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ABSTRACT 

Effect of Low Velocity Impact on the Vibrational Behavior of a Composite Wing 

 

Richard de Luna 

 

 Impact strength is one of the most important structural properties for a designer to consider, but it 

is often the most difficult to quantify or measure.  A major concern for composite structures in the field 

is the effect of foreign objects striking composites because the damage is often undetectable by visual 

inspection.  The objective for this study was to determine the effectiveness of using dynamic testing to 

identify the existence of damage in a small scale composite wing design.  Four different impact locations 

were tested with three specimens per location for a total of 12 wings manufactured. The different impact 

locations were over the skin, directly over the rib/spar intersection at the mid-span of the wing, directly 

over the middle rib, and directly over the leading edge spar.  The results will be compared to a control 

group of wings that sustain no damage.  The wing design was based on an existing model located in the 

Cal Poly Aerospace Composites/Structures lab.  The airfoil selected was a NACA 2412 airfoil profile 

with a chord length of 3 inches and a wingspan of just over 8 inches.  All parts cured for 7 hours at 

148°F and 70 psi.  The wings were each tested on a shaker-table in a cantilever position undergoing 1g 

(ft/s
2
) acceleration sinusoidal frequency sweep from 10-2000 Hz.  The 1

st
 bending mode was excited at 

190 Hz and the 2
nd

 bending mode was excited at 900 Hz.  After the pre-impact vibrational testing each 

wing was impacted, excluding the control group.  To verify the experimental results, a finite element 

model of the wing was created in ABAQUS.  The frequency and impact numerical results and the 

experimental results were in good agreement with a percent error for both the 1
st
 and 2

nd
 mode at around 

10%. 
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1. Introduction  

 In this chapter, the definition of composite materials and composite manufacturing methods will 

be explored.  First, a breakdown of what makes a material composite will be evaluated and then a few 

different types of composite materials are introduced.  Afterwards, some manufacturing techniques will 

be discussed.  Finally, this chapter will wrap up with a look at the effect of impact damage on composite 

structures, previous work done in this area and the objective and scope of this study. 

1.1. Overview of Composites 

 Composite materials are not a new discovery found in the last few decades, but have been around 

for thousands of years.  Some of the earliest uses for composite materials came from the manufacturing 

of mud bricks by the Israelites [32].  They combined clay and straw to create bricks that were able to 

reinforce buildings, better than traditional clay bricks.  Another example of early composite usage is the 

composite bow used by the Mongols in their conquest of Asia.  This bow was fashioned from a 

lamination of bone, wood, and glue and was able to generate more power than traditional bows.  

Throughout history, it can be shown that composites have been implemented to give someone an 

advantage over substitute items or systems.  More recently, this has been occurring in the aerospace 

industry with aircraft and spacecraft systems making the transition to designs that heavily implement 

composite materials. 

 What defines a composite for this thesis is two or more materials combined on a macro level to 

create a new material with improved properties.  The key distinction between composites and metal is 

that composites vary on a macro scale while metal alloys, which are also a combination of multiple 

materials, vary on a micro scale.  On a large scale, alloys are said to be homogenous and therefore cannot 

be considered a composite material.  One major benefit to composites is the userôs ability to tailor a 

composite to the type of situation it will be used in.  If a very stiff, rigid structure is desired, a mixture of 

resin and fibers can be created to adhere to that design.  If instead a flexible yet light structure is desired, 
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a different combination of resin and fiber can work.  Some of the different properties that can be 

specifically calibrated are: stiffness, strength, fatigue life, weight, corrosion resistance, thermal 

conductivity, and thermal insulation.  It is important to note that not all of these properties can be 

improved at once.  Each property has tradeoffs that must be made.  For example, if you want a very 

strong material, then the fatigue life of the material will be much shorter.  These types of tradeoffs are 

always considered when determining what material will be used in a design. 

 Across the board, composite materials are experiencing increased usage over traditional materials 

(e.g. aluminum, steel).  The reason for this growth is due to the uncommon customization that can be 

performed with composite materials and the general overall weight savings gained from using composite 

materials over metals. 

1.2.  Types of Composites 

 There are many different ways to classify composites today varying from the type of fiber 

reinforcement used to the type of resin mixed with the fibers.  The various types of reinforcements are 

particulate, fibrous, and laminated [1].  Each type of reinforcement can produce a material with very 

different characteristics so it is important to have an idea of how each material performs before making a 

selection in a design. 

 Particulate composites consist of one or more materials contained or suspended within a different 

matrix material.  This type of composite can be composed of both metallic and nonmetallic particles 

depending in the desired use.  One very common particulate composite used worldwide is concrete.  

Concrete is a mixture of rock and sand contained within a mixture of cement and water.  When the water 

and cement are mixed, a chemical reaction causes the material to harden while the sand and rock is used 

to strengthen the final material.  Concrete has exceptional compressive properties and can last an 

incredibly long time under appropriate conditions.  However, this type of composite is very susceptible 

to cracks and creep causing failures.  Another form of particulate composite is cermet.  Cermet is a 
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mixture of nonmetallic particles suspended in a metallic matrix [1].  Major uses of cermets are in 

resistors and capacitors.  This is because a cermet can operate in high temperature environments (e.g. 

resistors). 

 Fibrous or fiber-reinforced composite materials can be classified as a combination of very thin 

fibers embedded into a matrix, typically resin.   The purpose of the resin is to suspend the fibers in place 

and facilitate load transfer between them as well as protect the fibers from environmental damage and 

wear.  Figure 1.2.1 illustrates the typical fiber-reinforced composite material [25].  There are two 

classifications of fibrous composites; continuous and discontinuous.  Continuous fibers excel under 

loading conditions that involve linear forces applied along the fibers but tend to be susceptible to failures 

under shear loadings.  These types of materials are also likely to be brittle and have little to no plasticity 

before failure.  This type of fiber is typically made by aligning fibers in a specific direction and then 

embedding resin into the fibers to give some rigidity to the structure.  Discontinuous fiber composites are 

used more in secondary low stress structures 

due to the lower overall strength properties.  

This composite is created as continuous fiber 

composites except the orientation of fibers is 

not controlled.  This means that discontinuous 

fiber composites cost much less to 

manufacture.  Two of the most used fiber 

reinforcements are glass-fiber polymers 

(fiberglass) and carbon-reinforced polymers. 

 The final type of composite material is a laminate.  A laminate is a combination of at least two 

different materials bonded together to form a single material.  Laminates are used to combine the best 

aspects of multiple layers to result in a higher quality material such (e.g. low weight, high strength, or 

elevated attractiveness).  Laminates can be made of multiple fibrous composite layers at varying angles 

Figure 1.2.1: Unidirectional fiber orientation of a 

composite laminate 
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to improve certain traits.  For example, when building a tube out of composite materials carrying torque 

loads, orienting fibers at +45° and -45° allows the composite laminate to carry much higher torque loads 

when compared to a tube with fibers oriented at 0°.  However, if you require a part to have very high 

tensile strengths, then having a laminate with a majority of fibers oriented along the tensile load will 

perform better than a laminate of +45° and -45°.  This simple customization is the reason for the 

widespread use of fiber-reinforced composites today. 

 Another form of laminate is a sandwich panel.  This type of composite typically is made up of a 

low density core (e.g. foam, honeycomb) being ñsandwichedò and bonded between two thin laminated 

face sheets.  This process dramatically increases structural stiffness with very little weight increase due 

to the low density core material used.  Attempting to mimic this stiffness with a laminate is not feasible 

because the number of layers required to produce the equivalent stiffness would be very cost inefficient.  

Typical face sheet materials include fiberglass, carbon fiber, and natural fibers (e.g. hemp).  A practical 

use for sandwich panels is floor and wall panels in aircraft because large area wall and floor panels can 

be created with very little added weight to the structure.   

1.3.  Manufacturing Techniques 

 The manufacturing process for composites varies widely depending on the cost and time 

available.  Each process has its own advantages and disadvantages and these characteristics is how 

manufacturers decide how to cure the composite materials used.   These processes include: hand lay-up, 

resin infusion, press molding and autoclaving.  There are common traits that each of these processes 

require.  The first is the addition of thermal energy to cure and solidify the matrix of the composite.  This 

can be done either by heating the part to a desired temperature or using a two-part matrix generating its 

own heat through a catalytic reaction.  The second common trait is pressure being applied during curing.  

Pressure needs to be applied to the part to squeeze out excess resin and to ensure no air bubbles in 

between the laminates.  Air bubbles between the laminates can severely degrade the structures overall 

strength and may cause premature failures. 
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 The most common method is the hand lay-up method.  This method involves impregnating dry 

fibers with resin by hand and then layer by layer, placing sheets over a mold and then curing at room 

temperature while under a vacuum.  This process can be sped up by artificially heating the part in an 

oven or on a heat table.  The resin typically used in this method is a low viscosity resin that flows easily 

and hardens over a long time period.  This is done specifically so that excess resin can be drawn from the 

part under vacuum.  A side effect of this manufacturing process is that the laminate quality is entirely 

dependent upon the operatorôs skill and exhibits a higher variability from batch to batch.  This type of 

process would not be suitable for large scale or high performance designs.   

 Resin-infusion is a method mimicing the hand lay-up method but differentiates itself when the 

fiber is impregnated with resin.  For the hand lay-up, resin is applied by hand and then sealed in a 

vacuum whereas with resin-infusion, the vacuum is first pulled over the dry fibers and then the resin is 

drawn into the mold by the vacuum pump.  This method produces a higher quality part because the resin 

is more evenly distributed. 

There is an alternative to this method and it involves the use of pre-impregnated (pre-preg) fiber.  

There are two methods to manufacturing pre-preg, the first involves a two-step process by which resin is 

spread across one face of a sheet and spun into rolls [7].  The second step is to mix the fiber and resin 

into a single roll.  Done by drawing fiber through a series of rollers, a heating table, a cooling table, and 

a light table.  The purpose of the heat table is to liquefy the resin so that it flows around the fibers and 

creates a uniform ratio of fibers to resin.  The cooling table is then used to cause the resin to become 

more viscous and bind to the fibers while the light table is used to inspect the roll for defects or 

anomalies that can occur during manufacturing.  This first method is used to impregnate both 

unidirectional fibers as well as weaves (Figure 1.3.1)[ 7].  The second method of impregnating the fiber 

is to combine the first and second stages into a single step. This method is used only for woven fibers 

[7].  It begins with a roll of woven fiber being drawn into a resin bath.  The resin bath is then cooled to 

solidify the resin.  Using pre-preg is superior to a hand lay-up because of the consistency increase from 
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part to part.  It is also easier to lay-up due to the highly viscous nature of the resin used in pre-preg.  

Resin used for hand lay-ups tend to flow very easily while resin used in pre-pregs is very tacky and 

stable.  These resins are designed to begin flowing after certain temperatures are achieved.  However, 

lead to a major challenge for working with pre-laminates as they require bulky machinery to heat the 

resin for curing.   

One method of curing pre-preg laminates is to use a heat press (Figure 1.3.2) to squeeze excess 

resin and air out of the laminate while adding energy into the structure to solidify the resin.  This method 

requires a minimum of a two-piece mold that can withstand both the temperatures and compressive 

forces applied during curing.  The press pictured uses a piston to drive the bottom platen upward and 

compressing the substance between the upper and lower platens while also adding heat to cure the part.  

Heat presses are not restricted to this size.  Some presses produce wall sized panels for aircraft and have 

the capability of compressing the part under thousands of pounds of force.   

 

Figure 1.3.1: Method of impregnating fibers with resin 
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The last method of manufacturing is the 

use of an autoclave. This is the preferred 

method of curing for high quality and high 

consistency parts.  The process involves laying 

up the composite over a mold and then 

enclosing the part in a vacuum bag and 

debulking the part.  Debulking is the process of 

leaving a part under vacuum for a few minutes 

to draw as much air as possible out of the layers.  

After debulking, a part is taken to the autoclave 

which typically is a pressurized and heated 

cylinder.  Autoclaves produce such high quality 

parts due to the high pressure achieved during 

the curing cycle.  Autoclaves can cure parts at pressures upwards of 90 psi and temperatures from 250°F 

and above. 

1.4. Impact Behavior of Composites 

 A constant concern in composite structures is the effect of foreign object impacts on the structural 

integrity of any system using composite materials.  Impacts can vary from common low velocity strikes 

like a tool drop during maintenance to high velocity impacts like debris striking the aircraft.  The most 

dangerous and least common type of impact is a high velocity, high mass impact such as a bird strike.  

An example of this type of impact can be seen in Figure 1.4.1 [29].  Collisions such as these can not only 

severely damage the structure but also cause catastrophic events, like in flight emergencies.   However, 

low velocity impacts are just as dangerous because of how difficult this damage can be detected.  

Overall, low velocity impacts reduce the strength of composites and often cause considerable subsurface 

damage to a structure.  The most common impacts of this type that occur are hail, debris at takeoff, or 

Figure 1.3.2: Heat press used to cure composite 

materials in the Cal Poly aerospace composites lab 
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tools dropped during maintenance of the aircraft.  This type of damage is typically simulated with either 

a drop tower or air cannon. 

 Impact strength is a structureôs ability to resist high-rate loading.  This is one of the most 

important structural properties for a designer to consider, but is often the most difficult to quantify or 

measure.  A constant concern for composite structures out in the field is the effect that nonvisible 

damage will have on a system.  An impact into a composite structure can create interlaminar damage, 

often resulting in a severe 

reduction in strength and 

stability of the structure 

(e.g. Figure 1.4.2 )[30].  

In the Figure 1.4.2, the 

danger of impact damage 

is not just isolated to the 

immediate area 

surrounding an impact 

Figure 1.4.1: Aftermath of a bird strike to the nose of an aircraft  

Figure 1.4.2: Effect of impact damage on a composite laminate 
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location, but also spreads the damage outward between composite layers.  It is the subsurface damage 

like the interlaminar cracks that are very difficult to detect. 

1.5.  Previous Research on Impact behavior of Composites 

 There have been vast amounts of papers and studies done on the impact behavior of composites 

with a focus on low velocity impacts.  Perez et al., [9] examined detecting impact damage using 

vibrational testing of composite laminates.  The dynamic loading condition was each laminate hanging 

freely and then tapped with a roving hammer to produce the modal excitations of the laminate.  The 

testing showed that large changes to the dynamic characteristics of the laminates were key indicators a 

laminate had sustained impact damage.  The laminates were made of unidirectional carbon fiber plies 

with an orientation of [45°/0°/-45°/90°]5s for a total of 40 plies per laminate used.  The impact test 

followed ASTM D7136 with impact energies ranging from 6.6 to 70 J.  The dynamic characteristics of 

each sample were characterized using a mono-axial accelerometer.  The results of the testing showed 

impact-induced damages resulted in detectable changes in the vibration response of the test coupons.  It 

was also determined the mode shapes tended to show the largest changes. 

 A second effort into assessing the delamination of composite materials was done by Garcia et al. 

[10], in which a method for diagnosing damage in structures was tested.  The method tested was to 

measure the time domain structural vibration response of test specimen.  Delaminations were created in 

the test specimens by placing Teflon sheets to create a discontinuity between the laminate layers.  It was 

determined that this method of detection was measure small changes in the vibrational response of the 

composite laminates.  It was also shown that detection method was able to localize the delaminated areas 

based on looking at the nodal responses of each tested specimen. 

1.6.  Previous Research Efforts at Cal Poly 

 A previous research study that was done at Cal Poly by Kodi Rider [3] also used vibrational 

characteristic changes to assess how well damage arrestment devices (DADs) worked on keeping impact 
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damage localized to the epicenter of the impact strike.  The DADs were fiberglass beams imbedded into 

composite sandwiches with the DADs running along both the length and width.  The sandwiches were 

impacted using the Dynatup 8250 in the Cal Poly Aerospace Composites/Structures Lab and then placed 

on the Unholtz-Dickie shaker table system and loaded under a 1g sinusoidal acceleration from 10-2000 

Hz.  The results of this research was change in the first and second mode time response of specimen 

signaled an impact had occurred and damage was present in the structure.  The DADs proved to aid in 

keeping structural damage localized to the impact site.  It was also shown that varying the location of an 

accelerometer could effectively detect the presence of face-core delaminations, especially near impact 

sites.  The results if this research was the DADs would improve the damping characteristics of composite 

sandwiches under vibrational loading.  It was also shown that accelerometers can effectively detect 

damage of a structure. 

1.7.  Objective of the Study 

 Previous research has all focused on simple geometries while this study is meant to determine if 

this method can work on more complex structures.  The geometry was a small scale wing structure 

composed of a skin, spars, and ribs.  The objective of this study was to determine the effectiveness of 

using accelerometers to detect damage of a wing structure after being damaged by a low-velocity impact.  

The design of the wing was based off of an existing wing model that is used in the Aerospace 

Experimental Stress Analysis class with some slight changes to fit the constraints of the testing 

apparatusô used in this study.  The two testing apparatus used were the Unholtz-Dickie electrodynamics 

shaker table system and the Dynatup 8250 vertical drop weight impact testing machine.  Dynamic testing 

was done with a 1g sinusoidal sweep from 10-2000 Hz with accelerometers being placed at various 

locations across the wing to measure dynamic characteristics.  The impact testing was done so various 

locations of the structure were impacted.  Because the wing geometry had ribs and spars, the internal 

geometry varied along the span.  Four different impact scenarios were tested: impacts over the skin, over 

the leading edge spar, over the middle rib, and over the middle rib/leading edge spar intersection.  There 
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was also a set of control wings that were not impacted to be used as a baseline for the testing.  Three 

wings were created for each scenario and assembled accordingly.  All parts of the structure were cured in 

an autoclave for 7 hours at 148°F and 70 psi.  To determine whether or not damage is detected by the 

accelerometers, the natural frequencies and damping ratios of each wing was analyzed and compared 

before and after testing to determine if a large change had occurred at specific locations or across the 

entire structure.  The structure was also modeled in Abaqus and analyzed to determine of the dynamic 

characteristics of the numerical model could match the experimental results of the wing structure. 

1.8.  Scope of the Study 

 The remainder of this study is organized in order of setting the ground work for testing, the 

creation of the testing specimen, and then the experimental and numerical results.  Chapter 2 introduces 

the method of testing for material properties as well as the impact and dynamic tests some important 

parameters of these tests.  This section also goes over any upgrades or changes done to testing apparatus 

such as the rewriting of the LabVIEW software used to operate the Dynatup 8250 impact machine.  The 

LabVIEW software was rewritten to improve the troubleshooting capabilities of the user as well as 

implement the used of strain gages during testing.  Chapter 3 goes over the design process for the wing 

structure and the decisions constraints involved in the design.  The design and creation of testing fixtures 

is also discussed in this section with various fixtures being required to effectively test the wing 

geometry.  Chapter 4 discusses the manufacturing and assembly process of the wing structure.  Topics in 

Chpter 4 include the manufacturing of the skin, spars, and ribs as well as the final assembly step of the 

structure and the specific method of vacuum bagging and machining are all explained here.  Chapter 5 

discusses the results of the pre- and post-impact dynamic testing and the results from the impact test 

itself.  For the impact test, the failure modes of the structures as well as the maximum force measured 

were analyzed to understand how the structure absorbed the impact at the various tested locations.  The 

vibrational testing was analyzed by first looking at the average value change of each wing to determine if 

major changes had occurred and then a point by point check was completed to see if any drastic changes 
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had occurred near the impact sites.  Chapter 6 discusses the creation of the finite element model used to 

model the wing design, the implementation of the frequency sweep check and the impact step, and the 

comparison of the experimental and numerical natural frequencies.  Chapter 7 gives an overview of the 

research results as well as conclusions drawn from the data.  Chapter 8 will provide direction for future 

works. 
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2. Testing Methodology and Analysis 

 This chapter will go over the various testing done and the approach taken for each test.  The first 

section evaluates the different testing methods used to determine the material properties of the 

LTM45EL carbon fiber weave used in the project as well as how the values are determined.  Tensile and 

compressive testing was done.  After that, anything and everything involved in the use of the Dynatup 

8250 impact testing machine including new LabVIEW software created to improve the troubleshooting 

and testing capabilities of the machine will be evaluated.  Also covered is the implementation of strain 

gage measurements using the LabVIEW software as well as the analysis used to determine the strain 

measurements.    This chapter will wrap up with the testing methodology for the dynamic test as well as 

how the damping ratio is calculated. 

2.1.  Material Property Testing 

 In order to compare testing results to finite element results, the material properties of the 

LTM45EL needed to be determined.  Due to testing limitations, only a few types of ASTM test methods 

can be performed because a lack of fixtures.  The test method performed 

was ASTM D3039 [22].  This test method requires a uniaxial testing 

machine to apply either a tensile or compression load.  The Instron 8801 

Servo hydraulic Fatigue Testing System located in the Cal Poly Aerospace 

Structures/Composites lab was used to perform the ASTM methods above.  

The fixtures used were heavy-duty hydraulic wedge grips that applied a 

shear force to the test coupons to facilitate loading.  The Instron 8801 is 

capable of tensile and compression loading up to 22,000 lbf.  Due to carbon 

fibers low crush resistance it was important to apply tabs to every tested 

specimen to ensure failure of the specimen occurred in the gage section 

rather than the grip regions.  Tabs used were made of AL 6061-T6 sheet 

metal that was 1/8
th
 inch thick.  The tabs were bonded to the specimens 

Figure 2.1.1: ASTM D3039 

Tensile Testing of Carbon 

Fiber Specimen 
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using Magnolia 56 A/B structural adhesive.  It is important that the tabs be as close to parallel as 

possible so no bending or torsional stress is induced during testing.  To ensure this, specimens were 

placed in the hydraulic press located in the Cal Poly Aerospace Structures/Composites lab just after the 

application of structural adhesive and placement of the tabs and compressed between two plates for 6 

hours under 100lbf.  The hydraulic press was used because the two plates used on the press were 

designed and maintained as close to parallel as possible.  To prevent dis-bonding of the tab and 

specimen, the tab face was scratched up to increase adhesion. 

 ASTM D3039 which describes the process used to determine tensile properties for polymer 

matrix composite materials.  This method requires long, thin strips to be pulled along the long axis of the 

coupon until failure while measuring load and extension for the material.  The test uses an extension rate 

to move the lower head down, stressing the coupon until failure.  The lower head moves at a rate of 0.05 

inches/minute as stated ASTM D3039.  Load, extension, stress, and strain are all recorded every 0.1 

seconds until failure.  The failure criterion for this test was a 40% drop in applied load occurred.  In 

order for the values to be considered correct, a set of 5 specimens needed to show similar failure 

strengths.  Test specimens were considered to be balanced and symmetric due to the symmetry of the 

LTM45EL weave.  Based on this assumption, the suggested dimensions were for each strip was 10 

inches long, 1 inch wide and 0.1 inches thick.  In order to achieve this thickness, 6 layers of LTM45EL 

weave were laminated together and cured in the autoclave for 7 hours at 158°F and 70 psi.  The laminate 

was cured at a dimension of 12 inches by 12 inches.  The oversizing of the laminate was to minimize 

edge effects to the laminateôs performance.  The test strips were cut to size using a water-cooled tile-saw 

and tabbed using the structural adhesive named above.  After tabbing was completed, the test strips were 

numbered and then tested in the Instron 8801.  Test specimen were individually loaded and tested, noting 

failure modes for each tested specimen.  All five tested specimen failed in the gage section which is 

desired, as well as having ultimate loads very close to each other.  Results for this experiment can be 

found in chapter 5.  A drawing of the tensile specimen can be seen in Figure 2.1.2. 
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 The only analysis required for this data is to determine the modulus of each specimen.  The 

modulus is determined by loading in the stress and strain data from the raw data files into MATLAB and 

then fitting a linear polynomial to that data.  Once the polynomial has been determined, two points are 

then manually selected from a plot using MATLABôs ginput function and the slope between the two 

points is calculated.  Since a liner polynomial is applied to the data, selecting two points anywhere in the 

line will produce the same modulus. 

2.2.  Dynatup 8250 System and LabVIEW GUI 

 The impact testing followed ASTM D71 36 [24] and was performed on the Dynatup 8250 drop 

weight impact machine located in the Cal Poly Aerospace Structures/Composites lab.  The machine 

consists of a housing where test specimens are damaged by dropping a crosshead.  The crosshead 

consists of interchangeable weight plates ranging from 5 lbf to 75 lbf.  The energy from the drop is 

channeled into the impact tup.  The tup is a 0.625 inch diameter rod of hardened steel that drives into the 

test specimen to cause localized damage.  Mounted to the tup was a THD-3K-W through hold load cell 

from Transducer Techniques and a model 1011a piezoelectric accelerometer from VIP Sensors.  At the 

Figure 2.1.2: Drawing of ASTM D3039 Tensile test specimen 
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bottom of the testing section is a clamping fixture designed by 

Daniel Barath and Dr. Elghandour in 2013 [31].  The fixture is 

used to clamp a specimen in place during testing.  To the right 

and just above the clamping fixture is a LED light and a Si-

biased detector used to measure the instantaneous velocity at 

impact.  The two data acquisition systems used is a NI USB-

9162 DAQ[18] card and a NI SC-2345 Signal Conditioning 

box [19].  The software used to run a test is a LabVIEW 

software written by Kodi Rider in 2012 and updated by Jeffery 

Carter in 2014 [5].  After data is processed by the DAQs, the data is then saved to a LabVIEW data file 

and stored through LabVIEW.  Over the next few paragraphs will be a more detailed description of how 

the Dynatup 8250 system operates. 

 To measure the instantaneous velocity of the crosshead, LED light is pointed directly at the Si-

biased detector causing the detector to output a voltage [16].  When the LED light is obstructed, the 

voltage output of the detector drops close to zero.  A two-pronged flag attached to the crosshead passes 

between the LED light and detector, obstructing the light twice and creating two distinct data points in 

time.  By measuring the distance between the two flags as well as counting the time elapsed between the 

two low voltage points, the speed of the cross head can be calculated.  The LED light is powered using 

an NI SCC-AO10 isolated voltage output carrier and provides a voltage of 3 Vdc to power.  The voltage 

output from the detector is read into LabVIEW and stored for later analysis.  It is important to verify that 

the LED light and detector are in alignment before testing.  Equally important is to verify only the 

prongs of the flag cross the light beam, otherwise, the velocity data can be drastically effected. 

 In order to obtain the force versus time history and impact force of the test, a THD-3K-W load 

cell was used.  The load cell has a maximum loading of 3000 lbf with an accuracy of +/-1% of the 

measured force.  It is a thru-hole style cell that was mounted between the impact tup and crosshead 

Figure 2.2.1: Si Detector and laser used 

to measure impact velocity 
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assembly.  It was determined over the course of this thesis that this loading configuration was improper 

and did not measure the true impact force.  This , along with a solution, is explained in Section 3.4.2 

with the redesign of how the load cell is loaded.  The load cell is connected to a NI SCC-SG24 two-

channel load cell input module that supplies a 10 Vdc excitation voltage to the full bridge circuit inside of 

the load cell.  The output of the load cell ranges from 0-20 mV/V (millivolts per volt) which corresponds 

to a force range of 0-3000lbf. 

 The accelerometer is attached to the load cell using tacky wax and is used to measure the 

acceleration time history of the impact event.  The accelerometer is a single axis accelerometer that 

outputs a pC/g (picocoulombs per g) signal which is too small for the DAQ to measure.  The signal is 

passed through a VIP Sensors 5004-10 charge converter that converts the high impedance charge signals 

from the accelerometer to low impedance voltage signals.  The charge converter had a gain of 10 mV/pC 

(millivolts per picocoulombs).  After passing through the charge converter the signal is then read into a 

NI SCC-ACC01 single channel accelerometer input module. 

 The LabVIEW software created by Kodi Rider used two DAQ Assistant blocks corresponding to 

the two different DAQs described earlier.  Raw data was outputted from these two blocks and sent to 

three waveform graphs, which plotted live data from the accelerometer, 

load cell, and detector.  Raw data was also written and stored in a .lvm file 

to later be analyzed in MATLAB.  One drawback to the LabVIEW code 

written by Kodi was the waveform graphs were not updated until after a 

test was run.  This indicates if troubleshooting for the measurement devices 

was necessary to be completed, a new run was required to be performed 

anytime a change was made, which would increase the time it would take 

for troubleshooting to be completed.  Another flaw to the software was it 

was difficult to change the runtime of a test or the rate at which data was 
Figure 2.2.2: Original 

Fixturing of Load Cell 
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polled.  In order to do this, the DAQ Assistant boxes needed to be individually opened and altered as did 

the time of a run.  Additionally, instances when calibrating the machine where test runs were lost or 

incorrectly saved because live data readings from the various pieces of equipment were not available.  

One instance occurred when the LED light and detector were miss-aligned after replacing a specimen in 

the test section causing the velocity data from run to not be saved.  For these reasons, a new LabVIEW 

code was written with the assistance of Bradley Schab. 

 The new software implemented a real-time updating of the waveform graphs so that the steady-

states of each signal could be verified and that the devices were working properly.  Another 

improvement to existing GUI was the implementation of Time and Rate input boxes.  The boxes worked 

to determine how long the waveforms would update as well as how fast the data was polled.  For this 

thesis, the waveforms were updated every second and data was taken at a rate of 50 kHz.  A toggle 

switch was also implemented in the GUI so that storing of the data could be turned on or off at any time.  

Once the toggle switch isswitched on, all data taken from that point and in the future will be stored in a 

temporary array until either the toggle switch is switched off or the data is saved by clicking the save 

button in the GUI.  The save button will allow you to name and save a Microsoft Excel file to any 

location you would like.  After saving, toggling the store data switch will remove any stored data and the 

GUI will be ready to perform the next test without stopping.  This means the LabVIEW software can run 

continuously while able to save testing runs, reducing the amount of time required between each test.  In 

the excel file, data is stored in three columns with column A being load cell data, column B 

accelerometer data, and column C detector data.  The block diagram for the new LabVIEW GUI can be 

seen in Figure 2.2.3. 
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 It was also desired to upgrade the LabVIEW software to be able to record data from multiple 

strain gages as there are three NI SCC-SG01 two-channel modules not in use.  The modules read in 

voltage changes from strain gages with an excitation voltage of 2.5 Vdc.  For use with strain gages, a 

separate LabVIEW software file was created implementing up to 4 strain gages.  The ability to use more 

strain gages can be done in the future by simply adding new channels to the DAQ assistant mimicking 

the existing architecture.  Operating the GUI is the same as running the previous version with the strain 

gage data being added in columns after the initial three columns reserved for the load cell, accelerometer 

and detector data.  To verify that the strain gages were operating correctly, a metal strip was loaded into 

Figure 2.2.3: Block Diagram of new LabVIEW GUI  
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Instron and loaded to 5000 lbf while simultaneously recording strain data through the LabVIEW 

software.  Data was analyzed in MATLAB and the calculated modulus was compared to the ideal values 

for aluminum and was within 1%.  This test validated the NI SCC-SG01 modules were reading in data 

correctly.  The LabVIEW GUI with the strain gage implementation is shown in Figure 2.2.4. 

The analysis done for impacted specimen consists of a few sorting algorithms in MATLAB to 

find when free fall begins, when the initial contact between the tup and the test specimen occurs, when 

the detector voltage drops, and the max force applied during impact.  Data is loaded into MATLAB 

Figure 2.2.4: Block Diagram of new LabVIEW GUI with measurements of strain gages 
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using the csvread function and is then separated into arrays for load, acceleration, velocity, and 

individual strain gages.  The detector and accelerometer arrays are passed through a moving average 

filter to smooth out the data.  In order to obtain the velocity at impact, the detector data is inverted and 

the findpeaks function is used to locate the first two peaks in the data set.  The data is inverted because a 

steady state voltage is higher than when the prongs of the flag intersect the light beam, so inverting the 

data turns the valleys into peaks.  The reason the first two peaks are found is because for certain cases, 

the crosshead can bounce after impact and intersect the LED light again causing a new set of peaks in the 

data.  Once the peaks are located, the code uses the data rate to determine the time elapsed between 

peaks and the velocity is calculated by dividing the distance between the two peaks by the time elapsed.  

The maximum impact force is determined by simply searching the load cell array for the maximum value 

measured during testing.  To determine the strain applied during impact, the voltage data is read in and 

calculated using an equation found in the NI SCC module catalog.  The equation converts the voltage 

change into a strain measurement.  The equation can be seen below and were taken from the National 

Instruments SG module user manual [17].  Vmax and Vmin are the maximum and minimum voltages 

measured during impact and Vex is the voltage applied to the strain gage from the module.  The gage 

factor for all gages used is 2.14 from the products packaging.  Equation 2.2.1 describes how to calculate 

the remainder voltage which is then fed into equation 2.2.2 to determine the strain applied. 

 ╥►
╥□╪●╥□░▪

╥▄●
     (2.2.1) 

           ‐  
ᶻ

ᶻ ᶻ
              (2.2.2) 

2.3.  Unholtz-Dickie Shaker Table System 

 The Unholtz-Dickie Electrodynamics Shaker is located in the Cal Poly Aerospace 

Structures/Composites lab (Figure 2.3.1).  This system will be used to measure any changes to the 

frequency response of the wing specimens.  The system is ideally suited for testing heavy, oversized, or 

non-symmetrical loads on specimens where orientation with respect to gravity is necessary.  The table is 
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capable of oscillating a specimen either 

vertically or horizontally.  The software 

used to perform test profiles is VwinII and 

can range from sine sweeps, random 

vibrations, chirping, and white noise 

forcing functions with a frequency range 

up to 5000 Hz.  Testing performed for this 

thesis was completed with the shaker head 

in the vertical position.  The test profile will be a 1-gpk acceleration sine sweep ranging from 10-2000 Hz 

with a run tine of 1 minute.  The VwinII software has the capability of recording data from four different 

channels, where one channel is designated as the control channel.  There needs to be a control channel 

because the VwinII software uses a feedback loop from the control channel to ensure the proper 

acceleration is being applied to the specimen.  That leaves channels 2-4 to be used to record data.  The 

accelerometer used for the control channel was a PCB piezotronics single axis accelerometer with an 

axial sensitivity of 9.74 mV/g.  This accelerometer was placed on whatever mounting fixture was used to 

hold the specimen in place during testing.  For the other three channels, model 1011a piezoelectric 

accelerometers from VIP Sensors were used to measure frequency at various locations along the test 

specimens.  Each of the VIP accelerometers required a model 5004 charge converter to amplify the 

output signal.  These converters were identical to the converter used with the Dynatup 8250. 

For the prototype wing design, measurements were taken along the leading and trailing edge 

spars every inch from the wing root.  Once the wing design was finalized, the first wing manufactured 

was thoroughly tested with accelerometer measurements taken at every ½ inch along the span of the 

wing and at five different locations across the chord for a total of 80 data points.  Every subsequent wing 

test after this one needed to be completed with a much smaller sample size.  The shaker system was 

experiencing electrical problems in the amplifier.  To minimize the load placed on the system, 9 

Figure 2.3.1: Unholtz-Dickie Shaker Table System used for 

testing set to do horizontal excitation 
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locations were tested on each wing before and after impact testing.  The locations tested centered around 

the impacted region of the wing with two points towards the wing tip.  A diagram of the tested points 

below in Figure 2.3.2 and the dimensioned locations are labeled in Figure 2.3.3. 

After testing, the data is loaded into MATLAB for post-processing.  VwinII saves each run as a 

Microsoft Excel file so csvread is used to load the data into MATLAB.  After the data has been loaded 

into MATLAB, the resonant response, resonant frequency, damping ratio and time response for the first 

and second mode of each run is determined.  The resonant response and frequency are determined by 

Figure 2.3.2: Prototype wing just before initial dynamic testing 

Figure 2.3.3: Locations of acceleration measurements for thesis specimens 
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locating maximums of the response and the corresponding frequencies, known as natural frequencies 

(fn).  Next the damping ratio is determined by using the half-power bandwidth method.  This method 

works by using the natural frequency and the resonant amplitude to determine the natural damping the 

system has.  First, the resonant amplitude is divided by the square root of two, and the corresponding 

frequencies are determined, one to the left (fa) and one to the right (fb) of the natural frequency.  Now 

that half-power frequencies have been found, the damping ratio is determined using Equation 2.3.1, 

where n is the corresponding bending mode.  

     ‒  
ᶻ

     (2.3.1) 

 After determining the damping ratio is determined, the time domain response for the system can 

be solved.  To obtain the time response solution, the transfer function for a simple mass-spring-damper 

system was used and a harmonic forcing function was applied.  The transfer function can be seen in 

Equation 2.3.2: 

 
 

     (2.3.2) 

Figure 2.3.4: Dimensioned locations of accelerometer measurements for wing specimen testing 
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The half-power bandwidth method, also known as the 3dB method, works by obtaining the resonant 

response and finding the natural frequency at which the response occurs.   

The code written first converts the frequency response of each run into a piecewise polynomial 

to be then used with fminbnd, a minimization function, to determine the location of the desired resonance 

frequency and response acceleration.  Once the frequency of each mode is determined, the damping ratio 

is then calculated.  The damping ratios were calculated using the half-power bandwidth method.  The 

half-power bandwidth method is used for determining the damping ratios for transient responses of a 

system.  The method starts with first locating the resonant frequency and its concurrent response 

acceleration, which was performed using the fminbnd and pchip functions.  Once this has been done, the 

half-power frequencies are determined using the MATLAB fzero function and subtracting the resonant 

response divided by square root of 2.  The fzero function determines where a function equals zero and 

the corresponding input value so by subtracting the response value at fa and fb, and outputting the 

frequencies at which the function now equals zero.  These values are used to determine the damping 

ratio.  Once the natural frequency and damping ratio have been calculated, they are entered into the 

transfer function and the time response is determined using the MATLAB impulse function. 

Figure 2.3.5: Half -power bandwidth method used to determine 

damping ratios [33] 
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3. Specimen and Fixture Design 

This chapter investigates the methodology and process used to design the wing structure as well 

as any fixtures required for testing of the wing.  An explanation of the constraints for the wing design 

and then the design of the wing is fleshed out and brought to life.  Next, the three different fixtures 

designed and manufactured for the Dynatup 8250 impact tester will be shown.  These parts include a 

redesign of how the load cell was constrained to provide true force data, an improvement to the existing 

testing section to allow for larger parts to be tested, and finally a set of aluminum bars used to even 

distribute the compressive loading force applied to the wing during impact.  At the end of the chapter 

the design of the testing fixture used during the dynamic testing of the wing will be discussed.  This 

fixture is used to hold the wing in a cantilever position while the sine sweep is done. 

3.1.  Limitations to the Design of the Wing 

 Before a wing design could be created, the limitations to the wing needed to be set.  The 

limitations to the geometry were the autoclave, Unholtz-Dickie shaker table and Dynatup 8250.  The 

limitation for the autoclave was how big of a piece could be vacuum bagged and cured.  The internal size 

of the autoclave is 48 inches by 24 inches which did not end up constraining the design or manufacturing 

of the wing.  The next system, 

the Unholtz-Dickie shaker table, 

did not limit the final design 

because the weight of the 

specimen would not come close 

to weight limit of the shaker 

table which is close to 100 lbf.  

Size is also not a limiting 

constraint to the shaker table as 

no enclosure exists for the Figure 3.1.1: Solid model of original clamping fixture of Dynatup 8250 

[31] 
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testing section.  The major constraint to this design is the Dynatup 8250 testing section.  As discussed in 

Section 2.2, the Dynatup has a clamping fixture that is used to secure specimen in place during testing.  

A 3D model of the fixture is visible below in Figure 3.1.1.  The fixture works by clamping an upper plate 

with a 3 inch by 5 inch opening, as per ASTM D7136.  The plate is pulled down by 4 pneumatic pistons 

with a pressure of 60 psi.  Because of the piston rails, specimen width is limited to just under 4 inches, 

and if the length is greater than 7.5 inches, up to a maximum of 10 inches.  If the specimen length is less 

than 7.5 inches, then the width limit expands to 5.75 inches because the specimen will be located inside 

of the pistons.  It is also important to note that whatever wing design is implemented, sufficient room is 

required for the wing to move laterally in the clamping fixture so that various regions of the structure can 

be impacted, as previously mentioned in Chapter 1. 

3.2. Design of the Wing 

 The wing design was modeled after a simplified version of an aircraft wing used in AERO 433.  

The wing used is made out of AL 6061-T6 and is used to show how a wing structure reacts to a bending 

load.  The structure consists of two spars, 5 internal ribs with spacing ranging from 4 inches to 4.5 

inches, and an outer skin.  The airfoil profile is symmetric and generic, but does not conform to a 

standard NACA airfoil shape and instead has a much more discrete shape (Figure 3.2.1).  The 433 wing 

model has a span of 17 inches and a chord length of 5.8 inches which is too large for the design to mimic 

on a one to one scale so certain structural aspects of the wing were used in the design.  The features that 

mimicked were the use of two spars, a rib spacing of four inches, and the using steel screws to mount the 

inner rib for testing.   
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 The first defined aspect of the wing was what airfoil would be selected.  A generic and widely 

used airfoil, NACA 2412, was selected to be used for this design, because manufacturing of the complex 

shape would be simplified due to the small chamber of the airfoil.  A secondary reason for selecting a 

simple airfoil shape was because future theses done in the Cal Poly Aerospace Structures/Composites lab 

would be able to use molds and testing fixtures created for this thesis.  After defining what airfoil profile 

would be used, the chord length needed to be set.  The ratio of chord width to wing span of the AERO 

433 model is 2.9. The ratio of the wing design would to be in the range of this value.  Because a rib 

spacing of four inches was to be used, and the length of the specimen was limited to 10 inches based 

upon the Dynatup testing section, the span of the wing would be approximately 8 inches.  Taking a 9 

inch span, and applying the same chord width to span ratio as the AERO 433 design, the chord length of 

the thesis specimen would be 3.6 inches; however, this width would leave no room for the wing to be 

moved laterally, which as provided earlier, is not viable for the design.  Due to this reason, the chord 

length was shortened to 3 inches, which gives a span to chord ratio of 2.67, close to the ratio derived 

value of 2.9 from the AERO 433 wing design.  So far, the major dimensions of the wing have been 

defined with a chord of 3 inches, a span of eight inches, and a rib spacing of 4 inches as displayed in 

Figure 3.2.2.  Three ribs are present, spaced every 4 inches with a total span of 8 inches. 

Figure 3.2.1: AERO 433 wing used as basis for wing design 
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 Now that wing design has a general shape, more of the detailed design work can be done.  The 

cross-section of the spars was the next feature to be defined.  There were initially three options being 

considered: a c-channel, I-beam, and square beam.  Each cross-section had positives and negatives and 

all performed well under bending loads; however, due to the size of the parts that would be created, 

manufacturing drove the selection of this feature.  The square beam cross section would prove to be the 

most complex manufacturing process.  There are multiple ways to manufacture a composite square beam 

including bladder molding, post-cure adhesion of two halves, or a two-part mold that would require quite 

a lot of work to unstick the part from the mold.  Bladder molding would be the most efficient but 

because of the size of the part, it was deemed not feasible and a poor investment of the limited resources.  

Also, the square beam would be a very stiff spar which is not ideal for this design.  Due to the short 

length of the span, the design will need to be as flexible as possible so that the 1
st
 and 2

nd
 mode 

frequencies can be excited.  An I-beam or c-channel as the spar cross section was the best possible 

design.   

The I-beam is a very common cross-section used to carry bending loads and is most easily 

identified with use as structural supports for tall buildings.  An example of I-beams being used for 

structural support can be seen in Figure 3.2.3.  For this application, the layup would be quite 

complicated.  As an under-graduate, I participated in a composite I-beam competition for SAMPE and 

Figure 3.2.2: Isometric view of wing design with ribs shown in red 




