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Abstract: In many aircraft, manned or unmanned, proof loading and failure tests for the 

wing structure are required to understand the structural characteristics. These are carried 

out for required certifications and to check if the aircraft can handle the expected flight 

loads. Theoretical analysis is not generally sufficient enough in certifying aircraft; 

therefore, physical tests must be conducted. This research is planned to develop a static 

testing apparatus capable of testing Group I and Group II unmanned aerial vehicle (UAV) 

wings up to at least 5 G’s and modular for all wing planforms. This apparatus is designed 

to handle the semi-monocoque composite wings and will use a small-scale whiffletree for 

simulating the spanwise-lift distribution over the wing. The whiffletree is highly regarded 

in industry for its ability to best match the shear and bending moment created by lift. Three 

experiments are conducted after the design and fabrication of the apparatus are completed. 

Two of these experiments are carried out with the use of an aluminum beam to validate the 

apparatus’s loading characteristics in a repeatable proof loading case and failure case. 

Along with the theoretical calculations for these two experiments, an overall complete 

uncertainty analysis was conducted for the entire apparatus. The final experiment 

conducted is the test of a fiberglass composite wing designed and fabricated at Oklahoma 

State University. The results of these experiments yield that the apparatus does transfer 

loads up to an accuracy of ±5% of the theoretical analyses and that the apparatus can be 

applied to a composite semi-monocoque wing as intended. Some of the interesting 

discoveries found in this research were the uncertainty found in the whiffletree design and 

the failure mode of the wing spar. Due to the construction and requirement to be modular, 

the whiffletree was found to have a 3% uncertainty in transferring loads. While favorable 

for its intended purpose at Oklahoma State University, it may require more research to be 

conducted for more precision in transferring loads for other research. Finally, the failure 

mode of the wing used in experiment three was found to be a shear failure; however, due 

to debonding of epoxy on the shear web and skin, it is not possible to decisively say whether 

the wing failure in normal shear or transverse shear. This experiment also sparks future 

work and research to be done in studying shear failure in these composite wings. 
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CHAPTER I 

INTRODUCTION 

Motivation 

In the composite aerospace assembly research lab at Oklahoma State University (OSU), 

composite UAV airframes are being designed, fabricated, integrated, and prototyped every day. 

This lab is used for graduate and undergraduate students and generally creates a range of UAVs 

from 2 lbs. to 55 lbs. However, there have been cases where the lab has designed and fabricated 

aircraft over 55 lbs. such as a one-eighth scale of the Cessna Citation Longitude. This can be viewed 

below in Figure 1.  

 

Figure 1: OSU Cessna Citation Longitude 

Currently, graduate students generally work on research and development projects while 

undergraduates work on their senior design vehicles to compete in SpeedFest. A few examples of 
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previous research and development projects conducted at the composite assembly lab are the low 

acoustic signature reconnaissance UAV, Noctua, the long-endurance UAV, Dragonfly [1], and the 

short takeoff and landing UAV, Locust. These UAVs were all under 55 lbs. and were designed, 

fabricated, and prototyped at OSU. These UAVs can be viewed below in Figure 2, Figure 3, and 

Figure 4.  

 

Figure 2: Low Acoustic Signature UAV Noctua  
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Figure 3: Long-Endurance UAV Dragonfly 

 

Figure 4: Short Takeoff And Landing UAV Locust 
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Finally, many academic institutions, including OSU, design and build UAVs for competitions. 

These students are usually either doing UAS research, part of a student club, or students completing 

an undergraduate degree requirement with a senior design. A couple of the competitions these 

students would work to compete in are the AIAA Design/Build/Fly competition and SpeedFest. 

Design/Build/Fly began in 1996, while SpeedFest began in 2011 [1] [2]. Both competitions have a 

new statement of work every year for students to follow as they design and fabricate an unmanned 

aircraft to compete for first prize. Design/Build/Fly takes place every year in Wichita, KS, while 

SpeedFest takes place at OSU’s flight field just outside of Stillwater, OK. These UAVs generally 

range from 2 lbs. to 20 lbs. and sometimes can be seen flying over 150 mph. Below, in Figure 5 

and Figure 6, are two UAVs designed and fabricated at Oklahoma State University, one for 

Design/Build/Fly and the other for SpeedFest [1] [2].  

 

Figure 5: OSpray - Design/Build/Fly 2004  
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Figure 6: Scorpion - SpeedFest 2016 

The composite airframes constructed in this lab typically start from a statement of work 

that then translates to the designing of an airframe assembly using Solidworks. Once the design of 

the airframe is finished, the fabrication process begins, and composite molds are created. With these 

molds, the composite skin for the airframes can be manufactured. Then, the integration of structural 

components such as bulkheads, ribs, and shear webs will begin. Once the assembly of the structure 

of the airframe is done, the electrical components can be integrated. Finally, with all of the 

integration finished, the airframes are ready to have final structural tests done before flying. This 

is where more research is required. For the composite airframes fabricated in this lab, the structural 

testing is generally done to the wing where a spanwise loading using a method called the “tip test” 

is used. The test is a rough simulation of about 2.5 G’s and can be seen in the required structural 

tests for Design/Build/Fly [2]. Another method that is occasionally used at OSU is the sandbag 

method which can be viewed below, in Figure 7, testing the wing of the aforementioned Cessna 

Citation Longitude. 
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Figure 7: Sandbag Test Of Cessna Citation Longitude Wing 

These methods will be expanded upon further in Chapter II.  

UAVs are typically smaller than their manned counterparts but do share many standard 

requirements. One of these standard requirements is the ability to verify expected flight loads 

carried by the structure. Even though UAVs don’t carry human life, it is still a flight risk if the 

aircraft loses control or fails in flight. One complication for verifying structural load requirements 

for many UAS platforms is the use of composite materials, such as fiberglass and carbon fiber. 

Material properties and, more importantly, overall bending stiffness and torsional rigidity for 

composite assemblies featuring sandwich-type layups and bonded interfaces remain challenging to 

ascertain. Generally, for the wing design of fixed-wing aircraft, the max bending and shear loading 

is designed around the main spar. This is because the main spar is usually placed near the quarter 

chord of the wing, where generally, the highest magnitude of lift is created. By designing the wing’s 

max loading around the main spar, this gives an extra factor of safety on top of the typical designed 

factor of safety for the spar. This extra factor of safety is due to the design not taking into account 

the strength of the skin due to its material properties and curvature of the skin. For composite 
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aircraft, the curvature of the skin also plays a significant role in its strength and stiffness. This added 

strength from just geometry has not been heavily studied as of yet and cannot be predicted with 

very high accuracy. Along with the main spar, there are many components that go into composite 

wings that interact with one another to give the wing its full strength. Figure 8 shows some of these 

components in a wing section, along with what materials that are used for each. This wing section 

also shows a common structural design for the composite wings fabricated and developed at OSU.  

 

Figure 8: Wing Structural Components 

Some of the components shown above are the main spar, aft spar, ribs, and skin, which can be made 

up of many different materials such as balsa wood, aircraft plywood, fiberglass, epoxy, and carbon 

fiber. With all the components and various types of materials interacting with one another, many 

people in the industry are led to do full wing tests to know the true strength, stiffness, and failure 

modes of the wing. Furthermore, part quality control, especially outside of production facilities 

with skilled artisans performing the layups and industrial-grade autoclaves, leaves room for 
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structural property variation within a part among a group of the same part. Alternatively, compared 

to their metal companions, composite UAVs have a greater difficulty in predicting where/when 

failure will occur. Thus, confidence in analysis methods to verify important structural components 

can handle the flight loads they were designed for is low. Because of this, along with the current 

method of testing lacking in adequately simulating the load distribution down the span of the wing 

and testing for high G cases. This research is motivated by the standard practice in the aerospace 

industry to validate structural analyses for flight-critical parts. This thesis aims to document the 

development of an experimental apparatus that can replicate flight loads on primary wing structure 

to test the corners of the design envelope and verify ultimate loads, where appropriate. 

As previously stated, the research presented in this thesis is the development of an 

experimental static load testing apparatus for composite wings of UAVs. The goal of this apparatus 

is to be able to accurately distribute loads through a wing to simulate the wing loading created due 

to aerodynamic lift. The apparatus will be sized to be able to handle Group I and II UAVs for up to 

a minimum of 5 G’s. This paper will go through the current literature on static testing composite 

UAVs, the design and development of the apparatus, validation of the loading characteristics, and 

how this can be used for future work and experiments.  

Goals & Objectives 

As previously stated, the goal of this thesis is to develop an experimental testing apparatus 

for static testing composite wings. The following list will give the objectives to meet this goal.  

1. Conduct an extensive literature review of how composite wings are currently 

being statically tested.  

2. Design testing apparatus for static wing testing 

a. Be able to withstand simulating a wing loading for Group I and II UAS to 

at least 5 G’s 

b. Have the ability to adjust load distribution for different wing planforms 

c. Be able to test large and small UAV wings 
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3. Manufacture and assemble testing apparatus 

4. Conduct theoretical analysis to be compared to experimental data to validate the 

apparatus simulates loads as expected 

5. Show how apparatus would be applied to different wing planforms 
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CHAPTER II  

REVIEW OF LITERATURE 

Because of the complexity and interaction of components, full-scale airframe wing testing 

has always been essential for all aircraft. Testing wings to their expected ultimate loading is critical 

to understanding their failure modes and strength and stiffness characteristics. Static tests are also 

required for many certifications, such as the Far 23 airworthiness standard and ASTM F3298-19 

standard specification for the design, construction, and verification of lightweight UAS [3] [4]. 

There have been many different techniques used to do static wing testing. One of the main goals of 

static wing tests is to be able to simulate the lift distribution the wing is subjected to during flight. 

Figure 9 shows a generic visualization of the lift distribution for different wing planforms [5]. As 

shown in Figure 9, the lift distribution is not the same for each wing. Geometry plays a large role 

in how the lift distribution curve will look and therefore gives the requirement for the testing 

apparatus to be able to adapt to different wing planforms. This literature review will now go through 

three common techniques for static wing testing. 
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Figure 9: Lift Distribution for Different Wing Planforms 

The Tip Test 

Some test engineers who do not have the means of large testing apparatuses and are not 

required to meet as rigorous static test certifications have used a method called the “tip test.” As 

mentioned earlier, this method comes from the structural testing requirements for Design/Build/Fly 

[2]. The “tip test” is a method in which the wing would be held at the wingtips, and force would be 

applied at the root due to the weight of the aircraft to test the bending and shear strength at the root. 

This technique is shown below in Figure 10, while  Figure 11 and Figure 12 display the shear and 

bending moment diagrams for the UAV in Figure 10. In Figure 10, the UAV being tested was a 

UAV designed and fabricated at OSU by undergraduate students for Speedfest in 2016. This UAV 

was named Obsidian and was a jet UAV with a gross takeoff weight of 15 lbs. [1]. In the 

Design/Build/Fly rules, this test is said to be roughly 2.5 G’s in bending. This method is a good 

quick qualitative test of a UAV; it is not a quantitative test that simulates for a realistic wing 

loading. While this method is effective in testing the wing root chord and has the ability to work 

for all wing planforms, as mentioned, it does not accurately simulate the true load distribution and, 

therefore, would not have the ability to test the entire span of the wing to the loads it would 

realistically be subjected to due to lift.  
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Figure 10: Tip Test On Obsidian UAV 

 

Figure 11: Shear Diagram For Tip Test On Obsidian UAV 
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Figure 12: Bending Moment Diagram For Tip Test On Obsidian UAV 

The Sandbag Method 

 Another method used in static wing testing is the “sandbag method.” In this method, the 

test engineer takes a wing and holds it at the root chord, and begins adding sandbags from the root 

to the tip to simulate the wing loading [6] [7] [8] [9]. As previously shown in the motivation for 

this research in Figure 7, the sandbag method was conducted at OSU on the Cessna Citation 

Longitude. Another example of the sandbag method can be viewed below, where Figure 13 shows 

a static test conducted by Sonex Aircraft [6]. This method can be used for any wing planform and 

is a more accurate way of simulating the lift distribution in the wing as opposed to the “tip test.” 

However, this method can become less practical for larger wings, high G loading tests, and ease of 

changing from a range of smaller to larger wings.  
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Figure 13: Sandbag Method 

The Whiffletree 

Finally, another widespread technique for simulating the load distribution in static testing 

is the whiffletree [10] [11] [12] [13]. The whiffletree has been used in industry for years because 

of its high accuracy in simulating aerodynamic loads and variability for load placement. This 

technique for static structural testing is commonly used by many aerospace designers, such as The 

Boeing Company, Airbus, and NASA [14] [15] [16]. The Boeing Company and Airbus both have 

used the whiffletree method on their large commercial aircraft, while NASA used it to test the F/A-

18 Hornet [14] [15] [16]. These static tests can be seen in the figures below.  
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Figure 14: Boeing 787 Static Wing Test 

 

Figure 15: Airbus A-380 Static Wing Test 

 

Figure 16: F/A-18 Static Wing Test 
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This method of testing is seen in applications for smaller aircraft as well, such as four and 

two-seater aircraft and UAVs [17] [18] [19]. Although there have been many whiffletree designs 

for smaller aircraft and UAVs, there have not been many found for smaller-scale UAVs in the 

aforementioned Group I and Group II class. These tests are generally done for ultimate load testing 

for airworthiness certifications. Even though these static tests are usually used for the entire wing, 

it is not limited to only static testing full-scale wings; there have also been cases where test 

engineers have used a whiffletree to test control surfaces [16] [20].  

The whiffletree method is used to simulate the wing loading due to the aerodynamic and 

ground forces. One of the advantages of using the whiffletree method is its variability of adjusting 

for different wing planforms. The whiffletree method uses a series of strategically placed point 

loads, shown in Figure 17, that can be moved along the span to simulate the shear and bending 

loading on the wing that is due to lift. Figure 17 is an example of a four-tier whiffletree due to there 

being four levels of beams used to apply the load to the wing. More complex whiffletrees can have 

more tiers and tiers that span the chord to be more precise on loading along the wing.  

 

Figure 17: Four-Tier Whiffletree Diagram 
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An example of what a four-tier whiffletree being analytically applied can be seen can be 

first started with Figure 18, Figure 19, and Figure 20 below. While Figure 18 shows the lift 

distribution on a rectangular wing from the wing root to the wingtip and is followed by the shear 

and moment diagrams. Note: the development of these figures will be addressed in the next chapter.  

 

Figure 18: Lift vs. Distance from Root Chord 

 

Figure 19: Shear Force vs. Distance from Root Chord 
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Figure 20: Bending Moment vs. Distance from Root Chord 

By applying the whiffletree to this wing, it can be seen in Figure 21 and Figure 22 how the 

theoretical shear and bending moment of the wing compares to the shear and bending moment done 

by the whiffletree. As shown below, the shear done by the whiffletree is a slight overestimate until 

it reaches the root, where the root shear is equivalent to the theoretical root shear. While the bending 

moment below follows closely to the theoretical, it becomes a slight overestimate at the root.  

 

Figure 21: Shear Force With Applied Whiffletree 
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Figure 22: Bending Moment With Applied Whiffletree 

 This example would be for a case in which the test engineer wanted to test this wing to the expected 

ultimate load, in this case, 93 lbs. Generally, it is believed that the failure mode of a wing will be 

at the root chord, where the shear and bending moment is at its highest. However, as seen in other 

composite wing tests done by the whiffletree method, the wing can have failures in other areas such 

as control surfaces. This was observed in a static test done at Mississippi State University on an 

ultralight UAV, where the wing went under a compressive failure at the point where the composite 

wing was open cut for the aileron [21]. This is why it is essential for the load to be as accurate as 

possible to show failure modes that are not typically considered in general analyses. Because the 

whiffletree is the most practical and accurate as opposed to other methods of static testing, the 

research here will focus on developing a testing apparatus that uses a whiffletree system.
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CHAPTER III 

DEVELOPMENT AND DESIGN OF STATIC TESTING APPARATUS 

This chapter will go through the development and design of the static testing apparatus. It 

will start with a refresher of the requirements of the apparatus, then proceed to the initial analysis 

done to begin the design and rationale for component sizing, to finally, the design of the apparatus. 

The structural and power limits are displayed below in Table 1 and will be justified throughout the 

chapter. 

Table 1: Apparatus Structural And Power Limits 

Structural Limit 670 lbs. 

Power Input Limit AC 110/220 ±15%V 

Power Output Limit 12V 50A 

 

This design will be dependent on the use of the 80/20 T-Slot Aluminum Building System [22] 

decided upon due to its adaptability, variety of parts, strength, and proven use in industry. 

Therefore, a great deal of analysis will be done on 80/20 shafts throughout this design. Finally, with 

the thought in mind of having as minimal of an amount possible of parts being interchanged from 

wing to wing, this design only requires occasionally the top mounting plate in the central structure, 

the foam inserts in the wing clamp assembly, and the tension spring for the winch to be changed 
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from wing to wing. The reasoning for these needing to occasionally change and/or be modified will 

become more apparent as this chapter continues on.  

Requirements 

The goal of this apparatus is to be able to statically test a variety of composite wings for 

Group I and Group II UAVs to a minimum of 5 G’s, simulate their wing loading, and be able to 

adjust to various planforms. The Group II UAS weight class is defined by the Department of 

Defense (DoD) to be 21 lbs. to 55 lbs. [23]. This drives the structure for this apparatus to be able 

to handle at least 550 lbs. From the literature review conducted, the whiffletree is the superior 

method for simulating wing loading for this particular design. Also, due to the high amount of force 

being used in the apparatus, the ability to test from a safe distance is required. Finally, for the design 

to be able to adjust for a wide variety of wing planforms, the whiffletree will need a design that 

allows it to be modular.  

Preliminary Design 

 In Figure 23 and  Figure 24, the full assembly can be seen with the overall dimensions of 

the apparatus. The size of this apparatus is based on a wing that had a root chord of 24 inches and 

a wingspan of 102 in. These dimensions were based on a 55 lb. UAV, which, as stated before, is 

the maxima of Group II UAVs. This apparatus was sized for this wing size; however, the original 

wing used to develop the location of the point loads along the wingspan was a rectangular wing 

with a 7.5 in. chord and 59 in. wingspan. This wing is the one modeled as the test wing in Figure 

23 and Figure 24, along with the shear and moment diagrams from chapter II.  
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Figure 23: Testing Apparatus Full Assembly Front View 
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 Figure 24: Testing Apparatus Full Assembly Side View 

To start this design, an estimation of lift over a wing planform needed to be developed to 

understand what the shear and moment on a wing are. There are a few ways of approximating the 

spanwise lift distribution for a wing. A couple of reasonable methods are Schrenk’s method [24] 

and Prandtl’s lifting-line theory. The method chosen to estimate the spanwise lift was Prandtl’s 

lifting-line theory. Equations (1) and (2)  were the equations used for finding the elliptical lift 

distribution along the span of the wing. Where Γ(y) is the circulation distribution and L’(y) is the 

elliptical lift distribution.  

 
𝛤(𝑦)  =  𝛤0

√1 −
4𝑦2

𝑏2
 (1) 
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These equations were applied to the formerly mentioned rectangular wing and referred from 

Anderson’s Fifth Edition Fundamentals of Aerodynamics Textbook [25]. With the lift distribution 

now approximated, the shear and moment along the span of the wing could then be solved. The 

shear and moment along the span can be found by taking the integral and double integral of the lift 

distribution. Equations (3) and (4) show the equations required for this calculation.  

 

 

With these equations applied, Figure 18, Figure 19, and Figure 20, from chapter II, were developed 

to better understand what the shear and bending moment was at any point on the span. These 

calculations can be viewed in the Appendix Section. Now that the shear and moment along the 

wing have been developed, the application of the whiffletree can now be made. 

 As mentioned before, the whiffletree uses a series of point loads to simulate the shear and 

bending moment. For a preliminary placement of loads, it was desired to match the max shear at 

the root. Knowing the max shear at the root and the number of point loads being applied, statics 

could be used to decide what the theoretical force at each point is. This drove the placement of the 

point loads along the span to be as exact of the shear as possible. Once the placement of each point 

load was decided, the shear and moments could be solved. Figure 21 and Figure 22 were developed 

to show where the locations of the point loads along the span. Finally, with the design structure so 

heavily dependent on the 80/20 shaft, an initial analysis for the max bending moment was done to 

ensure that deflections that occur during the wing loading process do not exceed the 80/20’s yield 

 𝐿′(𝑦) =  𝜌∞𝑉∞𝛤(𝑦) 
(2) 

 
𝑆ℎ𝑒𝑎𝑟 =  ∫ −𝐿′(𝑦)𝑑𝑦 (3) 

 
𝐵𝑒𝑛𝑑𝑖𝑛𝑔 𝑀𝑜𝑚𝑒𝑛𝑡 =  ∬ 𝐿′(𝑦)𝑑𝑦 (4) 



 

25 

 

point and permanently deform. Equation (5) [26] displays the max bending moment equation where 

σmax is the maximum bending stress, I is the second area moment of inertia, and c is the max distance 

from the neutral axis.  

 

 

This analysis was done on a 1 in. by 1 in. 80/20 shaft and found a max bending moment of 

approximately 2981 lb.-in. Now with an approximation of where the point loads will be placed and 

the max bending moment limit for each structure, the detailed design and sizing could begin. 

Detail Design and Sizing 

This section will now go over the components of the design in more detail, along with their 

sizing and reasoning behind it. This will first go through understanding 80/20 because it is part of 

all subassemblies of the design. Then to the individual subassemblies, the central structure, the 

wing clamps, the electrical system, and finally, the whiffletree. All of the analyses in this section 

can be found in the Appendix section. 

As mentioned earlier in this chapter, one of the main components that allow this design to 

be possible is 80/20, along with its end feed fastener. Figure 25 displays an Isometric and cross-

sectional view of an 80/20 member. 

 
𝑀𝑚𝑎𝑥 =  

𝜎𝑚𝑎𝑥𝐼

𝑐
 (5) 
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Figure 25: Isometric and Cross-Section View of 80/20 

As seen above, 80/20 shafts give a significant amount of modularity with their patented T-slot 

design. 80/20 is made from 6105-T5 aluminum, which makes it have great strength, corrosion 

resistance, and low weight. Most of the design is made from 80/20, from the central mounting 

structure to part of the wing clamps to the beams for the whiffletree assembly. Nearly all of the 

80/20 used in this design has a 1 in. by 1 in. cross-section, except for the Tier 4 beam and top 

structure, where the analysis will later be discussed and show that the beams would not be stiff 

enough for the application.  

 The end feed faster made for 80/20 T-slotting was the first analyzed component due to its 

use for nearly all the hardware used in the design. The analysis was done on the surface area 

interaction between the 80/20 beam and 80/20 end feed fastener. The yield stress of 80/20 is 35,000 

psi. This was compared to the interaction surface area at 550 lbs. and yielded a result of a factor of 

safety to be a little above 10. This calculation can be seen in the Appendix section. Figure 26 

displays the end feed nut with the area that interacts with the 80/20 shaft shaded.  
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Figure 26: End Feed 80/20 Nut 

Central Structure 

The central structure of this design is the subassembly that the wing and winch mount to. 

This structure handles all of the loadings that come from pulling with the winch to the loading that 

goes through the fastening points on the wing. Figure 27 and Figure 28 display a Front, Side, and 

Isometric view of the central structure. 

  

Figure 27: Central Structure Front and Side Views 
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Figure 28: Isometric Central Structure View 

Because the loading starts at the base of the structure, it was designed first and built from 

the base up. The first analysis was done on the three beams that attach to the base mounting plate. 

The length of these beams was decided on due to the requirements of a max root chord length of 

25 in. There are six attachment points to the plate, two for each beam. The analysis is done for each 

beam with both ends fixed with twin point loads on the beam. A free-body diagram (FBD) of one 

beam with twin loads can be seen below.  
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Figure 29: Bottom Base Twin Loaded Beam FBD 

The analysis done on these members was for the deflection of the beams at the design load 

of 550 lbs. The calculation for deflection was decided because it was believed that the first mode 

of failure would be the stiffness of the beam. The analysis yielded a deflection of .027 in. or about 

.3% of the available vertical distance above the winch, which deemed the 1 in. by 1 in. cross-section 

stiff enough for this application. The equation referred to for this calculation was found in the tenth 

edition of Shigley’s Mechanical Design textbook [26] and is displayed below. In equation (6), F is 

the point load force, x is the distance from the datum, in this case, the left fixed point, l is the length 

of the beam, E is the elastic modulus, and I is the inertia of the beam. In these 80/20 calculations, 

both E and I were provided from 80/20’s online site [22]. 

 

 

Next, the vertical structure was analyzed. This structure’s expected first mode of failure 

was thought to be a buckling failure. Thus, the calculation for maximum allowable force before 

 
𝑦 =  

𝐹𝑥2

48𝐸𝐼
(4𝑥 − 3𝑙) (6) 
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buckling was conducted. The equation used for this calculation was Euler’s column buckling 

formula, shown in equation (7) [26] [27]. In this equation, n is a factor that is for accounting for 

end conditions, while L is the column length, and E and I are the same as for equation (6).  

 

 

With a safety factor of almost ten, there was no need to make any inertial changes to the vertical 

structure. However, the length of the vertical structure was not able to be finalized until the end of 

the design of the wing clamps, electrical system, and whiffletree. This was because the overall 

height of the apparatus was based on the required lengths of the hardware used for connecting all 

of the subassemblies. Once the other subassemblies were designed, the vertical structure length 

could be solidified at 60 in. 

 Next, the top structure for the apparatus was initially planned to be 1 in. by 1 in. 80/20 

shaft. However, after applying equation (8) [26] for the deflection of the beam, it was found that 

even though the beam does not yield under the load, its deflection of nearly .17 in. was not favorable 

and would affect the wingtip deflection data gathered from a test at the higher loads. This analysis 

led to the decision to increase the stiffness. To increase the stiffness of the beam, it was decided to 

take an inertial approach, as opposed to a material change, and exchange the 1 in. by 1 in. 80/20 

shaft for a 2 in. by 1 in. 80/20 shaft. This decision was highly favorable as it resulted in an 82% 

decrease in overall beam deflection. The overall deflection of the beam at 550lbs. after the change 

came to be .03 in. The FBD for the beam analyzed before the cross-section change to the new 

change can be viewed in Figure 30 and Figure 31. 

 

 

 
𝐹 =  

𝑛𝜋2𝐸𝐼

𝐿2
 (7) 

 
𝑦 =

𝐹(𝑙 − 𝑥)𝑥

6𝐸𝐼𝑙
(𝑥2 + (𝑙 − 𝑥)2 − 𝑙2)  (8) 



 

31 

 

 

Figure 30: Initial Top Structure FBD 

 

Figure 31: Final Top Structure FBD 

Finally, although all the structures discussed had been designed to handle the max expected 

loadings, it was still desired to have additional structure to have better load distribution throughout 
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the central structure. Therefore, the middle support structure was added to help with the alignment 

of the vertical structure and to give a little more support due to the structure being so tall. Then by 

adding the braces, it gave another avenue to relay the loads from the vertical structure to the base 

structure and to lower the stress concentrations between the vertical and base structures.  

Wing Clamps 

The wing clamps in this design are the clamps used to clamp around the wing to transfer 

the loads from the whiffletree to the wing. A side and isometric view, along with overall 

dimensions, of the wing clamps can be viewed in Figure 32 and Figure 33 

 

Figure 32: Wing Clamp Side View 
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Figure 33: Wing Clamp Isometric View 

The wing clamps attach to the whiffletree via the connecting link that is attached to an 

eyebolt on the 80/20 base. This transfers the load to the wing clamp and from the clamp to the wing. 

The 80/20 shaft on the base allows the eyebolt to be moved and placed at the quarter chord of each 

wing, where the magnitude of the lift down the chord line is at its highest to simulate the lift along 

the chord. The overall height and width of these clamps are 5 in. by 18 in. As mentioned earlier, 

the root chord of the wing this apparatus was designed around was 24 in. The expectation for a 

wing of that size root chord would not be rectangular, and so the clamps could be a little shorter in 

length to save on weight and overall size for when they are applied to wings with smaller chords. 

However, specialty clamps were also made that are 24 in. in width.  

In the wing clamp design, the largest concern was how to apply the load without crushing 

the wing. In wings made from aluminum, whiffletrees have been directly attached to the wing itself, 

or the clamps used were made from metal or wood [10] [13] [17] [18]. However, because 

composites are not as strong or as stiff as aluminum wings, they are more susceptible to skin-
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crushing failures. Aluminum wings also tend to have more ribs in a place where these clamps could 

possibly be placed, whereas composites tend to have very few ribs, if any at all sometimes. 

Therefore, the material pushing against the wing needs to be stiff enough to apply the load but also 

soft enough to not damage the composite skin. In Niu’s Composite Airframe Structures textbook 

[28], a diagram using rubber pads that are located on top of the forward and aft shear webs is shown. 

This diagram can be seen below in Figure 34. 

 

Figure 34: Wing Loading Clamp From Niu [19] 

 While this method could be viable, the concern for some smaller UAVs not having aft shear webs 

and the small area that can create large stress concentrations at the two points of contact led to the 

decision to try something different. Hence, the insulation foam was thought to be a viable option 

due to its ease of cutting to airfoil shapes, affordability, ease of access, and ability to be soft on the 

wing but still effective in transferring the load from the whiffletree apparatus. The foam used for 

this design is 1 in. thick Owens Corning foam board.  

 As shown in Figure 33, the remaining components of the wing clamp design are the slotted 

aluminum bar and the hardware used. The aluminum bar was slotted to decrease the bending stress 

on the bar when it’s in use for areas where the chord is smaller. Finally, the tensioning thumb 
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screws were decided for ease for the test engineer to not any specific tools to set up the clamps on 

the tested wing.  

Electrical System 

The electrical system is composed of six major components. The electric winch for 

applying the force, the DC power supply (12v 50A) for supplying the power to the system, the load 

cell needed to measure what the force is being applied from the winch, the receiver and transmitter 

for remote control, and finally, the electronic speed controller (ESC) for controlling the rate of pull 

done by the winch. All of these components can be viewed below in Figure 35. 

 

Figure 35: Electrical System 

The first design decision made for this electrical system was the electric winch. A 

mechanical winch was also considered; however, due to the need to be a safe distance from the 

structure, a mechanical winch would require a secondary mounting point away from the central 

structure. This was very undesirable because it would limit where the testing apparatus could be 

used and create a larger area required for testing. Since the mechanical winch was not a feasible 

solution, other options had to be considered. 
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Initially deciding how to apply the load, three potential avenues were thought of that 

differed greatly. These three avenues were hydraulic, pneumatic, and electric. Hydraulic systems 

are commonly used for larger-scale aircraft such as commercial, space, and fighter aircraft [29]. 

However, for this application, that kind of loading power is not necessary. Hydraulics also tend to 

leak constantly, which creates a mess and requires to always have more hydraulic fluid on hand. 

For these reasons, the hydraulic option was ruled out. A pneumatic solution seemed like a much 

better option than the hydraulic one. It’s not nearly as prone to leaking as hydraulics are, and if it 

does leak, it typically causes no mess. Its system is also typically much lighter than hydraulic 

systems. Unfortunately, for a pneumatic system, some of the downsides are that there is always a 

need for a compressor. And also, the need for multiple parts such as at least two hoses, a regulator, 

as mentioned, a compressor, power for the compressor, and most likely various fitting to make the 

hoses, regulator, and compressor all compatible. 

 Even with some deficiencies in the pneumatic option, it was still believed to be a possible 

option; however, looking into a fully electric system still needed to be investigated to be completely 

thorough. Once investigated more, the electric option was believed to be the better option. Initially, 

with the electric option, it was believed to only need either the DC power supply or a small car 

battery to go along with the electric winch. This was a very advantageous option due to the need to 

not have to worry about fittings leaking or extra components. There was also the additional benefit 

of the range to be further away from the testing apparatus during a test was much higher than the 

pneumatic option would’ve been. The electric seemed like the more straightforward option because 

there were so few parts. However, in testing the electric winch’s remote control, the winch was 

found to have issues with its rate of pull being too fast. So the need for additional components were 

required. Hence, the need for an ESC, receiver, and transmitter to better control the rate of the 

winch pulling. Although the addition of the ESC resolved the issue of the pull rate for the winch, 

there was still one other change required for the winch that was found later in testing. The synthetic 

rope used for the winch stretched too much and could not hold a steady tension and so the addition 
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of tensioning spring and replacement of the rope with a steel cable was done to resolve this 

stretching and tension issue. Both the pneumatic and electrical options seemed viable. And even 

though the electric option needed a few more components, it still seemed like a more favorable 

option as opposed to the pneumatic option. 

Once the loading system was decided upon, it was now time to fill out what the rest of the 

electric system required to use the electric winch. The first decision was how to power the electric 

winch. Generally, electric winches are attached to cars and ATVs and powered by the battery used 

for the car or ATV. Because a car battery is heavy, bulky, and has to be recharged, a better option 

needed to be used. This is how the idea of using a DC power supply came to fruition. Using the 

power supply allowed it to be plugged into an AC 110V/220V wall socket that could be converted 

to the required 12V 50A output. The 50A specification for the power supply was based on the 

research done about line pulling capacity versus full load current draw [30]. The estimated line 

pulling capacity at 50A is roughly 750lbs. The ESC, as mentioned earlier, was added to the system 

during the fabrication of the apparatus to give better control over the winch’s motor. The ESC had 

a rating for 6v-12V and 320A, along with a 5V 2A Battery Eliminator Circuit (BEC) fitted for a 

receiver. Next, the receiver and transmitter used were a Flysky three-channel FS-GT3B. Finally, 

with the electric winch powered and more controllable, the need for measuring the load on the wing 

was required. The best solution decided was a crane scale type of load cell because of its ability to 

link the winch cable and whiffletree. The crane scale used in the design has a resolution of .5 lbs. 

and a maximum loading of 1100 lbs. 

Whiffletree 

Finally, the last subassembly, the whiffletree is the assembly used for distributing the load 

from the electric winch along the wing to simulate the shear and bending moment on the wing. 

Figure 36 displays the assembly and components. 
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Figure 36: Whiffletree Component Diagram 

The initial sizing of each beam is based on the point load placements from the earlier discussed test 

wing in the full assembly Figure 23 but upscaled for simulating a 102 in. wingspan. All of the 

beams in Tier 1 and Tier 2 have a length of 11 in. While Tier 3’s are 23.5 in. and Tier 4 is 61 in. 

All were planned to be made from 80/20 shafts. However, an initial analysis needed to be done first 

to size what the beam cross-sections needed to be. Because all the whiffletree Tiers are under the 

same loading configuration with differing magnitudes of loading, the analysis for sizing the tiers 

were all the same. Figure 37 displays the loading FBD for all of the beams in the whiffletree tiers.  

 

Figure 37: Tier Loading FBD 
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For the first initial analysis for each 80/20 shaft, a 1 in. by 1 in. cross-section was decided. The 

analysis would be done at the design load of 550 lbs. The analysis done on each shaft was for max 

deflection and max bending moment with forces placed as far apart as possible, or worst-case 

scenario, to check for structural failure. This would be for the case if the apparatus was testing a 

wing that was at the design's span limit. Equations (9) and (10) below are the equations used for 

this analysis, while Table 2 shows the results of the analysis. 

 

 

 

Table 2: Whiffletree Initial Analysis Results For Tiers at Span Limit 

Tier Length (in.) Force (lbs.) Deflection(in.) Max Moment (lb.*in.) 

4 61 550 5.99 8388 

3 23.5 275 0.17 1616 

2 11 137.5 0.01 378 

1 11 68.75 0.00 189 

 

As shown in the table Tier 4 has a max bending moment of approximately 8388 lb.-in. As 

previously stated, for a 1 in. by 1 in. 80/20 shaft, the max bending moment before failure is 2981 

lb.-in., Tier 4 has too high of a bending moment. Referring to equation (5), the only way to increase 

the max bending moment, in this case, is by either changing the material altogether or changing the 

geometry of the beam. The first method chosen to address the issue was changing the geometry. 

By making the 80/20 shaft a 2 in. by 1 in., as done in the top structure earlier, the max allowable 

bending stress becomes approximately 10,235 lb.-in. This now allows Tier 4 only to deflect .9 in. 

 
𝑦𝑚𝑎𝑥 =  

𝐹𝐿3

48𝐸𝐼
 (9) 

 
𝑀𝑚𝑎𝑥 =  

𝐹𝐿

4
 (10) 
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and not to exceed the materials yield stress. Tier 4 will now not begin to yield until it reaches a 

force of 670 lbs. This is what defines the apparatus’s structural limit.  

Adaptation for Different Wing Planforms 

The ability of the apparatus to adapt to different wing planforms is imperative to its success. 

Hence, as previously mentioned, 80/20 was found to be the perfect choice due to its patented T-

slot. The T-slot in the 80/20 shafts allows members connected to each to slide across one another 

such as in the central structure, the vertical structure on the base structure can move out to allow 

for larger wings with wider bolt patterns to only require the need for the top plate to be changed 

out and for the structure to move to the new sized plate. Figure 38 displays the central structure at 

its max extension down the base structure.  

 

Figure 38: Central Structure at Max Extension 
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The use of the T-slot isn’t only required for the central structure but also for the wing 

clamps. The point load along the chord is placed at the quarter chord, where generally, the 

magnitude of lift is at its greatest. Because this point is a function of the chord, the 80/20 shaft 

provides the required flexibility to account for the different chord lengths. Finally, the most 

important place for the T-slot is on the whiffletree. As mentioned previously, all tiers of the 

whiffletree are made from 80/20 shaft. This allows not only for the whiffletree to change for larger 

wingspans but also for different lift distributions.  

With the structure designed to handle the appropriate loads, it is now time to show how 

this apparatus accounts for different wing planforms. A rectangular, or Hershey bar, wing has been 

shown, i.e., the wing in Figure 23 and  Figure 24, but that wing is the most classic example of a 

wing. While there are different wing planforms such as elliptical, swept, and tapered, another factor 

that must be considered is how the wing attaches to the fuselage. Typically for high and low wing 

configurations, the wing is fastened to the fuselage via some type of hardware such as bolts or 

quarter-turn locks. Figure 39 shows the top-mounted wing of the UAV, Skyfall, designed and 

fabricated at OSU by the 2015 Orange Team for Speedfest. As viewed below, the wing has four 

holes, two in the front and two in the back, where the wing is screwed into the fuselage. This 

attachment can be viewed below in Figure 40. 

 

Figure 39: Skyfall Top-Mounted Wing 
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Figure 40: Skyfall Wing Attached To Fuselage 

Mid wings, however, tend to be two-piece wings. These wings tend to have a spar that goes through 

the fuselage that acts as an alignment hole for the wing, along with an anti-rotation pin that can 

sometimes be the aft spar. Figure 41 displays the port wing for a two-piece wing, while Figure 42 

displays an example of that two-piece wing being connected with its fuselage. Notice the wing has 

a single spar tube and a built-in pin the wing to keep the wing from rotating. In case the anti-rotation 

pin is also the attachment method for keeping the wing attached to the fuselage. This UAV was 

also developed at OSU by the Orange Team for Speedfest in 2020. 
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Figure 41: Port Wing For Two-Piece Wing 

 

Figure 42: Two-Piece Wing Attachment 

To account for these different wing types and attachment methods, there are several options to 

modify the mounting plate to adjust for these different wing types and mounting methods. As 

shown previously, the full piece rectangular wing in Figure 23 and Figure 24 is a top-mounted 
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wing, so the wing in the CAD views actually portrays the wing upside down due to the whiffletree 

pulling down to the ground. To adjust for a bottom-mounted wing, the mounting plate would simply 

move from under the top structure to on top of the top structure. The wing would then be fastened 

to the plate just as it would be to a fuselage. Figure 43 displays how the apparatus would be applied. 

 

Figure 43: Apparatus With Bottom-Mounted Wing 

Next, let’s take a look at a two-piece wing. A two-piece wing is a little more tricky for testing but 

still possible. For a two-piece wing, the mounting plate will require flanges to act as the sides of 

the fuselage. This can be seen below in Figure 44 and Figure 45. 



 

45 

 

 

Figure 44: Apparatus With Two-Piece Wing Isometric View 

 

Figure 45: Apparatus With Two-Piece Wing Front View 
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Figure 44 and Figure 45 display a tapered two-piece wing at the max design wingspan and root 

chord of 102 in. and 24 in. Finally, another unique aspect of the design to accommodate for a swept 

wing is that the wing clamp eyebolts can slide down the chord to stay at the quarter chord of the 

wing so the wing can still be loaded properly. Figure 46, Figure 47, and Figure 48 display a front, 

side, and isometric view with this application.  

 

Figure 46: Apparatus With Swept Wing Front View 
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Figure 47: Apparatus With Swept Wing Side View 
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Figure 48: Apparatus With Swept Wing Isometric View 

Now that the design has been designed to meet the apparatus requirements, it is now time 

to manufacture, assemble and test the apparatus to ensure it works as intended. This will be 

expanded upon in Chapter IV.  
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CHAPTER IV 

FABRICATION AND PRELIMINARY TESTING ANALYSIS 

This chapter will walk through the fabrication of the apparatus, then go through the initial 

concept decision to decide what a viable test was to do to prove that the apparatus distributes loads 

as expected. An uncertainty analysis will also be walked through and show why it is so important 

for an apparatus with so many moving parts working together. 

Fabrication 

With the design completed, it was now time to fabricate the apparatus. Fabrication of the 

apparatus first consisted of using a CNC waterjet to cut the slots and holes inside of the top and 

bottom mounting plates, the brackets used for connecting the 80/20 members, and the top bars for 

the wing clamps. Then, the 80/20 shafts were bought and cut to their correct lengths via a miter 

saw. Finally, with everything cut to size, it was time to place hardware where required to assemble 

the apparatus. The entirely fabricated and fully assembled apparatus can be viewed below in Figure 

49 and Figure 50. An aluminum beam to act as the wing is placed on the top mounting plate to 

display all the subassemblies in use together.  
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Figure 49: Full Assembly Front View 
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Figure 50: Full Assembly Side View 

Rationale To Validate Loads Distributed By Apparatus  

Once fabrication of the apparatus was completed, there was still a need for investigating if 

the loads from the apparatus would transfer from the whiffletree to the wing clamps as expected. 

Testing a composite wing or even a metal wing to validate the loading characteristics of the 

apparatus due to the prediction of failure or tip deflection is much more complicated due to all the 
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components and complex cross-sections. Because of these reasons, it was decided that something 

simple and more predictable was required. It was decided that the best way for investigating this 

was to test a metal beam that has a known/proven deflection. A simple cantilevered aluminum tube 

with a 1 in. height and width along with a 1/16 in. wall thickness was decided to be the test 

specimen. Now that a specimen had been decided upon, it was now time to decide how to cantilever 

the beam in the apparatus and to do a theoretical deflection analysis for the beam to be later 

compared to the experimental data. To cantilever the beam, a simple bracket that could be bolted 

to the top mounting structure was decided. This bracket can be viewed and applied below in Figure 

51 and Figure 52. 

 

Figure 51: Bracket For Cantilevering Beam 

 

Figure 52: Bracket For Cantilevering Beam Applied 
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Now with the beam able to be cantilevered, it was time to do the theoretical deflection analysis for 

the beam. The first step taken was to decide where the loads would be placed along the span of the 

beam. Using the load placements that were decided for the earlier mentioned rectangular wing’s 

shear diagram in Figure 19, they were applied as the basis for the validation beam analysis. The 

FBD for this beam with the applied load locations can be viewed below in Figure 53. 

 

Figure 53: Validation Beam FBD 

The length of the beam for the analysis was decided to be 72 in., with the cantilever bracket being 

applied to the center of the span, as shown in Figure 52. Because the width of the bracket is 1 in., 

the length of the cantilever beam is 35.5 in. instead of 36 in. Next, the amount of force to be applied 

to the beam was decided to be 100 lbs. distributed across the whiffletree. Now with the length of 

the cantilever beam, the placement of the loads, and the force of the loads decided upon, it was now 

time to begin applying the appropriate equations to find the theoretical deflection at the beam tip. 

The total tip deflection of the beam is the summation of the deflection at each point load and the 

deflection of the beam due to its own weight. The deflection equation for a cantilever beam with 

an intermediate load is displayed by equation (11), while equation (12) is the equation required for 

finding the max deflection for a uniform load, i.e., the weight of the beam itself. In these equations, 
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F represents the point load force, a is the force position relative to the cantilevered end, l is the 

length of the cantilevered beam, E is the elastic modulus, I is the moment of inertia, and w is the 

loading function spanwise the beam. In this case, w is the uniform distributed load created from the 

weight of the beam. These equations were derived from Shigley’s 10th edition Mechanical 

Engineering Design [26]. 

 

 

As previously stated, the summation of applying equation (11) to each point load along with the 

uniform load equation for the weight of the beam gives the theoretical tip deflection. The deflection 

calculations for each point load were compiled and can be viewed below in Table 3. 

Table 3: Validation Beam Point Load Deflections 

 F1 F2 F3 F4 F5 

a (Force Position) (in) 6 12 18 21 27 

Force (lbs) 12.5 12.5 12.5 6.25 6.25 

Deflection (in) -0.02 -0.08 -0.17 -0.11 -0.18 
 

The summation of these deflections, along with the deflection from the weight of the beam, yielded 

a theoretical deflection of .58 in. Now with theoretical tip deflection solved, an uncertainty analysis 

must be done before testing can occur. This uncertainty analysis will be expanded upon in the 

following section.  

Uncertainty Analysis 

No measurement is perfect, whether it be because of human inaccuracy or the inaccuracy 

in the measurement device itself. Because of this, a theoretical number is not adequate enough for 

 
𝑦 =  

𝐹𝑎2

6𝐸𝐼
(𝑎 − 3𝑙) (11) 

 
𝑦 =  −

𝑤𝑙4

8𝐸𝐼
 (12) 
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an apparatus with so many moving parts that must be so precisely placed. No measurement is 

perfect and, therefore, will have a level of inaccuracy associated with all methods of measuring. To 

estimate and quantify a range of these inaccuracies together, an uncertainty analysis is used. In the 

apparatus developed, there are many areas that affect the final experimental result. In the case of 

studying the tip deflection of the previously mentioned aluminum beam, there is an overall 

uncertainty for many components, such as the placement of the wing clamps, the load cell used to 

track the force, and even the dimensions of the beam itself. Therefore, an understanding of the 

overall uncertainty in the beam’s tip deflection is crucial because of the inaccuracies and local 

uncertainties of components that propagate to affect the final result. To account for this propagation 

of uncertainty for the beam’s tip deflection, it was decided to use Smith-Kline’s method for 

propagation of uncertainty [31]. Equation (13) shows the general form of this method, where W is 

the uncertainty, R is the equation of interest, and x1-xn is the indicated variable in the equation.  

 

 

This equation will take into account all of the uncertainties that affect the final result and give the 

overall uncertainty for the equation of interest. This method is applied by taking the equation of 

interest and for each variable taking the partial differential of the equation of interest to multiply it 

by that variable’s associated uncertainty and then squaring that value. Doing this for each variable 

in the equation, summing the values, and taking the square root of the sum, finally gives the overall 

uncertainty. 

 To better understand this process, let’s look at an example of the Smith-Kline method being 

applied to an equation. As previously stated, there is uncertainty in the dimensions of the aluminum 

beam meant for testing. This shows a case for even an object bought “off the shelf,” and that is 

mass-produced, displays that there are still manufacturing errors that much be taken into account. 

 
𝑊𝑅 =  √(

𝜕𝑅

𝜕𝑥1
𝑊𝑥1

)2 + (
𝜕𝑅

𝜕𝑥2
𝑊𝑥2

)2 + ⋯ (
𝜕𝑅

𝜕𝑥𝑛
𝑊𝑥𝑛

)2 (13) 
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The moment of inertia is in every calculation for finding the total deflection of the aluminum beam. 

From the manufacturer, there are uncertainty specifications for the height, width, and wall thickness 

of the beam cross-section. As viewed below, equation (14) is the equation for solving for the 

moment of inertia of the square tube used for the experiment. 

 

 

 By applying Smith-Kline’s propagation of uncertainty equation to the moment of inertia equation, 

equation (15) is created.  

 

 

Now using equation (15), the total uncertainty for the moment of inertia can be solved. In this case, 

the moment of inertia for the square tube was .034 in.4 ± .003 or ± 8.8%.  

 There are over 20 values that have an uncertainty that propagate to the overall uncertainty 

of the theoretical deflection value. This means there are over 20 variables that can make the 

experimental value differ from the theoretical value. This is why a complete uncertainty analysis is 

imperative because it’s impractical to be as perfect in an experimental setting as in a theoretical 

setting. After doing the complete uncertainty for the deflection equations (11) and (12), the 

uncertainty of the theoretical beam deflection (.58 in.) was found to be ±.029 in. (±5%). This means 

that when testing, instead of having an acceptable singular value, there is an acceptable range of 

values. Below, Figure 54 displays a deflection vs. applied pulling force by the winch chart with 

uncertainty bars at each point to show the acceptable range values for the aluminum beam. While 

Figure 55 displays the associated uncertainty percentage vs. applied pulling force by the winch. 

 
𝐼 =  

𝑤ℎ3

12
−

(𝑤 − 2𝑡)(ℎ − 2𝑡)3

12
 (14) 
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Figure 54: Deflection vs. Applied Pulling Force By Winch For Al Beam 

 

Figure 55: Uncertainty vs. Applied Pulling Force By Winch For Al Beam 

As shown above, the uncertainty percentage as a function of force is slightly lower at the lower 

forces; however, it then converges to 5% at around 100 lbs. 

A complete, or at least thought to be complete, uncertainty analysis was done before testing 

the apparatus. However, an interesting discovery came about when testing the aluminum beam. In 
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testing, four load cells were added to the four most inboard wing clamps. This was done to check 

if the values were equivalent. While they were expected to be equivalent, it was found that they 

were not. This can be viewed below in Figure 56. 

 

Figure 56: Whiffletree With Wing Clamp Load cells 

Although they were not equal, the magnitude of the point loads was within 1% of the expected 

force over that area. This was significant because this meant that the expected load was still being 

transferred to the beam and that there was little to no loss of force throughout the whiffletree. At 

first, it was thought to be something to do with the foam inserts used to distribute the force to the 

beam. This was investigated by using a denser foam that would not deform under the applied 

loading. This foam can be viewed on the right in Figure 56. However, after testing this initial theory, 
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it was found that this was not the reason for the load disparity. The next step in investigating the 

load cell disparity was the possibility of the loads being unequal due to the eyebolts not being 

perfectly placed on the 80/20 shaft. Originally the uncertainty of the whiffletree subassembly was 

not adequately factored into the complete uncertainty analysis of the beam deflection. This was 

because it was incorrectly assumed that the uncertainty for the forces applied to the beam was half 

of the resolution of the primary load cell for the apparatus. Now that it was recognized that the 

initial force uncertainty assumption was incorrect, an uncertainty analysis was done on one of the 

tiers of the whiffletree. A generic FBD for an individual whiffletree member can be viewed below 

in Figure 57. By using basic statics, equation (16) was developed.  

 

 

Figure 57: Whiffletree Member FBD 

 

 

With equation (16) developed, by applying the Smith-Kline Uncertainty equation (Eq. (13))  to this 

equation for tier 1 beams, the uncertainty was found to be approximately ±3%. This approximation 

 
𝐹1 =  

𝐹0𝑑1

𝑑1 + 𝑑2
 (16) 
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is most sensitive to the distances of d1 and d2. This was later tested as a practical exercise on the 

apparatus and proved that moving the eyebolts does change the load at the point. Having this 

uncertainty approximation is very important because force is the second strongest driving factor of 

overall uncertainty after the inertia of the beam. While a ±5% overall uncertainty is favorable for 

the planned application in OSU’s composite fabrication lab, this, however, may not be for future 

research and, therefore, may require another user to look into limiting the uncertainty in the 

whiffletree.
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CHAPTER V 

TESTING AND RESULTS 

With the apparatus fully assembled, a defined experiment, and the preliminary analysis 

completed, it was now time to begin testing. This chapter will go through the initial flaws found in 

the design, how those flaws were addressed and fixed, procedures for setting up the apparatus for 

testing, the experimental setup for the three experiments conducted with the apparatus, and finally, 

the results of those experiments.  

Flaws Found After Apparatus Fabrication 

The first test done with the apparatus was the previously mentioned validation beam and 

was to better understand all of the components working together. This first test gave many insights 

into minor flaws in the system that affected the overall results. As mentioned in Chapter III, the 

first test did not have the ESC, transmitter, receiver, and the tensioning spring. During the first test, 

it was noticed on the load cell that the tension could not adequately be held. The load cell would 

rise to a selected value and instantly begin to lower significantly. This was thought to be caused by 

the synthetic rope that came with the winch, stretching, and the slack in the spool. To alleviate this 

issue, the synthetic rope was replaced with a steel cable. While the steel cable did help with the 

stretching issue, the slack issue on the spool was magnified due to the cable not being able to meet 

the bending radius of the spool. However, because the length of the steel cable did not need to be 

the total 10 ft. reducing the overall length of the cable to a point where it did not require as many 
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rotations around the spool helped significantly with the tension loss due to slack. Although with 

this change, the tension was held better, it was not yet adequate enough. Finally, to better resolve 

the tensioning issue, a spring was added between the winch and the load cell to keep a constant 

tension between the two. This can be viewed below with the tensioning spring linking the load cell 

and winch. 

  

Figure 58: Tensioning Spring Applied To Apparatus 

 With the addition of the spring, it was able to nearly fully resolve the tensioning issue. Now when 

applying the force, the load could be kept in tension and did not drastically drop after reaching the 

selected value.  

Next, with the tensioning issue solved, another flaw was found in that the remote control 

that was provided with the winch pulled at too high of a rate. This caused the load to jump very 

quickly on the order of 10-20 lbs. This was very unfavorable, so a new method needed to be 

investigated to alleviate this new issue. The first thought to reduce the rate of pull was to add a 

pulley to the system to halve the rate. However, after more thought, it was realized that what really 

needed to be minimized was the impulse from the winch imparted to the load cell. Therefore, while 

adding a pulley to the system would halve the pull rate, it would also double the force because it 
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would give the winch a mechanical advantage. Because impulse is a force multiplied by the change 

in time, the pulley would net no change in the impulse that needed to be lowered. The next idea to 

try was to add an ESC to the system that could then be connected to a potentiometer. The addition 

of the ESC worked to expectation and significantly slowed the rate of the winch to allow the load 

to only jump from 2-8 lbs. at a time. Now with the ESC proven to work, a new problem arose in 

that now the remote used initially was no longer usable. To control the winch remotely, it was 

decided to use the Flysky transmitter and receiver mentioned in Chapter III. This allowed remote 

control while still allowing fine controlling of the winch.  

Procedures For Setting Up Apparatus For Testing 

This section will go over the general procedures for setting up a test on the apparatus. If 

reference is needed for terminology, please refer to Figure 28, Figure 33, Figure 35, and Figure 36. 

1) Decide what wing is being tested and what its attachment method is, i.e., top-

mounted wing, bottom-mounted, or two-piece wing 

2) Modify the top mounting plate to simulate the attachment method of the selected 

wing. 

 

Figure 59: Top Mounting Plate Modified For Wing Attachment 
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3) Define and mark locations of where the point loads need to be located for 

simulating shear and moment on wing.  

 

Figure 60: Wing Marked For Wing Clamp Placements 

4) Adjust eyebolts on whiffletree tiers to appropriate locations for defined point loads 

from step 3.  

5) Adjust eyebolts on wing clamps to the desired location along the chord. 

 

Figure 61: Wing Clamps With Eyebolt Location 

6) Cut foam insulation spacer for wing clamp via bandsaw, hotwire, or Exacto knife. 
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Figure 62: Wing Clamp Foam Insert For Wing 

7) Move vertical structure into place for attachment of top mounting plate.  

8) Attach the top mounting plate to the top structure.  

9) Attach wing to top mounting plate.  

 

Figure 63: Top Mounted Wing Attached To Top Mounting Plate 
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10) Align vertical ruler stands next to wingtips and record the height of wingtips from 

the ground. This is for setting the datum for measuring deflection.  

11) Attach wing clamps onto the wing in their appropriate locations.   

 

Figure 64: Applied Wing Clamps Front View 
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Figure 65: Applied Wing Clamp Side View 

12) Verify that all wing clamps are placed in appropriate locations.  

13) Attach Tier 1-3 of the whiffletree to the wing clamps via the connecting links. 

This allows the whiffletree assembly to be broken up into port and starboard sides 

so the tiers may be attached one side at a time and not both at once. 

 

Figure 66: Applied Whiffletree For Tiers 1-3 

14) Attach Tier 4 to the connecting links of Tier 3 to link both sides of the whiffletree 

together.  
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Figure 67: Tier 4 Applied To Whiffletree 

15) Attach load cell to the bottom connecting link of Tier 4. This should now be 

approximately 30 lbs. of load distributed to the wing or sometimes referred to as 

the pre-load weight.  

16) Ensure all connecting links are fully closed.  

17) Loosen and move the mounting bottom plate to where the winch cable is in-line 

vertically with the whiffletree and load cell.  

18) Define what tensioning spring is required for loading the wing. The tension spring 

should be engaged when the planned test load is reached. 

19) Power on the load cell. 

20) Attach tensioning spring to load cell. If the spring attachment point is too small 

for the load cell hook, add the spare connecting link that will fit between the load 

cell and tensioning spring. 

 

Figure 68: Tension Spring 

21) Attach winch cable to tensioning spring.  
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22) Turn on the transmitter and plug in the power supply. Ensure the ESC switch is 

on and the receiver is plugged in. Make sure to turn the transmitter on first before 

plugging in the power supply.  

23) With everything powered, retreat to a safe distance from the apparatus.  

24) Using the transmitter, begin turning the winch.  

25) Use load cell to indicate load on test wing and load to the desired load or until 

wing reaches failure.  

Experimental Setup  

This section will overview the experiments being conducted and the experimental setup for 

each. There will be three experiments in total. 

Experiment #1  

 The first experiment conducted was the previously mentioned aluminum beam deflection 

experiment in section 4.2 for validating the load transfer throughout the whiffletree. This was also 

done to prove repeatability in the system and to simulate proof loading tests for a wing. Because 

this experiment is to show repeatability and to prove its loading characteristics, multiple tests were 

conducted for this experiment. This experiment was conducted by loading the aluminum beam to 

100 lbs. because the load of the whiffletree, or pre-load weight, is 30lbs, the load cell read roughly 

70 lbs. The deflection of the beam was measured on both sides via vertically mounted rulers, shown 

in Figure 66. When setting the datum and measuring the deflection, the beam was measured at its 

neutral axis. This data was initially recorded through pictures and input into an Excel spreadsheet, 

but due to an apparent parallax error in the photos, data was recorded via notebook and then input 

into an Excel spreadsheet. 

Experiment #2 
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 The second experiment conducted after the deflection experiment was finished was to 

simulate a failure test using the aluminum beam. Because part of the apparatus’s function was to 

be able to test wings to failure doing so on the aluminum beam was significant because of the 

known yield stress of the material. The setup was the same as in the first experiment, with the loads 

placed in the exact same locations, except now the load was applied to and past the allowable max 

bending moment of the beam. Once the theoretical value for the allowable max bending moment 

was found, it was used as a guide to know how much force was required to be applied to the beam. 

Because of the elastic properties of the aluminum beam, the only way to know when it had reached 

its yield point was to apply the load and then release the force and check if the beam had 

permanently deflected. To know if the beam had permanently deflected after applying a load, the 

vertical rulers from the first experiment were used to measure the deflection with the beam with 

the pre-load weight on the beam. Having the pre-load weight on the beam before setting the datum 

on the ruler was very important because after applying a load and checking for permanent 

deformation, the pre-load weight would still be attached to the beam. Removing the whiffletree to 

check for permanent deformation would be cumbersome and increase the potential of introducing 

errors in the experiment, and therefore setting the datum after attaching the whiffletree is more 

favorable. Just as in the first experiment, the datum and deflection measurements were evaluated 

at the neutral axis.  

Experiment #3 

 Finally, the third experiment conducted was testing a composite wing to failure. The 

whiffletree configuration for testing the wing was moved 1 in. inboard of the previous tests on the 

aluminum beam. Now the point loads from the half-span of the wing are at a distance of 5 in., 11 

in, 17 in., 20 in, and 26 in. The wing used in this experiment was exactly like the wing viewed in 

previous Solidworks models, except with a slightly smaller span. The overall dimensions and airfoil 

of the wing used in this experiment had a span of 55.5 in., a chord of 7.5 in., and used a NACA 
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2412 airfoil. This wing was designed and fabricated at OSU and is comprised of a fiberglass skin, 

carbon tow spar caps, cross-grain balsa shear web, and aircraft plywood ribs. Below, Figure 69, 

Figure 70, and Figure 71 display internal top and side views of the wing along with the actual 

fabricated wing used for testing.  

 

Figure 69: Experiment 3 Test Wing Internal Top-View 

 

Figure 70: Experiment 3 Test Wing Side-View 

 

Figure 71: Fabricated Experiment 3 Test Wing 

 The wing’s skin has a layup of 90/45/Divinycell Foam/45/90. The divinycell foam, shear 

web, and ribs are each 1/8 in. thick. Before setting up the experiment, an estimated value needed to 

be estimated for when the composite wing would fail. To estimate this value, a Wing Spar analysis 

program that was developed at OSU’s composite aerospace assembly lab for designing composite 

wings was used to estimate the failure mode and value of failure. This program takes inputs for the 

geometry of the wing and I-beam spar along with the material properties for the spar caps and shear 
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web. Before calculating stress and strain on the spar, the spar is transformed into a homogenous 

material using the transform area method. To calculate the stress and strain on the spar, the program 

calculates the aerodynamic loads on the wing and applies these loads to the spar. Once the 

calculations are finished, the program outputs if the spar is within the limits of the flight envelope 

and will not fail or if it will fail in either pure shear, strain, compressive failure due to bending, 

tensile failure due to bending, or shear buckling. The inputs and results for the Wing Analysis 

program can be viewed below in Figure 72 and Figure 73. 

 

Figure 72: Wing Spar Analysis Spar Inputs 
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Figure 73: Wing Spar Analysis Results 

As viewed above, the wing is expected to fail in shear at a root shear force of 97 lbs. The root shear 

force and bending moment were noted to be compared to the experimental data after testing was 

finished.  

 Setting up for this experiment, the procedures list from the previous section was used. 

Taking note of the wing’s height with the vertical rulers before adding the pre-load weight was 

done to set the deflection datum. Because this is an experiment that tests the wing to failure, the 

test was recorded to know the exact value of failure and deflection of the beam. The sum of the 
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load cell’s value at failure and the pre-load weight divided by two gives the maximum root shear. 

The sum is divided by two due to the attachment method (square four-bolt pattern); it fundamentally 

creates two cantilever beams. However, to get the maximum bending loading on the wing, a static 

analysis is required. 

Results 

Experiment #1 

 

Figure 74: Aluminum Beam Deflection Experiment 
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In the first experiment with the aluminum beam, two beams were used with a total of 17 

tests. After the fourth test, the first beam was noticeably yielded and was determined to be done so 

sometime between tests 3 and 4. As mentioned earlier, in the first test, the system had issues with 

holding tension, and because of that, it was concluded that it was the reasoning for the two sides to 

differ so much and to be so much lower than expected. However, before this conclusion was made, 

a theory that the twist of the beam was causing a stiffness difference from one side compared to the 

other. It was believed that the aluminum beam was work hardened when manufactured and possibly 

could’ve caused the beam to be stiffer. This is because work hardening decreases ductility and can 

increase the strength of the material; this at first seemed very plausible. However, after more 

research and consideration, the realization that stiffness and ductility are not related due to stiffness 

being directly related to the material’s elastic properties, while ductility is directly related to the 

material’s strength properties. While work hardening does change the material’s strength 

properties, reducing ductility, it does not affect the material’s elastic modulus and therefore does 

not affect the stiffness characteristics of the material. The consideration of the inertia being different 

on the more twisted side was also considered; however, due to the cross-section of the beam being 

symmetrical across the vertical and lateral axes, the inertia is the same in any rotated configuration.  

As previously stated, there were a total of 17 tests conducted; however, there are 34 data 

points because the deflection of the beam was measured on both the left and right sides. Figure 75 

displays the experimental data gathered from these tests.  
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Figure 75: Experimental Deflection vs. Force Data 

As shown above, the experimental data is plotted along with the theoretical deflection vs. the force 

applied from the winch. In this case, if the beam were a wing, the force would be the total lift 

created by the wing. The uncertainty bounds are also plotted on this chart. As mentioned earlier, 

the uncertainty for the deflection of the aluminum beam was ±5%. In this upper and lower bound 

case, it also accounts for the uncertainty of the measurement device (vertical ruler) used to 

physically measure the deflection of the beam. In this case, the vertical rulers, as seen in Figure 49, 

the uncertainty of the ruler is 1/16 of an inch, which is half the resolution of the ruler. Therefore, 

the uncertainty bounds graphed in Figure 75 were ±5% ±.0625 in., or ±15.7%. This ±15.7% does 

not apply to the shear and bending moment because those are measured by the load cell and are 

already accounted for in the full uncertainty analysis conducted earlier. The data above displays 

that the apparatus can repeatedly be predicted for a specific deflection and provides strong 

confidence that forces applied and distributed throughout the whiffletree are indeed transferring to 

the beam as expected.  
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Figure 76: Aluminum Beam Yield Experiment 

 The deflection tests previously conducted not only were to prove the apparatus’s accuracy 

and repeatability but also to simulate a wing being tested to an ultimate or proof load specification. 

While one of the apparatus’s goals is to test wings to proof loads, as previously stated, it is also 

intended to test wings to failure and to assist in finding weaknesses in wing designs. With the 

deflection tests for the beam completed, a failure test for the aluminum beam could now be 

conducted. Using equation (5) to solve for the max allowable bending moment before yielding, it 

was calculated to be approximately 2414 lb.-in. With the same whiffletree configuration for the 
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beam deflection tests, it was calculated that the required load to reach the max allowable bending 

moment to begin yielding the beam was approximately 322 lbs. As mentioned in the experimental 

setup, in this experiment, the beam had to be loaded and then released to be checked for permanent 

deformation. Because the expected failure load was 322 lbs. the beam was first loaded up to 300 

lbs. and then checked for permanent deformation. There were no signs of permanent deflection as 

the beam went back to the previously set datum. Next, the beam was loaded to 330 lbs. and checked 

again. This time the beam had indeed shown permanent deformation as both sides of the beam were 

permanently deflected by .125 in. To check and ensure the beam was indeed in its plastic zone, the 

beam was loaded to 390 lbs. and then evaluated for its new deflection. This gave a value of .5 in. 

for both sides of the beam and left no doubt that the beam had exceeded its yield point. Because 

there was no way to know the exact moment the beam yielded, it could be concluded that the beam 

did yield somewhere between 300 lbs. and 330 lbs., which gives a percent error range of 2.5% to 

6.8%. Figure 77 displays the aluminum beam permanently deformed from this experiment.  

 

Figure 77: Permanently Deformed Aluminum Beam 

Experiment #3 
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Figure 78: Composite Wing Setup Before Testing 

Finally, for the third experiment, the aforementioned Wing Spar analysis program was used 

to estimate the failure mode and value of failure. It estimated the failure mode to be a shear failure 

with a max root shear of 97 lbs. During the test at around 140 lbs. an initial bit of cracking could 

be heard followed by a few more around 180 lbs. until eventually reaching its catastrophic failure 

at 209 lbs. This would mean the wing experienced a root shear force of 119.5 lbs, recall; as 

mentioned in the experimental setup section, the root shear force is the sum of the load cell value 

and pre-load weight divided by two. By doing a static analysis, the experimental bending moment 

was calculated. Table 4 displays the theoretical root shear force and bending moment values 

calculated earlier, along with experimental results and the percent error of the results. The percent 
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error for the root shear and bending moment were 23% and 33%, respectively. This is not surprising 

that the wing was slightly stronger than the estimated failure due to the Wing Spar Analysis tool 

only calculating for the spar and not the other components of the wing. Figure 78 and Figure 79 

display before and after photos of the wing test.  

Table 4: Composite Wing Test Results 

 Theoretical Experimental Percent Error 

Root Shear Force (lbs.) 97 119.5 23% 

Root Bending Moment(lb.-in.) 1256 1673 33% 

 

 

Figure 79: Composite Wing After Reaching Failure  
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After the wing had reached failure, it was time to fully unload the wing and detach it from the 

apparatus to be investigated for its failure mode. The only visible failure was that the wing had 

opened at the seamline of the wing, which in the wings case is its camber line. However, once the 

force was released, it closed and was no longer visible. The only way to see the burst seem was to 

reapply a bending moment to the wing. With the wing known to have an apparent failure 

somewhere on the wing, it was time to investigate and inspect the wing.  

 The first step in investigating the wing was to ensure the insulation foam used in the wing 

clamps distributed the force well enough and did not crush the fiberglass skin of the wing. As 

hoped, the insulation foam worked adequately in distributing the loads while not creating any areas 

of stress concentrations that the skin couldn’t withstand. There were also no signs of buckling 

failure anywhere on the outside. The outside of the wing was unchanged after the test in comparison 

to the wing before testing. With the outside of the wing showing no failures, it was time to 

investigate internally. To investigate the spar, a section was cut out of the bottom side of the wing 

and can be viewed below. 

 

Figure 80: Wing With Cut Out Section 

After cutting the wing open, it could be concluded that the wing failed in shear; however, it is 

uncertain if the wing failed from the shear in the shear web or the transverse shear going through 

the shear web and/or the epoxy bond of the shear web to the spar cap. Figure 81 and Figure 82 

show a close-up of the wing’s shear web at the root and at the quarter span of the wing.  
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Figure 81: Wing Shear Web At Wing Root 

 

Figure 82: Wing Shear Web At Quarter Span 

There is a clear shear failure at the root with a crack in the balsa that propagates vertically and then 

in the transverse direction along the epoxy bond line. Along with the crack at the root, another shear 

failure can be found at the quarter span. There is also clear debonding of the shear web from the 

epoxy, along with signs of debonding of the epoxy from the fiberglass skin. The break in the shear 

web at the quarter span is believed to have happened as a result of other failures beforehand. At the 

quarter span location, when the wing failed at 119.5 lbs. there was a clear large amount of torsion 

on the wing, which is believed to have caused the break at the quarter span. However, between the 

shear failure at the root or the debonding on the epoxy, there is no way to definitively say which 

happened first or if both happened simultaneously. This will require further investigation and tests 

that go beyond the scope of this research. 
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CHAPTER VI 

SUMMARY AND FUTURE WORK 

This chapter will wrap up all the knowledge gained from this research and the goals 

achieved from this thesis. Along with this, there will also be a section about future work this thesis 

could potentially lay the foundation for.  

Summary 

The motivation of this thesis was to develop a static structural testing apparatus for 

composite wings. In this thesis, the methods of static wing testing were expanded upon, an 

analytical approach to designing an experimental apparatus, to finally, testing and validating the 

design apparatus. This research conducted the design of an apparatus for testing small-scale UAS 

wings not commonly found in industry today and how difficult it can be to simulate the stresses lift 

creates on a wing structure. It also provided insight into how significant a proper uncertainty 

analysis is and must be considered for experiments using a similar testing method and or design. 

Finally, it provided questions about wing failure modes that can be studied in future research. 

Goals Achieved 

As previously stated in Chapter I, the goal of this thesis was to design an experimental 

apparatus for testing small-scale UAS wings, with the objectives of this research to reach this goal 

as follows. 
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1. Conduct an extensive literature review of how composite wings are currently 

being statically tested.  

2. Design testing apparatus for static wing testing 

a. Be able to withstand simulating a wing loading for Group I and II UAS to 

at least 5 G’s 

b. Have the ability to adjust load distribution for different wing planforms 

c. Be able to test large and small UAV wings 

3. Manufacture and assemble testing apparatus 

4. Conduct theoretical analysis to be compared to experimental data to validate the 

apparatus simulates loads as expected 

5. Show how apparatus would be applied to different wing planforms 

For this research to be considered successful, these objectives need to be met. Objective 1 

was met addressed and met in Chapter II and led to the decision to use a whiffletree for the testing 

apparatus because of its superior ability to simulate the forces acting on a wing as opposed to other 

testing methods. Objectives 2 and 5 were met in Chapter III. Objective 2’s sub-objectives were 

addressed by a thorough mechanical analysis of the highly modular 80/20 shafts used extensively 

throughout the design and sized for any Group I and Group II UAS to a loading of, at the very least, 

5 G’s. Finally, Objectives 3 and 4 were completed in Chapter IV. The deflection experiment chosen 

to validate that the loads were applied as expected was an experiment with a high figure of merit 

as it is used commonly in many mechanical behavior and material science courses as a fundamental 

way of comparing gathered experimental data to a theoretical analysis. This experiment not only 

validated the whiffletree applied and distributed loads as it was intended but also displayed the 

importance of a complete uncertainty analysis for all components of an experiment, including items 

bought “off the shelf.” Finally, this research also meets a goal in the motivation section of Chapter 

I, in that OSU’s composite aerospace assembly lab now has a better and more accurate way to proof 

load most UAVs produced in the lab for the long-term future of its work.  
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Future Work  

While the research in this thesis is significant in better understanding the whiffletree and 

structural testing wings, there is much more future research that can be produced from this research. 

As mentioned in testing the composite wing to failure, there was no way of definitively knowing 

exactly how that wing had failed. Future research could be conducted in if the normal shear was 

the limiting factor or potentially the transverse shear. It could also be a case of poor surface 

preparation for bonding the components. With this apparatus fabricated and available at OSU, other 

failure modes outside of shear can be studied, such as root bending moment, compressive or tensile 

failure, and how the loads transfer through the wing when there is a control surface or cut open 

section in the wing. This research could be used to gather experimental data to be compared to 

theoretical analyses such as OSU’s Wing Spar Analysis program or a finite element analysis. There 

are countless amounts of research that be helped from the research presented and could provide a 

greater understanding and knowledge of how composites fail and interact.  
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