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Abstract. Disruptive projects and technologies have been presented with the aim of improving and reducing structural
weight during aircraft design. With the replacement of fossil fuel by electric propulsive systems, and consequently with the
removal of fuel tanks from the wing’s inner structure, it is possible to rethink and develop new ways to optimize and reduce
its weight. Therefore, based on the Common Research Model’s wingbox, this work aims to showcase the effectiveness of a
truss-based inner structure in fulfilling this objective in commercial aircraft, bringing a new structural design approach,
where the conventional inner structures, such as ribs, spars, and stringers are replaced solely by a truss-based structure,
and its joints are represented by mass elements. The static analysis of the structure is performed using a solver with
NASTRAN, which in turn is integrated into a particle swarm optimization that will optimize the design variables of the
optimization problem. Design variables include the outer radius and thickness of each truss element of the structural
mesh. The possibility of removing unnecessary elements is also evaluated, while still ensuring the minimum aerodynamic
profile necessary to form the wing. The wingbox structure is then optimized in search of the lowest structural weight
considering stress constraints. The results, verified by a buckling post-analysis, show that truss-based modular structures
can be a good strategy in structural wing designs, in terms of modularity and reduction of weight.

Keywords: wing design, aircraft structures, optimization.
1. INTRODUCTION

The concept of minimizing an aircraft’s empty weight, although essential, is not entirely new in the aeronautical
industry. Since the beginning of its relatively short but intense history, reducing the aircraft’s empty weight has always
been a priority. This is because reducing weight directly correlates with lower fuel consumption and, consequently,
decreased operational costs. However, in recent times, the aeronautical industry has also started addressing new concerns
with great urgency, such as environmental impacts. The industry aims to emit fewer pollutants and reduce noise emissions
(Masiol and Harrison, 2014; Graham et al., 2014). As a result, research focus has shifted towards alternative propulsion
systems, replacing conventional fossil fuel-based engines with hydrogen cells and hybrid-electric systems (Friedrich and
Robertson, 2015; Petrescu et al., 2020; Pornet and Isikveren, 2015). Nonetheless, optimizing an aircraft’s empty weight
remains central to these studies (Silva et al., 2021; Sgueglia et al., 2020).

The wing design plays a critical role in the structural weight of an aircraft. Given that, optimizing wing performance
and its wingbox’s empty weight are key concepts in minimizing an aircraft’s empty weight. Throughout the history of
the aeronautical industry, several attempts have been made in order to achieve these goals, such as aeroelastic tailoring
of wings using curvilinear stiffeners (Stanford and Jutte, 2017; Jutte ez al., 2014) and composites (Stanford et al., 2014;
Guimardes et al., 2017), or the structural design of wings accounting for buckling constraints (Guimardaes et al., 2019;
Starnes Jr and Haftka, 1979). Additionally, as the industry shifts towards replacing fossil fuel-based engines and removing
fuel tanks, there is an opportunity to redesign the inner volume of the wingbox and explore alternative optimized structural
arrangements to minimize weight. Recent studies (Silva ef al., 2023; Coggin et al., 2014) have combined these concepts
with an innovative approach: a wingbox with truss-based modular structures. Even though modular wing structures may
be associated with morphing wings (Finistauri et al., 2012; Tang et al., 2016), in this case, conceptually, it involves the
replacement of the internal structure of a traditional wingbox (ribs, spars and stringers) by a truss-based structure. Then,
the trusses are responsible for providing all the needed structure integrity of the wingbox and, consequently, most of its
empty weight.

Historically, the B-17 Flying Fortress’ structural project followed this approach, with an "N" truss pattern as its wing’s
spars and ribs (Aerovintage, 2022) Its glaring issue was put in the spotlight in April 2021, with the temporary grounding
of all remaining B-17s, whereupon the wing-fuselage attach structure, more specifically its left forward terminal fittings
where bolted into the wing spar chord, in which the joint separated and allowed the wing to shift two inches at the attach
point. Even though Airworthiness Directive (AD) 2034-10-04 allowed for the ungrounding of the B-17s, given the com-
pletion of its procedure, the significance of this problem, dating all the way back to AD 77-17-11 (January 1979), results
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in conservative thoughts concerning to truss-based cantilever wing aircrafts. However, new manufacturing technologies,
such as truss braced wings (TBW) may allow to bypass this problem, while even enhancing aircraft performance, specially
with advancements made by some studies (Gern et al., 2001; Bhatia et al., 2009, 2012; Mallik et al., 2013), displaying the
effectiveness of the TBW. Other significant advancements include (Ye et al., 2021; Bai and Yang, 2013) using additive
manufacturing and fiber reinforced polymers in order to optimize the manufacturing of the trusses’ joints.

This work aims to implement the concept of a truss-based modular internal wingbox structure into a large-scale
model suitable for research purposes. The prototype chosen for this implementation is NASA’s Common Research Model
wingbox. The first step involves replacing the internal structure of the wingbox with a truss-based structure. Mass
elements will represent the joints between trusses and skins, which will also be utilized for future buckling and aeroelastic
optimizations. Boundary conditions will be established based on the wing-fuselage connection constraints, and the loads
will be determined using an aerodynamic model. Once the structure and boundary conditions are defined, the integration
of a single-objective particle swarm optimization and NASTRAN will be employed to optimize the wingbox mass. This
optimization process will consider the discrete outer radius and thickness of each individual truss element, focusing on key
structural responses such as total displacement and stress on the truss-based structures. Additionally, unnecessary truss
elements that do not contribute to maintaining the minimum aerodynamic profile can be removed. Finally, a post-analysis
on buckling will be conducted using NASTRAN SOL106 to ensure the structural integrity of the wingbox.

2. MODEL DESCRIPTION
2.1 Structural Model

The NASA Common Research Model (CRM) is an open-source aircraft geometry that was developed in 2007-2008
through a partnership between NASA, Boeing, and other industry and government groups for the validation and assess-
ment of computational-fluid-dynamics (CFD) tools (Vassberg et al., 2008). Over the years, it has been used by many
researchers in different studies (Rivers, 2019; Lacy and Sclafani, 2016; Rivers et al., 2019).

The CRM geometry is representative of a typical wide-body transonic transport aircraft (Figure 1). Primarily, the
CRM wing has a wingspan of b = 58.76 m and an aspect ratio of AR =9, resulting in a total wing area of S = 412.7
m?. The reference area is Syef = 383.74 m? and the exposed wing area is Sexp = 337.05 m?. The wing is double tapered
with a break at 37% semispan and a taper ratio of A = 0.533 inboard of the break and A = 0.376 outboard of the break,
whilst its reference chord is cr = 7.01 m. Additionally, the CRM wing is designed for cruising at a Mach number of
0.85, at an altitude of 35000 ft (10668 m), and a lift coefficient of Cy, = 0.5. Under standard atmospheric conditions with
no temperature offset, this corresponds to a Reynolds number of approximately Re = 4.3 x 107. The wing and flight
reference values are summarized in Table 1.

Table 1: Wing and flight parameters for the CRM.
g Parameter Value
E Wingspan, b 58.76 m
Aspect ratio, AR 9.00
Total wing area, S 412.70 m?
Reference area, Syet 383.74 m?

t e —1 Exposed wing area, Sexp  337.05 m?
4 “2_ Reference chord, cf 7.01 m
‘ R *‘i’ — Altitude 10668 m
62.74 m Mach number 0.85
Lift coefficient 0.50
Reynolds number 4.3 x 107

Figure 1: CRM views. Source: Fujiwara et al. (2018)

As a common reference and baseline, the structural model was based on the CRM’s Finite Element Model (FEM)
designed on NASTRAN, more specifically its twelfth coarse version, which was retrieved from Vassberg (2012). Figure
2 depicts the FEM model of the wingbox, while Table 2, the model’s properties, in which both the wingbox’s internal
structure - of ribs, spars and stringers - and skin elements are modeled as plate elements. Then, its internal structure is
replaced by a truss-based modular structure, represented by bar elements, due to their availability in a buckling analysis,
while maintaining the same main dimensions of the CRM’s wingbox, such as rib spacing and aerodynamic profile. Al-
ternating "N" truss patterns are used in the ribs (Figure 7) and between them, in three different positions, parallel to the
upper skin (Figure 3a), parallel to the lower skin (Figure 3b) and parallel to the wingbox’s height (Figure 3c). The pattern
is inspired by the aforementioned B-17 truss-based ribs and spar pattern, with the alternation from rib to rib inspired by
Silva et al. (2022). It is worth mentioning that the number of sections between the ribs depends on the rib’s chord, taking
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maximum value of 8 at wing root and minimum value of 3 at wing tip.

Furthermore, to account for the joints between trusses, mass elements of 150 g are placed at each node of the model,
following the approach proposed by Silva et al. (2022). Skin panels were added onto the external surface, represented by
plate elements, aiming for representativity in both the static and buckling analysis. Finally, the truss-based CRM FEM
is displayed in Figure 4 and its properties are available in Table 3. It is worth noting that all trusses and skin panels had
the mesh size of their original geometry, being that the curve or surface, in order to minimize computational cost in the
optimization process, with that accounting for the coarse mesh of the truss-based model when compared to the original
one.

Table 2: Original FEM properties.

Property Amount
Nodes 6687
Internal elements 7030
Ribs 52
Skin elements 1129
Mass elements 20

(a) Parallel to the upper skin. (b) Parallel to the lower skin. (c) Parallel to the wingbox’s height.

Figure 3: Truss patterns.
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Table 3: Truss FEM properties. ; P
s

Property Amount . W

Nodes 762

Truss elements 3183

Truss Ribs 52

Skin elements 600

Mass elements 710

Figure 4: Finite element model of the truss-based NASA CRM on NASTRAN.

Moreover, the material properties for the carbon fiber laminate plate, used in the skin panels, are displayed in Table
4. Meanwhile, carbon fiber tubes, used in the trusses, were modeled as an isotropic material, since these are majorly
submitted to loads in the axial direction of their structures and, since they behave similarly to a fragile material, the
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maximum traction/compression stresses were used as their failure indices. Hence, the material properties for the carbon
fiber tube, used in the trusses, are displayed in Table 5. It is worth mentioning that, with the use of composites, also comes
the necessity to evaluate the propagation of parametric uncertainties, related to production and manufacturing defects,
which may negatively affect the composite’s properties (Guimaraes et al., 2017; Mesogitis et al., 2014). However, since
this is not the focus of this study, the manufacturing will be assumed as ideal, with the mechanical properties displayed
maintained with the manufacturing.

Table 4: Carbon fiber laminate plate properties.

Property Value Property Value

E; 98 GPa T, 1314 MPa
E, 7.9 GPa Cy 1220 MPa
V12 0.28 T2 43 MPa
Gz 5.6 GPa G 168 MPa
Density 1520 kg/m® S, 48 MPa

Source: Stanford et al. (2014)

Table 5: Carbon fiber tube properties.

Property Value

E 180 GPa
v 0.28
Limit stress tension 550 MPa
Density 1650 kg/m?

Source: EXEL EXELITE™ Datasheet

Furthermore, the boundary conditions for the new FEM needed to be determined. The constraints from the original
FEM were applied, where all degrees of freedom of each node in the wing-fuselage connection were clamped, while the
loads applied were determined using the aerodynamic model described in more details in Subsection 2.2 Finally, having
the FEM fully developed with its structure and boundary conditions determined, NASTRAN SOL101 was initially used
in the optimization process (Section 3), with NASTRAN SOL106 used in a post-analysis (Subsection 4.3.

2.2 Aerodynamic Model

In order to develop the aerodynamic model, the CRM’s performance and geometric properties were gathered and
displayed in Tables 6 and 7, respectively, based on the information provided by Vassberg (2012) and Kenway et al.
(2014). Additionally, the airfoil used in the model was the blunt tail-end (BTE) version of the CRM.65, which is depicted
in Figure 5.

Airfoil
(=) W

20 | | | | | | | | | ]
0 10 20 30 40 50 60 70 80 90 100

Percent Chord

Figure 5: CRM.65 BTE airfoil.
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Table 7: Geometric properties of the NASA CRM.

Table 6: Performance properties of the NASA CRM.

Property Value
Property Value Fuselage width 453 m
Maximum takeoff weight 500000 Ibs Semi-wingspan o 29.38 m

. . End of first section semi-wingspan 12.44 m
Cruise height 35000 ft .

. Wing root chord 12m
Cruise Mach Number 0.85 .

. End of first section chord 6.12 m
Cruise speed 490 knots .

. Wing tip chord 24 m
Cruise load factor 1.16 . . o
Wing weight 30.29 ton Root-tip sweep wingbox angle 30

) Root-tip dihedral angle 8°
Airfoil profile CRM.65 BTE

The aerodynamic model developed in this subsection is based on a fixed-speed horseshoe vortex analysis, specifically
the Vortex Lattice Method (VLM1). It focuses primarily on the wing of the CRM and, given the aforementioned inputs,
the aerodynamic model, including its panels, is presented in Figure 6. Based on the outputs from the fixed-speed VLM1
analysis, the total lift coefficient, lift, and twisting moment are distributed across the truss-based ribs of the wing, with
the resulting loads applied at the aerodynamic center of each rib. It is worth noting that, in the structural model, an RBE3
element is used in order to represent the load application that results from the aerodynamic model, as displayed in Figure
7.

Figure 7: RBE3 element for load application at 25% wing
chord.

Figure 6: Aerodynamic model.

3. OPTIMIZATION PROCESS

This work consists of a single-objective optimization, aiming to minimize the structural weight of the wingbox. As
discussed in Subsection 2.] the optimization is integrated with NASTRAN. Thus, an in-house algorithm writes the code
with the required information to run SOL101 on NASTRAN. Then, the combined stresses in the trusses are determined,
and they are considered the main optimization constraints. Given that, if a bar element surpasses its material’s limit stress
(considering a Factor of Safety of 1.5), it is proportionally penalized, i.e., it is penalized as much as it surpasses the
allowed limit.

Initially, three different optimization methods were used: Differential Evolution, Genetic Algorithm, and Particle
Swarm Optimization. The former as proposed by Cavalini Jr ef al. (2016) and the others are the conventional built-in
function available on MATLAB. After running some samples, the latter proved to consistently converge quicker and into
a better result, while surpassing local optimal results. Thus, it was solely maintained for the rest of the work.

The design variables include the thickness and outer radius of each element. Throughout the optimization, the algo-
rithm generates a population of different individuals with a variety combination of truss elements, which are evolved over
the optimization in each generation. It is worth noting that the wingbox was structurally divided into 10 different sections,
with the first one including the first 8 truss-based ribs and the rest including sequencing 5 truss-based ribs each, aiming for
a different maximum and minimum outer radius and thickness for each section, given the expected structural response.

Additionally, the algorithm includes the removal of elements considered unnecessary for the structural response by the
optimization. Nevertheless, the minimum elements necessary to guarantee the wingbox aerodynamic profile is ensured.
Very thin elements are also removed from the optimization, which are the trusses with thicknesses smaller or equal to
10% of their outer radius.

Finally, after running SOL101 and considering the penalization of failed trusses, the final wingbox empty weight can
be considered as the objective function for the optimization. The optimization flowchart is depicted in Figure 8.
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Structural design module
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matrix of skin —*— J N _J
and bar [_
elements |
Calculates area, | \ Outputs: Determines
* | inertia moment, maximum displacement
polar inertia moment Selects the and combined stress,
Determines and shear factor for wingbox with the displays vector with the
number of skin | each bar element lowest mass lowest wingbox mass bar
elements, nodes element's radius and
and joint thickness and how many
e|emjems L _— —f— e J elements were removed
‘ Allocates discrete
Population outer radius and \
vector containing thickness variable
Single-objective a discrete outer to its correct value, End
particle swarm > radius and »| while removing 0
optimization thickness for thickness and very
each bar thin elements
element

Figure 8: Flowchart of the optimization process.

4. RESULTS
4.1 Loads

As discussed in Subsection 2.2 the lift coefficient, lift force, and twisting moment acting on the wing in the cruise
condition were calculated by the fixed-speed VLM analysis and distributed throughout each of the wingbox’s truss-
based ribs’ aerodynamic centers. The results were obtained for an angle of attack of 0°, considered as a hypothesis for
the cruise trimmed condition. Given that, the resulting distributions are depicted in Figures 9a, 9b, and 9c, respectively,
whereupon each marker represents a truss-based rib of the wingbox.

Furthermore, with all boundary conditions determined, the loads were applied to the structural model, as displayed in
Figure 10.

4.2 Optimization Results

First and foremost, the inputs specified in Figure 8 for the single-objective particle swarm optimization had to be
determined. The number of variables was set as double the amount of optimizable trusses, since the algorithm optimizes
both their outer radius and thicknesses. It is worth noting that the number of optimizable trusses is smaller than the number
of trusses in the FEM, because clamped trusses had a fixed outer radius and thickness, since both their nodes could not be
displaced. In addition, the elements needed to maintain minimum aerodynamic profile were specified, since they could
not be removed.

Furthermore, the discrete values for outer radius and thickness were defined. As proposed by Silva et al. (2022),
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Figure 9: Loads obtained for the cruise condition.

Figure 10: Loads and constraints applied to the FEM.

outer radius values were evenly spaced by 5 mm, while thickness values by 2 mm. The maximum and minimum outer
radius, as well as the maximum and minimum thickness, both varied according to each structural wingbox section’s
expected structural response, with the maximum outer radius decreasing by 5 mm in each section from root to tip and
the maximum thickness decreasing by 2 mm in each section from root to tip. Nevertheless, both the minimum outer
radius and thickness were constant throughout the sections. Additionally, even though the thickness of the skin panels
was maintained at 2,25 mm, since it isn’t part of the optimization process, it is fitted to the best possible result. Also, the
mass of each joint was set at 150 g ((Silva et al., 2022)).

The optimization process’ population size was initially set at 100, given that, over the course of the development of
this work, it was noticed that a smaller number of individuals per iteration wouldn’t hinder the optimization process,
whilst allowing it to converge faster, i.e., the optimization process benefited from a high number of iterations rather than
population size. Nonetheless, at 2000 iterations, the result displayed signs of convergence, exhibiting the need of an
increase in population size, with a swarm size increment to 500. Finally, all inputs that were needed to run this sample
result’s cycle can be seen in Table 8.

Table 8: Optimization parameters.

Parameter Value

Number of variables 5460

Constrained trusses 453 min (Wing)

Constrained trusses’ outer radius 5 mm .
Constrained trusses’ thickness 1 mm Xt [Diggunes b for i =1,2,. Nirus clements
Optimizable trusses 2730 Diguwe = 10,15,20,....,120  [mm]
Trusses with possible removal 1051 Liwe = 2,4,6,...,44 [mm]
Skin’s thickness 2,25 mm

Joint’s mass 150 g

Iterations 2000 - 1700

Population size 100 - 500

Given the inputs to run the cycle, the outputs specified in Figure 8 could be obtained and displayed in Table 9, and the
evolution of the function value over the iterations is shown in Figure 11. Additionally, the wingbox’s displacement may
be observed in Figure 12, while its removed elements are highlighted in red in Figure 13.
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Figure 11: Optimization convergence.
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Figure 12: Wingbox’s displacement.
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Figure 13: Wingbox’s removed elements.

The total time of 20 days and 6 hours, through the course of both steps of the optimization process, initially at 100 and
later at 500 population size, shows that each individual takes about 2.69 seconds to be optimized. Additionally, 282 trusses
were removed (26.83%), those considered unnecessary for both the aerodynamic profile and structural integrity, allowing
to optimize the wingbox’s empty weight while staying inside the safety factor, with no penalized trusses. Given this is
a research in development, the global minimum has not yet been found, as the lack of convergence in the last iterations
tell, with another future increase in population size possible, given that its last increment, although computationally
costly (from 277 s to 1345 s per iteration), descreased the wing’s weight in 0,67 tons, while still not displaying signs of
convergence.

Finally, Table 10 displays the wingbox’s mass distribution, whereupon the trusses account for 13.27 ton (91.8%) of
the total empty weight. Hence, the optimization of the skin panels’ thickness and a different value of joint mass as the
one proposed by Silva et al. (2022) could decrease the wingbox’s empty weight to an even lower value. Nevertheless,
the optimized truss-based NASA CRM wingbox still managed to be 17.8% lighter when compared to the original wing
weight (Table 6).
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Table 10: Wingbox’s mass distribution.

Component  Weight [ton]

Trusses 11.37
Skin panels 0.9
Joints 0.11

4.3 Buckling Post-Analysis

After obtaining the optimized wing design, a post-analysis was conducted to assess the buckling behavior and ensure
the structural integrity of the wingbox. NASTRAN’s SOL106 was used for this purpose. The post-analysis involved
determining the first five eigenvalues using Lanczos’ solution method, and the corresponding results are presented in
Table 3. The critical instability of the wingbox associated with eigenvalue #1 is visualized in Figure 14.

Table 11: Buckling results.

Eigenvalue # Value

1 12.86
2 13.18
3 -18.84
4 -21.66
5 -25.45

Figure 14: Buckling analysis (eigenvalue #1).

As evident from the results, the optimized wingbox demonstrates significant structural integrity, as it remains well
below the critical buckling limit when subjected to the applied loads. Therefore, the wingbox is deemed structurally
stable and capable of withstanding the given load conditions without buckling failure.

5. CONCLUDING REMARKS

This paper presents a new wing design approach. It assesses the concept of a truss-based modular internal wingbox
structure applied to a large-scale commercial aircraft model, which is the NASA’s Common Research Model. The results
showed that the proposal can be a good strategy in structural design, even with its limitations.

Firstly, the truss-based modular structure wingbox, optimized using a particle swarm optimization algorithm, demon-
strated a lighter weight compared to the original CRM wingbox, despite having not yet converged. This outcome high-
lights the effectiveness of this innovative approach in designing the inner structures of the wingbox, particularly in the
context of alternative propulsion systems.

Furthermore, a thorough buckling post-analysis confirmed the structural integrity of the optimized wingbox, indicating
that it can withstand the applied loads without experiencing buckling failure. This analysis also identified potential
opportunities for optimizing the thickness of the skin panels, thereby providing scope for further weight reduction and
improved performance.

Finally, there are still great potential for developing improvements in the structural model, such as a more optimized
spatial arrangement of the structural mesh - with the optimization of the number and position of the truss-based ribs
and its truss sections - and the integrated buckling optimization of skin elements. The evaluation of uncertainties in the
manufacturing of the composite plates and tubes and an assessment of a TBW structure - envisaging easing manufacturing
issues and analyzing the wing-fuselage connection elements - should also enhance the structural project of this wingbox.
Additionally, an aeroelastic model evaluating the behavior of the resulting wingbox structure would aid in verifying
structural integrity, given flutter and divergence speeds. Similarly, the evaluation of the wingbox under extreme loads,
determined through its V-n diagram, is recommended. Due to the large number of design variables in the optimization,
the computational time is still a big challenge.
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