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Chapter 1: Introduction

Chapter 1 provides the motivation for this thesis to measure sectional stiffness
properties of helicopter blades. This chapter reviews studies conducted on using Digital
Image Correlation (DIC), measuring strain on composite helicopter blades and airframes.

It also identi es a potential facility having the required loading cell.

1.1 Motivation

The objective of this thesis is to create a DIC apparatus capable of measuring
sectional stiffness properties of full scale helicopter blades within preexisting facilities.
This study recognizes that the design of current blades utilize light weight composite
materials and complex geometric designs to maintain structural integrity, while maximizing
performance. These designs are studied using the latest analytical tools, that couple
the aerodynamics with the structural dynamics, to calculate the aeromechanic properties
of the rotor blade. Moreover, these designs require a new set of devices to accurately
measure the sectional stiffness properties of these new blades. This thesis does not intend
to go into details of the analytical tools and devices, since in the study "A Strain-Based
Experimental Methodology for Measuring Sectional Stiffness Properties of Composite

Blades” by Tyler Sinotte (2020) this topic has already been explored in detail. Sinotte



(2020) identi ed that the previous analytical tools, such as Finite Element Analysis (FEA)
and Computational Fluid Dynamics (CFD), failed to accurately predict the aeromechanic
properties of rotorcraft. He concluded that obtaining the sectional stiffness properties, for
blades of arbitrary con guration made of anisotropic materials, can be quite daunting. In
many cases, adjustments are made to correlate the predicted sectional stiffness properties
against the measured. In recent years, newer robust analytical tools, sDgimase
CAMRAD I, RCAS, and UMARC, use nite element beam theory for anisotropic materials
and exible multibody dynamics to predict the sectional stiffness matrix. [7]

Furthermore, Sinotte (2020) reviewed previous measurement techniques to determine
their effectiveness in measuring the full six by six sectional stiffness matrix. Techniques,
such as rotational based measurements, de ection based measurements, and frequency
based measurements, were able to measure speci ¢ entries of the sectional stiffness matrix,
but failed to measure the full six by six sectional stiffness matrix. Other techniques, like
strain gauges, distributed wire sensors, and distributed strain sensors, use contact based
strain measurements to determine the sectional stiffness properties. These techniques
provided the ability to calculate the full six by six sectional stiffness matrix; on the
other side, they were expensive and required an extensive network to measure span wise
variations. Sinotte (2020) concluded that for a full scale helicopter blade, a non-contact
based strain measurement would be the ideal apparatus to measure the six by six sectional
stiffness matrix. He reviewed three types of non-contact strain measurement devices:
electronic speckle pattern interferometry (ESPI), projection Bwiterferometry (PMI),
and DIC. According to his study, DIC would be the ideal system since it provides a good
tradeoff between cost and accuracy of measurements. [7]
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Sinotte (2020) further concluded that DIC was able to measure the sectional stiffness
properties of composite blades. The data reduction process could calculate the off-diagonal
components of the sectional compliance matrix. DIC could measure spanwise variations
in properties. The study identi ed DIC requiring large strains to accurately measure the
sectional stiffness properties of composite materials. This issue was raised due to the
inability for the 6-axis load cell to apply signi cant loading in the axial direction. In other
cases, such as torsion and bending moments, DIC correlated well to the predicted values.
This con rmed that the limitation was with the 6-axis load cell and not with DIC. [7]

This study intends to build upon Sinotte's (2020) conclusion of requiring non-
destructive loads that produce strains far greater than 50t should be noted that
the lower limit of DIC is 20-50 , depending on the hardware used. To serve this
purpose, this thesis plans to identify facilities that have the load cells with the capability to
produce ight loads. Moreover, this thesis plans to review other DIC studies to determine
the effectiveness of DIC to measure strain on full scale structures. Lastly, this study
determines the type of DIC apparatus, the speci ¢ design, estimating the associated cost,

the relative accuracy, and drafts the initial procedures for operation.

1.2 DIC and Available Load Cell

1.2.1 NASA DIC Apparatus

Initially, the researcher reviewed studies that utilized DIC to measured strain on

aircraft structures. Between 2013 and 2015, NASA conducted a series of tests for full-



scale crash tests at the Landing and Impact Research Facility (LandIR) at NASA Langley
Research Center (LaRC). These test incorporated The Rotorcraft Airframe Crash Testbed
(TRACT) where two CH-46E airframes were dropped from a predetermined height to
study the impact on the airframe as well as test dummies situated within the cabin. The
other test was the Emergency Locator Transmitter Survivability and Reliability (ELTSAR)
project, where three Cessna 172 were dropped from a predetermined height and location
to simulate a Control Flight Into Terrain (CFIT) and study the impact on the airframe.
[1,2]

During both of these tests, NASA implemented a DIC apparatus with two high
speed cameras situated at different calculated distances away from the crash bed. These
different distances allowed for high speed cameras to reliably capture the crash in real
time while reducing the risk of damaging the cameras. Then NASA analyzed all of the
footage and calculated relevant strains from DIC. Figures 1.1 provides the location of the
cameras relative to the ELTSAR experiment, considering the cameras were positioned far
enough from the intended test area to capture the entire crash. Figure 1.2 provides the
post analysis for the TRACT experiment. According to this study, the DIC Apparatus
was able to precisely measure the strain during the entire crash. [1,2] Thus, the researcher

concluded that DIC is an effective measuring device for full scale aircraft structures.



Figure 1.1: NASA ELTSAR experiment with the location of the cameras relative to the
crash site. [1]

Figure 1.2: NASA TRACT post analysis of the strain from a 30 ft drop. [2]

This research identi ed potential calibration methods for full scale structures. Due
to the positioning of the cameras and the size of the aircraft tested, NASA had to use
a different solution to calibrate the apparatus. Prior to each test, NASA had designed a

calibration grid shown in Figures 1.1 and 1.2 as a white panel behind the crashing aircraft.
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To calibrate the cameras, the team would tow the aircraft across the grid. [1, 2]

An issue noted in the study was the location of the cameras. During the ELTSAR
experiment, the testers miscalculated the location of both cameras. They assumed that
the crash would remain within the designated area and not continue outside the eld of
view of the cameras. When the actual crash commenced, the aircraft nose tire dug into
the ground and the momentum caused the aircraft to ip over the nose of the aircraft. This
caused parts of the crash to happen outside the eld of view of the cameras losing critical
data. Again, this is shown in gure 1.1 with the aircraft impacting, plowing, ipping, and
nally resting on the upper wing outside the cameras eld of view. [1] Hence this matter

was taken into consideration in the current study.

1.2.2 Fort Eustis Load Cell

After reviewing the effectiveness of DIC, the researcher identi ed Fort Eustis in
Newport News, VA as a potential facility where they had conducted blade tests in the
past. Moreover, the researcher reached out to Fort Eustis to inquire about their blade load

test cell. As shown in gure 1.3, the facility has a 4-axis blade loading apparatus.



Figure 1.3: The blade load apparatus at Fort Eustis, Norfolk, Va. [3]

The apparatus is capable of applying 100 kips of CF, 5 to 20 kips in the ap direction, and
1 to 10 kips of torsion. [3] Thus, the facility has the capability to apply the loads necessary

for DIC.



Chapter 2: Initial Concepts

Chapter 2 develops the initial concepts based on the research discussed in chapter
1. Moreover, it provides the requirements and design drivers applied to determine the
ideal system. This chapter analytically evaluates the requirements and design drivers to

determine the ideal initial concepts to down select to a single design.

2.1 Requirements and Design Drivers

Two different preliminary designs suggested possible solutions to map the strains
across a full blade: a stationary design with multiple pairs of cameras focused on certain
sections of the blade and a gantry system, in which two cameras translate down the
blade to map the strain. To evaluate the designs an initial set of requirements had to be
de ned. These requirements focused on a system that needed to be implemented within
a preexisting facility with a load test capable of producing ight loads, high accuracy,
and easily con gurable to test any blade. To conduct an accurate test, the following

requirements were taken into consideration:

» The DIC apparatus shall be designed to work within a preexisting facility with

minimal recon guration.



» The system shall have an accuracy to measure strain within 1%.

» The system shall be able to capture the entire helicopter blade regardless of length

or type.

From these initial requirements, the following set of design drivers were developed:

Cost - minimum cost system that achieves the required accuracy

» Complexity - easy to design and implement within existing facilities.

» Ease of Use - intuitive system that requires minimum training for the operator to be

pro cient in the use of the device.

* Integrable - a system that can integrate with the current facility layout.

» Timeliness - system that minimizes both data capture and calibration times.

» Accuracy - system that provides the maximum accuracy to measure the strain.

* Recon gurable - a system that requires minimum recon guration to be implemented

on other blades.

In order to evaluate the proposed designed solution, an Analytical Hierarchy Process
(AHP) was designed to rank these drivers from 1/5-5 to determine the desirability for

each. Table 2.1 provides the results to the AHP:



Table 2.1: AHP Matrix
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Timeliness | 1/5|1/5|1/4|1/2| 1|1/5| 1/3| 3.70
Accuracy 2 2 3 55| 1] 4 |317
Recon gurable| 1/3 | 1/3|1/2| 2 | 3 |1/4| 1 |8.00

It was determined that accuracy received the highest percentage weight with a priority of
31.7% since the measuring device needed to reliably and accurately capture data. Next
major design drivers were cost and complexity with a priority of 19.7%. Integrable and
Recon gurable drivers followed as the DIC is required to operate in existing facilities and

to capture strains on all existing blades. The least important design drivers are ease of use

and timeliness, which received a priority of 3% and 5%, respectively.

2.2 Concepts and Down Selection

Figure 2.1 presents the initial concept of the gantry system. As shown, the gantry
crane would be stationed at a predetermined working distance and moves a pair of cameras
across the blade. A software directs the cameras to photograph at xed intervals along the
blade until the entire blade is mapped. Then the software analyzes and provides the strain

across the blade. In certain cases where the facility prevents the proper eld of view, the
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setup can incorporate the ability for cameras to move chordwise as well as spanwise.

Figure 2.1: An initial concept for the gantry system. As depicted there will be a pair
of cameras attached to a motor that will translate along the blade. In certain cases, the
cameras will be able to move up and down to map the chordwise strain. The cameras
will take a portion of the blade called the eld of view based on the position of the gantry
system called the working distance.

Figure 2.2 presents the concept of the stationary system. As depicted, each pair of
cameras is positioned at a distance from the blade so the entire blade is photographed.
Each pair of cameras will capture a portion of the blade called the eld of view. The
number of the pairs of the cameras determines the working distance as indicated in gure
2.2. Then once again the software uses the images from the multiple cameras to evaluate
the strain across the blade. The minimum working distance for the cameras is limited by
the chord length, since each pair of cameras will need to have a eld of view of the entire
chord.

11



Figure 2.2: An initial concept for the stationary system. As depicted there will be a
number of pairs of cameras positioned at a de ned working distance, how far the cameras
are from the blade. Each pair of cameras will capture a portion of the blade also known as
the eld of view. Lights will be positioned near the cameras to provide suf cient lighting.

To determine the best solution, a Pugh's Matrix evaluated the proposed designs
against the design drivers. A -4 to 4 scale assessed each design against the design drivers
with the stationary system being the baseline at 0. A negative value represents a limitation
while a positive value represents an advantage of gantry to stationary system. Tables 2.2

provides the nal results for the Pugh Matrix.
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Table 2.2: Pugh Matrix

Weight | Stationary| Gantry
Cost 0.197 0 -3
Complexity 0.197 0 -3
Integrable 0.123 0 3
ease of use | 0.052 0 -2
Timely 0.037 0 -2
Accuracy 0.317 0 -2
Recon gurable| 0.080 0 3

Score 0 -1.38

A pros and cons table 2.3 showed below was developed to expand on each design

driver and proposed solution.

13



Table 2.3: Stationary vs Gantry Pros and Cons

Stationary

Gantry

Pros:

Cheap due to only requiring
cameras,
software to operate.

Design requiring only cameras,
lenses, tripods and simplistic

software to operate.

Easy to use and needing

minimal training to be
pro cient in capturing and
analyzing data.

Quick since all cameras will
simultaneously take phot
of the blade and minimal
calibrations.

(@]

Failure of a pair of camera

[72)

does not prevent system from

measuring strain.

High accuracy since cameras

remain xed and only need on
calibration.

D

Cons:

» Expensive due to complexity @
lenses and simple

—

the system.
Complex design requiring
motors, wiring, and other

features to move and stabilize
cameras. Arigorous software to
operate system and accurate
take pictures of entire span
wise blade.

Dif cult to operate and needing
robust training to operate the
system.

Slow since system will have
to take a single picture and
move to the next position. Th
system will require multipl
calibrations during this process
as well.

(1%

If a single camera fails syste
will be wunable to measur
strain.

Low accuracy since cameras
move and focus will adjus
needing multiple calibrations t
remain accurate.
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Cons: Pros:

* Impractical for con ned spaces ¢ Ideal for con ned spaces since

and large helicopter blades. cameras can be moved bath
span wise and chord wise to
take picture of the blade.

—F

» Dependent on facility layou
and unusable if test ce
prevents proper view of blade.  independent on facility layout.

* Major adjustments and number « Minimal adjustments needed

of cameras needed to capture to capture different lengths of
different lengths of blades. blades.

* Lighting dependent which wil » Minimal lighting to accurately
reduce accuracy if lighting capture strain due to the ability
unavailable. for the gantry to be closer to the

blade.

The accuracy value from table 2.2 was based on the information given by Correlated
Solutions. Correlated Solution states that moving the cameras will shift the focus either
due to moving the cameras closer or further away from the specimen or causing the lens to
shift from the current setting. Figure 2.3 shows how shifting focus reduces accuracy. The
black curve provides the ideal focus, while the red curve simulates a poorly focused lens.
According to Correlated Solutions, the software maps the dot pattern on the specimen.
Then it creates unique identi ers for the speci ¢ dots that will be tracked. A narrow and
large trough, like that shown in gure 2.3, allows the software to ignore dots that are not
associated with the mapped dots. Thus for an ideal setup, a high error, as shown by the
black curve, is necessary for the software to remove outlying dots and accurately track
the speci ¢ mapped dots. Inversely, the unfocused camera, represented as the red curve
in gure 2.3, fails to provide the required resolution for the software to distinguish the

mapped dots. This low error causes the software to misinterpret the speci ¢ mapped dots
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and to start tracking incorrect dots. [4]

Figure 2.3: The effects of focus on the noise of the cameras. The black curve represents
the ideal focus and has the least amount of noise with a large narrow trough. The high
error is required for the software to correctly track the associated dot. The red curve
represents poor focus and has a signi cant amount of noise with a small wide trough.
This is also shown with low amounts of error, since the software is unable to track the
correct dot. The x-axis is the horizontal position of pixels and the associated dot. The
y-axis is the error due to the software identifying the parameters of a dot against the
parameters passed during the mapping phase. [4]

This becomes a limitation to the gantry system, since the movement of the system will
cause the lens to shift and reduce accuracy. The shifting of the lens causes another
problem: the gantry system will require re-calibration periodically, during each test, to
maintain accuracy. Now the software will need to incorporate a calibration parameter,

thus increasing the total time for data capture and the complexity of the software adding
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another limitation. Inversely, lighting becomes an issue for the stationary system. If the
required distance causes insuf cient lighting then it will result in lower accuracy. Figure
2.4 illustrates this effect of insuf cient lighting. The accuracy would shift from the black
(ideal) curve to the red (poorer) curve. As stated before, the software requires a large
narrow trough to accurately track the associated dot. This large narrow trough produces a
high error which allows the software to ignore dots not associated to the mapped dots.
A wide small trough, like the one depicted in gure 2.4, prevents the software from
accurately tracking the associated dot. Again, this small wide trough produces low error
which causes the software to track incorrect dots. From the information provided, the
gantry system received a -2 because there is a higher probability that the lenses will shift
out of focus, versus the stationary system having insuf cient lighting. The same process
was conducted on the remaining design drivers to calculate relative advantage of each

design.
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Figure 2.4: The effects of lighting on the noise of the cameras. The black curve represents
the ideal lighting and has the least amount of noise with a large narrow trough. The high
error is required for the software to correctly track the associated dot. The red curve
represents poor lighting and has a signi cant amount of noise with a small wide trough.
This is also shown with low amounts of error, since the software is unable to track the
correct dot. The x-axis is the horizontal position of pixels and the associated dot. The
y-axis is the error of the software tracking the associated dot. The y-axis is the error due
to the software identifying the parameters of a dot against the parameters passed during
the mapping phase. [4]

2.3 Initial Proposed Solution

Using tables 2.2 and 2.3, the stationary system was determined to be the ideal
apparatus in the current study. The accuracy, cost, and complexity drove the decision

to design a stationary system. Table 2.2 shows the stationary system outscored the gantry

18



system in these critical design drivers. As for accuracy, the stationary system reliably
maintained the required accuracy in comparison to the gantry system. For the cost and
complexity, the stationary system would be comparably cheaper and easier to design and
implement within existing facilities than the gantry system. Although gantry system

is more integrable and recon gurable, the weight of those design drivers were deemed

unimportant compared to cost, complexity, and accuracy.
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Chapter 3: Designing Ideal Stationary Apparatus

Chapter 3 develops the ideal set of stationary systems using analytical tools and
experiment. This chapter covers the process in determining the best camera and lens
for the solution by gathering information on the speci cation for different cameras and
lenses. Using equations for working distance and cost to identify the initial set of number
of cameras, this chapter re nes the number of cameras required for the study based on
experimentation to asses the accuracy of each solution. Lastly, it identi es the set of ideal

solutions based on cost, accuracy, and distance to the specimen.

3.1 Number of Cameras versus Cost

The stationary system, as described in section 2.2, uses a number of pairs of cameras
to capture the strain eld over the entire blade. The number of pairs of cameras is
dependent on the type of cameras, the dimensions of the blade, the size of the facility,
and the smallest feature on the blade. To determine the type of camera the researcher
reached out to Correlated Solutions, a company that provides DIC equipment, and they
provided 2 types of cameras: 5 MP and 12 MP. Correlated Solution suggested the 12 MP
to maximize accuracy, since there are more available pixels compared to the 5 MP. Then

the researcher decided the type of lens required for the application. Correlated Solution
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provided 3 different lenses: 8 mm, 20 mm, and 50 mm. Again, they suggested using the
20 mm and 50 mm to minimize distortions, which increases accuracy. The researcher used
Correlated Solutions estimated working distance (WD) for a single pair of cameras with
a 3ftx 26.5 ft specimen, which was 41 ft WD for 20 mm and 103 ft WD for the 50 mm, to
determine the ideal lens. This nalized the camera choice to a 12 MP camera with 20 mm
lens due to the high accuracy versus the relative distance.

Equation 3.1 calculates the required working distance based on a speci ed eld of
view. WhereSSis the sensor size for the cameF®V is the eld of view for the camera,

WD the working distance, arnfdthe focal length for the lens.

_FOV f

WD
SS

(3.1)

The eld of view was computed by equation 3.2, whérs the span anbloCthe number
of cameras.
b

FOV = — 3.2
NoC (3:2)

An iterative process was used to determine the eld of view by setting the span to that of
an UH-60 blade and increasing the number of cameras. Then the researcher applied the

value into equation 3.1 along with diagonal size for sensor size from table 3.1.

Table 3.1: Sony IMX253 Speci cations

Diagonal Size 17.6mm
Pixel Size | 3.4m x3.4 m
Resolution 4000x3096
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Table 3.2 provides the working distance based on equations 3.1 and 3.2. For an UH-
60 blade, the number of cameras is limited to 8, since increasing the number of cameras
would prevent fully capturing the chord and require double the number of pairs of cameras.
This is due to the eld of view of the cameras being only able to capture 2.94 ft and not

the entire chord.

Table 3.2: eld of view and WD determined from the number of pair of cameras

Number of Cameras (Pairs)Working Distance (ft)| Field of View (ft)
1 30.11 26.5
2 15.05 13.25
3 10.03 8.83
4 7.52 6.625
5 6.02 5.3
6 5.01 4.41
7 4.30 3.78
8 3.76 3.31
9 3.34 2.94
10 3.01 2.65

The best solution for the number of pairs of cameras was evaluated from the cost
for each pair of cameras and lenses. Correlated Solution provided an estimate of $6000
per pair of 12 MP cameras and $5600 per pair of 20 mm lenses. Equation 3.3 assesses the
total cost for DIC apparatus from the cost for each pair of cameras and lenses Noi@zre

is the number of pair of cameras.

TC= NoC 6000+NoC 5600 (3.3)

Table 3.3 provides the initial cost estimate based only for the cameras and lenses.
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Table 3.3: Initial Cost of Stationary System

Number of Cameras (Pai

) Total Cost ($)

1

11600

23200

34800

46400

58000

69600

81200

92800

OO N[O B|WIN

104,400

=
o

116,000

According to tables 3.2 and 3.3, the initial estimate for the number of pair of

cameras is between 4-7. A minimum of 4 pairs of cameras is assumed to be the ideal

number to accommodate most facilities. The maximum of 7 pairs of cameras was determined

through gure 3.1. This gure illustrates the

relationship between cost and working

distance. At the beginning there is a steep curve in the working distance as cost steadily

increases. After about 7 pairs of cameras, the curve begins to level out while cost still

continues to steadily increase.
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Figure 3.1: Cost of Apparatus versus the working distance from the test specimen

3.2 Number of Cameras versus Accuracy

Equations 3.1, 3.2, and 3.3 estimated the best solution to between 4-7 pairs of
cameras. To further re ne the selection, the researcher conducted an experiment to
measure the relative accuracy for each solution. The experiment used a 6-axis test cell
with load sensing unit and a pair of cameras to measure the strain. Then the researcher

compared the predicted values to the measured values.

3.2.1 6-axis Load Apparatus

A 6-axis Load Apparatus shown in gure 3.2 applied the necessary loads to strain
the specimen. The load apparatus works by a pulley system at the base with ropes attached

to points at the top of the test specimen shown in gure 3.3.
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