
J. Aerosp. Technol. Manag., v17, e3825, 2025

 https://doi.org/10.1590/jatm.v17.1400

ABSTRACT
This study aimed to propose different zigzag rib topologies for a trailing-edge morphing wing for low-speed applications. 

This study aimed to determine the best zigzag rib topology in terms of stiffness and safety factor. Numerical analysis was carried 
out using ANSYS under linear-static conditions for different test cases, such as rib topologies, rib thicknesses, deflection angles, 
and materials. A total of 81 test cases were studied with a point load applied at the trailing edge of each rib topology in each test 
to obtain the stiffness and safety factor. Experimental studies were also conducted to evaluate the mass and shapes of 3D-printed 
ribs. The findings revealed that thermoplastic polyurethane ribs with a 5 mm thickness exhibited moderate stiffness and a good 
safety factor, with no failure occurring under the applied conditions. Additionally, there was a perfect match between numerical 
and experimental results in terms of the mass and shape of the topologies under different test cases.
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INTRODUCTION

Aerodynamic adaptability is pivotal for navigating flight dynamics, whether it is an airborne animal or an aircraft. It hinges 
on fine-tuning lift-generating surfaces to manipulate aerodynamic forces. Moreover, the capacity to customize the aerodynamic 
properties of these surfaces exceeds that of the conventional control methods, yielding significant performance enhancements. The 
different morphing wing concepts such as variable camber, variable thickness, leading edge morphing, trailing-edge morphing, 
chordwise morphing, wing-level morphing, spanwise morphing, wing twisting, hybrid morphing etc., have promising improvement 
in aerodynamic characteristics (Li et al. 2018) and provided a framework for the design of morphing wings for unmanned aerial 
vehicles (UAVs) with theoretical and technical references (Chu et al. 2022). Kinematic and flight tests of the fixed-flapping hybrid 
morphing wing aerial vehicle (FFWAV) revealed coupled pitch and roll angles, while computational fluid dynamics (CFD) 
simulations showed that the flapping wing section provided over 50% of the lift by enhancing the fixed wing’s lift through edge 
vortex generation (Kan et al. 2023). Force analysis and optimization methods were employed on novel designs to ensure structural 
integrity and efficiency, and the approach was validated through fabricated prototypes with and without skins (Wang et al. 2020). 
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The zigzag wing box concept was introduced, enabling a 44% variation in wingspan through a combination of rigid and morphing 
sections. Incorporated into a medium-altitude long-endurance UAV wing, the concept enhanced operational performance and 
facilitated roll control (Ajaj et al. 2013). The blending of continuous variable spanwise bend, twist, and sweep, along with hybrid 
span morphing wings, demonstrated the potential for improved aerodynamic performance (Boston et al. 2022; Yang et al. 2023).

The camber morphing has a direct effect on the aerodynamic characteristics due to its adaptive camber-wise shape change. 
The study designed a seamless morphing trailing edge structure using parametric finite element models and demonstrated that 
it could sustain 0.015 MPa loads while achieving ±15° camber changes (Cheng et al. 2023). A mechanical solution for a variable 
camber trailing edge was developed, achieving 5° upward to 15° downward deflection through parametric optimization and fiber 
Bragg grating (FBG) sensor monitoring, demonstrating effective morphing capability (Shi et al. 2023). The effects of fishbone active 
camber morphing on wing-in-ground effect were investigated using CFD at a Reynolds number of 320,000, revealing improved 
aerodynamic efficiency through optimized morphing parameters (Clements and Djidjeli 2023). The morphing wing was developed 
to delay stall by flexibly deflecting the trailing edge. Results showed smaller lift coefficients during deflection at low angles, while 
higher deflection rates increased lift coefficients at critical stall angles (Kan et al. 2020). An autonomous morphing wing concept 
using six camber morphing modules was investigated, and a fluid-structure interaction optimization tool was developed, and 
validated the design through measurements and characterization of mechanical losses (Mkhoyan et al. 2022). A 3D bionic flap 
inspired by spanwise morphing on an S809 airfoil was studied through aerodynamic simulations. Results showed that spanwise 
morphing flaps significantly improved lift, reduced drag, delayed flow separation, and enhanced aerodynamic performance 
compared to conventional flaps (Akhter et al. 2022). Numerical simulations and lab experiments carried out on trailing-edge designs 
for tidal turbine blades revealed that camber effects and material stiffness impact deformation and failure (Maguire et al. 2024). 
Numerical analyses in ANSYS compared simplified and realistic loading cases. Experimental tests assessed displacement and 
failure loads, with a scanning electron microscope (SEM) for fracture analysis. Truss configurations proved structurally efficient, 
with stiffness as the primary design constraint over strength (Carneiro and Gamboa 2019). Camber morphing turbine blades also 
resulted in improved aerodynamic efficiency (Bishay et al. 2024). A study used numerical simulations and flexible multi-body 
dynamics to analyze unsteady aerodynamics and aeroelastic behavior in variable-sweep and folding wings, revealing that dynamic 
hysteresis in lift coefficients and stability are significantly influenced by additional velocity, flow hysteresis, viscosity, and folding/
unfolding rates (Hu et al. 2016; Zeng et al. 2023). Computational fluid dynamics (CFD) simulations demonstrated improved lift 
coefficient and lift-drag ratio compared to the base airfoil and traditional flap-based wings, with reduced drag during morphing 
(Hao et al. 2021; Kodigaddi et al. 2022; 2024).

The morphing structure played a crucial role in achieving the desired shape during actuation. Recent trends showed promising 
results in developing complex morphing structures using additive manufacturing processes with appropriate materials. A comprehensive 
review showed that the utilization of additive manufacturing technologies in the aerospace and automotive industries led to the accurate 
printing of complex shapes (Alami et al. 2023). Among the three additive manufacturing technologies, selective laser sintering (SLS), 
fused deposition modeling (FDM), and continuous filament fabrication (CFF), the SLS materials exhibited significantly higher maximum 
stresses, with a focus on mechanical testing for airframe parts (Šančić et al. 2023). Also, morphing designs were manufactured with a 
budget-friendly FDM 3D printer using thermoplastic polyurethane (TPU), which successfully balanced the stiffness of the metamaterial 
with the flexibility of the wing base (Zhilyaev et al. 2022). To accommodate shape changes, recent developments demonstrated the use 
of polymer-based skins for morphing wing applications (Ahmad et al. 2024).

Advancements in morphing wing technologies showed promise for enhanced aerodynamic performance and structural 
efficiency, addressing various challenges through innovative designs and rigorous analyses. While many studies reported the 
effectiveness and potential of adopting innovative designs in morphing wing technologies, extensive research on achieving 
a smooth deformation profile was also carried out. In this study, an attempt was made to propose a novel rib design for 
trailing-edge morphing applications. The originality of the study lies in identifying the zigzag rib topologies best suited 
for trailing-edge morphing wing applications obtained through additive manufacturing. This facilitated the development of 
more complex and effective rib topologies and optimized the rib topologies using additive manufacturing and finite element 
analysis (FEA).
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Zigzag rib topology

Airfoil and rib selection
The NACA 2412 airfoil is commonly chosen as a reference airfoil for the study due to its outstanding aerodynamic behavior, 

well-defined geometry, and widespread use in morphing wing applications (Amini et al. 2015; Guerrero 2009; Shen et al. 2023).
The three morphing wing topologies studied here consist of two rows of zigzag rib patterns, strategically designed to minimize 

the force exerted during camber adjustment and to achieve a smooth change in the camber and shape of the airfoil at the trailing 
edge. Each morphing topology comprises a rigid section, serving as the fixed part of the rib, and a flexible section with a zigzag 
pattern, facilitating the change of shape at the trailing edge. 

Three rib topologies are modeled with different percentages of rigid and flexible sections, namely zigzag rib topology 1 
(50:50), zigzag rib topology 2 (60:40), and zigzag rib topology 3 (70:30), as shown in Figs. 1–3, respectively. All dimensions are 
in mm. Each zigzag rib includes a hole for placing the main circular spar with a diameter of 22 mm, positioned at 27.5% of the 
chord in all topologies. Another hole is located at 43.5%, 51.18%, and 61.5% of the chord of topologies 1, 2, and 3, respectively, 

Source: Elaborated by the authors.

Figure 1. Dimensions of zigzag rib topology 1 (50:50).

Source: Elaborated by the authors. 

Figure 2. Dimensions of zigzag rib topology 2 (60:40).

Source: Elaborated by the authors. 

Figure 3. Dimensions of zigzag rib topology 3 (70:30).
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for placing the secondary spar with a diameter of 14 mm. Three different thicknesses: 2.5 mm, 5 mm, and 7.5 mm; three different 
deflection angles: +5°, +10 °, and +15°; and three different materials for the zigzag ribs are considered: TPU, polylactic acid (PLA), 
and acrylonitrile butadiene styrene (ABS).

Material selection
Thermoplastic polyurethane (TPU), PLA, and ABS were considered for the study. TPU was highly flexible and elastic, with 

excellent stretch and recovery properties, while PLA was relatively stiff and brittle compared to TPU, offering limited flexibility. 
ABS fell between TPU and PLA in terms of rigidity and flexibility, providing moderate flexibility. TPU exhibited high tensile 
strength and toughness, making it resilient to impacts and deformation. PLA had moderate strength and toughness, suitable for 
general-purpose applications, but was less durable than TPU. ABS offered good impact resistance and strength, making it suitable 
for structural components. Given the primary requirement for a lightweight structure with minimal force needed to operate 
the zigzag rib for improved aerodynamic performance, TPU emerged as the most suitable material. Its flexibility, resilience, 
and relatively low weight made it ideal for achieving the desired performance characteristics while minimizing energy consumption 
during operation (Cantrell et al. 2017; Farah et al. 2016; Xu et al. 2020). Table 1 indicates the properties of the materials used.

Table 1. Material properties used for this study.

Property TPU PLA ABS
Density (kg·m3) 1220 1,250 1,100

Young modulus (GPa) 2.41 3.5 2

Shear modulus (MPa) 318.9 1,287 675

Poisson’s ratio 0.3897 0.36 0.37

Tensile strength (MPa) 27.3 73 31.6

Source: Elaborated by the authors.

Structural analysis
The purpose of this research was to carry out structural analysis on three different wing topologies made of three different 

materials under various load conditions. From these results, the selection of the best-suited topology was determined by considering 
the total deformation, directional deformation, equivalent stresses, and safety factors for the conditions mentioned above. Structural 
analysis was conducted using the structural analysis software tool ANSYS Workbench (R2022) under linear-static conditions. 
The blue-colored line shown in Fig. 4 indicates the rigid section of the zigzag rib, while the red-colored line indicates the location 
and the concentrated load applied. In this study, the concentrated load acting at the trailing edge of the zigzag rib was estimated 
to obtain the required camber and shape of the airfoil for different trailing edge deflection angles. Upon applying the concentrated 
load, there was no failure, and the zigzag rib remained intact without any structural failure.

Source: Elaborated by the authors. 

Figure 4. Zigzag rib topology with rigid (blue) and concentrated load (red).
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Source: Elaborated by the authors. 

Figure 5. Sample mesh on zigzag rib topology 3.

Table 2. Mesh convergence results.

Topology Type of element No. of elements Percentage above the quality index of 0.75

1

TET4 352124 0.93

TET10 355612 0.95

TET15 366787 0.95

2

TET4 346804 0.92

TET10 345798 0.95

TET15 346987 0.94

3

TET4 336804 0.945

TET10 352124 0.95

TET15 351258 0.949

Source: Elaborated by the authors. 

Mesh convergence
Mesh convergence ensured that the results obtained from the analysis were reliable and accurate, particularly in regions of 

interest, such as stress concentration areas or areas with complex geometry. Mesh convergence occurred when increasing the 
number of elements no longer significantly altered the results. Mesh suitability was evaluated using an element quality index, 
ranging from 0 to 1. Both hexahedral (HEX) and tetrahedral (TET) mesh elements were commonly used for finite element 
analysis (FEA). HEX meshes, including HEX8, HEX20, and HEX27, offered higher accuracy and computational efficiency. 
However, TET meshes, such as TET4, TET10, TET15, and TET20, provided greater flexibility and adaptability to complex 
geometries due to their TET shape. While HEX elements were ideal for regular geometries and structured meshes, TET elements 
were preferred for irregular geometries and unstructured meshes, offering varying levels of accuracy and mesh refinement to 
suit different simulation requirements (ANSYS 2016). Quadratic TET formulations, notably the TET10 element, presented a 
compelling alternative to HEX elements for simulating articular contact, offering a particularly well-suited solution for this 
type of analysis (Maas et al. 2016).

Considering this, meshes using different TET elements for all topologies were generated (sample mesh shown in Fig. 5), and 
a comparison was made between the different types of TET elements, as given in Table 2. The mesh convergence results showed 
that TET10 provided elements that achieved a good quality index with a very refined mesh.

Test cases
The test cases involved different combinations, including three topologies: 1, 2, and 3; three rib thicknesses: 2.5 mm, 5 mm, 

and 7.5 mm; three deflection angles: +5°, +10°, and +15°; and three rib materials: TPU, PLA, and ABS. Using response surface 
methodology (RSM) (Bezerra et al. 2008), a statistical and mathematical technique useful for modeling and analyzing problems, 
these combinations resulted in 81 test cases. The representation of test cases is as given in Fig. 6. Structural analysis was conducted 
for all these test cases to study the behavior of the different topologies.
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RESULTS AND DISCUSSION

In Figure 7a, it was observed that for topology 1, PLA-made ribs with 2.5 mm and 5 mm thickness had approximately 33.33% 
more stiffness than TPU and ABS-made ribs. PLA-made ribs with 2.5 mm thickness had about 10.66% more stiffness than 
TPU- and ABS-made ribs. For topology 2, as shown in Fig. 7b, TPU and ABS-made ribs with 2.5 mm thickness offered relatively 
the same stiffness, whereas PLA-made ribs offered 50% more stiffness than TPU and ABS-made ribs. For ribs with 5 mm 
thickness, PLA-made ribs were 31.25% stiffer than TPU-made ribs and 27% stiffer than ABS-made ribs. For ribs with 
7.5 mm thickness, PLA-made ribs were 33.33% stiffer than TPU-made ribs and 18.75% stiffer than ABS-made ribs. For topology 3, 
as shown in Fig. 7c, TPU- and ABS-made ribs with 2.5 mm thickness offered relatively the same stiffness, whereas PLA-made 
ribs offered 48% more stiffness than TPU- and ABS-made ribs. For ribs with 5 mm thickness, PLA-made ribs were 50% stiffer 
than TPU-made ribs and 25% stiffer than ABS-made ribs. For ribs with 7.5 mm thickness, PLA-made ribs were 36.84% 
stiffer than TPU-made ribs and 16.66% stiffer than ABS-made ribs. From the above discussion, it was concluded that topologies 
1 and 3 offered less stiffness than topology 2, due to thicker zigzag rib patterns. The stiffness of the rib increased with thickness. 
PLA-made ribs offered higher stiffness than TPU and ABS-made ribs. This indicated that the force required to deflect at the trailing 

Source: Elaborated by the authors. 

Figure 6. Representation of test cases.

Source: Elaborated by the authors. 

Figure 7. Effect of rib thickness and deflection angle on stiffness.
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edge by PLA-made ribs was comparatively more than that required by TPU- and ABS-made ribs. The increase in thickness had a 
direct effect on this stiffness. PLA-made ribs became stiffer with increased thickness and deflection angle. This response remained 
similar for TPU and ABS-made ribs. TPU and ABS-made ribs with 5 mm thickness offered moderate stiffness, a response that 
was relatively consistent across all studied topologies.

From Fig. 8a, it was observed that for topology 1, the safety factor was relatively the same for all ribs with increasing deflection 
angles. PLA-made ribs with 7.5 mm thickness offered a higher safety factor than all other ribs for all deflection angles. TPU-made 
ribs offered a moderate safety factor, while ABS-made ribs offered the least safety factor for all deflection angles. ABS-made ribs 
had a safety factor less than 1.5 for all thicknesses and deflection angles, which was not acceptable. Comparatively, PLA-made 
ribs offered 21.42% more stiffness than TPU- and ABS-made ribs for all deflection angles. TPU-made ribs with 2.5 mm thickness 
had a safety factor greater than 1.5, whereas this value was more than 2 and 2.75 for ribs with 5 mm and 7.5 mm thicknesses, 
respectively, for all deflection angles. Improvements of 25% and 30% were observed for all deflection angles.

Source: Elaborated by the authors. 

Figure 8. Effect of rib thickness and deflection angle on safety factor.
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Development of ribs
The additive manufacturing of zigzag rib topologies using TPU involved the precise selection of parameters (Xu et al. 2020). 

A 100% infill density and a grid pattern ensured optimal strength and flexibility. A layer thickness of 0.1 mm and horizontal print 
orientation provided a smooth surface finish. Lower print speeds and an extruder temperature of 220 °C enhanced layer adhesion 
and mechanical properties. Post-processing techniques like sanding and polishing improved the final quality and appearance of 
the ribs, as shown in Fig. 10.

Source: Elaborated by the authors. 

Figure 9. Equivalent (von Mises) stress induced in the TPU-made rib under different test cases.

Source: Elaborated by the authors. 

Figure 10. Zigzag rib topologies developed using additive manufacturing.

Zigzag rib mass and shape comparison
To evaluate the compatibility between the analysis results and the experimental results, parameters such as mass and shape 

were individually compared. Mass results from numerical (mn) and experimental (mexp) analyses were compared, as given in 
Table 3. It was observed that the mass values closely matched. The slight variation might have been due to porosity during the 
manufacturing process. However, this did not significantly affect the properties of the rib, as the difference was negligible.

It was important to compare the shape of the topologies before and after the application of the point load. The numerical 
results, after applying the point load to achieve the required deflection angle, were analyzed. A comparison was made by cross-
checking these results experimentally, as shown in Fig. 11. It was observed that the shape of all topologies matched perfectly. 
Since the objective of this study was to determine the proper rib structure for the maximum deflection angle of +15°, the failure 
points were not discussed.
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CONCLUSION

This study effectively explored and evaluated various zigzag rib topologies for trailing-edge morphing wings, focusing 
on the integration of additive manufacturing and FEA. By analyzing different test cases that combined three rib topologies, 
thicknesses, deflection angles, and materials, the research identified the optimal rib structure in terms of stiffness, safety factor, 
and overall performance. The results confirmed that TPU ribs with a 5 mm thickness emerged as the most suitable choice. 
TPU ribs demonstrated moderate stiffness and a good safety factor, making them resilient under different loading conditions. 
The experimental results closely aligned with numerical predictions, with minor discrepancies attributed to manufacturing 
variations, which did not significantly impact rib performance. PLA and ABS materials were also evaluated, revealing that 
while PLA provided higher stiffness, TPU ribs offered a better balance of stiffness and safety factor. The study highlighted that 
TPU ribs with a 5 mm thickness were most effective, combining favorable mechanical properties and optimal performance for 
morphing applications. The originality of the research lay in its comprehensive approach to rib topology optimization using 
additive manufacturing, providing valuable insights for developing advanced morphing wing technologies. The study’s findings 
supported the use of TPU for achieving efficient and reliable wing morphing, contributing to the advancement of aerodynamic 
performance in trailing-edge applications.
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