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Executive Summary 

Abstract: The average age of commercial aircraft operating domestic flights in the 

United States is 10.7 years and continues to increase. Advances in robotics and 

imaging technologies show potential to reduce costs, time and to improve quality of 

fuselage inspections. There are some technologies which are being evaluated such as 

synthetic aperture imaging and laser ultrasonic to be able to inspect the aircraft without 

touching the fuselage to determine where the faults are. A stochastic simulation was 

developed to evaluate the inspection process. The simulation represents differences in 

inspection techniques for components of the aircraft, such as the landing gear 

compared to the lap-splice panels, by categorizing the aircraft with ten representative 

regions. Simulation results indicates a decrease in the time required to complete 

inspection while simultaneously improving the overall quality in crack detection by the 

use of emerging non-destructive inspection technologies in aircraft maintenance: non-

contact laser-ultrasonic (average savings of 43.28 minutes per section per inspection), 

synthetic aperture imaging drone (average savings of 45.60 minutes), and 

thermographic robotic crawler (crack detection rate increase of 54% with an average 

increase of 26.86 minutes per section). Using a utility hierarchy focused on 

performance, safety, and ability to implement, the most viable technological alternatives 

rank: non-contact laser-ultrasonic with a utility value of 0.824, human inspector with a 

utility of 0.811, synthetic aperture imaging with a utility of 0.783, and thermographic 

robotic crawler with a utility of 0.748. Based on the simulation results and utility analysis, 

it is recommended that MRO facilities implement non-contact laser ultrasonic 

technology as a method to scan the exterior of their aircraft to detect widespread fatigue 

damage. 

 

Keywords - Aircraft Fuselage Inspection, Airworthiness, Commercial Aircraft, Eddy 

Current, Laser-Ultrasonic, Maintenance, Non Destructive Inspection, Synthetic Aperture 

Imaging Device. 
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1. Concept Definition 

 A challenge that airline carriers face today is the maintenance of their existing fleets 

for longer periods of time compared before when the average age for the aircraft fleet 

was much lower. Currently the average age for a commercial fleet operating within the 

United States is approaching 11 years. Figure 1 illustrates the average age increase for 

commercial carriers. 

 

Figure 1: Average U.S. Domestic Fleet Age 

 It is shown that as the age of the aircraft increases, the structural integrity becomes 

compromised unless maintenance has been kept current and the aircraft had all the 

necessary repairs made when it was in for inspection. One of the factors that contribute 

to the weakening of the fuselage are the pressurization and depressurization of the 

cabin while the aircraft is taking off and landing. While the fuselage is pressurized, the 

pressure within the cabin is raised to eight pounds per square inch while outside the 

pressure being exerted on the cabin is approximately three pounds per square inch 

causing a ballooning like effect on the aircraft. Another factor is the in-flight vibrations 
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that occur while the aircraft is at cruising altitude as well as the number of take-off and 

landing cycles that the aircraft completes. 

 The aircraft is also exposed to heavy weather conditions, overtime, this coupled with 

the previously mentioned factors takes its toll on the fuselage and widespread fatigue 

damage (WFD) begins to occur. This is where cracking begins to form around the rivets, 

an increasing number of planes are experiencing this phenomenon due to the age 

increase. This has created the need for researchers to develop models to calculate the 

maximum interval between required maintenance checks. 

 Aircrafts undergo maintenance to ensure optimal performance and airworthiness. In 

the United States, preventative maintenance is scheduled such that the probability of 

1.2 mm sized crack to grow beyond the critical crack size is less than 10-7. Table I lists 

the four main categories of scheduled maintenance and the resources required for 

each. This project will focus on the “D Check” due to its lengthy duration of two months, 

and its high costs which can exceed two million dollars. 

 

 

Inspection 

Category 

Time Interval between 

inspections 

Number of Man-

hours required 

Time 

required 

A 125 flight hours  

or 200–300 cycles 

20–50  

man-hours 

Overnight 

B Approximately  

every 6 months 

120–150  

man-hours 

1–3 Days 

C Approximately every 

24 months 

Up to 6,000  

man-hours 

1–2 weeks 

D Approximately  

every 6 years 

Up to 50,000  

man-hours 

2 Months 

Table 1: Preventative Maintenance Types and Schedule 
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 According to the 2013 benchmark analysis by IATA, maintenance, MRO companies 

servicing the global fleet spent an estimated $131 billion, including overhead. 

Commercial flight accounts for approximately 46% of the total with a value of almost 

$61 billion with future growth estimated for the following year of almost $90 billion. The 

benchmark report also indicates that direct maintenance cost for the 26 domestic 

airlines included in the study is on a steady rise. From 2010 – 2013 there was a 32% 

increase in maintenance costs, much of which can be attributed to structural fatigue [1]. 

 In addition to scheduled preventative maintenance, airlines must also respond to the 

corrective maintenance requests originating from Airworthiness Directives (AD) issued 

by the Federal Aviation Administration (FAA). The visual inspection process is the first 

step in the inspection process. Trained personnel are equipped with various lights and 

lenses to maximize their potential for identifying deviations. Visual inspection relies on 

the capacity and ability of human eyesight [2]. 

 The visual inspection process identifies areas that require additional inspection. 

Eddy Current, utilizes an electrically induced magnetic field that detects disruptions in 

the current that flows counter to the magnetic field. Eddy current is primarily used in a 

hand held design where a trained human operator administers the test in a localized 

area. The test determines the extent of damage throughout the material that may not be 

evident on the surface. Currently all FAA approved procedures include a human 

component [2][3]. 
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1.1 Stakeholder Analysis and Tensions 

 The primary stakeholders comprise of four different groups: Maintenance, Repair 

and Overhaul (MRO) Companies, Airlines, the Federal Aviation Administration (FAA), 

and the Designated Engineering Representative (DER). The MRO Companies want to 

be able to reduce the cost and time needed to inspect the fuselage of the aircraft while 

improving the quality of inspection while in turn improving the overall safety of the 

aircraft. The airline companies also wish to reduce the cost as well as reducing the 

grounding time required for the aircraft while improving the overall reliability of the 

aircraft. The FAA interests lie in the ability to be able to improve the reliability of the 

aircraft while simultaneously improving the quality of inspection and insuring that the 

aircrafts that are leaving the MRO facility meet the airworthiness directives that are set 

forth. Lastly, the DER shares all the same interests as the MRO, FAA, and airlines 

because the DER is doing the inspection of the aircraft. 

 While every stakeholder has mutual interests with one another, there are some 

tensions that rise between the four. The highest tension that is there is between the 

MRO, FAA, and the DER. The DER must be able to inspect the aircraft quickly and 

efficiently to be able to keep the time and cost low in interest of the MRO Company 

while adhering to the strict regulations set by the FAA to ensure that the aircraft meets 

all the airworthiness directives. Another tension that rises is with the airline, with the 

airplane being grounded at the MRO for extended periods of time will in the long run 

affect the revenue able to be produced by the airline company since there will be one 

less aircraft in use. 
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2. Concept of Operations 

 In order to address the need to reduce the time and cost while improving the overall 

quality of the inspection, new technologies will be evaluated and proposed. The 

Concept of Operations describes the proposed technologies as well as the design 

alternatives. 

2.1 Operational Scenario 

 The proposed system would use a non-contact imaging system to produce detailed 

diagnostics of fuselage surface and structural health. An autonomous fuselage 

inspection system utilizing non-contact imaging technology enables (i) large external 

sections to be imaged (ii) the use of computer aided decision tools (iii) archiving of 

images and data. The imaging process would occur early in the heavy D check process, 

prior to the disassembly of the aircraft. 

 The external systems diagram (IDEF.0), figure II, illustrates how the proposed 

solution would interact with itself and the external systems. The physical delivery 

system is the method utilized by the design alternative to capture an image of a portion 

of the aircraft. This image is sent as an output to its partner software for analysis. 

However, if the design alternative is not automated, an inspector would be equipped 

with a device that would allow for an image to be captured and analyzed. 
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Figure 2: IDEF.0 of Autonomous Non-Contact Imaging System 

 The software analysis tool is the software package that deconstructs the raw image 

sent by the physical delivery system into useful information, then outputs the information 

in a recommended course of action. Three inputs are required to derive this 

recommendation which are the base images of the appropriate section of the aircraft 

used for comparison with the current image, as well as the current flight hours and flight 

cycles experienced by the aircraft, which impact the crack growth model used by the 

software.  

 Three mechanisms are required for the software to operate. A computer to be able 

to run the software, a network to link the computer to the physical delivery system, and 

a Designated Engineering Representative (DER) to be able to review the 

recommendation. 
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2.2 Design Alternatives 

 Due to the differences in inspection techniques required in the ten representative 

regions, there are three levels of human operator involvement. The first, the inspector 

utilizes human visual inspection techniques to inspect the aircraft without the aid of 

imaging technology. The second, the inspector utilizes handheld imaging technology 

such as Eddy Current or Ultrasound to be able to inspect the aircraft and locate the 

faults more accurately compared to visual inspection alone. The third, automated 

imaging with computer aided evaluation eliminated the need for the visual portion of the 

inspection to be done. The device will go across the fuselage of the aircraft in section 

determining where the cracks are and then proceeding to record the fault locations so 

that the repair crew can more easily locate the cracks. The automated device will allow 

for faster inspection time and will have a greater detection rate with the elimination of 

the human inspector.  

 However, when looking at the automated technology, there are two types: contact 

versus non-contact delivery method. Contact method requires that the imaging device 

must be in physical contact with the surface being inspected. Non-contact delivery 

methods do not require physical contact and can be used from a distance. Such an 

alternative could be mounted onto a track around the aircraft. 
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3. Method of Analysis 

3.1 Aircraft Inspection Simulation 

 The method of analysis for the proposed system is through a stochastic queueing 

simulation of the aircraft inspection process using Arena. The aircraft is divided into ten 

representative sections, each section represented by a queue. Each design alternative, 

defined as a combination of technology and delivery method, has a set of attributes, 

including a distribution for the time required for any sections for the plane they are set to 

inspect for that simulation trial, most notably the exterior of the plane, which is 

approximated by the lap splice panels, then scaled to cover the entire aircraft. The 

alternatives that are being tested find sections of the aircraft to inspect, after each 

section has been inspected, the simulation terminates. Output data is focused on the 

average time to inspect a specific section and its confidence interval half-width. 

3.2 Business Case Analysis 

 Converting the inspection time data from the simulation output enabled a business 

case analysis to be conducted. Average wage rates were estimated based on research 

for trained inspectors in domestic MRO companies. Three scenarios were evaluated for 

economies of scale, small, medium and large. Small, a regional operation such as 

HAECO operates in Macon, Georgia where six wide body and one narrow body plane 

can be inspected at one time. Medium, a slightly larger regional facility such as Delta 

Tech Ops in Atlanta, Georgia where up to eleven wide body and ten narrow body 

aircraft can be inspected. Large, a multi-regional, international company such as 

Lufthansa Technik which operates out of Europe, Central America and Asia where total 

facilities can accommodate as many as fifty-five aircraft with a total of more than two 

hundred heavy maintenance checks are completed annually. 
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3.3 Simulation Parameters and Variables 

 The parameters and variables were obtained from research conducted and historical 

data produced by the U.S. government sponsored Airworthiness Assurance NDI 

Validation Center at Sandia National Laboratories (AANC) in Albuquerque, New Mexico. 

Probability of detection for advanced technologies such as Eddy Current and 

Thermographic Imaging have been verified at 95%, similarly laser-ultrasonic imaging 

technology as well as Synthetic Aperture Imaging Devices have been held to the 95% 

detection rate for comparison. 

3.4 Case Study Assumptions 

 Assumptions were required in scaling the data from a testing site such as the Sandia 

National Laboratories facility in order to apply the results to a larger sized facility. 

3.5 Simulation Implementation 

 Initialization of the simulation begins with assigning attributes to the different entities 

that represent different design alternatives. Each entity is limited to specific, 

predetermined sections of the plane. The number of cracks on each section of the plane 

is then initialized and the entities move to the actual process. Upon entering the process 

section of the simulation, the entity enters a decide block that determines what section 

of the plane to inspect. The two conditions are that the section has not been inspected 

yet, and that the entity is allowed to inspect that section. The inspector is sent to the 

assigned section of the plane, its section marked “active” to prevent other entities from 

inspecting it, then the actual inspection takes place as a queue. 
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Figure 3: Arena Simulation Model 

 

 The entity remains in the queue for an amount of time determined by the process’ 

distribution assigned to the entity at the beginning. Upon completion of the inspection, 

the entity moves upward to the statistics recording section. 

 The number of cracks found, along with Type I and II errors as determined by the 

design alternative, is recorded, along with labor hours if a human inspector was used. 

The amount of time required to inspect the section is then recorded, and the entity is 

sent back to the process section of the simulation to attempt to inspect another section. 
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3.6 Simulation Validation 

 The simulation was run with only a human inspector using the distributions obtained 

from the Airworthiness Assurance NDI Validation Center at Sandia National 

Laboratories (AANC) the output relating to time is displayed in table II. 

Section Actual (mins) Simulated (mins) Diff (mins) % error 

1 122 116.47 -5.53 -4.53 

2 28 27.83 -0.17 -0.61 

3 75 75.38 0.38 0.51 

4 68 67.71 -0.29 -0.43 

5 37 36.1 -0.9 -2.43 

6 104 105.64 1.64 1.58 

7 95 100.23 5.23 5.51 

8 35 34.68 -0.32 -0.91 

9 16 15.2 -0.8 -5.00 

10 48 49.56 1.56 3.25 

Table 2: Simulation Output: Visual Inspection Process 

 The difference between the simulated process and actual process varied from 0-5%, 

but cumulatively came up to within 1 minute of the expected total time over 500 

replications, which is an error of approximately 0.1%. 
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4. Utility Analysis and Recommendations 

 The utility versus costs shown in figure IV displays the stark advantage non-contact 

solutions have, notably the non-contact laser ultrasonic (0.87 utility), over both the 

human inspector (0.59 utility) and the thermographic crawler (0.37 utility).  The trade-off 

comes from a sharp increase in cost, with human inspectors costing $565,000 over the 

same period that the laser ultrasonic costs $1,967,000. 

 

Figure 4: Imaging Technology Alternatives 

 Automated imaging technology shows potential as an improvement to human 

inspectors for the external inspection of an aircraft fuselage. It is recommended that 

MROs begin researching the potential benefits of implementing automated non-contact 

laser ultrasonic technology as an inspection method for the exterior of the aircraft to 

increase their annual revenue by up to 26.3% while increasing the crack detection rates 

from 44% to 95%. 
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1.0 Context & Stakeholder Analysis 

1.1 Aging Fleet 

There are more than 23,000 commercial aircraft in service around the world 

currently according to the Airline Maintenance Cost Executive Commentary, a 

benchmark analysis by the International Air Transport Association (IATA). The Boeing 

Company, an American aircraft manufacturer, has more than 10,000 commercial 

airplanes in service today with an additional 5,500 orders for new aircraft. (International 

Air Transport Association, 2014) 

Airline carriers face the challenge of maintaining their existing fleets for longer 

periods of time than ever before. The average age of a commercial aircraft operating 

domestic flights in the United States today is more than 11 years. (Forsberg, 2015) The 

graph in figure 1.0-1 (below) illustrates the service life of commercial aircraft.  

 

 

 

 

 

 

 

 

 

 

 

Figure 1-1 Age at Retirement (Forsberg, 2015) 
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Figure 1-2 Average Age of Aircraft at Retirement (Forsberg, 2015) 

 

 

 

 

 

 

 

 

 

 

 

Figure 1-3 Average Fleet Age of 18 Leading Airlines (AirFleets.net, 2015) 
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1.2  Structural Fatigue  

The structural integrity of aircraft is weakened with age due to the accumulation of 

stresses encountered in its lifetime. Many factors influence structural fatigue such as 

pressurization cycles associated with maintaining safe and comfortable cabin pressure 

for passengers when travelling at high altitudes. When an airplane is preparing for 

takeoff it pressurizes the cabin for the planned cruising altitude. This process results in 

a force of typically around eight pounds per square inch. (Irving, 2012) The differential 

pressure results in repeated cycles of stress on the fuselage structure. Figure 1-4 

(below) depicts differential pressure equal to zero on the left when the aircraft is at 

ground level before takeoff, where as in flight as shown on the right the force is greater 

on the interior walls of the fuselage. 

 

 

Figure 1-4 Cabin Pressurization (Irving, 2012) 

In addition to the pressurization forces, aircraft also experience a wide range of 

forces related to weather conditions and take-off and landings. The structure of the 

aircraft is designed to withstand the forces exerted on it during use however the 

accumulation of these forces over many flight cycles results in what is referred to as 

Widespread Fatigue Damage (WFD). (FAA, 2014) 
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Figure 1-5 Aircraft Pressurization (Avstop.com, 2015) 

 

The increasing number of planes experiencing WFD has created the need for 

researchers to develop models to calculate the maximum interval between required 

maintenance checks. In particular, the length of a surface cracks caused by expected 

forces during operation have be monitored and recorded to yield the following 

generalized stochastic crack growth model showing in Figure 1-5 below. The equation 

uses the following parameters, where g is the deterministic crack growth rate function, 

𝛥K is the stress intensity factor range, R refers to the stress ratio, a is the crack length 

and t is the time in cycle or flight hour. (C. Chen, 2008) 

 

Figure 1-6 Generalized Stochastic Crack Growth Model Equation (C. Chen, 2008) 
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 In Figure 1-6 (below) the dashed horizontal line marked with a1 is where the crack 

length is deemed critical, and any cracks exceeding that length should be repaired. The 

median crack growth curve shows the wide prediction in how long it can take for a crack 

to reach a critical state. The normal distribution along the y axis represents the 

distribution of crack lengths given a specified service time. The normal distribution along 

the x axis represents the amount of time required for a crack to become critical, and the 

intersection of the two is shaded as a danger area, where the crack length is critical 

earlier than expected. The shaded area further to the left represents a crack that has 

grown critical faster, and earlier, than the growth curve had predicted. (C. Chen, 2008) 

 

 

Figure 1-7 Stochastic Crack Growth Model (C. Chen, 2008) 
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1.3 Aircraft Maintenance Overview 

 Aircraft undergo maintenance to ensure optimal performance and airworthiness. In 

the United States, preventative maintenance is scheduled such that the probability of 

1.2 mm sized crack to grow beyond the critical crack size prior to the next inspection is 

less than 1 in 107. (Federal Aviation Administration, 2012)Table 1.2-1 lists the four main 

categories of scheduled maintenance and the resources required for each. This project 

will focus on the “D Check” due to its lengthy duration of two months, and its high costs 

which can exceed two million dollars. (FAA, 2014) 

 

Inspection 

Category 

Time Interval between 

inspections 

Number of man-hours 

required 

Time required to 

Complete 

A 125 flight hours  

or 200–300 cycles 

20–50  

man-hours 

Overnight 

B Approximately  

every 6 months 

120–150  

man-hours 

1–3 Days 

C Approximately every  

20–24 months 

Up to 6,000  

man-hours 

1–2 weeks 

D Approximately  

every 6 years 

Up to 50,000  

man-hours 

2 Months 

Table 1-1 Scheduled Aircraft Maintenance (FAA, 2014) 

 

According to the 2013 benchmark analysis by IATA, maintenance, repair and 

overhaul (MRO) companies servicing the global fleet spent an estimated $131 billion 

USD, including overhead. Commercial flight accounts for approximately 46% of the total 

with a value of almost $61 billion USD with future growth estimated for the following 
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year of almost $90 billion USD. The benchmark report also indicates that direct 

maintenance cost for the 26 domestic airlines included in the study is on a steady rise, 

as shown in Figure 1.2-1. From 2010 – 2013 there was a 32% increase in maintenance 

costs, much of which can be attributed to structural fatigue that in impacts the aging 

fleet of aircraft. (International Air Transport Association, 2014) 

 In addition to scheduled preventative maintenance, airlines must also respond to the 

corrective maintenance requests originating from Airworthiness Directives (AD) issued 

by the Federal Aviation Administration (FAA). Title 14 of the Federal Code of 

Regulations (14CFR) contains the documentation of laws created to ensure safe 

operation of aircraft by operators. Specifically, part 39 addresses the AD’s that require 

aircraft maintenance based on problems discovered between scheduled maintenance 

on aircraft that could potentially impact the safe operation of similar models. (FAA, 

2014) 

 

1.3.1 Inspection Methods 

 MRO companies use many types of non-destructive inspection (NDI) methods to 

diagnose the structural integrity of aircraft. The most cost effective method to-date is the 

visual inspection process which is usually the first step in the fuselage inspection 

process. Trained personnel are equipped with various lights and lenses to maximize 

their potential for identifying deviations in the surface of structural components of the 

fuselage. Regardless of technique used, visual inspection ultimately relies on the 

capacity and ability of human eyesight. Many human factor studies have been 

conducted to develop best practice procedures that the FAA enforces in its oversight of 

MRO companies. Figure 1.3-1 generalizes the current visual inspection process where 

the human inspector is assigned to an area of the fuselage and must decide if a crack 

or deviation requires additional NDI methods for complete diagnosis, if a crack is found 

the inspector will mark the location on the plane physically as well as record the details 

in a log or record. (FAA, 2014) 
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Figure 1-8 Current Inspection Process  

 

The visual inspection process identifies areas that require additional inspection 

methods. One contact NDI method is Eddy Current, which utilizes an electrically 

induced magnetic field that detects disruptions in the current that flows counter to the 

magnetic current. Eddy current is primarily used in a hand held design where a trained 

human operator administers the test in a localized area. The test determines the extent 

of damage throughout the material that may not be evident on the surface. (Nickles, 

Him, Koenig, Gramopadhye, & Melloy, 2014) 

Another contact NDI method used is ultrasonics, which utilizes high frequency sound 

waves to detect variations in materials. A frequency range between 0.2 MHz - 800 MHz 

is used with equipment that measures the velocity of the outgoing pulse sound wave 

that is directed into the material. The equipment can then measure the incoming or echo 
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sound wave to compare the velocities. A structural defect will impact the velocity 

differently than a non-defective portion. Because of the difference the technology is 

capable of diagnosing the extent of damage an identified area contains. (Nickles, Him, 

Koenig, Gramopadhye, & Melloy, 2014) 

Various other NDI technology is also used by a human operator such as X-ray, 

similar to medical applications, however the field of robotics has advanced over recent 

years and is currently being tested in the detection and diagnosis of fuselage cracks. At 

Lufthansa Technik, an MRO company that operates in more than thirty locations over 

Asia, Europe and the United States, an automated inspection procedure is being 

developed using thermographic technology. The inspection process uses a device they 

refer to as a Mobile Robot for Fuselage Inspection (MORFI) which is engineered to 

navigate the exterior skin of the aircraft body. A brief electrical pulse heats the surface 

and a before and after photograph is captured. Defects such as cracks have a 

distinctive temperature profile that allows for detection using image comparison 

software. (Lufthansa-Technik, 2015)Advancements in technology such as this are 

allowing for new procedures to be developed and studied. An automated solution could 

potentially eliminate the human factors associated with the visual inspection process 

and lead to higher certainty for detection and diagnosis. Currently all FAA approved 

procedures include a human component.  (Siegel, 1997) 
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1.3.2 Representative Regions & Distributions 

The FAA Aging Aircraft NDI Validation Center Report focusing on human factors 

involved with the visual inspection process divided the airframe into regions that 

represent different time and skills required to inspect. The sections of the airframe are 

listed in table 1-2 (below). Each region has a time distribution associated with it which is 

listed in table 1-3. The lap-slice panels are of particular interest because the WFD 

cracking is most common around the rivets that fasten the panels. The time distribution 

for visually inspecting a lap-splice panel is shown in figure 1-8. (FAA, 2014) 

Job Card  
Number 

Airframe Region 
Inspection  
Mean Time 

JC 501 Midsection Floor  

JC 502 Main Landing Gear Support  

JC 503 Midsection Crown (Internal)  

JC 504 Galley Doors (Internal)  

JC 505 Rear Bilge (External)  

JC 506 Left Forward Upper Lobe  

JC 507 Left Forward Cargo Compartment  

JC 
508/509 

Upper and Lower Rear Bulkhead Y-
Ring 

 

JC 510 Nose Wheel Well Forward Bulkhead  

JC 511 Lap-Splice Panels  

Table 1-2 Representative Regions and Inspection Times (FAA, 2014) 
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Figure 1-9 Inspection Time of Lap-Splice Panels (FAA, 2014)  

 The representative regions will be useful in simulation as we develop a design of 

experiement that utilizes different delivery methods and inspection technologies that 

may or may not be applicable to a particular region.  
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1.4 Stakeholders & Objectives 

 The objective of the stakeholder analysis is to be able to view who all would be 

impacted by the design of a system for a large body aircraft crack inspection. The 

benefit to creating the analysis is that the tensions can be identified early on in the 

project plan process and aiding in being able to see how each stakeholder is related to 

one another and who impacts whom the most. There are four main categories for the 

stakeholders: the FAA safety offices, the aircraft industry, aviation insurance 

companies, and the aircraft users. 

 The airline manufacturer’s objectives are to see if the inspection process can be 

incorporated within the manufacturing process. The airline operators are concerned with 

reducing the cost of the inspection process, improving the reliability of the aircraft 

fuselage, and reducing the grounding time of the aircraft for the plane to be in service 

sooner.  

 The objectives for the Federal Aviation Administration (FAA) are concerned with 

ensuring that the aircrafts that leave the maintenance, repair, and overhaul (MRO) 

facilities correctly meet airworthiness directives in addition to increase the reliability of 

the aircraft fuselage and improve the overall quality of inspection. 

 The MRO companies are a subset of the aircraft industry and are concerned with 

reducing the cost of the inspection process, reducing the time needed to inspect the 

fuselage of the aircraft, improving the overall safety of the aircraft, and improving the 

overall quality of inspection done on the aircraft fuselage. The Designated Engineering 

Representative (DER) is concerned with keeping the objectives of both the MRO 

companies in mind as well as FAA Safety Offices, the DER must be able to keep both 

parties content while not stalling the inspection time process.  

 Aviation insurance companies also play a role as a stakeholder. Families of 

casualties from airline crashes are entitled to settlements, which insurance companies 

then payout. Additionally, insurance must payout upon aircraft damage. It is in their best 
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interest to minimize the probability of an incident which lead to them paying out the 

aircraft company. 

  

Primary 

Stakeholders 
Description Objective(s) 

MRO  
Companies 

Responsible for the airworthiness of 
the aircraft as well as inspecting the 
aircraft 

Reduced cost 
Reduced time 
Improved safety of aircraft 
Improved quality of inspection 

Airlines 
Own the aircraft, must make sure 
that aircrafts meet airworthiness 
directives 

Reduced inspection costs 
Improved reliability 
Reduce aircraft grounding time 

FAA 

Responsible for creating the 
airworthiness directives as well as 
regulating and overseeing all 
aspects of the airline process. 

Improved reliability 
Improved quality of inspection 
Aircrafts meet airworthiness 
directives 

DER 

An individual who is employed by 
the MRO company but is help to the 
FAA regulations and possesses the 
technical knowledge to complete 
inspection of the aircraft 

Reduced costs 
Improved quality of inspection 
Reduced time 

Insurance 

Receive premiums from airlines in 
exchange for paying out upon 
aircraft damage or passenger 
casualties. 

Minimize probability of incident 

Table 1-3 Stakeholder Objectives 
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1.5 Stakeholder Wins & Tensions 

 There is an existing relationship between the Designated Engineering 

Representative, the MRO company, the FAA, and the airlines. Due to this relationship, 

there are tensions that have developed between the four. The tension that exists 

between the airline companies and the FAA is that all the airplanes that the airlines use 

must meet the airworthiness directives mandated by the FAA, else the planes will be 

grounded hurting the revenue to be made by the airline company. The tension that 

exists between the MRO and the airline is the grounding time that the MRO Company 

creates with inspecting the plane as well as the costs associated with inspecting the 

entire plane and doing the necessary repairs on it. The tension that exists between the 

DER and MRO is that the DER must keep in mind the goals of the company because 

they are under the payroll of the MRO. However, this creates a second tension because 

although they are under the MRO payroll, they are bound by the FAA to uphold the 

regulations set in order to ensure that the airplane meets the airworthy directives. If the 

DER fails to deliver on either end, they will lose their position in the company. Due to 

this, the DER has the highest tension of all the stakeholders due to the delicate balance 

they maintain between the MRO and FAA.  

 From these primary tensions, and the gap, the current inspection method must be 

optimized to be able to reduce if not eliminate the existing tensions between these 

stakeholders. There is a need to reduce the average annual aircraft maintenance repair 

cost while improving quality of inspection. The win-win situation would be to reduce the 

maintenance costs for the MRO, improve quality of inspection for the MRO, insurance 

company, and FAA, and assist the DERs with a decision making analysis tool. 
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Figure 1-10 Stakeholder Tensions 

1.6 Context Summary 

In summary, aircraft fleets are aging and will continue to show signs of structural 

fatigue. The number of aircraft diagnosed with wide spread fatigue damage continues to 

increase as does the cost of repairing and maintaining the aging planes. The increasing 

number of cracks occurring requires improved accuracy in crack detection as well as a 

reduction in cost and time to repair. The maintenance and repair process begins with an 

inspection that identifies components in need of repair. Inspections can be 

accomplished in two ways; (1) Contact with the material (2) No Contact with the 

material. Each inspection alternative also has three parts: (1) movement of inspection 

device (2) Recording or documentation of damage identified (3) Analyzing to determine 

the next step required to accurately and fully diagnose the extent of damage as well as 

what repair is necessary. New technology is available to inspect the aircraft structure as 

well as new robotics that allow for automation of the process.  
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2.0 Problem & Need 

2.1 Problem Statement  

 The problem exists because of the increased demand on aging aircraft and the 

airworthiness regulations that require thorough inspection, maintenance and repair. 

Table 2-1 (below) highlights three main issues and their associated consequences as 

they relate to time, cost and quality.   

Issues Consequences  

Heavy D Check Inspection Process 
Requires up to 2 months to Complete 

Aircraft maintenance/repair 12-15%  
of total airline annual expenditures 

In 2013, $3.5 million flight cycles logged 
over 2,660 aircraft 

Average $2,652 per flight cycle 
Amounts to $9.4 billion total 

43.7% Type 2 Error (Missed Detection) 11 Airworthiness Directives Issued to 
Address Fuselage Cracking 

Table 2-1 Issues & Consequences  

2.2 Need Statement 

There is a need to reduce aircraft maintenance cost and improve inspection quality 

which can be achieved while also assisting the DER with decision-making software 

bundled with physical delivery system by implementing new inspection technology. 
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2.3 Gap Analysis  

 The gap is the current length of time needed for inspection of the aircraft along with 

all of its associated costs that increase with inspection time and quality received from 

the current inspection process. The gap will be to optimize all of the problem areas so 

that the time and cost for inspection of the fuselage can be minimized while the quality 

of inspection is increased while reducing the current tensions on the DER. 

 Aircraft maintenance and repair is currently 12-15% of total airline annual 

expenditures and expected to increase as more of the aging fleet requires overhaul. In 

2013, 3.5 million flight cycles logged for more than 2,660 aircraft. Airlines are spending 

an average of $2,652 per flight cycle per aircraft in maintenance and repair amounting 

to approximately $9.4 billion. A solution that saves 5% equates to a reduction of $472 

million. 
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2.4 Mission Requirements  

 The four mission requirements that must be satisfied are a result of the MROs, 

airlines, and FAA. 

Number Requirement Stakeholder 

MR.1 
The system shall prevent airframe maintenance cost 

from exceeding a yearly growth of 1.15% 

Airlines / MRO 

Companies 

MR.2 
The system shall detect cracks in the airframe of aircraft 

both visible, and not visible, by a human inspector. 

MRO 

Companies 

MR.3 

The system shall meet size, weight and power 

consumption levels for hand-held or track mounted 

delivery systems. 

MRO 

Companies 

MR.4 
The system shall allow aircraft to meet Federal Aviation 

Administration airworthiness standards. 
FAA 

Table 2-2 Mission Requirements 
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MR.1 Reduce Airframe Maintenance Cost 

 In order for a proposed solution to be adopted by an MRO, the solution must reduce 

the overall cost of the inspection process to a level that justifies its implementation and 

training. By setting the requirement at 5%, we create a buffer where extensive 

implementation costs and training can still justify the use of a solution. The percentage 

will be further refined following simulation output analysis. To meet this mission 

requirement, four functional requirements are necessary, each split into one of two 

categories: operating cost and speed. 

Operating cost refers to generic spending requirements. Operating cost will play a role 

in a future breakeven analysis between the technology’s utility against cost. 

Speed refers to the solution’s software requiring a minimum operating speed to 

compete with a visual inspector. 
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Number Requirement Category 

FR.1.1 The system shall cost no more than $25,000 to operate 

annually. 
Operating Cost 

FR.1.2 The system shall accrue no more than $5000 in Type 1 

errors annually. 
Operating Cost 

FR.1.3 The system shall require an initial investment of no more 

than $2 Million. 
Operating Cost 

FR.1.4 The system shall process captured images at a rate of 

12.5 m2 per 8 seconds. 
Speed 

Table 2-3 Functional Requirements traced to M.1 

 

FR.1.1 Annual Operating Cost: Depending on the desired breakeven point, the 

system will have an upper bound on how much it can cost to operate annually while still 

remaining feasible. 

FR.1.2 Annual Type 1 Error Cost: One way to test the potency of the technology is its 

type 1 error rate, defined as marking a crack for repair that is not a threat, which will 

cause wasted labor-hours due to requesting the repair of a crack that is not problematic. 

FR.1.3 Initial Investment: The implementation of any technology will require a flat, 

upfront cost due to training and the physical delivery system along with any associated 

software and database costs. The initial investment will depend on our design 

alternatives. 

FR.1.4 Processing Speed: The technology can only function as quickly as its software 

can process incoming images. The speed required will be measured by the average 

time it takes to process the specified dimensions of an aircraft. 
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MR.2 Crack Detection 

 A secondary requirement for the MROs to consider adopting a design alternative is 

how well the technology can detect cracks. The primary focus is to at least match the 

current capabilities of visual inspectors, but being able to detect cracks that go 

unnoticed by inspectors is the goal. 

 To meet this requirement, the design alternative will need to meet four functional 

requirements relating to the physical capabilities of the technology.  

The only category is detection, which refers to the technology’s ability to detect cracks. 

Number Requirement Category 

FR.2.1 The system shall detect cracks with a 

volume exceeding 0.5 mm2. 

Detection 

FR.2.2 The system shall have a type 2 error rate of 

no more than 0.01%. 

Detection 

FR.2.3 The system shall distinguish between 

cracks and pre-built parts of the aircraft. 

Detection 

FR.2.4 The system shall capture an image of the 

airframe of the aircraft of dimensions 

12.5m2 without repositioning. 

Speed & Detection 

FR.2.5 The system shall have sub-millimeter 

resolution 

Detection 

Table 2-4 Functional Requirements traced to M.2 
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FR.2.1 Crack Volume Detection: The proposed solution must be able detect cracks 

with a volume of a predetermined lower bound based on what the average inspector is 

capable of seeing. Any additional performance will assist in the final utility of the design 

alternative 

FR.2.2 Type 2 Error Rate: A type two error, in this case, is defined as missing or 

ignoring a crack that has a non-negligible probability of developing into a structurally-

threatening crack prior to the next Type D inspection. This requirement is in place to 

attempt to strike a balance between type one and type two errors, as both are 

detrimental to the MRO’s operation, and reducing the rate of one error increases the 

other. In the case of type two errors, the MRO may be liable for missed cracks that lead 

to structural damage, as well as any inspectors and DERs that signed off on the aircraft 

at the end of the inspection. 

FR.2.3 Distinguishing Cracks and Components: The software that partners with the 

delivery method must be able to detect the differences between a crack and a pre-built 

component of the aircraft to prevent a situation where the software falsely flags entire 

sections of the aircraft. An example would be the software recognizing that the slight 

damage around a rivet caused by its initial puncture into the hull is intended, and should 

not flag as a crack or problem area. 

FR.2.4 Minimize Repositioning of Delivery System: The area of the aircraft captured 

by the physical delivery system in a single image must meet a minimum set of 

dimensions to maintain feasibility and prevent a situation where the technology 

otherwise meets the requirements, but requires tens of thousands of scans to inspect 

the aircraft, and consequently paying an inspector for the scans. 

FR.2.5 Minimum Image Resolution: The resolution of images captured will provide 

detail on sub-millimeter deviations.   



Design of a System for Large Aircraft Fuselage Inspection 

 

47 

 

MR.3 Size, Weight and Power Input Limitations 

 In order for the imaging device to be utilized by human inspectors in a handheld 

design, the size and weight must have maximum limitations. Likewise, the power input 

is limited to standard 110 or 220 volt wiring available throughout the United States.  

Number Requirement Category 

FR.3.1 
The system shall include an image capture 

unit no more than 1000 cm3 in size 

Image Capture  

Device Size 

FR.3.2 
The system shall include an image capture 

unit with a weight no more than 2.3 kg 

Image Capture  

Device Weight 

FR.3.3 
The system shall operate on 110 or 220 

volts power supply 
Power Input 

Table 2-5 Functional Requirements traced to M.3 

FR.3.1 Image Capture Device Size: This requirement limits the overall size for image 

capture device in order to maintain handheld operation.  

FR.3.2 Image Capture Device Weight: This requirement limits the overall weight for 

the image capture device in order to be used in a handheld design.  

FR.3.3 Image Capture Device Power Input: This requirement limits the power input to 

conform to standard commercial wiring in the United States of 110 or 220 volts.  

 

MR.4 Meet Airworthiness Standards: The FAA has a set of standards all aircraft are 

required to meet to be deemed airworthy, depending on the classification of the aircraft. 

There are no direct functional requirements that tie in with meeting airworthiness 

standards beyond what has already been covered, but the aircraft must be certifiable as 

airworthy post-inspection. 
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 In addition to the functional requirements, a listing of non-functional requirements 

have been developed in order to address maintainability, reliability and usability.  

Non-Functional Requirements 

Maintainability 

 1. The system shall produce traceable error codes upon 

malfunction. 

 2. The system shall allow the replacement of individual parts. 

Reliability 

 1. The system shall experience no more than X system failures 

per month. 

 2. The system shall require no more than X hours of 

preventative maintenance per month. 

Usability 

 1. The system shall require no more than 40 hours of training 

for technician certification. 

Table 2-6 Non-Functional Requirements  
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3.0 Concept of Operations & System Alternatives 

The process used for visual inspection as described in the context will be used to 

assess the regions of the airframe that will continue to require different techniques for 

inspection such as the interior surfaces that are only accessible from the interior of the 

airframe, see table 3-1 below. 

Exterior Surfaces Interior surfaces 

Human Visual Human Visual 

Human Remote Visual  

Human Enhanced Visual Human Enhanced Visual 

Robotic Crawler*  

Non-Contact  

Automated Scan* 

 

Table 3-1 Inspection Alternatives for Interior & Exterior Surfaces  
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Contact Non-Contact 

Handheld Robotic Crawler Track 

Contact 

Visual Thermographic 

X Eddy Current Eddy Current 

Ultrasonic 

 

Non-Contact 
Synthetic 

Aperture 
X 

Laser Ultrasonic 

Synthetic Aperture 

Table 3-2 Inspection Method Compatibility with Delivery Alternatives 

 

 The existing process can be modified to accommodate new technologies that are 

capable of inspecting the surface of the exterior regions of the plane. There are two 

main categories that inspection technologies can be classified as; contact and non-

contact, based on the technologies requirements for contact with the surface. An 

example of a contact delivery method is the robotic crawler currently being developed 

and tested by Lufthansa-Technik. The automated crawler utilizes thermographic 

imaging technology to assess the health of the aircraft skin, however to do so it must be 

in contact with the surface of the aircraft. (Lufthansa-Technik, 2015) 
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Figure 3-1 Mobile Robot for Fuselage Inspection (MORFI) 

 (Lufthansa-Technik, 2015) 

 

 The current process can also be modified to accommodate non-contact delivery 

methods such as a robotic arm that has an imaging device attached. The arm would 

need to be moved around the aircraft in order to access the entire exterior surface.  
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Figure 3-2 Concept of Track Imaging System 

 

3.1 Implementation & Design Alternatives 

 There are two design alternative for the proposed system, the first is a human 

operated hand-held device similar to devices being used with eddy current or ultrasonic 

inspections. Combined with iGPS technology to document precise location on the 

fuselage, this design would continue to require human operators. The second design 

alternative is a robotic arm delivery system, depending on focal length limitations, the 

exterior fuselage would be imaged autonomously.  

 A combination of alternatives may be necessary in order to accommodate the 

interior structural components. There may also be an opportunity to evaluate a delivery 

method that would allow imaging of areas with limited access such as the interior walls 

of fuel lines or joints that may be hidden by another component.  

 

Trac

k  

Synthetic Aperture  

Imaging Device 
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Table 3-3 Inspection Method Benefits & Drawbacks 

    

 

 

 

Inspection 
Method 

Time Cost Quality 

Visual 

Visual Inspection time  
Documentation time 

Hourly wage of inspectors 
Training Cost 
Cost of Human Errors 

Limited by human 
eyesight  
Prone to human error 
Human decision 
making only 

Enhanced 
Visual 

Increased Inspection Time 
Imaging Time  
Evaluation Time  
Documentation Time 

Hourly wage of inspectors  
Training/certification  
Maintenance Cost 
Cost of Human Errors 

Improved by 
computer aided 
decision making  
Interpretation/ 
Evaluation of data 
prone to human errors 

Automated 

Faster Inspection Time 
Imaging Time 
Software Processing Time  

Acquisition/Development 
Cost 
Installation Cost 
Training Cost 
Maintenance Cost 

Software for image 
processing reduces 
errors and eliminates 
dependence on 
human decision 
making 
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3.2 Enhanced Inspection System Stakeholder Analysis 

3.3 Functional Breakdown 

 

Figure 3-3  IDEF.0 Proposed System 

 The external systems diagram (IDEF.0) shown above describes how the proposed 

solution would interact with itself and external systems. 
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C.1 Physical Delivery System 

 The physical delivery system is the method utilized by the design alternative to 

capture an image of a portion of the aircraft. This image is sent as an output to its 

partner software for analysis.  

 If the design alternative is not automated, an inspector would be the mechanism that 

leads to the image being captured.  

 Two controls that will affect the delivery system are the inspection process itself,  

such as the order the sections of the aircraft are inspected, and FAA regulations that 

would impact what cracks can be deferred to another inspection. 

C.2 Software Analysis Tool 

 

Figure 3-4  IDEF.0 Proposed System Component: Image Analysis Software 
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The software analysis tool is the software package that deconstructs the raw image 

sent by the physical delivery system into useful information, then outputs the information 

in the form of a recommended course of action by a DER.  

Three inputs required to derive this recommendation are the base image of the 

appropriate section of the aircraft, used for comparison with the current image, as well 

as the current flight hours and flight cycles experienced by the aircraft, which impact the 

crack growth model used by the software.  

The inspection type serves as a control, as the same crack is more likely to be 

ignored if found in a type A inspection, due to the brief nature of the inspection, rather 

than a thorough type D inspection. 

Three mechanisms are required for the software to operate. A computer to run the 

software, a network to link the computer to the physical delivery system, and a DER or 

otherwise-qualified person to review the recommendation. 

If the design alternative includes a record-keeping system, the software gains 

additional inputs and outputs. An input is a previous image of the same crack from the 

same aircraft from a prior inspection. By comparing the previous image of the same 

crack with the current image, the crack can be monitored and the crack growth model 

can be further refined. Additionally, a copy of the image is sent to the record-keeping 

system as an output, as well as the initial request for the previous image. 
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C.3 Manage Data 

 The third subsystem utilizing a database is optional, but would improve the function 

of the software analysis tool as well as have a built-in method to record crack data. The 

two primary outputs of this subsystem are the image itself as a file, and an image as 

requested by the corresponding software for comparison purposes. 

 The data management subsystem has five inputs. Two are the request for an image 

file by either the software, or a person. The aircraft tail number can be used to 

categorize the crack images on a per-aircraft basis. When an image is first collected, a 

backup is immediately sent to the database to minimize risk in the case of the software 

corrupting the image file. Additionally, new images analyzed by the software are sent to 

the database for storage and future comparison. 

 Network protocols are the primary control of the database by utilizing standards for 

data management purposes, and for linking the software and database. 

The database is the primary mechanism, though the DER or qualified person can utilize 

the database by requesting the output of the data as an image file. 

 

 

 

 

 

 

3.4 Allocated Architecture 

3.4.1 Imaging Component  

Technology Description Contact 
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Non-Contact 

Thermographic 

Imaging 

Heats area 1-2 degrees, algorithm 

determines if problematic 

Contact 

Synthetic Aperture 

Imaging 

Captures 2-D images at different 

angles to create a 3-D image 

Non-Contact 

Laser ultrasonic 

Imaging 

Laser superheats micrometers of 

surface material, thermal expansion 

creates sound wave that can be 

measured (ultrasonic) 

Non-Contact 

Table 3-4 Imaging Technologies 

3.4.2 Physical Models 

 Maintenance, repair, and overhaul companies (MROs) serve the function of 

inspection and repairing aircraft in both preventative and corrective maintenance. Their 

activities are rigorously scheduled, and due to strict contract requirements, MROs are 

typically active 24 hours a day to meet deadlines. Part of the inspection process 

involves inspectors visually inspecting the airframe of the aircraft for cracks and 

deviations. The overall process of a full, type D inspection of aircraft involves the 

disassembly and reassembly of the aircraft for up to two months and utilizing hundreds 

of personnel. 

3.4.2.1. Visual Inspection Process 

 The visual inspection process begins after the plane has been sufficiently 

deconstructed to commence the inspection of a section of the aircraft, with inspectors 

assigned to specific sections. Until the inspector’s shift ends, they scout their 

designated section attempting to look for any cracks or deviations that may require 
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further testing with a non-destructive inspection technique (NDI) such as eddy current. 

They mark the locations of any problem areas, and repeat the process until they 

complete their section. If there is still time in their shift, they are assigned to another 

section of the aircraft, otherwise their shift ends. 

3.4.2.2. End-to-end Fuselage Inspection 

 The end-to-end fuselage inspection is what we consider a type D inspection, the 

most thorough of the four types. The inspection occurs approximately every 6 years, 

and involves the full disassembly, testing, and reassembly of the aircraft. The major 

tasks of the full aircraft inspection process are, in approximate order of occurrence: Test 

the landing gear, strip the interior to the hull, visually inspect inner skin for cracks and 

deviations, mark problem areas, repair marked problem areas, inspect interior for 

cracks, mark problem areas, inspect exterior for cracks, mark problem areas, repair 

interior and exterior damage, remove flaps, remove engines, send for its own thorough 

inspection, remove propeller blades, reinstall engines, bolts, and propellers, reinstall 

interior and flaps, test electronics, test engines, then certify the aircraft for airworthiness. 

 

 

 

3.5 Delivery System Alternatives 

Delivery 

Method 

Description Level of 

Human 

Involvement 

Applicable 

Technology 

Robotic 

Crawler 

Travels along outside of aircraft, 

scans designated areas. 

Autonomous Synthetic Aperture, 

Thermographic 

Robotic Utilizes track to move around. Autonomous Synthetic Aperture, 
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Arm Laser Ultrasonic 

Handheld Scanner carried by inspector Enhanced Synthetic Aperture 

Table 3-5 Delivery System Methods 

 

3.5.1 Track System: Non-Contact Imaging 

 A key component of a track system is having sufficient track such that area of the 

aircraft that can be examined is maximized without significantly impacting other 

maintenance activities that happen concurrent to the visual inspection. 

3.5.2 Robotic Arm: Non-Contact Imaging 

 The robotic arm would be used in conjunction with the track system to collect 

information from the exterior of the aircraft at a distance. The arm needs to have 

multiple axes of rotation to increase the leniency of how far and comprehensive the 

track system must be. More axes of rotation allows the robotic arm greater freedom to 

reach and capture data points from different positions of the aircraft. Utilizes synthetic 

aperture imaging or laser ultrasonics. 

3.5.3 Robotic Crawler: Autonomous Contact Imaging  

 The crawler autonomously and rapidly moves to preprogrammed points on the 

fuselage, electrically heats the point with two coils, and captures images using infrared 

cameras. These images can be compared to find cracks and fatigue-related problems in 

the fuselage utilizing thermography. 

3.5.4 Handheld: Non-Contact Imaging 

 An inspector utilizes a handheld device that has a trigger that, upon press, begins 

capturing image data similar to a barcode scanner. The inspector sweeps an area with 

the handheld device and the data is sent back to a computer that can then process the 
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images and detect cracks and fatigue-related that may not be visible with the human 

eye. 

3.5.5 Handheld: Contact Imaging   

 An inspector utilizes existing technology, such as eddy current or ultrasonic, to 

detect the severity of damage to a section of the plane. Contact imaging is typically able 

to detect fatigue-related damage within the structure of the fuselage, rather than the 

exterior surface. 

3.5.6 Preliminary Utility vs. Cost Analysis  

 

Figure 3-5 Utility Hierarchy  

Figure 3-5 shows a preliminary version of the utility hierarchy that will be utilized to 

determine which design alternatives are competitive choices. The non-functional 

category is determined by general attributes of the design alternatives. The time and 

quality categories will be determined by simulation. 
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 This utility will then be compared to the cost of the design alternative, and a 

breakeven analysis can be done for each that shows how many inspections the design 

alternative must be involved in to break even with its high up-front cost.  
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4.0 Method of Analysis 

4.1 Simulation 

 We will be simulating the visual inspection process using representative sections of 

the aircraft. 

4.1.1 Simulation Overview & Model Boundaries  

 To match our preliminary utility hierarchy, the simulation will give information on how 

much time is saved by utilizing a given design alternative as well as information on 

crack detection. 

 The model boundaries include the visual inspection process of an aircraft, from the 

initial call for inspection to the completion of the visual inspection. 
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4.1.2 Simulation Requirements 

The requirements of the visual inspection simulation primarily focus on what the 

simulation needs to do, what edge cases should be covered as well as what statistics 

need to be collected. 

Simulation Requirements 

The simulation shall break down the aircraft into ten representative sections, each 

having its own queue and distribution based on the entity. 

The simulation shall support multiple inspectors inspecting multiple sections 

simultaneously. 

The simulation shall assign a set number of cracks to each section of the aircraft. 

The simulation shall terminate upon the inspection of all ten sections of the aircraft 

The simulation shall collect statistics on total time required for inspection 

The simulation shall collect statistics on total time to complete each section 

The simulation shall collect statistics on cracks detected per section 

The simulation shall collect statistics on crack type one errors 

Mark a crack where one would not register with an NDT 

The simulation shall collect statistics on crack type two errors 

Fail to mark a crack that exists 

Table 4-1 Simulation Requirements 
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4.1.3 Simulation Implementation 

4.1.3.1. Visual Inspection 

 The overall visual inspection process can be generalized by the flowchart shown in 

Figure 4-1. 

 

Figure 4-1 Simulation Flowchart 

 The entities that are created include a human inspector, an autonomous 

thermographic robot, and autonomous synthetic aperture imaging robot. The 

distributions used in the case of a human inspector are shown below in figure 4-2. 
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Figure 4-2 Time Distributions: Visual Inspection (FAA, 2014) 

 Figure 4-3 below shows the simulation at a glance, with the blue section being 

initialization, green section being the process, and purple section allowing the gathering 

of statistics. 



Design of a System for Large Aircraft Fuselage Inspection 

 

67 

 

 

Figure 4-3 Simulation Model Overview 
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Table 4-2 Initialization Assignments 

 

 

 

 

 

 

 

 

 

 

 

Assignments 

Manual / Automated (binary) 

Process Restrictions (binary) 

Process Distributions (minutes) 

Crack Detection Rate (%) 

Type 1 Error Rate (%) 

Type 2 Error Rate (%) 
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 Initialization of the simulation, shown below as Figure 4-5 begins with assigning 

attributes, shown to the right as Table 4-2, to the different entities that represent 

different design alternatives. Each entity is limited to specific, predetermined sections of 

the plane. The number of cracks on each section of the plane is then initialized and the 

entities move to the actual process. 

 

Figure 4-4 Simulation Model Initialization 
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Upon entering the process section of the simulation, shown below as Figure 4-6, the 

current time is assigned to the entity for later reference. The entity then enters a decide 

block that determines what section of the plane to inspect. The two conditions are that 

the section has not been inspected yet, and that the entity is allowed to inspect that 

section. If these conditions are not met for any representative section of the aircraft, 

then the entity is disposed of and the final time is recorded. This final time will update as 

entities are disposed of, and will be accurate upon the final entity passing the block, 

which terminates the simulation. 

 

Figure 4-5 Simulation Model Inspection Process 
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 Following the decide block, the inspector is assigned to inspect a section of the 

plane, and the section start time is recorded, then that section of the plane is marked 

“active”, preventing other entities from attempting to inspect the section. The entity then 

enters a queue to “inspect” the section, and remains there for an amount of time 

determined by the process’ distribution assigned to the entity at the beginning. Upon 

completion of the inspection, the entity moves upward to the statistics recording section 

shown below in Figure 4-7.  

Figure 4-6 Simulation Model Statistics 

 The number of cracks found, determined by the design alternative, is recorded, 

along with labor hours if a human inspector was used. The amount of time required to 

inspect the section is then recorded, and the entity is sent back to the process section of 

the simulation to attempt to inspect another section. 
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4.1.4 Simulation Parameters & Assumptions 

The primary variables in the simulation are what design alternatives are used, and 

what representative sections are allowed to be inspected by each design alternative. 

Assumptions for the simulation include: 

 Design alternatives will not break down during the simulation 

o Reason: The simulation is a single inspection, and we assume the 

probability of the design alternative breaking down in any given single 

inspection is negligible. 

 

 Inspectors work at the same rate throughout the inspection 

o Reason: While not done explicitly in the simulation, it is safe assumption 

that inspectors will work in shifts, rather than one inspector working for 

10+ hours at a time.  
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Inputs Outputs 

• What design alternatives are utilized 

• Where design alternative are utilized 

• Overall time for inspection 

• Time per section 

• Cracks detected per section 

• Type 1 errors per section 

• Type 2 errors per section 

Table 4-3 Simulation Inputs & Outputs 

 

 

 

 

 

 

 

 

 

 

 

 

 



Design of a System for Large Aircraft Fuselage Inspection 

 

74 

 

4.1.4.1. Simulation Validation (As-is) 

 The simulation was run with only a human inspector using the distributions shown in 

Figure 4-2 and the output relating to time is shown below in Table 4-4. 

Section Actual (mins) 
Simulated 

(mins) 
Diff (mins) % error 

1 122 116.47 -5.53 -4.53 

2 28 27.83 -0.17 -0.61 

3 75 75.38 0.38 0.51 

4 68 67.71 -0.29 -0.43 

5 37 36.1 -0.9 -2.43 

6 104 105.64 1.64 1.58 

7 95 100.23 5.23 5.51 

8 35 34.68 -0.32 -0.91 

9 16 15.2 -0.8 -5.00 

10 48 49.56 1.56 3.25 

Table 4-4 Simulation Output: Visual Inspection Process 
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 The difference between the simulated process and actual process varied from 0-5%, 

but cumulatively came up to within 1 minute of the expected total time over 500 

replications, which is an error of approximately 0.1% as shown below in Table 4-5. 

Actual Total (mins) 
Sim Total 

(mins) 

Diff 

(mins) 
% err 

628 628.81 0.81 <0.1% 

 

Sim Half 

Width (mins) 
  

 

6.18 

  

Table 4-5 Simulation Validation with FAA Aging Aircraft Study 
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4.2 Design of Experiments  

As shown below in Table 4-6, our design of experiments will involve variations in 

technology utilized and the delivery method used for both the interior and exterior of the 

aircraft per trial. The output of the simulation will give the type one error rate, type two 

error rate, total inspection time, and the cost of the inspection in labor hours.  

The cost of non-human design alternatives will be added to the cost of inspection 

for final utility vs cost analysis, and a breakeven point can then be found by mapping the 

relative type one and type two error rates to a dollar value in addition to their utility. 

Run Internal 

/ 

External 

Technology Delivery 

Method 

Type 

One 

Error 

Rate 

Type 

Two 

Error 

Rate 

Inspection 

Time 

Cost of 

Inspection 

1 Internal Human -- % % Hours Dollars 

External Human -- 

2 Internal Human -- 

External Thermographic Crawler 

3 Internal Synthetic 

Aperture 

Handheld 

External Thermographic Crawler 

…    

Table 4-6 Design of Experiments Sample Table 
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4.3 Business Case Model 

To calculate cost savings of incorporating new technologies into current processes, 

the first step is to model and simulate the existing systems. The simulation tool of 

choice is Arena. One simulation will focus exclusively on the visual inspection process 

relating to crack detection to find what niche the design alternative can fill. The second 

simulation will model the type D inspection process, which will utilize results from the 

first simulation as part of its own visual inspection process. Our current focus is on the 

visual inspection simulation, as it will eventually tie in as a sub-process of the type D 

inspection. 
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5.0 Results & Analysis 

5.1 Simulation Results 

 
Baseline Handheld 

Job Card 
Human  

Inspector 
Ultrasonic Eddy Current 

Midsection Floor 
55 + 160 *BETA 

(0.713, 1.2) 
UNIF 

(137.5,537.5) 
UNIF 

(165,645) 
Main Landing Gear 

Support 
TRIA 

(9.5, 28.8, 45.5) 
UNIF 

(25,112.5) 
UNIF 

(30,135) 
Midsection Crown 

Internal 
49.5 + GAMM 
(24.9, 1.04) 

UNIF 
(125,287.5) 

UNIF 
(150,345) 

Galley Doors Internal 
NORM 

(67.9, 14.4) 
UNIF 

(112.5,262.5) 
UNIF 

(135,315) 

Rear Bilge External 
19.5 + WEIB 
(18.8, 1.93) 

UNIF 
(50,125) 

UNIF 
(60,150) 

Left Forward Upper 
Lobe 

65 + EXPO 
(38.8) 

UNIF 
(162.5,437.5) 

UNIF 
(195,525) 

Left Forward Cargo 
Compartment 

UNIF 
(54.5, 146) 

UNIF 
(137.5,362.5) 

UNIF 
(165,435) 

Upper and Lower Rear 
Bulkhead 

UNIF 
(19.5, 50.5) 

UNIF 
(50,125) 

UNIF 
(60,150) 

Nose Wheel Well 
Forward Bulkhead 

UNIF 
(9.5, 20.5) 

UNIF 
(25,62.5) 

UNIF 
(30,75) 

Lap Splice Panels 

Human Inspector 14.5 + 81 * BETA(0.961, 1.34) 

Handheld Ultrasonic UNIF(33,77) 

Handheld Eddy Current UNIF(45,285) 

Crawler Thermographic UNIF(54,98) 

Crawler Ultrasonic UNIF(85,120) 

Crawler Eddy Current UNIF(60,100) 

Track Synthetic Aperture UNIF(3,6) 

Track Laser Ultrasound UNIF(3.2,9.625) 

Table 5-1 Distributions Used in Simulation 

 Table 5-1 above shows the distributions utilized during the simulation. The visual 

inspection and handheld devices are able to inspect the entire aircraft, and have 

distributions for all ten sections, while the autonomous design alternatives can only 

inspect the exterior, represented by the lap splice panels. The non-contact inspection 
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methods, synthetic aperture and laser ultrasonic on a track, are noteworthy from their 

substantially shorter inspection times: 3-10 minutes rather than over a hundred. 

 

 Figure 5-1 below illustrates a section of our sample output relating to the time, in 

minutes, to inspect a given section of the aircraft using a single human inspector. The 

figure is a screenshot directly from an Arena output file. 

 

Figure 5-1 Simulation Arena Output 
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Section Actual (mins) Simulated (mins) Diff (mins) % error 

1 122 116.47 -5.53 -4.53 

2 28 27.83 -0.17 -0.61 

3 75 75.38 0.38 0.51 

4 68 67.71 -0.29 -0.43 

5 37 36.1 -0.9 -2.43 

6 104 105.64 1.64 1.58 

7 95 100.23 5.23 5.51 

8 35 34.68 -0.32 -0.91 

9 16 15.2 -0.8 -5.00 

10 48 49.56 1.56 3.25 

Table 5-2 Simulation Output: Visual Inspection Process 

 Table 5-2 above illustrates the 1-5% difference between our simulation output and a 

set of sample data used for validation. 

Technology JC501 JC502 JC503 JC504 JC505 JC506 JC507 JC508/9 JC510 JC701 

Visual 
116.47 
3.87 

27.83 
0.68 

75.38 
2.21 

67.71 
1.25 

36.10 
0.74 

105.64 
3.38 

100.23 
2.34 

34.68 
0.80 

15.2 
0.28 

49.56 
1.98 

Thermographic 
Crawler 

N/A N/A N/A N/A N/A N/A N/A N/A N/A 
76.42 
2.34 

SAID noncontact N/A N/A N/A N/A N/A N/A N/A N/A N/A 
4.50 
0.15 

Laser Ultrasonic  
noncontact 

N/A N/A N/A N/A N/A N/A N/A N/A N/A 
6.28 
0.34 

Table 5-3 Simulation Output 

 After running the simulation, Table 5-3 describes our output in terms of the mean 

minutes per inspection per job card along with a half-width. These four alternatives 

dominated the other set, thus the other set was excluded. Three were only usable on 

the exterior of the aircraft, job card 701. 

 

 



Design of a System for Large Aircraft Fuselage Inspection 

 

81 

 

 

Figure 5-2 Distribution of Lap-splice Panel Inspection Times 

 

 Figure 5-2 above shows the distribution of inspection times for our top four 

alternatives. Human inspection shows a long tail, which is expected with the high 

variance in capabilities of human inspectors, while autonomous options display an 

approximately uniform distribution. Laser ultrasonic and synthetic aperture are both 

approximately equal in their distributions. 
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Figure 5-3 Utility vs. Cost: Imaging Technology Alternatives 

 

 The utility vs cost analysis shown in Figure 5-3 displays the stark advantage non-

contact solutions have, notably the non-contact laser ultrasonic (0.87 utility), over both 

the human inspector (0.59 utility) and the thermographic crawler (0.37 utility).  The 

trade-off comes from a sharp increase in cost, with human inspectors costing $565,000 

over the same period that the laser ultrasonic costs $1,967,000. Synthetic aperture has 

a wide possibility on its cost due to the technology not being available. 
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5.2 Business Case Analysis Results 

 All business case information assumed the laser ultrasonic design alternative was 

utilized. 

 A business case model of five different sized maintenance facilities, ranging from 25 

to 126 inspections per year, was analyzed to evaluate economy of scale for break-even 

points and a return on investment for a five-year period, with an average annual ROI 

ranging from 35% to 182%, respectively. 

 

Table 5-4 Return on Investment  

 

 

 

 

 

 

 

 

Annual Type D Inspections ROI per Year 

25 34.97% 

47 67.04% 

75 107.4% 

100 143.61% 

126 181.28% 



Design of a System for Large Aircraft Fuselage Inspection 

 

84 

 

Annual Heavy Checks 

Per Location 

$ savings in 

labor/yr 

Additional 

Planes / yr 

Additional 

Revenue 

25 $16,787.48  18.83 $618,813.73  

47 $31,656.38  35.51 $1,166,905.89  

75 $50,362.43  56.49 $1,856,441.19  

100 $67,149.90  75.32 $2,475,254.93  

126 $84,608.88  94.90 $3,118,821.21  

Table 5-5 Business Model: Labor Savings, Additional Revenue  

 Table 5-5 above describes the savings in labor and additional revenue provided 

when comparing a human inspector with the laser ultrasonic technology. Savings was 

determined by comparing how much faster the laser ultrasonic technology can scan the 

exterior of the aircraft and considering the difference in time as labor savings. Additional 

revenue builds upon that by using that time savings to scan additional aircraft, then 

multiply the additional aircraft by $2M, which is approximately how much a Type D 

inspection cost, then multiply that value by 35%, which is the percentage dedicated to 

visual inspection (IATA 2014). 
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Figure 5-4 Economies of Scale: Annual Inspections vs. Breakeven Point 

 Figure 5-4 shows that the breakeven point for MRO facilities follows an 

approximately logarithmic distribution, ranging from a 3 year breakeven at 25 

inspections per year, to a 0.55 year breakeven at 126 inspections per year. The fit is 

acceptable with an R2 of 0.948. The range of our economies of scale, from 25 to 126 

inspections per year, is expected to encompass most inspection facilities worldwide. 
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Figure 5-5 Breakeven Point for Small MRO Facility 

 Figure 5-5 above shows the worst case scenario, where a facility normally inspects 

25 aircraft per year. The breakeven occurs at year three, as laser ultrasonic technology 

has a low annual maintenance cost (approximately $30,000 per year) with an initial 

investment of $1.75M. After the first three years, the MRO can expect to continue a 

trend of a 26.3% increase in revenue assuming they are able to isolate exterior visual 

inspections, rather than be required to inspect the entire aircraft. 
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Figure 5-6 Increase in Number of Inspected Aircraft 

 Figure 5-6 above shows the increase in annual visual inspections across our 

economies of scale. All show a 26.3% increase, which has a bigger impact on larger 

facilities. 
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Figure 5-7 Increase in MRO Revenue 

 Figure 5-7 above shows a similarity to figure 5-6, but plots revenue rather than 

increased number of aircraft visual inspections. This paints a better picture on the actual 

improvement in revenue generation by implementing laser ultrasonic technology. Table 

5-5 displays, and describes, our method to calculate increased revenue generation. 
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5.3 Sensitivity Analysis 

 

 

Figure 5-8 Utility Hierarchy 

 Figure 5-6 shows our utility hierarchy used to compare our design alternatives. Our 

weights were decided by assuming the MRO is a profit-seeking business, and their 

profit comes from performance, with a total of 0.25 assigned to risk. Under 

Performance, Time is the highest weight, as the goal of an MRO is to inspect planes as 

quickly as possible. Accuracy has a weight of 0.2 to account for the DER wanting to 

ensure the aircraft meets FAA standards. Safety accounts for health hazards and 

possible workplace injuries. Implementability covers both training and technology 

readiness level. A weight of 0.9 was placed on technology readiness, as implementing a 

new technology carries high risk, while training is accounted for to give a small penalty 

to newer technologies that might require high levels of user expertise. 
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Figure 5-9 Sensitivity Analysis: Performance (Speed & Accuracy) 

 While our weights are based on assumptions, our sensitive analysis shows that 

there is a wide margin on our weights before impacting the decision. Our highest 

weight, performance, maintains the same decision of Laser Ultrasonic as long as the 

weight remains within the range [0.4, 0.85]. Its original weight lies at 0.75. The overall 

sensitivity analysis shows that the decision is insensitive. 

 

 

 

 

 

 

 



Design of a System for Large Aircraft Fuselage Inspection 

 

91 

 

 

Figure 5-10 Sensitivity Analysis: Implementability (Training & TRL) 

 Figure 5-8 shows that implementability is also insensitive, as the decision would not 

change with the weight range of [0.1, 0.4]. Its original weight lies at 0.15. 
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Figure 5-11 Sensitivity Analysis: Safety 

 Laser ultrasonic dominates the safety category from the range [0, 0.85]. Safety 

would only affect the decision if the MRO considers the potential risk of workplace injury 

as more important than implementability of the system plus performance of the system 

combined. 
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5.4 Conclusions & Recommendations 

 It is recommended that laser ultrasonic technology be implemented in MRO facilities 

that have an annual inspection volume of 25 – 126 aircraft per year. The annual return 

on investment is shown to range between 35 and 180% respectively, and the facility can 

expect a breakeven after between 3 and 0.5 years respectively. 

 The technology can also keep track of where cracks were located, and their 

progress over the years, to further refine the crack growth model. 

 The faster exterior inspection time will improve their revenue generation by 26.3%, 

and the technology itself will improve crack detection rates from its current 44%, to 95%, 

substantially increasing the safety of aircraft travel worldwide. 
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6.0  Project Management 

This section explains the following: work breakdown structure (WBS); project 

schedule including critical path; project risk management; budget and earned value 

(EV); cost performance index (CPI); and schedule performance index (SPI). 

OmniPlan 3 software was used to develop and maintain the project schedule. 

 

6.1 Work Breakdown Structure 

The top level of the hierarchy separates the project into thirteen main categories.  

1.1 Management 
1.2 Research 
1.3 CONOPS 
1.4 Originating Requirements 
1.5 Design Alternatives 
1.6 Analysis 
1.7 Test 

1.8 Design 
1.9 Simulation 
1.10 Testing 
1.11 Presentations 
1.12 Documentation 
1.13 Competitions 
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WBS top level categories further decomposed as follows: 

1.1 Management decomposed by: 
1.1.1 Timesheets 
1.1.2 Accomplishment Summaries 
1.1.3 Email Communications 
1.1.4 Meetings with Sponsor 
1.1.5 Meetings with Professors 
1.1.6 Individual Meetings 
1.1.7 Team Meetings 
1.1.8 WBS Management 

 
1.2 Research decomposed by: 

1.2.1 Lead Initial Research  
1.2.2 Kick-off Presentation 

Research  
1.2.3 Team Research 

 
1.3 CONOPS decomposed by: 

1.3.1 Context Analysis 
1.3.2 Stakeholder Analysis 
1.3.3 Problem Statement 
1.3.4 Need Statement 
1.3.5 Operational Concept 
1.3.6 System Boundary 
1.3.7 System Objectives 
1.3.8 Statement of Work 
1.3.9 Budget 
1.3.10 Project Risks 

 
1.4 Originating Requirements 

decomposed by: 
1.4.1 Stakeholder Requirements 
1.4.2 Performance Requirements 
1.4.3 Application Requirements 
1.4.4 Analysis of Requirements as 

they relate to Con-ops 
1.4.5 Qualify the Qualification 

System 
1.4.6 Obtain Approval of System 

Documentation 
1.4.7 Functional Requirements 
1.4.8 Design Requirements 

 

1.5 Design Alternatives decomposed by: 
1.5.1 Develop design Alternatives 

 
1.6 Analysis 

1.6.1 Initial Simulation Analysis 
1.6.2 Sensitivity Analysis 
 

1.7 Test 
1.7.1 Verification and Validation 
 

1.8 Design 
1.8.1 Initial Design of Experiment 
1.8.2 Refine DoE 
 

1.9 Simulation decomposed by: 
1.9.1 Simulation Requirements 
1.9.2 Simulation Design 
1.9.3 Simulation Programming 

 
1.10 Testing 

1.10.1 Simulation de-bugging 
 

1.11 Presentations decomposed by: 
1.11.1 Project Briefing 1 
1.11.2 Project Briefing 2 
1.11.3 Project Briefing 3 
1.11.4 Project Briefing 4 
1.11.5 Faculty Presentations 
1.11.6 Final Fall Presentation 

 
1.12 Documentation decomposed by: 

1.12.1 Preliminary Project Plan 
1.12.2 Proposal  

 
1.13 Competitions decomposed by:  

1.13.1 Conference Paper 
1.13.2 Poster 
1.13.3 UVa 
1.13.4 West Point 



6.2 Project Schedule and Critical Path 

 The project schedule begins on August 4, 2015 and concludes on May 14, 2016. 

The team effort begins on the first day of the Fall semester, August 31, 2015 while the 

project related tasks must be complete before the competitions in May 2016. Milestones 

such as completion of con-ops, completion of simulation design and deliverable 

deadlines are included.  

  

 

Figure 6-1 Project Gantt Chart with Critical Path 

 

The critical path is indicated in red on Figure 4.2-1 below and includes the following 

tasks categories:  

1.4 Originating Requirements 
1.5 Design Alternatives 
1.6 Analysis 
1.7 Test 
1.8 Design 
1.9 Simulation 
1.10 Testing 

These categories include the fundamental system design tasks that allow for evaluation 

of the proposed technology solution. Starting with the originating requirements there is 

no slack available following the completion of CONOPS.  
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6.3 Project Risk Management 

In order to meet the completion deadline required for this project we have analyzed 

the critical path for tasks that present the greatest risk. The table in Figure 4.3-1 below 

lists the critical task, foreseeable risk and the mitigation routes. The simulation model 

accuracy greatly depends on the quality of information we gather with regards to the 

current inspection process. Because the process varies between MRO companies we 

are using estimates from published studies conducted by the FAA.  

Critical Tasks Foreseeable Risk Mitigation Routes 

Acquire specifications from 

IAI about CONTOURS 

Technology 

Sponsor does not share 

information 

Alter design to trade off 

analysis of crack inspection 

methods 

Acquire data on specific 

visual inspection tasks 

Data is not 

available/accessible 

Use reasonable estimates 

based on available data 

Quantify requirements Data is not 

available/accessible 

Use reasonable estimates 

based on available data 

Sensitivity Analysis Data does not correspond 

to industry practices 

Ensure simulation is built 

correctly, may need further 

development 

Table 6-1 Critical Tasks Identified for Project Risk Mitigation 
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6.4 Project Budget and Performance Indices 

 The project budget is estimated using the hourly rate of $43.50 which results from 

the average of 2012 labor wages of two related engineering fields. Data sourced from 

the United States Department of Labor, Bureau of Labor Statistics Occupational Outlook 

Handbook listed in Table 4.4-1.  

Occupation 2012 Median Pay 

Aerospace-Engineers $49.07/hr 

Industrial-Engineers $37.92/hr 

Table 6-2 Median Pay: Data from BLS 

 

6.4.1 Earned Value Management 

Project earned value uses estimates made for total number of hours required to 

complete each WBS category listed in Table 4.4.1-1.  

WBS - Tasks 
Budgeted  

Hours 

1.1 Management 360 

1.2 Research 200 

1.3 CONOPS 50 

1.4 Originating Requirements 20 

1.5 Design Alternatives 50 

1.6 Analysis 60 

1.7 Test 30 

1.8 Design 40 

1.9 Simulation 130 

1.10 Testing 30 

1.11 Presentations 2600 

1.12 Documentation 180 

1.13 Competitions 50 

Total Budgeted Hours 1460 

Table 6-3 Project Budgeted Hours 
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WBS Task Name TBC 
31-Aug 7-Sep 14-Sep 21-Sep 28-Sep 

1 2 3 4 5 

1 Management $14,429.47 $913.40 $1,130.87 $1,652.81 $598.06 $543.69 

2 Research $8,481.53 $608.93 $565.44 $565.44 $521.94 $391.46 

3 CONOPS $2,087.76 $0.00 $0.00 $260.97 $391.46 $652.43 

4 Originating Requirements $695.92 $0.00 $0.00 $0.00 $0.00 $304.47 

5 Design Alternatives $2,044.27 $0.00 $0.00 $0.00 $0.00 $0.00 

6 Analysis $2,566.21 $0.00 $0.00 $0.00 $0.00 $0.00 

7 Test $978.64 $0.00 $0.00 $0.00 $0.00 $0.00 

8 Design $1,130.87 $0.00 $0.00 $0.00 $521.94 $0.00 

9 Simulation $4,827.95 $0.00 $0.00 $0.00 $217.48 $217.48 

10 Testing $913.40 $0.00 $0.00 $0.00 $0.00 $0.00 

11 Presentations $11,069.48 $86.99 $86.99 $1,000.39 $391.46 $565.44 

12 Documentation $7,024.44 $0.00 $0.00 $0.00 $0.00 $0.00 

13 Competitions $1,718.05 $0.00 $0.00 $0.00 $0.00 $0.00 

 
Total Budgeted Hours 1,460 40 40 60 60 60 

 
Total Budgeted Cost $63,502.70 $1,739.80 $1,739.80 $2,609.70 $2,609.70 $2,609.70 

  
Cumulative Planned Value (PV) $1,739.80 $3,479.60 $6,089.30 $8,699.00 $11,308.70 

Table 6-4 Cumulative Planned Value: September 2015 

WBS Task Name TBC 
5-Oct 12-Oct 19-Oct 26-Oct 5-Oct 

6 7 8 9 6 

1 Management $14,429.47 $304.47 $521.94 $434.95 $391.46 $304.47 

2 Research $8,481.53 $478.45 $565.44 $260.97 $130.49 $478.45 

3 CONOPS $2,087.76 $173.98 $0.00 $173.98 $43.50 $173.98 

4 Originating Requirements $695.92 $0.00 $43.50 $43.50 $0.00 $0.00 

5 Design Alternatives $2,044.27 $130.49 $86.99 $0.00 $130.49 $130.49 

6 Analysis $2,566.21 $0.00 $0.00 $0.00 $0.00 $0.00 

7 Test $978.64 $0.00 $0.00 $0.00 $0.00 $0.00 

8 Design $1,130.87 $0.00 $0.00 $43.50 $0.00 $0.00 

9 Simulation $4,827.95 $347.96 $391.46 $86.99 $260.97 $347.96 

10 Testing $913.40 $0.00 $0.00 $0.00 $43.50 $0.00 

11 Presentations $11,069.48 $521.94 $217.48 $478.45 $521.94 $521.94 

12 Documentation $7,024.44 $0.00 $0.00 $826.41 $173.98 $0.00 

13 Competitions $1,718.05 $0.00 $0.00 $0.00 $0.00 $0.00 

 
Total Budgeted Hours 1,460 50 50 60 40 50 

 
Total Budgeted Cost $63,502.70 $2,174.75 $2,174.75 $2,609.70 $1,739.80 $2,174.75 

  
Cumulative Planned Value (PV) $13,483.45 $15,658.20 $18,267.90 $20,007.70 $13,483.45 

Table 6-5 Cumulative Planned Value: October 2015 
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WBS Task Name TBC 
2-Nov 9-Nov 16-Nov 23-Nov 30-Nov 

10 11 12 13 14 

1 Management $14,429.47 $434.95 $674.17 $608.93 $695.92 $478.45 

2 Research $8,481.53 $217.48 $152.23 $239.22 $86.99 $173.98 

3 CONOPS $2,087.76 $0.00 $43.50 $43.50 $43.50 $0.00 

4 Originating Requirements $695.92 $0.00 $86.99 $43.50 $0.00 $0.00 

5 Design Alternatives $2,044.27 $173.98 $43.50 $43.50 $43.50 $173.98 

6 Analysis $2,566.21 $86.99 $0.00 $0.00 $0.00 $0.00 

7 Test $978.64 $21.75 $0.00 $0.00 $0.00 $0.00 

8 Design $1,130.87 $0.00 $43.50 $0.00 $0.00 $0.00 

9 Simulation $4,827.95 $434.95 $217.48 $217.48 $86.99 $304.47 

10 Testing $913.40 $0.00 $0.00 $0.00 $130.49 $0.00 

11 Presentations $11,069.48 $695.92 $608.93 $1,348.35 $173.98 $130.49 

12 Documentation $7,024.44 $0.00 $0.00 $0.00 $217.48 $304.47 

13 Competitions $1,718.05 $0.00 $0.00 $0.00 $43.50 $304.47 

 
Total Budgeted Hours 1,460 50 45 60 40 40 

 
Total Budgeted Cost $63,502.70 $2,174.75 $1,957.28 $2,609.70 $1,739.80 $1,739.80 

  
Cumulative Planned Value (PV) $22,182.45 $24,139.73 $26,749.43 $28,489.23 $30,229.03 

Table 6-6 Cumulative Planned Value: November 2015 

WBS Task Name TBC 
7-Dec 14-Dec 21-Dec 28-Dec 7-Dec 

15 16 17 18 15 

1 Management $14,429.47 $391.46 $130.49 $86.99 $86.99 $391.46 

2 Research $8,481.53 $173.98 $0.00 $0.00 $0.00 $173.98 

3 CONOPS $2,087.76 $0.00 $0.00 $0.00 $0.00 $0.00 

4 Originating Requirements $695.92 $0.00 $0.00 $0.00 $0.00 $0.00 

5 Design Alternatives $2,044.27 $0.00 $0.00 $0.00 $0.00 $0.00 

6 Analysis $2,566.21 $0.00 $0.00 $0.00 $0.00 $0.00 

7 Test $978.64 $0.00 $0.00 $0.00 $0.00 $0.00 

8 Design $1,130.87 $43.50 $0.00 $0.00 $0.00 $43.50 

9 Simulation $4,827.95 $173.98 $0.00 $0.00 $0.00 $173.98 

10 Testing $913.40 $0.00 $0.00 $0.00 $0.00 $0.00 

11 Presentations $11,069.48 $260.97 $0.00 $0.00 $0.00 $260.97 

12 Documentation $7,024.44 $956.89 $0.00 $0.00 $0.00 $956.89 

13 Competitions $1,718.05 $304.47 $0.00 $0.00 $0.00 $304.47 

 
Total Budgeted Hours 1,460 50 20 20 20 50 

 
Total Budgeted Cost $63,502.70 $2,174.75 $869.90 $869.90 $869.90 $2,174.75 

  
Cumulative Planned Value (PV) $32,403.78 $33,273.68 $34,143.58 $35,013.48 $32,403.78 

Table 6-7 Cumulative Planned Value: December 2015 

 



Design of a System for Large Aircraft Fuselage Inspection 

 

101 

 

WBS Task Name TBC 
4-Jan 11-Jan 18-Jan 25-Jan 4-Jan 

19 20 21 22 19 

1 Management $14,429.47 $173.98 $260.97 $391.46 $434.95 $173.98 

2 Research $8,481.53 $173.98 $173.98 $217.48 $347.96 $173.98 

3 CONOPS $2,087.76 $0.00 $0.00 $0.00 $43.50 $0.00 

4 Originating Requirements $695.92 $0.00 $0.00 $43.50 $86.99 $0.00 

5 Design Alternatives $2,044.27 $0.00 $130.49 $239.22 $173.98 $0.00 

6 Analysis $2,566.21 $0.00 $86.99 $86.99 $130.49 $0.00 

7 Test $978.64 $0.00 $43.50 $0.00 $86.99 $0.00 

8 Design $1,130.87 $0.00 $43.50 $0.00 $0.00 $0.00 

9 Simulation $4,827.95 $130.49 $173.98 $173.98 $304.47 $130.49 

10 Testing $913.40 $86.99 $86.99 $130.49 $43.50 $86.99 

11 Presentations $11,069.48 $0.00 $43.50 $478.45 $217.48 $0.00 

12 Documentation $7,024.44 $86.99 $130.49 $86.99 $239.22 $86.99 

13 Competitions $1,718.05 $0.00 $0.00 $43.50 $239.22 $0.00 

 
Total Budgeted Hours 1,460 40 40 40 50 40 

 
Total Budgeted Cost $63,502.70 $1,739.80 $1,739.80 $1,739.80 $2,174.75 $1,739.80 

  
Cumulative Planned Value (PV) $36,753.28 $38,493.08 $40,232.88 $42,407.63 $36,753.28 

Table 6-8 Cumulative Planned Value: January 2016 

WBS Task Name TBC 
1-Feb 8-Feb 15-Feb 22-Feb 29-Feb 

23 24 25 26 27 

1 Management $14,429.47 $347.96 $260.97 $391.46 $391.46 $260.97 

2 Research $8,481.53 $391.46 $304.47 $347.96 $173.98 $260.97 

3 CONOPS $2,087.76 $0.00 $0.00 $86.99 $86.99 $0.00 

4 Originating Requirements $695.92 $0.00 $43.50 $0.00 $0.00 $0.00 

5 Design Alternatives $2,044.27 $43.50 $217.48 $86.99 $43.50 $86.99 

6 Analysis $2,566.21 $86.99 $130.49 $304.47 $304.47 $43.50 

7 Test $978.64 $86.99 $86.99 $130.49 $86.99 $43.50 

8 Design $1,130.87 $86.99 $0.00 $43.50 $130.49 $86.99 

9 Simulation $4,827.95 $130.49 $478.45 $173.98 $86.99 $173.98 

10 Testing $913.40 $86.99 $130.49 $130.49 $0.00 $0.00 

11 Presentations $11,069.48 $391.46 $347.96 $347.96 $217.48 $130.49 

12 Documentation $7,024.44 $86.99 $217.48 $260.97 $347.96 $217.48 

13 Competitions $1,718.05 $86.99 $130.49 $0.00 $43.50 $43.50 

 
Total Budgeted Hours 1,460 40 40 40 40 40 

 
Total Budgeted Cost $63,502.70 $1,739.80 $1,739.80 $1,739.80 $1,739.80 $1,739.80 

  
Cumulative Planned Value (PV) $44,147.43 $45,887.23 $47,627.03 $49,366.83 $51,106.63 

Table 6-9 Cumulative Planned Value: February 2016 
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WBS Task Name TBC 
7-Mar 14-Mar 21-Mar 28-Mar 7-Mar 

28 29 30 31 28 

1 Management $14,429.47 $173.98 $217.48 $304.47 $391.46 $173.98 

2 Research $8,481.53 $304.47 $173.98 $130.49 $217.48 $304.47 

3 CONOPS $2,087.76 $0.00 $0.00 $0.00 $0.00 $0.00 

4 Originating Requirements $695.92 $0.00 $0.00 $0.00 $0.00 $0.00 

5 Design Alternatives $2,044.27 $0.00 $65.24 $130.49 $0.00 $0.00 

6 Analysis $2,566.21 $304.47 $304.47 $434.95 $0.00 $304.47 

7 Test $978.64 $130.49 $130.49 $130.49 $0.00 $130.49 

8 Design $1,130.87 $0.00 $86.99 $0.00 $0.00 $0.00 

9 Simulation $4,827.95 $0.00 $43.50 $0.00 $0.00 $0.00 

10 Testing $913.40 $0.00 $43.50 $0.00 $0.00 $0.00 

11 Presentations $11,069.48 $521.94 $369.71 $347.96 $347.96 $521.94 

12 Documentation $7,024.44 $608.93 $347.96 $608.93 $565.44 $608.93 

13 Competitions $1,718.05 $130.49 $86.99 $43.50 $130.49 $130.49 

 
Total Budgeted Hours 1,460 50 45 50 40 50 

 
Total Budgeted Cost $63,502.70 $2,174.75 $1,957.28 $2,174.75 $1,739.80 $2,174.75 

  
Cumulative Planned Value (PV) $53,281.38 $55,238.65 $57,413.40 $59,153.20 $53,281.38 

Table 6-10 Cumulative Planned Value: March 2016 

WBS Task Name TBC 
4-Apr 11-Apr 18-Apr 25-Apr 4-Apr 

32 33 34 35 32 

1 Management $14,429.47 $347.96 $0.00 $0.00 $0.00 $347.96 

2 Research $8,481.53 $130.49 $0.00 $0.00 $0.00 $130.49 

3 CONOPS $2,087.76 $43.50 $0.00 $0.00 $0.00 $43.50 

4 Originating Requirements $695.92 $0.00 $0.00 $0.00 $0.00 $0.00 

5 Design Alternatives $2,044.27 $0.00 $0.00 $0.00 $0.00 $0.00 

6 Analysis $2,566.21 $260.97 $0.00 $0.00 $0.00 $260.97 

7 Test $978.64 $0.00 $0.00 $0.00 $0.00 $0.00 

8 Design $1,130.87 $0.00 $0.00 $0.00 $0.00 $0.00 

9 Simulation $4,827.95 $0.00 $0.00 $0.00 $0.00 $0.00 

10 Testing $913.40 $0.00 $0.00 $0.00 $0.00 $0.00 

11 Presentations $11,069.48 $217.48 $0.00 $0.00 $0.00 $217.48 

12 Documentation $7,024.44 $739.42 $0.00 $0.00 $0.00 $739.42 

13 Competitions $1,718.05 $86.99 $0.00 $0.00 $0.00 $86.99 

 
Total Budgeted Hours 1,460 40 40 10 10 40 

 
Total Budgeted Cost $63,502.70 $1,739.80 $1,739.80 $434.95 $434.95 $1,739.80 

  
Cumulative Planned Value (PV) $60,893.00 $62,632.80 $63,067.75 $63,502.70 $60,893.00 

Table 6-11 Cumulative Planned Value: April 2016 
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Actual Cost and Earned Value 

 31-Aug 7-Sep 14-Sep 21-Sep 28-Sep 

1 2 3 4 5 

Cumulative Actual Cost (AC) $1,609.32 $3,392.61 $6,872.21 $9,514.53 $12,189.47 

Cumulative Earned Value (EV) $874.38 $1,807.73 $4,233.75 $8,376.42 $13,578.41 

Table 6-12 Actual Cost and Earned Value September 2015  

Actual Cost and Earned Value 

 5-Oct 12-Oct 19-Oct 26-Oct 

6 7 8 9 

Cumulative Actual Cost (AC) $14,146.75 $15,973.54 $18,322.27 $20,018.57 

Cumulative Earned Value (EV) $15,627.60 $17,391.37 $19,784.27 $21,436.89 

Table 6-13 Actual Cost and Earned Value October 2015  

Actual Cost and Earned Value 

 2-Nov 9-Nov 16-Nov 23-Nov 30-Nov 

10 11 12 13 14 

Cumulative Actual Cost (AC) $22,084.59 $23,954.87 $26,499.33 $28,021.65 $29,891.94 

Cumulative Earned Value (EV) $23,481.89 $25,508.22 $27,509.77 $29,092.65 $31,478.46 

Table 6-14 Actual Cost and Earned Value November 2015  

Actual Cost and Earned Value 

 7-Dec 14-Dec 21-Dec 28-Dec 

15 16 17 18 

Cumulative Actual Cost (AC) $32,197.17 $32,327.66 $32,414.65 $32,501.64 

Cumulative Earned Value (EV) $33,934.63 $33,989.06 $34,025.35 $34,061.64 

Table 6-15 Actual Cost and Earned Value December 2015  

Actual Cost and Earned Value 

 4-Jan 11-Jan 18-Jan 25-Jan 

19 20 21 22 

Cumulative Actual Cost (AC) $33,154.06 $34,328.43 $36,220.46 $38,569.19 

Cumulative Earned Value (EV) $34,795.84 $36,638.00 $39,325.66 $43,287.40 

Table 6-16 Actual Cost and Earned Value January 2016 

Actual Cost and Earned Value 

 1-Feb 8-Feb 15-Feb 22-Feb 29-Feb 

23 24 25 26 27 

Cumulative Actual Cost (AC) $40,395.98 $42,744.71 $45,049.95 $46,963.73 $48,312.07 

Cumulative Earned Value (EV) $45,806.30 $49,597.24 $53,135.94 $56,076.80 $57,837.27 

Table 6-17 Actual Cost and Earned Value February 2016 

Actual Cost and Earned Value 

 7-Mar 14-Mar 21-Mar 28-Mar 

28 29 30 31 

Cumulative Actual Cost (AC) $50,486.82 $52,357.11 $54,488.36 $56,141.17 

Cumulative Earned Value (EV) $60,676.02 $63,729.11 $66,842.10 $68,199.19 

Table 6-18 Actual Cost and Earned Value March 2016 
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Actual Cost and Earned Value 

 4-Apr 11-Apr 18-Apr 25-Apr 

32 33 34 35 

Cumulative Actual Cost (AC) $57,967.96 $57,967.96 $57,967.96 $57,967.96 

Cumulative Earned Value (EV) $70,177.50 $70,177.50 $70,177.50 $70,177.50 

Table 6-19 Actual Cost and Earned Value April 2016 

CV, SV, CPI, SPI and EAC 

 31-Aug 7-Sep 14-Sep 21-Sep 28-Sep 

1 2 3 4 5 

Cost Variance (CV = EV - AC) -$734.93 -$1,584.88 -$2,638.46 -$1,138.11 $1,388.94 

Schedule Variance (SV = EV - PV) -865.42 -1671.87 -1855.55 -322.58 2269.71 

Cost Performance Index (CPI = EV/AC) 0.54 0.53 0.62 0.88 1.11 

Schedule Performance Index (SPI = EV/PV) 0.50 0.52 0.70 0.96 1.20 

Estimated Cost at Completion (EAC) $116,877.63 $119,176.80 $103,077.49 $72,130.82 $57,007.00 

Table 6-20 CV, SV, CPI, SPI and EAC: September 2015 

CV, SV, CPI, SPI and EAC 

 5-Oct 12-Oct 19-Oct 26-Oct 

6 7 8 9 

Cost Variance (CV = EV - AC) $1,480.85 $1,417.83 $1,462.00 $1,418.32 

Schedule Variance (SV = EV - PV) 2144.15 1733.17 1516.37 1429.19 

Cost Performance Index (CPI = EV/AC) 1.10 1.09 1.08 1.07 

Schedule Performance Index (SPI = EV/PV) 1.16 1.11 1.08 1.07 

Estimated Cost at Completion (EAC) $57,485.28 $58,325.66 $58,810.03 $59,301.21 

Table 6-21 CV, SV, CPI, SPI and EAC: October 2015 

CV, SV, CPI, SPI and EAC 

 2-Nov 9-Nov 16-Nov 23-Nov 30-Nov 

10 11 12 13 14 

Cost Variance (CV = EV - AC) $1,397.30 $1,553.35 $1,010.44 $1,071.00 $1,586.52 

Schedule Variance (SV = EV - PV) 1299.44 1368.49 760.35 603.42 1249.43 

Cost Performance Index (CPI = EV/AC) 1.06 1.06 1.04 1.04 1.05 

Schedule Performance Index (SPI = EV/PV) 1.06 1.06 1.03 1.02 1.04 

Estimated Cost at Completion (EAC) $59,723.94 $59,635.65 $61,170.22 $61,164.96 $60,302.15 

Table 6-22 CV, SV, CPI, SPI and EAC: November 2015 

CV, SV, CPI, SPI and EAC 

 7-Dec 14-Dec 21-Dec 28-Dec 

15 16 17 18 

Cost Variance (CV = EV - AC) $1,737.46 $1,661.41 $1,610.70 $1,560.00 

Schedule Variance (SV = EV - PV) 1530.86 715.39 -118.22 -951.84 

Cost Performance Index (CPI = EV/AC) 1.05 1.05 1.05 1.05 

Schedule Performance Index (SPI = EV/PV) 1.05 1.02 1.00 0.97 

Estimated Cost at Completion (EAC) $60,251.35 $60,398.65 $60,496.59 $60,594.32 

Table 6-23 CV, SV, CPI, SPI and EAC: December 2015 
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CV, SV, CPI, SPI and EAC 

 4-Jan 11-Jan 18-Jan 25-Jan 

19 20 21 22 

Cost Variance (CV = EV - AC) $1,641.77 $2,309.57 $3,105.19 $4,718.21 

Schedule Variance (SV = EV - PV) -1957.44 -1855.08 -907.22 879.78 

Cost Performance Index (CPI = EV/AC) 1.05 1.07 1.09 1.12 

Schedule Performance Index (SPI = EV/PV) 0.95 0.95 0.98 1.02 

Estimated Cost at Completion (EAC) $60,506.45 $59,499.65 $58,488.46 $56,581.08 

Table 6-24 CV, SV, CPI, SPI and EAC: January 2016 

CV, SV, CPI, SPI and EAC 

 1-Feb 8-Feb 15-Feb 22-Feb 29-Feb 

23 24 25 26 27 

Cost Variance (CV = EV - AC) $5,410.32 $6,852.53 $8,086.00 $9,113.07 $9,525.20 

Schedule Variance (SV = EV - PV) 1658.88 3710.01 5508.92 6709.97 6730.65 

Cost Performance Index (CPI = EV/AC) 1.13 1.16 1.18 1.19 1.20 

Schedule Performance Index (SPI = EV/PV) 1.04 1.08 1.12 1.14 1.13 

Estimated Cost at Completion (EAC) $56,002.20 $54,728.95 $53,839.14 $53,182.84 $53,044.46 

Table 6-25 CV, SV, CPI, SPI and EAC: February 2016 

CV, SV, CPI, SPI and EAC 

 7-Mar 14-Mar 21-Mar 28-Mar 

28 29 30 31 

Cost Variance (CV = EV - AC) $10,189.19 $11,372.00 $12,353.74 $12,058.01 

Schedule Variance (SV = EV - PV) 7394.64 8490.46 9428.70 9045.99 

Cost Performance Index (CPI = EV/AC) 1.20 1.22 1.23 1.21 

Schedule Performance Index (SPI = EV/PV) 1.14 1.15 1.16 1.15 

Estimated Cost at Completion (EAC) $52,838.83 $52,171.10 $51,766.15 $52,275.05 

Table 6-26 CV, SV, CPI, SPI and EAC: March 2016 

CV, SV, CPI, SPI and EAC 

 4-Apr 11-Apr 18-Apr 25-Apr 

32 33 34 35 

Cost Variance (CV = EV - AC) $12,209.54 $12,209.54 $12,209.54 $12,209.54 

Schedule Variance (SV = EV - PV) 9284.50 7544.70 7109.75 6674.80 

Cost Performance Index (CPI = EV/AC) 1.21 1.21 1.21 1.21 

Schedule Performance Index (SPI = EV/PV) 1.15 1.12 1.11 1.11 

Estimated Cost at Completion (EAC) $52,454.45 $52,454.45 $52,454.45 $52,454.45 

Table 6-27 CV, SV, CPI, SPI and EAC: April 2016 

 

Group Member Average Hours per week Hourly Rate Actual Number of Billable Hours Total Cost 

Jeff Robbins 20.56 $43.50 616.75 $26,825.54 

Filipe Fernandes 12.29 $43.50 381.00 $16,571.60 

Kevin Keller 10.47 $43.50 335.00 $14,570.83 

Group 14.44   1332.75 $57,967.96 

Table 6-28 Average Hours per Week 
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 The project cost analysis shown in Figure 6-2 plots planned value (PV), actual cost 

(AC), and earned value (EV) over the entire project duration.  

 

Figure 6-2 Project Cost Analysis  
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6.4.2 CPI/SPI 

Figure 6-3 plots project cost performance index (CPI) and Project schedule 

performance index (SPI) through week 33.  

 

Figure 6-3 Performance Index through Week 33  
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