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ARTICLEINFO ABSTRACT

Article history: To achieve lightweighting of the aircraft landing gear door hinge under opening and closing loads, a
Received 4 April 2025 topological optimization model based on the variable density method was established, with structural
Accepted 30 July 2025 stiffness as the constraint and minimum mass as the objective. The hinge was redesigned according to
?8/ ?111112‘;) 12e0<2>r5111ne the optimized configuration, and the stiffness and strength of the design area were validated. The
Keywords: original aluminum alloy hinge material was replaced with lower-density polyetheretherketone
PEEK (PEEK), which can be fabricated into complex structures via fused deposition modeling (FDM),
Fused deposition modeling thereby enhancing design freedom for topology optimization. However, FDM-printed PEEK's
Multibody dynamics mechanical properties are influenced by printing parameters. This study conducted tensile tests on
Topology optimization PEEK specimens printed with different FDM parameters (e.g., layer height, platform temperature, and
Landing gear infill pattern). The optimal printing parameters were determined as 0.1 mm layer height, 120 °C
Hing frame platform temperature, and tetrahedral infill. Subsequently, the best-performing specimens underwent

heat treatment, and the effects of different annealing parameters on tensile strength were investigated.
The results showed that annealing at 330 °C for 2 hours yielded the highest strength improvement.
Furthermore, the hinge's loading conditions during door operation were simulated via multi-body
dynamics analysis, while static simulations under peak loads identified stress concentration areas.
Topology optimization was then performed to minimize material usage while maintaining mechanical
performance, achieving the lightweight goal.

© 2025 Growing Science Ltd. All rights reserved.

1. Introduction

The aircraft door hinge is an important component that connects the aircraft door to the fuselage. It is usually located at
the edge of the aircraft door and is responsible for supporting the weight of the aircraft door and transmitting the load generated
when the aircraft door is opened and closed. (Zhang Wenbin & Ma David, 2020) Through the friction kinematic pair of internal
and external contact, the pin and the sleeve rotate relative to each other to withstand the longitudinal and lateral impacts
generated when the aircraft door is opened and closed. At the same time, it withstands the vibration and sudden load of air
transmitted by the aircraft cabin door when the aircraft lands and takes off, so high requirements are placed on material
performance. Aircraft door hinge frames are mostly made of aluminum alloy or alloy steel to ensure sufficient strength and
durability to withstand extreme temperature changes, pressure fluctuations, and various stresses during aircraft operation in
the aviation environment. At the same time, the structural design takes into account strength, rigidity, and weight reduction,
which directly affects flight safety. Hinge frames made of aluminum alloy or alloy steel have certain limitations. Although
aluminum alloy is easy to process, it has poor impact resistance and is prone to fatigue failure under alternating loads and air
impact, thereby increasing the probability of failure. Alloy steel, on the other hand, is very strong and has good impact
resistance, but it is heavy, which hinders lightweight aircraft structural design. The lightweight design is of particular
significance in the context of structural optimization. Advances in computer technology have prompted a shift in the field of
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lightweight design, transitioning from conventional single-objective optimization methods to contemporary multi-objective
optimization approaches. This evolution has led to the development of structures that exhibit minimal structural mass while
maintaining optimal structural performance. In the contemporary context of comprehensive lightweight design, a multifaceted
approach is often employed, entailing the integration of structural optimization with composite material optimization. This
strategy is employed to achieve a reduction in weight while ensuring the fulfillment of design objectives.

Structural optimization constitutes a fundamental methodology for lightweight design. By integrating structural
optimization with mathematical programming techniques, material distribution can be systematically arranged to achieve
conceptual designs of target structures (Su Kai et al., 2024). Current research in structural optimization has expanded
significantly, encompassing multidisciplinary applications. Particularly noteworthy is the growing emphasis on aircraft
structural optimization, where primary methodologies include free-size optimization, size optimization, and topology
optimization. Topology optimization, distinct from size and free-size optimization, is alternatively termed structural layout
optimization. This approach redesigns the topological configuration by determining the optimal material distribution within
the target structure based on predefined objectives and boundary conditions, including hole dimensions, locations, and
quantities (Longbao Chen, 2022). When combined with 3D printing technology, topology optimization enables the
production of lightweight models that are difficult to fabricate using conventional methods while retaining load-bearing
capacity. This technique has been widely adopted in manufacturing critical aerospace components, such as aircraft doors
and wings (Lu Weigiang & Deng Xinli, 2024). Specialized polymers play an indispensable role in lightweight design,
serving as a pivotal approach for achieving comprehensive weight reduction. Polyetheretherketone (PEEK), a high-
performance engineering plastic, exhibits exceptional mechanical strength, wear and corrosion resistance, high-temperature
stability, self-lubrication, and extended service life (Yu Wei-you et al., 2025). Its strength surpasses that of aluminum alloys
while maintaining only one-third the density, making it an ideal substitute for aluminum in aviation applications. The
predominant manufacturing method for PEEK components is fused deposition modeling (FDM).

Fused deposition modeling (FDM) represents a predominant additive manufacturing technology. The fundamental
principle involves thermal processing where material is heated to its melting point and subsequently extruded in successive
layers. These layers are precisely deposited onto the build platform following a preprogrammed path until complete three-
dimensional object fabrication is achieved (Weichao et al., 2025). The technology employs computer-aided model slicing and
layer-by-layer infill pattern generation, ultimately constructing the 3D component through sequential deposition. Seven
distinct infill patterns are available: cubic, concentric, tetrahedral, hexagonal, grid, triangular, and octagonal (Xin Hua et al.,
2025). FDM has emerged as a widely adopted solution for diverse applications including functional prototyping, design
validation, customized manufacturing, and limited production runs. This popularity stems from its notable advantages
encompassing cost efficiency, operational simplicity, and broad material compatibility. For polyetheretherketone (PEEK)
fabrication, 3D printing has become the primary forming method, effectively overcoming limitations inherent to traditional
subtractive and formative manufacturing processes. Fig. 1 schematically illustrates the fundamental FDM working
principle.

Fig. 1. FDM molding principle

The FDM 3D printing workflow consists of six sequential stages: material preparation with temperature regulation, path
planning, precision motion control, material extrusion, layer deposition, and dimensional accuracy control. Temperature
regulation ensures the nozzle reaches the filament's melting point for proper material flow. Path planning involves computer-
aided 3D model slicing and toolpath generation. By precisely controlling filament diameter, cooling parameters, and XYZ-
axis movements, each layer is accurately positioned and solidified, guaranteeing print resolution, structural integrity, and
manufacturing efficiency. This study employs polyetheretherketone (PEEK) to replace conventional metallic materials.
Dynamic simulation determines hinge frame loading under operational conditions and identifies maximum von Mises stress
locations. Topology optimization minimizes material usage while preserving mechanical performance through lightweight
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design. Achieving optimal strength-to-weight ratio depends on satisfying both stiffness and strength requirements.
2. Influence of process parameters on mechanical properties of PEEK

2.1 Experimental Preparation

2.1.1 Experimental material preparation

The 3D printing material utilized in this study is a PEEK filament with a diameter of 1.75 mm, produced by Dongguan
Hongkai Composite Materials Co., Ltd. The material possesses a density of 1.3 g/cm?, a glass transition temperature of 143°C,
and a melting temperature of 343°C.The samples are primarily classified into two categories: mechanical properties test
samples, which are fabricated by FDM printers, and other samples.

2.1.2 Primary apparatus and equipment

The 3D printer utilized to fabricate the specimens in the experiment is a Y2020 PEEK printer produced by Shenzhen
JuYing 3D Instrument Equipment Co Ltd. The equipment employed for tensile performance testing of PEEK samples is a
WDW-100D microcomputer-controlled electronic universal testing machine produced by Jinan Chuanbai Instrument Co Ltd.,
with a maximum tensile force of 100 kN. The equipment utilized in the heat treatment experiment is a muffle furnace produced
by Nabertherm Industrial Furnace Co Ltd in Germany.

2.2 PEEK sample preparation and tensile test
2.2.1 Preparation before printing

The specimen was modeled using SolidWorks 3D design software. Tensile specimens were designed according to ISO
527-1A standards, with I-type dumbbell geometry selected for testing (Reiter & Major, 2010). The 3D model was exported in
STL (Standard Tessellation Language) format. Fig. 2 illustrates the finalized tensile specimen dimensions. Ultimate Cura
software performed model slicing and parameter configuration prior to 3D printing. PEEK material underwent pre-processing
drying at 160°C for two hours and was maintained in a desiccated environment to ensure material stability. Printing
methodology was established as an independent variable within FDM parameters. Specimens were printed in randomized trial
sequences. Key FDM process parameters included: 0.4 mm nozzle diameter, 430°C extrusion temperature, and 100% infill
density (Gobena & Woldeyohannes, 2024). To prevent warping, the build platform received an adhesive coating before printing.
This bonding agent promoted adhesion between the molten PEEK filament and print surface, facilitating proper layer fusion
during deposition.
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Fig. 2. Specific dimensions of stretched parts

2.2.2 Sample preparation

The STL file of the tensile specimen must first be imported into the slicing software, where critical printing parameters are
configured as follows: printing speed of 30 mm/s, nozzle diameter of 0.4 mm, extrusion temperature of 430°C, chamber
temperature of 50°C, build plate temperature of 120°C, layer height of 0.1 mm, and 100% infill density. This study investigates
how different infill patterns affect PEEK's mechanical properties. Tabl.1 shows the variables of the printing experiment.

Table 1. Printing parameter settings

Sample Ceiling Height /mm Platform temperature /°C Filling method
1 0.1 120 Cube
2 0.1 120 Concentric circles
3 0.1 120 Tetrahedron
4 0.1 120 Hexagon
5 0.1 120 Grid
6 0.1 120 Triangle
7 0.1 120 Octagon
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The tensile strength of samples printed using various filling techniques varies. For instance, grid filling creates a regular
grid structure inside the print by arranging the lines in a cross-line pattern (Ma Haopeng et al., 2017). Strength and support
are more consistent as a result. Triangle filling fills the print's internal structure with triangular grids. This keeps total strength
in balance. Concentric filling makes interior filling using structures that seem like concentric rings. This method of filling
improves mechanical qualities due to its ring structure and effectively disperses external pressure. This approach is best suited
for parts that require an even distribution of external forces. This filling process has relatively high strength, especially on the
bearing surface. However, throughout the printing process, the concentric circles do not adhere well or reach 100% filling.
Fig. 3 and Fig. 4 depicts the printing and tensile testing processes for the test piece, respectively.

Fig. 3. Test piece printing Fig. 4.Tensile test process

The tensile strength of various PEEK samples is illustrated in Fig. 5. The bar graph indicates that the tensile strength of all
PEEK samples exceeds 40 MPa, except for those produced by the concentric circle filling method. Concentric circle filling is
a method that often results in substandard mechanical performance of the test specimens. When the nozzle temperature,
platform temperature, and nozzle size are held constant, the degree of PEEK wire bonding varies depending on the filling
method (VijayKashimatt, 2024). It is important to note that the filling direction differs among the various filling methods. In
cases where the filling direction aligns with the tensile direction, the tensile performance of the specimen is improved.
Furthermore, advanced filling methodologies can effectively disperse external loads by optimizing material distribution and
stress transfer pathways, thereby enhancing mechanical properties such as tensile strength and flexural strength.
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Fig. 5.Tensile strength of different filling methods

In this experiment, seven groups of experiments were conducted for comparison. The most appropriate filling method and
printing parameters were selected by comparing the different tensile strengths of the various filling methods.

Table 2. Tensile strength of test pieces

Sample Ceiling Height /mm Platform Temperature /°C Filling Method Tensile Strength /MPa
1 0.1 120 Cube 72.48
2 0.1 120 Concentric Circles 26.5
3 0.1 120 Tetrahedron 40.4
4 0.1 120 Hexagon 52.5
5 0.1 120 Grid 51.68
6 0.1 120 Triangle 45.88
7 0.1 120 Octagon 63.85
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The goal of this experiment is to optimize tensile strength, which directly correlates with the part's performance. The
greater the tensile strength, the better the part's performance. The optimal parameter combination consists of a 0.1 mm layer
height, a 120 °C platform temperature, and the tetrahedron filling method. These parameters are utilized for subsequent heat
treatment.

2.3 Effect of heat treatment on tensile strength of test pieces

PEEK exhibits a high degree of temperature sensitivity. The crystallinity of samples printed in a low-temperature
environment tends to be relatively low, which correspondingly affects their mechanical properties (Liu et al., 2024). If
mechanical properties need to be enhanced, subsequent heat treatment can be applied by maintaining the material above the
glass transition temperature for a specified duration. This process significantly improves crystallinity and eliminates internal
residual stresses, thereby enhancing mechanical properties and compensating for the suboptimal performance of samples
printed in a low-temperature environment (Lee et al., 2022).

2.3.1 Heat treatment experiment design

Based on the optimal printing parameters obtained from the tensile tests, the best parameter combination was determined
as a layer height of 0.1 mm, a platform temperature of 120 °C, and a tetrahedron filling method for the heat treatment of
tensile specimens. The heat treatment methods are categorized into four groups. The Tab.3 below displays the heat treatment

parameter settings.

Table 3. Heat treatment parameter settings

Serial Number Heat treatment parameter settings
1 Heat the room temperature to 150°C and maintain for 2 hours, then remove and cool in air.
2 Heat the room temperature to 200°C and maintain for 2 hours, then remove and cool in air.
3 Heat the room temperature to 280°C and maintain for 2 hours, then remove and cool in air.
4 Raise the room temperature to 330°C and maintain for 2 hours, then remove and cool in air.

The heat treatment modification temperature was established based on the base material PEEK's melting point (335°C)
and glass transition temperature (145°C). The heating rate during the modification process was maintained at 10°C/min. The
cooling rate was reduced to 5°C/min when the temperature reached 230°C, with a holding time of 120 minutes at this
temperature. Following the holding period, the specimens were cooled naturally to room temperature before conducting tensile
tests on the heat-treated specimens. The Martens furnace's temperature profile and holding duration parameters are illustrated
in the accompanying Fig. 6.

100 4

— 83.38
2 80.75

3 7798

Temperature(°C)
N S
T

Tensile Strength(Mpa)

T T T T T T
0 20 40 60 80 100 120

Time(min)

Serial Number

Fig. 6. Heat treatment parameter settings Fig.7.Tensile strength after heat treatment

2.3.2 Discussion of experimental results

The results of the tensile tests conducted on the specimens after heat treatment are presented in the Fig. 7. At a holding
temperature of 330°C, the tensile strength of the specimen reached its maximum value of 83.38 MPa. Compared to specimens
without heat treatment, the tensile strength showed an increase of 10.9 MPa, while the elongation exhibited a significant
improvement of 15.03%. The comparative analysis of tensile strength in heat-treated specimens demonstrated that PEEK
exhibits significant sensitivity to insulation temperature. When the temperature surpasses the material's glass transition point,
increased bonding degree correlates directly with enhanced tensile strength. The combined experimental methodology,
incorporating both heat treatment and tensile testing, proved essential for characterizing the material's tensile properties. This
systematic approach generated empirical data that formed the fundamental basis for subsequent simulation studies.
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3. Multibody dynamic analysis of aircraft landing gear door structure
3.1 Multi-body dynamics principles

Inspire software enables dynamic simulations that replicate aircraft landing gear door operations. A crucial step in
formulating the system's differential algebraic equations of motion involves analyzing the kinematic properties of a multi-
body system composed of rigid bodies (Shabana, 1997). This analysis necessitates understanding the independent motions of
each rigid body within the system. For rigid body multi-body systems, the kinematics are completely defined by the kinematics
of their attached reference frames. Therefore, a particle's position within a rigid body is described relative to its fixed reference
frame. The mathematical framework used for this description is termed the fundamental equation of rigid body kinematics,
expressed as follows:

r(P) =R+ Au(P) = R + u(P) (1)

In this context, »(P) signifies the global position vector of material point P, which is attached to the rigid body. R denotes
the global position vector of the origin of the object's fixed reference frame, and u(P) represents the local position vector of
material point P.4 denotes the rotation matrix of the rigid body, and u(P) signifies the global position vector of material point
P. Moreover, by calculating the first- and second-order derivatives of the position field of the rigid body with respect to the
time variable, the velocity field and acceleration field of the rigid body can be readily determined in analytical form. For the
purposes of this study, the following formulation is proposed:

v(P) = i(P) = R+ o x u(P) = R+ A(® x a(P)) "

This can also be expressed as:
a(P) = i(P) = R+ & x u(P) + @ x (0 x u(P)) = R+ A(G x a(P)) + A (& x (& x A(P))) 3)

In this context, v(P) and a(P) denote the velocity and acceleration fields of the rigid body, respectively, while
wandmrepresent the global and local angular velocity vectors of the rigid body. While the second formula is mathematically
equivalent to the first, it is more convenient for describing the kinematics of complex multi-body systems. Furthermore, it can
be readily demonstrated that the velocity field and acceleration field of a rigid body can be expressed as linear functions of
generalized velocity and acceleration, respectively. Therefore, the following equation can be formulated:

v(P) = i(P) = L(P)q_
a(P) =t(P) = L(P)g + L(P)q “)

In this system, qdenotes the generalized coordinate vector, and L(P)represents the Jacobian matrix of the rigid body
position field, as expressed by the following equation:

L(P) =[1 AGT(P)G] (5)

Among them, U(P) is the transformation matrix between each local position vector (P) and G, which allows the local
angular velocity vector of the rigid body to be written as a linear combination of the object's rotational coordinates.

3.2 Dynamic simulation of aircraft landing gear doors

The main landing gear door assembly consists of the door panel, rocker arm, landing gear strut, interlocking mechanism,
actuator cylinder, and adjacent fuselage structures. During the opening/closing cycle, the actuator cylinder drives the front
door by rotating the rocker arm to move the door panel, while the landing gear strut actuates the rear door through the
connecting rod to complete the operation. The aircraft door is secured by four hinge frames, with two connected to the aircraft's
hydraulic system. The door interfaces with the landing gear door retraction hydraulic system and is operated by a hydraulic
cylinder. The landing gear door measures 7 mm in thickness and is fabricated from 7050 aluminum alloy (Zhou et al., 2021).
Its large planar dimensions combined with minimal thickness satisfy the requirements for low-density, high-strength materials.
Table 4 presents key mechanical parameters of this aluminum alloy.

Table 4. Aluminum7050 Material Properties
Poisson Ratio Density kg/m? Young's modulus/MPa Yield Strength/MPa Tensile Strength/MPa

0.33 2.83 72 524 469
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Six rotational joints were implemented according to the actual door motion at the hinge arms, pivot joints, rotating tie
rods, ear plates, piston cylinders, and outer cylinder components. Thirty-six fixed joints were applied to structural elements
including corner plates, side ribs, and lap plates. A single sliding joint was incorporated in the door actuator cylinder. Fig. 8
illustrated in the figure, the force, angular displacement, and velocity profiles at the door hinge frame exhibit time-dependent
variations during the door opening sequence.
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Fig. 8. Force applied to hinge frame, angle of movement, and speed of movement

A dynamic simulation of the door's opening-closing cycle was performed to determine the hinge frame's force distribution
during operation. During door opening, the hinge frame experiences a peak load of 842.95 N while rotating 60° clockwise.
Static analysis established both the magnitude and direction of hinge frame forces, generating essential data for subsequent
simulations.

4. Static simulations of aircraft hinge frame opening and closing status

The operational stresses on aircraft door hinge frames fabricated from 7050 aluminum alloy remain substantially below the
material's tensile strength during opening/closing cycles. Safety, economic efficiency, passenger comfort, and environmental
sustainability constitute the fundamental objectives of civil aviation. Each 1 kg reduction in aircraft structural weight over its
service life generates approximately 200,000 RMB in economic value. A 1% reduction in total aircraft mass enhances
performance by 3-5%. Furthermore, weight reduction improves fuel efficiency and increases payload capacity (Xie et al.,
2023). Consequently, lightweight design has become a critical priority in civil aircraft structural engineering. This justifies
replacing aluminum alloy hinge frames with PEEK alternatives. Table 5 presents the key performance parameters of PEEK
material.

Table 5. PEEK Material Performance Parameters
Poisson Ratio Density kg/m3 Young's modulus G/Pa Yield Strength Tensile Strength
0.2 1.3 3738 79.25 83.38

The hinge frame was modeled in SolidWorks software. The STEP-format 3D model of the hinge frame and PEEK material

properties were imported into ANSY'S for static structural analysis. Fig. 9 illustrates the finite element mesh discretization of
the hinge frame.

Fig. 9. Finite element mesh division of the door hinge frame structure

The lower surface of the hinge structure is rigidly attached to the aircraft door, while the left-side bore is permanently fixed
to the fuselage. In the closed position, the frame bears the downward gravitational force from the door. When opened, the
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hinge frame fully supports the door’s vertical gravitational load at a 60° rightward tilt. Tab.6 presents the magnitude and
direction of these forces. The structural effects on the hinge frame were evaluated separately for both closed- and open-door
configurations. Fig. 10 displays the hinge reaction forces and the corresponding equivalent stress distribution on the frame.

Table 6. Load Conditions on the Hinge Frame

Operating Conditions Direction of force Magnitude of force
1 Vertical hinge joint 596.32N
2 Hinge right down 60° 834.43N

Equivalent Stress Equivalent Stress

Unit: MPa Unit: MPa
21.195 12.003
18.84 10.669
16.486 W 9.3358

- 14131 8.0023
11.777 | 6.6688

5 94224 5.3353
7.068 4.0018
47135 2.6683

I 2359 13348
0.0044608 0.001303

Fig. 10. Equivalent stress cloud diagram of the hinge frame under working condition 1 and working condition 2

The stress distribution reveals a maximum equivalent stress of 21.195 MPa occurring at the hinge frame's fixed connection
in Condition 1, while Condition 2 exhibits a peak equivalent stress of 12.003 MPa in the non-connected region of the frame.
Compared to the 7050-aluminum alloy hinge frame, the PEEK material demonstrates superior yield and tensile strength,
confirming its capability to endure cyclic stresses from repeated aircraft door operations. This material's dual advantage of
withstanding operational stresses while reducing aircraft weight represents a significant engineering benefit. Additionally,
PEEK exhibits excellent vibration damping characteristics. During critical flight phases (takeoff and landing), the hinge frame
assembly maintains structural integrity under vibrational loads induced by door operation. This enhanced performance directly
contributes to extended service life of the aircraft door mechanism. This study employs an integrated methodology to optimize
the hinge frame design, combining dynamic analysis of the frame’s behavior with static simulations of force magnitude and
direction. The investigation evaluates stress concentration locations and equivalent stress distributions under two distinct
operational conditions. This comprehensive approach enables data-driven topology optimization, ensuring both functional
performance and structural efficiency of the hinge frame.

5. Topology optimization of hinged racks
4.1 Topology optimization parameter settings

Common topology optimization methods include homogenization, evolutionary structural optimization, and variable
density approaches. This study employs the variable density method for support structure optimization, which operates on the
principle of continuous material density variation. The method applies a density penalty function to correlate unit relative
density with material properties, enabling smooth density transitions between 0 and 1 across the design domain. This
formulation effectively converts structural topology optimization into a material distribution problem (Sun & Hu, 2024). The
mathematical model for variable density optimization, with the objective of minimizing structural compliance (maximizing
stiffness) under mass retention constraints, is expressed as:

findp;(i = 1,2,---,n) (6)
minmax C; 7
i€jep
Yi=1 PiPoVoi
S. t.m—o < a (8)
0<pi<1 9)

The following variables are used: p; is the relative density of the ith cell; Cjis the total structural flexibility ;p is the total
number of working conditions; p, is the original density of the cell; V,; is the volume of the ith cell; m,is the total mass of the
structure when all the cells take their original densities; and a is the mass retention percentage (Gong Hao, 2023).
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5.2 Topology Optimization Design Space and Load Addition

Inspire software utilizes a methodology of static analysis and topology optimization, whereby the optimization objective
is to support the structure in its entirety. The response constraints are set to mass and strength, respectively, and the retained
mass is set to 30%. The optimization area of the hinge frame and the application settings of the load are illustrated in Fig. 11.

Equivalent Stress
Max: 1.152e+01 MPa
—1.152e+01 MPa
—1.037e+01 MPa
—9.218e+00 MPa
— 8.066e+00 MPa
— 6.913e+00 MPa
— 5.761e+00 MPa
— 4.609e+00 MPa
— 3.457e+00 MPa
— 2.304e+00 MPa
—1.152e+00 MPa
— 0.000e+00 MPa
Min: 0.000e+00 MPa

Fig. 11. Hinged rack topology optimization setup ~ Fig. 12. Rear Hinge Frame Model and Stresses

The red part is used as the design domain, and the left and right blue parts are used to connect the fuselage to the hatch. It
is imperative to ensure the safety of the hinged frame, as well as the aircraft and the hatch connection part, by optimizing
them. During the process of Inspire optimization, the designated design space undergoes deformation, and exclusively design
space material is rejected during the optimization procedure. Conversely, the non-design space remains constant. In order to
optimize a part to the greatest extent possible, it is generally necessary to ensure that the design space occupies as large an
area as possible while maintaining the integrity of the part's functionality.

5.3 Topology optimized shape control

Inspire provides two shape control methodologies: draw control and symmetry control. The draw control feature
incorporates multiple functional modes including unidirectional, bidirectional, and radial pullout, plus extrusion and overhang
constraints. Implementing shape control ensures optimal manufacturability of the post-optimization design space, making it a
critical preprocessing step for topology optimization. Notably, shape control parameterization significantly impacts
optimization outcomes, rendering its configuration an iterative exploratory process within the optimization workflow. For the
curved bracket case study, bidirectional pullout was selected as the initial shape control mode in the structural optimization
module, applied to the YZ symmetry plane (Lu Weigiang & Deng Xinli, 2024). The topology optimization procedure requires
parameter definition including load conditions, design space boundaries, and shape control configurations. Following
optimization completion, Inspire's PolyNURBS auto-fitting capability generates manufacturable 3D solid geometry, while the
OptiStruct solver verifies compliance of the optimized material distribution with specified performance requirements.

5.4 Optimization process analysis

This study investigates topology optimization of a hatch hinge frame to determine the optimal scheme with constant
maximum stiffness, thickness constraints, and variable shape control objectives. The design space is first defined to facilitate
bidirectional draw mold shape control, enabling analysis of how optimization quality objectives influence results. A 30%
mass retention constraint is applied under maximum stiffness control. Fig. 12 presents the resulting optimized hinge frame
configuration, demonstrating the effectiveness of the proposed methodology.

The optimized hinge exhibits a maximum equivalent stress of 18.5 MPa, representing a 2.695 MPa reduction compared to
the original design. Additionally, the optimized configuration achieves a 25.39% mass reduction from the original 12.439 kg
hinge, resulting in a 9.28 kg weight savings under equivalent operating conditions. Following material substitution from
aluminum alloy to PEEK, the final hinge mass measures 4.26 kg, constituting 65.75% of the original hinge's total mass.

6. Conclusion

This study represents a pioneering application of PEEK material in the design of aircraft hinge frames. The research
methodology involves a two-pronged approach: first, a kinetic simulation of the aircraft hatch opening and closing process is
conducted to ascertain the forces and displacements involved; and second, a quantitative analysis of the hinge frame's opening
and closing forces is performed. The utilization of Ansys software facilitates the execution of a static simulation, thereby
quantifying the magnitude of the equivalent force and delineating the stress concentration's location when the hinge frame is
operational. Subsequently, the hinge frame undergoes a restructuring process aimed at mitigating stress concentration. This is
followed by the substitution of the original aluminum alloy with a more lightweight PEEK material. The topology optimization
of the hinge frame was executed using Altair Inspire software, and the ensuing conclusions were derived from the analysis of
the aforementioned results:
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(1) The present study was motivated by the necessity to determine the most efficacious printing parameters for the
tensile performance of the filling mode of the tensile parts. To this end, a comparative test was conducted to study
the filling mode and heat treatment mode in accordance with the FDM principle. The optimal printing parameters
for achieving a layer height of 0.1 millimeters, a platform temperature of 120 °C, a nozzle temperature of 340 degrees
Celsius, a filling method for tetrahedrons, and a tensile strength of 72.48 MPa are identified as follows. The optimal
temperature for the heat treatment process is 330 °C, and the recommended insulation duration is two hours.

(2) The multi-body dynamics simulation of the aircraft hatch was utilized to obtain the hinge frame during the opening
process of the force and the position of the time-dependent curve to obtain the hinge frame in two different conditions
of force size and direction. Subsequently, Ansys software was employed for static mechanical simulation to obtain
the equivalent force size of the different conditions, which were 21.195 MPa and 11.997 MPa, respectively.

(3) The topology optimization design is executed using Inspire software, with the maximum equivalent force of the
optimized hinge determined to be 18.5 MPa. This determination is based on the force magnitude and direction of
the hinge during the static simulation. The maximum equivalent force is 18.5 MPa, which is 2.695 MPa less than
the original maximum stress of the hinge. Furthermore, the optimized hinge is reduced from 12.439 kg to 9.28 kg,
which is 25.39% less than the original hinge under the original working condition. Subsequent to the substitution of
the original aluminum alloy with PEEK material, the quality of the hinge is diminished by 65.75% to achieve the
objective of lightweight
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