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Abstract 

Conceptual Level FEM Based 

Wing Weight Estimation 

 

by 

Erdem Akay, M.S. E. 

The University of Texas at Austin, 2010 

SUPERVISOR: Mark E. Mear 

CO-SUPERVISOR: Armand Chaput 

 

 Weight and its estimation have a vital impact in the aircraft design process from 

the very early phases. When the conceptual design configuration of an aircraft has been 

created, it should ensure that the estimated weight is sufficiently accurate to meet the 

performance and cost requirements. The estimation of structural weight in early design 

stages is mostly performed using historical data; however, this approach does not 

provide reliable weight estimates for unconventional or unique designs or those that 

employ advanced materials. One solution for improving the accuracy of conceptual level 

weight estimation is to improve the fidelity of the methodology, geometry models, and 

loads through the use of Finite Element Methods (FEM). This thesis is intended to 

demonstrate an initial application of conceptual-level FEM based weight estimation to 

aircraft wing structure.  
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Chapter 1 Introduction 

1.1. Motivation 

Weight estimation is one of the most important functions of the aircraft design process.  

In fact, some aircraft designers would claim that “weight and its estimation” is the most 

important concern in the design of an aircraft. Raymer describes the weights engineer 

as the “referee” of the design cycle who communicates with all design groups [1].  The 

reason is that most participants in the design process including structures, performance 

and aerodynamics use weight impact as a primary figure merit for making design 

decisions. 

Weight and its estimation have a vital impact in aircraft design process from the very 

early phases. The final size, cost and performance of a typical aircraft is critically 

dependent on the initial estimated weight [2]. With accurate initial estimates, the 

design process can generally proceed quickly and smoothly.  If initial estimates are not 

accurate, redesign follows and cost and schedule are adversely affected. For these 

reasons, accurate prediction of weight during the initial stages of the design of an 

aircraft is essential. 
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Figure 1: Design phase and cost relation [3] 

When the conceptual design configuration of an aircraft has been created, it should 

ensure that the estimated weight is sufficiently accurate to meet the performance and 

cost requirements.  As can be seen from Figure 1, the conceptual design phase has the 

greatest effect on cost. Detailed weight analysis is not desired in the conceptual phase 

since it requires too much engineering effort. Therefore, a simple and easy to use, but 

also reliable approach is needed for conceptual level weight estimation. 

Structural or airframe weight estimation is one of the most challenging aircraft weights 

to estimate since it is driven by configuration, design philosophy, material properties, 

design loads, manufacturing processes, subsystem integration and many other 

considerations. Estimation of structural weight in early design stages is mostly 

performed using historical data. Regression analysis of existing aircraft can provide 

acceptable weight estimates for aircraft based on historical designs.  Regression based 
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methods, however, do not provide reliable weight estimates for unconventional or 

unique designs or those that employ advanced materials (e.g. nanomaterial) or 

manufacturing processes.  One method for improving weight predictions is to base the 

estimates on structural analysis where material properties, loads,  and geometry effects 

are captured and used to predict how much material is required to react a given set of 

design loads for a given geometry.  An example of an analysis-based airframe weight 

estimation method is given in Reference [4].  

For application at a conceptual level, analysis based methods typically use 

representative or parametric geometry and loads.  Consequently they can miss 

important design details that limit the accuracy of the predicted weight.   For example, 

the structural wing geometry model developed in Reference [4] is based on an 

unstiffened multi-web spar concept that is not used in any known aircraft.  It also 

incorporates two relatively benign design external load conditions whereas most aircraft 

are designed to much more demanding criteria.  Critical internal loads such as wing 

torsion are also simplified, and in some instances ignored.  Nonetheless, the resulting 

analysis based weights have been correlated with actual weights and show reasonable 

accuracy for the conventional transport aircraft studied.  Applicability to other types of 

aircraft and/or configuration concepts has not been established. 

One solution for improving the accuracy of analysis based weight estimation is to 

improve the fidelity of the methodology, geometry models, and loads through the use 
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of Finite Element Methods (FEM).  Although not widely employed during conceptual 

design, FEM based weight estimation has demonstrated potential for improving the 

accuracy of airframe structural weight estimates since the method can capture actual 

design geometry as well as the important physics of the structural sizing process.  To 

date, however, FEM based weight methods have been used mostly for preliminary and 

detailed design and trade studies and employed to predict weight trends as opposed to 

predicting actual weight.  Nonetheless, given recent advancements in computer and 

software technology, there is no reason why FEM based methods can't be applied to 

conceptual design even when performed using personal computers.   

This thesis is intended to demonstrate an initial application of conceptual-level FEM-

based weight estimation to aircraft wing structure. The objective is to show how FEM 

based weight estimates compare to existing analysis-based weight estimates and actual 

weight data.  A study by Ardema et al. [4] is chosen as a point of departure because it is 

one of the most recent analytically-based conceptual design weight methodologies 

published. 

To achieve the goal of the thesis, a conceptual level wing structural design and sizing 

process was planned.  An innovative design tool, Vehicle Sketch Pad (VSP), being 

developed by NASA for conceptual level geometry modeling [5] was to be used to 

develop a structural concept.  VSP was to be paired with CalculiX, an open source FEM 

program, to perform structural analysis and sizing and provide an analytical basis for the 
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weight estimate.  Although some refinements were implemented over the course of the 

study, the overall plan was followed as discussed in the remainder of this report.  

1.2. Weight Estimation Methods and Prior Studies 

Much of the effort involved in a conceptual-level aircraft empty weight estimate 

generally focuses on three main weight groups: airframe structure, propulsion and 

equipment [1]. For reasons of scope and schedule, this thesis effort focused on airframe 

structures in general and wing weight estimation in particular. 

1.2.1. Traditional Weight Estimation Methods 

A variety of methods are used for estimating aircraft conceptual-level structural 

weights. Some of the most widely used methods are described in reference [6] as 

follows: 

 Level 1 methods - empirical or statistically determined weight fractions used to 

estimate the weight of major aircraft components.  For example, a single 

structural weight fraction for an aircraft of a specified type (based on historical 

data) might be used to predict the weight of a complete airframe.    

 Level 2 methods - statistically-based weight equations for existing aircraft used 

to predict the weight of major components such as a wing or fuselage.  By using 

curve fitting methods, the weight of individual components is estimated and 

them summed to generate an overall empty weight estimate 
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 Level 3 methods use semi-empirical approaches. This method usually consists of 

analytically based equations which are adjusted using statistical correlations 

from historical data. 

The first two methods are simple and easy to implement and can be used for rapid 

conceptual-level weight estimation. Because these methods typically have no 

theoretical basis and apply only to specific types of aircraft, their applicability to other 

types is limited by definition. Semi-empirical methods can be more complicated to 

develop than lower level methods.  However, once the methods are defined and coded 

(e.g. FORTRAN code or MATLAB script); they can easily support a fast-paced conceptual 

design process.  A comparison study [7] indicates that empirical and semi-empirical 

methods produce similar results. Additionally, the study shows that semi-empirical 

methods are able to capture the effects of different materials although the weight 

estimation results are scattered. The semi-empirical methods, however, typically have a 

limited theoretical and statistical basis and applicability to new or unconventional 

designs can be questionable. 

1.2.2. FEM Based Weight Estimation  

As introduced in section 1.2.1 above, FEM based methods have advantages compared to 

traditional methods of weight estimation.  In fact, Howe [8] mentions that validation of 

his semi-empirical weight estimate for a Blended Wing Body (BWB) aircraft structure 
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may not be possible. The reason given is that the empirical data used for the analysis 

was derived from a single BWB design (i.e. Cranfield BW-98) which had never been built.  

Had Howe's estimate been based on FEM methods, the analysis could have been 

calibrated against another aircraft and the application to a BWB been demonstrated by 

analysis.  

Based on the results of this thesis, the author postulates the advantages of FEM based 

weight estimation to be as shown in Figure 2. 

 
Figure 2: Properties of the FEM based weight estimation approach 

FEM based weight estimates should also be applicable to any design phase (i.e. 

conceptual, preliminary or detailed design).  When applied to the conceptual design 
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phase, the benefits of better accuracy and more robust basis of estimate should be 

reflected in lower cost and risk during subsequent design phases. 

Kamarov and Weisshaar [9] point out the importance of the decisions made during the 

conceptual design phase on load-bearing structure and structural materials and suggest 

using finite element analysis to improve the accuracy of conceptual-level weight 

estimates.  Their investigations show that an aircraft with 20% of extra weight during 

the manufacturing phase (in comparison to an initial estimate) will lose 10% of its 

maximum flight range [10]. Reference [11] also emphasizes the importance of making 

an accurate structural weight estimate (i.e. using FEM based methods) during 

conceptual design. 

Despite the projected advantages of FEM-based weight estimates, there are some 

limitations associated with applications to conceptual design.  One limitation is the level 

of design detail required to generate a FEM model. During conceptual design, design 

details are not available. Therefore, a conceptual FEM model will reflect representative 

structure but it still needs to capture reasonable levels of design fidelity. Fortunately 

rapid conceptual design geometry modeling tools such as Vehicle Sketch Pad [5] are 

being developed with FEM modules that will allow development of reasonable fidelity 

structural geometry models without placing unrealistic demands for design detail on 

conceptual level designers.    
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The other limitation actually applies to all analysis-based airframe weight estimates.   

The issue is the ability of analysis-based methods to predict more than a fraction of the 

weight associated with aerospace structures [12]. According to Chaput, it is not realistic 

to expect any analysis-based weight estimate to capture all of the design considerations 

and criteria that drive weight. Many reasons are cited, the most significant of which is 

that structural analysis based methods capture only load, geometry, strength and 

stiffness effects while airframe structural design is driven by many other considerations.  

One well known example is material minimum gage. Another involves integration of 

subsystems and other equipment that causes designers to use non-optimum load paths 

and design features such as cut-outs, all of which adversely affect weight. Others issues 

include damage tolerance, fatigue and other criteria that cannot be addressed 

accurately until a design is well established and nearing completion. In fact, Chaput cites 

a general rule of thumb for typical aircraft structure where strength and stiffness based 

methods typically predict a maximum of about 65-70% of the final airframe structural 

weight. Therefore, other estimating techniques should be used to adjust analysis-based 

estimates to reflect these other considerations. Despite the magnitude of these other 

issues, however, basic airframe strength and stiffness is still the largest single 

contributor to airframe structural weight. Nonetheless, we should not expect them to 

fully capture all of the final weight drives. 
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In the literature similar weight estimation procedures are used. For instance, Zweber et 

al. [13] created a finite element model of a wing-box and executed thickness 

optimization of the elements using a commercial program (i.e. ASTROS) to achieve a 

minimum weight result. Authors have defined the element thickness as the design 

variable and the element stress as the constraint during the analysis. However, the goal 

of this study is application of different tools (i.e. adaptive modeling language) to 

perform structural trade studies, rather than making accurate weight estimations for 

aircraft wings.  

In another study, Jameson et al. applied a similar approach during the multidisciplinary 

optimization study of a simple aircraft wing structure (composed of skins, ribs and spars) 

by using an FEM based process that optimizes the material thicknesses using the 

allowable material stress distribution [14]. Since the main idea of this study is 

performing the aerodynamic optimization of the geometry, weight estimation is used 

only as a transition step.  

There are other studies to point out the application flexibility of the FEM based weight 

estimation methods. For instance, the study performed by Jun et al. [15] applies 

multidisciplinary methods to investigate the effects of a tip missile location on the wing, 

and estimates the wing weight through finite element analysis by calculating the 

material thickness distributions. This is a detailed optimization study which shows the 

FEM based weight estimation is applicable for specific missions. Martinovic and Cerro 
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[16] use finite element method for estimating the weight of new and untested launch 

vehicles. Their approach uses finite element models of simple launch vehicle structures 

to perform static analysis and structural sizing. This is a very similar approach to the 

current study in terms of the application phase (i.e. conceptual design period), weight 

estimation logic and FEM analysis parameters (i.e. using mass-less shell elements for 

static analysis). However, the application area is limited, the procedure is complex (i.e. 

many different tools), and the study lacks validation of the weight methodology.  

Generally, existing studies that include FEM based weight estimation, as mentioned 

above, are aimed for getting at doing trade studies. In contrast, this study as discussed 

below focuses on the ability of FEM based methods to actually predict weight. 

1.3. Approach of the Thesis Study 

This thesis study is intended to demonstrate an initial conceptual level FEM based 

weight estimation method for wing structure as shown in Figure 3. Included will be 

comparisons with a one recent weight estimation method proposed by Ardema [4] as 

well as actual wing weight data. During the study, two new tools (i.e. Vehicle Sketch Pad 

– a conceptual level air vehicle design program), and CalculiX, a publically available FEM 

program, will used in addition to commercial FEM software (i.e. Abaqus) as mentioned 

in previous sections. 
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Figure 3: Thesis study FEM based weight estimation 

In summary, during this thesis study an initial capability for a conceptual level FEM 

based weight is developed and results compared with Ardema's weight results and 

actual data and as shown in Figure 4. 
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1.4. Structure of the Thesis 

The study includes five chapters as seen in Figure 5.  

The study details start with Chapter 1. Essential points of this chapter are explained 

below: 

 Description of aircraft weight estimation and its relation to conceptual design 

 Background of weight estimation methods: traditional and FEM based weight 

estimation methods, and prior study examples on these methods 

 Scope, approach and goal of this thesis study 

Chapter 2 explains the weight estimation method developed by Ardema et al [4].  It is 

one of the most widely cited and recently published analysis based weight methods and 

is the point of departure for this thesis. The details of Chapter 2 are as follows: 

 Discussion of Ardema’s weight estimation methodology 

 Wing outer geometry details  

 Defining the wing loads 

 Structural analysis and wing weight calculation approach 

 Replication of Ardema’s method using MATLAB script 

Chapter 3 provides the details about VSP and CalculiX and explains the structural design 

and analysis process using these programs. Details can be seen below: 
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 Structural design and mesh generation process using VSP 

 Structural geometry processing and FEM analysis using CalculiX 

 Workaround options for the developed process 

 Chapter 4 gives details of FEM based weight estimation analysis. This chapter also 

discusses analysis results and weight estimation comparisons. Important points of 

Chapter 4 are as follows: 

 Procedure, initial conditions and parameters of FEM based analysis 

 Details and analysis result of each FEM model  

 Methodology and geometry fidelity investigation of wing weight estimation and 

comparisons 

Chapter 5 evaluates and summarizes the overall study and makes suggestions for 

further studies. Details of the last chapter are presented below: 

 Overview of the results and evaluation 

 Further study suggestions 
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Figure 5: Thesis structure 
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Chapter 2 : Comparison Study for Weight Estimation 

In this section, aspects of an analysis based weight estimation study performed by 

Ardema et al. [4] is discussed. The wing weight estimation details and the base of the 

theoretical approach of Ardema’s weight estimation methodology are explained by 

providing related references. A Boeing 747 aircraft wing is used as the default geometry 

in Ardema’s study; therefore in this section the examples and data are expressed using 

the same geometry. 

At the time of Ardema’s study, FEM based structural analysis was not found suitable for 

conceptual level weight estimation by the authors [4]; however, due to advancements in 

FEM based methods, they can now be used as conceptual tools. Nonetheless, 

understanding the approach of Ardema’s study and tracking the required calculations 

and analysis are essential to be able to compare results against Ardema’s method. 

Therefore, a MATLAB code is developed to understand the process and estimate the 

weight of the wing-box structure by using Ardema’s approach. In addition to the Boeing 

747 aircraft wing, a Boeing 737 wing geometry is used during the MATLAB analyses and 

weight estimation comparisons, since there is publicly available data on design details 

for this aircraft model.  
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2.1. Ardema’s Weight Estimation Methodology 

Ardema’s study follows three steps for estimation of the wing structure weight: 

 Defining the wing geometry 

 Defining the loads 

 Estimating the wing weight via structural analysis 

Geometry, loads and structural analysis are discussed in the following sections to 

provide a clear picture of the wing weight estimation methodology of Ardema. 

2.1.1. Theory Behind Ardema’s Wing Weight Estimation 

Methodology 

Ardema’s study suggests a methodology for estimating the wing and fuselage weight of 

transport aircraft. His study performs the weight estimation of the load-bearing 

structure by using theoretical equations and semi-empirical derivations. Subsequently, 

his study uses a statistically based approach to predict the ultimate weight of the wing 

and fuselage. In this thesis study, only the structural wing weight estimation approach of 

Ardema’s study is taken into consideration, and statistically based methods are not used 

in any stage. 

The theoretical background of Ardema’s study goes back to the early 60’s. Studies 

performed by Crawford and Burns [17] [18] present minimum weight analysis (generally 
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focused on beryllium structures) for cylinders, wide columns, flat compression panels 

and multi-web box beams. Their method suggests using efficiency factors and equations 

for the mentioned geometries to reach the minimum weight goal. Besides the 

limitations of the applicable structures, it is clearly stated that theoretical analysis 

performed in these studies are based on some idealizations and assumptions. Therefore 

experimental verification of their study is needed using real structures [18].  

The minimum weight approach of Crawford and Burns may be easy to apply for 

conceptual design by the help of the provided equations and efficiency factors. 

However, their methodology may not be reliable for conceptual level aircraft weight 

estimation. Moreover, pre-defined geometries (e.g., the multi-web box beam) in these 

studies are not suitable for the structural concept of manufactured transport aircraft 

(i.e., two or three spars and multi-rib).  

Ardema uses the equations from Crawford’s and Burns’ studies, which are specifically 

derived for multi-web box beam structures, to estimate the wing structural weight of 

transport aircraft. The advantages and disadvantages of Ardema’s approach (i.e., the 

multi-web box beam approach) on structural analysis are explained in the following 

sections. 
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2.1.2. Wing Outer Geometry 

Ardema’s study uses a very simple geometry for the outer wing. It consists of a tapered 

and swept box with straight leading and trailing edges and parallel root and tip chords. 

All faces of the wing-box are flat surfaces. A visualized picture of the assumed geometry 

can be seen in Figure 6. 

 

Figure 6: The wing-box geometry of Ardema’s study 

The geometry of the wing is mainly defined by its sweep angle, aspect ratio, taper ratio 

and root/tip thickness ratios.  

The plan-form illustration of the wing geometry can be seen in Figure 7. Ardema’s study 

assumes an additional carry-through structure starting from the wing-fuselage 

intersection to the mid-line of the fuselage. The calculations in his study are performed 

on the quarter-chord line which is labeled as “y axis” in the figure. “y=0” is located on 

the wing-fuselage intersection and the structural semispan is assumed to lie on the y 

axis starting from y=0 to wing tip (see Figure 53 in the Appendix for details on the 

coordinate system).  
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Figure 7: Plan-form view of the wing-box and quarter chord line (i.e., y axis) 

 

2.1.3. Loads 

Only the quasi-static pull-up maneuver condition is taken into consideration for the load 

factor. After applying the safety factor, the ultimate load factor is defined as follows: 

          
               

    }                                               (1) 

Loads are calculated on the quarter chord line (i.e., y axis) at 40 equally spaced stations. 

Calculations are performed starting from the wing-box tip (i.e. y=bS) to the wing-box 
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fuselage intersection (i.e. y=0). The Schrenk lift load distribution is used during the 

calculations by taking the average of the elliptical and trapezoidal load distributions. 

At each station, bending moments and shear forces are calculated by applying lift and 

fuel distributed loads, and engine and main landing gear point loads.  

As seen in Figure 8, the calculated bending moment and shear force at the wing-box tip 

(i.e., station A) takes into account the overall lift, fuel, engine and landing gear loads of 

the entire wing. On the other hand, the bending moment and shear force at station B 

(i.e., arbitrary location on the y axis) only considers the loads that are applied to the 

area between the station and the wing-fuselage intersection. These calculated load 

values at each station are used during the structural analysis of Ardema’s study. 

 

Figure 8: Illustration for load calculation method 
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2.1.4. Structural Analysis 

Ardema assumes that the transport aircraft wing-box is composed of cover and multi-

web box structures. There are six suggested structural concepts in Ardema’s study that 

can be used for covers and webs (see Reference [4]). Three of these structural types are 

used in this thesis study, which are defined below:  

 Unflanged web: flat webs without any curved edges 

 Unstiffened covers: flat surfaces without any support structures such as buckling 

efficient stiffeners  

 Truss-core covers: structures that have span-wise trusses (i.e., those located with 

triangular shapes in Figure 9) between two surfaces to support the covers.  

Only the truss-core cover and unstiffened web concepts are used during Ardema’s wing 

weight estimation approach (as seen in Figure 9).  
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Figure 9: Wing-box concept of Ardema’s study (truss-core covers with unstiffened multi-webs) 

Figure 9 demonstrates the multi-web box beam approach of Ardema’s study. Since 

every station gives a different amount of bending moment and shear force, minimum 

weight equations give different numbers of webs for each station (see Figure 10). 

However, this type of structural layout is not realistic for any type of transport aircraft. 

 

Figure 10: Structural span-wise change of the web numbering 
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The estimated weight of the outer wing section is calculated by applying bending 

moments and shear stresses. Torsional effects are only taken into consideration for the 

carry-through structure of the wing, as seen in Figure 11. 

 
Figure 11: Torsional effect considerations 

In Ardema’s study, the estimated weight of the outer wing box is calculated by using 

Equation 2. At each station, a wing structure weight per unit span is calculated, which 

indicates that Ardema’s method calculates N different wing weight values (i.e. N=40 in 

Ardema’s study). The final weight of the wing-box structure is achieved by taking the 

average of N different weight results as seen in the equation.  

      
   

 
∑ (      

         

 ) 
               (2) 
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2.2. Replication of the Methodology 

Ardema et al. introduce a FORTRAN code, named PDCYL, to perform the calculations for 

weight estimation. The code is not included, but examples of the input and output files 

are provided in his study [4]. 

By using the equations provided in Ardema’s study, the general character of the method 

is implemented into a MATLAB code. The output files provided in the Appendix of 

Ardema’s study are used to understand the details of the PDCYL code using reverse 

engineering. 

Table 1 and Table 2 present the comparisons of the estimated wing structure weight 

among the MATLAB code, Ardema’s study and actual data of Boeing 747 and Boeing 737 

aircraft, respectively. 

Table 1: Weight estimation results for Boeing 747 aircraft semi-span wing 

B747 Structural Wing-
box Weight Estimation 

MATLAB code 
results 

Ardema’s Study 
results 

Actual Weight 

Structural Layout  
Multi-Web Multi-Web 3 Spars and Multi-

Rib 

Truss Covers – 
Unflanged Webs 

12345 kg 12008 kg  
 

11430 kg 
Unstiffened Covers - 
Unflanged Webs 

15240 kg N/A 
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Table 2:  weight estimation results for Boeing 747 aircraft semi-span wing 

B737 Structural Wing-
box Weight Estimation 

MATLAB code 
results 

Ardema’s Study 
results 

Actual Weight 

Structural Layout 
Multi-Web Multi-Web Two-Spar and 

Multi-Rib 

Truss Covers - 
Unflunged Webs 

872 kg 1297 kg  
 

1228 kg 
Unstiffened Covers - 
Unflanged Webs 

1076 kg N/A 

 

Comparison shows that the MATLAB code replicates Ardema’s study results very 

accurately (i.e., approximately 3% of difference) for the Boeing 747 aircraft geometry. 

However, the error increases (i.e., approximately 33% of difference) for Boeing 737 

aircraft wing weight calculation. To reveal the reason for this difference, the consistency 

of the MATLAB code is checked at each sub-step and compared to the outputs of the 

PDCYL code for the Boeing 747, which are presented in the Appendix of Ardema’s paper. 

Since the MATLAB code calculation sequence is correct, the possible reason for the 

weight estimation issue for B737 wing geometry may be unidentified input parameter 

differences between PDCYL and MATLAB codes. Related equations for Ardema’s method 

and the developed MATLAB code can be seen in the Appendix of this thesis study. 
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Chapter 3 : Structural Design & Analysis Process Development 

The first stage of the computer based FEM analysis is creating a proper 2D/3D model of 

the wing. Because the motivation of this thesis study is to create a non-proprietary 

procedure for a FEM based weight estimation method, VSP and CalculiX are used. The 

stepwise design & analysis procedure for these two programs is documented in this 

chapter.  

One of the research objectives of this thesis is to help the developers of VSP by 

providing user testing of the initial structures module. As expected, the initial VSP 

module had some application specific issues that were reported and are now are in the 

process of resolution. Similar issues exist with CalculiX which is also still under 

development. Therefore, a work-around strategy was developed to enable the basic 

research to continue as issues were encountered and worked off. The work-around was 

to use a second set of non-development programs, Abaqus and CATIA, to perform the 

final design and analysis as described in Section 3.2. As a consequence the numerical 

results shown in Chapter 4 were, in fact, generated using CATIA and Abaqus during the 

final stages of this research.  
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3.1. Design & Analysis Procedure 

In this part of the thesis, all of the steps included in the design and analysis process are 

explained in detail. The overall process can be seen in Figure 12.  

 

Figure 12: Overall design and analysis process scheme 
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3.1.1. VSP Structural Design 

In this part of the study, the FEA Structure Module of the Vehicle Sketch Pad (VSP) is 

investigated to create a detailed and clear structural design procedure. If the overall 

model includes a multi-section wing, VSP allows the user to design and create a meshed 

structure model of the wing by using skins, ribs and spars. 

VSP has a parametric input interface which provides the ability to perform rapid 

conceptual wing design [19]. The geometric parameters and 3D model properties are 

controlled from the “Multi Section Wing Geometry” window. 

A multi-section wing can be defined by using parameters such as aspect ratio, taper 

ratio, planform area, wing span, wing thickness ratio at the root and tip, sweep angle 

and dihedral angle. In Figure 13, a 3D multi-section wing geometry can be seen along 

with the VSP main screen and related windows. 

 
Figure 13: VSP main screen with a 3D view of a multi-section wing 
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Once the wing geometry is created in VSP, structural design can be performed by using 

the FEA Structure Module. The FEA Structure window (see Figure 14) is the main work 

place for structural design in VSP. The entire structural design process can be controlled 

from this window. 

 

Figure 14: VSP FEA Structure user interface 

Since VSP does not use any unit definitions (e.g. meters, feet etc.), the user has to keep 

unit consistency while defining the parameters of the structural design. For instance, if 

wing geometry parameters are defined in feet, the user should define all parameters, 

like skin thickness and density, in compatible units (e.g. slugs/ft3). 

Mesh element properties can be controlled from the top of the FEA Structure window 

(see Figure 15). Default Element Size defines the edge size of the elements in terms of 

unit length used in the model. For instance, if default element size is set to 0.5, 5 units 
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of spar structure will be 10 elements long after the meshing operation. The user simply 

defines the element size from top of the window. The Thickness Scale defines the nodal 

thickness value of the mesh by using a scale with respect to the Default Thickness of the 

related component of the model. For instance, thickness of the skin elements will be 

scaled with respect to user defined thickness of the skin structure. 

 

Figure 15: Element size and thickness scale settings 

While modeling a Multi-Section Wing from the Multi Section Wing Geometry window, 

the model can be divided into the desired number of sections, and every section can be 

designed individually in terms of geometric parameters (such as span, aspect ratio, 

taper ratio etc.). The wing can then be designed section by section in the FEA Structure 

module. This allows the user to design the upper skin, lower skin, ribs and spars of each 

section individually. 

A wing model composed of two different sections can be seen in Figure 16. 



32 
 

 

Figure 16: Two section wing (root section in light and outer wing section in dark) 

The parameters of the upper skin of the wing can be defined by selecting the 

Upper/Lower Skin tab (see Figure 17) from FEA Structure Module. Chord-wise and span-

wise thickness variation and material density can be controlled for designing the skin 

structures. 

 

Figure 17: Skin structure design 
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From the Ribs tab (see Figure 18) under the FEA Structure window, the desired number 

of ribs can be added to the model. Controllable parameters for rib design are thickness, 

density, span-wise position and sweep angle. 

 

Figure 18: Rib structure design 

The spars can be added to from the Spar tab (see Figure 19) under the FEA Structure 

window. There is no limit for number of spars. The available parameters for spar design 

are thickness, density, chord-wise position and sweep angle. 

 

Figure 19: Spar structure design 
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3.1.2. Mesh Generation with VSP 

VSP mesh and file parameters entered by the user during the structural design process 

define the properties of the structural mesh. VSP generates the mesh by using these 

properties and then writes the data into files to use in Finite Element Analysis. 

After setting all parameters in the FEA Structure Module, the user can compute or 

export the mesh by using the bottom section of the window (see Figure 20). 

 

Figure 20: Mesh generetion in FEA Structure module 

VSP generates 7 different files after using the Export Mesh option. These files can be 

found in the same folder as the VSP executable. Related files and their use can be seen 

below: 

 feageom.dat: Contains the information of the complete structural model in 

terms of nodes, elements and related sets. This file type is suitable to use in 

CalculiX analysis. 
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 feamass.dat: Contains individual mass data of upper & lower skins, ribs and 

spars for each wing section. 

 feamesh.stl: Contains the information of skin structure geometry in terms of 

nodes, elements and related sets. This file type is suitable to use in CalculiX 

analysis. 

 feaNASTRAN.dat: Contains the information of the complete structural model in 

terms of nodes, elements and related sets. This file type is suitable to use in 

NASTRAN analysis. 

 feanodethick.dat: Contains nodal thickness information of the complete 

structural model. This file type is suitable to use in CalculiX analysis. 

 feawing.bez: Contains “Bezier Surface” data of the model. This file can be used 

in FEM analysis. 

 fixed.nam: Contains nodal data set of the fixed end of the structural wing model 

(node sets of the wing root). This file can be used for defining the boundary 

conditions in CalculiX analysis. 

VSP mesh quality changes according to the settings of the FEA Structure module. If a 

better quality mesh is needed for some structural analysis, the element size should be 

decreased before generating the mesh. The Element Size setting has an exponential 

effect on computation time and number of elements. The mesh quality is greatly 

improved by using smaller element sizes to generate a higher resolution mesh. The 
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Tesselation setting controls the smoothness of the geometry curves for the wing model 

by changing the number of integration points. Mesh generation has no relation to 

Tesselation settings. Some examples of the generated mesh in different settings can be 

found in Figure 21 through Figure 24. 

 

Figure 21: Default Settings with Mesh Size=0.5 and Tesselation Points=9 results 4922 elements with 7-8 sec. of 
computation time 
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Figure 22: Default Settings with Mesh Size=0.25 and Tesselation Points=9 results 19634 elements with ~ 35 sec. of 
computation time 

 

Figure 23: Default Settings with Mesh Size=0.1 and Tesselation Points=9 results 122000 elements with ~ 170 sec. of 
computation time 
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Figure 24: Default Settings with Mesh Size=0.1 and Tesselation Points=99 results 122000 elements with ~ 170 sec. 
of computation time 

3.1.3. Calculix Input File Generation and Mesh Import 

CalculiX has several import options; however, for VSP structural models, two main files 

can be used for importing the models: feageom.dat and feamesh.stl. CalculiX also uses 

other files generated by VSP FEA Structure Module, but they are just for defining some 

additional parameters of finite element analysis as mentioned in earlier parts.  

CalculiX contains two main programs, CCX and CGX. CGX is used for Pre/Post Processing 

purposes while CCX is used for the analysis and reading results. 

The two main ways to import files and define commands for analysis in CalculiX are to 

use the command window or to use directly inputted files. Because input files are easy 

to manage and use, it is chosen to be the method used for this study.  
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As an ideal case, a VSP Multi-Section Wing with its structural components is assumed to 

be prepared. Furthermore, the structural mesh and the required geometry files 

(feageom.dat, fixed.nam, feanodethick.dat) are assumed to be generated successfully 

by VSP FEA Structure Module and located in the folder along with the CalculiX input file 

that will be created during this section.  

In order to prepare a CalculiX input file, several steps will be taken at once. The input file 

can include: 

 VSP file imports (meshed model, nodal thickness values, boundary conditions, 

etc.) 

 Material definition 

 Element types 

 Analysis type and parameters 

 Output requests 

An example input file can be seen in Figure 25. 
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Figure 25: CalculiX input file for a VSP model 

There are various types of commands in CalculiX to perform FEM analysis. Details of the 

available options can be found in the CalculiX Help files. To create a simple input file, the 

commands that are used in Figure 25 are explained as follow: 

 *INCLUDE, INPUT=filename 

This statement allows CalculiX to use separate files that includes input commands, node 

information, element types, etc. All necessary VSP output files (e.g. feageom.dat, 
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fixed.nam, feanodethick.dat) can be called in the beginning of the input file by using this 

command.  All files should be stored in the same folder with the input file. 

*MATERIAL, NAME=material name 

This statement starts a material definition and defines a user-specified name for the 

material. 

*ELASTIC, TYPE=material type 

Young’s Modulus, Poisson’s Ratio, Temperature (not required) 

This statement defines the material properties. The second line should contain Young’s 

Modulus, Poisson’s Ratio and Temperature of the current material. 

Available material types are as follow: 

 TYPE = ISO (isotropic) 

 TYPE = ORTHO (orthotropic) 

 TYPE = ENGINEERING CONSTANTS (orthotropic) 

 TYPE = ANISO (anisotropic) 

*SHELL SECTION, NODAL THICKNESS, ELSET=element set, MATERIAL=material name 
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This statement assigns material properties to the shell element sets of the model. If the 

NODAL THICKNESS parameter is used, the thickness of the elements should be imported 

by using another source like “feanodethick.dat”. The ELSET parameter defines the shell 

element set, which can be found in “feageom.dat” (ELSET=Ealltris for wing skin, 

ELSET=Eallquads for ribs+spars). The MATERIAL parameter defines the material of the 

shell section to use the material properties. 

*STEP 

This statement starts a new STEP which contains the analysis parameters and 

information.  

*STATIC 

This statement defines a static type analysis. 

*BOUNDARY 

Node set name, first fixed degree of freedom, last fixed degree of freedom 

This command defines the physical boundary conditions of the model. For structural 

analysis of a VSP wing model, the root of the wing is defined as a fixed end which is the 

default BC. “Fixed.nam”, which is an output file of VSP, defines the fixed nodes by using 

the node set name, Nfixed. The Node set name (Nfixed in this case) should be placed in 

the second line of the *BOUNDARY command. Defining the first and last degrees of 



43 
 

freedom is sufficient to specify an interval of fixed DOF. For example, defining “1, 3” 

fixes the 1st, 2nd, and 3rd degrees at the same time. The available CalculiX degree of 

freedom code options can be seen below: 

 1   : Translation in local x direction 

 2   : Translation in local y direction 

 3   : Translation in local z direction 

 4   : Rotation about local x-axis 

 5   : Rotation about local y-axis 

 6   : Rotation about local z-axis 

 11 : Temperature degree of freedom 

*NODE FILE, NSET=node set name, OUTPUT=3D, 

Requested output types 

This command activates the requested outputs of nodal variables. The related node set 

should be specified by using the NSET parameter. The OUTPUT option can only have a 

3D value, which makes 1D or 2D elements (e.g. beams, shells) visualize in 3D; this option 

allows the user to see the real thickness of the elements in the results screen. On the 

second line, the user requests what outputs will be provided. There are various output 
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types that can be requested after the *NODE FILE command (e.g. U=displacements, 

RF=external forces, NT=temperatures, etc.).  

*EL FILE, ELSET=Eallquads, OUTPUT=3D, 

 Requested output types 

This command activates the requested outputs of element variables. The related 

element set should be specified by using the ELSET parameter. The OUTPUT option 

again can only have a 3D value, which makes 1D or 2D elements (e.g. beams, shells) 

visualize in 3D. On the second line, the user requests what outputs will be provided. 

There are various output types that can be requested after the *EL FILE (e.g. S=stress, 

E=strain, ENER=energy density etc.).  

*END STEP 

This command ends the STEP of the analysis. 

3.1.4. Pre-processing of the Structure and Load Modeling 

Modifications to the geometry or data are done by editing the CalculiX CGX input file. 

For example, the leading and trailing edges of the aircraft wing (see Figure 26) are not a 

part of the load carrying structure, and these parts are edited out from the geometry file 

as seen in Figure 27. The final shape of the modified wing-box is shown in Figure 28. 
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Figure 26: Wing geometry before pre-processing 

 

Figure 27: Pre-processing of the wing geometry 
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Figure 28: Modified geometry (LE and TE are removed) 

Following the pre-processing operation, the resultant wing-box geometry can be stored 

in a file. This allows having a separate file for the processed geometry, which also 

prevents data loss related to the work already completed. There are many options for 

storing the data in CalculiX CGX that can be found in references [20] and [21]. 

Finally, modeling the loads can be performed by using CalculiX capabilities. The general 

process for load modeling is defining the node set that concentrated loads will be 

applied to and assigning the individual loads to each node. For the analysis in this study, 

a Schrenk load distribution was chosen. 
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3.1.5. FEM Analysis with Calculix 

The CCX section of CalculiX provides options for analysis and output types. A basic stress 

analysis results example can be seen in Figure 29. The actual analysis of a VSP generated 

wing-box can be seen in Section 4.3.1. 

 

Figure 29: Example results screen of CalculiX FEM analysis 

3.1.6. Thickness Sizing 

By analyzing the stress distribution results, the user can decide the required thickness 

changes on the wing-box geometry. There are two available sequences of thickness re-

sizing for VSP & CalculiX analysis: 

 VSP defines two different element sets (Ealltris and Ealquads) while generating 

the mesh of the wing. CalculiX allows managing the thickness of a defined 

element set by applying a constant value to all members. This method is easy to 

use; however it is not efficient since all of the ribs and spars are grouped under a 
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single set name as a default setting of VSP. Thus, defining a thickness for this 

kind of set results in a constant thickness value over the entire structure. The 

stress distributions on the wing generally decrease from root the tip, which 

requires a variable thickness distribution on the span-wise direction. It is not 

possible to achieve this by using these element sets to modify the thicknesses. 

 Another way to perform thickness modification is to examine the stress 

distributions on the wing visually by using the analysis results. If the user can 

visually define the critical locations on the wing from the stress distribution map, 

the mesh of the same geometry can be re-generated by VSP with manually 

modified thickness values. The analysis can then be performed in CalculiX by 

importing the new thickness file. 

Despite the fact that the second thickness re-sizing method seems more convenient 

with current capabilities of the VSP and CalculiX, it is not an efficient way to perform the 

analysis fast and accurately. After making some improvements in the mesh generator of 

VSP (e.g. by adding the ability to define the overall structure with small individual sets), 

it may be possible to manage the critical locations on the wing-box much more easily in 

terms of thickness control. 
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3.1.7. Weight Calculation 

After performing the stress analysis and thickness modification cycle until achieving a 

satisfactory thickness distribution on the structure, an estimated weight can be 

calculated by using the volume and density of the material. Weight calculation can be 

performed by using the CalculiX features or an external spreadsheet. 

3.2. Workaround Options for Design & Analysis Procedure 

As discussed in the introduction to this chapter, CATIA and Abaqus were used to 

generate the final results for this research project.  Both programs have well-developed 

interfaces, are widely used and there is no need to go into detail on how the programs 

were used.  Suffice it to say, once the VSP-to- Calculix processes were exercised to 

identify issues, VSP geometry was recreated in CATIA and exported to Abaqus for 

analysis and sizing.  Geometry model updates designed to improve the FEM-based 

weight estimates were also performed using the work-around process.  



50 
 

Chapter 4 : FEM-Based Weight Estimation Analysis 

In the last stage of this thesis, FEM analyses are performed to obtain minimum wing 

structural weight in an attempt to approximate what probably went on during the 

design phases for the aircraft studied. As discussed in Chapter 3 the initial work was 

performed using VSP and CalculiX and the final results were generated using CATIA and 

Abaqus. 

A total of six wing models were created and analyzed for purposes of comparing FEM-

based weights with results generated using Ardema's methods. Initially, Boeing 747 

(B747) wing geometry was used for the comparison because it was the focus of 

Ardema's report and input/output details were provided in the Appendix of his report. 

Thereafter, a second comparison was made to Boeing 737 (B737) weight results as 

reported by Ardema. The detailed B737 inputs that were included in Ardema’s report 

were used initially to generate the wing geometry and then a publicly available cutaway 

drawing of the B737 was used to re-generate more accurate representative wing 

geometry of the B737 models. 

4.1. FEM Based Analysis Procedure 

After defining the stress distribution maps on the wing-box under the defined loading 

conditions, re-sizing of the material thickness is performed until acceptable stress levels 
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are achieved. Re-sizing is done manually until minimum thickness is reached. After 

achieving the final thickness values, the weight is calculated from the volume of the 

structure and material density. Detailed FEM analysis procedures are explained below. 

4.1.1. Analysis Procedure with VSP and CalculiX 

A flow chart of the weight estimation process is shown in Figure 30. All of the CalculiX 

models are created by using the same procedure. 

 

Figure 30: VSP & CalculiX FEM procedure 

4.1.2. Analysis Procedure with Abaqus 

The weight estimation process of the Abaqus models is shown in Figure 31. All of the 

Abaqus models are created by using the same procedure. 
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Figure 31: Abaqus FEM procedure 

 

4.2. Initial Conditions and Parameters 

Fundamental properties are defined for the geometry, loading conditions and the 

analysis types, employing the following assumptions and ground rules: 

 The wing-box geometry used in the analyses does not include the leading and 

trailing edges. 

 The Schrenk load distribution, which is located on the quarter chord, is used 

during the analysis. To be consistent with loading conditions in Ardema’s study, 

loads are generated by using the MATLAB code. The load values are calculated at 

span-wise stations for all FEM models.  
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 During the load calculation, a load factor of n=2.5 is used which simulates the 

quasi-static pull-up maneuver. Additionally, a safety factor of 1.5 is applied, 

which brings the ultimate load factor to 3.75. 

 Wing roots are fixed (i.e., in all directions) while defining the boundary 

conditions of FEM analyses.   

 In order to obtain consistent results, the same material properties as Ardema’s 

study are used (e.g., ultimate strength, Young’s modulus, density, Poisson’s ratio, 

etc.). 

 Static analyses are performed during the FEM procedure. Buckling analyses are 

not considered since buckling efficient structures (e.g., stiffeners, stringers, etc.) 

are not included in the wing models.   

 Structure thickness sizing is performed manually, since the goal of this thesis is 

to make comparisons rather than to optimize the process. In order to achieve 

the minimum weight value, skin thicknesses are re-sized iteratively based on the 

stress distribution on the wing structure.  

 The wing structure consists of multiple sections whose thickness values can be 

assigned and modified individually. 

 The stress values of the structure are kept under the material limits. 
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4.3. FEM Models and Analysis Details 

In this section, CalculiX and Abaqus Models are presented by providing geometry 

parameters and structural concepts. The aim of each FEM analysis, their details, and 

estimated weight results are explained.   

4.3.1. CalculiX Model Analysis 

Calculix models for this thesis study are generated in VSP. These models, which are 

created to replicate the structural concept of Ardema’s study, consist of multi-spar 

wing-box geometries. FEM results of CalculiX models are compared to Ardema’s study 

results. 

CalculiX Model 1 

CalculiX Model 1 is the first structural wing-box that is designed for FEM based weight 

estimation. The design and pre-processing procedure explained in Chapter 3 is used to 

create the wing-box model. Properties of CalculiX Model 1 can be seen in Table 3. 
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Table 3: Properties of CalculiX Model 1 

Model Parameters Value 

Wing Model Name CalculiX Model  1 

Aircraft Type Boeing 747 

Modeling 
Environment 

VSP Version 1.6 

FEA Environment CalculiX 

Wing-box 
Structure Concept 

Multi-Spar wing-box without 
ribs 

Carry-through 
structure availability 

Included 

Upper/Lower 
Skin Structure Type 

Curved, Unstiffened 

Spar Structure Type Flat, Unstiffened 

Number of Spars 30 equally spaced spars 

Number of Thickness 
Controllable Sections 

2 sections: Skins and spars+ribs 

Applied Load Type Schrenk Load Distribution on the 
Quarter Chord Line 

 

CalculiX Model 1 is created by using the dimensions of a B747 outer wing section. The 

multi-spar wing-box concept is used for the structural design of this model. The basic 

geometrical parameters of this model and the 3D view can be seen in Table 4 and Figure 

32. 

Table 4: Geometry of the CalculiX Model 1 

Outer Geometry 

Parameter 

Value 

Semi-Wing Span 97.55 ft. 

Aspect Ratio 6.96 

Sweep Angle 37.17o 

Taper Ratio 0.2646 

Root Thickness Ratio 0.1794 

Tip Thickness ratio 0.078 
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Figure 32: 3D view of CalculiX Model 1 

Parameters and structural mesh (see Figure 33) of the CalculiX Model 1 are defined in 

VSP FEA Structure Module.  

 

Figure 33: Structural mesh of CalculiX Model 1 
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Since the current version of VSP has no feature to separate the leading and trailing 

edges from the wing-box structure, this process is performed in CalculiX CGX prior to the 

FEM analysis. The final shape of the structure can be seen in Figure 34. 

 

Figure 34: Wing-box of CalculiX Model 1 

CalculiX Model 1 has only unstiffened covers while the geometry of Ardema’s study has 

truss-core flat covers. Moreover, CalculiX Model 1 has only two thickness controllable 

sections (i.e. skins and interiors).  Because of the aforementioned reasons, the weight 

estimation results are higher. The analysis parameters and weight estimation results, as 

well the stress distribution map of the model can be seen in Table 5 and Figure 35, 

respectively. 
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Table 5: CalculiX Model 1 analysis parameters and results 

Parameter Value 

Model Name CalculiX Model 1 

Aircraft Type B747 

Analysis Type Static 

Boundary Conditions Fixed end at the root  

Number of Elements 7580 

Element Types S6 (triangular shell) and  
S8 (quadratic shell) 

Material Name and Type Isotropic – Aluminum 

Material Properties E=73.7 Mpa,  
Poisson’s ratio= 0.33 
Density = 2795.67 kg / m3 

Included Structure 
Sections 

Outer Wing + Carry-through 

Maximum Von-Misses 
Stress Value 

~ 370 MPa 

Number of Thickness Re-
calculations (iterations) 

15 

Predicted Weight 29000 kg (% 253 of actual) 

 

Figure 35: CalculiX Model 1 stress distribution map 
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CalculiX Model 2 

CalculiX Model 2 has the same geometry properties as the CalculiX Model 1. However, 

CalculiX Model 2 is divided into 9 different thickness controllable sections instead of 2 

(i.e. VSP’s default setting) to achieve an improved thickness re-sizing. Properties of the 

CalculiX Model 2 can be seen in Table 6. 

Table 6: Properties of CalculiX Model 2 

Model Parameters Value 

Wing Model Name CalculiX Model 2 

Aircraft Type Boeing 747 

Modeling 

Environment 

VSP Version 1.6 

FEA Environment CalculiX 

Wing-box 

Structure Concept 

Multi-Spar wing-box without 

ribs 

Carry-through 

structure availability 

Included 

Upper/Lower 

Skin Structure Type 

Curved, Unstiffened 

Spar Structure Type Flat, Unstiffened 

Number of Spars 30 equally spaced spars 

Number of Thickness 

Controllable Sections 

9 sections: Skins and spars+ribs 

Applied Load Type Schrenk Load Distribution on the 

Quarter Chord Line 

 

CalculiX Model 2 is created by using the dimensions of a B747 outer wing section. The 

multi-spar wing-box concept is used for the structural design of this model. The basic 

geometrical parameters of this model can be seen in Table 7. 
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Table 7: Geometry of the CalculiX Model 2 

Outer Geometry 

Parameter 

Value 

Semi-Wing Span 97.55 ft. 

Aspect Ratio 6.96 

Sweep Angle 37.17o 

Taper Ratio 0.2646 

Root Thickness Ratio 0.1794 

Tip Thickness ratio 0.078 

 

Thickness controllable sections of the wing (carry-through skins section, carry-through 

webs section, three top skin sections, three bottom skins section, outer wing webs 

section) can be seen in Figure 36. 

 

Figure 36: Thickness controllable sections of the CalculiX Model 2  
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The sectioning process is performed in the CalculiX CGX. Due to the mesh quality and 

pre-processing limitations, only 9 manageable sections could be created. 

Even though the estimated weight of CalculiX Model 2 is less than the CalculiX Model 1, 

the results are still too high in comparison to actual wing structure weight. An increased 

number of sections provide a more precise thickness control and weight estimation than 

CalculiX Model 1 by isolating the critical stress locations. The analysis parameters and 

the weight estimation results, as well as the stress distribution on the wing can be seen 

in Table 8 and Figure 37, respectively. 

Table 8: CalculiX Model 2 analysis parameters and results 

Parameter Value 

Model Name CalculiX Model 2 

Aircraft Type B747 

Analysis Type Static 

Boundary Conditions Fixed end at the root  

Number of Elements 7580 

Element Types S6 (triangular shell) and  
S8 (quadratic shell) 

Material Name and Type Isotropic – Aluminum 

Material Properties E=73.7 Mpa,  
Poisson’s ratio= 0.33 
Density = 2795.67 kg / m3 

Included Structure 
Sections 

Carry-through+Outer Wing 

Maximum Von-Misses 
Stress Value 

~ 370 MPa 

Number of Thickness Re-
calculations 

15 

Predicted Weight 23239 kg (% 203 of actual) 
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Figure 37: CalculiX Model 2 stress distribution map 

4.3.2.  Abaqus Model Analysis 

Four different Abaqus models are created. Boeing 747 wing geometry and the truss core 

cover concept are used in Abaqus Model 1 and Abaqus Model 2. Abaqus Model 3 and 

Abaqus Model 4 are created by using Boeing 737 wing geometry which has a two-spar 

and multi-rib concept. 

Abaqus Model 1 

Abaqus Model 1 is developed by using a multi-web spar structure with truss-core 

covers. The dimensions of the Abaqus Model 1 are identical with the CalculiX models. 

Ardema’s study neglects torsional effects on the outboard wing as stated in Section 

2.1.4. Therefore, sweep angle is not applied to Abaqus Model 1 to eliminate the 

torsional effects on the wing during the stress analysis. Properties of the Abaqus Model 

1 can be seen in Table 9. 
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Table 9: Properties of Abaqus Model 1 

Parameter Value 

Wing Model Name Abaqus Model  1 

Aircraft Type Boeing 747 

Modeling Environment CATIA and Abaqus 

FEA Environment Abaqus 

Wing-box 
Structure Concept 

Multi-Spar wing-box without ribs 

Carry-through 
structure availability 

Included 

Upper/Lower 
Skin Structure Type 

Flat, Truss-Core Structure 

Spar Structure Type Flat, Unstiffened 

Number of Spars 30 equally spaced spars 

Number of Thickness 
Controlled Sections 

41 different sections 

Applied Load Type Schrenk Load Distribution on the 
Quarter Chord Line 

 

Abaqus Model 1 is created by using the dimensions of a B747 outer wing section. The 

multi-spar wing-box concept is used for the structural design of this model. The basic 

geometrical parameters of this model and the 3D view can be seen in Table 10 and 

Figure 38, respectively. 

Table 10: Geometry of the Abaqus Model 1 

Outer Geometry 
Parameter 

Value 

Semi-Wing Span 97.55 ft. 

Aspect Ratio 6.96 

Sweep Angle 0o 

Taper Ratio 0.2646 

Root Thickness Ratio 0.1794 

Tip Thickness ratio 0.078 
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Figure 38: 3D view and thickness controllable sections of the Abaqus Model 1 

The wireframe of the Abaqus Model 1 is created in CATIA, and this model’s surfaces and 

structural mesh are generated by using Abaqus.  

 

Figure 39: View of the wing-box profile of the Abaqus Model 1 

Abaqus Model 1 is the most similar analysis to Ardema’s study in terms of geometry 

(see Figure 39) and structural analysis considerations (e.g. torsional effects are ignored 

on the outboard wing). The manual thickness control over 41 sections provides more 

precise thickness distribution on the wing-box geometry compared to CalculiX models. 

The analysis parameters and weight estimation results, and stress distribution map of 

the model can be seen in Figure 40 and Table 11, respectively. 



65 
 

 

Figure 40: Abaqus Model 1 stress distribution map 

 

Table 11: Abaqus Model 1 analysis parameters and results 

Parameter Value 

Model Name Abaqus Model 1 

Aircraft Type B747 

Analysis Type Static 

Boundary Conditions Fixed end at the root  

Number of Elements 54580 

Element Types S4R (quadratic shell) 

Material Name and Type Isotropic – Aluminum  

Material Properties E=73.7 Mpa,  
Poisson’s ratio= 0.33 
Density = 2795.67 kg / m3 

Included Structure 
Sections 

Carry-through + Outer Wing 

Maximum Von-Misses 
Stress Value 

~ 370 MPa 

Number of Thickness Re-
Sizing 

15 

Predicted Weight 10130 kg (% 89 of actual) 
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Abaqus Model 2 

All of the design parameters of the Abaqus Model 1 and Abaqus Model 2 are the same 

except the applied sweep angle of the wing outer section in the Abaqus Model 2. Details 

of the Abaqus Model 2 can be seen in Table 12. 

Table 12: Deatils of the Abaqus Model 2 

Parameter Value 

Wing Model Name Abaqus Model – 2 

Aircraft Type Boeing 747 

Modeling Environment CATIA and Abaqus 

FEA Environment Abaqus 

Wing-box 

Structure Concept 

Multi-Spar wing-box without ribs 

Carry-through 

structure availability 

Included 

Upper/Lower 

Skin Structure Type 

Flat, Truss-Core Structure 

Spar Structure Type Flat, Unstiffened 

Number of Spars 30 equally spaced spars 

Number of Thickness 

Controlled Sections 

41 different sections 

Applied Load Type Schrenk Load Distribution on the 

Quarter Chord Line 

Abaqus Model 2 is created by using the dimensions of a B747 outer wing section. The 

multi-spar wing-box concept is used for the structural design of this model. The basic 

geometrical parameters of this model and the 3D view can be seen in Table 13 and 

Figure 41, respectively. 
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Table 13: Geometry of the Abaqus Model 2 

Outer Geometry 
Parameter 

Value 

Semi-Wing Span 97.55 ft. 

Aspect Ratio 6.96 

Sweep Angle 37.17o 

Taper Ratio 0.2646 

Root Thickness Ratio 0.1794 

Tip Thickness ratio 0.078 

 

 

Figure 41: 3D view and thickness controllable sections of the Abaqus Model 2 

Because of the torsional effects, the estimated weight of the Abaqus Model 2 is 

significantly higher than Abaqus Model 1. This result implies that the torsional effects 

must be included for accurate analysis. The analysis parameters and weight estimation 

results, and stress distribution map of the model can be seen in Table 14 and Figure 42, 

respectively. 
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Table 14: Abaqus Model 2 analysis parameters and results 

Parameter Value 

Model Name Abaqus Model 2 

Aircraft Type B747 

Analysis Type Static 

Boundary Conditions Fixed end at the root  

Number of Elements 70180 

Element Types S4R (quadratic shell) 

Material Name and Type Isotropic – Aluminum 

Material Properties E=73.7 Mpa,  

Poisson’s ratio= 0.33 

Density = 2795.67 kg / m3 

Included Structure 

Sections 

Carry-through + Outer Wing 

Maximum Von-Misses 

Stress Value 

~ 1 GPa with initial thicknesses 

~ 370 MPa with resized thick. 

Number of Thickness Re-

Sizing 

10 

Predicted Weight 20015 kg (175% of actual) 

 

 

Figure 42: Abaqus Model 2 stress distribution map 
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Abaqus Model 3 

Abaqus Model 3 has a two spars and multi-rib structure concept. The dimensions of the 

Abaqus Model 3 are identical with the B737 model of Ardema’s study. Abaqus Model 3 

is created to see the effects of a realistic structural layout on weight estimation. 

Parameters of the Abaqus Model 3 can be seen in Table 15. 

 

Table 15: Parameters of the Abaqus Model 3 

Parameter Value 

Wing Model Name Abaqus Model – 3 

Aircraft Type Boeing 737 

Modeling Environment CATIA and Abaqus 

FEA Environment Abaqus 

Wing-box 
Structure Concept 

Two Spar wing-box with multi-ribs 

Carry-through 
structure availability 

Included 

Upper/Lower 
Skin Structure Type 

Flat, Unstiffened  

Spar Structure Type Flat, Unstiffened 

Rib Structure Type Flat, Unstiffened 

Number of Spars and 
Ribs 

2 spars, 21 Ribs 

Number of Thickness 
Controlled Sections 

56 different sections 

Applied Load Type Schrenk Load Distribution on the 
Quarter Chord Line 

Abaqus Model 3 is created by using the dimensions of the B737 wing section. The basic 

geometrical parameters of the model can be seen in Table 16. 
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Table 16: Geometry of the Abaqus Model 3 

Outer Geometry 
Parameter 

Value 

Semi-Wing Span 45.42 ft. 

Aspect Ratio 8.21 

Sweep Angle 25o 

Taper Ratio 0.2197 

Root Thickness Ratio 0.126 

Tip Thickness ratio 0.112 

 

During the design of the Abaqus Model 3, wing-box geometry is divided into 56 

individual sections as seen in Figure 43 to provide the flexibility of the thickness control 

for the iterative process. 

 

Figure 43: 3D view and thickness controllable sections of the Abaqus Model 3 

The weight estimation result of the Abaqus Model 3 is very close to the actual wing 

weight data of B737. Abaqus Model 3 is more accurate than the previous models 

because of the realistic structural layout. However, the important shortfall of this model 

is the lack of the cover stiffeners. The analysis parameters and weight estimation 

results, and stress distribution map of the model can be seen in Table 17 and Figure 44, 

respectively. 
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Table 17: Abaqus Model 3 analysis parameters and results 

Parameter Value 

Model Name Abaqus Model 3 

Aircraft Type B737 

Analysis Type Static 

Boundary Conditions Fixed end at the root  

Number of Elements 20568 

Element Types S4R (quadratic shell) 

Material Name and Type Isotropic – Aluminum 

Material Properties E=73.7 Mpa,  

Poisson’s ratio= 0.33 

Density = 2795.67 kg / m3 

Included Structure Sections Carry-through + Outer 

Wing 

Maximum Von-Misses 

Stress Value 

~ 370 GPa 

Number of Thickness Re-

Sizing 

15 

Predicted Weight 1400 kg (114 % of actual) 

 

Figure 44: Abaqus Model 3 stress distribution map 
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Abaqus Model 4 

Like Abaqus Model 3, Abaqus Model 4 has a B737 wing geometry with a two spars and 

multi-rib structure. However, to see the sensitivity of the weight estimation with respect 

to dimensional changes, revised geometrical properties are used from Boeing Weight 

and Balance Control and Loading Manual [22]. Parameters of the Abaqus Model 4 can 

be seen in Table 18. 

 

Table 18: Parameters of the Abaqus Model 4 

Parameter Value 

Wing Model Name Abaqus Model – 4 

Aircraft Type Boeing 737 

Modeling Environment CATIA and Abaqus 

FEA Environment Abaqus 

Wing-box 
Structure Concept 

Two Spar wing-box with multi-ribs 

Carry-through 
structure availability 

Included 

Upper/Lower 
Skin Structure Type 

Curved, Unstiffened  

Spar Structure Type Flat, Unstiffened 

Rib Structure Type Flat, Unstiffened 

Number of Spars and 
Ribs 

2 spars, 21 Ribs 

Number of Thickness 
Controlled Sections 

116 different sections 

Applied Load Type Schrenk Load Distribution on the 
Quarter Chord Line 
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The basic geometrical parameters of the model can be seen in Table 19. 

Table 19: Geometry of the Abaqus Model 4 

Outer Geometry 

Parameters 

Value 

Semi-Wing Span 45.42 ft. 

Aspect Ratio 8.21 

Sweep Angle 25o 

Dihedral Angle 6o 

Taper Ratio 0.2197 

Root Thickness Ratio 0.126 

Tip Thickness ratio 0.112 

Structural wing-box width Revised 

 

During the design of the Abaqus Model 4, wing-box geometry is divided into 116 

individual sections as seen in Figure 45 to provide the flexibility of the thickness control 

for the iterative process. 

 

Figure 45: 3D view and thickness controllable sections of the Abaqus Model 4 

Abaqus Model 4 is the most realistic model of the study. The estimated weight result of 

the Abaqus Model 4 is less than the Abaqus Model 3; however, it is still higher than the 

actual data. The dimensional changes in the geometry and the increased number of 

sections could not provide a significant change in the weight estimation results. 

Therefore, more detailed models and FEM analysis should be performed to improve the 
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results (as stated in Section 4.4).  The analysis parameters and weight estimation results, 

and stress distribution map of the model can be seen in Table 20 and Figure 46, 

respectively. 

Table 20: Abaqus Model 4 analysis parameters and results 

Parameter Value 

Model Name Abaqus Model 4 

Aircraft Type B737 

Analysis Type Static 

Boundary Conditions Fixed end at the root  

Number of Elements 25848 

Element Types S4R (quadratic shell) 

Material Name and Type Isotropic – Aluminum 

Material Properties E=73.7 Mpa,  
Poisson’s ratio= 0.33 
Density = 2795.67 kg / m3 

Included Structure 
Sections 

Carry-through + Outer Wing 

Maximum Von-Misses 
Stress Value 

~ 370 GPa 

Number of Thickness Re-
calculations 

15 

Predicted Weight 1350 kg (110 % of actual) 

 

 

Figure 46: Abaqus Model 4 stress distribution map 
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4.4. Fidelity Investigation 

FEM models are mainly created to investigate the methodology and geometry fidelities 

of Ardema’s study and FEM based weight estimation. 

In this section, weight estimation results of FEM models are compared to Ardema’s 

study and MATLAB code results. A summarized description of these models is presented 

in Table 21. Details of the FEM models and analysis are presented in Section 4.3. 

Table 21: Summary of fidelity analysis models 

MODEL NAME METHOD WING 
GEOMETRY 

STRUCTURAL 
CONCEPT 

THICKNESS 
CONTROL 

CalculiX Model 1 FEM Boeing 747 Multi-web, 
Unstiffened Covers 

2 Control 
Sections 

CalculiX Model 2 FEM Boeing 747 Multi-web, 
Unstiffened Covers 

9 Control 
Sections 

Abaqus Model 1 FEM Boeing 747 
(no sweep) 

Multi-web, 
Truss-core Covers 

41 Control 
Sections 

Abaqus Model 2 FEM Boeing 747 Multi-web,  
Truss-core Covers 

41 Control 
Sections 

Abaqus Model 3 FEM Boeing 737 Two-Spar, 
Multi-rib 

56 Control 
Sections 

Abaqus Model 4 FEM Boeing 737 
(revised) 

Two-spar, 
Multi-rib 

116 Control 
Sections 

MATLAB Analysis 1 Ardema’s 
method 

Boeing 747 Multi-web, 
Unstiffened Covers 

- 

MATLAB Analysis 2 Ardema’s 
method 

Boeing 747 Multi-web,  
Truss-core Covers 

- 

Ardema’s Study Ardema’s 
method 

B747 and 
B737 

Multi-web,  
Truss-core Covers 

- 
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4.4.1. Methodology Fidelity 

Methodology fidelity is investigated by comparing the estimated weight results of 

Ardema’s method and the FEM based method while keeping geometry, load models and 

assumptions as similar as possible for all models. This approach attempts to reveal the 

advantages/disadvantages of FEM based weight estimation over Ardema’s 

methodology. In order to use the same or similar geometry for both analyses, B747 wing 

geometries with the same structural concept are used in each methodology fidelity 

investigation. 

Methodology Fidelity Investigation 1 is created by using the models which have multi-

web box and unstiffened covers (i.e., MATLAB Analysis 1, CalculiX Model 1 and CalculiX 

Model 2). Methodology Fidelity Investigation 2 is performed to improve the results by 

using the models which have multi-web box and truss-core covers (Ardema’s study, 

MATLAB Analysis 2, Abaqus Model 1, Abaqus Model 2). All of the estimated weights for 

both investigations are compared to the actual weight of the Boeing 747 wing structure 

(i.e., 11429 kg for semi-span [4]). The details of the comparison study are discussed 

below. 

Methodology Fidelity Investigation 1 

The weight of the B747 wing box geometry is estimated by MATLAB Analysis 1, CalculiX 

Model 1 and CalculiX Model 2 all of which have a multi-web box structure and 
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unstiffened covers. While CalculiX Model 1 has 2 controllable thickness sections, 

CalculiX Model 2 is created and analyzed with 9 controllable sections.  The illustration of 

this work is presented in Figure 47 with all of the technical details. The main points of 

Methodology Fidelity Investigation 1 are discussed as follows: 

 Even though Ardema's method appears to give fairly accurate weight estimation 

results, the method neglects torsional loads on the outer wing. Since the CalculiX 

models have swept wing geometry, FEM analyses capture the torsional effects 

on the entire wing structure.  

 CalculiX models use unstiffened covers, which decreases the resistance of the 

wing structure to deformation. FEM analyses offer precise deformation 

measurements of the wing structure. Since higher deformation values increase 

the stresses, FEM analysis may overestimate the wing weight. 

 The only difference between the two FEM models is the number of thickness 

controllable sections (i.e., 9 vs. 2). This difference must explain the 50% more 

accurate weight estimation of CalculiX Model 2. More sections provide a better 

thickness re-sizing experience, since the local thickness control becomes more 

precise. 
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Figure 47: Methodology fidelity investigation 1 
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In order to improve the FEM analysis, the number of thickness controllable sections 

should be increased. A wing model is created without sweep angle to eliminate the 

torsional effects. The truss-core cover concept (i.e., the main structural concept of 

Ardema’s study) is applied to the wing structure. A better comparison can be made to 

Ardema’s approach by implementing the aforementioned changes as will be discussed 

in Methodology Fidelity Investigation 2. 

Methodology Fidelity Investigation 2 

Methodology Fidelity Investigation 2 is created to eliminate the shortfalls of 

Methodology Fidelity Investigation 1.  Boeing 747 geometry with a multi-web box and 

truss-core cover concept is used for all models to achieve more accurate comparison. 

Ardema’s study result is added to the comparison chart since the weight estimation of 

B747 geometry with truss-core covers is available in his report. Sweep angle is 

eliminated and loading is applied symmetrically in Abaqus Model 1. Abaqus Model 2 is a 

swept version of Abaqus Model 1, which applies the torsional load to the entire wing.  

Overall, four different weight estimation results are compared to the actual wing 

weight, as seen in Figure 48. Discussion of the results is shown below: 

 The result of MATLAB Analysis 2 is very close to Ardema’s study, which validates 

the accuracy of the MATLAB code for Boeing 747 geometry. 
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Figure 48: Methodology fidelity investigation 2 
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 Eliminating the torsional effects and increasing the number of sections, increase 

the similarity of FEM model (i.e., Abaqus Model 1) to Ardema’s approach. 

Therefore, Methodology Fidelity Investigation 2 provides a good comparison 

between the two methods (i.e., FEM vs. Ardema’s approach). 

 Abaqus Model 1 gives 87% of actual weight while Abaqus Model 2 gives 175% of 

actual weight. This result confirms that the torsional effects significantly affect 

the structure weight. Therefore, if the torsional effects had been considered for 

the outer portion of the wing structure in Ardema’s methodology, the estimated 

weight from his study would have been much higher than the published results. 

 One possible reason for the weight estimation difference between Ardema’s 

study and Abaqus Model 1 is that Abaqus Model 1 does not consider the 

torsional effects anywhere on the wing, while Ardema’s method calculates it for 

the carry-through structure.  

 The weight estimation result of Abaqus Model 2 (i.e., 175% of actual weight) 

confirms that the multi-web concept is not efficient for a commercial aircraft 

(i.e., the B747) even with a truss-core cover structure. 

The results of the first part of this investigation demonstrate the importance of 

analytical model fidelity for accurate weight prediction.  Even though Ardema's method 

generates a predicted wing weight that is close to the actual value, the fact that it 

ignores torsional loads except in the center section raises questions about the 
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applicability of the method for design purposes.  The FEM-based analysis, on the other 

hand, correctly captures the impact of the torsional loads on predicted weight, as 

demonstrated in the second fidelity investigation.  Nonetheless, with the torsional loads 

modeled correctly, the FEM based weight prediction is substantially higher than the 

actual weight indicating that the modeling approach needs further development to 

improve accuracy as will be discussed next. 

4.4.2. Structural Geometry Fidelity 

In this section, structural geometry fidelity is investigated to reveal the impact of FEM 

models with realistic structural layout (i.e., two-spar multi-rib concept) on weight 

estimation results. As mentioned earlier, Boeing 737 wing geometry is used for 

structural geometry fidelity investigation. The estimated weight result of Ardema’s 

study for the Boeing 737 is compared to Abaqus Model 3 and Abaqus Model 4. Abaqus 

Model 3 is created by using the dimensions of the B737 wing, given in Ardema’s study. 

On the other hand, the publicly available cutaway drawing of the B737 [22] is used to 

generate Abaqus Model 4. All of the estimated weights are compared to the actual 

weight of the Boeing 737 wing structure (i.e., 1228 kg for semi-span [4]).  The details of 

the comparison study are discussed below.  
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Structural Geometry Fidelity Investigation 

Besides the dimensional differences (e.g. front/rear spar locations, sweep angle etc.) 

between Abaqus Model 3 and Abaqus Model 4, these models consist of 56 and 116 

thickness controllable sections, respectively. The estimated weight results of Abaqus 

Model 3 and Abaqus Model 4 are compared to actual weight data and Ardema’s study 

results as seen in Figure 49. The main points of the Structural Geometry Fidelity 

Investigation are discussed as follows: 

 As anticipated before, the most accurate FEM based weight estimation of this 

thesis study is achieved by using realistic structural geometry. Previous FEM 

models (e.g. Abaqus Model 2) achieved considerably higher weight results. 

However, realistic FEM models estimate the wing structure weight at 110% of 

actual even considering the torsional effects for entire wing structure. This result 

validates the prior statements, i.e. the multi-web concept is not representative 

of commercial aircraft. 

 Since Ardema’s study does not capture the torsional effects for the outer portion 

of the wing, an FEM based approach using realistic structural geometry can be 

considered as a more accurate weight estimation method. 
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Figure 49: Structural geometry fidelity 
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 Revised dimensions and increased thickness controllable sections improve the 

results only by 4% of actual weight. Since thickness re-sizing is performed 

manually, 116 thickness controllable sections make the process non-manageable 

for the designer. A different way of thickness re-sizing should be used to achieve 

more optimized thickness distribution.   

After performing the structural geometry fidelity investigation, it is concluded that 

analyzing the actual structural concept is very important to achieve accurate weight 

estimations. Moreover, the comparison between two methods shows that Ardema’s 

approach is probably not able to estimate the weight as accurately as the FEM analysis, 

since it does not take the torsional effects into consideration. 

The most accurate FEM based weight estimation during this thesis study is still 

overestimating the structural wing weight of a commercial aircraft by 10%. The probable 

reasons for this result are shown below: 

 The FEM model of the wing-box has no any stiffeners, spar caps, or stringers at 

any locations. Keeping the geometry simple is important for a rapid conceptual 

design process; however, because structural details mentioned are important to 

increase the efficiency, they should be added to reach more accurate stiffness 

level for the entire wing structure model.  
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 A manual thickness re-sizing operation is not an efficient way to reach the 

minimum weight of the structure. A simple thickness optimization method may 

give more accurate weight estimation results. 
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Chapter 5 : Conclusion 

Traditional conceptual level weight estimation generally depends on empirical or semi-

empirical methods, as previously stated. The reliability of these methods is 

questionable, especially for new aircraft design trends (e.g. BWB etc.).  

FEM based methods are able to capture the properties of a unique design with a high 

level of accuracy. However, these methods are generally used for detailed design or 

trade study purposes. Therefore, this thesis develops conceptual level FEM based 

weight estimation for conceptual-level aircraft wing structure, and the results are 

compared to selected Ardema’s weight estimation method to determine the accuracy of 

both approaches. 

The background of weight estimation methods and the chosen weight estimation study 

are initially investigated in the first two chapters of this thesis.  In subsequent chapters, 

the details of the developed structural design and analysis process using VSP and 

CalculiX are addressed. Lastly, analyses performed by using both VSP and Abaqus 

models are explained, and the results are compared in detail by considering the 

methodology and geometry fidelities as discussed in the next section. 
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5.1. Evaluation of the Thesis Study Results 

This section presents the overall conclusions. In this context, the actual data, Ardema’s 

study results, the MATLAB code results and the FEM analysis results are shown 

together. 

Results are provided in two groups since the wing-box models belong to two different 

aircraft (Boeing 747 and Boeing 737).  The most important items (i.e. structural 

concepts, thickness controlled section numbers, and torsional effects), results and 

actual data of the Boeing 747 wing and Boeing 737 wing structure can be seen in Table 

22 and Table 23. Important points of the study results are shown below. 

 As previously stated, the main concern about semi-empirical weight estimation 

methods is their inability to capture key structural characteristics of the actual 

geometry. This concern is clearly confirmed by the results of this thesis study. 

Two essential assumptions are made during Ardema’s study: 

o It is assumed that commercial aircraft wing structures consist of a multi-

web box beam with truss-core covers. 

o Torsional effects are neglected for the outboard portion of the wing 

structure, and only considered for the carry-through structure. 

The analyses showed that multi-web box beam structures weigh much more (i.e. 

175% of actual weight according to the analysis results) than the actual wing 
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structure under normal conditions (i.e. torsional effects are taken into 

consideration as seen in Abaqus Model 2). On the other hand, when torsional 

effects are neglected as seen in Abaqus Model 1, the structural weight is 

calculated as 87% of actual wing structure. Since the torsional effects are 

important for actual structural design, the approach used in Ardema’s study is 

questionable even for conceptual level weight estimation. 

 A FEM based weight estimation method is brought forward in this study because 

of its ability to capture the physics of the actual structural configuration during 

the conceptual phase. This can be seen from the comparisons of the simple FEM 

models of the actual aircraft structural configuration (i.e. Abaqus Model 3 - 4) 

and Ardema’s study approach. Results of this study indicate that weight 

estimation obtained by using the realistic (i.e. two-spar and multi-ribs) FEM 

model of a Boeing 737 aircraft wing structure gives 110% of actual weight. Since 

this result does not neglect the torsional effects on the wing structure, it should 

be more accurate than the weight estimate in Ardema’s study. Nonetheless, it 

does not predict the expected 65-70% of actual weight anticipated from a static 

strength and stiffness based method and therefore, demonstrates that more 

work is needed to improve accuracy. 
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 FEM based weight estimation has a demonstrated potential for conceptual level 

weight estimation applications. This study shows that using simple FEM models 

for weight estimation can give more realistic results than traditional methods. 

 The proposed FEM based methodology is not optimized for getting the best 

weight estimation results. For instance, manual thickness re-sizing process is not 

able to optimize the thicknesses for obtaining the minimum weight. Moreover, 

currently performed analyses are not capturing some other important 

parameters such as different load cases and buckling considerations. Therefore, 

the estimated weights in this study are not the best achievable results and can 

be improved significantly. Related further study suggestions are made in the next 

section. 
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Table 22: B747 Wing weight estimation comparison 

 Actual Aircraft 
(Boeing 747) 

Reference 
Study 

MATLAB 
Analysis 1 

MATLAB 
Analysis 2 

VSP 
Model 1 

VSP 
Model 2 

Abaqus 
Model 1 

Abaqus 
Model 2 

Spar-Rib 
Concept 

3 Spars, 
Multi-ribs 

(all stiffened) 

Unflanged 
Multi-web 

Unflanged 
Multi-web 

Unflanged 
Multi-web 

Unflanged
Multi-web 

Unflanged 
Multi-web 

Unflanged 
Multi-web 

Unflanged
Multi-web 

Skin/Cover 
Concept 

Z Stiffened 
skin-stringer 

Truss-core 
Covers 

Truss-core 
Covers 

Unstiffened 
Covers 

Unstiffened 
Covers 

Unstiffened 
Covers 

Truss-core 
Covers 

Truss-core 
Covers 

Analysis Type -    FEM FEM FEM FEM 

Thickness 
Controllable 
Sections 

 
- 

 
- 

 
- 

 
- 

 
2 

 
9 

 
41 

 
41 

Torsional 
Effects 

- Carrythrough 
only 

Carrythrough 
only 

Carrythrough 
only 

Entire 
Wing 

Entire 
Wing 

None Entire 
Wing 

Semi-span 
Wing Weight 
Estimation 

11429 kg 
(actual) 

12008 kg 12343 kg 15241 kg 29000 kg 23239 kg 10130 kg 20015 kg 

Percentage of 
actual 

- 105 % 108 % 133 % 253 %   203 % 87 % 175 % 
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Table 23: B737 Wing weight estimation comparison 

 Actual Aircraft 
(Boeing 737) 

Ardema’s 
study 

MATLAB 
Analysis 3 

MATLAB 
Analysis 4 

Abaqus 
Model 3 

Abaqus 
Model 4 

Spar-Rib Concept Two-spar, 
Multi-ribs 

(all stiffened) 

Unflanged 
Multi-web 

Unflanged 
Multi-web 

Unflanged 
Multi-web 

Two-spar, 
Multi-ribs 

(all unstiffened) 

Two-Spar, 
Multi-ribs 

(all unstiffened) 

Skin/Cover 
Concept 

Z Stiffened 
skin-stringer 

Truss-core 
covers 

Truss-core 
Covers 

Unstiffened 
Covers 

Unstiffened 
Covers 

Unstiffened 
Covers 

Analysis Type -    FEM FEM 

Thickness 
Controllable 
Sections 

 
- 

 
- 

 
- 

 
- 

 
56 

 
116 

Torsional Effects - Carrythrough 
only 

Carrythrough 
only 

Carrythrough 
only 

Entire Wing Entire Wing 

Semi-span 
Wing Weight 
Estimation 

1228 kg 
(actual) 

1297 kg 872 kg 1076 kg 1400 kg 1350 kg 

Percentage of 
actual 

- 106 % 71 % 88 % 114 % 110 % 
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5.2. Suggestions for Further Studies 

Further study suggestions are listed below: 

 Load model fidelity can be investigated to complement the current thesis study, 

since the investigation of methodology fidelity and structural geometry fidelity 

are already performed. An example flow chart for load model fidelity is shown in 

Figure 50. 

 FEM structural models should be improved by adding basic details such as spar 

caps, stiffeners and stringers to increase structural performance and accuracy of 

the wing weight estimation results. Once these efficient structures are adapted 

to FEM models, buckling analysis should be performed in addition to the current 

static stress analysis. A list of actual commercial aircraft structural concepts is 

presented in Figure 51 as an example. It should be noted that the required 

simplicity of the conceptual design phase must be considered while improving 

the models. 

  Advanced materials may be considered to achieve better weight efficiency. 

 The thickness re-sizing method should be improved to achieve an optimized 

thickness distribution on the entire wing structure, which can be performed by 

using a simple optimization code or an additional program. 
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Figure 50: Load model fidelity investigation as a further study 
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Aircraft Cover Construction 

Type 

Panel Shape Number of 

Spars 

Types of Rib 

Rib Spacing 

B707 Upper 
Lower 

Skin Structure 
Skin Structure 

 
 

2 Spars Rib-Web 
28.5 in 

DC-8 Upper 
Lower 

Skin Structure 
Skin Structure 

 
 

2 Spars Rib-Web 
32 in 

DC-9 Upper 
Lower 

Skin Structure 
Skin Structure 

 
 

2 Spars Rib-Web 

B747 Upper 
Lower 

Skin Structure 
Skin Structure 

 
 

3 Spars Rib-Web 
25 in 

L011 Upper 
Lower 

Skin Structure 
Skin Structure 

 
 

2 Spars Rib-Web 
21 in 

DC-10 Upper 
Lower 

Skin Structure 
Skin Structure 

 
 

2 Spars Rib-Web 
18-34 in 

A300 Upper 
Lower 

Skin Structure 
Skin Structure 

 
 

3 Spars Rib-Web 

B727 Upper 
Lower 

Skin Structure 
Skin Structure 

 
 

2 Spars Rib-Web 

B737 Upper 
Lower 

Skin Structure 
Skin Structure 

 
 

2 Spars Rib-Web 

B757 &  
B767 

Upper 
Lower 

Skin Structure 
Skin Structure 

 2 Spars Rib-Web 

 

Figure 51: Aircraft wing structure concepts [2] 
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APPENDIX 

The Methodology of the MATLAB Code and Equations 

In this section, the wing weight estimation methodology used in the MATLAB code is 

briefly explained.  The essential equations of the method are addressed to give the 

understanding of the MATLAB code. The detailed description of the overall 

methodology can be found in the reference paper [4].  

To perform the calculations for wing weight estimation, it is assumed that the following 

parameters are known: 

 Sp = Wing planform area  

 AR = Aspect Ratio 

 TR = Taper ratio 

 TCR = Thickness to chord ratio at the root 

 TCT = Thickness to chord ratio at the tip 

 λTE = Sweep angle of the wing trailing edge 

 CS1 = Portion of the leading edge not used for structural box 

 CS2 = Portion of the trailing edge not used for structural box 

 WTO = Gross take-off weight 

 WE = Propulsion system weight 

 WFT = Fuel weight 

 wC = Width of the carry-through structure of the wing 
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Defining the Geometry 

Before starting the geometry calculations, general wing shape is assumed to be swept 

and tapered. Additionally, it is assumed that the wing has straight leading, trailing edges 

and parallel root, tip chords.  

 

Figure 52: Wing geometry and parameters [4] 

Known parameters are sufficient to define the geometry of the wing as shown in Figure 

52. Firstly, wing span, theoretical root chord and tip chord can be found as seen in the 

Equation 3, Equation 4 and Equation 5, respectively. 

  √(  )                 (3) 

     
   

 (    )
                 (4) 

                       (5) 
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Since the leading edge sweep angle is known, the sweep angles of the trailing edge and 

the structural wing-box can be found as follow; 

   (   )     (   )  
   

 

 
(    )      (6) 

   (  )  
 

 
   (   )  

 

 
   (   )       (7) 

At this point, simple geometry relations give the structural wing-box semi-span as seen 

in the equation below; 

   
   

     (  )
          (8) 

Plan-form geometry of the wing can then be defined by computing the root chord, 

structural root chord and tip chord are; 

       
 

 
(  

    )        (9) 

    (         )          (10) 

    (         )          (11) 

Since the geometrical parameters are defined, the coordinate system of the wing can be 

created as seen in Figure 53. 
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Figure 53: Wing coordinate system [4] 

The main coordinate “y” starts at the wing-fuselage intersection (i.e. wing-root) and 

goes along the quarter chord line from root to tip. Structural wing-box chord and wing 

chord can be defined as a function of y as follow; 

  ( )      
 

  
(       )        (12) 

 ( )     
 

  
(     )        (13) 

The width of the wing and wing-box at any “y” coordinate can be computed from; 

  ( )       (  )         (14) 

 ( )      (  )          (15) 

Thickness of the wing-box (i.e. distance between the top and bottom skin) can be 

computed by using the linear interpolation between the root and tip thickness of the 

wing-box as follow; 
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 ( )  {
   ( )            
   ( )                   

        (16) 

Finally, the volume of the wing-box can be found from the equation below. 

    ∫   ( ) ( )   (         )     
   

  

 
    (17) 

Defining the Wing Loads 

As mentioned in the study, quasi static pull-up maneuver is the only loading condition 

that is considered for the weight estimation.  Calculations can be performed at any 

location on the quarter-chord line (i.e. on the “y” coordinate).  In the MATLAB code, 

calculations performed at 40 equally spaced stations starting from wing tip to the wing-

fuselage intersection and lift load, center of pressure, center of gravity, shear force and 

bending moment are calculated at each station. 

The inertia load of the fuel stored in the wing-box can be calculated by using the 

remaining volume V(y) at a specified location “y” as seen in the equation below.  

         
   

  
 ( )          (18) 

To obtain the Schrenk lift load distribution on the wing, the average of the trapezoidal 

and elliptical lift load distributions should be calculated. Following equations provide lift 

loads, planform areas that create the related loads and center of pressure values.  

     ( )  
 

 
     ( )               (19) 
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(       )               (20) 

    ( )  
     

   
*  (
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             (21) 

    ( )       ,
     

   
 * (  

    )
 

    
      (

 

  
)+-         (22) 

     
( )  

 

  
(    )             (23) 

 ( )  
(     ( )     ( ))

 
             (24) 

  ( )  
(      

( )       
( ))

 
             (25) 

Using the values above, shear force and bending moment can be obtain for each “y” 

station as seen in the following equations. 

  ( )     *
 

 
  

   

  
  ∑   

  
   (   

  )   
 ∑    (    

  )    

   

   
+    (26) 

 ( )     *
 

 
    

   

  
    ∑   

  
   (   

  )   
(   

  )  ∑    (    
 

   

   

 )    
(    

  )+              (27) 

  (   
  )  {

         
  

        
  

  

   (    
  )  {
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In these equations ne stands for the number of engines and nlg stands for the number of 

landing gears. 

Structural Analysis 

Entire analysis used in Ardema’s study [4]; therefore the method used in the MATLAB 

code; are based on the studies in references [18] and [17] which are performed on 

rectangular wing-box beryllium structures with span-wise running multi-webs. 

The method provides an equation (related with the bending moment M) to find the 

ratio of structural material volume to the wing-box volume (solidity ratio) by using the 

minimum weight principle as follow: 

   (
 

     
)
 

         (28) 

In the mentioned equation, ε and e are the coefficients related with the structural 

concepts of the covers and webs. The suggested coefficients for different structural 

concepts are given in [4].  

After arranging the solidity ratio equation as seen below, bending material weight 

(W’Bend ) for each span-wise location length can be found easily. 

  
  

    ( )

    
            (29) 
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Additional material weight derived by the shear force can be calculated from the 

following equation where ρ is the density and σS are the allowable shear stress of the 

material. 

  
     ( )  

   

  
         (30) 

The web spacing, isotropic thicknesses of the covers and webs and the gage thicknesses 

of the covers and webs can be calculated using the following equations, respectively. 

    [
(     )

(    )√   
(

 

     
)

     

     

 

   ]

   
     

      (31) 

  ̅    (
 

        
)

 

          (32) 

  ̅   √(
 

     
)
(  

 

  
)

(
    

 
)

 

  (
 

  
)      (33) 

   
    

  ̅          (34) 

   
    

  ̅          (35) 

The total weight of the wing-box structure which is divided into N sections can be 

calculated from the following relation. 

     
   

 
∑ (       

         )
 
         (36) 
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For the carry-through structure, which is assumed to be started from the wing-fuselage 

intersection (y=0), the same relations can be used as follow: 

    (   )      (   ) 

   *
     (  )

  
     

+
 

         (37) 

      
                   (38) 

      ( ) 

         
   

  
           (39) 

Since the torsional effects are only considered for the carry-through structure, the 

material weight derived from the torsional effects can be calculated as follow: 

       (  )         (40) 

         
 

  (      )  

       
        (41) 

As a result, carry-through structure weight can be found as: 

            
                  

      (42) 

Finally, the estimated final total weight of the wing can be calculated as shown below. 

                      (43) 
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MATLAB Code for Weight Estimation 

----------------------------------------------------------------------- 

 

clear all 
clc 
%------------------------B747 wing calculations-----------------------% 

  
%%%%%%%%%%%%%%%%%%%%%%%%%%%% Unit Conversion Box 

  
ft2m=0.3048; % feet to meter 

  
lb2kg=0.45359237; % lbs to kgs 

  
ftsq2msq=0.09290304; % ft^2 to m^2 

  
in2m=0.0254; % inch to meter 

  
psi2pa=6894.75729; % psi to pascal 

  
lbinc2kgmc=27679.9047; % density: lbs/inch^3 to kg/m^3 

  
%%%%%%%%%%%%%%%%%%%%%%%%%%%% Unit Conversion Box 

  
%---------------------------------------------------------------------% 

  
%%%%%%%%%%%%%%%%%%%%%%%%%%%% Input Deck 

  
LESweep=37.17; % sweep angle in degrees 

  
AR=6.96; % aspect ratio 

  
TR=0.2646; % taper ratio 

  
TCroot=0.1794; % thickness to chord ratio at root 

  
TCtip=0.078; % thickness to chord ratio at tip 

  
S=5469; % planform area 

  
D=20.2; % fuselage diameter 

  
CS1=0.088; % leading edge spar location percentage 

  
CS2=0.277; % trailing edge spar location percentage 

  
StressA=7776000;% psf 
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E=1540800000; % E lbs /ft^2 

  
%dens=0.101*lbinc2kgmc; % density of the material 
dens=174.528; % lbs/ ft^3 

  
inc=0.025; % step size of the quarter chord spanwise station percentage 

  
WGTO=713000; % gross take-off weigh 

  
WE=44290; % total engine weight 

  
PE=[0.39 0.65]; % first and second engine positions as a fraction of 

semispan 

  
WF=0.262*WGTO; % fuel weight + wing structure weight 

  
WLG=0.0398*WGTO; % weight of the wing landing gear 

  
PLG=[0.064 0.1844]; % first and second landing gear positions as a 

fraction of structural semispan 

  
n=3.75; % safety factor=1.5, load factor=2.5, n=1.5*2.5=3.75 

  
KS=5.24; % Shear force calculation constant 

  

  
%%%%%%%%%%%%%%%%%%%%%%%%%%%% STRUCTURAL CONCEPT INPUTS 

  
Concept=2; % Concept type 

  
if Concept==7 % Concept used in PDCyl outputs of paper  
eps=2.25; 
e=0.6; 
epsC=1.03; 
eC=2.36; 
epsW=0.656; 
KgC=0.368; 
KgW=0.505; 
elseif Concept==2 % Unstiffened covers and Unflanged webs 
eps=2.21; 
e=0.556; 
epsC=3.62; 
eC=3; 
epsW=0.656; 
KgC=1.0; 
KgW=0.505; 
elseif Concept==5 % Truss covers and unflanged webs 
eps=2.40; 
e=0.6; 
epsC=1.108; 
eC=2; 
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epsW=0.656; 
KgC=0.546; 
KgW=0.505;         
end  

  
%%%%%%%%%%%%%%%%%%%%%%%%%%%% STRUCTURAL CONCEPT INPUTS 

  
%%%%%%%%%%%%%%%%%%%%%%%%%%%% Input Deck 

  
%---------------------------------------------------------------------% 

  
%%%%%%%%%%%%%%%%%%%%%%%%%%%% Geometry Calculations 

  

  
b=sqrt(AR*S); % wing span 

  
WSL=(b-D)/2; % wing span length from fuselage intersection to tip 

  
CRp=2*S/(b*(1+TR)); % theoretical root chord 

  
tanTEsw=tand(LESweep)+(2*CRp/b)*(TR-1); % tangent of trailing edge 

sweep 

  
TESweep=atand(tanTEsw); % trailing edge sweep 

  
Sweep= atand((3/4)*tand(LESweep)+(1/4)*tanTEsw); % quarter chord sweep 

  
CT=TR*CRp; % tip chord 

  
bS=(b-D)/(2*cosd(Sweep)); % structural semi span 

  
CR=CRp-(D/b)*(CRp-CT); % root chord at fuselage intersection 

  
CSR=(1-CS1-CS2)*CR; % wing structural root chord 

  
CST=(1-CS1-CS2)*CT; % wing structural root chord 

  
yp=(1:-inc:0); % quarter chord spanwise station percentages 

  
y=yp*(((b-D)/2)/cosd(Sweep)); % y coordinate on the quarter chord 

  
rS=CSR-(y/bS)*(CSR-CST); % streamwise structural chord 

  
r=CR-(y/bS)*(CR-CT); % streamwise total chord 

  
ZS=rS*cosd(Sweep); % width of the wing box (perpendicular to the 

structural semi-span) 
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Z=r*cosd(Sweep); % width of the total wing (perpendicular to the 

structural semi-span) 

  
TC=(yp-(TCroot/(TCroot-TCtip)))/(1/(TCtip-TCroot)); % thickness ratio 

at any y location 

  

  
for i=1:(length(yp)) 

     
if bS>=y(i)>=0 
t(i)=r(i)*TC(i); % box structure thickness 
elseif y(i)<0 
    t(i)=r(i)*TCroot; % carrythrough thickness 
end 
end 

  
VW=(bS*(1-CS1-CS2)*cosd(Sweep)/3)*(TCroot*CR*(2*CR+CT)+... 
     TCtip*CT*(CR+2*CT))+(1-CS1-CS2)*TCroot*CR^2*D; % wing box volume 

  
%%%%%%%%%%%%%%%%%%%%%%%%%%%% Geometry Calculations 

  
%---------------------------------------------------------------------% 

  
%%%%%%%%%%%%%%%%%%%%%%%%%%%% Load Calculations 

  

  
for i=1:(length(yp)) 

  
V(i)=-(cosd(Sweep)*(bS - y(i))*(CS1 + CS2 - 1)*(2*CR^2*TCroot*bS^2 + 

... 
    2*CT^2*TCtip*bS^2 + 2*CR^2*TCroot*y(i)^2 + 2*CT^2*TCtip*y(i)^2 - 

... 
    2*CR*CT*TCroot*y(i)^2 - 2*CR*CT*TCtip*y(i)^2 - 

4*CR^2*TCroot*bS*y(i) + ... 
    2*CT^2*TCtip*bS*y(i) + CR*CT*TCroot*bS^2 + CR*CT*TCtip*bS^2 + ... 
    CR*CT*TCroot*bS*y(i) + CR*CT*TCtip*bS*y(i)))/(6*bS^2); 

  
TRIt(i)=CST*(bS-y(i))*cosd(Sweep)/2; % tip triangular area of trapezoid 

of V  
TRIr(i)=rS(i)*(bS-y(i))*cosd(Sweep)/2; % root triangular area of 

trapezoid of V 

  
CGt(i)=y(i)+(bS-y(i))*(2/3); 
CGr(i)=y(i)+(bS-y(i))*(1/3); 

  
CG(i)=((TRIt(i)*CGt(i))+(TRIr(i)*CGr(i)))/(TRIt(i)+TRIr(i)); 

  
if y(i)==bS 
    CG(i)=bS; 
 end 
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 FI(i)=(WF/VW)*V(i); % Inertial load of fuel and structure 

  
end 

  
for i=1:(length(yp)) 

     
    Atrap(i)=(CT+r(i))*(bS-y(i))*cosd(Sweep)/2; %  

     
    TRItt(i)=CT*(bS-y(i))*cosd(Sweep)/2; % tip triangular area of 

trapezoid of V 
    TRIrr(i)=r(i)*(bS-y(i))*cosd(Sweep)/2; % root triangular area of 

trapezoid of V 

     
    CPt(i)=y(i)+(bS-y(i))*(2/3); 
    CPr(i)=y(i)+(bS-y(i))*(1/3); 
    

CPtrap(i)=((TRItt(i)*CPt(i))+(TRIrr(i)*CPr(i)))/(TRItt(i)+TRIrr(i)); 

     
    if y(i)==bS 
    CPtrap(i)=bS; 
    end 
end 

  
Sell=((b-D)/4)*(1+TR)*CR; % the area enclosed by the quadrant of 

ellipse 

  
for i=1:(length(yp)) 

  
    Lell(i)=((4*Sell)/(pi*bS))*sqrt(1-(y(i)/bS)^2); % elliptical lift 

load 
    Aell(i)=Sell-(((2*Sell)/(pi*bS^2))*(y(i)*sqrt(bS^2-

y(i)^2)+bS^2*asin(y(i)/bS))); % the area of ellipse outboard of y 
    CPell(i)=(4/(3*pi))*(bS-y(i)); % center of pressure of lift 

outboard of y 
end 

  
PEloc=((PE*(b/2))/cosd(Sweep)); % conversion of engine position wrt 

structural semispan 
PLGloc=(PLG*bS); 

  
for i=1:length(yp) 

     
    A(i)=(Atrap(i)+Aell(i))/2; 
    for j=1:(length(PE)) 

         
        if PEloc(j)>y(i) 
        Esum(j)=WE/(2*length(PE)); % 1 engine weight 
        else 
            Esum(j)=0; 
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        end 
    end 
    Esumt(i)=sum(Esum); % total Esum 

         
    for k=1:(length(PLG)) 

             
        if PLGloc(k)>y(i) 
           LGsum(k)=WLG/(2*length(PLG)); % 1 lg weight 

               
        else 
           LGsum(k)=0; 
        end 
    end 
    LGsumt(i)=sum(LGsum);  
 

    FS(i)=n*KS*((WGTO/S)*A(i)-FI(i)-Esumt(i)-LGsumt(i)); % New shear 

force 
end 

  
for i=1:(length(yp)) 

     
    CP(i)=(CPtrap(i)+CPell(i))/2; 

     
    for j=1:(length(PE)) 

         
        if PEloc(j)>y(i) 
        EsumM(j)=(WE/(2*length(PE)))*(PEloc(j)-y(i)); % 1 engine moment 
        else 
            EsumM(j)=0; 
        end 
    end 
    EsumMt(i)=sum(EsumM); % total Esum 

         
    for k=1:(length(PLG)) 

             
        if PLGloc(k)>y(i) 
           LGsumM(k)=(WLG/(2*length(PLG)))*(PLGloc(k)-y(i)); % 1 lg 

weight 

               
        else 
           LGsumM(k)=0; 
        end 
    end 
    LGsumMt(i)=sum(LGsumM);  

     
    M(i)=n*KS*((WGTO/S)*A(i)*CP(i)-FI(i)*CG(i)-EsumMt(i)-LGsumMt(i)); 
end 

  
%%%%%%%%%%%%%%%%%%%%%%%%%%%% Load Calculations 

  
%---------------------------------------------------------------------% 
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%%%%%%%%%%%%%%%%%%%%%%%%%%%% Structural Analysis 

  
for i=1:length(yp) 

  
    SIGMA(i)=eps*(M(i)/(ZS(i)*t(i)^2*E))^e; 

     
    Wbendp(i)=dens*SIGMA(i)*ZS(i)*t(i); 

     
    Wshearp(i)=dens*(FS(i)/StressA); 

     
    dW(i)=t(i)*(((1-2*eC)/((1-eC)*sqrt(2*epsW)))*((M(i)/(ZS(i)* ... 
        t(i)^2*E))^((2*eC-3)/(2*eC)))*(epsC^(3/(2*eC))))^((2*eC)/(4*eC-

3)); 

     
    tCb(i)=dW(i)*(M(i)/(ZS(i)*t(i)*E*epsC*dW(i)))^(1/eC); 

     
    tWb(i)=t(i)*sqrt(((M(i)/(ZS(i)*t(i)^2*E))^(2-(1/eC)))* ... 
        (((epsC*dW(i))/t(i))^(1/eC))*(2/epsW)); 

     
    tgC(i)=KgC*tCb(i); 

     
    tgW(i)=KgW*tWb(i); 

     
end 

  
WBOX_single_wing=(bS/((length(yp)-1)))*(sum(Wbendp)+sum(Wshearp)) % 

wing box structure weight 
WBOX_both_wings=((2*bS)/((length(yp)-1)))*(sum(Wbendp)+sum(Wshearp)) 

  
t0=t(length(yp)); % 
M0=M(length(yp)); 
SIGMAct=eps*((M0*cosd(Sweep))/(t0^2*CSR*E))^e; 

  
Wbendct=dens*SIGMAct*CSR*t0*D; 

  
Wshearct=dens*FS(length(yp))*D/StressA; 

  
T=M0*sind(Sweep); 

  
Wtorsct=(dens*T*D*(t0+CSR))/(t0*CSR*StressA); 

  
Wcarrythrough=Wbendct+Wshearct+Wtorsct 
WTOTAL=WBOX_both_wings+Wcarrythrough 

  
%%%%%%%%%%%%%%%%%%%%%%%%%%%% Structural Analysis 

  
%---------------------------------------------------------------------% 

--------------------------------------------------------------------------------------------------------------------- 
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