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Abstract

This research presents a novel methodology for lightweighting and cost reduction of com-
ponents with high structural demands by integrating advanced design and manufacturing
techniques. Specifically, it combines topology optimization (TO) with additive manufac-
turing (AM), also known as 3D printing. Unlike conventional approaches, the proposed
method first determines the optimal geometry using an artificially stiff material, and only
then evaluates real materials for structural and manufacturing feasibility. This design-first,
material-second strategy enables broader material screening and maximizes weight re-
duction without compromising performance. The proposed workflow is applied to the
design of a turbofan air intake—an aeronautical component operating under supersonic
conditions—addressing both structural integrity and manufacturing feasibility. Three
materials from distinct classes are assessed: two metallic alloys (aluminum alloy 6061 and
titanium alloy, Ti6Al4V) and a high-performance polymer (polyetheretherketone, PEEK).
This last option is preliminarily discarded after being analyzed for this specific application.
Finite element (FE) simulations are used to evaluate the mechanical behavior of the opti-
mized geometries, including bird-strike conditions. Among the evaluated manufacturing
techniques, Selective Laser Melting (SLM) is identified as the most suitable for the metallic
materials selected, providing an effective balance between performance, manufacturabil-
ity, and aerospace compliance. This study illustrates the potential of TO–AM synergy as
a sustainable and efficient design approach for next-generation aerospace components.
Simulation results demonstrate a weight reduction of up to 71% while preserving critical
functional regions and maintaining structural integrity in Al 6061 and Ti6Al4V cases, under
the diverse loading conditions typical of real flight scenarios, while PEEK remains an
attractive option for uses where mechanical demands are less stringent.

Keywords: Selective Laser Melting; finite element simulation; Al 6061; Ti6Al4V; turbofan;
3D printing

1. Introduction
One of the major economic and social engines contributing to the prosperity of a

nation is the air transportation industry. It encompasses the movement of people and
goods by air, fostering global interactions among individuals, nations, and economies. Air
travel facilitates commerce, supports business operations, and stimulates tourism, playing
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a vital role in communication and globalization. According to the International Civil
Aviation Organization (ICAO), global air passenger traffic has doubled every 15 years since
1977, with projections estimating up to 8.2 billion annual passenger journeys by 2037 [1,2].
This exponential growth is placing significant pressure on the aerospace sector to increase
efficiency, reduce environmental impact, and remain cost competitive.

Fuel consumption is one of the most critical factors in aviation economics and sustain-
ability. Despite doubling its energy efficiency since the 1970s, the aviation sector has seen a
continuous rise in total energy use, growing at about 2% annually between 1970 and 1987.
The demand for aviation fuel increased from 118,000 barrels per day in 1971 to 4.9 million
barrels in 2006 [3]. Today, civil aviation accounts for approximately 2–3% of total fossil fuel
use, with over 80% of that used for commercial operations [4].

One of the most effective strategies to mitigate fuel consumption is through weight
reduction. Reducing 1 kg from an aircraft’s structure can save approximately 0.02–0.03 kg
of fuel per flight hour, yielding an estimated 3000 to 4000 kg of annual fuel savings per
aircraft [5]. These benefits not only impact operating costs, but also support global efforts
toward decarbonization.

To achieve this, aerospace manufacturers are increasingly adopting Additive Man-
ufacturing (AM), also known as 3D printing. AM is a disruptive and rapidly evolving
technology that builds parts layer by layer from digital models, allowing for geometric
freedom, material efficiency, and reduction of production waste [6–8]. Since Hausholder’s
1979 patent on laser powder sintering [9], AM has evolved from a rapid prototyping tool to
a robust platform for fabricating end-use parts. A landmark example is General Electric’s
consolidated fuel nozzle tip for the GE9X engine, which reduced part count from 20 to
1 and lowered weight by 25%, while improving durability [10,11].

AM encompasses a wide variety of processes, generally classified by material type,
deposition technique, and energy source. According to the ISO/ASTM 52,900 [12] standard,
major technologies include: Vat Photopolymerization (e.g., Stereolithography, SLA) [13],
Material Extrusion (e.g., Fused Deposition Modeling, FDM) [14], and Powder Bed Fusion
(e.g., Selective Laser Sintering, SLS) [15]. For metals, typical Powder Bed Fusion methods
include Selective Laser Melting (SLM) [16] and Electron Beam Melting (EBM) [17], while
Directed Energy Deposition (DED) (e.g., Direct Metal Laser Sintering, DMLS) is also
widely used.

Closely linked to the manufacturing advances enabled by AM is Topology Opti-
mization (TO), a computational design methodology that determines the most efficient
distribution of material within a defined domain. First formalized by Bendsøe and Kikuchi
in the late 1980s [18], TO allows the creation of structures that achieve maximum stiff-
ness or minimum weight under specified constraints, often producing biomimetic, highly
efficient geometries [19]. These geometries are typically too complex for conventional
manufacturing but are ideally suited to AM.

Modern TO algorithms use finite element methods and iterative material distribution
schemes. Among the most widely used approaches are Solid Isotropic Material with Penal-
ization (SIMP) [20], Evolutionary Structural Optimization (ESO) [21], and Bi-directional
Evolutionary Structural Optimization (BESO) [22]. These techniques allow designers to
minimize material use without compromising mechanical integrity.

The synergistic integration of TO and AM opens new possibilities for the development
of lightweight, high-performance components. While TO reduces unnecessary material,
AM enables its realization with minimal geometric constraints. This convergence aligns
with sustainability goals by reducing CO2 emissions, optimizing raw material use, and
decreasing energy demand during production [23,24].
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In this study, a combined TO–AM methodology is proposed for the redesign of a
supersonic turbofan air intake—a structurally demanding component in aerospace propul-
sion systems. While the methodology is tailored to a specific case study, its principles can
be extended to a broader range of problems.

Three material classes—aluminum alloy 6061, titanium alloy Ti6Al4V, and polyetherether-
ketone (PEEK)—are assessed for mechanical and manufacturing feasibility. This work aims
to validate TO–AM workflows in producing lightweight structural components suitable
for the rigorous environment of supersonic flight and to devise a manufacturing process
retrofit that enables their production.

Most conventional methodologies that combine TO and AM begin with the selection of
a specific material [25], whose mechanical properties are used to define the optimization pa-
rameters (Figure 1, blue arrows). This “material-first” approach typically leads to solutions
that are geometrically optimal for the selected material but may not exploit the full potential
for weight reduction or structural efficiency when considering alternative materials.

Figure 1. Comparison between conventional and proposed methodologies in the integration of TO
and AM. The proposed approach modifies the traditional material-first sequence by prioritizing the
geometry optimization under mechanical requirements.

In contrast, the methodology proposed in this work adopts a “design-first, material-
second” strategy (Figure 1, green arrows). The process begins with the use of artificially
stiff virtual material that enables the generation of an optimized geometry focused solely
on structural and functional requirements—such as stiffness, boundary conditions, and
aerodynamic performance. By decoupling the material constraint from the early stages of
the design, this method allows the maximization of topological efficiency.

Once the geometry is defined, a subsequent material screening phase evaluates the
feasibility of manufacturing the component using different real-world materials (e.g.,
Ti6Al4V, Al6061, or PEEK). The selection is based on each candidate’s ability to meet
structural strength and manufacturability constraints.

This methodological inversion allows a broader and more flexible exploration of
viable material alternatives and makes it particularly well-suited for retrofitting aerospace
components, where preserving the external geometry is critical, but reducing weight is
equally essential. This modified workflow constitutes one of the key novelties of the present
work and directly addresses limitations observed in the traditional TO–AM design pipeline.
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2. Methodology
In this study, an original design methodology that combines TO and AM simulation is

proposed for the redesign of a real-world aerospace component: the air intake of a turbofan
engine. This component was chosen for its critical role in engine efficiency and its exposure
to significant aerodynamic and mechanical stresses. The design process evaluates three
fundamentally different materials to highlight the flexibility of the method across metallic
and polymeric substrates: two metallic alloys, the Aluminum alloy 6061 and the Titanium
alloy Ti6Al4V, as well as, in contrast, a high-performance polymer, in this last case, the
Polyetherketone (PEEK).

The study includes structural simulations and manufacturability assessments, focusing
particularly on the feasibility and performance of AM for producing the optimized geometry.
By demonstrating the viability of this integrated approach, the work contributes to the
development of next-generation lightweight aerospace components that meet strict mechanical
and production requirements while enhancing ecological and economic performance.

The overall workflow consists of five sequential stages, as illustrated in Figure 2.
These include: (A) Functional study of aerodynamic and mechanical operating conditions
characterization, (B) dimensional design and load analysis, (C) topology optimization using
the SIMP algorithm, (D) material selection and mechanical evaluation, and (E) manufac-
turability assessment using AM processes.

PHASE B  PHASE A  PHASE C 

(A) Functional 
Study

(B) Dimensional 
design and load 

analysis

(C) Topology 
optimization

(D)Material 
selection and 
evaluation

(E)  
Manufacturability 

assessment

Figure 2. Stages of proposed methodology: from operating characterization to manufacturing
processability study. Stages are linked to phases shown in Figure 1.

2.1. Stage A: Functional Study, Mechanical Requirements, and Dimensional Analysis

The main function of the turbofan air intake is to ensure controlled and efficient
airflow delivery to the engine. In a typical turbofan, air enters through the intake, where
it is conditioned before being accelerated by the fan. Part of this air bypasses the engine
core (providing additional thrust), while the rest enters the compressor, where pressure
and temperature are increased before reaching the combustion chamber. There, it is mixed
with fuel and ignited. The resulting high-energy gases drive the turbine, which powers the
fan and compressor, before exiting through the nozzle to generate thrust. This simplified
process is represented in Figure 3.

Therefore, the intake plays a key role in initiating the propulsion cycle by adapting
external atmospheric air to the optimal thermodynamic conditions for combustion and me-
chanical efficiency. Hence, the air intake must reduce the incoming flow speed from cruise
conditions (Mach ≈ 0.85) to an optimal value of around Mach ≈ 0.45 at the compressor
entrance [26].

To achieve this, the air intake must continuously adapt to varying flight conditions,
including changes in ambient temperature, pressure, and speed. This is accomplished
through a set of mechanical-hydraulic actuators located symmetrically along the inner
walls of the intake. These devices allow the effective cross-sectional area to vary in real
time, regulating mass flow and suppressing potential pressure surges.
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Figure 3. Turbofan air process where air stages are represented and numerically classified. The green
labels (H, 01–06) indicate key reference stations: H corresponds to the external ambient air; 01 is the
inlet of the air intake; 02 is the exit of the compression stage; 03 is the entry of the hot gases into the
turbine section; 04 is the turbine exit; 05 corresponds to the expansion zone; and 06 represents the
ambient air downstream of the exhaust.

In supersonic flight conditions (Mach > 1), this process is particularly demanding
due to the formation of shock waves, characterized by a steep pressure front propagating
faster than the local speed of sound—producing extreme pressure and temperature. These
waves—originating from the transition from exterior supersonic to interior subsonic
flow—can cause severe instabilities and turbulence if they are not managed properly before
the airflow reaches the compressor [27], potentially compromising engine performance.

To mitigate this, a conical spike or pitot-type centerbody is integrated into the intake
front. This geometry intentionally triggers shock waves upstream of the intake mouth,
ensuring that flow deceleration and associated pressure changes occur away from the
engine core.

The dimensional design of the air intake was established based on nominal cruise
conditions—an altitude of 11,500 m and a velocity of 255 m/s—which determine the
reference thermodynamic state for the incoming airflow. However, in addition to purely
aerodynamic sizing, the design process also accounted for critical supersonic phenomena,
such as shock wave formation, pressure gradients, and flow-induced instabilities, which
can significantly influence the mechanical performance and structural integrity of the
component. As such, the intake geometry was not only tailored to match ideal or cruise
flow rates, but also to resist the dynamic loads and pressure surges generated under real
operating conditions. In addition to this, thermodynamic parameters, including ambient
pressure and temperature, were derived using the International Standard Atmosphere
(ISA) model. The initial parameters are presented in Table 1.

Table 1. Initial air conditions.

Z (m) U (m/s) TH (K) PH (bar) Rair (kJ/(kg·K)) γair M W (kg)

11,000 255 223 0.24474 0.2872 1.4 0.852 333,400

Using these conditions, the required lift force (D) and intake area were calculated
based on the aircraft’s maximum takeoff weight (normally 333,400 kg). The required lift
force is expressed as Equation (1) [28]:

D =
1
2
·ρ·CD·U2·Are f =

1
2
· PH
R·TH

·CD·U2·Are f = Wplane·g (1)

where CD is the drag coefficient, which, based on several studies, has been shown—particularly
for streamlined bodies—to be a function of the induced drag coefficient (CL) caused
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by wingtip vortices. This relationship allows the following formulation shown in
Equation (2) [29]:

CD = 0.612·
(

1 + C2
L

)
(2)

To select the appropriate airfoil profile, and thereby determine the value of CL, we
refer to the five-digit classifications provided by the National Advisory Committee for
Aeronautics (NACA), using a NACA 43012 profile [30].

To determine the design frontal area of the turbofan intake, it is necessary to solve and
rearrange Equation (3) [31]. This requires calculating the choked (maximum) mass flow
rates passing through the intake under design conditions.

.
mTotalair·

√
T01

A f rontal ·P01
=

1 −
(

rroot

rtip

)2
·

√
γair√
Rair

·M·
(

1 +
γair − 1

2
·M2

) 1+γair
2∗(1−γair) (3)

To get to the data needed, isentropic and isoenthalpic flow assumptions were applied
to estimate mass flow and frontal intake based on total intake conditions. In addition,
different hypotheses shown in Tables 2–4 were also applied, based on different reports.

Table 2. Compression ratios at different stages.

Compression or Expansion Rates

RCDynamic Intake 1.566

RCCompressor 6

RCFan 2

PressureLoss 5%

Table 3. Efficiency Assumptions.

Efficiency Assumptions

Ղ DynamicIntake 0.9546

Ղ Fan 0.85

Ղ Compressor 0.85

Ղ Turbine 0.85

Ղ CombustionChamber 0.92

Ղ SecondaryNozzle 0.99

Table 4. Gas from mixing properties.

Resulting Gas from Mixing

CPgas (J/kg·K) 1118

γgas 1.333

Rgas
γgas−1

γgas
·CPgas = 279.29

HPKerosene (kJ/(kg·K)) 13,000

2.2. Stage B: Mechanical Load Calculations

Once the intake conditions were defined, mechanical loads were analyzed. Table 5 presents
the pressure loads due to various sources, including velocity deceleration, static pressure differ-
ences, centrifugal effects, additive flow redistribution [31], and shock-induced overpressure.
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Table 5. Mechanical stresses acting on the turbofan air intake.

Type of Force Cause Value Equation

Speed difference (kPa) Air deceleration from the air intake
entrance to the engine front face 11.3 P∆v = ρ· ∆v2

2
(4)

Static (kPa) Pressure difference between duct interior
and exterior 52.5 Pstatic = Pint − PH (5)

Centrifugal (kPa) Air movement due to engine rotation 107.1 Pcent =
ρ·v2

2
(6)

Additive resistance (kPa) Constant mass flow between two
different areas 0.35 RAd = ρ0 A1

(
P1
P0

(
1 + γM2

1
)
− A0

A1

(
1 + γM2

0
))

(7)

Shock wave (kPa) Shock wave overpressure 87.0 ∆H = C·
(

v0
g

)
(8)

Bird strike test (kN) High-speed collision of a bird-like object 650.3 Fimpact =
1
2 ·ρbird·u2·A (9)

Based on the aforementioned assumptions, the results obtained, the identified mechan-
ical loads, and the assumed isoenthalpic and isentropic behavior of the flow, it is possible
to estimate the internal cross-sectional area of the air intake. It must be emphasized that the
design must incorporate a spike to minimize the formation of shock waves, as well as four
hydro-mechanical actuators that enable limited regulation of the air intake area to adapt to
varying flight conditions. These results will be presented in Section 3.

Summing up, the air intake considered in this study is designed to operate under
supersonic conditions, where both aerodynamic efficiency and mechanical performance
are essential. To guide the topology optimization and subsequent material evaluation, a set
of structural, functional, and manufacturing requirements was established.

First, the external aerodynamic geometry was preserved throughout the optimization
process, as it defines the airflow path and must remain unaltered to ensure proper inte-
gration with the engine and surrounding components. This outer surface was therefore
defined as a non-design space.

Secondly, the optimal cruise condition for internal flow was established at Mach 0.45,
representing the target operational speed for which the internal flow, pressure distribution,
and the rest of the operational conditions were calculated. These conditions were used
to derive realistic mechanical loads for the simulations, ensuring that the design remains
stable and functional under representative aerodynamic conditions.

Structurally, the intake was required to exhibit high stiffness in order to minimize
deformation and maintain the geometric fidelity of the airflow channel. In parallel, me-
chanical strength was ensured by requiring that all stresses remain well below the material
yield limit under the applied loads.

Another key objective accomplished is mass reduction, aligned with aerospace design
priorities. The optimization aimed to remove as much internal material as possible without
compromising mechanical performance, contributing to overall system efficiency.

These multidisciplinary requirements were embedded into the design process to
ensure that the final component is not only structurally sound and lightweight, but also
compatible with the functional, aerodynamic, and manufacturing demands of a real-world
aerospace application.

2.3. Stage C: Topology Optimization

As previously mentioned, TO aims to reduce material usage in order to design lighter
and more cost-effective components that still possess sufficient mechanical strength to
withstand the loading conditions to which they will be subjected. This ultimately reduces
both manufacturing and operational costs.

This methodology allows the transformation of an initial geometry through continu-
ous, bijective, and continuously invertible mappings—i.e., homeomorphisms—which
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means that geometry can be altered through any transformation that does not in-
volve breaking or separating parts that were connected, nor joining parts that were
initially separated.

TO is particularly valuable during the design phase, where it typically results in
highly complex geometries that, historically, could not be produced using conventional
subtractive manufacturing methods. This limitation explains why topology optimization
did not experience significant development until recent years.

However, recently, the number of studies and publications in this field has increased
in parallel with the rise of AM technologies [32,33].

As a result, several optimization techniques have emerged, all of which are based on
computational calculations using finite element methods (FEM). These techniques start
from an initial morphology and perform iterative calculations (depending on the selected
approach) to obtain the final desired geometry. One major drawback of these methods is
their high computational cost, as they involve a large number of parameters for each finite
element. Thus, it becomes essential to find a balance between computational cost and the
accuracy of the desired result.

Nevertheless, the results obtained are sometimes not sufficiently sharp or well-defined,
regardless of the computational load, and may require mesh refinement in specific regions.

Throughout the scientific literature, several TO techniques can be found, among which
the most prominent are Solid Isotropic Material with Penalization (SIMP), Evolutionary
Structural Optimization (ESO) [21], and Cartesian grid Finite Element Method (cgFEM) [34].
Among the available TO methods, the SIMP approach was selected for this study due to
its strong balance between performance and implementation feasibility. As described by
Rozvany et al. [35], SIMP offers a mathematically efficient and stable formulation that is
well-suited for structural compliance problems, particularly when the objective is stiffness
maximization under prescribed loads.

In addition, the review by El Khadiri et al. [36] highlights the widespread use of SIMP
in AM contexts, citing their effectiveness in producing optimized geometries compatible
with real-world manufacturing constraints. This makes SIMP highly appropriate for
components such as the air intake studied here, where mass reduction, structural rigidity,
and manufacturability must be jointly addressed.

Moreover, the SIMP method is natively integrated into Autodesk Fusion 360 v.20602.1.25®,
the platform used in this study, enabling seamless coupling between optimization, CAD
modelling, and preparation for additive manufacturing. Compared to methods such as ESO
or level set formulations, SIMP also facilitates faster convergence and better interpretability
of intermediate density regions when suitable filtering is applied.

The SIMP method, introduced by M.P. Bendsøe in 1989 [20], is a local TO strategy
based on maximizing stiffness under a volume constraint. It achieves optimal material
distribution within a predefined domain by varying the relative material density (pi)
between 0 and 1 across discretized finite elements. The relationship between material
properties and design variables is established via a penalized power-law expression:

EH(ρi) = (ρi)
P·E0 (10)

where EH is the homogenized Young’s modulus, E0 is the base material modulus, and P
is the penalization factor. This penalization promotes a binary design (material or void),
leading to physically meaningful structures.

The SIMP approach defines an objective function based on compliance minimization
(the inverse of stiffness), thereby maximizing structural rigidity. The stiffness matrix for
each element is computed as:

ke = Ee·k̂e (11)
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where ke is the elemental stiffness matrix and Ee is the penalized modulus. The global
stiffness system is assembled as:

K = E·K̂, K·u = f (12)

with f being the external force vector and u the nodal displacement vector. The optimization
problem is formulated as:

minJ(x) = C(x) + λG(x) (13)

where C(x) is the compliance and G(x) enforces volume constraints. Optimization proceeds
using regularized fixed-point methods, updating design variables iteratively.

In conclusion, SIMP offers a mathematically rigorous yet heuristically guided frame-
work, enabling continuous improvement of structural designs as computational capabilities
evolve, and is implemented in Autodesk Fusion 360® [37], which has been selected as the
design program used to run the simulations in this work.

This method is compared in Table 6 with the other ones mentioned above.

Table 6. Comparative Analysis of the Most Widely Applied TO Methodologies.

Name SIMP ESO cgFEM

Authors Bendsøe & Sigmund [20] Huang, X., Xie, Y.M. [21] Enrique Nadal [30]

Objective Evaluate element-by-element whether
its existence is necessary.

Gradually reduce weight based on the
assumption that the initial structure is

over-dimensioned.

Reduce computational cost by avoiding
internal geometry definition.

Method Defines the density of elements in
binary form (exists or not).

Removes in each iteration the elements
not meeting technical requirements.

Calculates stiffness of each element to
determine which can be removed.

Advantages
Most studied methodology,

mathematically defined and widely
implemented in commercial software.

Very simple and easy to implement. Allows the use of multiple independent
grids that can be studied separately.

Disadvantages
Based on heuristic techniques. Element

necessity is selected based on
experience, then validated.

Removed elements cannot generally be
recovered. AESO can add specific ones.

Results depend on mesh intersection
quality, especially at curved boundaries.

2.4. Stage D: Material Selection and Evaluation

To determine the most suitable materials for the application, the Ansys Granta Material
Selector v.2025® software [38] was used to generate an Ashby diagram [39], allowing for
a visual comparison of the best candidates. The initial material screening was conducted
based on tensile strength and density, which are widely used as first-level indicators for
evaluating stiffness-to-weight efficiency. This approach aligns with the design objective of
maintaining structural performance while minimizing component mass.

While other material properties, such as fatigue life, thermal resistance, and friction
coefficient, are highly relevant for long-term performance and functional behavior, their
analysis falls beyond the scope of the current methodology-focused study. These param-
eters are significantly influenced by manufacturing conditions (e.g., build orientation,
surface finish).

The current selection strategy thus serves as a preliminary material down-selection
tool, enabling compatibility assessment between candidate alloys and the topology-
optimized geometry.

As shown in Figure 4, the most promising candidates are titanium alloys such as
Ti6Al4V, aluminum alloys like Al 6061, and magnesium alloys. However, magnesium is
excluded due to its relatively poor corrosion resistance and flammability, particularly in
powder form, which is critical for additive manufacturing.
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Figure 4. Metal alloys selection Ashby diagram.

Among high-performance polymers (see Figure 5), PEEK and Polyimide (PI) stand out.
Although they exhibit lower tensile strength compared to the aforementioned metal alloys,
they offer the advantage of significantly lower density. For this reason, the performance of
the optimized component manufactured in PEEK will also be analyzed.

 

Figure 5. Polymer selection Ashby diagram.

3. Results
First of all, the thermodynamic results are shown in Table 7. Based on all the previously

mentioned results and assumptions, the frontal area is calculated according to Equation (3),
yielding a final diameter of 3.78 m.

Assuming laminar flow conditions (Reynolds = 2300), an intake width of 0.974 m is
obtained, resulting in the design shown in Figure 6, with some details as mentioned in
previous sections and shown in Figure 7.

Once the dimensional design is clarified, it is proven that under the given calculated loads,
which are represented in Figure 8, where the pressures are uniformly distributed—visualized
as blue arrows, while the point loads are indicated by green arrows—the component
shows virtually no deformation, indicating that it is likely over-dimensioned. Therefore, it
undergoes a regenerative design process based on the SIMP methodology implemented in
Autodesk Fusion 360® [37], achieving a 71% weight reduction by removing material from
the inner volume, while preserving the critical features that must remain unaltered, as is
shown in Figure 8. For this simulation, the finite element mesh used for the static structural
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analysis was generated in Autodesk Fusion 360® using parabolic tetrahedral elements.
A mesh sensitivity study was performed to evaluate the influence of mesh density on
the accuracy of the results and the associated computational cost. Based on the model
geometry and the results of this study, an optimal element size equivalent to 1% of the
model’s characteristic length was selected, ensuring fine discretization in critical regions
without incurring excessive computational overhead.

Table 7. Thermodynamic results according to the stages indicated in Figure 3.

Pressure (bar) Temperature (K)

PH 0.245 TH 223.0

P01 0.385 T01 255.4

P02F 0.770 T02F 321.2

P02 4.620 T02 573.7

P03 4.400 T03 1255

P04 0.416 T04 732.2

P5 0.416 T5 642.8

P6 0.770 T6 232.3

Pcr 0.151 Tcr 548.6

Figure 6. Dimensional and structural design of the air intake in meters.

Figure 7. Detailed space for the electromechanical valves that regulate the air entrance area.



Machines 2025, 13, 700 12 of 20

 

  

Figure 8. Optimized design for the air intake and some unaltered details. Green arrows represent
distributed pressures over the entire inner and outer surfaces, blue arrows represent pressures over
the frontal surface, and yellow arrows represent gravity.

Curvature-based refinement was enabled with a maximum curvature angle of 60◦,
allowing the mesh to adapt to geometrically complex areas. The minimum element size
was set to 20% of the average size to avoid excessively small elements, and mesh scaling
per part was activated to improve local mesh distribution. Additionally, the maximum
adjacent element size ratio and aspect ratio were restricted to their minimum allowable
values to enhance mesh quality and reduce numerical errors.

This mesh configuration provided a consistent and sufficiently refined discretiza-
tion that ensured accurate resolution of the mechanical response while maintaining an
acceptable computational cost.

The weight reduction reported in this study corresponds to the outcome of the topol-
ogy optimization process applied to the internal volume of the air intake. The outer
aerodynamic shell was retained throughout the process as a non-design space due to strict
functional constraints, such as flow control and interface compatibility.

The internal solid volume was defined as the design domain, and the objective function
was set to minimize the internal mass while maintaining structural integrity. The applied
load conditions correspond to an operating flow of Mach 0.45, which defines the critical
aerodynamic pressures acting on the component.

To ensure adequate rigidity, displacement constraints were imposed on key interfaces
and mounting regions. No target volume fraction or mass reduction was enforced; instead,



Machines 2025, 13, 700 13 of 20

the final result emerged from the solver as the most efficient material distribution that
fulfilled all imposed constraints.

After optimization, the final mass of the part—including the outer shell and the
optimized internal structure—represented approximately 29% of the initial fully solid
model, resulting in a 71% reduction in material usage while maintaining stiffness and
mechanical performance.

The optimized geometry is subjected to numerical simulation to evaluate its structural
performance and durability for each of the selected materials. Figures 9 and 10 illustrate
the resulting displacements under the load conditions previously described, where it is
demonstrated that while the deformation shape remains consistent across materials, the
displacement magnitude varies.

(c) 

(b) 
(a) 

Figure 9. Displacement contour diagrams predicted by FEM simulation to mechanical solicitations
for (a) Ti6Al4V, (b) Al6061, (c) PEEK. Green arrows represent distributed pressures over the entire
inner and outer surfaces, while blue arrows represent forces corresponding to the bird strike impact,
and yellow arrows represent gravity.

Figure 10. Total weight (kg) versus maximum displacements (mm) for mechanical solicitations for
each material.

Given the design-first methodology adopted in this work, the geometry of the compo-
nent remains constant across simulations. Therefore, while different materials (Ti6Al4V,
Al6061, and PEEK) result in varying displacement magnitudes due to their distinct me-
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chanical stiffness, the location of the maximum displacement remains unchanged. This
is because the deformation pattern is primarily governed by optimized geometry and
boundary conditions.

In all cases, the highest deformation occurs in the upper rear region of the component,
where the structure presents lower stiffness. The applied loads are modeled as distributed
pressures across the internal and external surfaces, rather than as point forces, which
explains why the maximum displacement does not coincide with the location of the bird
impact load, which acts as a localized force on the front protrusion.

Ti6Al4V exhibits the lowest displacement (0.869 mm), whereas PEEK shows the
highest (9.91 mm or 1% of the total length), thus rendering it an inadequate material for the
proposed application.

However, PEEK has proven to be a highly efficient material for the manufacturing
of complex components intended for energy and vibration absorption, as well as for
applications requiring chemical or thermal resistance. Therefore, although it was not
suitable for this specific application, it can be proposed for various aeronautical parts such
as battery connectors or external light housing, while its use in auxetic structures is being
explored to enhance their physical properties [40,41].

Among the remaining material candidates (Al 6061 and Ti6Al4V), it is essential to
assess the impact of the manufacturing process using Selective Laser Melting (SLM) tech-
nology. Even though multiple AM technologies are available, SLM was selected for detailed
analysis in this study due to its high dimensional accuracy, material density, and mechanical
integrity, which make it particularly suitable for structural aerospace components [42–44].

Technologies such as Electron Beam Melting (EBM) or Binder Jetting were considered
in the early stages of the design process but were ruled out for the scope of this study due
to either lower surface resolution [45], limited material compatibility, or reduced structural
performance. In contrast, SLM supports alloys like Ti6Al4V and Al 6061, which were among
the candidates for topology-optimized geometry and are well-established in aerospace
AM applications.

4. Stage E: Manufacturability Assessment
To this end, Autodesk Netfabb Premium v.2025® [46] is utilized to simulate the SLM

process on a generic dual-laser system with build dimensions large enough to accommodate
the entire optimized part in a single operation.

Although simulated as monolithic, the actual fabrication of the full-scale component
in one piece is not feasible with most current SLM systems due to limited build volumes.
Therefore, in a real application, the design would likely need to be divided into smaller
subcomponents, which could be joined via welding or mechanical assembly.

Recent studies have shown that laser welding of Ti6Al4V parts manufactured by
SLM does not significantly degrade mechanical properties. Rautio et al. [47] demonstrated
joint efficiencies close to 100% in terms of tensile strength, while [48] highlighted the
effectiveness of post-processing in enhancing weld performance. Although no explicit
simulation of the welds was conducted here, these findings support the feasibility of the
proposed manufacturing strategy.

The geometry includes multiple internal overhangs, requiring a precise and optimal
printing process. A proper build orientation is essential to minimize unsupported features
and ensure accessible support removal. Post-processing steps would include heat treatment,
surface finishing, and potential machining of interfaces or aerodynamic-critical surfaces.

Results of this simulation are shown in Figures 11 and 12, where it is shown that
more residual stresses and correlative displacements are induced due to the manufacturing
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process, where even the extraction of the piece from the build platform releases some
thermal stresses.

The simulations were carried out assuming isotropic elastic and plastic behavior for
the candidate materials, using average bulk mechanical properties and manufacturing
parameters shown in Table 8. Although anisotropy is typically associated with SLM, several
considerations support this modeling decision. It is important to highlight that the final
component would likely be assembled from subparts fabricated in different orientations
and joined via welding or mechanical interfaces, given that the precise build orientation
and assembly process are undefined at this design stage.

Table 8. Main simulation parameters used for simulating the SLM process.

Material Ti6Al4V Al6061

Laser Power (W) 250 300

Powder size (µm) 40 60

Efficiency of heat source absorption (%) 40 15

Laser beam diameter (mm) 0.15 0.15

Scan speed (mm/s) 1000 800

Layer thickness (mm) 0.04 0.04

Hatch spacing (mm) 0.1 0.15

Recoating time (s) 10 10

Rotation angle between layers (◦) 67 67

Lack of fusion temperature (◦C) 1550–1660 550–650

Temperature in the hot zone (◦C) 100–2500 700–1500

Interlayer temperature (◦C) 25–800 25–300

Moreover, although studies such as Ülker et al. [49] or Jiao et al. [50] highlight the
influence of anisotropy on stress concentration and fatigue life, the simulated stress levels
in all cases are far below the yield strength of the materials, resulting in safety factors well
above critical thresholds. Therefore, the global structural performance of the component
is not compromised by the isotropic assumption. In addition, anisotropic behavior can
be influenced by densification factors—in both micro and macro scales—which can be
mitigated with optimal SLM process conditions due to its high cooling rates [51].

Consequently, isotropy was assumed to ensure comparability and to reflect a feasible,
yet generic, manufacturing scenario.

The simulation confirmed expectations, showing that the optimized model in Ti6Al4V
is subjected to significantly higher temperatures during the process than the Al 6061 case,
resulting in increased residual thermal stresses.

Considering the results obtained from both the pressure and force simulations, as well
as those derived from the manufacturing process simulation, it can be observed that the total
displacements—understood as deviations from the secure position of structural element
caused by the combined mechanical loads and the thermal loads imposed by the AM
process—are not significantly constraining for Ti6Al4V and Al 6061. However, the lower
weight and cost associated with the aluminum alloy make it the most suitable option for
the topologically optimized air intake, resulting in a 10,000 kg decrease approximately. This
is numerically represented in Table 9, with a cost comparison taking only the market price
of powder into account and not the energy required to carry out the manufacturing process.
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(a)  (b) 

(c)  (d) 

Figure 11. Residual stresses and displacements predicted by Autodesk Netfabb Premium® of Al
6061 optimized air intake. (a) Displacement before removing building plate; (b,c) displacements after;
(d) Final residual stress.

 

(a)  (b) 

   

(c)  (d) 

Von Mises Stress (MPa) 

Von Mises Stress (MPa) 

Figure 12. Residual stresses and displacements predicted by Autodesk Netfabb Premium® of Ti6Al4V
optimized air intake. (a) Displacement before removing building plate; (b) Displacement after
removing building plate; (c) Residual stress before removing building plate; (d) Final residual stress.
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Table 9. Comparison of cost results for Ti6Al4V and Al 6061.

Material Initial
Weight (kg)

Optimized
Weight (kg)

Powder Cost
($/kg) Total Cost ($) Thermal Max

Disp. (mm)
Stress Max
Disp. (mm)

Total Max d
Isp. (mm)

Ti6Al4V 32,209 9855 100 985,500 5.302 1.861 7.163
Al 6061 13,400 4100 40 164,000 15.94 0.87 16.81

5. Conclusions
This work validates the synergistic application of TO and AM as a robust framework

for the development of high-performance and lightweight aerospace components. By
implementing this novel methodology in the manufacturing process, retrofitting of a
supersonic turbofan air intake is achieved. The study illustrates how complex mechanical,
aerodynamic, and manufacturability requirements can be successfully addressed through
digital design and simulation workflows.

The implementation of the SIMP algorithm within Autodesk Fusion 360® [37] enabled
a regenerative design process that led to a remarkable 71% weight reduction in the com-
ponent, compared to its initial over-dimensioned configuration. Despite the reduction in
material volume, structural performance was preserved across all tested load scenarios,
validating the effectiveness of the optimized geometry.

Ti6Al4V, Al 6061, and PEEK mechanical performance and manufacturing process
simulations were executed through finite element analysis. While Ti6Al4V exhibited the
highest mechanical performance in terms of minimal displacement, Al 6061 emerged as the
most balanced and viable solution, offering similar structural results with lower thermal
stress, reduced weight, and significantly lower cost with a difference around 821,500 $,
explained as the cost of material (100 $/kg for Ti6Al4V and 50 $/kg for Al 6061). PEEK,
despite its favorable density and widespread use in other high-demand applications and
extensive study for auxetic structures focused on energy and vibration absorption, was
deemed unsuitable due to excessive deformation under load. However, the methodology
created can be used to study any other possible application.

Moreover, the manufacturability analysis using Autodesk Netfabb Premium® [46]
highlighted the real-world challenges of large-scale metal AM, particularly for titanium al-
loys, where higher processing temperatures lead to increased residual stress and distortion.
These considerations further support the selection of Al 6061 as the most viable material
for this application.

Beyond the numerical and mechanical advantages, this study also contributes to
environmental sustainability in aerospace engineering. By reducing component mass, it
directly supports lower fuel consumption and carbon emissions. Furthermore, additive
manufacturing minimizes material waste and energy usage during production, aligning
with emerging regulations and industry trends toward more sustainable aircraft design.

In summary, the novel combination TO–AM approach presented here represents a
scalable and efficient pathway for designing next-generation aerospace components.
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Abbreviations
The following abbreviations are used in this manuscript:

AM Additive Manufacturing
BESO Bi-directional Evolutionary Structural Optimization
DMLS Direct Metal Laser Sintering
EBM Electron Beam Melting
ESO Evolutionary Structural Optimization
FDM Fused Deposition Modeling
FEM Finite Element Method
GE General Electric
IATA International Air Transport Association
ICAO International Civil Aviation Organization
NACA National Advisory Committee for Aeronautics
PEEK Polyether-ether-ketone
PI Polyamide
SIMP Solid Isotropic Material with Penalization
SLA Stereolithography
SLM Selective Laser Melting
TO Topology Optimization

Symbols
The following symbols are used in this manuscript:

Aref Air intake area
CD Drag Coefficient
CL Induced Drag Coefficient
CP Specific heat at constant pressure
D Lift force
g Gravity
HP Horse Power
M Mach
PH Pressure Outside
Rair Specific Air Constant
RC Compression rate
r Radio
TH Temperature Outside
U Velocity
W Weight
Z Altitude
γair Heat-capacity ratio
ρ Density
Ղ Efficiency



Machines 2025, 13, 700 19 of 20

References
1. International Air Transport Association (IATA). Aviation Fuel Supply Model Agreement, 5th ed.; IATA: Montreal, QC, Canada, 2023;

ISBN 978-92-9275-173-9.
2. Zheng, X.S.; Rutherford, D. Fuel Burn of New Commercial Jet Aircraft: 1960 to 2019. In Proceedings of the International Council

on Clean Transportation (ICCT), Washington, DC, USA, 8 September 2020.
3. Steinegger, R. Fuel Economy for Aircraft Operation as a Function of Weight and Distance; ZHAW Zurich University of Applied Sciences:

Winterthur, Switzerland, 2017. [CrossRef]
4. Singh, V.; Sharma, S.K. Optimization of Fuel Consumption in Air Transport: A Review, Classification, Critique, Simple Meta-

Analysis, and Future Research Implications. Eur. Transp. Res. Rev. 2015, 7, 12. [CrossRef]
5. Masiero, L.; Zoltan, J.; Tolkach, D.; Pratt, S.; Jørgensen, M.T.; Schuckert, M.; Chon, K. Assessing air-traveler preferences for

pay-per-weight pricing. Transp. Res. A Policy Pract. 2024, 190, 104302. [CrossRef]
6. Gibson, I.; Rosen, D.W.; Stucker, B. Additive Manufacturing Technologies: 3D Printing, Rapid Prototyping, and Direct Digital

Manufacturing, 2nd ed.; Springer: New York, NY, USA, 2015. [CrossRef]
7. Frazier, W.E. Metal additive manufacturing: A review. J. Mater. Eng. Perform. 2014, 23, 1917–1928. [CrossRef]
8. Gao, W.; Zhang, Y.; Ramanujan, D.; Ramani, K.; Chen, Y.; Williams, C.B.; Wang, C.C.L.; Shin, Y.C.; Zhang, S.; Zavattieri, P.D. The

status, challenges, and future of additive manufacturing in engineering. Comput. Aided Des. 2015, 69, 65–89. [CrossRef]
9. Hausholder, W.E. Method and Apparatus for Producing Parts by Selective Sintering. U.S. Patent 4,863,538, 5 September 1989.

Available online: https://patents.google.com/patent/US4863538A (accessed on 25 June 2025).
10. Bajaj, P.; Magni, F.; Flohr, P. A Performance Upgrade of an Industrial Gas Turbine Based on Additive Manufactured Components.

In Industrializing Additive Manufacturing: Proceedings of AMPA 2020; Meboldt, M., Klahn, C., Eds.; Springer: Cham, Switzerland,
2021; pp. 500–509. [CrossRef]

11. Zhang, X.; Liang, E. Metal Additive Manufacturing in Aircraft: Current Application, Opportunities and Challenges. IOP Conf.
Ser. Mater. Sci. Eng. 2019, 493, 012032. [CrossRef]

12. ISO/ASTM 52900:2021; Additive Manufacturing—General Principles—Fundamentals and Vocabulary. International Organization
for Standardization/ASTM International: Geneva, Switzerland; West Conshohocken, PA, USA, 2021.

13. Hull, C.W. Apparatus for Production of Three-Dimensional Objects by Stereolithography. U.S. Patent 4,575,330, 11 March 1986.
14. Crump, S.S. Apparatus and Method for Creating Three-Dimensional Objects. U.S. Patent 5,121,329, 9 June 1992.
15. Deckard, C.R. Selective Laser Sintering with Assisted Powder Handling. U.S. Patent 4,938,816, 3 July 1990.
16. Meiners, W.; Wissenbach, K.; Gasser, A. Shaped Body Especially Prototype or Replacement Part Production. German Patent DE

19649865 C1, 12 February 1998.
17. Arcam, A.B. Method and Apparatus for Producing a Three-Dimensional Object by Electron Beam Melting. U.S.

Patent US20150004045A1, 9 November 2004.
18. Bendsøe, M.P.; Kikuchi, N. Generating optimal topologies in structural design using a homogenization method. Comput. Methods

Appl. Mech. Eng. 1988, 71, 197–224. [CrossRef]
19. Bendsøe, M.P.; Sigmund, O. Topology Optimization: Theory, Methods, and Applications; Springer: Berlin, Germany, 2003. [CrossRef]
20. Bendsøe, M.P.; Sigmund, O. Material interpolation schemes in topology optimization. Arch. Appl. Mech. 1999, 69, 635–654.

[CrossRef]
21. Xie, Y.M.; Steven, G.P. A Simple Evolutionary Procedure for Structural Optimization. Comput. Struct. 1993, 49, 885–896. [CrossRef]
22. Huang, X.; Xie, Y.M. Convergent and Mesh-Independent Solutions for the Bi-Directional Evolutionary Structural Optimization

Method. Finite Elem. Anal. Des. 2007, 43, 1039–1049. [CrossRef]
23. Shi, Y.; Faludi, J. Using Life Cycle Assessment to Determine if High Utilization Is the Dominant Force for Sustainable Polymer

Additive Manufacturing. Addit. Manuf. 2020, 35, 101307. [CrossRef]
24. Aliyi, A.M.; Lemu, H.G. Case Study on Topology Optimized Design for Additive Manufacturing. IOP Conf. Ser. Mater. Sci. Eng.

2019, 659, 012020. [CrossRef]
25. Zhu, J.; Zhou, H.; Wang, C.; Zhou, L.; Yuan, S.; Zhang, W. A Review of Topology Optimization for Additive Manufacturing:

Status and Challenges. Chin. J. Aeronaut. 2021, 34, 91–110. [CrossRef]
26. Hu, Y.; Wang, S.; Zhang, L.; Ding, J. Aerodynamic Design of a Highly-Loaded Supersonic Aspirated Axial-Flow Compressor

Stage. Proc. Inst. Mech. Eng. Part A Power Energy 2014, 228, 241–254. [CrossRef]
27. Wang, M.; Wang, Z.; Zhang, Y.; Cheng, D.; Tan, H.; Wang, K.; Gao, S. Control of Cowl Shock/Boundary Layer Interaction in

Supersonic Inlet Based on Dynamic Vortex Generator. Aerospace 2023, 10, 729. [CrossRef]
28. NASA Glenn Research Center. (s. f.). The Drag Equation. In Beginners’ Guide to Aeronautics; NASA: Washington, DC, USA, 2025.
29. Selig, M.S.; Giguère, P.; Lyon, C.A. Summary of Low-Speed Airfoil Data; SoarTech Publications: Virginia Beach, VA, USA, 1995;

Volume 2.

https://doi.org/10.21256/zhaw-3466
https://doi.org/10.1007/s12544-015-0160-x
https://doi.org/10.1016/j.tra.2024.104302
https://doi.org/10.1007/978-1-4939-2113-3
https://doi.org/10.1007/s11665-014-0958-z
https://doi.org/10.1016/j.cad.2015.04.001
https://patents.google.com/patent/US4863538A
https://doi.org/10.1007/978-3-030-54334-1_35
https://doi.org/10.1088/1757-899X/493/1/012032
https://doi.org/10.1016/0045-7825(88)90086-2
https://doi.org/10.1007/978-3-662-05086-6
https://doi.org/10.1007/s004190050248
https://doi.org/10.1016/0045-7949(93)90035-C
https://doi.org/10.1016/j.finel.2007.06.006
https://doi.org/10.1016/j.addma.2020.101307
https://doi.org/10.1088/1757-899X/659/1/012020
https://doi.org/10.1016/j.cja.2020.09.020
https://doi.org/10.1177/0957650913515668
https://doi.org/10.3390/aerospace10080729


Machines 2025, 13, 700 20 of 20

30. Williamson, G.A.; McGranahan, B.D.; Broughton, B.A.; Deters, R.W.; Brandt, J.B.; Selig, M.S. Summary of Low-Speed Airfoil Data;
Department of Aerospace Engineering, University of Illinois at Urbana-Champaign: Urbana, IL, USA, 2012; Volume 5, pp. 21–40.
Available online: https://m-selig.ae.illinois.edu/uiuc_lsat/Low-Speed-Airfoil-Data-V5.pdf (accessed on 25 June 2025).

31. Anderson, J.D. Modern Compressible Flow: With Historical Perspective, 3rd ed.; McGraw-Hill Education: New York, NY, USA, 2002.
32. Plocher, J.; Panesar, A. Review on Design and Structural Optimization in Additive Manufacturing: Towards Next-Generation

Lightweight Structures. Mater. Des. 2019, 183, 108164. [CrossRef]
33. García-Domínguez, A.; Claver, J.; Camacho, A.M.; Sebastián, M.A. Computational Design Methodology for Additive Manufactur-

ing to Enhance Customized Products and Process Management Efficiency. Results Eng. 2025, 26, 105480. [CrossRef]
34. Nadal, E.; Muñoz, D.; Albelda, J.; Rodenas, J.J. Improvement in 3D topology optimization with h-adaptive refinement using the

Cartesian grid Finite Element Method. Int. J. Numer. Methods Eng. 2022, 123, 3045–3072. [CrossRef]
35. Rozvany, G.I.N. A Critical Review of Established Methods of Structural Topology Optimization. Struct. Multidiscip. Optim. 2009,

37, 217–237. [CrossRef]
36. Dehghani, M.; Karimi, M.; Sadeghi, M.H. A Review on Topology Optimization and Its Methods. Adv. Eng. Softw. 2021, 160, 103058.

[CrossRef]
37. Autodesk Inc. Fusion 360; Version v.2602.1.14; (“May 2025 Product Update”); Autodesk Inc.: San Rafael, CA, USA, 2025; Available

online: https://www.autodesk.com/products/fusion-360 (accessed on 25 June 2025).
38. Ansys Inc. Granta Selector; Release 2025 R1; Ansys Inc.: Canonsburg, PA, USA, 2025; Available online: https://www.ansys.com/

products/materials/granta-selector (accessed on 25 June 2025).
39. Ashby, M.F. Materials Selection in Mechanical Design, 5th ed.; Butterworth-Heinemann (Elsevier): Oxford, UK, 2016; Available

online: https://shop.elsevier.com/books/materials-selection-in-mechanical-design/ashby/978-0-08-100599-6 (accessed on
25 June 2025).

40. Fuentes del Toro, S.; Crespo-Sanchez, J.; Ayllón, J.; Rodríguez-Prieto, A.; Camacho, A.M. Mechanical Performance of 3D-Printed
TPU Auxetic Structures for Energy Absorption Applications. Polym. Test. 2025, 143, 108669. [CrossRef]
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