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ABSTRACT 

Structural Design, Modeling, and Analysis of the Wing for a World Speed Record– 

Breaking Turbo–Prop Racing Airplane 

Joseph Charles Hammond 

 

The Cal Poly SLO Turbo–Prop Racer (TP Racer) is a vehicle in development with the goal to break the world 

record for fastest turbo–prop aircraft measured over a 3–kilometer strip. This thesis presents the structural 

design, modeling, and analysis of the wing of Cal Poly SLO TP Racer. Methodology behind analyzing the 

wing is presented through finite element modeling elements and a mesh study. This is followed by 

development of structure through geometry and laminate estimations. The wing structure estimates and 

loading conditions are then modeled in FEMAP. Initial estimates are analyzed and reviewed – overbuilt, 

underbuilt, and incorrectly modeled regions of the structure are corrected. Finally, a refined finite element 

model is analyzed to present a satisfactory aircraft wing. 
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CHAPTER 1. INTRODUCTION 

The Cal Poly SLO Turbo–Prop Racer (TP Racer) is an aircraft in development with the goal to break the 

world record for fastest turboprop aircraft measured over a 3–kilometer strip. Several student projects have 

been conducted in conceptualizing the vehicle to its current state as pictured in Figure 1. 

 

Figure 1: TP Racer 

The project began with performance requirements driving initial aircraft estimates – followed by the 

development and analysis of the aerodynamics. A custom airfoil was created, and computational fluid 

dynamics (CFD) was used to map lift/drag relationships. This airfoil was used to create the wing outer mold 

line (OML), and packaging/balance for the pilot, propulsion, fuel, and landing gear were used to create an 

approximate fuselage and tail OML (Comstock, 2020). 

The next major effort entailed computing load requirements the aircraft must withstand to be safe to fly and 

receive certification. Per 14 CFR Part 23 regulations, a total of 26 aerodynamic loads over various maneuvers 

and gust conditions were estimated using a Vortex–Lattice Method of the established lifting surfaces. 

Additionally, non–aerodynamic loads of the engine and landing gears were computed. Joint work with this 

thesis on layouts of structural components culminated in structural thickness estimations discussed in future 

sections (Slymen, 2022).   
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CHAPTER 2. LITERATURE REVIEW 

The design and analysis of the complex laminate structures in the TP Rdacer wing utilizes finite element 

analysis (FEA). FEA is ‘a computational technique used to obtain approximate solutions of boundary value 

problems’ by modeling with discrete elements (Hutton, 2004). For structural analysis this means subdividing 

a complex geometry into elements with simple and predictable behavior, then simulating how they behave 

for a given boundary condition. 

In this body of work, a pre/post processor known as “Finite Element Modeling and Postprocessing” (FEMAP) 

by Siemens is used to develop a finite element model (FEM). This model is then solved with the NASTRAN 

software – a general purpose solver used to analyze a wide range of models over linear and nonlinear stress, 

dynamics, and heat transfer (SIEMENS, 2016). These analysis results are then returned to FEMAP for post 

processing. This literature review presents background information on creating this FEM – the element types 

used and the study conducted to ensure analysis accuracy. 

2.1 Laminated Plate Composites – PCOMP Elements 

2.1.1 Background 

The wing structures of the TP Racer are constructed with plates of materials bonded together known as a 

laminated composite. This is modeled with a PCOMP element in NASTRAN. A PCOMP element can support 

a wide range of plies – each with its own material properties and orientation – stacked in sequence with other 

plies. This element can then be analyzed in static and dynamic cases over mechanical, thermal, and acoustic 

loads with linear or nonlinear material properties – though this body of work utilizes only static mechanical 

loads with linear properties. Some limitations exist – such as assumptions on homogeneity within plies and 

relatively large computational times – but overall PCOMP elements serve as a powerful tool for modeling 

composite structures (SIEMENS, 2014). For more information behind the computation of PCOMP elements 

across a static, linear load see Appendix A. Mechanics of Laminated Composite Plates. 

2.1.2 Failure Conditions 

With the laminate modeled for a given load, analysis of its behavior follows to check for failure. A composite 

structure will deform up to an ultimate stress, at which point it fails catastrophically. There are various 
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methods of predicting this point that utilize the stresses throughout the plate such as the Tsai–Hill, the Tsai–

Wu, and the Hoffman failure criteria – each with their own failure theory and accuracy. A more simplistic 

and conservative method of predicting yielding is the Max Strain Failure Criterion. This failure theory simply 

checks if a limit for strain is exceeded and is advantageous as there is no need for empirical factors and is 

linear. 

The strains of each lamina are computed from the laminate deformation, compared against material limits, 

and quantified with a failure index. This failure index is simply the strain divided by the strain limit – if the 

failure index is over 1 the material fails. These failure indices are combined across the ply in Equation 0–1 

for a ply failure index. Interlaminar strains are also compared against limits derived from the epoxy system 

to find an interlaminar failure index. These ply failure indices and interlaminar failure indices are then 

enveloped to find the maximum value and a laminate failure index is output ( Bheemreddy & Jensen, 2020).  

 
𝑃𝑙𝑦 𝐹𝑎𝑖𝑙𝑢𝑟𝑒 𝐼𝑛𝑑𝑒𝑥 = 𝑚𝑎𝑥 |(

𝜀11

𝜀11
𝑙𝑖𝑚+

,
𝜀11

𝜀11
𝑙𝑖𝑚−

,
𝜀22

𝜀22
𝑙𝑖𝑚+

,
𝜀22

𝜀22
𝑙𝑖𝑚+

,
𝜀12

𝜀12
𝑙𝑖𝑚

)| 
0–1 

Other failure modes may be evaluated which aren’t captured by the laminate failure index. Buckling is one 

example common in thin plates and requires additional methods to evaluate. In this thesis, a minimum 

laminate thickness is specified and in–depth analysis on buckling is left to future work. On a complex 

structure such as a wing, global behaviors like natural frequency and stiffness/total deflection are important. 

These global behaviors are noted through the analysis and will become significant in future work evaluating 

aeroelasticity. 

 

2.1.3 Material Properties 

The constituent materials of this structure are simply 3 laminae – unidirectional carbon fiber, bias weave 

carbon fiber, (AGATE, 2021) and Foam H80 (Diab, 2022) as defined in Table 1. The MGS epoxy system is 

used to bond the laminate and has a shear allowable of 50MPa between plies (Hexion, 2022). 
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Table 1: Lamina Material Properties 

 

2.2 Rigid Body – RBE2 and RBE3 Elements 

Rigid body elements are used for modeling connections between the PCOMP elements and reference nodes. 

RBE2 is the first rigid body element used, and simply connects multiple nodes to a reference node. The RBE2 

element will not deform and the reference node will move with displacement of the connected nodes, adding 

significant stiffness to the model (SIEMENS, 2014). This allows for modeling of rigid connections – in this 

case the landing gear structure, landing gear pins, and fuselage pins.  

RBE3 is much more versatile as an interpolation element. Degrees of freedom between the connected nodes 

and reference nodes can be specified, and an interpolation weighting can be applied to determine motion of 

the reference node. This allows for a more realistic representation of connections with deformation – or even 

be used to distribute a load without adding stiffness to a structure (SIEMENS, 2014). This element is used to 

apply aerodynamic loads applied as point loads across the PCOMP elements. 

2.3 Mesh Study – Richardson’s Extrapolation 

FEA is an approximate simulation method with error largely dependent on how well the geometry is modeled 

with discrete elements. On the other hand, with a higher fidelity there are more elements to analyze, and 

runtime increases drastically. It is then important in building a model to have an appropriate mesh size – too 

coarse and the results are inaccurate, too fine and the runtime is cumbersome (Slater, 2021).  
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While quantifying runtime is simple, quantifying error is more challenging as the exact solution can’t be 

found with an approximate method. Instead, the results of an increasingly refined simulation may be 

processed into an error estimate. This is conducted with Richardson’s Extrapolation, a method of 

approximating a continuum value solution – the solution with infinitely small elements – from a series of 

varied mesh sizes. A simulation will return a measured value 𝑓 for a mesh size ℎ, with errors from the 

continuum solution 𝑓ℎ=0 expressed as series expansion as a function of mesh size in Equation 0–2 (Slater, 

2021). Note that functions of the form 𝑎𝑖 are independent of grid spacing.  

 𝑓(ℎ) = 𝑓ℎ=0 + 𝑎1ℎ + 𝑎2ℎ
2 + 𝑎3ℎ

3 … 0–2 

If one assumes this relationship follows a second order solution (i.e.  𝑎1 = 0), two simulations of differing 

mesh sizes can be used to extrapolate an approximation of the continuum solution based on refinement ratio 

𝑟 as in Equation 0–3 (Slater, 2021).  

 
𝑓ℎ=0 ≈ 𝑓1 + 

𝑓1 − 𝑓2

𝑟2 − 1
 

0–3 

where 

𝑟 =  
ℎ2

ℎ1
 

Error 𝜖 on the FEA simulation can be estimated in terms of percentage divergence to the more refined 

simulation 𝑓1 from the approximate continuum solution 𝑓ℎ=0 to determine if more refinement is required in 

Equation 0–4. 

 
𝜖1 ≈

𝑓1 − 𝑓2

𝑟2𝑓1 − 𝑓2
∗ 100% 

0–4 

  



6 

 

 

CHAPTER 3. STRUCTURAL LAYOUT 

3.1 Design Methodology  

The structural layout of the TP racer is first conceptualized through hand–drafting as seen in Figure 2. The 

layout of the structure is initiated based on packaging of the pilot, fuel, propulsion, and landing gear. 

Structural components are then developed to withstand and distribute these loads through specific load paths 

– as well as form chambers for fuel tanks. 

 

Figure 2: Structural Layout Hand–Draft 

With the structures determined, work external to this thesis is conducted to estimate the thicknesses of these 

structural components based on calculated loads (Slymen, 2022). These estimations are defined by maximum 

internal loads from all aerodynamic conditions over idealized geometry and materials – and include wing 

torsion over the skin, wing bending over the main spar caps, and wing shear over the main spar web (Slymen, 

2022). These estimates are idealized simplifications and offer coarse approximation, a useful starting point 

for conversion to laminate estimations to start analyzing and refining the structure. With the geometry 
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modeled, laminates estimated, and loading computed the development of a finite element model (FEM) may 

follow.  

3.2 Structural Components 

The critical loading conditions along the wingspan of the aircraft are the aerodynamic loads. These loads act 

as a pressure across the skin of the wing with a roughly elliptical distribution. The aerodynamic loading varies 

depending on the maneuver and gust conditions. The predominant loads are driven by vertical force and 

torsion about the airfoil, with a secondary chord–wise force is also experienced by the wing. These distributed 

aerodynamic forces and moments are depicted along the 25% chord line for a 6G maneuver for this aircraft 

through Figure 3. Note the jagged moment distribution near the root is a consequence of slightly skewed 

panels in load calculation (Slymen, 2022). 

 

Figure 3: Aerodynamic Force and Moment Distribution 

These external aerodynamic loads applied along the wings are reacted against the fuselage. Simplifying the 

wings by assuming a rigid support at the root; we can model the internal stresses as a cantilever beam. The 

vertical forces distributed on the wing results in a large shear force normal to the wing and span–wise bending 

moment. Additional internal loads on the wing include wing torsion, bending about the wing normal (wingtip 

moving fore/aft), and chord–wise shear forces. These internal forces and moments are depicted for the same 

6G maneuver through Figure 4. 
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Figure 4: Internal Force and Moment Distribution 

The wing must withstand these loads without failure and excessive deflection. While the skin experiences 

the direct application of these loads, internal components are designed to bear bending, shear, and axial loads 

of the wing to reduce the overall vehicle weight. 

The major components designed to withstand these loads are depicted in Figure 5 as follows: 

o Skin: External OML of wing. The skin will transfer aerodynamic loads to structural components 

and bear torsional load. 

o Main Spar: An I–beam that follows approximately the 25% chord line, tapering in thickness to the 

wing tip as the loads decrease. The caps will bear the bulk of the bending loads from aerodynamics 

and landing gears, while the web will bear bulk of the shear loads.  

o Secondary Spars: Leading and trailing C–beams that follow their respective wing tips to transfer 

torsion to the fuselage. The front spar supports the landing gear and the rear spar supports the control 

surfaces. 

o Ribs: Set of 5 panels connecting spars and skin across the wing. They provide local rigidity and 

strengthen weak points by transferring concentrated loads between spars. 
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Figure 5: Wing Structural Components 

There are two key portions of skin which will not serve as torsional load paths and are removed in the 

structural analysis. The first is a panel on the bottom of the leading edge near the root of the wing, beneath 

the landing gear packaging. This panel will move with the landing gear and seal without providing a fixed 

connection to the rest of the wing skin. The second removed skin portion is at trailing edge of the wing at the 

flaps and ailerons, as these components will be actuated and again will not rigidly connect to the rest of the 

wing skin. The removal of these sections in this analysis is assumed to have an insignificant effect on the 

analysis result, and the integration and analysis of these two sections will be analyzed in depth in future work. 

The outlined components are attached to each other with epoxy such that the wing and their internal 

components constitute a single, rigidly connected structure. As the TP Racer is designed to fly over short 

distances, this wingspan structure will be removable and attach to the fuselage via 6 pins mounted through 

the spar shear webs. These pins will transfer all forces planar to the main and secondary spar webs – to react 

loads from the wings to the fuselage. The pins on the main spar will also to transfer normal forces to fully 

constrain the wing connection. Additionally, the landing gear is attached to the spars at 3 points in a similar 

pinned fashion. These pinned attachment components are outlined Figure 6. An aerodynamic skirt will 
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loosely integrate the wing and fuselage skins, but it will not attach rigidly enough to provide a torsional load 

path which is instead transferred through the pinned spars.  

 

Figure 6: Wing Attachment Components 

3.3 Laminates 

With these structured conceptualized, work external to this project was conducted to estimate the component 

laminates. For estimation, these laminates were simplified to isotropic materials for simple material 

properties, which were then used to size components to withstand ultimate load conditions with minimal total 

mass and a factor of safety of 1.5. The enveloped highest internal loads from the aerodynamic conditions 

were examined, with each load being sized to independently counteract a single component as follows: 

o Main spar top/bottom caps modeled as unidirectional carbon fibers to bear bending moment. Main 

spar web, secondary spar, and skin were neglected in the approximation. 

o Main spar webs modeled as bias carbon fibers to bear shear force. Main spar caps, secondary spar, 

and skin were neglected in the approximation. 

o Skin modeled as bias carbon fibers to bear torsion. Main and secondary spar caps were neglected in 

the approximation. 
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These estimated thicknesses serve as starting points to develop the complete laminates with higher fidelity 

as seen in Figure 7. The skin and shear webs will each have a ¼ inch foam core to add inertia to the cross 

section for bending and buckling. These components will also integrate into the main spar unidirectional 

fibers, with the skin on outside and the bias plies from half of the shear web sandwich on the inside.  

 

Figure 7: Spar and Skin Laminate Assumptions 

These estimated thicknesses are converted into number of plies and the complete laminate is constructed. For 

ease of analysis these components are sectioned by 250cm and refined to a ply–by–ply drop–off in future 

iterations. As the plies taper off throughout the wingspan, they're removed outermost layers. The estimates 

for skin bias plies can be seen in Figure 8, for main spar cap uni plies can be seen in Figure 9, and for main 

spar shear web bias plies can be seen in Figure 10. 
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Figure 8: Skin Laminate Estimate (Slymen, 2022) 

 

Figure 9: Main Spar Cap Laminate Estimates (Slymen, 2022) 
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Figure 10: Main Spar Shear Web Laminate Estimates (Slymen, 2022) 

The additional components will be modeled similarly as seen in Figure 11, initially assuming a minimum 

layup and adding plies as necessary. In the first analysis no unidirectional fibers are used in the secondary 

spar caps, and the rib and secondary spar shear webs contain the minimum of 2 bias plies per side of the 

composite sandwich. 

 

Figure 11: Ribs and Secondary Spar Cap/Shear Web Laminate Assumptions 

The full laminate descriptions for the initial estimates can be seen in Error! Reference source not found.. 

Several differences in the laminates exist that are not being modeled. Shear web bias plies will wrap around 

the cap uni plies to support shear loads and prevent delamination. Additionally, the skin will be covered with 

a layer of fiberglass to protect abrasion.   
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CHAPTER 4. FINITE ELEMENT MODELING 

4.1 Methodology 

The development of a finite element model (FEM) is required to analyze the wing structure. This process 

entails starting with a simple model and incrementally increasing fidelity as confidence is gained. All limit 

loads aerodynamic and landing conditions are evaluated for the wings with a factor of safety (FOS) of 1.5 to 

obtain ultimate loads. Conditions to be evaluated in future work includes flaps and actuator loads, fuel inertial 

loads, and aeroelastic effects. Only the left wing is modeled and simulated in this thesis, reducing the model 

size and analysis runtime by roughly half while still conservatively simulating loads across loading 

conditions.  

4.2 Geometry Development 

Following hand–drafting, the wing structures are modeled in CAD. The previously established vehicle OML 

is constructed of 3D surfaces and used as an initial model after isolating the wing. Planar surfaces are added 

for the shear webs and ribs, and caps are added by segmenting the skin where appropriate. Once the geometry 

is fully modeled, it is exported to FEMAP for meshing.  

4.3 Mesh Development – Richardson’s Extrapolation Study 

Mesh size has a direct impact on both analysis duration and accuracy and must be carefully chosen to suit 

the needs of the specific analysis. As such a study of runtimes and fidelity using Richardson’s Extrapolation 

is conducted to determine ideal mesh size.  

The mesh study is conducted by examining a simplified wing spar, of roughly equivalent dimensions of the 

main spar without complex curvature. A mirror constraint is applied at the root and a pinned constraint is 

applied at cross section where the shear web pin would exist. A unit vertical load is then distributed across 

the remainder of the wing to simulate lift. The constraints and loads can be seen in Figure 12. Five span–wise 

uniform laminates were made for the shear web and each upper/lower half–cap. 
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Figure 12: Mesh Study Setup  

The model was meshed over various sizes to determine variance in results. Total deflection and maximum 

laminate failure index are examined to determine model accuracy. As stress concentrations exist near 

boundary conditions, the maximum failure index is sampled at a fixed cross section several feet spanwise 

from the constraints. The boundary condition at the pinned connection will be analyzed in future work with 

a more refined mesh. Richardson’s Extrapolation is used as described in the literature review with a 

refinement ratio of 2 to compare these converging outputs to approximate error for mesh size in Table 2.  

Table 2: Mesh Study Extrapolated Output Errors 

 

Error values are very reasonable across all explored mesh sizing for this model. However, additional 

considerations exist in developing a mesh. One general rule of thumb for meshing is to have at least 3 

elements thick in any structure, preventing skewed nodes which cause stress concentrations. A fine mesh is 

required in several structures including the tip of the main spar cap at a 15 mm width per side, and the entirety 
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of the secondary spar caps at a 20 mm width. Additionally, the leading edge of the wing exhibits tight 

curvature which requires a finer mesh to prevent sharp element angles.  

The converging results and meshing considerations are then compared against analysis runtime. This analysis 

time is driven by number of equations the software must solve based on the number of elements. By assuming 

this runtime scales proportionally to the number of elements, the total surface area of the idealized model 

may be compared to the full aircraft model with structural components to approximate the runtime for a 

single load analysis as seen in Table 3. The runtime quickly grows as mesh size decreases – for every side 

length reduction by a factor of 2, number of elements increases by a factor of 4. Runtimes for a single load 

case are acceptable in all but the last element size evaluated. Analysis conducted on an HP Spectre x360 

Convertible 14t computer with a 11th Gen Intel® Core™ i7–1165G7 processor and 16GB of RAM. 

Table 3: Mesh Study Runtimes 

 

Considering the combined factors, the wing mesh seen in Figure 13 is developed with a general element size 

of 10 mm, refining outlined critical areas as required. Curve matched sizing is conducted on the spars and 

ribs, with the skin elements are generated to match as best as possible.  Elements on boundaries between 

structural components are meshed with shared nodes and connected edges. The mesh setup is verified with 

built in tools to evaluate and fix element aspect ratios, element free edges, and coincident nodes.  

                                                                        

               

              

                 

                   

                       



17 

 

 

 

Figure 13: Single Wing Mesh 

 

4.4 Material Properties 

With the mesh generated from geometry, material properties must be applied. The surface elements will be 

laminates of composite plies. These properties are developed by building the 25 cm incremented stacking 

sequence defined in earlier sections to a series of laminates, which are then applied to their respective 

elements. These properties are orthotropic and as such each element must have a consistent coordinate system 

defined by the element normal and material orientation.  

The element normal defines the direction of the stackup and the laminate may be offset to accurately model 

thicknesses. As depicted in Figure 14, the skin and spar caps stack outward, the spar webs stack chordwise, 

and the ribs stack spanwise. The skin and spar cap laminates are offset to preserve the OML, while the spar 

web and rib laminates are centered on the modeled geometry. 
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Figure 14: Element Normals 

Similarly, the material orientation defines the vector the plies are oriented about. This orientation is most 

important for the spar caps, as they contain unidirectional fibers that follow the orientation vector. The spar 

caps and webs are oriented down their length, the skin is oriented spanwise, and the ribs are oriented chord–

wise.  

All laminates built in this body of work use global plies to aid in pre/post processing. In FEMAP, a global 

ply ID can be specified to designate a single continuous ply. This is a convenient way to define material, 

failure condition, and thickness consistently across laminates – as well as modify plies as necessary. After 

the analysis is conducted, output data from each global ply can be selected and viewed across all laminates  

( Bheemreddy & Jensen, 2020).  

4.5 Constraints 

Fully constraining the wing as realistically as possible is necessary to receive accurate results. As only the 

left wing is being modeled, a symmetric constraint is applied at the root of the wing skin and spars. This 

symmetry requires the elements stay connected and normal to the root, accomplished by preventing X–

translation and Y/Z rotation respectively – or a 156 constraint as represented in Figure 15.  

The pin at the spar webs connects to each of the 3 shear webs. For the secondary spars the pin will assume 

to rigidly react forces in–plane with spar webs and remain straight through the 3 points, accomplished by 

preventing X/Y translation and X/Y rotation respectively – or a 1245 constraint as represented in Figure 15. 

The main spar pinned connection will also react the wing load normal to the shear web, accomplished by 

additionally preventing Z translation – or a 12345 constraint as represented in Figure 15. These pinned 
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connections supply the reaction forces of the aerodynamic loads and are applied with a rigid spider element 

(RBE2) to prevent stress concentrations. This model is not intended to analyze the actual pinned connection, 

and a more detailed analysis of this area is necessary for the future. 

 

Figure 15: Model Constraints 

4.6 Loads 

The aerodynamic loading across 26 flight conditions were simulated and constitute the critical loads of the 

wing. They were calculated by idealizing the aircraft to the wing and tail lifting surfaces modeled as 88 panels 

– 30 panels for each half of the wing and 18 panels for the tail. The resulting loads are modeled as force and 

moment vectors acting on the assumed vehicle center of mass and stored for use in FEA (Slymen, 2022). 

For each of these flight conditions, the 30 point loads on the left wing are input to FEMAP and distributed to 

all elements within the panel using an RBE3 element. A program transcribed in Appendix D. Excel API is 

used to generate these remote points and connect them to nearby elements. This process is repeated for the 

right wing by mirroring the loads before applying in FEMAP. The left and right wing are simulated for each 

of the 26 flight conditions resulting in a total of 52 aerodynamic load cases for this model.  

To input the aerodynamic point loads into the FEM, the data must be converted to a compatible format. The 

loads are stored acting at the assumed center of mass but will be applied acting at the center of each panel. 

As pictured in Figure 16, load translation entails simply adding the lever arm to the previous moment to find 

the moment at the new location. This processing was conducted in a MATLAB program and can be seen in 

Appendix E. MATLAB/NASTRAN Load . 
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Figure 16: Load Translation 

In addition to the aerodynamic loads, four landing gear loads are analyzed. The landing gear will be pinned 

at 3 points on the spar webs, and like the constraints are represented with a fixed rigid spider element (RBE2). 

A node is generated at the landing gear wheel to apply the loading and is connected to these 3 locations – 

this time with a pinned connection – with another rigid spider element (RBE2) as seen in Figure 17. 

 

Figure 17: Landing Gear Modeling 

4.7 Verification 

Several independent tests are conducted to verify the model setup. First and foremost, the conversion of 

aerodynamic loads is evaluated. The final converted loads for Condition F, a symmetric 6G maneuver, are 
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plotted in Figure 18 and follow expected results – a roughly elliptical loading pattern driven by driven by lift, 

drag, and a pitching moment. Total lift is reasonable for this maneuver, and the relative lack of roll and yaw  

moment is an additional sign that the loads are applied in the correct location. 

 

Figure 18: External Load Distribution 

Additionally, the internal loads on the wing can be extracted from these processed external loads. By 

modeling the wing as a cantilever wing, the driving shear, bending moment, and torsion is calculated for both 

the left and right wing. The processed internal loads are plotted and compared to the source internal loads in 

Figure 19, showing wing loading is appropriately converted.  

 

Figure 19: Internal Load Comparison  

Left–Processed Results  Right–Source (Slymen, 2022) 
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Setup is further tested by evaluating reaction loads on the wing. The external force and moment point loads 

are modeled with a simple 2–pin connections via MATLAB as illustrated in Figure 20. As the model is 

indeterminate, only forces in the Y/Z axis can be returned without information on the structure. This is used 

as a baseline for the FEM. The same loads are input, analysis is performed, and the reaction forces on all 

three pinned connections on the right wing are summed. The analytical and FEM reaction loads are compared 

in Table 4 showing agreement on Y/Z reaction forces as expected. Note the X reaction force is the component 

of highest magnitude and exerts an equal and opposite on the two wings, pushing inward against the wing as 

it lengthens in bending. 

 

Figure 20: Analytical Pinned Reaction Load Model 

Table 4: Reaction Force Comparison 

 

Finally, deflection is examined for this load condition. An analytical MATLAB model is built by modeling 

the inertia as the main spar cap geometry estimation outlined earlier, rigidly fixing the root, and applying the 

bending moment aerodynamic Condition F. The same maneuver is simulated in the FEM and the results are 

plotted together in Figure 21.  
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Figure 21: Bending Result Comparison 

4.8 Results 

With completion and verification of FEM setup, enough confidence is gained for simulations to begin. The 

setup will remain relatively consistent across future analyses – with major modifications to laminate 

properties as the structure is refined. The FEM setup and assumptions discussed throughout this section are 

tabulated in Table 5. 

Table 5: Initial Analysis Setup & Assumptions 

 

  

   

  

  

  

 



24 

 

CHAPTER 5. ANALYSIS 

An initial analysis is conducted with the current FEM with the purpose of evaluating the structural estimates 

and determine modifications as required. All 26 aerodynamic and 5 landing gear load cases are simulated for 

each side of the wing, with the results processed into one final graphic result via the internal FEMAP envelope 

feature to display maximum laminate failure indices across each element.  

5.1 Initial Estimation Results 

The spar bears most of the applied loading and is examined first. The initial estimates on the top cap and 

bottom cap are surprisingly appropriate, as seen in Figure 22 and Figure 23 respectively. Overall, the caps 

are slightly oversized with a weak point existing towards the wing tip.  

 

Figure 22: Initial Analysis – Main Spar Top Cap Failure Index 

 

Figure 23: Initial Analysis – Main Spar Bottom Cap Failure Index 

The shear web, on the other hand, requires significant adjustment. As per Figure 24, the shear web is 

significantly overdesigned across the entire length for shear flow. This is beyond the expected error margin 
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of the initial analysis and warrants further examination. Additionally, a sharp stress concentration exists at 

the pinned connection.  

 

Figure 24: Initial Analysis – Main Spar Shear Web Failure Index 

The results of wing skin top and bottom, as seen in Figure 25 and Figure 26 respectively, appears reasonable 

but slightly overdesigned. This is believed to be due to the shear webs serving as additional torsional load 

paths. Sharp stress concentrations exist near the leading spar landing gear mounts and corner – and larger, 

lower regions of increased stresses exist near the removed landing gear panel on the wing bottom and at the 

wingtip.  

 

Figure 25:  Initial Analysis – Skin (Top) Failure Index 
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Figure 26:  Initial Analysis – Skin (Bottom) Failure Index 

The failure indices for secondary spars are examined for the top caps in Figure 27, bottom caps in Figure 28, 

and the shear webs in Figure 29. The pinned connections of the landing gear and fuselage attachments are 

hotspots for stresses, which propagate to the spar caps and ultimately the wings. Additionally, the lower cap 

on the leading spar experiences a stress concentration at the bend coinciding with the second rib. Beyond 

these outlined points, initial minimal estimates appear appropriate. 

 

Figure 27: Initial Analysis – Secondary Spar Top Cap Failure Index 
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Figure 28: Initial Analysis – Secondary Spar Bottom Cap Failure Index 

 

Figure 29: Initial Analysis – Secondary Spar Caps Shear Web Failure Index 

The failure indices for the ribs are seen in Figure 30. Once again, the minimal estimates appear roughly 

appropriate, with some stress concentrations on Rib #1, Rib #2, and Rib #4 to be examined in future sections.   

 

Figure 30: Initial Analysis – Ribs Failure Index 
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5.2 Model Iterations 

The structure is repeatedly analyzed and modified through subsequent iterations to explain all current 

behaviors and converge to a satisfactory model. Iterating the FEM begins with verification of accuracy by 

studying FEA results. Stress concentrations, deformations, and load paths are evaluated to screen for 

improper setup and simulation artifacts. With FEM results validated, global behaviors of structural 

components are evaluated and the laminates are iterated such that large areas of failure are eliminated. Areas 

of high local stress are then isolated and strengthened as necessary.  

Some initial points of improvement are immediately evident, while others require some structural 

refinement to be fully visible. For readability, these improvements are presented concurrently when they 

took place over dozens of incremental iterations. Improvements are presented at a high level through the 

following section – for full details on ply–by–ply breakdown see   
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Appendix C. Final Estimate Laminate Breakdown. A survey of the results shows that just 6 load cases 

envelope the maximum failure indices of the 58 evaluated conditions. Only these conditions are evaluated 

while iterating the model, with a final check across all cases conducted in the end to confirm results.  

The wing skin will remain relatively constant in this stage of refinement, as any reduction in stiffness may 

cause issues with buckling and/or aeroelasticity. These points will be studied in future work and are outside 

the scope of this thesis. 

5.2.1 Main Spar Shear Web Overdesign 

Low failure index across the main spar shear web will be examined first. This shows the shear web is 

overdesigned, most likely due to some form of error in initial estimation. The estimate was conducted by 

evaluating shear flow across the rectangular cross section of the shear web and establishing thickness based 

on a shear stress limit. This estimate is regarded as it treats the orthotropic laminate properties as isotropic 

and vastly underestimates laminate strength. 

The shear web is built of bias carbon plies in a cloth laid at a 45–degree angle. As depicted in Figure 31, a 

pure shear load on the main spar can be transformed to the local coordinate system of these plies. Applying 

this axial tension/compression load to the bias ply stress limits, a revised laminate estimate is found in Figure 

32. Note this approximation assumes negligible shear flow through foam core, secondary caps, and wing 

skin.  Through progressive structural iterations, the main spar shear web arrives at stackup of just 2 to 3 plies 

per side – not including reinforcements in areas of high stresses – which agrees with the revised laminate 

estimate.  
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Figure 31: Shear Web Loading 

 

Figure 32: Revised Shear Web Estimate 

5.2.2 Main Spar Cap Refinement 

The caps of the main spar were also refined to be to reach a maximum of 90–95% failure index. A failure 

index above 100% is failure – on the other hand, a significantly low failure index means the caps are 

overdesigned, heavy, and unreasonably stiff. At the root this means a reduction in plies, but around halfway 

down the span the top spar instead requires an increase in plies. An overview of the modifications to the shear 

webs outlined in the previous section and spar webs as outlined in this section are tabulated in Table 6. 
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Table 6: Main Spar Laminate Refinement 

 

5.2.3 Shear Web Pinned Connections 

The next issue with the shear webs is stress concentrations at the pinned connections. These exist as the point 

loads must be distributed across the thin shear webs to the remainder of the wing – and although the shear 

webs can handle the shear load from bending, they cannot withstand the strong stress concentration near the 

pin reaction forces. To amend this, a core of bias carbon plies is added at the high stress locations with a 

gradual taper seen in Figure 33. Future work will include designing the insert connecting the pin and the 

laminate. 

 

Figure 33: Shear Web Pinned Connections 
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5.2.4 Rib #1 and Rib #4 Attachment Errors 

After refining the main spar and all pinned attachment points, large stress concentrations remain in the 

connection points of 3 of the ribs. Closer inspection of the mesh in Figure 34 shows some of the rib elements 

were incorrectly meshed and are misaligned. The software attempts to address this by interpolating results – 

or regarding the elements as unattached altogether– and more accurate results can be obtained by correcting 

this error. This issue exists in Rib #1 and Rib #4 at connections to the main spar and some points on the skin, 

and resolution addresses the stress concentrations at these regions. 

 

Figure 34: Rib Element Misalignment 

5.2.5 Rib #2 and Rib #4 Local Stiffening 

A final modification is required to stiffen areas around Rib #2. This location exists both at the bend of the 

leading spar and at the end of the landing gear panel opening, and as such a stress concentration is seen on 

the lower spar caps of this region. This is addressed by adding local uni plies to the spar caps as highlighted 

in Figure 35, with an additional 5 plies on the top of the main spar and 2 plies on the top and bottom of the 

leading spar. Additionally, a small region after Rib #4 experiences high stresses at the main spar drop off. 

This is easily addressed by modifying the 10cm region of skin following Rib #4 from a 2–ply sandwich to a 

3–ply sandwich.  
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Figure 35: Spar Cap Stiffening at Rib #2 
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5.3 Final Estimation Results 

Through these model iterations, the wing structures arrive at the laminate breakdown described in depth in   
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Appendix C. Final Estimate Laminate Breakdown. The failure indices across these structures can be seen in 

Figure 36 through Figure 41. The first two elements from the symmetric constraint are omitted – stress 

concentrations from the boundary conditions are present as an artifact of the analysis method.  

 

Figure 36: Final Analysis – Spar Top Cap Failure Index 

 

Figure 37: Final Analysis – Spar Bottom Cap Failure Index 

 

Figure 38: Final Analysis – Skin (Top) Failure Index 
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Figure 39: Final Analysis – Skin (Bottom) Failure Index 

 

Figure 40: Final Analysis – Spar Shear Web Failure Index 

 

Figure 41: Final Analysis – Rib Failure Index 

A maximum deflection of the wing under aerodynamic loads is 630mm, as seen in Figure 42. Deflection due 

to torsion and landing gear loads are relatively small compared to bending deflection. While wing dynamics 

aren’t studied in this body of work, a simple modal analysis was conducted for result confirmation and a 

baseline understanding for future work. The first vibration mode occurs at 20 Hz bending up and down as 
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seen in Figure 43. The second vibration mode occurs at 47 Hz bending fore and aft as seen in Figure 44. 

Another up/down bending mode exists at 59 Hz, and finally the fourth vibration mode occurs at 115 Hz 

twisting along the wingspan as seen in Figure 45. 

 

Figure 42: Maximum Deflection 

 

 

Figure 43: Mode 1 – Up/Down Bending 
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Figure 44: Mode 2 – Fore/Aft Bending 

 

Figure 45: Mode 4 – Spanwise Twist 

CHAPTER 6. CONCLUSIONS AND FUTURE WORK 

Structural design, modeling, and analysis of the wing of Cal Poly SLO TP Racer is presented in this thesis. 

Analysis approach is demonstrated with background information on mechanics of laminated plates and finite 

element modeling. The initial structure is created by estimating geometry and laminates – then modeled and 
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simulated over aerodynamic and landing gear loads in FEMAP. These initial estimates are thoroughly 

examined and refined through various iterations to arrive at an acceptable wing structure. 

Future work in structural design and analysis includes several steps. With critical cases on the wing analyzed, 

the fuselage and tail FEMs will be developed and analyzed over critical loads. These three separate FEMs 

will each be subject to more detailed analyses over additional load cases, failure conditions, and areas of 

detailed design. These steps are compiled in Table 7, concluding with a final FEM across the entire aircraft 

for verification. The project then is open to design of non–structural components and manufacturing planning. 

 

 

 

 

Table 7: Future Work – Structural Design/Analysis 
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APPENDICES 

Appendix A. Mechanics of Laminated Composite Plates 

Previous analysis on this project have assumed the use of homogenous, isotropic materials – materials 

constituted of a single material with stiffnesses equivalent in any direction – for simplicity. While useful for 

initial estimates, a defining feature in this structure is the use fiber–reinforced laminates. These materials are 

made up of multiple layers of fibers, known as lamina, held together by a polymer matrix. Laminating 

structures in this way builds an orthotropic material – a material with stiffnesses specific to direction – and 

allows tailoring of the structure more precisely towards the vehicle needs.  

 

A.1 1–D Stress/Strain 

When a material is deformed without yielding, the stress–strain relationship of a material is linear and 

governed by Hooke’s Law. Much like a spring, the deflection is simply the product of the stiffness and the 

force applied. To examine the internal state of the material rather than the component, consider the normal 

stress – the force distributed perpendicular over a cross sectional area, represented as 𝜎 – and the strain – the 

percentage change in length, represented as 𝜀. For a 1–D load, this stress–strain relationship is seen in 

Equation 0–1 to be governed simply by the Young’s Modulus – the linear stiffness, represented as E (Beer, 

Johnston, DeWolf, & Mazurek, 2015).  

 𝜀 =
𝜎

𝐸
 0–1 

A.2 2–D Stress/Strain – Local Coordinates 

To examine the conditions on a plane of material, this stress–strain relationship changes from a 1–D to a 2–

D condition. As seen in Figure 46, deformation can now occur along two perpendicular axes. Consequently, 

the stress–strain relationship requires expansion.  
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Figure 46: Normal Deformation 

As the plane is pulled to elongate along one axis, it generally contracts along the perpendicular axis. This 

behavior is governed by Poisson’s Ratio, represented as ν, and is defined in Equation 0–2 (NASA Marshall 

Space Flight Center, 1994). This value is dependent on the axes orientation and is a function of the materials 

stiffnesses. 

 
𝜈12 =

𝜀1

𝜀2
=

𝐸1𝜈21

𝐸2
 

0–2 

Considering this behavior, the strain in a 2–D plane can now be defined in Equation 0–3 by the deflection 

due to an applied stress, minus the deflection due to Poisson’s ratio on the perpendicular axis (Beer, Johnston, 

DeWolf, & Mazurek, 2015). 

 𝜀1 =
𝜎1

𝐸1
− 𝜀2𝜐12 = 

𝜎1

𝐸1
− 

𝜎2𝜐12

𝐸2
 0–3 

 

Another form of deformation called shear may occur when the angles of the plane are altered as in Figure 47. 

Like the normal stress–strain relationship, a shear stress–strain relationship can be defined. Shear strain – the 

change in angle on the element right angle, represented as γ – is related to shear stress – the force distributed 

planar over a cross sectional area, represented as τ – by the Shear Modulus represented as G. This relationship 

is defined in Equation 0–4 (Beer, Johnston, DeWolf, & Mazurek, 2015). 
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Figure 47: Shear Deformation 

 𝛾12 = 
𝜏12

𝐺12
 0–4 

Altogether, the stress–strain relationships for this 2–D plane can be represented in matrix form per Equation 

0–5 by combining these parameters into a stiffness matrix. This allows us to find strains for a given set of 

stresses. To solve from known strains instead, we invert the stiffness matrix to obtain the Compliance Matrix 

Q per Equation 0–6. (NASA Marshall Space Flight Center, 1994).  
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[

𝜀1

𝜀2

𝛾12

] =   

[
 
 
 
 
 
 

1

𝐸1

−𝜈12

𝐸1
0

−𝜈21

𝐸2

1

𝐸2
0

0 0
1

𝐺12]
 
 
 
 
 
 

[

𝜎1

𝜎2

𝜏12

] 

0–5 

 

 

 
[

𝜎1

𝜎2

𝜏12

] =   [𝑄] [

𝜀1

𝜀2

𝛾12

] =  [

𝑄11 𝑄12 0
𝑄12 𝑄22 0
0 0 𝑄66

] [

𝜀1

𝜀2

𝛾12

] 
0–6 

where 

𝑄11 =
𝐸1

1 − 𝜈12𝜈21
 

𝑄22 =
𝐸2

1 − 𝜈12𝜈21
 

𝑄12 =
𝜈12𝐸2

1 − 𝜈12𝜈21
=

𝜈21𝐸1

1 − 𝜈12𝜈21
 

𝑄66 = 𝐺12 

A.3 2–D Stress/Strain – General Coordinates 

The 2–D stress–strain relationship is currently defined in a local coordinate system, which has thus far used 

the axes 1 and 2. A laminate requires multiple laminae of materials, generally with different orientations 

resulting in independent coordinate systems. This discrepancy is resolved by creating a general coordinate 

system with axes x and y for the laminate, with each lamina local coordinate system related to the general 

coordinate system by an angle θ. A 3x3 matrix called the Transformation Matrix [𝑇] is defined in Equation 

0–7 to convert between these systems for both stresses and strains (NASA Marshall Space Flight Center, 

1994). 
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[

𝜎1

𝜎2

𝜏12

] =   [𝑇] [

𝜎𝑥

𝜎𝑦

𝜏𝑥𝑦

] = [
𝑚2 𝑛2     2 𝑚𝑛
𝑛2 𝑚2 − 2 𝑚𝑛

−𝑚𝑛 𝑚𝑛 𝑚2 − 𝑛2

] [

𝜎𝑥

𝜎𝑦

𝜏𝑥𝑦

] 
0–7 

where 

𝑚 = 𝑐𝑜𝑠 𝜃 

𝑛 = 𝑠𝑖𝑛 𝜃 

Finally, in Equation 0–8 this Transformation Matrix is applied to the Stiffness Matrix through a series of 

steps to create a Lamina Stiffness Matrix [�̅�] (NASA Marshall Space Flight Center, 1994). With this 

conversion any lamina can now be defined for the general coordinate system. 

 

[

𝜎𝑥

𝜎𝑦

𝜏𝑥𝑦

] =   [�̅�] [

𝜀𝑥

𝜀𝑦

𝛾𝑥𝑦

] =  [

�̅�11 �̅�12 �̅�16

�̅�12 �̅�22 �̅�26

�̅�16 �̅�22 �̅�66

] [

𝜀𝑥

𝜀𝑦

𝛾𝑥𝑦

] 

0–8 

where 

�̅�11 = 𝑄11𝑚
4 + 2(𝑄12 + 2𝑄66)𝑚

2𝑛2 + 𝑄22𝑛
4 

�̅�12 = (𝑄11 + 𝑄22 − 4𝑄66)𝑚
2𝑛2 + 𝑄22(𝑚

4 + 𝑛4) 

�̅�22 = 𝑄11𝑛
4 + 2(𝑄12 + 2𝑄66)𝑚

2𝑛2 + 𝑄22𝑚
4 

�̅�16 = (𝑄11 − 𝑄12 − 2𝑄66)𝑚
3𝑛 + (𝑄12 − 𝑄22 + 2𝑄66)𝑚𝑛3 

�̅�26 = (𝑄11 − 𝑄12 − 2𝑄66)𝑛
3𝑚 + (𝑄12 − 𝑄22 + 2𝑄66)𝑛𝑚3 

�̅�66 = (𝑄11 + 𝑄22 − 2𝑄12 − 2𝑄66)𝑚
2𝑛2 + 𝑄66(𝑚

4 + 𝑛4) 

A.4 3–D Stress/Strain – Lamina 

When evaluating a 2–D plate in 3–D deflection, a third form of deformation known as bending in can occur 

when the plate is curved out of plane as illustrated in Figure 48. Mathematically, plate bending is defined 

with 3 parameters known collectively as plate curvature – 𝐾𝑥, 𝐾𝑦, and 𝐾𝑥𝑦. As seen in Figure 49, plate 
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curvatures 𝐾𝑥 and 𝐾𝑦 are simply the change in slope along each respective axis, while plate curvature 𝐾𝑥𝑦 – 

which can be thought of as twisting – is the change in slope of one axis across its perpendicular axis.  

 

Figure 48: Bending Deformation 

 

Figure 49: Plate Curvature 

A plate in bending experiences strains depending on the location along the thickness. Taking a cross–section 

of plate in Figure 50, the side towards the curvature experiences compression and the side away from the 

curvature experiences tension. This strain varies linearly with distance from the midplane – represented as 𝑧. 

Combining the planar strain affecting the plate as a whole, which is hereby denoted with a superscript 0, with 

this new bending strain affecting the plate based on distance from the midline, a complete stress strain 

relationship is developed in Equation 0–9 (NASA Marshall Space Flight Center, 1994).  
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Figure 50: Plate Bending Cross–Section 

 

[

𝜎𝑥

𝜎𝑦

𝜏𝑥𝑦

] =   [�̅�][𝜀0] + 𝑧[�̅�][𝐾] = [�̅�] [

𝜀𝑥
0

𝜀𝑦
0

𝛾𝑥𝑦
0

] + 𝑧 [�̅�] [

𝐾𝑥

𝐾𝑦

𝐾𝑥𝑦

] 

0–9 

A.5 3–D Load/Strain – Laminate 

Using the obtained stress–strain relationship, a laminated plate can be constructed. As seen in Figure 51, an 

arbitrary number of unique plies are added and their boundaries are measured from the midplane. The 

complete plate is rigidly bonded and will deform like an individual ply – a planar strain across the plate 

summed with a bending strain based on distance from the midplane – but the varied structural properties 

result in varied stresses on each ply. To model the plate as a whole, these stresses must be converted to loads 

on the plate edges.  
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Figure 51: Laminate Stack–Up (NASA Marshall Space Flight Center, 1994) 

Zooming in on an individual ply in Figure 52, the boundary loads be seen on the edges of the plates. The 

force per edge length N is found by taking the integral of the stresses across the ply width per Equation 0–10 

(NASA Marshall Space Flight Center, 1994). Similarly, the moment per edge length M is found by taking 

the integral of the stresses multiplied by their distance from the midplane across the ply width per Equation 

0–11 (NASA Marshall Space Flight Center, 1994). As a final step, the stresses in each ply are converted to 

deflections with the lamina stress–strain relationship. 
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Figure 52: Plate Boundary Loads 

 

[𝑁] = [

𝑁𝑥

𝑁𝑦

𝑁𝑥𝑦

] =  ∫ [

𝜎𝑥

𝜎𝑦

𝜏𝑥𝑦

] 𝑑𝑧
ℎ/2

−ℎ/2

= ∫ ([�̅�][𝜀0] + 𝑧[�̅�][𝐾]) 𝑑𝑧
ℎ/2

−ℎ/2

 

0–10 

 

[𝑀] = [

𝑀𝑥

𝑀𝑦

𝑀𝑥𝑦

] =  ∫ [

𝜎𝑥

𝜎𝑦

𝜏𝑥𝑦

] 𝑧𝑑𝑧
ℎ/2

−ℎ/2

= ∫ ([�̅�][𝜀0] + 𝑧[�̅�][𝐾]) 𝑧𝑑𝑧
ℎ/2

−ℎ/2

 

0–11 

Zooming back out to the entire laminate, we repeat this process across every ply to relate the boundary loads 

to stresses to arrive at Equation 0–12 (NASA Marshall Space Flight Center, 1994). Called the laminate 

constitutive equations, this set of three 3x3 matrices describe how the laminate is loaded for a given 

deformation. The extensional stiffness matrix [𝐴] relates forces and planar strains, the bending stiffness 

matrix [𝐷] relates moments with plate curvatures, and the coupling stiffness matrix [𝐵] relates forces with 

plate curvatures and moments with planar strains. Alternatively, these matrices may be inverted to describe 

deformation for a given load. 

 [
𝑁
𝑀

] = [
𝐴 𝐵
𝐵 𝐷

] [𝜀
0

𝐾
] 0–12 
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where 

𝐴𝑖𝑗 = ∑[�̅�𝑖𝑗]𝑘(ℎ𝑘 − ℎ𝑘−1)

𝑛

𝑘=1

 

𝐵𝑖𝑗 =
1

2
∑[�̅�𝑖𝑗]𝑘(ℎ𝑘

2 − ℎ𝑘−1
2)

𝑛

𝑘=1

 

𝐷𝑖𝑗 =
1

3
∑[�̅�𝑖𝑗]𝑘(ℎ𝑘

3 − ℎ𝑘−1
3)

𝑛

𝑘=1
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Appendix B. Initial Estimate Laminate Breakdown 

Initial estimates of laminates for all wing structures are defined by distance from the root as per Figure 52. 

These laminates are described for the skin in Table 8, main spar in Table 9, secondary spar in Table 10, and 

ribs in Table 11. Finally, the mass breakdown of the wing for these laminates are shown in Table 12. 

 

Figure 53: Wing–Laminate Sections 

 

 

Table 8: Initial Estimate Laminate Breakdown – Skin 

 

Table 9: Initial Estimate Laminate Breakdown – Main Spar 
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Table 10: Initial Estimate Laminate Breakdown – Secondary Spars 

 

Table 11: Initial Estimate Laminate Breakdown – Ribs 
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Table 12: Initial Laminate Mass Breakdown 

 

  

                 

   

 

 

 

 

 



55 

 

Appendix C. Final Estimate Laminate Breakdown 

This appendix details the laminate breakdown of the final iteration of the wing FEM under this body of work. 

Section 3.3 explains this laminate is a combination of .25mm unidirectional carbon plies, .25mm bias carbon 

plies, and a 6.35mm foam core. Furthermore, Section 5.2.3 details the addition of a bias carbon insert to the 

shear web at the pinned connection points. 

Starting with the skin, this laminate is a symmetric sandwich of bias plies on either side of a foam core. The 

total number of bias plies used in this laminate are outlined in Figure 54. 

 

Figure 54: Skin Bias Plies 

The spar shear webs follow a similar symmetric sandwich of bias plies on either side of a foam core. In this 

case, the pinned connections also include a thick insert of bias plies which tapers at either end. The total 

number of bias plies and insert thicknesses used in this laminate are outlined in Figure 55. 
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Figure 55: Shear Web Bias Plies 

As a reminder, the spar cap laminates consist of the skin sandwich, layers of uni plies, and half of the bias 

plies from the shear web sandwich as outlined in Figure 56. The addition of uni plies can be seen from the 

top in Figure 57 and from the bottom in Figure 58. Note most of the secondary spars lack any uni plies, and 

an area near the second rib is reinforced slightly. 

 

Figure 56: Spar Laminate Breakdown 

 

 

Figure 57: Cap Uni Plies (Top) 
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Figure 58: Cap Uni Plies (Bottom) 

 

Finally, the spar shear webs follow the trend of symmetric sandwich of bias plies on either side of a foam 

core. The total number of bias plies are outlined in Figure 59. 

 

Figure 59: Rib Bias Plies 

The final mass properties of the wing are outlined in Table 13. These results are lower than expected but 

overall a reasonable mass breakdown before the inclusion of secondary structures.  

Table 13: Final Laminate Mass Properties 
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Appendix D. Excel API 

Modeling the RBE3s in FEMAP uses an EXCEL file and API. The program is simply run while the FEM is 

open in another window, and for every specified RBE3 will place the a remote point at the desired location 

connected to every element over the specified width. The API code and excel document can be seen in  

Table 14 and  

Table 15 respectively. 

 

Table 14: Excel RBE3 API 

PSub modifylayer() 
 
Dim app As femap.Model 
Set app = GetObject(, "femap.model") 
 
Dim Set1 As femap.Set 
Set Set1 = app.feSet 
 
Dim feElem As femap.Elem 
Set feElem = app.feElem 
 
Dim feNode As femap.Node 
Set feNode = app.feNode 
 
Dim rc As Integer 
Dim nodeCount As Long 
Dim passCount As Long 
 
Dim coord(2) As Double, vec1(2) As Double 
 
Dim flags(2) As Boolean 
flags(0) = False: flags(1) = True: flags(2) = False 
 
Dim i As Double 
Dim j As Double 
 
For i = 1 To ActiveSheet.Cells(1, 2) Step 1 
 
    coord(0) = 0 * ActiveSheet.Cells(i + 2, 1): coord(1) = 0: coord(2) = 0 
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    vec1(0) = 1: vec1(1) = 0: vec1(2) = 0 
         
    rc = Set1.DeleteAll 
    'rc = Set1.AddCoordinate2(FT_NODE, 0, flags, mode, coord, tol) 
    'rc = Set1.AddAroundPoint2(FT_NODE, coord, 1, 1, 2) 
    rc = Set1.AddAroundPlane(FT_NODE, coord, vec1, 4, ActiveSheet.Cells(i + 2, 1), 
ActiveSheet.Cells(i + 2, 4) / 2#) 
    'rc = Set1.Select(FT_NODE, True, "Select Nodes for Rigid Spider") 
    'rc = Set1.AddRange(ActiveSheet.Cells(6, 1).Value, ActiveSheet.Cells(6, 2).Value, 1) 
    'rc = app.feAppMessage(FCM_NORMAL, rc) 
    rc = app.feLayerPut(1000 + i, 124, i) 
    rc = app.feModifyLayer(FT_NODE, Set1.ID, 1000 + i) 
  
    nodeCount = Set1.Count() 
    ReDim NodeArray(nodeCount) As Long 
    ReDim Weight(nodeCount) As Long 
    ReDim faceArray(nodeCount) As Long 
    ReDim dof(nodeCount * 6) As Long 
        
    rc = Set1.Reset() 
    nodeID = Set1.Next() 
    passCount = 0 
    
    For j = 0 To nodeCount – 1 
    
        NodeArray(j) = nodeID 
        'Weight(j) = 1 
        nodeID = Set1.Next() 
           
        dof((6 * j) + 0) = 1 
        dof((6 * j) + 1) = 1 
        dof((6 * j) + 2) = 1 
        dof((6 * j) + 3) = 1 
        dof((6 * j) + 4) = 1 
        dof((6 * j) + 5) = 1 
         
    Next 
     
    elemID = 1000000 + i 
    nodeID = 1000000 + i 
     
    feNode.x = ActiveSheet.Cells(i + 2, 1) 
    feNode.y = ActiveSheet.Cells(i + 2, 2) 
    feNode.Z = ActiveSheet.Cells(i + 2, 3) 
    feNode.Put (nodeID) 
     
    feElem.Type = 29 'Rigid 
    feElem.topology = 13 'Rigid 
    feElem.Node(0) = nodeID 'Independent Node 
    feElem.Release(0, 0) = True 
    feElem.Release(0, 1) = True 
    feElem.Release(0, 2) = True 
    feElem.Release(0, 3) = True 
    feElem.Release(0, 4) = True 
    feElem.Release(0, 5) = True 
    feElem.RigidInterpolate = True 
    feElem.Color = FCL_RED 
     
    rc = feElem.PutNodeList(0, nodeCount, NodeArray, faceArray, Weight, dof) 
    rc = app.feAppMessage(FCM_NORMAL, elemID) 
    
    rc = feElem.Put(elemID) 
 
 
Next 
 
End Sub 
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Table 15: Excel RBE3 Parameters 

 Column A Column B Column C Column D Column H 

Row 1 Number of Stations 30 
   

Row 2 X Y Z Width Node # 

Row 3 60 –360.123 –1068.61 125 1 

Row 4 190 –360.123 –1068.61 125 2 

Row 5 310 –360.123 –1068.61 115 3 

Row 6 420 –360.123 –1068.61 110 4 

Row 7 530 –360.123 –1078.61 100 5 

Row 8 620 –360.123 –1078.61 90 6 

Row 9 710 –360.123 –1088.61 100 7 

Row 10 820 –360.123 –1088.61 105 8 

Row 11 920 –360.123 –1088.61 100 9 

Row 12 1020 –360.123 –1088.61 100 10 

Row 13 1120 –360.123 –1098.61 105 11 

Row 14 1230 –360.123 –1098.61 105 12 

Row 15 1330 –360.123 –1098.61 100 13 

Row 16 1430 –360.123 –1108.61 100 14 

Row 17 1530 –360.123 –1118.61 105 15 

Row 18 1640 –360.123 –1118.61 105 16 

Row 19 1740 –360.123 –1118.61 100 17 

Row 20 1840 –360.123 –1128.61 100 18 

Row 21 1940 –360.123 –1138.61 105 19 

Row 22 2050 –360.123 –1138.61 105 20 

Row 23 2150 –360.123 –1148.61 100 21 

Row 24 2250 –360.123 –1158.61 100 22 

Row 25 2350 –360.123 –1168.61 105 23 

Row 26 2460 –360.123 –1178.61 105 24 

Row 27 2560 –360.123 –1188.61 100 25 

Row 28 2660 –360.123 –1198.61 100 26 

Row 29 2760 –360.123 –1208.61 105 27 

Row 30 2870 –360.123 –1228.61 110 28 

Row 31 2980 –360.123 –1258.61 110 29 

Row 32 3090 –360.123 –1318.61 110 30 

Appendix E. MATLAB/NASTRAN Load Processing 

A set of functions were developed to process the tables of aerodynamic loading data into a series of .dat files 

that were uploaded into the TP Racer FEM. Table 17 depicts these functions for a given matrix input M and 

a load case number n, delivering an output .dat file tabulated in the example of Table 16. Many additional 

functions for verification – such as verification of initial sizing; checks on load translation across units, 
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coordinates, and locations; plotting for internal and external loads – were conducted and excluded from this 

appendix for readability. 

Table 16: NASTRAN Output Example 

function Load_Processing(M,n) 
    % This function converts the aerodynamic loading data stored in "AIRCRAFT LOADS 
    % FOR A WORLD SPEED RECORD–BREAKING TURBO–PROP RACING AIRPLANE – M. Slymen" input in a  
    % matrix to appropriate .dat files to be input into the FEMAP simulation of the TP 
    % Racer. 
     
    % Data is input in the following format: 
    %   – Unit system (kg–m) 
    %       – Force = N  
    %       – Moment = N–m  
    %       – Pressure = Pa  
    %   – Coordinate system 
    %       – x = Stern/Back 
    %       – y = Starboard/Right 
    %       – z = Up 
    %   – Location of loads 
    %       – Acting from center of gravity 
              CG = [0.39,0,0]; %m 
     
    % Data is output in the following format: 
    %   – Unit system (g–mm) 
    %       – Force = N  
    %       – Moment = mN–m  
    %       – Pressure = MPa  
    %   – Coordinate system 
    %       – x = Port/Left 
    %       – y = Up 
    %       – z = Bow/Forward 
    %   – Location of loads 
    %       – Acting from center of aerodynamic panels, with offset in FEM 
              load TP_Racer_Final.mat 
              offset = [0 –336.754–46.73739/2  –548.6105 0 0 0 0 0 0];           
           
  [M] = clean(M); % Converts the data to the proper coordinate system, unit 
                  % system, and location. Organizes point loads spanwise 
 
  loads_r = loads_right(M); % Isolate and mirror loads on right wing 
  NASTRAN_OUTPUT(loads_r,(n+100)); % Create .dat file 
 
  loads_l = loads_left(M); % Isolate loads on left wing 
  NASTRAN_OUTPUT(loads_l,(n+200)); % Create .dat file 
  disp(['Condition ', num2str(n),' complete.']) 
end 
 
function [M] = clean(M) 
% Cleans analysis data to only wingspan and converts to format usable 
% by point loads in FEMAP 
% M(:,1:3) = Panel centers        [m] 
% M(:,4:6) = Aerodynamic forces   [N] 
% M(:,7:9) = Panel moments on CG (aero moment + force moment of panel on CG)   [N–m] 
 
global CG offset 
% Convert panel moments to aero moments only 
M(:,7:9) = M(:,7:9) – cross((M(:,1:3)–CG),M(:,4:6),2); 
 
% Convert from kg–m system to g–mm   m –> mm*10^3, N–> N, N–m –> N–mm*10^3 
zero = zeros(3,3); 
I = eye(3); 
units = [1e3*I,  zero,     zero; 
    zero,      I,    zero; 
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    zero,      zero,   1e3*I]; 
 
data2output = [0,   0,     –1; 
    –1,  0,     0; 
    0,   1,     0]; 
rotation = [data2output,    zero,           zero; 
    zero,           data2output,    zero; 
    zero,           zero,           data2output]; 
 
M = M*units*rotation; 
%     M = [M(:,2).*–1e3,  M(:,3).*1e3,    M(:,1).*–1e3,... 
%          M(:,5).*–1,    M(:,6).*1,      M(:,4).*–1,... 
%          M(:,8).*–1e3,  M(:,9).*1e3,    M(:,7).*–1e3]; 
 
%Organize right side wing 
M(31:60,:) = sortrows(M(31:60,:)); 
 
% Add location offset to line up remote points in FEMAP to proper 
% locations 
for ii = 1:size(M,1) 
    M(ii,:) = M(ii,:) + offset; 
end 
 
end 
 
function [single_wing] = loads_left(M) 
% Isolate point loads for left wing 
load = M(:,4:9); 
single_wing = load(31:60,:); 
end 
 
function [single_wing] = loads_right(M) 
% Isolate point loads for right wing and mirror to model on left wing 
load = M(:,4:9); 
% To simulate right wing loads on the left wing, they must be mirrored 
% across the X = 0 plane 
mirror_force =  [–1, 0, 0; 
    0,  1, 0; 
    0,  0, 1]; 
mirror_moment = [1, 0, 0; 
    0,–1, 0; 
    0, 0,–1]; 
single_wing = load(1:30,:)*[mirror_force, zeros(3,3); 
    zeros(3,3),   mirror_moment]; 
end 
 
function NASTRAN_OUTPUT(loads,name) 
    % Develops .dat file 
    fid = fopen(['NASTRAN_LOAD_' num2str(name) '.dat'],'w+'); 
     
    fprintf(fid,'INIT MASTER(S)\n'); 
    fprintf(fid,'NASTRAN SYSTEM(442)=–1, SYSTEM(319)=1\n'); 
    fprintf(fid,'ID Femap,Femap\n'); 
    fprintf(fid,'SOL SESTATIC\n'); 
    fprintf(fid,'TIME 10000\n'); 
    fprintf(fid,'GEOMCHECK, NONE\n'); 
    fprintf(fid,'CEND\n'); 
    fprintf(fid,'PARAM,POST,–1\n'); 
    fprintf(fid,'PARAM,OGEOM,NO\n'); 
    fprintf(fid,'PARAM,AUTOSPC,YES\n'); 
    fprintf(fid,'PARAM,K6ROT,100.\n'); 
    fprintf(fid,'PARAM,GRDPNT,0\n'); 
    fprintf(fid,'PARAM,NOFISR,1\n'); 
    title = ['  TITLE = LOADCASE_' num2str(name) '.dat\n']; 
    fprintf(fid,title); 
    fprintf(fid,'  ECHO = NONE\n'); 
    fprintf(fid,'  DISPLACEMENT(PUNCH) = ALL\n'); 
    fprintf(fid,'  FORCE(PLOT,CORNER) = ALL\n'); 
    fprintf(fid,'  STRESS(PLOT,CORNER) = ALL\n'); 
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    fprintf(fid,'  SPC = 1\n'); 
    fprintf(fid,'  LOAD = 1\n'); 
     
    fprintf(fid,'BEGIN BULK\n'); 
    fprintf(fid,'PARAM,POST,–1\n'); 
    fprintf(fid,'PARAM,OGEOM,NO\n'); 
    fprintf(fid,'PARAM,AUTOSPC,YES\n'); 
    fprintf(fid,'PARAM,K6ROT,100.\n'); 
    fprintf(fid,'PARAM,GRDPNT,0\n'); 
    fprintf(fid,'PARAM,NOFISR,1\n'); 
     
    for f=1:size(loads,1) 
        fprintf (fid,'%–8s%16i%16i%16i%16.3f\n','FORCE*',name,1000000+f,0,1); 
        fprintf (fid,'%–
8s%16.4f%16.4f%16.4f\n','*',1.5*loads(f,1),1.5*loads(f,2),1.5*loads(f,3)); 
        fprintf (fid,'%–8s%16i%16i%16i%16.3f\n','MOMENT*',name,1000000+f,0,1); 
        fprintf (fid,'%–
8s%16.4f%16.4f%16.4f\n','*',1.5*loads(f,4),1.5*loads(f,5),1.5*loads(f,6)); 
    end 
     
    fclose all; 
end 

Table 17: Load Processing Functions 

INIT MASTER(S) 
NASTRAN SYSTEM(442)=–1, SYSTEM(319)=1 
ID Femap,Femap 
SOL SESTATIC 
TIME 10000 
GEOMCHECK, NONE 
CEND 
PARAM,POST,–1 
PARAM,OGEOM,NO 
PARAM,AUTOSPC,YES 
PARAM,K6ROT,100. 
PARAM,GRDPNT,0 
PARAM,NOFISR,1 
  TITLE = LOADCASE_101.dat 
  ECHO = NONE 
  DISPLACEMENT(PUNCH) = ALL 
  FORCE(PLOT,CORNER) = ALL 
  STRESS(PLOT,CORNER) = ALL 
  SPC = 1 
  LOAD = 1 
BEGIN BULK 
PARAM,POST,–1 
PARAM,OGEOM,NO 
PARAM,AUTOSPC,YES 
PARAM,K6ROT,100. 
PARAM,GRDPNT,0 
PARAM,NOFISR,1 
FORCE*               101         1000001               0           1.000 
*                12.8250       2361.1050        400.7550 
MOMENT*              101         1000001               0           1.000 
*           –626368.6500       3092.5500       2963.7000 
FORCE*               101         1000002               0           1.000 
*                12.8400       2357.1600        402.7950 
MOMENT*              101         1000002               0           1.000 
*           –616690.8000       6065.2500     –14675.4000 
FORCE*               101         1000003               0           1.000 
*                12.3000       2162.4750        369.5550 
MOMENT*              101         1000003               0           1.000 
*           –557826.7500       5656.0500     –13472.2500 
FORCE*               101         1000004               0           1.000 
*                12.2700       2153.6250        369.7800 
MOMENT*              101         1000004               0           1.000 
*           –547616.2500       2837.7000       2707.5000 
FORCE*               101         1000005               0           1.000 
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*                24.9300       1678.2300        284.4450 
MOMENT*              101         1000005               0           1.000 
*           –434287.2000       8251.0500      –8391.9000 
FORCE*               101         1000006               0           1.000 
*                24.9000       1669.3050        283.9350 
MOMENT*              101         1000006               0           1.000 
*           –419747.7000       8045.7000      –8339.1000 
FORCE*               101         1000007               0           1.000 
*                20.7600       1934.4000        331.5900 
MOMENT*              101         1000007               0           1.000 
*           –492855.0000       4767.9000       4836.0000 
FORCE*               101         1000008               0           1.000 
*                20.7150       1917.5400        332.8500 
MOMENT*              101         1000008               0           1.000 
*           –477036.0000       6284.2500      –4792.8000 
FORCE*               101         1000009               0           1.000 
*                12.3300       1808.4600        317.5050 
MOMENT*              101         1000009               0           1.000 
*           –441099.0000       3179.1000          1.8000 
FORCE*               101         1000010               0           1.000 
*                12.1350       1789.2600        316.3650 
MOMENT*              101         1000010               0           1.000 
*           –429744.0000       3077.5500          4.8000 
FORCE*               101         1000011               0           1.000 
*                19.9200       1856.1000        329.7750 
MOMENT*              101         1000011               0           1.000 
*           –455301.0000       4345.2000       4653.0000 
FORCE*               101         1000012               0           1.000 
*                19.6800       1830.8850        326.4300 
MOMENT*              101         1000012               0           1.000 
*           –438066.6000       5792.7000      –4583.5500 
FORCE*               101         1000013               0           1.000 
*                34.7550       1718.1150        306.0900 
MOMENT*              101         1000013               0           1.000 
*           –396398.4000       8500.5000         –7.9500 
FORCE*               101         1000014               0           1.000 
*                34.2000       1691.5350        300.0300 
MOMENT*              101         1000014               0           1.000 
*           –388510.9500       8301.9000        –10.0500 
FORCE*               101         1000015               0           1.000 
*                18.6900       1744.8900        308.7300 
MOMENT*              101         1000015               0           1.000 
*           –403270.2000       3791.1000       4368.3000 
FORCE*               101         1000016               0           1.000 
*                18.2250       1709.1750        302.3700 
MOMENT*              101         1000016               0           1.000 
*           –384631.5000       5112.3000      –4272.0000 
FORCE*               101         1000017               0           1.000 
*                38.8350       1591.0950        281.0250 
MOMENT*              101         1000017               0           1.000 
*           –342572.1000       8863.8000        –15.3000 
FORCE*               101         1000018               0           1.000 
*                38.0100       1552.7850        273.4650 
MOMENT*              101         1000018               0           1.000 
*           –329064.1500       8527.5000        –14.4000 
FORCE*               101         1000019               0           1.000 
*                26.9400       1586.1750        278.6700 
MOMENT*              101         1000019               0           1.000 
*           –333645.0000       5287.8000       3955.5000 
FORCE*               101         1000020               0           1.000 
*                25.8600       1536.5700        269.4150 
MOMENT*              101         1000020               0           1.000 
*           –308184.0000       6177.7500      –3823.5000 
FORCE*               101         1000021               0           1.000 
*                42.9900       1412.4150        246.7200 
MOMENT*              101         1000021               0           1.000 
*           –278427.1500       8985.9000         –2.2500 
FORCE*               101         1000022               0           1.000 
*                41.2350       1358.6250        236.0550 
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MOMENT*              101         1000022               0           1.000 
*           –258172.5000       8310.4500        –11.2500 
FORCE*               101         1000023               0           1.000 
*                39.1650       1363.5600        235.4550 
MOMENT*              101         1000023               0           1.000 
*           –249403.8000       7012.2000       3399.0000 
FORCE*               101         1000024               0           1.000 
*                36.5550       1292.1150        221.4900 
MOMENT*              101         1000024               0           1.000 
*           –227082.6000       7353.6000      –3252.9000 
FORCE*               101         1000025               0           1.000 
*                38.3550       1154.7150        196.6050 
MOMENT*              101         1000025               0           1.000 
*           –193308.7500       6827.5500          9.6000 
FORCE*               101         1000026               0           1.000 
*                34.8750       1070.1750        181.1400 
MOMENT*              101         1000026               0           1.000 
*           –168970.5000       5859.9000          4.5000 
FORCE*               101         1000027               0           1.000 
*                41.7450       1019.5200        171.0900 
MOMENT*              101         1000027               0           1.000 
*           –147470.4000       5984.5500       2554.8000 
FORCE*               101         1000028               0           1.000 
*                34.8000        893.8650        148.4850 
MOMENT*              101         1000028               0           1.000 
*           –123035.8500       5443.9500      –2222.5500 
FORCE*               101         1000029               0           1.000 
*                67.3650        767.7450        122.6400 
MOMENT*              101         1000029               0           1.000 
*            –86873.4000       8754.0000      –3830.1000 
FORCE*               101         1000030               0           1.000 
*                39.5550        530.9550         78.9450 
MOMENT*              101         1000030               0           1.000 
*            –48297.9000       4270.9500      –2665.9500 

 


