global velocity and acceleration vectors, respectively.
Furthermore, although the second formulations in Equations (5), (6), and (7) are mathematically equivalent to the first formalism, it
is more convenient to employ them in the kinematic description of complex multibody systems.

On the other hand, it can be readily demonstrated that the velocity and acceleration fields of a rigid body can be respectively
expressed as linear functions of the generalized velocities and accelerations as follows:

v(P) = L(P)q, a(P)=L(P)§+L(P)¢ ®)

q{‘:] ©)

where p is the number of orientation parameters assumed in the kinematic description of the rigid body, ny = d, n. = p, and
np = ng + n, respectively denote the total number of displacement, rotational, and generalized coordinates of the rigid body, ¢ is the
body generalized coordinate vector having dimension n;, x 1, R and 0 respectively define the displacement and rotational coordinate
vectors of the rigid body having respectively dimensions n4 x 1 and n, x 1, and L(P) represents the Jacobian matrix having dimension
d x n; of the rigid body position field.

The Jacobian matrix of the rigid body position field, represented by L(P), is a matrix that describes the linear transformation of
the coordinates of a rigid body in the space of dimension d and is explicitly given by:

being:

LP)=[1 AaT(P)G ] (10)

where I represents the identity matrix having dimension d x d, @ (P) identifies the skew-symmetric matrix having dimension d x d
associated with the cross product per the local position vector @(P) of the material point P, and G denotes the transformation
matrix that enables the representation of the local angular velocity vector of the rigid body @ as a linear combination of the body
rotational coordinates time derivatives 6.

The equations of motion of a rigid multibody system can be systematically derived from the fundamental principles of analytical
dynamics, yielding a nonlinear system of differential-algebraic equations composed of n, differential equations and n. algebraic
equations, where n, is the total number of system generalized coordinates and n. is the total number of system algebraic constraints.
By applying these principles in conjunction with the mathematical technique of analytical dynamics, which introduces Lagrange
multipliers, the differential-algebraic equations of motion for the multibody system under study are obtained. By so doing, the
differential-algebraic set of dynamic equations expressed in configuration space assumes the following so-called index-3 form:

{ Mg =Q,+Q.—CIA a1
CcC=0

where M denotes the system mass matrix of dimensions ng x ng, Q. is the system quadratic velocity vector of dimensions nq x
1 capturing the centrifugal and Coriolis inertia terms, Q. represents the generalized external force vector of dimensions ng, x 1
associated with the conservative and nonconservative mechanical actions, and C, = 8C/dq identifies the constraint Jacobian
matrix of dimensions n. x nq derived from the total constraint vector C of dimensions n. x 1, which encapsulates all kinematic joint
constraints and is related to the additional vector of unknowns X of dimensions n. x 1, which contains the Lagrange multipliers
associated with these constraints.

As mentioned above, the system equations of motion given by Equation (11) represent a set of index-3 differential-algebraic
equations. These equations can be transformed into their index-1 counterpart by replacing the position-level algebraic equations
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with their acceleration-level counterparts, obtained by taking the second time derivative of the mathematical equations that describe
the kinematic constraints. By doing so, one obtains the following equivalent form of the dynamic model describing the multibody
system under study:
P _cT
{ Mg =Q,+ Q. ~ CFA 12

qu =Qq

where Q, represents the system quadratic velocity vector of dimensions n. x 1 containing the algebraic constraint analytical terms
that are quadratic. Thus, Equation (12) represents a set of index-1 differential-algebraic equations of motion and encompasses all
the kinematic constraints meaningful for performing the dynamic analysis.

In constrained multibody dynamics based on the index-1 form of the equations of motion, numerical time integration generally
fails to preserve the algebraic constraint manifolds exactly, leading to minor time discretization errors that accumulate into con-
straint drift and progressively violate position-level and velocity-level constraints unless corrective measures are applied. In other
words, standard time integrators do not preserve algebraic joint constraints exactly, so truncation errors accumulate, and the state
drifts off the constraint manifold unless stabilization or projection is used. Therefore, two fundamental approaches are used to
address this issue: the augmented formulation and the embedding technique.

The augmented formulation enforces constraints via Lagrange multipliers, yielding a sparse set of differential-algebraic equa-
tions that provide reaction forces and broad applicability. Still, it can enlarge the system, be ill-conditioned, and typically require
drift control. On the other hand, the embedding technique absorbs local loop-closure constraints into an equivalent tree model,
enabling recursive dynamics. Yet, it is mainly effective for local closures and may face rank changes or singular configurations.
Furthermore, both approaches must be used in conjunction with a constraint stabilization method, such as the robust generalized
coordinate partitioning method or the direct correction method [92].

Adopting the augmented formulation, the nonlinear differential-algebraic equations of motion can be arranged in the following

Q’U + QE

compact form:
M cCTf g |
c, O A Qa4

Solving the linear system of algebraic equations encapsulated in Equation (13) provides both the generalized acceleration vector
¢ and the Lagrange multiplier vector A. The Lagrange multipliers are essential for determining the generalized constraint force
vector, while the system generalized accelerations facilitate the use of standard numerical integration to advance the simulation
in time. By so doing, dynamical simulations based on the equations of motion of a multibody system can be readily carried out,
thereby exploring several engineering scenarios of practical interest.

(13)

2.4 Overview of Finite Element Analysis (FEA)

The Finite Element Method (FEM) is a computational approach that divides the geometry of a mechanical system into discrete
regions, or elements, to facilitate the numerical solution of complex mechanical problems that are typical of structural engineering.
Over the years, several types of two-dimensional and three-dimensional finite elements have been developed within the field of
finite element technology [93]. Thus, the Finite Element Method (FEM) represents a comprehensive computational tool for structural
analysis of mechanical components with complex geometric shapes and realistic material properties.

In this study, a quadratic tetrahedral element, shown in Figure 3, is employed in the finite element discretization, whose geometry
is defined by nodes at its vertices and midpoints alongits edges, thereby enabling the capture of positions and displacement gradients
at the finite element nodes with enhanced precision.

4 (X4,Y4,24) 4

(x,y,2)
(¢17 42 {37 C4) 10

1 IS g p-===== 3 .
(x1,¥1,21) (x3,¥3,23) 5
(1,0,0,0) (0,0,1,0)

VA > 6

y (XZJ Y2, ZZ) 1

X (0,1,0,0) 5 g
(a) Dimensionless volume coordinates. (b) Finite element nodes.

Fig. 3. Dimensionless volume coordinates and location of nodes in a quadratic tetrahedron finite element. (a) Quadratic tetrahedron dimensionless
volume coordinates. (b) Quadratic tetrahedron finite element nodes.

As illustrated in Figure 3a, the four natural or tetrahedral coordinates of the quadratic tetrahedral element are respectively
denoted with (i, ¢2, ¢3, and (4. In the case of a quadratic interpolation, there are 10 nodal unknowns, one at each of the nodes
indicated in Figure 3b. More specifically, observing Figure 3, the nodes 1, 2, 3, and 4 correspond to the corner nodes, whereas the
nodes 5, 6, 7, 8,9, and 10 are located at the midpoints of the edges of the tetrahedron.

The dimensionless volume coordinates of the quadratic tetrahedron finite element shown in Figure 3 are defined as:

Vi Va V3 Vy
== (g=-—,(=-—,4=— 14
G v C2 v (3 v Ca v (14)
where V;, i = 1,2, 3,4 is the volume of the tetrahedron associated with the material point P and the vertices other than the vertex 4,
and V is the total volume of the tetrahedron element defined by the vertices 1, 2, 3, and 4. The aforementioned volume coordinates
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can be mathematically expressed as:

1 1 1 1 1 ¢1
T _ T1 X2 XT3 T4 2 (15)
Yy Y1 Y2 Y3 Y4 ¢3
z 21 z2 23 24 Ca |
which leads to: )
G 6Vi Lix Li2 Li3 1
(o _ 1 | 6Va Lzn Loz Lags x (16)
(3 6V | 6V3 Lsi1 Lz2 L33 Y
Ca 6Ve La1 Lao Lags L 2
where: 1
11 1 1 6Vi Li1 Li2 Ligs
1 X2 T3 X4 :i 6Va L2y Lao Lag (17)
Y1 Y2 Y3 Y4 6V 6Vs Lz1 L322 L33
Z1 22 z3 zZ4 6Vy L4,1 L4,2 L4,3

being z;, vi, zi, ¢ = 1,2, 3,4 the Cartesian coordinates of the tetrahedron corner nodes 1, 2, 3, and 4 [94].
In general, by using the principle of separation of variables, the displacement field of a given tetrahedral finite element can be
written in terms of the nodal coordinates, as well as by using the set of shape functions, as follows:

r(P) = N(P)e (18)

being:
N(P) = [ Ni(P)T No(P)I ... N10(P)I] (19)

where d = 3 is the space dimension, n; = 10 is the number of nodes equal to the number of shape functions associated with the
quadratic tetrahedron, n. = dny = 30 denotes the total number of nodal coordinates associated with the nodal displacements, r(P)
is a d x 1 vector describing the global position vector of an arbitrary material point P belonging to the volume of the tetrahedral finite
element, N(P) is a d x n. matrix containing the element shape functions N (P), k = 1,2,...,n; depending on the material point
P, I stands for the identity matrix of dimensions d x d, and e is a n. x 1 vector containing the finite element nodal coordinates. The
analytical form of the quadratic tetrahedron shape functions Ny (P), k =1,2,...,n; is provided below:

N1(P) = ¢1(2¢1 — 1), N2(P) = (2(2¢2 — 1) (20)
N3(P) = (3(2¢3 — 1), Na(P) = Ca(26s — 1)

and
N5(P) = 4¢1¢2, No(P) = 4¢2(3
N7(P) = 4¢1¢3, Ns(P) = 4C1¢4 (21)
No(P) = 4¢2G4, Nio(P) = 4¢3Cs

Furthermore, in the case of the quadratic tetrahedral finite element employed in this work, the nodal coordinate vector denoted
with e can be written as:

e=[ T T . o] (22)
where r,, kK = 1,2,...,n; are the global position vectors of the generic nodal points labeled with the integer k of the quadratic

tetrahedral finite element shown in Figure 3.

Consider now a finite element mesh made of N, finite elements, in which the integer j identifies the specific element referred to
in the present analysis. In the context of static structural analysis, the primary objective is to determine the equilibrium configuration
of the mechanical system under specified external loads and boundary conditions. In the absence of significant inertial effects, the
equilibrium equation can be written as follows:

Qb:Qs +Qe:0 (23)

where n, is the total number of generalized coordinates of the finite element mesh, Q, represents the total vector of generalized
external forces of dimensions nq4 x 1, Qs is the vector of generalized elastic forces having dimensions n, x 1 derived from the element
elastic deformation, and Q. is the vector of applied external forces of dimensions n, x 1. Assuming a linear elastic problem, the
generalized elastic force vector Q; of the finite element mesh can be approximated, retaining only its linear mathematical part, as
follows:

Qs ~ —Kgq (24)

where g is an ng x 1 vector containing all the nodal displacements of the finite element mesh, representing the total set of generalized
coordinates, and K is the stiffness matrix of the finite element mesh having dimensions n, x ny. When the approximation of
Equation (24) is combined with the equilibrium conditions given in Equation (23), one obtains:

Kq=Q-. (25)
As mentioned before, K is the ng x nq stiffness matrix of the finite element model, constructed by assembling the stiffness
matrices of individual elements and incorporating the boundary conditions, and g represents the total vector of nodal coordinates.

For each tetrahedral finite element j that forms the final structural mesh of N, elements, the element stiffness matrix K; having
dimensions ne X n. is computed as follows:

Kj:/v LT E;L,;dV;, j=1.2,...,N. (26)
b,j
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where V}, ; is the total volume of the continuous body j, E; represents the matrix of elastic coefficients of dimensions 2d x 2d defined
in accordance with the Voigt notation for the material stress-strain relationship of element j, and L, ; denotes a matrix of position
vector gradients having dimensions 2d x n., which are derived from the shape functions of the quadratic tetrahedral finite element.

Under the assumption of linear elastic behavior and in the presence of small deformations, the material properties of each
element j are defined by the modulus of elasticity £; and Poisson ratio v;. Thus, the elasticity matrix E; is given by:

A; O
Ej=c;| ‘7 . i=1,2,...,N. (27)
Yl
being:
1—vy vj vj
Aj: vy 1—l/j vj ) j:1,2,...,Ne (28)
L Y vi  1-wv;
and 1 . 0
B_j — 0 1-2v; 0 R ] = 1,27...,Ne (29)
L o 0o 2]

where O is a null matrix of dimensions d x d and C; is an elasticity constant of the finite element j defined as follows:

E.
Ci=—9 i=1,2...,N, 30
T Uty (—20p) (30)

Additionally, the gradient matrix L, ; associated with the finite element j is mathematically formulated as:

T )
'r?ij,J
"’yT,ij
r. N, ;
J— z,J »J L
L,;= +T N ?+’I‘TN ) , J=1,2,...,Ne (31)
2,51V Yd REAED
T . T .
Ty, Nzj +7; Nz

T . T .
Tyysz,] +7‘z,jNyv]

where r; ; = 0r;/0z, ry; = Or;/dy, and r. ; = Or;/0z represent the components of the global position vector gradients in the
direction of each spatial coordinate of the element j, while N, ; = dN;/8z, N, ; = ON;/0y, and N, ; = 9N, /0z are the partial
derivatives of the shape function matrix of the element j in the corresponding directions.

The final equilibrium configuration is obtained by solving the resulting system of linear algebraic equations. Thus, the finite
element analysis methodology is applicable to a range of element types. However, in this study, the quadratic tetrahedral element
is employed to achieve greater precision in structural response modeling.

2.5 Proposed Approach for Integration of Computer-Aided Design and Analysis (I-CAD-A)

The Integration of Computer-Aided Design and Analysis (I-CAD-A) refers to the smooth combination of CAD (design) and CAE
(analysis, synthesis, and simulation) tools. It allows engineers to create, evaluate, and enhance products within a single cohesive
platform. Computational methods such as the Absolute Nodal Coordinate Formulation (ANCF) and Isogeometric Analysis (IGA) of-
ten link geometric models directly to analysis meshes. The goal of this integration is to facilitate a seamless workflow from initial
design and virtual testing to manufacturing. Therefore, this integration will eventually eliminate data translation issues, improve
accuracy, and accelerate product development by providing real-time performance feedback on designs. The main features of the
computational approaches aimed at achieving the I-CAD-A are discussed below.

In the literature, one proposed solution to the I-CAD-A is a mechanics-based unification strategy that eliminates the conventional
CAD-to-analysis translation paradigm by adopting the ANCF approach as a common geometric-computational representation. This
approach directly addresses the root cause of I-CAD-A failure, which is not merely file-format incompatibility. Instead, the deeper
inconsistency lies between tolerance-driven CAD models and trimmed NURBS boundary representations, constructed to preserve
design intent, and the requirements of multibody dynamics and finite element analysis, which demand numerically robust, topo-
logically consistent, and discretization-ready domains. This approach exploits the isoparametric property of ANCF finite elements,
in which the same interpolation functions define both geometry and deformation, allowing ANCF elements for beams, plates, and
shells to serve simultaneously as curve/surface generators and as analysis-ready continuum discretizations.

By adopting a consistent geometric representation, such as the ANCF, the fragile, error-prone sequence of geometry healing,
meshing, and model reduction is replaced with a single-source description in which kinematics, inertia, and elasticity are embedded
directly in the geometric representation. In this framework, flexible multibody dynamics, contact, and constraints are formulated
consistently in the same nodal coordinate space used to define geometry, enabling high geometric fidelity without sacrificing the
numerical conditioning required for MSD and FEA. Consequently, this solution for the I-CAD-A is not a translator but a reformula-
tion, namely a unified computational geometry that inherently supports both finite element discretization and multibody system
dynamics within a single mathematically coherent model.

The computational formulation mentioned above for the I-CAD-A is very effective and will eventually lead to modern mechani-
cal engineering tools. However, this approach is extremely radical and does not allow for exploiting existing high-performance CAE
tools to integrate CAD-MBD-FEA engineering analysis. On the other hand, another possible approach for achieving the I-CAD-A is to
adopt a sequential computational framework based on the linear theory of elastodynamics. The linear theory of elastodynamics is
formulated as a practical partitioned approach for incorporating structural flexibility into multibody system simulations while pre-
serving the computational efficiency of classical rigid-body dynamics. The central assumption is that the rigid-body motion of each
component, including the evolution of body-fixed reference frames and orientations, is first determined using standard multibody
equations of motion, with kinematic constraints enforced at the system level. The elastic deformation field is not solved concur-
rently with the rigid motion. Instead, it is reconstructed in a postprocessing stage by treating each flexible component as a linear
elastic continuum subjected to the previously computed rigid-body kinematics. In this setting, deformation is assumed small rela-
tive to the overall motion, thereby justifying the use of linear elastodynamic field equations and structural dynamic discretizations
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based on finite elements or truncated modal expansions with constant mass and stiffness operators.

It is important to note that the sequential decoupling approach based on linear elastodynamics yields a substantial reduction
in computational complexity, mitigates numerical stiffness, and enables the direct reuse of well-established rigid-body integration
algorithms and constraint enforcement procedures. The approach is, nevertheless, constrained by its underlying linearization and
the absence of strong two-way coupling during time integration. Consequently, its predictive accuracy diminishes when geomet-
ric nonlinearities, large elastic strains, or pronounced inertial-elastic interactions become significant. Under such conditions, as
discussed above, fully coupled nonlinear elastodynamic formulations are required to capture the interaction between rigid-body
motion and structural deformation.

To summarize, this investigation adopts a sequential approach grounded in the linear theory of elastodynamics, resulting in an
integrated methodology that combines CAD, MBD, and FEM simulations, as schematized in Figure 4. This iterative process repre-
sents a practical approach that can be applied to analyze mechanical systems, where reliability and durability are fundamental, as

discussed in detail below.
Start

A
Initial Dimensioning

CAD Model Development

\
MBD Model Development

FEM Model Development

Design Criteria
Sym= Oy,

Y

Geometry Update Final Design
(Return to CAD)

Fig. 4. Schematic flowchart representing the integrated CAD-MBD-FEM methodology adopted in this investigation.

The schematic representation of this methodology, as outlined in Figure 4, provides a visual illustration of its fundamental steps
and their interrelationships. This approach enabled the assessment of both the forces acting on the system and the structural re-
sponse of individual components, thereby establishing an integrated CAD-MBD-FEM framework for the virtual prototyping of a new
deployment mechanism for a foldable propulsor support in urban air mobility vehicles, which serves as the main case study of this
research work.

As mentioned above, one of the significant contributions of this research is the iterative design process schematized in Figure
4, which permitted gradual enhancements in the geometry of the pins and the arm. By incrementally increasing the pin diameter
and the arm section thickness, the final design satisfied the required safety standards while maintaining structural efficiency. As
mentioned earlier, the approach based on the FEM is particularly effective for identifying regions susceptible to failure due to ele-
vated stress concentrations.

In the context of flying cars, components such as pins and arms of the deployable mechanism are subjected to considerable
bending and shear forces. By employing FEM, engineers can forecast the locations where these forces will exert the most signif-
icant strain and subsequently modify the component geometry or material properties to optimize its performance. For instance,
increasing the thickness of specific regions or modifying material properties may reduce the probability of failure while maintaining
the mechanism overall weight within acceptable limits. Thus, the concept design and preliminary sizing of the main case study are
provided in the paper below, followed by the numerical results obtained using the integrated CAD-MBD-FEM approach proposed in
this investigation.
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3.Concept Design and Preliminary Sizing

3.1 System Concept Definition and Estimation of Acting Forces

Flying car prototypes represent one of the latest developments in the field of advanced mobility. These prototypes combine
innovative solutions in structural design, modularity, and aerodynamic optimization, as shown in [95]. The use of advanced rigid
and flexible numerical models enables more accurate analysis of system dynamics, providing critical information for safety assess-
ment and system-wide optimization [96]. Consistent with this trend, the literature shows a growing interest in eVTOL vehicles and
configurations similar to flying cars. In addition to design and optimization using advanced simulation techniques, monitoring and
control play an important role [97]. In this context, Digital Twins (DTs) serves as a particularly effective tool for real-time monitoring
of the system. This tool enables the integration of real-world data with virtual models to assess the structural condition of the
aircraft or optimize energy consumption [98].

From a design perspective, the aim is to develop a vehicle suitable for both air and ground transport. Therefore, the first step
is to define the functional requirements of the current design idea, establish a preliminary vehicle concept, and understand the
design domain in which it will operate in a realistic scenario to facilitate the transition toward the Urban Air Mobility (UAM) [99].
The preliminary concept design of the flying car with an opening mechanism for the engine and propeller supports, considered as
the case study of this paper, is shown in Figure 5.

Fig. 5. Concept design of a flying car with an opening mechanism for the propulsor support.

In line with these developments, Figure 5 shows a graphic mockup inspired by the XPENG flying car [100], which is adopted as a
conceptual model to illustrate the concept of flying cars. In this vein, the main problem is that a flying car cannot be simply treated
as a large drone with wheels. It is a hybrid vehicle that must meet the constraints and requirements of both the aeronautical and
automotive worlds. From an aeronautical perspective, the vehicle must be capable of vertical takeoff and landing, and must main-
tain stability during hovering maneuvers. From a ground-transport perspective, it must have a suitable footprint and an appropriate
center of gravity. These considerations imply the need to develop a compact vehicle in which the elements for aerial locomotion can
be automatically hidden or stowed when not in use. Therefore, attention shifts to creating a deployable motor support mechanism
that can be opened when needed and closed during road transport.

The vehicle under investigation is thus equipped with an unconventional system, namely a deployable support mechanism.
Given its function, this component is the most fundamental structural element of the architecture and therefore requires an ad-
vanced, unconventional, and targeted design. To properly approach its design, the first step is to determine the forces required to
ensure the equilibrium of the car during flight. More importantly, the first fundamental step is to determine the necessary forces
acting on this system to ensure the equilibrium of the entire vehicle in flight. For the sake of simplicity, a simplified aerial vehicle is
considered here, as illustrated in Figure 6.

For simplicity, the mechanical system shown in Figure 6, capable of motion in two-dimensional Euclidean space, consists of
a beam representing one-half of the aerial vehicle, sectioned along its longitudinal axis, and carrying motors at both ends. In this
simplified preliminary model, the beam is assumed to rotate about its center of gravity by a pitch angle 6. To illustrate the preliminary
sizing procedure, the design described herein assumes that the distances from the center of mass of the two motors are L; = 1770
(mm) and Ly = 794 (mm), as shown in Figure 6. As the propellers rotate, two thrust forces, Fr and Fg, are exerted on the system.
The external force Fr corresponds to the thrust force applied to the front arm, while the external force Fj refers to the thrust force
applied to the rear arm.

Considering the force components in the z and =z directions of the global reference system attached to the ground, as shown in
Figure 6, the equilibrium conditions of the front and rear propellers about the global y axis must be satisfied. For this purpose, one
can directly write:

FFZ+FRZ:F9 (32)
FpLi = Frloy

where Fp, = Fpcos(d) and Fr, = Fgrcos(9) are the projections of the front propulsive force F» and the rear propulsive force
Fg onto the global z axis. Additionally, it is assumed that the maximum mass the vehicle can lift is mmae. = 450 (kg), including
two passengers, and that a safety factor Fs of 1.5 (-) should be applied [101]. This allows the maximum takeoff weight W,.. to be
obtained as follows:

Wmaz = Fsmmazg = 1.5 (=) - 450 (kg) - 9.81 (m/s?) = 6622 (N) (33)

Given that the complete vehicle is equipped with four arms, the force F, exerted by each arm can be calculated as follows:

max 22 (N
Fy = W2 _ 6622 (N) 2( ) _ 3311 (N) (34)
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Fig. 6. Simplified mechanical model of the flying car concept with its opening mechanism for the propulsor support.

By using the relationships in Equation (32), one can readily calculate the thrust forces Fr and Fj acting on the front and rear sec-
tions of the aerial vehicle for a range of values of the pitch angle 6. To this end, by solving the set of algebraic equations representing
the system equilibrium reported in Equation (32), one can write:

Fg
Fr = iy cost) (35)
Fr = pFp

where y = L1 /Ly = 2.2292 (—). The data for the lift forces at varying values of the angle 6 are presented in Table 1.

Table 1. Numerical values representing the magnitudes of the front thrust force Fr and the rear thrust force Fg for different values of the pitch angle
0.

0(deg) Fr(N) Fr(N)

0 1025 2285
5 1029 2294
10 1041 2321
15 1062 2366
20 1091 2432
25 1131 2522
30 1183 2639
35 1252 2790
40 1339 2983
45 1450 3232

Based on the numerical data reported in Table 1, it is possible to carry out the initial dimensioning of the preliminary concept of
flying car analyzed here, as discussed in detail below.

3.2 Initial Dimensioning

Before proceeding with the static analysis, the main kinematic characteristics of the mechanism are defined during this pre-
liminary design phase. In particular, the opening and closing mechanism for the engine and propeller support is inspired by an
articulated quadrilateral actuated by an electric cylinder. Accordingly, a schematic representation of the system is shown in Figures
7 and 8.

As shown in Figures 7 and 8, the deployable mechanism in this study is kinematically equivalent to a four-bar linkage, with ele-
ment AD representing the actuator, element DE representing the crank, element EF representing the connecting rod, and element
CP representing the arm.

As mentioned before, the preliminary design of the deployable mechanism analyzed here is shown in the closed configuration
in Figure 7, while the open configuration is shown in Figure 8. Furthermore, Table 2 presents the dimensions of the mechanism
elements, schematized in their open configuration, as shown in Figure 8.

In the preceding simplified structural analysis, the forces acting on the arm were determined. It is evident that the most critical
scenario shown in Table 1 is flight at an angle of 45 degrees, specifically on the rear arm, where a force of 3232.1 (N) is required. This
force will serve as a reference point for the subsequent pre-dimensioning process.

The most critical components are those that connect the various parts of the mechanism. Consequently, these components
will be the focus of the subsequent structural analysis based on the preliminary mechanical model presented herein. By applying
a force in the global 2 direction at point P in Figure 8, the reactions at the joints can be obtained. These values, calculated in
the body reference frame z;,y;, z; and illustrated in Table 3, will be used for the pre-dimensioning of the pins that join all the
fundamental elements of the mechanism. In particular, the computational evaluation of the reaction forces of interest is performed
using SIMSCAPE MULTIBODY software. Thus, a simplified schematic model of the propeller folding mechanism is constructed for

/-
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Fig. 7. Propeller folding mechanism schematization in the closed configuration.

Y1

i
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Fig. 8. Propeller folding mechanism schematization in the open configuration.

Table 2. Dimensions of the propeller folding mechanism elements in the open configuration.

Length  Value (Units)

Item Segment
Actuator AD
Crank DB
BE
Connecting rod EF
Arm CF
CP

Ly
Lo
L3
Ly
Ls
Lg

311 (mm)
99 (mm)
99 (mm)
198 (mm)
20 (mm)

1100 (mm)

its dynamic analysis, and a subsequent static analysis is conducted. For this purpose, the mechanism is fixed in the fully open

configuration, and the maximum thrust force is applied at point P.

Overall, the opening mechanism is statically analyzed by developing a simplified multibody kinematic model of the mechanism
shown in Figure 8, yielding numerical values for the reaction forces and moments at all mechanical joints, as shown in Table 3.
Furthermore, the arm, which is directly actuated by the motors, will also undergo pre-dimensioning. Following this preliminary
structural analysis, the pre-dimensioning of the pins and the arm is described in detail below.

Journal of Applied and Computational Mechanics, Vol. xx, No. x, (2026), 1-34
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Table 3. Numerical values of the reaction forces and moments of all the mechanical joints.

Component Reaction xaxis yaxis zaxis

Pin A Force (N) 0 0 209.1
Moment (Nxm) 288.7 -304.4 0

Pin B Force (N) 0 0 -623.9
Moment (Nxm) 9.6 774.8 0

Pin C Force (N) 0 0 -2399
Moment (Nxm) 8.4 2607 0

3.2.1 Pre-dimensioning of the Pins

It is inherent to the design of pins that they are not intended to withstand significant moments [102]. The primary function of
pins is to resist axial forces and shear loads. However, they are not designed to withstand bending moments, as this can lead to
premature failure [102]. To perform the pre-dimensioning of the pins, a bar of length L, = 80 (mm) and a constant circular section
Sp, initially unknown, is considered. This element is modeled as a simply supported beam, as illustrated in Figure 9. At its midpoint,
the loads obtained in the preceding section are applied.

When moments are applied to pins, particularly in structural analysis, it is essential to convert them into equivalent shear forces.
This is crucial to ensure a realistic and precise analysis of their mechanical behavior [30]. In calculating the equivalent stress using
the Von Mises criterion, moments are replaced with equivalent shear forces, as illustrated in Figure 9. This approach provides a more
physically representative approximation of the actual load distribution. It also avoids overestimating stresses in the pins, providing
a more reliable assessment of their performance under the specified loading conditions.

Figure 9 shows a schematic representation of the forces acting on the pins. In particular, it shows a transformation of the loads
into an equivalent set of forces, thereby converting the loading scenario in Figure 9a into that in Figure 9b. This transformation is
necessary because the actual mechanical connection is not a simple hinge but a fork joint. As a result, the bending moment acting
on the pin must be converted into an equivalent shear load to represent the stresses transmitted through the pivot.
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(a) Initial loads scheme. (b) Shear loads scheme.

Fig. 9. Schematization of the forces acting on the pin. (a) Two-dimensional representation of the pin subjected to the initial load configuration. (b)
Equivalent two-dimensional representation with bending moments transformed into shear loads.

The bending moment and shear diagrams for the pin structural scheme shown in Figure 9b are illustrated in Figure 10, and the
corresponding stress values are presented in Table 4. In Figure 10 and Table 4, T; and M; represent the shear force and the bending
moment, respectively, associated with segment i of the pin, which is schematized as a beam element.

The bending moment and shear force diagrams are shown in Figure 9. These diagrams facilitate the analysis of critical points
along the pin. The value of § shown in Figure 9 and Table 4 is derived from a geometric relationship and takes the values 18 (mm),
42 (mm), and 54 (mm) for the pins A, B, and C in Figures 7 and 8, respectively.

In this type of elementary static analysis, the Von Mises stress oy is typically employed, which can be calculated as follows [103]:

oym = Vo2 + 312 (36)

where ¢ is the normal stress and 7 is the shear stress, which can be readily computed by adopting the Euler-Bernoulli beam theory
and the Jourawski approximate solution for shear stress.
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Fig. 10. Solicitation diagrams of the pin. (a) Shear force distribution. (b) Bending moment distribution.

Table 4. Loading forces and moments values.

Variable Value
T L,
I
S
Ty -zt
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Mo Falp
M; My(Lp=8) Fm(L4P_6)

P

In addition, the Navier formula gives the normal stress, as shown below:

N My
A

[

(37)

where N is the axial force, A is the cross-sectional area, M is the bending moment, y is the distance from the neutral axis, and I, is
the second moment of area of the section.
On the other hand, the shear stress is approximated for a tubular section as follows:

4T y?
= 3mr2 (1 - 7"72) (38)

where T is the shear force, and r is the radius of the section [103].
In this simplified mechanical model, the pins are made of 38NiCrMo4 steel, whose properties, taken from [104], are presented in
Table 5. Therefore, it can be concluded that the pin fails when the Von Mises stress equals its yield tensile stress oy ;.

Table 5. Steel 38NiCrMo4 properties.

Material Density Elastic Module Poisson Ratio  Yield Stress  Tensile Strength
Steel 38NiCrMo4 7850 (kg/m?3) 210 (GPa) 0.3 () 950 (MPa) 1100 (MPa)
Thus, one has:
OVM = Oy,p = 950 (MPa) (39)

By combining Equations (36), (38), and (39), a mathematical expression is obtained in which only the section radius r remains
unknown. Furthermore, from structural theory [105], it is known that for a circular section, the maximum normal stress occurs at
y = r, whereas the maximum shear stress occurs at y = 0. To determine which scenario is most critical, two cases are analyzed. The
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first assumes failure at y = r, whereas the second assumes pin failure at y = 0.
For the first case, since y = r, the normal stress is maximum, and the shear stress is equal to zero. Consequently, in the first
case, Equation (36) leads:
N aM

oVM = —3
r

(40)

3
Tr
On the other hand, for the second case, where y = 0, the normal stress is equal to zero, and the shear stress is maximum.
Consequently, in the second case, Equation (36) leads:

o=y () 5 (s

Table 6 provides a summary of the radius values obtained for each joint and for each of the cases analyzed in the most critical
section of the pin.

Table 6. Pre-dimensions of the section of each pin for the different cases considered.

Case 1l Case 2
Component
y=r y=0
Pin A rp=0.3 (mm) 7, =2.2(mm)
Pin B rp =0.5(mm) r, =2.9 (mm)
Pin C rp =0.8 (mm) r, =54 (mm)

Based on the outcome of the preliminary static analysis carried out above, the proposed initial values for the pin radius are
presented in Table 7.

Table 7. Initial values for the radius of each pin.

Component Tp
Pin A 2.5 (mm)
Pin B 3 (mm)
Pin C 5.5 (mm)

This concludes the pre-dimensioning of the pins performed during the preliminary structural analysis.

3.2.2 Pre-dimensioning of the Arm

The structural arm of the flying car is conceptualized as a hollow tubular beam with a length L, of 1100 (mm), an outer radius
ro, and an inner radius r;. The material selected for this study is Aluminum 7075-T6, renowned for its high strength and excellent
fatigue resistance, making it an optimal choice for aerospace applications. The mechanical properties of Aluminum 7075-T6, taken
from [106], are summarized in Table 8.

Table 8. Aluminum 7075-T6 properties.

Material Density Elastic Module Poisson Ratio  Yield Stress  Tensile Strength
Aluminum 7075-T6 2810 (kg/m?) 71.7 (GPa) 0.33(-) 525 (MPa) 572 (MPa)

The objective of this design approach is to optimize the strength-to-weight ratio of the arm while ensuring sufficient rigidity to
support the motor and rotor assembly. The tubular section is selected to maximize the moment of inertia, thereby enhancing the
resistance of the arm to bending and torsional loads. The preliminary design calculations presented herein determine the values of
ro and r; based on the applied forces and safety factor requirements.

The arm is modeled as a cantilever beam, as shown in Figure 11, fixed at one end and subjected to a concentrated force Fr at
the free end, representing the thrust force generated by the rotor.

| og‘
y >

(a) Lateral view of the support arm. (b) Cross section of the
support arm.

Fig. 11. Structural scheme of the support arm. (a) Lateral view highlighting the load path and boundary conditions. (b) Cross-sectional configuration
of the structural member.

As determined in the previous section and reported in Table 1, the most critical scenario is flight at an angle of 45 degrees,
specifically in the rear arm, where a force of 3232.1 (N) is required. As illustrated in Figure 12, the stress diagram shows that the
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Fig. 12. Solicitation diagrams of the support arm. (a) Bending moment distribution along the structural member. (b) Shear force distribution along the
structural member.

most highly stressed point is at the clamped section of the beam, where the moment M equals FrL, and the shear T equals Fx.
The stress diagram also shows that the stress is highest at the clamped section of the beam.

Upon substituting the aforementioned values into Equation (36), another mathematical expression is obtained that depends
solely on the section radius. Because this section has both an inner and an outer radius, a second equation is needed to fully define
the system. To this end, a constant arm thickness ¢, of 6 (mm) is established, obtained from the following equation:

ta =To —Ti (42)
For the first case, since y = r,, the normal stress is maximum and the shear stress is equal to zero. Accordingly, for the first case,

Equation (36) yields [105]:

2
4FRLa7'o ) (43)

OVM = Oy,a = (7
’ m(rd —r})

where o, is the yield stress of the arm, as shown in Table 8. For the second case, where y = 0, the normal stress is zero, and the
shear stress is maximum. In this case, Equation (36) yields [105]:

5 (4FR<r2 —r?) )2

44
3r(rd —rita (44)

OVM = Oy,a =

Equations (42), (43), and (44) form a system of two equations with two unknowns, the solution of which determines the inner and
outer radii of the arm for the different cases. The numerical values of the geometric parameters, determined using the methodology
described here, are presented in Table 9 for reference.

Table 9. Pre-dimensions of the tubular section for the different cases.

Case 1 Case 2
(y=ro) (y=0)
r; =254 (mm) r; =2.8 (mm)
ro =314 (mm) r,=3.2(mm)

Based on the findings presented in the analysis reported in this section, it is established that the values for arm cross-section
indicated in Table 10 should be used as preliminary estimates.

Table 10. Initial values for the arm cross-section.

T To ta

26 (mm) 32 (mm) 6 (mm)

This completes the preliminary sizing of the arm performed during the preliminary structural analysis.

4, Numerical Results and Critical Discussion

4.1 CAD Model Development

This subsection presents a comprehensive CAD model of the deployment mechanism. The CAD model provides a visual and
structural representation of the mechanism, enabling a thorough evaluation of its mechanical feasibility and functionality. By ex-
amining the assembly process, component layout, and the integration of key features such as joints, actuators, and locking systems,
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Fig. 13. CAD model of the mechanical components that form the folding mechanism for the propeller support of the flying car that serves as the main
case study of the paper.

Fig. 14. Exploded view of the mechanical components that form the folding mechanism for the propeller support of the flying car that serves as the
main case study of the paper. 1: Propeller, 2: Motor, 3: Motor Support, 4: Arm, 5: Arm Pin, 6: Base, 7: Crank, 8: Actuator, 9: Actuator Pin, 10: Actuator
Support, 11: Crank Pin, 12: Crank Support, 13: Connecting Rod.

this section highlights how pre-design considerations translate into a workable solution. To this end, Figure 13 shows the CAD model
of the propeller folding mechanism, while Figure 14 presents an exploded view of its distinct components.

Table 11, on the other hand, provides a detailed overview of the components and their proposed construction materials for the
system currently under investigation through MBD-FEM analysis.

Table 11. Components and materials of the mechanical parts that form the folding mechanism for the propeller support of the flying car shown in

Figure 13.
Item Component Material
Number Name Type
1 Propeller Commercial multimaterial subsystem
2 Motor Commercial multimaterial subsystem
3 Motor Support Aluminum
4 Arm Aluminum 7075-T6
5 Arm Pin (Pin C) Steel 38NiCrMo4
6 Base Aluminum 7075-T6
7 Crank Aluminum 7075-T6
8 Actuator Commercial multimaterial subsystem
9 Actuator Pin (Pin A) Steel 38NiCrMo4
10 Actuator Support Aluminum 7075-T6
11 Crank Pin (Pin B) Steel 38NiCrMo4
12 Crank Support Aluminum 7075-T6
13 Connecting Rod Aluminum 7075-T6

4.2 MBD Model Development

The multibody model was developed using MATLAB with the SIMSCAPE MULTIBODY Toolbox [107]. The various components of
the mechanism were then incorporated, the interconnections between them were defined, and the external force Fr with magnitude
3232.1 (N), derived in the preceding section, was included. Figure 15 shows the schematic of the multibody model built in SIMSCAPE.

The data for the bodies that serve as mechanical components of the foldable mechanism, including their masses and inertial
properties, are given in Table 12.

The local reference frame for each body is located at the center of mass and oriented so that the orientation of the axes is defined
to be aligned with the principal inertia directions of each body. In particular, Table 13 presents the spatial information for the center
of mass and orientation of each component comprising the propeller folding mechanism.

The provided data includes both translational and rotational components, expressed in the absolute coordinate system defined
by the axes z, y, and z. This global reference frame serves as the primary framework throughout the analysis and enables accurate
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Fig. 15. Multibody model of the closed-chain mechanism that supports and governs the motion of the propeller. RJ: Revolute joint. PJ: Prismatic joint.
Fr: Rear propeller force.

Table 12. Mass and inertia properties for the different mechanical components of the propeller folding mechanism.

Body Mass Inertia
(m) (kg) (Low, Iy, I-2) (kgxm?)
Base 3.19 9.56-10~3, 0.1445, 0.1457
Piston 0.06 2.21-10%,2.21.10%, 4.46.10~6
Actuator 0.49 3.11-10~4,2.04.10~3, 2.23.10~3
Connecting rod 0.77 2.55.10~%,3.05-10—3,3.11.10—3
Crank 0.42 5.72-10~4,1.78-1073,1.33.1073
Arm 3.16 1.03-10~2,0.2721, 0.2792
Propeller 20 0.8154, 0.1077,0.7709

Table 13. Location of the center of mass and orientation of each component in the absolute coordinate frame of reference.

Component Translational Rotational

Name Coordinates Coordinates

(z,y, 2) (m) (¢, 9, ¥) (rad)
Base 0.2496, -0.01364, 0 0,0,0
Actuator 0.0858, 0.02134, 0 0,0,0

Piston 0.2281, 0,0 0,7/2,0

Connecting Rod 0.4134,0.0174,0 0,0,0
Crank 0.5823,0.079, 0 0,0,0
Arm 1.078,0.1124,0 0,0,0
Propeller 1.645, 0.208, 0 0,0,0

delineation of the spatial configuration of each body. Consequently, it facilitates consistent, precise localization of the center of
mass and its orientation for all components of the multibody system.

Table 14 presents the localization data for the kinematic joints associated with the different components.

The reported information includes the translational and rotational coordinates needed to position each joint in space. However,
it is important to emphasize that both the translational and rotational coordinates in Table 14 are expressed in the local body
reference frame of each component. This body-fixed coordinate system, identified by the axes z, g, and z, is the same as the one
employed in Table 13, ensuring geometric consistency in how each mechanical component is referenced. Moreover, the rotational
orientation of each joint is described using Euler angles denoted by ¢, 9, and ¢, defined following the X — Y — Z sequence of global
consecutive rotations. More specifically, when these angles are denoted with a bar, namely ¢, 9, and 4, they indicate the same
sequence of rotations, but measured relative to the local body-fixed reference frame, providing a clear distinction between global
and local angular orientations.

Once the MBD model has been constructed, it allows the reactions at the various joints to be calculated. Table 15 presents the
calculated reactions at the pins, which are the primary objective of the present analysis.

The coordinate axes referenced in Table 15 are shown in Figure 16, where RJ stands for Revolute Joint.

By simulating the mechanism under the most extreme operating condition, the maximum loads the system experiences can
be readily captured. These forces represent the most extreme operational stress scenario and serve as the basis for the subsequent
finite-element analysis of the pins, which are the most critical components of the deployable mechanism. The next step is to
use these reaction forces in a detailed FEA to assess whether the pins, as initially designed in the preliminary dimensioning, can
withstand the stresses generated during flight. As a result of the MBD analysis, valuable insights into the system behavior can be

Journal of Applied and Computational Mechanics, Vol. xx, No. x, (2026), 1-34 AV"



An Integrated CAD-MBD-FEM Framework for Virtual Prototyping of a New Foldable Mechanism for Deployable Propulsor Support in Urban Air Mobility Vehicles 21

Table 14. Location of the different joints in the body reference system.

Mechanical Kinematic Translational Rotational
Component Joint Coordinates Coordinates
(z, 9, 2) (m) (¢, 9, ) (rad)
Base Rj1 -0.2496, 0.01364, 0 0,0,0
RJ2 0.1628, 0.03086, 0 0,0,0
RJ3 0.3532, 0.04561, 0.02788 0,0,0
RJ4 0.3532, 0.04561, -0.02938 0,0,0
Actuator RJ1 -0.0858, -0.02136, -4.431.10~° 0,0,0
PJ1 0.2209, -0.02136, 3.499-10—* 0, 7/2,0
Piston PJ1 1.075-10—4, 0, 0.07859 0,0,0
RJ5 1.075-104, 0, 0.07859 0, -7/2,0
Connecting Rod RJ2 -1.102-10—3, -1.797-10—%, 3.0554-10—4 0,0,0
RJ5 -0.1067, -0.0174,0 0,0,0
RJ6 0.09226, 0.01511,0 0,0,0
Crank RJ6 -0.07618, -0.04649, 0 0,0,0
RJ7 0.1104, -0.01063, -0.045 0,0,0
RJ8 0.1104, -0.01063, 0.045 0,0,0
Arm RJ3 -0.4757, -0.08042, 0.02819 0,0,0
RJ4 -0.4757, -0.08042, -0.02907 0,0,0
RJ7 -0.3858, -0.04401, -0.045 0,0,0
RJ8 -0.3858, -0.04401, 0.045 0,0,0
Fixed 0.5666, 0.09561, 0 0,0,0
Propeller Fixed -0.5666, -0.09561, 0 0,0,0

Table 15. Reaction values on the different pins obtained through the MBD model. The values of all reaction forces and moments are computed in the
reference systems of the corresponding mechanical joints.

Component Joint Reaction T axis ¢ axis z axis
Pin A RJ1 Force (N) 0 2.5 149.8
Moment (Nxm)  42.7 -291.2 0
Pin B RJ2 Force (N) -7755 -1407 630.6
Moment (Nxm) 128.2  -780.2 0
Pin C RJs Force (N) 3844 783 1140
Moment (Nxm) 1923  -1174 0
RJ4 Force (N) 3911 794 1140
Moment (Nxm) 192.3  -1174 0
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Fig. 16. Coordinate axes and location of the revolute joint of the pins in the MBD analysis. RJ: Revolute joint. PJ: Prismatic joint.

gained, enabling a precise evaluation of the structural integrity of the most critical components. To achieve the goals mentioned
earlier, the fundamental parameters of the numerical solver employed in this paper are reported in Table 16.

Table 16. Fundamental parameters of the numerical solver used in MATLAB and in SIMSCAPE MULTIBODY.

Description Symbol Value (Units)
Dynamical simulation time span T 5(s)
Dynamical simulation time step At 1073 (s)

Solver relative error tolerance er 10~8 (m) or (rad)
Solver absolute error tolerance €a 10~ (m) or (rad)

In Table 16, Ts and At represent the simulation time span and time step, respectively, while ¢, and ¢, represent the relative
and absolute error tolerances of the numerical solver, respectively. Although a dynamic analysis has been conducted using the
settings reported in Table 16, it is worth emphasizing that the external load has been applied statically to the multibody model of
the mechanical system under study to focus the computer simulation results on the most severe loading scenario.

N
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4.3 Comparative Analysis and Discussion

This subsection presents three proposed methods for transferring the reactions from the MBD simulation into the finite element
model for the structural analysis of the pins in the foldable support mechanism of the flying car propeller. The primary objective
is to evaluate the performance of the pins under critical loading conditions derived from the MBD model. The MBD analysis yields
forces and moments at the pin interfaces, which must be accurately transferred into the finite element environment for detailed
stress analysis.

This study examines three distinct pin-related subsystems: A) the pin-actuator system, B) the pin-crank system, and C) the pin-
arm system. As illustrated in Figure 17, these subsystems differ in their mechanical configurations and load transmission paths,
which influence their respective stress distributions.
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(a) Pin A: pin—-actuator system. (b) Pin B: pin—crank system. (c) Pin C: pin-arm system.
Fig. 17. Assembly configurations of the pin connection systems. (a) Pin-actuator system. (b) Pin-crank system. (c) Pin—arm system. The geometric
displacements § 4, 6 5, and J¢ are obtained from the kinematic relationships and are equal to 18 mm, 42 mm, and 54 mm, respectively.

Each of these systems is analyzed using the three proposed methodologies for transferring loads from MBD to FEM. The effec-
tiveness of each method is assessed by comparing stress distributions and identifying potential stress concentration zones in the
pins. The objective is to determine the most precise and realistic approach for transferring loads between simulation environments
while ensuring the structural integrity of the pins under operational conditions.

4.3.1 Direct Reactions Method (DRM)

The Direct Reactions Method (DRM) applies the forces and moments derived from the MBD analysis directly to the FEM model.
In this approach, the reaction loads and moments are applied to a master node at the geometric center of the pin. The pin surface
is then connected to this master node via a rigid constraint, ensuring that the applied loads are uniformly distributed across the
structure. The pin region in contact with the supporting components is fully constrained to replicate the mechanical constraints
in the assembly. This method provides a straightforward and computationally efficient way to transfer loads from MBD to FEM.
However, the accuracy of this method depends on the assumption that the applied loads are uniformly distributed across the rigid
link to the pin surface. The outcome of this method is shown in Figure 18.
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(a) Pin A: pin-actuator
system.

(b) Pin B: pin—crank
system.

(c) Pin C: pin—arm
system.

Fig. 18. Two-dimensional schematization of the Direct Reactions Method (DRM) used to transfer reaction forces from the multibody dynamics (MBD)
model to the finite element model (FEM). (a) Actuator pin configuration. (b) Crank pin configuration. (c) Arm pin configuration.

As illustrated in Figure 18, this method is outlined for three distinct pin configurations. Each case follows a consistent procedure,
with the master node located at the pin center and reaction forces and moments applied directly. The effectiveness of this method
is evaluated by its ability to capture stress distributions and critical load-bearing regions within the pin structures.
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4.3.2 Moments Transformation Method (MTM)

The Moments Transformation Method (MTM) is a refinement of the Direct Reactions Method that addresses its limitations by
improving the treatment of applied moments. In this approach, forces and moments from the MBD model are applied via a master
node attached to the pin surface. Instead of applying moments as rotational loads, they are transformed into equivalent shear forces
distributed across the pin contact surface. This transformation eliminates bending moments from the analysis, ensuring that the
pins are subjected only to axial and shear stresses, which better reflect their actual mechanical function. The forces remain applied
through the master node, ensuring consistent load transfer.

Furthermore, in the Moments Transformation Method (MTM), the boundary conditions differ from those of the previous method.
Rather than fully constraining the pin at its interface with the support, only the upper and lower sections of the pin are fixed. To
account for the actual influence of the support, the reaction forces generated by the support due to the applied loads are calculated
and applied as a distributed force over the corresponding surface.

Figure 19 illustrates the application of the transformed shear stresses and support reaction forces, providing a more accurate
representation of the actual loading conditions.
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(a) Pin A: pin-actuator system. (b) Pin B: pin—crank system. (c) Pin C: pin—arm system.

Fig. 19. Two-dimensional schematization of the Moments Transformation Method (MTM) used to transfer reaction loads from the multibody
dynamics (MBD) model to the finite element model (FEM). (a) Actuator pin configuration. (b) Crank pin configuration. (c) Arm pin configuration.

In the Moments Transformation Method (MTM), forces are applied directly to the pin surface rather than transmitted through
a single master node. This approach more accurately reflects the actual load distribution in a physical setting, as the pin surface
experiences a distributed load rather than a concentrated point load. Furthermore, the reactions at the upper and lower extremities
of the pin, where the pin interfaces with its supports, are calculated based on the distributed forces. Subsequently, these reactions
are applied as distributed forces over the top and bottom surfaces of the pin, rather than assuming rigid fixation, as in the initial
method.

This approach permits a more realistic representation of the boundary conditions, as the pin is permitted to deform slightly
in response to the applied loads, and the stresses are distributed more evenly across the contact surfaces. Although this method
provides a more accurate representation of the load distribution and eliminates the unrealistic application of moments, concerns
remain regarding stress concentrations. The use of master nodes for load distribution may still result in localized areas of high
stress, particularly in regions where forces are applied. This can lead to an overestimation of stress levels in these areas, though to
a lesser extent than in the first method. However, the deformation behavior of the pin is more realistic in this case, and the stress
distribution is closer to what would be observed in practice.

4.3.3 Loads Distribution Method (LDM)

The third and final method, called the Loads Distribution Method (LDM), builds on the enhancements of the second method
while further refining the approach to eliminate the use of master nodes entirely. In contrast to the previous method, which applied
forces to the surface of the pin linked to a master node, this method applies pressure loads derived by dividing the total force from
the MBD simulation by the contact area over which it is applied. The radii for the different pins are shown in Table 7. This approach
applies the load directly as pressure over the pin surface, rather than as discrete forces at specific points. Applying uniform pressure
across the pin surface provides a more accurate representation of how the load would be transmitted through the component in a
real-world scenario. Furthermore, the moments from the MBD model are again converted into shear stresses, which are then applied
as pressures over the relevant surfaces. The reactions at the top and bottom of the pin, which simulate the support conditions, are
also applied as pressures. This ensures that the loads are distributed evenly over the surfaces, rather than concentrated at specific
points, as depicted in Figure 20.

All the loads shown in Figure 20 are intended to be transformed into pressures distributed across the respective sections of
the cylindrical surfaces to which they are applied. Eliminating master nodes and applying loads as pressures yield a more realistic
simulation of the pin behavior under its actual loading conditions based on the Loads Distribution Method (LDM).

The stress concentrations in the first two methods are significantly reduced because the loads are now distributed more naturally
across the surface of the pin. This results in a more accurate prediction of the stress distribution and deformation of the pin, providing
reliable data for evaluating the structural integrity of the component. Moreover, by transforming the moments into shear stresses
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(a) Pin A: pin-actuator system. (b) Pin B: pin-crank system. (c) Pin C: pin—arm system.

Fig. 20. Two-dimensional schematization of the Loads Distribution Method (LDM) used to transfer reaction loads from the multibody dynamics (MBD)
model to the finite element model (FEM). (a) Actuator pin configuration. (b) Crank pin configuration. (c) Arm pin configuration.

and applying them as pressures, this method circumvents the implausible application of moments that was problematic in the
initial method. The pin is subjected to the types of loads for which it is designed, and the boundary conditions at its top and bottom
are more accurately represented by applying distributed pressures rather than rigid constraints.

4.3.4 Comparison of Methods Performance

As discussed above, three computational methods were used in this investigation to analyze the strength of the most vulnerable
pin components of the opening mechanism, namely 1) the Direct Reactions Method (DRM), 2) the Moments Transformation Method
(MTM), and 3) the Loads Distribution Method (LDM). After evaluating the three methods, itis evident that the third method, the Loads
Distribution Method (LDM), is the most physically representative approach among the three strategies considered in this study for
transferring the reactions from the MBD simulation to the FEM model.

The first method, which applies all reactions to a single master node and enforces rigid boundary conditions, produces implau-
sible stress concentrations and fails to accurately reflect the behavior of the pins under load. The second method improves on the
first by eliminating moments. However, the use of master nodes still introduces localized high-stress regions. In contrast, the third
method, which applies loads as pressures, provides the most realistic simulation of the pin behavior. Removing master nodes and
applying distributed pressures rather than concentrated forces result in a more uniform stress distribution, thereby reducing the
probability of artificially elevated stress concentrations. Transforming moments into shear stresses and applying them as pressures
further enhances the accuracy by ensuring that the pins are subjected to the loads they are designed to handle.

A comparative analysis of the three proposed methodologies for transferring the reactions from the MBD analysis to the FE
model was conducted. To this end, the pin-crank system case was used, with the pin section radius assumed to be 5 (mm), and the
applied loads summarized in Table 17.

Table 17. Applied loads for the pin in the comparative analysis. The values of all reaction forces and moments are calculated in the global reference
systems utilized in the finite element analysis, which align with the mechanical joint reference frames.

Reaction T axis gaxis Z axis
Force (N) -7755 -1407 630.6
Moment (Nxm) 1282  -780.2 0

The results of the comparative analysis of the three methods are illustrated in Figure 21, which shows the Von Mises stress
contours for each case.

As illustrated in Figure 21, the third method, referred to as the Loads Distribution Method (LDM), yields stress distributions that
are markedly more uniform and free of the stress concentrations observed in the other two methods. This finding corroborates the
assertion that the third method is the most suitable for simulating the behavior of the pin under load. This method is the most
physically representative of the three load-transfer strategies considered in this study. In light of these findings, all subsequent
analyses will utilize the third method to ensure the most accurate and reliable results.

To ensure the accuracy and reliability of the finite element results, a rigorous mesh-independence study was conducted before
the final evaluations. Successive refinements of the quadratic tetrahedral mesh were applied to the critical components until the
maximum Von Mises stress and deformation converged. This confirms that the reported structural responses are independent of
the grid resolution. Although the LDM is regarded as the most realistic simulation technique because it mitigates artificial stress
concentrations, it also entails higher computational costs than the DRM and MTM. Applying varying pressure distributions across
the pin contact surfaces in the LDM requires additional preprocessing time and marginally increases the solver’s convergence time.
However, this computational trade-off is well justified by the significant gains in simulation fidelity and the prevention of overly
conservative, oversized mechanical designs.

Journal of Applied and Computational Mechanics, Vol. xx, No. x, (2026), 1-34 A\V'A



An Integrated CAD-MBD-FEM Framework for Virtual Prototyping of a New Foldable Mechanism for Deployable Propulsor Support in Urban Air Mobility Vehicles

25

S, Mises
S, Mises (Avg: 75%) S, Mises
(Avg: 75%) 4.096E+09 (Avg: 75%)
1.946E+09 3.763E+09 982.748E+06
1.783E+09 3.430E+09 902.442E+06
1.621E+09 3.097E+09 822.136E+06
1.459E+09 2.764E+09 741.831E+06
1.297E4+09 2.431E+09 661.525E+06
1.135E+09 2.099E+09 581.219E+06
972.769E+06 1.766E+09 500.913E+06
810.641E+06 1.433E+09 420.608E+06
648.513E+06 1.100E+09 340.302E+06
486.384E+06 767.163E+06 259.996E+06
324.256E+06 434.306E+06 19799.3689505:85
1%?6%)(2)%%%6 101.449E+06 19.079E+06
z z z

t

(a) Direct Reactions Method.
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Fig. 21. Von Mises stress contour plots obtained using the three load transfer methodologies. (a) Direct Reactions Method (DRM): direct application of
reaction forces and moments at the master node. (b) Moments Transformation Method (MTM): direct application of reaction forces at the master
node with transformation of reaction moments into equivalent shear forces. (c) Loads Distribution Method (LDM): transformation of reaction forces
and moments at the master node into equivalent distributed pressure loads.

4.4 FEM Model Development and Structural Results Comparison

In this subsection, an FE analysis is conducted using the third methodology discussed earlier, the Loads Distribution Method
(LDM), which was shown to yield results that most closely resemble real-world conditions. The pins are analyzed using the dimen-
sions from the preliminary sizing phase and under the previously described loading conditions. These dimensions and loads are
presented in Tables 7 and 15, respectively. By applying distributed pressure to the pin surfaces as described, the resulting stress
distributions within the pins are made as realistic as possible.

To formally quantify the comparative performance of the load-transfer strategies, the maximum stress values and their corre-
sponding relative deviations are presented in Table 18.

Table 18. Quantitative comparison and error analysis of the maximum Von Mises stress across the three proposed load-transfer methods.

Methodology Maximum Von Mises Stress (MPa)  Relative Deviation versus the LDM results (%)
DRM (Direct Reactions) 1946.00 98.02%
MTM (Moments Transformation) 4096.00 316.79%
LDM (Loads Distribution - Ref.) 982.75 -

Since the LDM approach provides the most physically representative load-transfer mechanism, it was adopted as the benchmark
for quantitative comparison. The numerical data in Table 18 show that the DRM and MTM methodologies yield peak stress values
that are 98.02% and 316.79% higher than the LDM benchmark, respectively. These substantial discrepancies indicate that although
simpler methods such as DRM and MTM may capture the general stress pattern, they fail to provide the localized accuracy required
for aerospace components because they introduce nonphysical stress singularities at the application points. Consequently, the
quantitative evidence supports the LDM as the most accurate and reliable technique for the preliminary high-resolution structural
assessment of the deployable support system.

Although the LDM produces lower maximum Von Mises stresses than the DRM and MTM, this lower level should not be inter-
preted simply as a conservative or nonconservative result. Rather, it reflects the removal of artificial stress concentrations caused
by concentrated load application. To ensure mechanical consistency, the distributed pressures used in the LDM must preserve the
resultant forces and moments obtained from the MBD model. Therefore, the pressure fields applied in the finite element model
are selected so that their integrals over the loaded surfaces reproduce the corresponding MBD joint reactions. This equilibrium-
preserving condition is essential for a meaningful transfer of loads from the multibody model to the finite element model.

The present structural analysis focuses on the three most critical pins in the folding and unfolding mechanism, as these com-
ponents are subjected to the highest loads during operation. The results of the Von Mises stress analysis for the three pins are
illustrated in Figure 22.

The stress contours shown in Figure 22 provide a visual representation of the stress distribution across the pin surfaces under
critical loading conditions. Upon examination of these contours, it becomes evident that the maximum stress levels occur at specific
points along the pin surfaces, particularly at points of interaction with adjacent components, such as the crank arms or support
plates.

In addition, the safety factor n for each pin is calculated using the Von Mises stress results. The safety factor is determined by
comparing the maximum stress values obtained from the FEM analysis with the yield strength o, of the material utilized for the
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(a) Pin A: pin-actuator system. (b) Pin B: pin—crank system. (c) Pin C: pin—-arm system.

Fig. 22. Von Mises stress contour plots for the initial pin geometries obtained using the Loads Distribution Method (LDM). (a) Actuator pin
configuration. (b) Crank pin configuration. (c) Arm pin configuration.

pins, as shown below:

n= UL (45)
ovM

The calculated safety factors for each of the three pins are presented in Table 19.

Table 19. Safety factor for the pins under the applied loading conditions.

Component Safety factor 7 (-)

Pin A 0.22
Pin B 0.21
Pin C 0.83

As shown in Equation (45), a safety factor greater than one is typically deemed sufficient to ensure that the element in question
can withstand the forces to which it is subjected. In the specific instance under consideration, however, a more rigorous standard
is being applied, requiring a safety factor greater than or equal to 1.5 (-).

An inspection of the results in Table 19 shows that none of the pins meet the requisite safety standards under the current design.
The safety factors for all three pins fall below the minimum acceptable value, indicating that the preliminary sizing dimensions are
insufficient to withstand the critical loads they are subjected to. This indicates that resizing of all three pins is necessary to meet
the structural requirements and ensure the safe operation of the folding mechanism.

Given the inadequacy of the current pin dimensions, an iterative optimization process will be conducted in the next section. In
this process, the diameter of each pin will be adjusted, and the MBD simulation will be rerun to update the load conditions. Sub-
sequently, the finite element analysis will be repeated to verify that the new dimensions can resist the applied forces and stresses.
This iterative approach will continue until all pins have been verified and can withstand the loads with a satisfactory safety factor.

After each geometric modification, the finite element analysis is repeated to verify the updated stress distribution and safety
factor. In the present static worst-case analysis, the MBD joint reactions are held constant because the external thrust, the mech-
anism’s open configuration, and the kinematic constraint layout remain unchanged. Therefore, the same reaction loads from the
MBD model are used for iterative FEM-based resizing. If the redesign’s variations in mass and inertia are accounted for in a fully
dynamic deployment simulation, the MBD model should be updated accordingly.

In addition to the pin analysis, an FE analysis is conducted for the arm component. The initial dimensions of the arm are pro-
vided in Table 10. Unlike the pins, no load transformation is required in this case. The arm is directly subjected to the loads from
the motors, which are applied at the tip, while the arm is fixed at its opposite end. The applied load corresponds to the critical flight
condition at 45 degrees, and the load value is provided in Table 1 for reference. Figure 23 illustrates the FE setup for the arm, which
is constrained at one end and subjected to a load at the tip.

This configuration ensures that the model accurately replicates the mechanical behavior of the supporting arm under these flight
conditions. Furthermore, the Von Mises stress contours reveal regions of maximum stress concentration. The stress distribution
from the initial FEM analysis is illustrated in Figure 24.

Following the initial FEM analysis, the safety factor for the arm was calculated and is presented in Table 20.

Although the safety factor is greater than 1, indicating that the arm can withstand the applied load, it is below the required
threshold of 1.5. As noted earlier, a safety factor of at least 1.5 provides an initial static design margin. However, it does not elimi-
nate the need for fatigue verification in later design stages. Therefore, the existing arm design is inadequate and must be redesigned
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Fig. 23. Two-dimensional schematization of the boundary conditions and loads applied to the support arm.
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Fig. 24. Von Mises stress contour plot for the support arm with the initial geometric dimensions.

Table 20. Safety factor for the arm under the applied loads.

Component Safety factor 7 (-)
Arm 1.34

to meet the requisite safety margin. To achieve this, the external radius of the arm r, will be maintained at 32 (mm), while the in-
ternal radius will be adjusted iteratively by increasing the wall thickness. Following each modification, the MBD simulation will be
rerun to determine the new reaction forces, and the FEM analysis will be repeated until the safety factor reaches the required value.
This iterative design process will be covered in detail in the next subsection.

To ensure the structural reliability of the foldable mechanism under the stringent requirements of Urban Air Mobility, a factor
of safety of 1.5 has been adopted for all critical components. This value is not arbitrary but strictly aligns with Federal Aviation
Administration (FAA) standards in Federal Aviation Regulation (FAR) Part 27.303, which requires a factor of safety of at least 1.5 for
aircraft structural designs unless otherwise specified [101]. This margin ensures that the deployable support can withstand limit
loads without permanent deformation and ultimate loads without catastrophic failure during the transition phases. Furthermore,
the operational lifespan of such aerospace mechanisms is heavily influenced by High-Cycle and Low-Cycle Fatigue (HCF/LCF). How-
ever, the present study is strictly limited to the preliminary static design and proof-of-concept phase of the integrated CAD-MBD-FEM
framework. Comprehensive spectral fatigue analysis, including vibration-induced degradation and ultimate limit state testing under
cyclic loading, is outside the current scope and will form the core of the second-version prototype development and experimental
validation.

4.5 Iterative Design Improvement

The objective of this subsection is to enhance the geometric characteristics of both the pins and the arm to ensure they meet the
safety factor requirements previously outlined. For the pins, the radius r, increases gradually while the length remains constant.
For the arm, the section thickness ¢, is increased and the internal radius r; is decreased, while the outer radius r, is intentionally
kept constant. This approach allows the mechanical resistance of each component to be adjusted without significantly altering its
overall dimensions. It is crucial to note that the MBD analysis remains unchanged throughout this iterative process. The geometric
modifications do not affect the overall reaction forces and moments within the system. Consequently, the loads applied in the
previous analysis, as outlined in Table 15, remain valid for the new geometries. Consequently, the reactions in the MBD model
remain unchanged, and the sole variable that changes is the structural response resulting from the modified dimensions.

The iterative design process begins by increasing the diameter of each pin and decreasing the internal radius of the arm until
the safety factor is at least 1.5. The final Von Mises stress contours for the optimized geometries of the pins and the arm are shown
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in Figures 25 and 26, respectively.
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Fig. 25. Von Mises stress contour plots for the final optimized pin geometries obtained after the iterative design procedure. (a) Optimized actuator pin.
(b) Optimized crank pin. (c) Optimized arm pin.
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Fig. 26. Von Mises stress contour plot for the final optimized arm geometry.

Additionally, Table 21 lists the safety factors for each component after the iterative design improvements.

Observing Table 21, it can be seen that all safety factors are now greater than or equal to 1.5, confirming that the redesigned
components meet the required safety margins.

Table 22 provides a summary of the initial dimensions from the preliminary design stage and the final dimensions that meet
the established criteria for both the arm and the three pins.

The iterative process presented here ensured that all components were carefully optimized to meet structural requirements
under critical load conditions, resulting in an optimal design for the case study examined in this paper.

For the current structural validation, it is essential to define the boundaries of the mission profile under analysis. Although
the operational environment of UAM vehicles encompasses a wide array of critical load cases, including aerodynamic gusts during
maneuvers, transient impact forces during folding and deployment sequences, and cyclic fatigue over the service life, the scope
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Table 21. Final safety factors for the optimized pins and arm after iterative design.

Component Safety factor 7 (-)

Pin A 1.75
Pin B 1.68
Pin C 1.50
Arm 1.62

Table 22. Summary of initial dimensions from preliminary design and final optimized dimensions for pins and arm.

Component Initial dimension Final dimension

Pin A rp = 2.5 (mm) rp =5 (mm)
Pin B rp = 3 (mm) rp = 6 (Mmm)
Pin C rp = 5.5 (mm) rp =7 (Mmm)
Arm r; = 26 (mm) r; = 22 (mm)
ro = 32 (mm) ro = 32 (mm)
to = 6 (Mmm) to = 10 (mm)

of this initial research phase is strictly focused on proof-of-concept and the static structural feasibility of the mechanism. The
hovering condition is selected as the baseline load case because it represents a sustained, high-power-demand state with constant
force transmission, providing a reliable metric for the initial assessment of the CAD-MBD-FEM integrated framework. Achieving full
aerospace maturity will require incorporating high-fidelity transient phenomena. Consequently, integrating complex aerodynamic
load profiles and transitioning to multibody dynamic analysis involving flexible bodies are formally categorized as core objectives
of the subsequent phase of prototype development. This phased approach allows for the systematic elimination of kinematic risks
before committing to the computationally intensive aero-elastic simulations required for final certification.

Furthermore, Table 21 shows that all safety factors are at least 1.5, confirming that the redesigned components meet the required
safety margins. Table 22 summarizes the initial dimensions from the preliminary design stage and the final dimensions that meet
the established criteria for both the arm and the three pins. To address the inherent trade-off between structural strength and weight
efficiency, a paramount consideration in UAM applications, a comparative mass analysis is presented in Table 23.

Table 23. Mass-versus-safety-factor trade-off analysis across the preliminary and the optimized design phases.

Design Phase Total System Mass (kg Minimum Safety Factor (-)  Relative Change (%)
Preliminary Design 25.37 0.22 —
Optimized Design 27.34 1.50 7.7

The optimization process, which involved increasing the pin radii and reducing the internal radius of the tubular arm to increase
its cross-sectional area, increased the total mechanism mass from 25.37 (kg) to 27.34 (kg). Although this represents a relative mass
increment of 7.77%, it is justified by the substantial 581.8% improvement in the minimum safety factor, which rose from a critical
failure state of 0.22 to a target value of 1.5. Given the typical payload capacities of eVTOL vehicles, this mass penalty of approximately
1.97 (kg) is considered acceptable in exchange for ensuring the structural integrity under the considered loading condition of the
propulsor support during high-solicitation flight phases. This quantitative analysis confirms that the final design achieves an optimal
balance between meeting stringent aerospace safety regulations and maintaining the lightweight characteristics essential for UAM
performance.

As a final remark, the structural verification presented in this work is based on linear elastic finite element analysis under
a critical static load. This approach is suitable for preliminary sizing and comparative evaluation of load-transfer strategies, but
it does not replace a complete durability or certification-level assessment. In particular, the present analysis does not include
nonlinear contact, local clearance effects, wear, fretting, fatigue damage accumulation, manufacturing tolerances, or cyclic load
spectra. Moreover, the pin verification is based primarily on Von Mises stress and safety factor, whereas a complete joint design
should also include bearing stress, shear-out resistance, hole-edge stress, pin-lug contact pressure, and fatigue checks. These aspects
will be incorporated in the next stage of development, together with experimental validation on a physical prototype.

5. Summary, Conclusions, and Research Directions

5.1 Summary of the Issues Addressed in this Investigation

The evolution of the transport sector, along with the sustainability and ecological challenges it faces, requires innovative, un-
conventional, and functional engineering systems. Therefore, a viable solution explored in this study is to meet the need of creating
a vehicle capable of air-to-ground transport. To achieve this goal, one of the main challenges is to design an opening mechanism
that folds to reduce the overall footprint of the support system for propellers of flying vehicles, which is the main issue addressed
in this investigation. The development of such a system poses several non-trivial engineering problems, including the kinematic
and dynamic analysis of the deployable mechanism, the proper three-dimensional geometric design, and the final verification of
the structural strength of the resulting design solution. In the present paper, this objective is achieved by cleverly leveraging the
main areas of expertise of the authors, namely multibody dynamics, computational mechanics, system identification, and nonlinear
control.

This paper addresses and resolves two significant issues of industrial and scientific interest: I) developing a deployment mech-
anism for a flying car and II) adopting a robust, systematic methodology for its mechanical design. For this purpose, particular
attention is paid to the analysis of one of the most fundamental systems in flying cars, namely the motor support mechanism. In
this vein, it is necessary to develop a new deployable mechanism with minimal space requirements during ground operation, enabled
by folding into a relatively limited space. The design of such a system requires adopting an efficient, well-structured methodological
process. To ensure reliability, an integrated CAD-MBD-FEM methodology is, therefore, adopted throughout this study, and the main
aspects of this innovative workflow are demonstrated in the paper.
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5.2 Discussion and Considerations on the Work Conducted

This paper presents the design of a deployable opening mechanism that supports the engines attached to the propellers of a
flying car and folds during ground transport, thereby reducing the vehicle’s overall size. To this end, an Integration of Computer-
Aided Design and Analysis (I-CAD-A) approach is adopted throughout this investigation. In particular, the design and analysis
methodology proposed in this work is based on a four-pillar framework: a) preliminary 2D modeling for system pre-dimensioning; b)
detailed Computer-Aided Design (CAD) for 3D geometric modeling; c) Multi-Body Dynamic (MBD) analysis to identify the most severe
loading conditions; and d) Finite Element Analysis (FEA) for final structural integrity verification. In this vein, the preliminary 2D
design defines the kinematics of the deployable system and its maximum dimensions, providing the foundation for the subsequent
development of the 3D CAD model. The geometry developed during the geometric modeling phase is also used to create the MBD
model for kinematic synthesis and dynamic analysis, from which all reaction forces and moments at the joints are calculated
and applied as external loads in the structural analysis. These applied loads are then carefully analyzed and transformed into
an equivalent set of external forces and mechanical moments, since they cannot be directly transferred to the FEM environment
for strength analysis. For this purpose, three new methods are introduced and analyzed in this paper, namely the Direct Reactions
Method (DRM), the Moments Transformation Method (MTM), and the Loads Distribution Method (LDM). Finally, structural verification
is performed using finite element analysis with the previously defined equivalent loading scenario. Several numerical experiments
conducted in this investigation demonstrate that the proposed integrated approach yields a robust design.

For clarity, all steps for applying the integrated CAD-MBD-FEA methodology developed in this research are illustrated in the
paper. The process starts with 3D modeling in a CAD environment to define the geometry of the system and ensure data transfers
correctly to the MBD modeling stage. Then, multibody dynamic analysis allows for evaluating the constraint reactions at mechanical
joints, which are then used as loads in the FEM analysis. In particular, special attention is given to the procedure for combining MBD
and FEM modeling, since the reaction forces and moments obtained with MBD tools cannot be directly used in FEA for structural
integrity verification. In fact, it is essential to note that incorrect load transfer between the MBD and FEA environments leads to
inaccurate mechanical behavior assessment, resulting in an oversized system design. To solve this problem, three methods of load
transfer are proposed and described in the paper, each highlighting potential advantages and weaknesses. These are 1) the Direct
Reactions Method (DRM), 2) the Moments Transformation Method (MTM), and 3) the Loads Distribution Method (LDM). Through
proper transfer and the iterative process shown in the paper, it is possible to define the minimum dimensions of each mechanical
component to ensure the deployable system functions correctly. By doing so, the numerical analysis presented in this investigation
demonstrates that the Loads Distribution Method (LDM) yields the most realistic structural results.

This investigation presents the conception and design of a complex mechanism using the integration of advanced mechanical
methodologies. Based on the initial system dimensioning results, the CAD-MBD-FEM methodology utilized in this study enabled the
definition of the actual system geometry for its mechanical design. In summary, the results presented in this study demonstrate
the effectiveness of the CAD-MBD-FEM integrated approach in supporting the development of innovative mechanical systems. More
importantly, the workflow described in the paper significantly reduces the risk of design errors and enables iterative refinement of
system geometry. Furthermore, the proposed procedure provides guidance for designers working on complex mechanisms under
variable load conditions. The proposed approach also offers greater accuracy and helps decrease the time and costs of subsequent
validation and optimization phases. In conclusion, this investigation revealed that, among the methodologies considered, the most
realistic is the one that converts constraint reaction forces into distributed loads and constraint reaction moments into distributed
shear loads, namely the proposed technique referred to as the Loads Distribution Method (LDM). Future experimental validation
using physical demonstrators will also need to account for typical aerospace manufacturing tolerances and potential surface defects.
Assessing how these real-world manufacturing deviations affect the idealized load and stress distributions computed by the LDM
will be crucial to the digital twin’s final certification.

It is worth emphasizing that the structural verification in this study was conducted as a series of static analyses rather than
a fully transient dynamic Finite Element Analysis (FEA). As detailed in the manuscript, the methodology involves identifying peak
operational loads from dynamic simulations performed with the Multibody Dynamics (MBD) solver, which inherently accounts for
the mechanism’s global inertial effects and accelerations, and applying these worst-case loads to the structural components in a
static FEA environment. Given the relatively slow, controlled deployment speeds of the support mechanism, potential inertial effects
within the flexible components themselves during folding are considered secondary in this preliminary design phase. In effect,
the local inertial forces generated by the mass of the individual links are significantly lower than the primary aerodynamic and
structural loads transmitted through the joints. Consequently, focusing on static peak-load configurations provides a conservative
and computationally efficient assessment of structural safety margins. This approach is consistent with the main scope of this
investigation, which aims to achieve virtual prototyping of the folding mechanism under consideration as the case study. This
research, therefore, provides a reliable baseline for the mechanism’s feasibility before proceeding to more complex aeroelastic or
flexible-body transient simulations in future design iterations.

5.3 Final Remarks and Future Developments

Although the methodology employed in this paper has proven effective for the case study of this investigation, namely the
deployable mechanism that allows the motor support system of a flying car to open and fold, future developments will include im-
plementing optimization algorithms to automate the search for optimal configurations of articulated mechanical systems in general.
For instance, an important mechanical system that will be analyzed in future work adopting the integrated methodology devised in
this paper is the mechanical transmission and governing system of the main rotor of a helicopter. In this context, adopting Design
of Experiments (DOE) techniques will enable a systematic analysis of the influence of the key design parameters for the mechanical
system under study. Furthermore, the use of machine learning-based approaches enables the generation of an optimized geometry
that focuses on structural stiffness and strength. Overall, this work advances the integration of design and analysis methodologies
applicable to any articulated system that can be described within the framework of multibody mechanical systems.

Future work will focus on strengthening the Integration of Computer-Aided Design and Analysis (I-CAD-A) by establishing a
bidirectional CAD-CAE digital thread that ensures geometry, materials, boundary conditions, and load histories remain consistent
and traceable across design iterations. Additionally, the I-CAD-A workflow will be extended to include optimization and verification,
combining multi-fidelity simulations with targeted experimental correlation to quantify predictive accuracy and support design de-
cisions for rigid-flexible multibody mechanical systems. Finally, the key features and performance of the Loads Distribution Method
(LDM) will be further analyzed to enhance and advance the technique for accurately converting the mechanical actions resulting
from rigid dynamic models to static structural models.

While the current design meets the rigorous safety-factor requirements established by aviation standards, the structural archi-
tecture offers significant opportunities for mass optimization. The results presented in this study are intended to provide a robust,
validated baseline, confirming that the integrated CAD-MBD-FEM framework reliably predicts the mechanical behavior of the com-
plex foldable mechanism. Building on this foundation, future research cycles will prioritize lightweighting strategies to enhance
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the vehicle’s operational efficiency and payload capacity. Specifically, subsequent phases will apply topology optimization and gen-
erative design algorithms to the primary structural components, enabling the strategic removal of material in low-stress regions
while maintaining the required stiffness. Additionally, the transition from traditional alloy steels to advanced high-modulus carbon
fiber composites, as well as the adoption of additive manufacturing techniques, will be explored. These optimization directions will
ensure that the final iteration of the deployable support not only meets the necessary structural safety margins but also achieves
the high strength-to-weight ratio essential for the competitive UAM market.

Regarding the structural validation of the mechanism, the LDM, while numerically superior at capturing realistic stress gradi-
ents, requires subsequent empirical verification to confirm its underlying assumptions. To address this limitation, the next phase
of this research will develop a dedicated physical test bench for the foldable mechanism. This experimental campaign will priori-
tize validating the surface-pressure assumptions used in the LDM by using thin-film pressure sensors and miniature strain gauges
strategically embedded at the joint interfaces. Furthermore, Digital Image Correlation (DIC) will be used to map the full-field strain
distribution on the structural arms, enabling a direct quantitative comparison between the physical deformation and the FEM re-
sults. These experiments will provide the necessary benchmark data to calibrate the pressure distribution profiles within the I-CAD-
A framework, ensuring that the virtual prototyping methodology accurately reflects the complex contact mechanics of the physical
aerospace component. This empirical correlation is essential for bridging the gap between the current high-fidelity simulations and
the rigorous safety requirements of the UAM industry.

In the proposed design, transitioning the structural arms from high-strength metallic alloys to Carbon Fiber-Reinforced Polymers
(CFRP) will introduce significant modeling challenges that the I-CAD-A framework must address in future work [108]. Primarily, the
computational core will need to shift from assuming isotropic material behavior to accounting for the orthotropic nature of com-
posite laminates, which requires a detailed, layer-by-layer constitutive definition. In critical load-transfer regions, such as pin joints
and bonded interfaces, the current assumptions of simple metallic contact will be insufficient. Future developments will therefore
require the integration of Cohesive Zone Modeling (CZM) to accurately simulate the initiation and progression of delamination in
glued joints [109]. Moreover, the structural validation loop will be updated to incorporate specialized failure criteria, such as the Tsai-
Wu or Hashin theories, to account for the distinct failure modes of fibers and matrix [110]. This evolution of the virtual prototyping
environment will be essential to ensuring the reliability of the lightweight, high-performance composite architectures required for
advanced UAM vehicles.
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