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Abstract

Structural Health Monitoring (SHM) is an essential technique for assessment of the
integrity of ageing structures or certification of new aircraft. The SHM approach
developed by Skopinski, based on conventional strain gauges, is one of the most
reliable experimental methods for assessment of the structural loads experienced
by lifting surfaces.
This thesis concerns the extension of Skopinski’s approach to low aspect ratio wings
with multiple spars. This is challenging problem, as the redundant load paths in-
crease the complexity and difficulty in defining load equations and fitness functions.
Similarly, locating, calibrating and selecting relevant strain gauges becomes more
difficult.
One of the new developments is a methodology for load measurement based on
physical metrics and load data that is independent from the ground calibration
used to generate the load equations. The concepts of Influence Coefficient Plots of
Strain Gauge and of Loads Equations, were used to identify the predominant loads.
The developed fitness function equations are all driven exclusively by these physical
quantity parameters. Another key development was reduction of the effort required
during the experimental phase achieved using distributed load data, obtained by
numerical superposition of individual load cases to develop loads equations. In
addition, this approach reduces the risk of damage to the flying test article and
increasing the accuracy of the final results as the magnitude of the loads introduced
does not need to be limited.
This new framework was coded in Python including a new automated load equa-
tion computation technique, Linearised Physical Properties (LPP) and environment
Loads Equation Technique Evaluator (LETE). Different search engines, including
Exhaustive Search, Strain Gauge Reduction, and Genetic Algorithm, were made
available for load assessment.
Code validation (and performance) was performed through root mean square
error evaluation in shear, bending and torsion loads using CIRA Test Data for two
identical unmanned Space Vehicles, Castore and Polluce. The validation process
demonstrated that loads equations developed on Castore can be applied to Polluce,
as long as the SHM system design and instrumentations are the same.
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Chapter 1

Introduction

1.1 Background

To ensure structural integrity and hence maintain safety, in-service health and
usage monitoring techniques are employed in many engineering areas. Structural
health is directly related to structural performance and in this respect it is one of
the major parameters with regard to safety of operation. This aspect of structural
health is particularly relevant to transportation systems including various elements
of transportation infrastructure. In a similar context structural health monitoring is
a safety issue [105].
In fact, the safest and durable structures are those that are well managed. Mea-
surement and monitoring often have essential roles in management activities. The
data resulting from a monitoring programme are used to optimise the operation,
maintenance, repair and replacing of the structure based on reliable and objective
data and but not least the design itself.
In such scenario Structural Health Monitoring (SHM) is a process aimed at pro-
viding accurate and real time information concerning structural condition and
performance. It consists of continuous, periodic or periodically continuous record-
ing of representative parameters, over short or long timescales. The information
obtained from monitoring is generally used to plan and design maintenance activ-
ities, increase the safety, verify hypotheses, reduce uncertainty and to widen the
knowledge concerning the structure being monitored [34].
Structural health usage and monitoring systems must satisfy realistic performance
expectations to meet end-user needs and eventual "Authority" 1strict requirements.

The aerospace industry started to fully appreciate the potential of structural
health and monitoring usage systems when to face the role of fatigue in serious
accidents. Fatigue cracking caused by stress concentrations due to cyclic loads at
rivet holes near passenger window openings due to a change of cabin pressurisa-
tion upon take-off and landing is the main explanation of the first commercial jet
aircraft, Comet, 1950’s accident.

1 Aerospace Authorities: Federal Aviation Authorities (FAA) and EASA Certification Specifica-
tions (CS) as Civil Standards, DEF STAN 00-970 (UK documents) and MIL-STD (USAF guidance
documents) as Military Standards.
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The aerospace Industry had more to learn on fatigue behaviour in another accident
involving the Boeing 737-200 aircraft operated by Aloha Airlines on Hawaii in
1988, [105]. The multisite fatigue cracking in the upper crown skin of the fuselage
which resulted from the aircraft’s age (80 029 flights) combined with operation
mainly on runways next to sea and corrosion atmosphere, led to explosive cabin
decompression. It was this accident which initiated the major ageing aircraft ini-
tiative on the civil aviation side and which is a still ongoing initiative ever since
[105].
Military aircraft have also suffered a number of fatigue-accidents. Due to the gener-
ally higher age, complex loads environment, compared to the civil aircraft, frequent
operation in corrosive environments, consequent increased level of uncertainties
and to the shrinking budgets available, the need to control the structural integrity
became a main direction of development.

In the mid-1970s the USA Navy started the implementation of the Aircraft
Structural Integrity Programme (ASIP). In the same years Royal Air Force (RAF),
had to manage operation of a wide range of aircrafts, varying sizes, roles and
ages. The use of fatigue monitoring systems based all the efforts on reducing and
controlling the lack of understanding of the structural loads experienced by aircraft.
So, while in the UK overall assessment of the loads experienced by military aircraft
was gained largely from speed V and normal aircraft acceleration g, the V-g plots,
and Fatigue-Meter, in the US a parallel monitoring activity was underway. In
fact, de Forrest 1936 and Simmons 1942 [95], invented the electrical resistance
strain gauge that made possible to happen, in 1954, the work of Skopinski et
al.[111], recognised as a significant step forward in this field. They published their
report on the calibration of strain gauge installations for use in load measurement
programmes for techniques in loads monitoring and Skopinksi-type calibration
methods, approaches are still in use-today [95].

Strain gauge technology, data recording equipments and computing facilities
alongside military aircraft becoming far more complex, critical components where
loads were uncorrelated with normal acceleration, gave a great impetus for progress
of programmes aimed to quantify structural fatigue loading. Direct load measure-
ment, using electrical resistance strain gauge installations on all major components,
Figure 1.1, with flight parameters tracking Figure 1.2, proved to be a reliable
soltuion. These programmes were labeled as Operational Loads Measurement
(OLM)).
Operational Loads Measurement approach alongside the flight parameters moni-

toring activity makes possible the task of damage monitoring, essential in any life
extension and/or life monitoring campaign, in addition to flight load survey during
the development and certification process of a new aircraft, entitled Design Loads
Measurement, (DLM).
The following sections of this chapter describe how this research is meant to im-
prove the Skopinski’s approach, to reduce the uncertainties associated and limiting
the complexity and cost associated with any calibrated strain gauge flight load
measurements campaign. More specifically, it will be also described the list of thesis
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Figure 1.1: Evolution in fatigue monitoring tools, [12].

objectives and the strategy employed to meet them all.

1.2 Need of the Research

The Strain Gauge-Based Loads Monitoring Skopinksi-type calibration methods,
[111], enable to know the internal loads, Shear, Bending Moment and Torsion span
and chord-wise of the component under investigation. This last technique is meant
to be explored in this work with the major goal to point out the potential areas of
improvement.
The experience gathered with systems based on Design and Operational Loads Mon-
itoring Skopinsky-type philosophy proved over the last 30 years several limitations
and areas of improvement. This section focuses on these.
The vast amount of data collected needs a more efficient data management. This
issue becomes more specifically relevant when looking at the increasing average age
of aircraft, which will significantly increase the amount of ageing aircraft obstacle
data to be handled such that fatigue life consumption and possible retirement
time of individual aircraft can be better controlled. This procedure can result in
significant cost savings ( high data management). The large amount of data
produced in any new certification project, where the prototype understanding and
control of load paths, distribution and magnitude coming from the theoretical

4
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Figure 1.2: On-board life monitoring system (OLMOS) using flight parameters for
the AIRBUS A-320, [105].

models becomes a priority for safety and certification reasons.
The OLM systems are not able to directly detect and monitor structural damage.
The OLM system can only provide a major input for analytically determining when
damage might occur. It is well-known, the experimental and thus real fatigue life
can often be two to three times higher than analytically predicted (Boller 1996)
[105], which is mainly resulting from scatter in material properties but also due
to lack of understanding of the real loads environment. Therefore, it is crucial to
characterise ground and flight loads generated over the specific aircraft missions (
reliable loads scenario).
But aging aircraft is not the only direction for identifying potential improvements.
In fact, one of the most current task of Civil Authorities, EASA and FAA [23] and
[21], is to present reliable methods to determine load intensities and distribution
for high speed/ high altitudes designs and by means of reliable techniques, though,
not too intrusive inside the already too cost and time consuming certification
process. So, the need to present a procedure structured as such to offer more
robust, flexible and reliable outcome than the old fashion means of pressure belts
or accelerometers ( certification requirements).
Since the critical element supporting the whole loads development proposed by
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Skopinski’s is the "strain gauge", therefore, controlling its inherited uncertainties,
not by the physical problem under investigation, but by the applied methodology
is another crucial goal. So, instead of developing new types of sensors, such as
fibre optics, this research will focus on optimisation tools and robust structured
framework to select, through a series of control tasks, the best set of strain gauge
capable to produce reliable load equations. The environment and tools proposed
will define a flexible environment characterised by offering to employ an automated
fast preliminary analysis, or more accurate step by step procedure ( strain gauge
health monitoring).
Gathering all above main emphasised needs and break them down offers a clear
status of what is expected to be tackled in this research:

1. The new SG Selection Technique Ranking Criteria of Shear, Bending Moment
and Torsion is fully driven by Physical Quantities.

2. The new SG Selection Technique presented robust results for Shear and
Bending Moment Loads.

3. The use of two separate test articles, CIRA Data, showed consistent results
(Experimental Advantage).

4. The numerical superposed multipoint check load case condition produced
consistent results. (Experimental Advantage).

5. The Aircraft Flight Loads Measurement Guidelines reduced uncertainties and
produced the best set of load equations.

The approach on how the objectives above will be met is described next.

1.3 The Research Approach

The Flight Loads Measurement process will be investigated with the intention to
improve the quality of the final results and present alternatives of execution of
some Phases of Figure 2.13 to improve efficiency and reduce the overall effort by
referring to past experiences from industries of the field.
For convenience, the whole research has been broken down in four main areas
interconnected as described by Figure 1.3.
Figure 1.3 shows the whole concept behind this research. It starts from the Data,
that have been requiring a very accurate search as it was necessary to identify
as core of the loads to be measured a lifting surface component representative.
Therefore, the configuration of the USV Dropped Transonic Flight Test Campaign,
[81], multi-spar wing with low aspect ratio, meets the right challenge for such type
of swept wing multi-load path lifting surface. Moreover, the strain gauge readings
availability during the different experimental test campaigns, made possible investi-
gating the flight loads measurement through its all major phases without exclusion.
Equally, having the support for the "Reference Loads", theoretical loads, makes the
available CIRA’s data an adequate platform. In fact, it defines the right foundation
for the development of the research methodologies, representing majority of the
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novelties presented and coded with Python and all its available open-source sci-
entific libraries. The results obtained were tested and assessed by means of the
same data, different type, used at the beginning. This just described closed loop
process enabled to give the continuity to the whole work showing a complete test
case applicability from start to the end, though understanding of the real strength
and weaknesses should be explored by means of more lifting surface configurations
and inside different programmes.

Figure 1.3: Research interconnected areas.

• Data: Ground and Flight Test Strain Gauge Readings - The inputs of research,
after several unsuccessful attempt with old literature review data, [102],
[60], [43] and [103], is coming from a very representative experimental
project, the Dropped Transonic Flight Test (DTFT) campaign performed by
the Italian Aerospace Research Centre (CIRA), of two different test articles,
Unmanned Space Vehicles (USV) [81], Castore and Polluce, but with same
type design. GLC and FTC data are not fully available, though are sufficient
to generate Loads Equations and Measured Loads. The difficulty of gathering
representative data is amplified by the need to distinguish between set of
data, dependent and independent of single or multipoint loading, 3.1. Data
from the NASA Langley Research Center, [102], [90], [26] and [28], will be
added to further contribute to the validation process.

• Methodologies: Review the whole FLM of Figure 2.13 introducing differently
concepts of Dependent and Independent Data (DD and ID), 3.1, to propose
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a new strain gauge selection technique, based on Influence Coefficients
(IC) and Influence Coefficient Loads Equations (ICLE), distributed sample
data, criteria to be adaptable to different typology of internal forces (Shear,
Bending Moment and Torsion), propose a robust environment to deal with
any typology capable to generate best possible set of Loads Equations, which
will be defined as the "Reference Loads".

• Codes: Apply the open source programming language, Python and the asso-
ciated libraries, suitable to cope with data time histories, statistics, genetic
algorithms, required to implement the proposed methodology.

• Results: There are different level of results produced. Each software package
will be producing outputs necessary to the next step of the whole Flight Loads
Measurement process. The major type of results can be identified as best
set of Loads Equations obtained by the different coded techniques available
and the flight loads measured. These are Codes Results, while the techniques
comparisons, made by examining the percent root mean square error, %rms,
of the equations found in terms of shear, bending moment and torsion loads,
are entitled Performance Results.

• Validation: It will be validated against the novelties introduced in the thesis.
It works with the Data of the CIRA USV and NASA Langley Research Center
projects, have been used to assess the two major research elements, LETE
and LPP python coded, which process the experimental data employing the
novelties described in section 1.4.

• Supporting Tools: In order to develop the novelties by means of method-
ologies and codes already existing, tools have been employed. The open
source Python version 2.7, [67], and its libraries have been used to develop
the whole research.Then, an in-house loads software, CIRA’s property, based
on the Double Lattex Method, Matlab coded has been offered to evaluate
theoretical loads. The Weissinger concepts, [117], then became part of the
box Methodology/Codes once translated in Python, to generate flight loads
as part of LETE features.

• Novelties: These are supposed to improve the accuracy of the final results of
either DLM or OLM measured loads. Equally, these will represent packages,
possible to be run by any flight loads measurement professional, capable
to select the best set of Loads Equations according to the specific project
considered by choosing the techniques most suitable. Additionally, the FLM is
reviewed in its own established phases and new directions are explored with
the last goal to offer alternatives to the common approach that might make
the whole process easier, more flexible and still effective and possible to be
engauged not only by big government organisations, Ministry of Defence, or
experienced test houses or OEM (original equipment manufacturer).

Notes:

• The dependent and independent Data introduced area above requires to be
further explained. In fact, the first data type, representing a training data set
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used to develop the load coefficients, is labelled in such a way to be consistent
with the literature review terminology introduced by the British researchers,
Hovel et Al., [43] and [44], to differentiate with the independent calibrated
sample employed to assess the quality of the generated loads equations.
Basically, the latter data represents a validation set of load and strain gauge
responses.

• The scope of this research is to cover the whole spectrum of existing strain
gauge selection techniques to compare with the new one proposed. This is
why all available search engines, such as strain gauge reduction, exhaustive
search, and genetic algorithm, have been translated to Python codes. In fact,
the initial research test article structure supposed to be used, to assess the
novelties, was highly instrumented with the strain gauges, and the number
and selection of gauges used in loads equation could have been problematic,
and adopting the genetic algorithm should have been beneficial. Then, a
different data set became available with much fewer strain gauges to justify
the use of the genetic algorithm. So, as the main scope of this research is
to assess the new strain gauge selection technique and the loads equation
evaluator framework, the results later on will not be produced other than by
strain gauge reduction and exhaustive search engine techniques.

1.4 Novelties

The correct understanding of this research novelties requires the description of
its flowchart. Figure 1.4 shows the major areas and their interdependencies.
Everything starts from the past works, identified by the label Literature Review,
responsible to inspire and define the Tools and Concepts that contribute with the
available Data to create the novelties of this thesis.
The flowchart uses a top-down approach to justify that a critical review through
the years of the science of flight loads measurement enables to locate the thesis
project within an existing field of the scientific research indicating the gap, section
1.2, that the Tools and the Concepts will be filling in.
Furthermore, this study employs the available Data in such a way to contribute to
the novelties by exploring new directions and also to validate the initial hypothesis
of the Tools and Concepts areas. The area Concepts gathers also anything represent-
ing methodologies.

The novelties of this research include:

1. Overview of the Science: Review through the years the Flight Loads Mea-
surement Science by introducing a critical approach to identify the most
significant drivers. (Literature Review & Data).

2. Complete Loads Equations Environment: Create an environment capable
to select the best set of loads equations by employing different techniques
based on different search engines and ranking criteria (Tools & Concepts).
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Figure 1.4: Research Novelties Flow Chart.

3. The Environment Flexibility: The environment, software package, has to be
flexible enough to allow the end user to perform, in addition to loads equation
computation, other activities relevant through the whole Strain-Gauge based
Flight Loads Measurement. This will have no limitation on the sequence of
the features to apply (Tools & Concepts).

4. Ground and Flight Data Framework Adaptability:The software package is
open to receive numerical, ground and flight test data (Tools).

5. New Loads Equations Technique: A new Loads Equation (LE) Computation
technique will be created based on specific Fitness Function equations, fully
dependent of physical parameters. The code is supposed to be compiled
either automated or semi-automated. (Tools & Concepts).

6. Fitness Function Equations Characteristics: The new LE specific fitness
function equations, different according to the loads, Shear, Bending Moment
and Torque, to measure, are based on Influence Coefficient plots of strain
gauges and loads equations. (Tools & Concepts).

7. Fitness Functions Development Methodology: Development of the Method-
ology to characterise the Fitness Functions equations responsible of the rank-
ing criteria of the new LE computation technique (Concepts & Tools).

8. Data Role: Development of the different role and typology data combination
for the selection of the best set of loads equations (Data & Concepts)

9. Numerical Data Generator: Distributed Sample of Data, superposed by
experimental data, preventing to create a dedicated experimental test case
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(Data & Tools).

10. Loads Equations Expanded Design Space: Development of techniques to
expand the design space of a defined experimental ground load calibration, in
terms of strain gauges and load points. Define a methodology behind (Data
& Concepts &Tools).

11. Different Ground and Flight Test Articles: Execution of the Ground Load
Calibration on a test article different from the flying prototype (Data &
Concepts)

All novelties Tools listed above will be coded in an open source programming
language to enable the research to be continued according to the academic spirit.

1.5 Overview of the Thesis

This thesis covers the Flight Loads Measurement topic in the area of aerospace as
valuable mean to support the entire life of an aircraft. Starting from the conception,
design and certification, Design Loads Measurement, DLM, through its operation,
Operational Loads Measurement, OLM, till the very end of the design service life,
including any potential life extension activity, as shown in Figure 2.14.
The chapters focus on the FLM science from different prospectives. First two
chapters, chapter 1 and 2, set the context and describe the evolution of the FLM
justifying the rationale behind the novelties proposed and the tools employed too.
Following two chapters, 4 and 3, introduce the theoretical background before
detailing the novelties and their software structure. Chapters 5 and 6 validate
and assess the performance of the Tools and Concepts by using specific test cases
Data. Last chapter, chapter 7 wraps up the whole study summarising strength and
weaknesses and areas of future improvements.

Chapter 2: Once introduced in Chapter 1 the object and objectives of the thesis,
this section shows the research niche by introducing a structured approach to
review, through the past decades, the Flight Loads Measurement science.
To better capture the areas of improvement and the current status of the art of this
science a "Three-Dimensional Complexity Space" is introduced and will be used to
classify the flight loads measurement examples.
The identified key drivers will be used as starting point of the next chapters topics.

Chapter 3: The concept of a unique environment, hosting all the strain gauge
selection techniques introduced in the next chapter, is presented. The environment
is represented by a Python software package. Major characteristics of each coded
techniques have been described by showing the control flow graph, the major in-
puts and outputs, description of functions and relevant scripts, all gathered in the
Appendix B.
The framework breakdown highlighted the important role of different type of Data,
and their possible combination.
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Chapter 4: The theory behind the strain gauge selection process, responsible
alongside other parameters of the accuracy of the final loads measured, is described.
All the past techniques have been reviewed and their logic flow broken down iden-
tifying transfer functions, supporting tools, search engines and different ranking
criteria employed.
In such scenario, the new technique has been introduced highlighting the major
differences from the past by using the same terminology adopted for the past strain
gauge selection methods.

Chapter 5: A three-level assessment process has been shown. The validation
phase, Level 1, is the core of this section. Specific test cases from past NASA Langley
Research Center publications, [102], [90] and [26] have been used as reliable
data to assess those codes considered the pillars of the whole framework and new
technique of chapter 4. The results have been presented and discussed.

Chapter 6: The performance phase, Level 2 Comparison and Level 3 Assessment,
is the topic of this section. The novelties of the research have been tested by using
dedicated test cases, CIRA USV1, [87], and NASA ARWg-2, [28].
A step-by-step approach has been introduced to explain the logic flow behind the
execution of specific Run Cases. Results, of the codes and of the codes comparisons,
have been presented and discussed.

Chapter 7: Summary of the key findings of the work completed. A discussion of
the objectives defined at the start of the thesis, section 1.4, will enable to point out
the work achievements. Future work will be presented as bulleted list.
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Chapter 2

The Flight Loads Measurement
Science

2.1 Introduction

This chapter sets the context of the Strain Gauge Based Flight Loads Measurement,
FLM, Systems as relevant part of the Structural Health Monitoring, SHM, of the Civil
and Military Aerospace world. The Skopinsky strain gauge-based loads monitoring
type, considered during the process of development of a new aircraft, DLM, and
also through its own operational life, OLM, is described into its main phases. The
evolution of the Flight Loads Measurement Science has been interpreted by means
of the three axes of complexity concept. In fact, the major drivers of the literature
in this field have been pointed out and discussed in a three dimensional space
defined by the complexity of the instrumented loads component, analysis and loads
typology. This approach allows to assess the current state of the art of this subject
and the expected areas of improvements.

2.2 Structural Health and Usage Monitoring

The SHM process consists of permanent, continuous, periodic or periodically con-
tinuous recording of parameters that, in the best manner, reflect the performance of
the structure at different stage of the life of the object under monitoring. Depending
on the type of the structure, its condition and particular requirements related to a
monitoring project, SHM can be performed in the short term (typically up to few
days), mid-term (few days to few weeks), long term (few months to few years) or
during the whole lifespan of the structure.
The representative parameters selected to be monitored depend on several factors,
such as the type and the purpose of a structure, expected load, construction mate-
rial, environmental conditions and expected degradation phenomena. In general,
they can be mechanical, physical or chemical. The most frequently monitored
parameters are presented in Figure 2.1.
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Figure 2.1: The Parameters most frequently monitored, [34].

This research focuses mainly on monitoring mechanical parameters such as
strain and loads. In particular, loads are an indirect result of strain readings. The
detail of this specific technique, applied on aircraft components, will be further
enlightened in the next sections of this chapter.
The core activities of the structural monitoring process are: selection of monitoring
strategy, installation of monitoring system, maintenance of monitoring system, data
management and closing activities in the case of interruption of monitoring. Each
of these activities can be split into sub-activities as described in Figure 2.2.

Figure 2.2: Breakdown structure of the core monitoring activities, [34].

Monitoring consists of two aspects: measurement of the magnitude of the
monitored parameter and recording the time and value of the measurement. In
order to perform a measurement and to register it, one can use different types of
apparatus. The set of all the devices destined to carry out a measurement and to
register it is called a monitoring system.
The concepts just introduced will be the foundation of the integrity of aircraft
structure, paramount to assuring the continuous flourish of aviation inside the
technical airworthiness.
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2.2.1 Aircraft Fatigue Monitoring Systems

All engineering structures, particularly aircraft, are subject to in service degradation
which will limit their future life, and gradually reduce capability to withstand limit
load without failure. The processes causing degradation in strength are fatigue,
corrosion, wear and random mechanical damage. All of these apart fatigue are
relatively benign in the sense that they have to progress for a considerable time
before there is a significant reduction in residual strength. But, when combined
with fatigue loading environments, corrosion, mechanical damage and wear can
accelerate the nucleation of fatigue cracks which will then rapidly cause failure
of the structure[92]. In particularly, cycling loads in conjunction with high tem-
peratures results in creep-fatigue, with chemically aggressive environment causes
corrosion (pitting, galvanic, intergranular and exfoliation) and with sliding and
rolling contact lead to sliding and rolling contact fatigue, respectively. Fretting
fatigue is another form of failure due to cyclic stresses and oscillatory frictional
motion between components.
So, one of the most relevant activity meant to be encouraged is to reliably iden-
tify the initial crack defined, further include fracture mechanics with regard to
short and long cracks as well as their phenomena of propagation under static and
cyclic loading. A simulation environment for estimating the probability of fracture
(PROF), [105], of which a schematic environment is shown in Figure 2.3, relates
loads, crack detection (size, propagation, geometry), quality of repair, inspection
intervals, probability of damage (POD), and fracture toughness. All these variables
are coupled to establish the overall probability of fracture.
Health monitoring of the structure therefore should consist of monitoring of the

Figure 2.3: Probability of fracture: Schematic diagram of a PROF code, [105].

progress of all failure processes. Mainly, for prognostic capability, it is required
the monitoring of the drivers of the failure process, coupled with application of
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predictive models that must take into account the following pivotal tasks:

• Design Concepts.

• Load Spectra.

• Fatigue Testing.

• Inspection/Monitoring effort.

In fact, aircraft design procedures have significantly contributed to two major
engineering design concepts: the safe-life and damage tolerant design. Both
concepts require the cyclic load spectra as an input. Generating the representative
spectra loads needs a substantial amount of information, which in the case of
an aircraft is related to: flight envelope including runways to be used, loads
to be carried, aerodynamics, past experience, statistics and any sort of specific
information to be provided by the operator. It is the load spectra used to perform
service fatigue life of many critical structural components. As showed by Figure
2.4, fatigue testing includes material or coupon tests, element, subcomponent
and component tests and finally full-scale structural tests ending up with Major
Airframe Fatigue Testing (MAFT) where the full-scale structure is tested on the
ground.
The safe-life concept assumes that all components have no margin for a fatigue

Figure 2.4: Structural Aircraft Fatigue Testings, [105].

failure over a defined fatigue life, usually nominated in flight hours or flight cycles
respectively. This safe life is therefore estimated on the basis of experimental results
combined with imposed safety factors, which cover any type of uncertainties,
such as resulting from scatter in loads, material condition, notch factors, surface
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conditions and much more. The lack of knowledge in structural and thus material
damaging behaviour has led safe life designed components to be of higher weight.
Further information on a material’s and thus structure’s damaging behaviour can
therefore help to make the structure lighter weight designed. This situation has
been provided by introducing the damage-tolerant design, which can be achieved by
either including redundancy, multiple load path (fail-safe), or by taking advantage
of fracture mechanics (slow crack growth). In the case of slow crack growth, crack
propagation size and endurance is estimated on the basis of the load sequence
assumed and fracture mechanics models as well as crack propagation data. This
however assumes additionally that: (a) a location of potential damage is known;
(b) damage initiation of a defined length can be reliably detected; and (c) damage
propagation until the point of the allowable damage can be tolerated. Thus
the damage-tolerant design concept requires by its nature an inspection effort.
A big challenge in that context is therefore to use reliable damage detection
techniques, which can not only fulfil the above requirements but also reduce related
maintenance effort and cost [105]. However, nowadays the Aircraft Structural
Integrity (ASI) worldwide air force management incorporates a combination of
safe-life and damage tolerance philosphies as described by Figure 2.5, [12].

The final consideration is that irrespective of the design principle, safe-life or

Figure 2.5: Design philosophies used for fatigue management in use today, [12].

damage-tolerant, the role of inspection dedicated programmes is pivotal alongside
embedded damage monitoring systems [10] to monitor any sort of accidental
damage and thus overloading.
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2.3 Flight Loads Monitoring Systems in Aircraft

Damage monitoring through a system inherent in an aircraft can be principally
done in two ways. The former is to integrate systems onto or into the structural
component, which mainly works on actuator-sensor basis but can also be reduced to
a sensor basis only in the case of acoustic emission. The latter already applied today,
which is to monitor loads or better load sequences, which are then used to estimate
the accumulated fatigue damage indirectly by means of analytical procedures. This
is what commonly also known as Operational Loads Measurement (OLM). The
loads monitoring activity, OLM, may be performed by:

• Flight Parameters-Based Loads Monitoring.

• Conventional Strain Gauge-Based Loads Monitoring.

• Skopnski-Type Strain Gauge-Based Loads Monitoring or labelled by a recog-
nised practitioner of the field, Dorothy Holford, Operational Loads Measure-
ment, OLM, Programmes, [10] .

In fact, loads can be monitored through the parameters describing them. This may
be either given globally by sensing accelerations or masses or any parameters again
influencing accelerations or masses such as flap positions, speed, height, fuel flow
or any other. It is what is also considered in the context of aircraft to be a flight
parameters-based loads monitoring system. Furthermore, the existing sensors in
the aircraft have already proven airworthiness and thus widely accepted. However,
the Usage Monitoring systems based on flight-parameters are still very costly and
their exactness does often not provide the precision required for analytical fatigue
life evaluation, because loads need to be analytically and indirectly determined
from the sensor information provided. Further reasons include a coarse differ-
entiation between the different exceedance levels which do not allow differing
between different loads in between, the differentiation between and superposition
of different loading cases, the lack of transferring loads from the global to the local
view or the missing information on the sequence of the loads applied. Statistically
only 1% of the flight data recorded is used for monitoring. Figure 1.2 and Figure
2.6 give an overview of the philosophy of the OLM system developed for civil,
Airbus A320(Ladda and Meyer 1991), and the military, Panavia TORNADO (Bauer
1987; Krauss 1988),aircrat, respectively [105].
Both systems are designed to perform on-board processing of special events (e.g.
hard landing, exceedance) and flight parameter data.
The other OLM approach is more of a global nature through monitoring of strain

sequence at discrete locations and then converting this to a more global load se-
quence of the structure considered. That approach merged with the Skopinksi-type,
[111], calibration methods enable to know the internal loads, Shear, Bending
Moment and Torsion span and chordwise of the component under investigation.
The strain gauge-based loads monitoring can be employed at different stages of
the life of an aircraft, taking different names such as Design and Operational Loads
Measurement accordingly.
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Figure 2.6: On-board life monitoring system (OLMOS) using flight parameters for
the TOORNADO Panavia military aircraft, [105].

2.3.1 Flight Parameters-Based Loads Monitoring

The parameter based monitoring, alternative philosophy to the strain gauge method,
is the use of flight parameters to estimate the dominant load affecting each critical
component, and the subsequent use of transfer functions to relate this to stresses at
critical locations. This approach offers the following advantages:

• as there are no strain gauges, the logistical burden of replacing unserviceable
gauges is not an issue. The RAAF, with F/A-18 fleet, [12], and the RAF, with
Harrier II fleet, [95], have experienced significant numbers of gauge changes
due to sensors drift and unexpected non linearity affecting the overall data
interpretation. The time lag between when a sensor becomes unserviceable
and when remedial action is taken, contributes to reductions in the over-all
data recovery rates.

• there is no requirement to calibrate sensors or loads on the fleet aircraft, as
the calculated load is normally derived from a calibrated flight test aircraft
which demonstrates the "baseline" response for fleet analysis.

However, comprehensive flights trials are required to obtain sufficient loads data to
cover all aircraft operations PITS if the aircraft is monitored solely on parameters.
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Analyses conducted using multiple parametric equations and Velocity-Normal Ac-
celeration (G) - Height and VGH techniques, produced conservative results within
5% and 1% for these respectively when compared to the results based on (WRBM
induced) strain for one particular usage spectrum.
However, the strain based system justifies its existence over parameter based sys-
tems as the strain can be related directly to strain measurements on the fatigue
test article against which the fleet monitoring is being calibrated. Furthermore, the
introduction of OLM programmes, though technically complex, costly and often
lasting long, bring a clear snapshot of the load distribution and magnitude of the
instrumented components in those requested PITS.

2.4 Strain Gauge Based Loads Monitoring

The partially unsatisfactory precision of loads determined through the flight param-
eters has justified the development of loads measurement systems based on strain
gauges bonded at discrete well selected locations of the aircraft structure.
Military design requirements mandate the incorporation of fatigue monitoring data
recorders, however the specifications allow much scope in the implementation
of the system and interpretation of the data. Therefore, there exist numerous
and varied philosophies for the usage monitoring of aircraft worldwide. As it has
been the convention from the past, military aircraft will continue to be procured
with incorporated in-service (or fatigue) usage monitoring systems. In fact, this
requirement is mandated by the appropriate design regulations such as:

• Def Stan 00-970: "...each aeroplane should be fitted with a compact, robust
and reliable recording instrument which monitors the usage of the major
structural components. This may record an indirect parameter such as normal
acceleration, or a direct parameter such as strain for each component to be
monitored. Each parameter should be chosen so that the most damaging
loading actions on the component can be determined.”

• MIL-A-87221: "...An airborne data acquisition system is required that collects
and stores flight data which can be used to determine maintenance and in-
spection intervals.....The data acquisition system shall be capable of recording
operational usage data and shall be compatible with the airframe and all air
vehicle systems when installed and used. The system shall interface with the
air vehicle systems and record the required data within required accuracies.”

Both these typical military requirements specify the need for a data recording
system, albeit with differing emphasis, but they allow much scope for the imple-
mentation of the systems and interpretation of the data.
At the same time, the civil aviation authorities mainly for their acrobatic category
started implementing the gap of their design requirements by means of specific
rules, Certification Review Items (CRI). In fact, international civil requirements of
CS-23 (for instance European, [22] amendment 3), General Aviation aeroplanes,
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such as §23.571, §23.572 and §23.573 are neither clear in terms of fatigue moni-
toring. Therefore, considering the intended use of the aircraft as a military training
certified according to Civil Standards, the Pilatus PC-21 is a significant example
[60], the Fatigue Design Spectrum, the Fatigue Analysis, the FSFT and the Fatigue
Monitoring System are all complied by an hybrid certification basis military and
civil as the end-user is going to be a military air force operator.

2.4.1 Conventional Strain Gauge Based Load Monitoring

The conventional strain based in-flight data recorders, perceived to provide an
increase in accuracy over the conventional fatigue g-meter (normal acceleration),
utilise strain sensors in conjunctions with multiple flight parameters, allow to
monitor the usage of a sample of fleet aircraft or to each aircraft in the fleet,
dependent upon fleet size and operator requirements.
The resulting systems required for accurate fatigue damage interpretation are
complex, mainly in relation to the gauge placement [75]. Before deciding on the
locations of strain gauges, the philosophy to be used to meaningfully relate the
strain recordings to fatigue accumulation must be established. The choice of gauge
locations is determined from the following considerations:

• Loads Monitoring. The placement of the strain gauges can account for aircraft
weight and stores effects, and the variation of principal loads, such as Wing
Root Bending Moment, WRBM, at various Point In The Sky, PITS, constituting
the flight envelope. Thus the location of the strain gauge must be such that
its response is predominantly influenced by the principal loading inducing
the fatigue damage at the critical locations considered. An example of such
philosophy is the F/A-18, [75]. That means the location of the sensor can be
calibrated to the damage inducing load, is dominated by the principal load
(e.g. WRBM) and insensitive to other loading actions and can be directly
related to the stress at critical structural locations.

• Hot Spot Monitoring. The alternative philosophy is intended to place strain
gauges such that they directly monitor the strain at the critical location. An
example of such philosophy is the Royal Australian Air Force, RAAF, F-111.
This approach means the sensor may not be dominated by the principal
damage inducing load complicating the calibration of the sensor response.
If a new hot spot arises, and the gauge does not respond predominantly to
the load affecting this new location, then there will be no data available for
assessment. Even if the option of placing an additional gauge exists, the
problem of "filling-in" for past damage still exists. Moreover, the hot spot may
not be readily accessible and thus the sensors are not readily replaceable.

For these reasons the strain based approach as the major fatigue tracking system
complimented by parametric flight data measurements to aid in data verification
are drastically driven and limited by the strain locations, this is where the Skopinski
type loads measurement, though more cost and time demanding, is more flexible.
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2.4.2 Skopinski Type Strain Gauge Based Load Monitoring

Aircraft Operational Loads Measurement (OLM) programmes are now firmly man-
dated in MoD policy (JSP553 and JAP100A-01) and there is general acceptance
within the civil and military aviation community that these programmes need to
be undertaken. Nevertheless, the potential risks of failing to understand military
aircraft usage should not be underestimated. This position is reinforced by the
example of the Tornado IDS aircraft where analysis of OLM data identified that the
fatigue meter formula was underestimating fatigue damage by a factor of around 3.
UK OLM programmes (Holford and Sturgeon 1984, [95]) began in the mid 1970s
but progress was initially slow until the fatal loss of a Buccaneer aircraft during a
"Red Flag" exercise in 1983. The aircraft had been designed and tested for maritime
operations as a naval aircraft. However, it had been operated by the RAF in a
terrain-hugging overland role and a failure unpredicted by the fatigue test had
occurred. In the aftermath of the subsequent investigation the UK MoD was heavily
criticised for failing to exploit available technology in fatigue monitoring systms
(Davies 1991). Thereafter, OLM programmes proceeded apace are now part of the
UK Ministry of Defence structural integrity policy for all aircraft, [95].
The objective of these OLM programmes was to validate the fatigue substantiation
process in the light of service usage. These programmes aimed to quantify the
structural fatigue loading through direct load measurement using electrical resis-
tance strain gauge installations on all major components. In addition, the causes
of high fatigue damage rates were identified and the effectiveness of monitoring
procedures were assessed.
These smart and thorough Fatigue Monitoring Systems, labelled as OLM pro-
grammes, are based on a statistical technique, reported in the NACA report 1178,
[111], developed by Skopinski in 1953, for the interpretation of measured flight
strains as structural loads. Properly installed and calibrated, such gauges may be
used to determine the structural loads on control surfaces, landing gear structures,
and relatively complex built-up wing and empennage assemblies. The measured
structural loads can, in turn, be converted to aerodynamic loads provided the
structural weight distribution is known and the acceleration distribution has been
measured.
The use of calibrated strain gauges for flight load determination is a relevant tools
not just for the measurement of operational loads but during the design and de-
velopment of a new aircraft civil aviation authorities requested flight loads survey
whose major aim is the measurement of the design loads for direct comparison
with those numerically evaluated. The employment of the Skopinski technique as
part of this design and certification process is labelled Design Loads Measurement,
DLM, campaign.
Next paragraph will focus on the common phases characterising the Skopinski
Loads Measurement programme and will highlight major differences and expecta-
tions between DLM and OLM campaign.
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2.4.3 Existing Strain Gage-Based Load Monitoring

Local stresses, the more relevant inputs for fatigue life assessment, can either be
measured directly (by local strain recording) or be derived from flight parameters.
The partially unsatisfactory precision of loads determined through the flight pa-
rameters has led some aircraft manufacturers to using a loads monitoring system
based on conventional strain gauges bonded at discrete well selected locations of
the aircraft structure as showed by the British Aerospace Hawk, Figure 2.9 and
2.10 , and the Pilatus PC-21, Figure 2.7, aircraft.
The Pilatus PC-21 instrumentation is part of a fatigue life appraisal by monitoring
equipment whose final aim is the calculation of the so-called Fatigue Indices. This
specific example shows how the Original Equipment Manufacturer, OEM, is present-
ing as part of the final certified package a fatigue monitoring system whose usage
the future operators will benefit mostly comparing the life consumption against the
design life. This allows any operators to have a real monitoring of the fatigue life
experienced by the aircraft inside real operational environment that can be more
severe than the one used through the design and certification phase.

Figure 2.7: PC-21 HUMS, [60].

Strain sequences are monitored for the different strain gauges, stored on-board
the aircraft in a data acquisition unit (DAU) and downloaded within specified
intervals. Figure 2.8 describes a step by step process of a Pilatus PC-21 trainer
aircraft Fatigue Monitoring System (FMS)[60]. The FMS is implemented in a
so-called Health and Usage Monitoring System (HUMS). The HUMS consists of an
onboard Data Acquisition and Storage Unit (DASU), a laptop computer called Line
Test Equipment, and a centralised HUMS Data Analysis System (HDAS), which
provides extensive offline data analysis capabilities and network access to the data.
The PC-21 fatigue life appraisal process uses measured strain data of principal
structural elements of Figure 2.7 to calculate so-called Fatigue Indices, which
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express the flight-by-flight severity of the actual usage versus design usage. These
locations have been judiciously selected such that their response are predominantly
influenced by the principal loading inducing the fatigue damage at the critical
locations considered.

Figure 2.8: Pilatus PC-21 trainer aircraft Health and Usage Monitoring System
(HUMS) [60]

On the other hand, the Hawk aircraft represents a more thorough fatigue life
monitoring conceived and defined by the operator, instead of the OEM, according
to the MoD rules. The aircraft was originally designed for a 6000 hour fatigue life
under a Flight Training School load spectrum, [84]. The design was largely sub-
stantiated by the Hawk Full Scale Fatigue Test, operated by BAe Kingston between
1979 and 1985, and was subject to a spectrum that was principally based on the
RAF’s utilisation of the aircraft in its original role as a basic fast jet trainer.
It came evident from the original Hawk OLM programme that the FSFT tailplane
and rear fuselage loading was inadequate to provide sufficient structural clearance
for the aircraft operated in a tactical weapons role. A phase of dedicated tailplane
loading, based on OLM information, was therefore applied to the FSFT. At the time
the fuselage was lifed only in flying hours and the OLM had also identified that
aircraft operated in the Tactical Weapons Unit, TWU, were accruing fatigue damage
at a greater rate than in the fatigue test and in other sensitive locations.
As a result of the additional FSFT tailplane loads increase the FSFT fuselage dam-
age rate rose too. So, the introduction of a TWU role, the Red Arrows, placed
significantly differing demands on the airframe and hence affecting the rate of
fatigue damage accrual, justified a further investigation of the load mechanisms
which are not present during normal in-service usage, such as use of the airbrake
as a flying control during the display and close formation flying, Figure 2.11. The
tailplane, fin and rear fuselage are subject to additional loading due to the rear
flying in this state as a cue for maintaining formation position. Prior to this OLM
the structural consequences of this type of flying had not been quantified for the
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Figure 2.9: Royal Air Force Aerobatic Team Strain Gauge Loads Monitoring Instru-
mentation, Top View [33].

Hawk Red Arrows fleet aircraft.
The Hawk Red Arrows OLM was based on 36 strain gauges, Figure 2.9 and 2.10,
14 of which duplicated the positions used in the orginal OLM programme with
minor changes to account for a modified wing. The empennage strain gauges
were recorded at 2048 sample per second on each channel in order to account
for the high frequency vibration that was identified during a dedicated dynamic
response flight trial programme in 1988. All other strain gauges were recorded
at 256 sample per second per channel. Additionally, 19 flight parameters were
recorded to enable aircraft accelerations and control surfaces to be monitored, and
to identify aircraft manoeuvres and flight conditions at which significant events
occur. The recording system comprised an Aydin Vector Data Acquisition Unit,
DAU, for converting the analogue strain gauge and aircraft parameter signals to
digital which were transmitted to the on-board NAC video recorder via a Heim
PCM encoder.
A total of 194 Red Arrows flights were recorded, following a representative dis-
tribution with respect to Sortie Profile Code, SPC, and formation position. The
data were processed through cycle counting and fatigue analyses using the"mean
S-N"curve approach"and the "safe S-N curve method" also, as being the recom-
mended methodology of British Defence Standard 00-970. The analysis of the data
was reviewed by component with respect to the corresponding fatigue meter and
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furthermore by considering the impact of both sortie type and formation position.
The OLM programme demonstrated the adequacy of the wing and fuselage fatigue
meter formulae, but highlighted shortcomings of the existing fin fatigue formula
which have now been addressed. Significant rear fuselage and tailplane damage
rates, particularly for the rear formation aircraft, prompted the proposal for an
active Fatigue Monitoring System. The whole campaign pointed out the importance
of Red Arrows fleet fatigue management to ensure even lifing across the fleet and
this is best achieved through regular aircraft rotation about the formation.

Figure 2.10: Royal Air Force Aerobatic Team Strain Gauge Loads Monitoring
Instrumentation, Side View, [33].

Furthermore, Royal Australian Air Force (RAAF) also employed a system which
utilised seven strain sensors and multiple flight parameters to monitor the usage
of their F/A-18 fleet, Figure 2.11. In common with other F/A-18 operators, RAAF
principal tool utilised for managing the life of this multi-role fighter jet, is a system
developed by the aircraft’s manufacturer, McDOnnell Douglas Aerospace (MDA),
known as the Maintenance Signal Data Recording System (MSDRS). The MSDRS,
performing other functions including engine health monitoring, has been enhanced
by Australian Defence Science and Technology Organisation (DSTO) through the
development of an alternative method based on Normal Acceleration (Nz) or strain
exceedances and simple Miner’s Rule known as the Mission Severity Monitoring
Program (MSMP). In addition to these two systems the RAAF’s F/A-18 fleet is
also equipped with a Range-Pair Count (RPC) recording system, manufactured by
British Aerospace Australia, known as the Aircraft Fatigue Data Analysis System
(AFDAS), which utilises an additional eleven strain sensors [62]. The fatigue
life monitoring program implemented for the aircraft, compares the usage of an
individual aircraft, possible representative of the fleet, to that of a representative
fatigue test article. The test spectrum should be similar to that of operational
aircraft spectra. As the aircraft was designed and certified to a safe-life philosophy,
when the damage accumulated on a particular aircraft matches that calculated
to have been imparted to the test article at the completion of Major Airframe
Fatigue Testing , with appropriate scatter factors applied, the aircraft is said to have
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Figure 2.11: Royal Air Force Aerobatic Team, The Syncro Pair (Reds 6 and 7) in
Close Formation, [33].

consumed its safe life.
Interpretation of the results of MAFT must be supported by a specific Operational
Loads Measurement (OLM) campaign, preferably continuous, or repeated every
few years capable to point out any differences between actual, in-service structural
loads, and the design theoretical spectrum needed to be employed in the MAFT.
Thereby suitable corrections are meant to be made to the structural lives cleared by
a second full-scale testing or by specific fatigue analysis according to the applicable
certification standards [10].

2.5 The Use of Calibrated Strain Gauges for Flight
Load Determination

No matters which flight loads measurement is employed, DLM or OLM, the major
phases characterising the whole Flight Loads Measurement (FLM) campaign are
the same and are listed below:

• Phase 1 Definition and Design, (D&D): It has to be identified the component
and the type of loading to be measured. In order to start designing the correct
instrumentation and calibration to be executed in the next phase it is worth
iterating with the "Reference Loads" to better understand the loads path under
investigation. According to the type of FLM, DLM or OLM, these can be either
the Loads to be validated, Theoretical Loads, or the Loads to be correlated
with, Certified Loads.
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Figure 2.12: A sample of F/A-18 Strain Gauge Locations, [62].

• Phase 2 Ground Load Calibration, (GLC): It represents the one of the two
experimental phases, in this case performed on ground, where the whole
defined instrumented strain gauges placed along the major loads path, must
be calibrated by previously selected magnitude and locations of load cases.
The ground test article is the same employed during the flight test campaign
for the final loads measurement.

• Phase 3 Data Gathering and Analysis (DG&A): The strain gauge data gen-
erated during the Phase 2, GLC, have to be reviewed in order to verify the
reliability before being used for loads equations development. Dedicated
algorithms, applied on the strain gauges, investigating poor linearity and
correlation with loads are part of this phase. Final goal is to identify, with the
current available techniques, the best set of "Loads Equations" to be applied
to the flight load test strain gauge readings.

• Phase 4 Flight Test, (FT): Dedicated flight test points, Point in the Sky (PITS)
are covered in order to measure strain gauge readings and relevant flight
parameters.

• Phase 5 Data Gathering and Analysis (DG&A): Flight test data are reviewed,
strain gauge and flight parameters, in order to assess their reliability before
being coupled with the best set of loads coefficients identified in Phase 3 to
produce the "Measured Loads". Before completing this Phase the Measured
Loads are compared against the Reference Loads and if necessary the Loads
Equations can be reviewed. This is an iteration step that will lead to con-
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sider the Measured Loads reliable and so to freeze the selected set of Loads
Equations.

A generic flight loads measurement campaign Skopinski type is discribed in
Figure 2.13 linking the five phases described above.

Figure 2.13: Flight Loads Measurement Skopinski type: Major Phases and Flow
Process.

A generic flight loads measurement campaign Skopinski type is discribed in
Figure 2.13 linking the five phases described above. In particular, it says that
once identified the component and type of loading to measure, (D&D), that allow
to design the instrumentation needed, there are two major experimental phases,
Ground and Flight testing (GLC and FTC), that generate Data to be analysed,(
DG&A’s). Each DG&A phase completes all necessary steps to generate the Measured
Loads to be compared with the Reference Loads before claiming to have reliable
Load Equations. This process requires few iterations, described by the dotted lines
of Figure 2.13.
It is worth highlighting that the Reference Loads represent the major difference
existing between a DLM and OLM. In fact, the former requires to validate the
Theoretical Loads. On the other hand, the latter expects to prove reliable the
Measured Loads. This determines different judgements through the whole process.
The current research will mainly focus on the Phases 2, Ground Load Calibration,
and Phase 3, Data Gathering and Analysis, leading to the definition of the best
set of loads equations. These phases will be merged in unique software package
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labelled LOME.

A general understanding of the various types of airframe loads, their generation
and application during the design process, the transfer processes from "external
loads" into "structural loads", loads qualification during ground and flight testing is
therefore of equal importance to the process of usage monitoring and derivation of
usage factors from the different fatigue tests or the set-up of structural inspection
programs. In fact, the flight loads measurement programme is a valuable tool recog-
nised by Military, [83] and [104], and Civil Aviation Authorities, [23], [24] and
[2], to be employed during the life of the aircraft, from the design and certification,
through the operational and till the very end of the design service life, including
any potential life extension. The life evolution of an aircraft combined with the
different flight loads measurement programmes, DLM and OLM’s, is captured in
Figure 2.14.

Figure 2.14: Aircraft Life Evolution: DLM and OLM’s, [69].

2.5.1 Design Loads Measurement, DLM, Programmes

2.5.1.1 Certification Standards

Structural health and usage monitoring systems based on strain gage loads mon-
itoring do not solve all service problems of aircraft operators and maintenance
providers. According to civil standard regulations they are not expressively manda-
tory. In fact, European and US aviation requirements, the Certification Specifica-
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tions (CS) and the Federal Aviation Regulations are mainly structured to focus
on fatigue and continued airworthiness of aircraft structures. Nevertheless, the
awareness of the high level of uncertainty coming out from a full certification
process, also due to the loads environment, convinced the civil aviation authorities
to mention in the certification specifications for large aeroplanes (CS and FAR 25)
and also for normal, utility, acrobatic and commuter category airplanes (CS and FAR
23), paragraph 25.301(b) , that the methods used to determine load intensities and
distribution must be validated by flight load measurement unless the methods used
for determining those loads conditions are shown to be reliable [23]. To stipulate
a number of load conditions, such as flight loads, ground loads, pressurisation
loads, inertia loads and engine/APU loads requires methods to be validated by
flight load measurements unless proved their effectiveness. The Agency believes
some measurements may complement, or sometimes even replace the results from
theoretical methods and models. Some flight loads development methods such as
those used to develop buffeting loads have very little theoretical foundation, or
are methods based directly on flight loads measurements extrapolated to represent
limit conditions, [24]. So, the need for and extent of the flight load measurements
needs to be discussed and agreed between the Agency and the Applicant on a case
by case basis, and the final assessment should be based on [25]:

• a comparison of the design features of the aeroplane under investigation with
previously developed (by the Applicant) and approved airplanes. New or
significantly different design features should be identified and assessed.

• the Applicant’s previous experience in validating load intensities and dis-
tributions derived from analytical methods and/or wind tunnel tests. This
experience should have been accumulated on previously developed (by the
Applicant) and approved types and models of airplanes. The validation should
have been by a Flight Load Measurement program that was conducted by the
Applicant and found acceptable to the Agency for showing compliance.

• The sensitivity to parametric variation and continued applicability of the
analytical methods and/or wind tunnel test data.

• New significant different design features.

• Local loads on elements where loads are typically unreliably predicted such
as Loads on high lift devices, Hinge moments on control surfaces, Loads on
the empennage due to buffeting and Loads on unusual device.

Basically, products requiring a new civil type certificate will in general require
flight-test validation of flight loads methods unless the Applicant can demonstrate
to the Agency that this is unnecessary. But in the same time it has been proved the
control and measurement of the flight loads is also a precious tool capable to allow
the investigation of the flight envelope during flight certification tests, avoiding to
explore the most critical flight conditions blindingly. The flight load measurements
envisaged by the Agency are:

• strain gages
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• pressure belts.

• accelerometers.

Here, for Civil Airplanes, the Agency mention clearly the opportunity to rely on
Strain Gage-Based Loads Monitoring Skopinski-type where, on the other hand, on
the Military side nowadays is a mainstay input data for monitoring the fatigue
of worldwide fleet air forces. In particular, the Operational Loads Measurement
(OLM), tool capable to gather all the activities mentioned before, is mandatory for
Military Airworthiness Regulations (JSP 553, Defence Standard 00-970 and Joint
Airworthiness Publication 100A-01) [95].
Distinctively in UK, OLM programmes, Holford and Sturgeon [95], began in the
mid 1970’s but progress was initially slow until the fatal loss of a Bucacaneer
aircraft during a "Red Flag" exercise in 1983. Nowadays, the RAF’s aircraft fleet
enter in service with a quantified fatigue life, underwritten by the manufacturers
through a formal structural qualification programme. The qualification, however,
together with its acceptance by the MOD, are both conditional upon the aircraft
being carefully monitored in service for fatigue consumption. So, each design
should be subjected to 2 Main Airframe Fatigue Tests (MAFTs):

• Development Airframe Fatigue Standard Tests (DMAFT)

• Production Airframe Fatigue Standard Tests (PMAFT)

The former, would be subjected to a design loads spectrum, and would identify
those areas for which major design shortcomings would lead to early in-service
problems. The latter, would be expected to be subjected to a refined spectrum,
taking into consideration recorded in-flight data, [10]. Interpretation of the results
of both MAFTS must be supported by OLM activities, highlighting any differences
between actual, in-service structural loads, and the PMAFT spectrum, thereby
allowing suitable corrections to be made to the structural lives cleared by full-scale
testing. An OLM programme will also allow the structural implications of supple-
mentary sortie profiles and the carriage of new stores to be quantified.

2.5.2 Operational Loads Measurement, OLM, Programmes

2.5.2.1 Ageing Aircraft

Beyond the flight loads design issue of civil aircraft’s and the mandatory activities
of fatigue monitoring of military fleets, a problem common to both sides, still
requiring strain gage-based loads monitoring, is the one to manage and/or extend
the Design Service Life (DSL) of airframe ageing structures. As mentioned before,
the resulting ageing aircraft problem has been specifically discussed since the Aloha
Boeing 737-200 accident. The statistical data given in Figure 2.15 show that the
number of aircraft older than 15 years is remarkable. It has increased from 4600
in 1997 to 4730 in 1999 for US and European built civil aircraft. Similarly, the
number of civil aircraft older than 25 years has risen from 1900 in 1997 to 2130 in
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Figure 2.15: Ageing civil aircraft overview (Staszewski and Boller), [105].

1999. Nearly half of the entire DC-8 fleet is still in operation.
As illustrated in Figure 2.16, the problem with military aircraft structures is even

more serious. An increasing number of military aircraft (e.g. F4, T-38, MiG-21)
exceed the age of 40 years. Ongoing mid-life updates of fighter airoplanes show
that the service life of 50 years and more is not exceptional. The B-52 aircraft,
which needs to be retained for a few more decades, is one of the best examples.
The Boeing KC-135 in-flight tanker is intended to be kept in service until 2035
(Brand and Boller) [105]. In 1993, approximately 51 % of the aircraft in the US Air
Force inventory were over 15 years and 44% were over 20 years old. In 2000, over
75% of US Air Force aircraft were more than 25 years old (Penney 2000) [105].
Similar trends can be observed in converting older civil aircraft series such as

Figure 2.16: Ageing military aircraft overview (Staszewski and Boller 2002),
[105].

the Airbus A300 and A310 or the Boeing 747, 757 and 767 to freighter aircraft.
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These upgrades and conversions are often also related to a change in the loading
conditions of the aircraft structure, which possibly equipped with more powerful
engines, new weapon loads, communication and electronic systems. These aircraft
usually fly different envelopes and maneuvers compared to those for which they
were initially designed for.
There are two major issues which suffer ageing aircraft:

• Corrosion

• Cracking Damage

These two time dependent factors, Figure 2.17, need to be counted in the operating
process of ageing aircraft maintaining reliability standards of the aircraft structure
along the extended operational life and at the same time controlling maintenance
cost to acceptable minimum. The likelihood of the occurrence of corrosion and
fatigue damage in an airplane’s structure increases with airplane usage. The design
process generally establishes a design service goal (DSG) and any cracking that
occurs operating the airplane by that limit is expected to be in isolation (e.g. local
cracking), originating from a single source, such as a random manufacturing flaw
or a localised design detail. It is considered unlikely that cracks from manufacturing
flaws or localised design issues will interact strongly as they grow. It is just the
development of cracks at multiple locations with strong interactions that can affect
subsequent crack growth; in which case, the predictions for local cracking would
no longer apply. That may cause adverse effect on the large damage capability of
the structure before the cracks become detectable.
Widespread Fatigue Damage (WFD), simultaneous presence of cracks at multiple

Figure 2.17: Main time-dependent factors of ageing aircraft, [70].

structural details that are sufficient size and density whereby the structure will
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no longer meet its damage-tolerance requirement [2], and Mulitple Site Damage
(MSD), a source of widespread fatigue damage characterised by simultaneous
presence of fatigue cracks in the same structural element [2], need to be addressed
by the type certificate holders and operators, Figure 2.18, to ensure safe operation
with specific inspection programs and tear down activities taking into account the
data of DMAFT and PMAFT.
Figure 2.19 describes the main activities recommended to be performed according

Figure 2.18: Ageing aircraft: Operators, Type certificate holders and Authority
data flow.

to the US Department of Transportation advisory circular [2], meant to preclude
WFD and MSD situations.
Provision of a system to provide measurements of the loading spectra on critical

parts of the structure experienced by the aircraft during the extended service goal
life is the "quid" that makes a life extension a successful program.

2.5.2.2 The Operational Loads Measurement (OLM)

With increasing costs, and shrinking budgets, there is considerable economic
pressure to get the most out of existing aircraft, extending their in-service life.
The involved collection of suitable flight and ground data in order to build up
representative fatigue spectra, due to the actual loads being experienced on the
Principle Structural Elements (PSE), in terms of internal forces (shear, bending
moment and torsion) is an achievable task through a dedicated Operational Loads
Measurement Skopinski-Type campaign.
The OLM activity required to meet these aims is thoroughly described by Figure
2.20, where QinetiQ professional Ms Dorothy Holford identifies all the main phases
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in logical order of execution [95].
This description gives the real picture of OLM as a technically complex sequence

of activities and while not everybody involved needs to have full cognisance of
all detail, a basic understanding of what has to be done and why is necessary
to manage such a programme successfully. However, where deeper technical
information can be omitted from the body of this paragraph, since not relevant to
the core of this research, the OLM might be broken down in a much more synthetic
way as follows:

1. Operational Loads Measurement Design Process:

• Statement of Operating Intent and Usage (SOIU) to characterise the
operating characteristics of the fleet to monitor.

• Define components to monitor (measure loads and fatigue).

• Characterisation of Data Acquisition System (DAS):

– Number, type and strain gauge locations which defines the required
load cases.

– Identify flight parameters.

2. Ground Calibration:

• Identification of load cases to determine load coefficients.

• Development of appropriate test rigs.

• Recording system to acquire strain gauge responses, load cells etc.

Figure 2.19: Use of fatigue test and tear-down information to determine WFD
average behavior, [2].
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Figure 2.20: OLM thorough detailed schematic activities, [95].
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• Perform health monitoring of the stain gauge readings.

• Develop initial load equations.

3. In-flight Data Collection:

• Instrumentation monitoring: strain gauge data, flight conditions etc.

• Strain gauge anomaly detections: over/under ranging, spike detection,
magnitude variation, initial offset ambient reading, interference issues
etc.

• Generation of loads for Points on Ground (POGS) and Points in the Sky
(PITS) using load equations for later comparison.

4. Structural Analysis:

• Comparison of in-flight loads to numerical baseline response to inves-
tigate any potential discrepancies (stress, strain, displacements etc.) if
discrepancies exist, reverse optimisation techniques will be employed to
locate and determine extent of damage.

• Perform fatigue Cycle Counting for safe life/ crack growth prediction.

5. Data Statistics:

• Need to ensure sufficient measurements have been obtained, so as to
provide reliable and representative data set for entire flight envelope
and mission type of aircraft under investigation, which is critical if
measurements are to be taken over an extended period.

As mentioned in the previous chapter, the Skopinsky-type OLM develops the loads
measurement through the mean of wire resistance strain gauge. Properly installed
and calibrated such gauges may be used to determine the structural loads on control
surfaces, landing gear structures, fuselage, and built up wing and empennage
assemblies. The measured internal structural loads, shear, bending moment and
torsion, can, in turn, be converted to aerodynamic loads provided the structural
weight distribution is knonwn and the acceleration distribution has been measured.
The basic theory behind this technique shows strain is to be used only as a measure
of obtaining information about loads and not as stresses. So, the selection of the
gage location, which depends on the measure to be made, is a key point. Ideally it
would be desirable to place the gages at a position such that a shear bridge would
respond only to shear and a moment bridge only to moment and so forth. But this
will be possible only with simple structure with a single load path not achievable
with the typical aircraft components. So, it will be necessary to identify locations in
the same time with high sensitivity to the load to measure, lift or shear will need to
select web area and pitching moment/bending will prefer upper/lower cap, and
away from areas of local stress concentrations Figure 2.21.
Then, by a proper Ground Calibration the strain gauge responses, proportional

to the applied calibrated loads according to the Skopinski’s method[111], will be
combined using specific algorithm, linear regression, to produce load coefficients.
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Figure 2.21: Typical strain gage installation of shear and moment bridges of wing
box structure, [111].

The quality of the final set of load equations will depend by the probabilistic
tools, LPE (load probable error), and Standard Deviation, and non-probabilistic
tools, Influence Coefficients, used to select the best set of strain gauge responses
according the type of load to measure. In flight the loads will be measurable using
the load coefficients, evaluated through the ground calibration, and current strain
gauge flight readings. Load models, such as obtained through an extensive FE
(Finite Element) analysis, are therefore needed to validate the loads, intended
as magnitude and distribution, measured through the load equations previously
developed at ground calibration stage. Once confidence on the measured loads
has been gained is possible to reach the fatigue index evaluation through basic
Palmren-Miner damage accumulation rule or more complex crack growth model.
Prior to ending the recording flight data activity it is expected extreme care to
analyse the overall data built up over the whole campaign. Basically, the Statement
of Operating Intent and Usage, generated during the OLM design process, including
the Sortie Profile Codes (SPCs) in use for each aircraft fleet, must be compared with
the data gathered. Once the amount of data recorded prove to be representative,
Data Statistics phase, the OLM campaign might be concluded. Figure 2.22 gives an
example philosophy of the main phases described so far (OLM design process and
Ground Calibration are not included). Here, Tornado OLM aircraft structure, strains
from the sensors, once calibrated on the ground, are converted to digital signals
ans stored unit (DAU). The signals are then converted to stress histories. This
information is used to obtain the load sequence for the given locations including
load transfer functions where available and useful. The load sequences are analysed
and synthesised using rainflow cycle counting procedure. This evaluation procedure
can either be performed in-flight or on-ground.

2.5.2.3 Operational Loads Measurement Disadvantages

The experience gathered with systems based on Operational Loads Monitoring
Skopinsky-type philosophy proved over the last 30 years several limitations and
area of improvement. This section focuses on these.
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The vast amount of data collected needs a more efficient data management. This
issue becomes more specifically relevant when looking at the increasing average age
of aircrat, which will significantly increase the amount of ageing aircraft obstacle
data to be handled such that fatigue life consumption and possible retirement
time of individual aircraft can be better controlled. This procedure can result in
significant cost savings.
OLM systems are not able to directly detect and monitor structural damage. The
OLM system can only provide a major input for analytically determining when
damage might occur. Being a well-known experience, the experimental and thus
real fatigue life can often be two to three times higher than analytically predicted
(Boller 1996) [105], which is mainly resulting from scatter in material properties
but also due to some security factor which has to be included in the analytical
calculation. This gap between predicted and real damage becomes even larger
for composite materials where fatigue analysis and fracture mechanics of these
materials are relatively less known when compared to metallic materials.
Loads monitoring does also not provide any information regarding environmen-
tal effects such as corrosion in metallic and humidity/temperature in composite
materials as long as these environmental loads are not recorded with appropriate
sensing devices and the respective analytical procedures are not available. These
aspects become increasing important for the case of ageing aircraft.
Since the core of this work is mainly related to the OLM Skopinski’s type, the areas
of most improvement, responsible of the final quality of the loads magnitude and
distribution (the whole damage monitoring activity) can be identified:

Figure 2.22: Loads monitoring system using strain gauges for Tornado aircraft
(Boller 1996), [105].
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1. Strain Gauge Measurements:

• Number, type and strain gauge locations, need to ensure reliable data is
obtained for load cases considered.

• Calibration; accuracy issues.

• Strain gauge redundancy and ageing issues (quality loss, cabling etc.).

2. Monitoring the Health of an OLM Skoinsky-Type:

• Critical Interrogation of redundant sensors to provide quality assurance
of data collected.

• Strain Gauge anomaly detections.

The core of the improvements relies on the device "strain gauge" since is the element
supporting the whole loads development activities. Dealing with unreliable strain
gauge data it means increase the amount of uncertainty inherited, not by the
physical problem under investigation, but by the applied methodology. So, instead
of limiting the area of improvement adopting new type of gauge, as fibre optic
might be, the intention of this work is based on adopt optimisation tools to select
the best set of strain gauge capable to produce robust load equations.

2.6 The Evolution of the Flight Loads Measurement

The development of structural health monitoring systems relies on different re-
search disciplines and in addition it affects design and manufacture as well as
operation and maintenance. As primary flight systems such as the airframe, land-
ing gear or engines are considered, the airworthiness authorities will have to be
involved. Novelty of the structural health monitoring systems is considerable and
thus a broad acceptance among all parties involved is necessary to achieve imple-
mentation.
The development of structural health and usage monitoring systems depends largely
on the available technology. However, the benefits derived from actual research
and application programmes must be recognised and reflected by the potential
end-users. Structural health monitoring and usage monitoring systems must satisfy
realistic performance requirements to meet end-users needs.
The main driver for the Skopinski type loads monitoring is increasing the reliability
and accuracy of the loads measured keeping up with the new generation of aircraft
coming up by using the benefit of having available better and more robust Data Ac-
quisition System, DAS, and rapid increases in computer processing power, memory
and storage space. Though, this has not completely eliminated computational cost
and time constraints on the loads monitoring due to the constant increase in the
required fidelity and hence complexity of the loads environment and components
typology and consequent supporting models to analyse.
The objectives of the of the remaining part of this chapter are to review the increas-
ing complexity of the problems that flight loads measurement, and all the others
sectors indirectly affected, can deal with passing through the major scientists of
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each past decade up to date. To accomplish this task it has been necessary, first, to
break down the major phases of the evolution of the flight loads measurement, then,
to identify a tool, the Three Axes of Complexity, capable to point out the factors
that contribute to the complexity of this specific science. This will allow to classify
and understand the complexity in a systematic way and to provide a framework
that enables flight load measurement practitioners to trade off the different aspects
of complexity.

2.6.1 The Three Axes of Complexity, 3AC

The evolution of the science of the flight loads measurement can be described by
identifying the starting point, set by Skopinski, Aiken and Huston in 1954, [102],
and the periods before and ahead. The first, labelled the "Conception Period",
falling into the 1940 Decade, shows those scientists and common methodologies
employed that set the ground for something more practical and robust for the
flouring aviation. The latter, the "Development Period", records all the major
directions where the new flight loads measurement science has been imposing itself.
The "Definition Period" represents the 1950 Decade where everything started from.
Each period has been further ranked out by means of the "The Three Axes of
Complexity". The terms difficulty or complexity, as Vankataraman and Haftka [114]
experienced with the structural analysis problem, are not easy to quantify in terms
of flight loads measurement area. In fact, the number of challenges associated
are several, but the two main categories driving the complexity are the object,
X-axis, and typology of loads, Y-axis, under investigation. These two characterise
the difficulty and so the type of Flight Loads Measurement, Z-axis, whether Strain
Gauge-based or Flight Parameter-based or other methods, chosen to understand
the design or operational loads environment.
The coming sections are selectively discussing and comparing the findings of other
scientists, in order to advance thinking in the area of interest. This will be presented
by breaking down each Decade Periods by means of "Three-Axis of Development"
tables. Table 2.1 acronyms will be used to further narrow the decade scientists
topics explored in the area of strain gauge-based flight loads measurement.

Table 2.1: Strain Gauge Based Flight Loads Measurement Phases, (SG FLM).

No Phases
01 Definition and Design, (D&D)
02 Ground Load Calibration, (GLC)
03 Data Gathering and Analysis, (DG&A 1)
04 Flight Test, (FT)
05 Data Gathering and Analysis, (DG&A 2)
06 Comparison and Validation, (C&V)
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2.6.2 Conception/Inception Period: Decade 1940

US War Department, alarmed by German jet bombers like the Arado Ar 234, called
for a new family of jet bombers grossing between 80,000 lb (36,287 kg) and
200,000 lb (90,718 kg). The end of World War II resulted in the cancellation of
many project and delayed many others. Though, in 1946 the rising tensions with
the Soviet Union caused the US Air Force to assign higher priorities to jet bomber
development and production.
All this needed a support of the research to assess the correctness of the design
criteria employed till that time on High-Speed-type aircraft, such as the North
American B-45 Tornado, United States Air Force (USAF) first operational jet bomber,
and the first multi-jet engined bomber in the world to be refuelled in mid-air. In
fact, similar airplanes, operating at high subsonic Mach numbers, have encountered
tail buffeting of sufficient magnitude in manoeuvring flight to be objectionable
to pilots and possibly to endanger the airplane structure. This proved a lack of
knowledge of the HT Loads and requested new design criteria to be proposed.
The events above characterised the Decade 40’s and set the context, for the major
scientitsts of Table 2.2, with the research activities highlighted in the Tables A.1
and A.2 and A.3.

Table 2.2: Three-Axis of Development, Part 1 - Decade: 1940

ID Year Author Reference
01 1943 Henry A. Pearson [88]
02 1945 Cloyce E. Matheny [71]
03 1947 John B. Garvin [32]
04 1948 Allen R. Stokke and William S. Aiken, Jr [1]
05 1948 William S. Aiken, Jr [6]
06 1949 William S. Aiken, Jr., and Donald A. Howard [4]
07 1949 Gaulden C. H. [38]

The correlation studies between different experimental, wind tunnel and pres-
sure distribution, [6], [4], and theoretical approaches, [88], [71], strengthen the
Strain Gauge Based Loads Measurement approach. In fact, Aiken, [6], stood out
publishing a technical report proving to be one of the first to introduce the Strain
Gauge as indirect measurement technique of flight loads. No mention about the
Phases of Ground Load Calibration and Data Gathering & Analyses. He compared
the more robust and known technique of that time, pressure-distribution, with wing
loads obtained by strain-gauge readings. The agreement between shears, bending
moments, and span-wise centres of pressure determined in flight was found to be
good, [4]. Torque and buffeting loads proved to be an open area of investigation.
Last, Table 2.2 includes the most significant statistical theory reference, Goulden
[38], used in the next decade by Skopinski to introduce his revolutionary strain
gauge-based flight loads measurement technique, [102].
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2.6.3 Definition Period: Decade 1950

Departures from aircraft designs on which flight data exist raise questions as to
the adequacy of design procedures and the accuracy of methods for extending
wind-tunnel data to the flight design conditions. In order to aid in checking design
procedures and wind-tunnel data and to present flight data on a swept-wing con-
figuration, the National Advisory Committee for Aeronautics decided to carry out a
comprehensive flight-test program on a swept-wing bomber airplane that includes
measurements of loads on the component parts, [73]. Following Tables 2.3, A.4,
A.5 and A.6, A.7, A.8 will be further breaking down the major scientists and their
activities produced through this Decade.

Table 2.3: Three-Axis of Development, Part 1 - Decade: 1950

ID Year Author Reference
01 1950 Henry A. Pearson, William A. McGowan, [89]
01 1950 and James J. Donegan [89]
02 1954 T. H. Skopinski, William S. Aiken, Jr., and [102]
02 1954 Wilber B. Huston [102]
03 1955 Wilber B. Huston and T. H. Skopinski [46]
04 1955 William S. Aiken, Jr., and Bernard Wiener [5]
05 1955 T. V. Cooney, William H. Andrews, and [17]
05 1955 William A. McGowan [17]
06 1957 William S. Aiken, Jr., and Raymond A. Fisher [7]
07 1957 William S. Aiken, Jr. [3]
08 1957 William A. McGowan and T. V. Cooney [73]
09 1959 Ezekiel M. and K.A. Fox [29]

Skopinski, Aiken, and Huston, [102], formalised what Aiken [4], during the
previous Decade presented, a new loads measurement technique based on Strain
Gauges. In fact, it was developed a general method for calibrating strain gauge
installations in aircraft structures, which permits the measurement in flight of the
shear, bending moment, and the torque or pitching moment on the principal lifting
or control surfaces.
The novelty introduced proved to have applicability for a variety of purposes such as
in research investigations, structural integrity demonstrations, and developmental
flight testing. Basic calibration procedure and basic concepts of load equation strain
gauge selection, influence coefficient plots, were introduced to assess reliability
and relevancy of any equation.
Limitations of the time data recording system suggested the extensions of the basic
procedure by means of electrical combination of the strain gauge installation time,
availability of recording instruments, and data reduction time. Though, channel
recording availability limited the loads measurement in single stations instead of
span wise distribution.
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The flight loads measurement science also progressed in terms of statistical analysis
tools as shown by Ezekiel and Fox, [29]. In fact, they introduced methods for data
correlation and regression analysis pivotal for the future work of Hovell et Al., [43],
Sefic et Al. [101], and Tang et Al., [109].
Buffeting loads were studied, [46], major areas covered of the strain gauge-based
loads measurement type focused on the ground experimental and numerical side,
Phases, D&D, GLC and DG&A of Table 2.1.

2.6.4 Development Period: Following Decades

2.6.4.1 Decade 1960

This decade starts refining the science of flight loads measurements for different
purposes not any more limited to aeroplanes. In fact, the increasing number and
scope of manned space missions led to a need for advanced re-entry/recovery
concepts. Vehicles having improved manoeuvring capabilities provide distinct ad-
vantages. One of the more important areas of investigation with this type of vehicle
is low speed flight characteristics, mainly as virtually no flight-test information
was available for the wingless, short fuselage, lifting body configuration, [56]. In
addition, the absolute values of the loads throughout the flight start being required,
rather than incremental loads measured over short time intervals as at the very
beginning of Decade 40’s, [88] and [71], happened mainly due to system instru-
mentation limitations and not sufficient knowledge of Strain Gauge Based FLM
methods, [80]. Similarly, the experimental, cost and time, implications of thorough
ground load calibration campaigns encouraged to investigate the possibility to
replace it by numerical models. In particularly, by the introduction of distributed
load data obtained by numerical superposed individual load data. These concepts
were supported by methods of statistical analysis of fitting data models as Goulden
first, [38], and then Ezekiel and Fox described, [29].
Tables 2.4, 2.5, A.9 and A.10, A.11 describe the majors scientists and three-axis of
complexity of the 1960’s Decade.

Table 2.4: Three-Axis of Development, Part 1a - Decade: 1960

ID Year Author Reference
01 1961 Mc Kay, James M. and Scott, Betty J. [72]
02 1963 Nicholas, O.P. [80]
03 1966 Hovell, P.B. and Webber, D.A. and [43]
03 1966 and Roberts, T.A. [43]
04 1968 Jenkins, Jerald M. and Tang, Ming H. and [56]
04 1968 Pearson, George PE [56]
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Table 2.5: Three-Axis of Development, Part 1b - Decade: 1960

ID Year Author Reference
05 1969 Hovell, Peter Burns and Webber, Derek Alan, [44]
05 1969 and Roberts, Thomas Arwel [44]
06 1969 DeAngelis, VM and Friend, EL and [18]
06 1969 Jenkins, JM and Monaghan, Richard C [18]

Hovell, Webber, and Scott followed the natural evolution of the Flight Measure-
ment science pointing out weaknesses related to the new generation of aircraft.
In fact, the British scientists highlighted the procedures of N.A.C.A. Report No.
1178, [102], for the interpretation of measured flight strains as structural loads are
not entirely satisfactory for applications to delta or slender-body configurations.
Problems arise from the severe non-linearities, ref.[80], in the gauge response
with the position of the calibrating load and from the need to support the aircraft
representatively during the obtained either directly or by superposition, are used in
place of individual data. In contrast to the original N.A.C.A. Report, the procedure
will then establish directly the reliability of any particular flight load measurement.
So, this decade shows the first modified techniques and UK represents the country
working in this direction, [43] and [44]. It was concluded that in the problem of the
interpretation of strain measurements as flight loads the regression equations based
on distributed load data were preferable to those based on the original individual
data, Individual Load Calibration ( ILC) versus Distributed Load Calibration (DLC).

2.6.4.2 Decade 1970

Decade 70’s continues the overall lifting body flight test program at the NASA Flight
Research Centre, detailed aerodynamic load studies, already started during 60’s
with the M2-F2 vehicle, ref.[56]. The concept of manoeuvrable vehicles is here
extended to the HL-10 vehicle configuration, [107]. As aircraft speeds approach
Mach 3, heating of the aircraft structure presents significant problems. Specifically,
the heating produces thermal stress and deformations that must be taken into con-
sideration during aircraft design, [98]. The measurements continue to be focused
on lifting surfaces roots and attachment points of mainly swept wings with low
aspect ratio.
The modern complex structural arrangements, low aspect ratio multi-spar wings,
and different flight operations, high Mach Numbers, of the aeroplane developed
in this Decade have complicated the task of measuring flight loads with calibrated
strain gauges and new studies and tools will be developed as Tables 2.6, and A.12,
A.13, A.14 and A.15, A.16, A.17 describe.
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Table 2.6: Three-Axis of Development, Part 1 - Decade: 1970

ID Year Author Reference
01 1970 Roger A. Fields [30]
02 1970 Harold, M. Wells JR. and Troy, T. King [41]
03 1971 Ming H. Tang and George P. E. Pearson [107]
04 1972 Roger A. Fields, Frank V. Olinger, and [98]
04 1972 Richard C. Monaghan [98]
05 1973 Monaghan, Richard C and Fields, Roger A [77]
06 1974 Sefic, Walter J and Reardon, Lawrence F [101]
07 1975 Peele, Ellwood L and Eckstrom, Clinton V [90]
08 1976 Eckstrom, Clinton V [26]
09 1977 Arnaiz, Henry H [11]
10 1977 Jenkins, Jerald M and [54]
10 1977 Kuhl, Albert E and Carter, Alan L [54]
11 1977 Jenkins, Jerald M and Kuhl, Albert E [53]
12 1977 Jenkins, Jerald M and Kuhl, Albert E [52]
13 1979 Jenkins, JM and Field, RA and Sefic, WJ [57]

Flight Loads measurement science is introduced as part of mandatory require-
ments of structural integrity of the Air Force, [41]. The Airplane Structural Integrity
Program (ASIP), systematic procedure applied to a particular aeroplane system to
enhance design, diagnose potential or impending failure, provide a basis for correc-
tive actions, and predict operational life expectancy of the airframe, is founded on
the Experimental Flight Loads Measurement campaign to measure the operational
loads, OLM, needed for monitor the life consumption of the airplane structure
system.
Tables of this Decade also point out the benefit of using of a relatively simple
structural model to characterize the load responses of strain gauges located on
various spars of delta wing. That produced new tools to further assess the value
of the numerical model and consequently characterize the most accurate set of
loads equations. Influence coefficients of strain gauge, IC, already considered by
Skopinksi, [102], and loads equation, ICLE, were introduced by Jenkins, Kuhl and
Carter, [54], proved that the analytical processes can be an aid in obtaining a
good load calibration. In particular, they introduced a matrix approach to equation
selection which is based on equation standard error, load distribution, and influence
coefficient plots, ICLE, of the strain gauge equations, applied to a complex wing,
[53].
The conventional Skopinski method of loads measurement proved to expand to
the aerodynamic heating effect of aircraft structures at high speeds, where Fields
was one of the first pioneers, [30]. The laboratory tests proved the repeatability of
the data and the superposition of the thermal and mechanical loads strain gauge
readings, ref.[77].
Though, the analytical processes cannot be used in lieu of an actual load calibration
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of an aircraft wing yet. At the same way the instrumented and calibrated aeroplane
to develop the loads equations is the same airframe for measuring the flight loads.

2.6.4.3 Decade 1980

As with conventional aircraft space transportation re-entry vehicle development
depends heavily on experimental load verification to expand the operating envelope
and to assess useful life. For a number of years the structures research section at
the NASA Ames Research Centre, Dryden Flight Research Facility, has been applying
the calibrated strain gauge load measurement technique to high-speed vehicles
where aerodynamic heating is significant. Unfortunately, the thermal gradients
produced by aerodynamic heating cause thermal stresses that interfere with strain
gage load measurement, as already preliminary revealed during the first research
programmes of the 1970’s such as: X-15 programme, [30], [98], and [77], HL-10
programme, [107], XB-70 programme, [26], YF-12 programme, [11], [53], and
[52]. Therefore, a structural heating laboratory was constructed at Dryden to
develop techniques for separating mechanical and thermal strain gauge outputs.
This Decade, Tables 2.7, and A.18, A.19 and A.20, A.21, A.22, will be mainly
exploiting the massive amount of data and information gathered by Ground Experi-
mental Test, YF-12 Programme, encouraging the introduction of new supporting
tools and concepts.

Table 2.7: Three-Axis of Development, Part 1 - Decade: 1980

ID Year Author Reference
01 1980 Tang, Ming Han and Sheldon, Robert G [109]
02 1980 Tang, Ming Han [108]
03 1980 Fields, Roger A and Reardon, Lawrence F and [31]
03 1980 and Siegel, William H [31]
04 1982 Carter, Alan L [14]
05 1984 AGARD Confererence Proceedings No.375 [82]
06 1986 Eckstrom, Clinton V [28]
07 1987 Yao, Kung and Balakrishnan [118]
08 1988 FAA, Advisory Circular AC 23-9 [112]
09 1989 Reardon, Lawrence F [94]

A comprehensive program was conducted using the YF-12 aircraft and the
Shuttle Orbiter, which were instrumented for strain and temperature, calibrated
for load measurement, and flown to Mach 3 speeds, where significant aerodynamic
heating was experienced. The vehicles were then returned to the laboratory and
heated to simulate the flight environment, and the resulting thermal strain outputs
were recorded, [31], [94] and [14].
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This period also records a new trend in aerospace research and operations, a flying
Drone for aerodynamic and structure research platform (DAST), [28], subjected
to a complete Design Loads Measurement campaign according to the principles of
Skopinski.
US Civil Aviation Authority issued an Advisory Circular including SG-Based Flight
Loads Measurement as an alternative recognised technique to substantiate the theo-
retical loads evaluated on those non-conventional tail design configurations,[112].
Major contribution to the strain gauge selection technique is coming from Tang and
Sheldon, [109] and [108], by introducing the T-Method and T Modified- Method,
founded on statistics principles.

2.6.4.4 Decade 1990

Designers of modern high-performance aircraft usually employ electronic automatic
control systems either to augment the mechanical control systems or to implement
a set of complex control laws. Such control laws often are required to maximise
the performance with multiple advanced aerodynamic control surfaces or to give
acceptable handling qualities. Such control system provided an excellent oppor-
tunity to implement structural load-relieving modes, coupled with real time flight
loads measurement systems, in combination with the basic control system, [110].
The 90’s flight loads measurement evolution will be focusing on such challenges
and on the other area still in need to strengthen, the gage selection process, [79].
Tables 2.8, 2.9, and A.23, A.24 and A.25, A.26, capture the major scientists and
events of the decade.

Table 2.8: Three-Axis of Development, Part 1a - Decade: 1990

ID Year Author Reference
01 1993 Locke, James E and Smith, and [63]
01 1993 Howard W and Gabriel, [63]
01 1993 Edward A and DeFlore, Thomas [63]
02 1993 Thornton, Stephen V [110]
03 1994 Goranson, Ulf G [37]
04 1994 Nelson, Sigurd A [79]
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Table 2.9: Three-Axis of Development, Part 1b - Decade: 1990

ID Year Author Reference
05 1996 AGARD Confererence Proceedings, [9]
05 1996 No AR-340 [9]
06 1996 Jenkins, Jerald M and Quinn, Robert D [55]
07 1997 Jenkins, Jerald M and [50]
07 1997 DeAngelis, V Michael [50]
08 1998 RTO Research and [97]
08 1998 Technology Organization [97]
08 1998 Meeting Proceedings RTO-MP-7 [97]
09 1998 Van den Hoeven, AM [113]

The advanced fighter technology integration (AFTI)/F-111 aircraft implemented
a structural load-relieving modes in combination with the basic control system,
[110], by means of strain gauge-based loads inputs.
Though, the research started being not any more the only branch of usage of the
science of flight loads measurement. In fact, a strong impetuous was coming from
the aircraft operators and the major civil military and civil Authorities, [63], [97],
and [113].
The strain gauge selection process evolution is continued by Nelson, [79]. As a
result of the increasing number of strain gauges installed on the multi-spar hyper-
sonic lifting surfaces, he introduced an improved technique using genetic algorithm
driven by a fitness function penalising those loads equation with a large standard
deviation. In the years to come this robust optimiser, genetic algorithm based on
statistics information, was meant to be overcome by exhaustive search algorithms,
that Jenkins and DeAngelis in their past decades review of the loads calibration,
[50], reminded the importance to rely on influence coefficient labelled as "the pri-
mary tool to evaluate the validity of a load calibration and the primary mechanism
by which strain gauges are combined to obtain optimum load equations."

2.6.4.5 Decade 2000

The evolution of sensor, data acquisition, communications, and information analy-
sis technologies enables the development of health monitoring (HM) systems for
real-time condition assessment for predicting failures of aircraft components or
subsystems. The purpose of many activities of the sector is to assess the connection
between Civil Aviation regulations, FAA, and incorporation of HM systems into
commercial aircraft. On the Military side, the fatigue monitoring of airframe has
developed over the decades to the stage where it is now incumbent for all fighter
type aircraft to be fitted with an airborne fatigue monitoring system. These systems
typically collect data for the calculation of the safe-life or the inspection interval of
the airframe. The flight loads measurement is not always based on strain gauge as
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the flight parameter or VGH systems are replacing it, [76] as easier and cheaper to
implement and operate.
For more than a decade, wing torsional flexibility has been proposed to aeroelas-
tically enhance the roll manoeuvrability of high-performance aircraft. Although,
aeroelastic control behaviour, related to aileron reversal, has always been avoided,
even if it meant additional structural weight; when the behaviour is incorporated
as a preprogrammed control mode, some significant benefits can be reaped. When
the mode is designed into a new airframe, reduced weight, increase manoeuvra-
bility, and other advantages can be exploited. The NASA has been working in this
direction modifying the preproduction version of the F/A-18, [64], found to have
potential for aileron reversal within its performance envelope. A real-time mea-
sured structural loads will be required for research and safety-of-flight purposes of
this NASA Active Aeroelastic Wing (AWW) F/A-18 programme. The whole decade
will be using all the set of ground and flight test data to investigate and enhance
the technical areas affected.
The exact loads measurements for the mechanical parts of dynamic systems will be
proving to affect other sectors such as the wind turbine, [47] and [15].
The events and concepts above are presented in the following Tables 2.10, 2.11,
and A.27, A.28, A.32 and A.30, A.31, A.32, A.33.

Table 2.10: Three-Axis of Development, Part 1a - Decade: 2000

ID Year Author Reference
01 2000 Molent, L and Aktepe, B [76]
02 2000 AIMS2000, Aircraft Integrated [91]
02 2000 Monitoring Systems Proceedings [91]
03 2000 Munns, Thomas E and Beard, [78]
03 2000 Richard E and Culp, G, Aubrey M [78]
03 2000 and Murphy, Dennis A and [78]
03 2000 Kent, Renee M and Cooper, Eric [78]
04 2001 Gunther, G [40]
05 2001 Kim, David and Marciniak, Maciej [58]
06 2001 Kim, David and Pechaud, Laure [59]
07 2001 IEC, International Electrotechnical Commission [47]
08 2002 RTO Research and Technology Organization [85]
09 2002 Lokos, William A and Olney, Candida D and [64]
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Table 2.11: Three-Axis of Development, Part 1b - Decade: 2000

ID Year Author Reference
09 2002 and Chen, Tony and, [64]
09 2002 Crawford, Natalie D and [64]
09 2002 Reichenbach, Eric Y [64]
10 2003 Voracek, David and Pendleton, Ed and [116]
10 2003 Reichenbach, Eric and [116]
10 2003 Griffin, Kenneth and Welch, Leslie [116]
11 2004 Lokos, William A and Stauf, Rick [65]
12 2004 Venkataraman, S and Haftka, Raphael T [114]
13 2005 Airplanes, Boeing Commercial, M. Mohaghegh [8]
13 2005 Airplanes, Boeing Commercial, M. Mohaghegh [8]
14 2005 Lizotte, Andrew M and Lokos, William A [61]
15 2007 Reed, SC and Holford, DM [96]
16 2009 IEC, International Electrotechnical Commission [15]
17 2009 Henrichfreise, H and Bensch, L and [42]
17 2009 Jusseit, J and Merz, L and Gojny, M [42]

The decade showed that the strain gauge-based loads measurement is employed
mainly as part of Life Extension programs or of the operational life fleet monitor-
ing, OLM, of several country air forces, such as USAF, RAF, and RAAF, where the
Ministry of Defence established it as mandatory safety tool, [40], [76] and [85].
The Fatigue monitoring reviews of the decade, mainly from Molent, [76], have
determined that the majority embedded systems, mainly related on flight hour
counting, fatigue meter, flight parameters and hot spot strain gauges, do not require
the classical Skopinski calibration.
Lokos and DeAngelis gave another solid contribution to the N.A.C.A. Report No.
1178, [102], for the interpretation of measured flight strains as structural loads
in the area of the design of the applied-load test, [65], by a thorough paramet-
ric study based on the AWW F/A-18 programme data. Furthermore, Lizotte and
Lokos, [61], replaced the strain gauge used in the classical approach by using
deflections/deformation as might yield lower testing costs while improving aircraft
performance through reduced instrumentation weight. The deflection-based loads
measurement revealed a strong bending-moment correlation and slightly weaker
torque correlation.
The new science of Wind Turbine Loads Measurement, established by the inter-
action of designer/manufacturers associated with technical specifications, [15],
issued by the International Electrotechnical Commission, leading global organisa-
tion preparing and publishing regulations, imposed its existence. This new branch
is using strain gauge-based loads measurement techniques raising similar questions
as the aerospace field in relation to re-consider the traditional way of calibration as
very complicated, time-consuming, weather-dependent and even dangerous. So,
reliable calibration methods , analytical-based [15], can replace the traditional one.
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These studies might show future aerospace applicabilities.

2.6.4.6 Decade 2010

This is the second decade of the 21st century and it gathers all the very last work of
the flight loads measurement science representing the state-of-the-art and offering
an idea of the potential future works coming up.
A strong contribution has been given by The Italian Aerospace Research Centre. In
fact, it has been developing a research program which is focused on the validation of
national aerospace technologies on a flying demonstrator named USV (Unmanned
Space Vehicle). The associated papers, [13], [86] and [87], did not contribute
heavily on the science, though the USV Flight Loads Measurement campaign likely
proved to be one of the most remarkable disclosed project took place during the
first decade of the new century. The emphasis is given also as the test cases of
Chapter 6 include the USV data.
These first five years of the second decade of the new century show a new trend
of development. In fact, the Z direction of ”Three-Axis of Complexity” is the most
pioneered. The Ground Load Calibration methodology becomes the major topic
of contribution of the Science. Fiber bragg sensors load calibration, [115], load
calibration uncertainties included in the problem by a numerical method, ”Error
in the Equation”, [36], are significant examples of change of trend compared to
the past decades where the object, lifting surface typology, and the type of loads
proved to be the major drivers.
Remarkably, a new country started stepping into the research of this sector, Chinese
universities and industries dedicated contributions in the area of Structural Health
Monitoring, [19], and on Landing Gear loads measurement by proposing a new
strain gauge calibration procedure, [106].

The events and concepts above are presented in the following Tables 2.10, 2.11,
and A.27, A.28, A.32 and A.30, A.31, A.32, A.33.
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Table 2.12: Three-Axis of Development, Part 1a - Decade: 2010

ID Year Author Reference
01 2010 Schmuecker, M [99]
02 2010 Jebacek, I [49]
03 2010 Tang, AN and Zhou, ZT and Cao, JT [106]
04 2010 Belardo, M and Paletta, N, [13]
05 2011 Schmuecker, M [100]
06 2013 Gonzalez, M and Gogu, C and Binaud, N and [36]
06 2013 Espinosa, C and Morlier, J and Quoniam, S [36]
07 2013 Paletta, N and Belardo, M and [86]
07 2013 Di Palma, L and Pecora, M [86]
08 2013 Paletta, N and Belardo, M and [87]
08 2013 Di Palma, L and Pecora, M [87]
09 2014 Ding, K and Yuan, S and Wu, Z [19]
10 2015 Viana, M V P [115]

2.6.5 Decades Review

Research programmes exploring areas characterised still by many uncertainties,
aircraft certified with design spectra different from the real usage and special
design features showing lack of understanding of the operational environments,
are among the major motivators behind the development of the strain gauge-based
flight loads measurement technique.
The reality is that through the decades the complexity, captured by the three-axis of
complexity concept, see section 2.6.1, evolved stretching the Skopinski technique
till the most critical edge in terms of the three axis directions listed below:

• X- Axis, Object Definition: mainly lifting surface, swept multi-spar low aspect
ratio lifting surface and exceptionally a landing gear of civil, general and com-
mercial aircraft/ military fighters/space vehicle/drones. Traditional materials,
metal, and non-linear such as composites.

• Y-Axis, Loads Type/Object Operation: The environment where the Object,
the aircraft components whose loads are under investigation, is operated.
High speed aircraft, Mach 3, Thermal Loads, Design Loads, Buffeting, Control
systems.

• Z-Axis, SG-Based FLM Method: It represents the Phases that have been mainly
affected, reviewed and enhanced. Definition and Design, D&D, Phase: the
strain gauge readings have been replaced by displacements. Ground Load
Calibration, GLC, Phase: it has been reviewed in terms, of Heat Temperature
Component Rooms, Individual and Distributed Load Cases, Check Load Case,
Relevance Coefficient, Load case Magnitude (percentage of the limit loads)
and computational calibration. Data Gathering and Analysis, (DG&A 1): This
area is the one addressing the strain gauge selection to select high quality load
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equations. Major concepts introduced are Loads Probable Error, Influence
Coefficient Plots, Influence Coefficient Plots of Loads Equations, T-Method,
Modified T-Method, and Genetic Algorithms. Comparison and Validation,
(C&V): Mainly comparing the measured loads with evaluated theoretically,
wind tunnel, deflection-based evaluated, pressure transducers.

From this break down it comes clear that to enhance the science the areas to
focus on are mainly those related to the Data Gathering and Analysis, on Ground,
and the Validation and Comparison. In particular, it came evident that the typology
of the object under investigation, X-axis, mainly represented by the aspect ratio,
and the specific PITS to consider, determining the loads typology, Y-axis, have been
the major drivers of the science. So, the parameters chosen to develop the novelties
of this research are meant to be in function of the X and Y axes of the 3AC in order
to be representative and significant to the science of Flight Loads Measurement.
This research will be attempting to contribute in these directions as the next chap-
ters will describe.

2.7 Summary

The chapter highlights the motivations behind the aircraft structural health and
usage monitoring, safety and costs. Furthermore, it shows how the aircraft struc-
tural integrity is maintained in the different phase of the life of an aircraft. Damage
detection and loads monitoring are the two major pillars of this science and special
focus is dedicated to the second, mainly on the strain gauge-based loads measure-
ment.
In order to better characterise the science of the flight loads measurement it has
been necessary to introduce a specific metric, labelled the Three-Axis of Complexity,
3AC. This identifies the two major directions of evolution through the decades of
conception of the Skopinski technique up to date, enabling to capture the most
extreme points still reachable nowadays and the future areas of improvements.
The selected parameters to develop the novelties of this research are meant to
be in function of the X and Y axes of the 3AC in order to be representative and
significant as the science of Flight Loads Measurement shown through the last
decades. Moreover, the Test Cases Data employed later on, to validate and assess
the performance of the techniques introduced, should be covering, as long as the
available literature data will allow, a wide spectrum of aspect ratio and loads
typology to offer a representative judgement to be extended to future areas of
research.
The translation of the strain gauge selection techniques, identified through the
Decades of evolution of the flight loads measurement science, into programming
language codes to enable a performance comparison of an unmanned space vehicle
dropped transonic flight test data is the heart of the next chapter.
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Chapter 3

The LETE Environment

3.1 Introduction

The chapter 2 and last decade scientists researches [65] showed clearly the accuracy
of the strain-gauge measured flight loads science is mainly driven by many variables
that can be grouped, for example, into the design of the strain gauge installation and
alternatives. In fact, Lizotte and Lokos [61] proposed a deflection measurement
system as part of an aeroelastic campaign and Culshaw, Krohn, Udd and Claus
took at a higher level the optical fibre sensors studies in this field [105]. At the
same time, another area of potential improvement is the design and performance
of the applied-load test where Lokos [65] addressed parametric study of various
aircraft wing-load test features on the final flight loads measurement accuracy.
Ultimately, the strain-gauge load equation derivation process is the reaming direction
of investigation of this field that will be addressed by this research within the
current chapter and will be continued in chapter 4 through a more detailed analysis
of each relevant concepts.
In fact, this very last group of areas of improvement will be the core of chapter 4
where all the most relevant techniques for the calculation of the flight loads equa-
tions will be heavily inquired and broken down in a such flow chart template to
allow highlighting the commonalities and major differences and setting the context
to understand the new proposed method.
Over the years, no matters whether dealing with research investigations, structural
integrity demonstrations, and developmental flight testing finding loads equations
that assure to be the result of reliable strain gauges capable to read the real flight
loads experienced proved to be a serious challenge. So, the Research came in to
offer tools and approaches capable of reducing the uncertainties, though paying
a toll requiring further cost and time efforts, and being very limited to a specific
structure configuration.
In a similar context LETE (Loads Equations Techniques Evaluator) philosophy is
founded on continue using all available techniques from the past and combining
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all major findings as part of a new method. These will be choosing, either through
a step by step or automated process, the one that can produce best performance
tested against an independent set of data representative of the point in the sky load
conditions to measure. Though, this will be the topic of chapter 5.
The current chapter will be presenting just the LETE environment, gathering all
these methods, interconnected in such a way to allow, under a unique Python code,
whose details will be gathered and presented in Appendix B, evaluating the best
set of loads equations by means of dedicated test cases data.
At the end a very sensitive topic, regarding the validation of the whole LETE code
and process, will be taken up. The basic introduced concepts will be further broken
down and detailed inside chapter 5.

3.1.1 Aims and Objectives

The main objectives outlined below justify the necessity of carrying out the study on
the niche area of the strain gauge-based flight loads measurement loads equations
calculation:

1. Unique environment for performance comparisons.

2. Using simultaneously several methods with different characteristics allows to
use the one that best suits the test article configuration.

3. Available option to use a step-by-step or automated approach.

4. Introduction of the the package I2D as supporting tool developing numerical
distributed loads sample whose centre of gravity is close to the centre of
pressure to experience in the flight loads to measure.

5. New ranking criteria, LPP, based on linearised physical parameters varying
according to the type of loads to measure.

6. The ICLE automated approach can produce same results of the visual investi-
gation once defined a reasonable linearity parameter threshold, Coefficient of
Determination (R-Square).

7. Special Adaptation of the past Techniques in order to fit into the LETE Python
environment.

8. The adaptation involves the incorporation of special additional parameters,
such as performing the Genetic Algorithm of Nelson, [79], by an exhaustive
search technique driven by the same initial fitness function.

9. The proposed new method performance will be compared to the current state
of the art.

10. The LETE environment enables rapid processing of the GLC data and loads
equations selection process.
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11. According to the reliability of the independent (validation set) data set assess-
ing the best set of loads equations the introduction of a ranking criteria based
on physical quantities, instead of just statistical as the standard deviation,
gives chance to select best set of loads equations.

12. The environment robustness will be assessed in two major directions; valida-
tion of the codes and performance assessment of the new proposed method
concepts.

13. The environment will be pioneering the new concept of developing loads
equations by use of two, distinctive, though perfectly identical in terms of
design and instrumentation configuration, prototypes. Allowing to execute
ground load calibration on one and flight test on the other prototype. This is
a major point in any Flight Loads Measurement campaign where the GLC is
always a critical stage as the high magnitude of the load cases might damage
the prototype.

14. The usage of an independent (validation set) distributed data set, with similar
distribution, centre of pressure, of the loads to measure to assess the generated
set of loads equations brings to those methods, such as Skopinski, T and MT-
values and Nelson’s GA, totally based on statistical concepts, an inherent
ability to select better LE closer to the reality. All this possible through an
iterations of the ILD check case.

15. The LETE environment will be a powerful tool as offering to choose the
technique that best suits the test article configuration and available data.

16. This environment is not a single unique block. That brings extreme flexibility
to chose whether make the process automated or not by selecting one tech-
nique than another according to the needs of the end-user contextualised
by the typology of test article, data and operation of the whole flight loads
measurement campaign. Different level of intermediate results, Specific or
Global, see section B.1.6, offers the choice to better understand the major
steps of the calculation process and the level of details to support the final
results.

3.2 The Framework

The LETE framework is the result of all available different strain gauge selection
techniques, past and new, whose detailed load equations computational process
will be described in the next chapter 4.
The core of the whole loads equations calculation environment, refined from the
list of Table 4.2, is condensed in the areas below:

• Data: The two major types of data have already been introduced in section
4.5.1 as Dependent (Training Set)\Independent (Validation Set) Data, DD
and ID, where data is a wide label including loads and their associated strain
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gauge readings. Now, besides the Calibration label used in section 4.5.1, each
DD and ID can be of two different types, Individual, single point load cases,
or distributed, multi-point loads. Each dependent and independent data can
become individual or distributed in different ways. This concept is clearly
represented by the Flow Chart of Figure 3.1 under the label of ”Double E”
Data Type. Data can be Experimental, either Ground or Flight, or Numerical,
such as FEM or any other programming package. Alternatively, can be an
Hybrid with a combination of Experimental and Numerical. All these can
be also considered by the model of LETE that does not make any distinction
between numerical or experimental as long as the input data has the same
requested format.

• Ranking Criteria: As profusely described in sections 4.3, 4.4 and 4.5, each
Technique performs differently mainly due to the Ranking Criteria that is the
result of two major categories. The first, relates on Statistics Quantities, stats,
such as standard deviation, the other on Physical parameters, physical, such
as influence strain gauge and loads equations coefficients.

Table 3.1: LETE Techniques (Tech.): Ranking Criteria (RK) and Data Type (DT).

Tech. ID Scientists RK DT
01 Skopinski et Al. [102] Statistic IDD
02 Hovel et Al. [43], [44] Statistic DDD
03 Jenkins et Al. [54], [53] Physical IDD
04 Sefic et Al. [101] Statistic IDD
05 Tang et Al. [109] Statistic IDD
06 Nelson [79] Statistic IDD
07 Jenkins et Al. [50] Statistic IDD
08 Chedid Physical DDD

Data and Ranking Criteria of each Technique, employed in the LETE framework,
are described and referred by means of code numbers, linked up to the Authors
and their Loads Equations Calculation Methods, inside Table 3.1.

The whole LETE framework is easier to comprehend if using a top-down analysis
approach by means of the Data and Ranking Criteria just defined that intervene
substantially in determining the flow of the major quantities through the whole
process. There are three major stages, as Figure 3.2 shows, identified by the
number on the right top of each semi-dotted rectangular line, and each has its
own Input, Output and black box Transfer Function. For clarity, the Transfer
Function of each stage varies as it represents any mathematical simple equation
or complex algorithm that uses an input to generate an output. The ”Output”
of one stage becomes ”Input” of the next stage. This simple concept is further
broken down by introducing the ”Double-E” Data Type of Figure 3.1. In fact, Figure
3.3 displays a generic transfer function that works with the two major type of
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data already introduced. The DD, Dependent Data, always feeds the black box
(transfer fucntion), and this according to the available data can be a result of
individual or distributed load cases. On the other hand, the ID, Independent Data,
by definition cannot be used to develop (as input) the loads equations, in fact,
normally is employed to check the transfer function output validity. These two
common dependencies are shown by the single solid lines of Figure 3.3. The
interesting part of this idealisation is described by the other two different types of
lines connecting the individual or distributed Dependent or Independent Data with
the Transfer Function box. The first, semi-dotted line, shows the classic approach
of the past load equations techniques using the DD also as part of the ranking
criteria, normally by means of the Loads Probable Error, Eq. (4.4). On the other
hand, the double solid-line describe the proposed LPP technique, section B.1.7.9,
where an independent set of data, different from the check case one employed
with the output, either individual or distributed load case, is used as part of the
final process to define the best set of load equations. This is an essential difference
brought in by the novelties of this study whose weakness, not having available
enough data, can be bypassed by introducing the concept of the distributed sample
data, explained later in the chapter and in Appendix B, and realised by the I2D code.

Figure 3.1: ”Double E” Data Type: Dependent (Training Set)\Independent (Valida-
tion Set) Data combination.

3.2.1 Framework Stages Breakdown

The starting point to translate this LETE framework in a coded program is to clearly
point out the following entities; Inputs/Outputs/Transfer Functions of each stage
and then link them all as part of this environment. It follows a list of each Stage
major entities necessary to characterise the backbone of the next Python Code,
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Figure 3.2: LETE Environment: The Framework.

Figure 3.3: LETE Environment - Transfer Function and ”Double E” Data Type:
Dependent (Training Set)\Independent (Validation Set) Data combination.
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Appendix B.

The Stage One, is summarised by the following:

• Input I & II: Dependent Data, DD, that divides into Individual and Distributed
Data, IDD and DDD. This stage has two Input data sets, both are coming
externally from LETE.

• Transfer Functions: It is the box of Figure 3.2 displaying the generic func-
tional idealisation of the generic Transfer Function, made up by LIRE, Ranking
Criteria, RC, and the Technique, Tech.. The LIRE, Linear Regression, invariant
part for all the Techniques employed in this LETE framework, has the role
to take on Eq. (4.1) fed by the Data Box, either IDD or DDD, and according
to the Ranking Criteria, stats or physical, will produce the best set of load
coefficients of each Technique employed.There are two transfer functions,
Tech. 02 and Tech.03, appear detached from the others. This is due to the fact
that those have intertwined Data and Ranking Functions as further shown in
Table 3.1.

• Output: The final product of this stage is given by the best set of load
coefficients, β(∗), highlighted by the solid black circled line of Figure 3.2.

At the end of Stage One, LETE is supposed to initiate the phase of checking the
performance of the set of loads coefficient, β(∗), of each technique by employing a
Check Load Case Condition.
This is Stage Two and the major information is listed below:

• Input I: Independent Data, ID, at the same way of the Stage One it can be
divided into Individual and Distributed Data, IID and DID. Though, Figure
3.2 shows how the framework is flexible enough to use any of these. Next
chapters will show more on this. This input data is external from LETE.

• Input II: This Input is represented by the best set of load coefficients, β(∗),
output of Stage One. This input data is internal to LETE.

• Transfer Functions: Basic application of Eq. (4.1) known the Load Coeffi-
cients, β(∗), and the Strain Gauge readings, µ(ji).

• Output: The final product of this stage is identified by the Measured Loads,
obtained as a result of the strain gauge readings of the Independent Data, ID,
set multiplied respectively by the best set of load coefficients, β(∗), output of
Stage One and Input II of Stage Two.

Ultimately, Stage Three, is assessing the most suitable loads equations computa-
tional Techniques, by comparing the Measured Loads, Output of Stage Two, against
the Calculated evaluating the % rms by means of this it will be chosen the most
suitable, according to the specific test article and input data, set characteristics. In
fact, despite of all possible manipulations on the data, such as obtaining Dependent
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or Independent Distributed data, DDD and DID, numerically or experimentally, the
Techniques Execution, Stage One, and the Checking Phase, Stage Two, all depend
heavily on the quality of the Inputs. This will be highlighted to be a crucial double
check to execute if the final accuracy of the flight loads measured will be still poor.
Stage Three basic information follows:

• Input I II: There are two independent inputs, the Measured Loads, output of
Stage Two, and the Independent Loads, coming from the Independent Data
of Stage Two.

• Transfer Function: Basic application of the percentage of root mean square
error Eq. (B.1) known the Measured and Calculated Loads.

• Output: The final product of this stage is given by the best set of load
coefficients, β(∗), highlighted by the solid black circled line of Figure 3.2.

3.3 The LETE Process

The whole framework thoroughly described above is clearly summarised by Figure
3.4. In fact, the major top level information is pointed out. There are two external
Input sources, double black solid line boxes, and two internals, solid black line
circled boxes, Load Coefficients, β(∗), and Measured Loads, LM . These two at the
same time, as part of each stage, become internal Outputs too. In addition, using
Figure 3.4 synthetic view it is immediate to see that each stage transfer functions,
represented by the solid rectangular boxes, is responsible to transfer the data from
one stage to another till the very final LETE output product. In Stage Two and Three
the black boxes, TF2 and TF3, are unique and simple equations, Eq. (4.1) and Eq.
(B.1), on the other hand, Stage One, TF1, is more complex as represented by the
different Techniques algorithm.

Each Technique, is represented by the template described in Figure 3.5. The i-th
Technique functional idealisation is encapsulated on basic concepts, on which the
next Appendix B sections, describing the LETE Python Code, relies on, listed below:

• All techniques use the output of a Linear Regression Code, LIRE.

• The Ranking Criteria (RC) determines the final selection of the strain gauges
of the final best load equations developed, β(∗)

j .

• LIRE and RC work together either in series or in parallel as part of the
straight process as inside an iteration cycle. This is determined by the type
of Technique rules and will be detailed in the next part of this chapter and
Appendix B.

The two points above can be repeated as many times as the Techniques require,
as represented by the semi-dotted line going back to LIRE to develop new load
coefficients for a new set of strain gauges Eq. (4.1).
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Figure 3.4: LETE Synthesis: Inputs, Outputs and Transfer Functions.

Figure 3.5: LETE Stage 1: Technique Functional Idealisation.

As it will be consistently proved by the next section, the LETE framework has
been conceived as such to be flexible enough to host experimental or numerical
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data still maintaining the logic invariant. At the same time, the Transfer Function of
Stage One, TF1, can be expanded embracing any other Technique without affecting
the following two stages.
This shows the robust philosophy on which the whole environment is founded
justifying to take the all framework to the next level that is represented by coding
in a software package in order to apply it to a real test case. The challenge will be
represented by using the right programming language and software architecture to
perpetuating the same values and characteristics of LETE highlighted above, mainly
in section 3.1.1.

3.4 LETE Validation

At the end of the conceptual and software description of the Appendix B LETE
environment questioning about its validation becomes a natural step forward.
There are two different levels of validation, one purely related to the codes devel-
oped to comply with the clear equations of transfer functions and supporting tools
described so far. On the other hand, it is a validation/assessment of the novelties
proposed, the LPP Method, and its performance compared to the past techniques.
Missing to control the robustness of the results produced by the past techniques
inside LETE cannot allow to make a reliable assessment, interpreting strength and
weaknesses, of the novelty proposed.
These goals will be made possible through the introduction of specific Test Cases
part of the available literature or research centre projects.
The coming up Chapter 5 will be focusing to take on the task of validation by
employing real data experimental test cases.

3.5 Summary

The LETE environment has been introduced by showing its major expectations,
aims and objectives of section 3.1.1, and proving the way will be achieved by
translating the ideas into lines of Python codes. Still few of these expectations,
in order to be fully appreciated, needs to be tested through the double validation
process stage of the following chapter, initiated in section 3.4.
A logical step-by-step approach has been used to further justify the decision to em-
ploy the open source Python as unique programming language, eventually hosted
by a freemium scientific complete package, Anaconda, and its own integrated
development environment, IDE, Spyder, B.1.4.
The LETE code has been dissected by a top-down logic flow chart approach that
identified the major pillars of the whole environment under three major categories,
Input/Output, Transfer Functions and Supporting Tools. Each of these has been
further examined highlighting the basic information necessary to allow testing,
maintaining and assessing the quality of the each independent package for the
flight loads equations computation task.
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Summary

This chapter contributed to continue the description of the evolution process the
novelties of this research within a specific framework. Chapter 4 will further detail
the strain gauge selection process, witnessing the inception of the proposed method,
labelled LPP, and the supporting tool I2D. Chapter 4 will justify how the harmoni-
sation of LPP within the past loads equations calculation techniques requires the
existence of LETE.
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Chapter 4

The Strain Gauge selection
Techniques: Past and New

4.1 Introduction

The three-axis of complexity introduced in chapter 2 showed how the science of the
strain gauge-based flight loads measurement went through an evolution process
influencing mainly the Ground Load Calibration, GLC, and Data Gathering and
Analysis, DG&A, respectively Phase 2 and Phase 3 of Table 2.1. This as a result of
the changing typology of the lifting surfaces, slender and multi-spar low aspect
ratio wing, and their consequent different environment of operations, hypersonic
aircraft and associate thermal loads. The accuracy of the final loads equations
was affected and the research started focusing on the whole computation cycle
required.
This chapter will be reviewing the major quantities and steps needed to develop
accurate loads equations and will be presenting a new ”Proposed Method” for the
computation of strain gauge loads equations by attempting to improve the accuracy
and the readiness of execution of either a design DLM, 2.5.1, or operational loads
measurement OLM, 2.5.2, campaign. In order to do so, the current available
methods to develop load equations will be described and the new methodology
will be linked to next chapters applications and performance evaluations steps.

4.2 The Structural Problem

The primary emphasis is on explaining the total physical procedures of calibrating
strain gauged structures and all the supporting analyses and computational tech-
niques that have been used. The load-calibration science will be studied using the
results and experiences obtained from the actual available data and experiences
involving the major scientists of this very specific area, 4.3 and 4.4.
The method is based on applying a significant number of dissimilar point loads to
create a variety of combinations of shear force, bending moment and torsion at the
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strain gauge positions. The response of each channel to each load will be put into
a matrix and a least squares solution will be found to derive a load equation as a
function of channel outputs.
Once selected the gauge location and identified the measurement station, strain
gauge station, it is necessary to locate the gauges at positions where the stress
levels will be adequate to obtain good sensitivity and, at the same time, be away
from areas of local stress concentration. Ideally, it would be desirable to place the
gauges at a position such that a shear bridge would respond only to shear (the
web spar), and, as in reference [45], a moment bridge only to moment (the cap
spar), and so forth, but generally it is only in an elementary truss type of beam that
locations can be found where such a simple relationship between load and strain
exists, and proves to have constant or linear trend, see Figure 4.1. This concept
will be shown later as one of the major pillar of the proposed method, 4.5.
Skopinski, Aiken and Huston. [102], stated that a wing structure, or any lifting
surface, which obeys Hooke’s law, the stress in a member and, therefore, the output
of a strain gauge mounted on that member may be taken as some function of the
three principal terms pertinent to aerodynamic loads investigations, the lift or shear,
the bending moment, and the pitching moment or torque.
Mathematically speaking the response µ1µ2...of the gaugesG1G2...can be combined

Figure 4.1: Ideal Strain Gauge Influence Coefficient Plots, [51].

such that, for example:

M = β11 µ1 + β12 µ2 + β13 µ3............ (4.1)

where in Eq. (4.1) ”M” is the overall bending moment at the chosen section and
β11β12...are coefficients obtained from the calibration data by regression analysis.
Similar equations to Eq. (4.1) are obtained for the shear ”V” and the torque ”T”.
The statistical Skopinski approach, whose load equation selection criteria is mainly
based on the Load Probable Error (LPE) factor (expressed in function of the square
residual error defined as the difference between calculated and applied load values),
might be unsatisfactory as long as the strain gauge quality health check has not
performed too. In fact, linearity of the readings and absence of any hysteresis
behaviour is something pivotal for general robust load equation trend but not
sufficient yet to establish the inherent predominant loads type, shear, bending or
torque. Basically, something else is meant to be produced to rely on.
As pointed out in connection with Eq. (4.1) the number of bridges required for

68



The Strain Gauge selection Techniques: Past and New

a given load equation depends upon the response characteristics of the bridges.
Experience has shown that, when shear bridges are placed at a given station on
the webs of all spars, bending moment bridges on the flanges or skin, and torque
bridges in the torque boxes, enough bridges will be available to develop an equation
for shear, or moment, or torque. Though, the tool, already suggested in 1954 by
Skopinski, Aiken and Huston in the NACA Report 1178, [102], is the strain gauge
influence coefficient plot, IC.
The influence coefficient plot, most informative manner of presentation for load
calibration data, provides a way to look at the strain per unit applied load as a
function of span for a given chord location for each strain gauge bridge. A plot
of this nature is useful in determining whether a particular bridge is affected
predominantly by shear, bending moment, or torsion loads, by a combination of
two, or even by all three.
The influence coefficient is defined as:

IC =
µ

L
(4.2)

where µ is the strain-gauge bridge output and L is the applied load.
The output can be in strain, volts, or counts, depending on how the user decides to
handle the data. The common visual analysis mechanism is to plot the influence
coefficient as a function of span and to approximate the contours of constant chord.
Figure 4.1 shows an ideal shear, bending, and torsion response while Figure 4.2
depicts examples of combined responses, full linearity is lost, at different percent
of the chord of the M2-F2 tip fin, [50]. The influence coefficient plots exhibiting
non-linear behaviour are mainly due to the strain gauges root installation area, in
proximity of the attachment wing to fuselage. These root trends are characterised
by irregularities, and deviations from the general outboard trend. This is justified
by the local effects caused by the close proximity of the load, wing-fuselage reaction
forces. Additionally, materials and geometry instabilities, buckling, can be other
causes of non-linearity, though, not fully applicable to this research.

While the data used to develop the loads equations is by individual load points,
Skopinski et al., suggested to introduce a distributed load case to be applied as a
check on the final calibration equations. In fact, this would have helped to further
assess the accuracy of the chosen loads equations though still mainly based on
the statistical metric, the Load Probable Error. In fact, before ranking the loads
equations, the Influence Coefficients are just used to assess individually the strain
gauge responses quality to prevent redundancy, some bridges may have such similar
characteristics that the output of one is a linear multiple of the output of another.
This distributed check case represents one of the first and major efforts to accomplish
the Phase 6 of Strain Gauge-Based Flight Loads Measurement Phases, Table 2.1.
The major Phases evinced to be the object of the research to enhance the accuracy of
a Flight Loads Measurement campaign are Phase 2 and 3, Ground Load Calibration
and Data Gathering &Analysis, where the ultimate goal is generate robust set of
loads equations. Next section will be focusing on the major steps needed for the
development of Loads Equations.
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Figure 4.2: Non-Linear Responses: Real Strain Gauge Influence Coefficient Plots,
[50].
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4.3 Loads Equations Computation: The Original Ap-
proach

Before introducing the Proposed Method, 4.5, expected to improve the robustness
and the readiness of the loads equations development process, first, it is worth
pointing out the major sequence of the interconnected activities captured by Skopin-
ski for the evaluation of the final set of loads equations.
The schematic computation to generate the final set of loads equations, as Skopinski
explained, is described in Figure 4.3. The two major Table 2.1 Phases affected are
the GLC, Phase 2, and DG&A, Phase 3.

Figure 4.3: Schematic of Computation of the Loads Equations - Original Skopinski
Approach, [102] - Decade 40s and 50s.

The first, experimental, once chosen the station to measure the loads and
consequently installed the strain gauges is characterised by two different types of
load case sets. The Individual Load Calibration, ILC, identifies those loads, (Li),
generated by single application points, chord and span wise on the lifting surface
object of the flight loads measurement, and their associated strain gauge readings,
(µij), that will be used to compose the Eq. (4.1) from which evaluating the load
coefficients, (βjz), through least square solution. These load cases are known as
dependent load case, as used to generate the final set of loads equations. Each load
equation will have as many load coefficients, "j", as the installed strain gauges of
the measurement stations. The number of load equations available "z", results as a
combination in base 2 of all strain gauges. For instance, a torsion box as the one in
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Figure 4.5 with four strain gauges, two on the web and cap of the front and rear
spar, will have (24 − 1)=15 loads equations 1.

Figure 4.4: Typical Strain Gauge Installation of a Front and Rear Spar Torsion Box,
[102].

All possible fifteen combinations of a four strain gauge load equations are shown
in Table 4.1. The sixteenth equation, with all zeros, is counted out as does not make
sense Eq. (4.1) with all four strain gauges equal to zero. Skopinski4.1, to select
the best strain gauges combination out of the fifteen presented4.1, introduced the
Load Probable Error, LPE, defined by Eq. (4.4) below:

LPE =

√∑m
j=1[Vj − (β0 +

∑n
i=1 βiµij)]

2

m− n− 1
(4.4)

Eq. (4.4), despite the label LPE, it represents the well known standard deviation,
typically denoted by σ. This ranking criteria helps to quantify the error associated
with an equation. It represents the measure of how well an equation matches the
actual load applied, Vj. The meaning of the quantities introduced in Eq. (4.4)
follows:

• Vj: Calibration Load (shear) applied to the structure

• β0: Constant in Loads Equation

• βi: Coefficient of the ith strain gauge in loads equation

• µij: jth reading of the ith strain gauge

• m: Number of data points taken during loads calibration

• i: Index used for gauges in loads equation

• j: Index used for data points

1Combination without repetition. Binomial Coefficient of n-elements and k-combinations:(
n

k

)
=

n!

k!(n− k)!
(4.3)

.
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The smaller the Standard Deviation, σ, the more closely the equation matches
the dependent calibration data, and therefore the better the equation. Though, this
statement highlights the statistical inherent characteristic of the Skopinski ranking
criteria heavily driven by the input data.

Table 4.1: Four-Strain Gauge (SG) Torsion Box: All Possible Loads Equations (LE)
Combinations.

LE SG1 SG2 SG3 SG4
01 1 0 0 0
02 0 1 0 0
03 0 0 1 0
04 0 0 0 1
05 1 1 0 0
06 1 0 1 0
07 1 0 0 1
08 0 1 1 0
09 0 1 0 1
10 0 0 1 1
11 1 1 1 0
12 1 1 0 1
13 1 0 1 1
14 0 1 1 1
15 1 1 1 1

The other load case set, is the Distributed Load Calibration, known as Indepen-
dent Load Case, as part of the whole process to develop the loads equations is not
contributing to mathematically obtain the load coefficients (βjz), but just as inde-
pendent check to assess the final set of load coefficients, ((βj)F ). As shows Figure
4.3, if the comparison of the measured loads obtained with the load coefficients
resulting after the loads equation selection, by means of the ranking criteria, will
not satisfy a basic threshold of standard deviation, the process will re-start just
before employing the influence coefficient points, (ICij). The new loop will require
to re-consider if the strain gauges counted out by the IC plots are appropriate and
if the ranking criteria employed to reduce all possible loads equation combinations
will lead to a new more accurate set.
These activities described above following the strain gauge calibration are part
of the Phase 2 and represent the numerical process required to obtain a robust
set of loads equation. Through the decades Figure 4.3 has been going through
several reviews driven by the attempt to keep up with a new typology of structures,
high speed and altitude airplane. Among the several concepts already identified by
Skopinski and introduced to reduce the uncertainties of the flight loads measure-
ment science the influence coefficient, supporting tool to assess the reliability of
each single strain gauge, and the Distributed Load Calibration data, loads and strain
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gauge readings, used to compare and validate the final chosen loads equation, are
worth mentioning.

The major research activities took place through the last six decades will be
taken in turn reviewing the Skopinski framework of Figure 4.3.

4.4 Loads Equations Computation: Techniques Evo-
lution

The complexity of load calibrations using strain gauges has increased as the com-
plexity of the structure and materials has also increased, as the three-axis of
complexity shown before, 2.6.5. Straight wings and tails with few and dominant
spars characterized early airplane structures making Skopinski principles appropri-
ate in such environment. Swept wings and delta wings with many spars emerged
later. Complex structures such as integrated honeycomb skins and corrugated
webs led to strain gauges being located in less-than-optimum places. Composite
materials, many of which are anisotropic, also emerged to further complicate the
situation. High-speed airplanes experienced significant aerodynamic heating that
affected the nature of strain-gauge responses. All of these factors challenged the
load-measurement engineer to adapt and create new and better approaches and
tools capable to compensate the limitations spotted in the NACA Report 1178,
[102].

4.4.1 Distributed Load Data, "DLD" Technique

In 1966 the British Hovell, Webber and Roberts, [43] and [44], were the first to
highlight the standard statistical Skopinski’s method was not entirely satisfactory
applied to delta or slender-body configurations. Problems arise from the severe
non-linearities in the gauge response with the position of the calibrating load
and from the need to support the aircraft representatively during the ground
calibrations, in order to prevent local effect that may bear no resemblance to the
way an air load in the same area is distributed to the structure. These difficulties
were overcome if distributed loads data, DLC of Figure 4.3, obtained either directly
or by superposition, are used in place of individual load data, ILD. In contrast to
the original NACA Report 1178, the Load Equation development will be reviewed
as highlighted by the red bits of Figure 4.5.

The new schematic of the loads equations computation highlights the major
pillar of this modified technique based on the Distributed Load Data, DLD, used to
solve the regression for the evaluation of the load coefficients. The DLD can be of
three different types as described below:

• Distributed Load Calibration, that means the DLC is not used anymore as a
Check Load Case but is becoming dependent load data being the input of
the regression to solve Eq. (4.1). This option is extremely time and cost
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Figure 4.5: Schematic of Computation of the Loads Equations - Hovell, Webber
and Roberts, "DLD" Technique, [43] and [44] - Decade 60s.

demanding as requires to generate all set of load cases experimentally. The
programmed code supposed to generate the super-positions of the sets of
Individual Load Calibration is labelled SDL, Sampling Distributed Loads.

• Individual Load Calibration, superposition of the load cases to generate a set
of Distributed Load Sample.

• Partial Load Calibration, combination of individual and distributed load data.

The check case, deployed in Skopinski method by the DLC box of Figure 4.3,
is not necessary any more as the "DLD Technique" relies on the standard error
representative of the statistical sample inclusive of distributed loads representing a
potential limitless range of centre of pressure such as the measured flight loads.
The highlighted point of this modified approach is the mesh size of the calibra-
tion provides satisfactory representations of the continuously distributed loadings
encountered in flight. Once accepted this, the manipulation of the input data of
the regression becomes just a numerical matter, as does the supporting tool SDL,
Sampling Distributed Loads, of Figure 4.3.

4.4.2 Equation Selection Matrices, "ESM" Technique

During the Seventies, Jenkins, Kuhl and Carter, US NACA scientists, consistently to
the limitations spotted by the British researchers a decade before, 4.4.1, decided
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to overcome the uncertainties surrounding the application of the conventional
calibration philosophies to the more sophisticated structural arrangements, such
as those used for low aspect ratio supersonic configurations. Otherwise, the
pressure measurements should have been the only reliable, though incomplete as
the structural response information can be obtained most readily from calibrated
strain gauges, available tool to obtain flight load data.
So, it has been proposed a simple structural model, before the fact, to identify and
characterise the load responses of the strain gauges located on various wing spars of
a supersonic wing, [54] and [53]. Moreover, it has been introduced alongside the
Influence Coefficient Plot, Eq. (4.2), an additional supporting tools, the Influence
Coefficient Plots of the Loads Equations, ICLE. The Influence Coefficient plots
for complete Load Equations, ICLE, which are developed from the combined
information of the individual bridges, are different from IC plots for individual
bridges and the following equation explains why:

ICLE =
β1

(β)
IC1 +

β2

(β)
IC2 +

β3

(β)
IC3 + ..... (4.5)

Where in Eq. (4.5) β1, β2, and so forth are the constants determined by the load
equations and β is the average of the constants of the equation. It is not necessary
to divide by β to obtain a valid influence coefficient plot of the equation; division
by β merely reduces the size of the multiplying numbers without altering the shape
of the influence coefficient plot of the equation. The influence coefficient plots of
the individual bridges are used to form composite influence coefficient plots that
represent complete load equations. As shown in Figure 4.6, experimental data from
five strain gauge bridges located on four different spars were used to formulate a
load equation describing shear forces on the wing. The influence coefficient plot
of the equation is shown at the bottom of the figure. The equation does not have
a perfect shear expression would appear as a horizontal line, with all chord lines
falling on the top of each other. However, bending and torsion effects have been
greatly reduced.
Basically, the concept behind the ICLE is the same of the IC, showing the deviation
from an ideal expected Shear, Bending Moment or Torsion pattern, though applied
to a higher scale is not any more limited to the individual strain gauge level. This
allows to recognise those loads equations, a very specific number of strain gauges,
with higher ability to predict a particular loads to be measured in flight.

The relatively accurate prediction of the influence coefficient plots does not,
however, mean that an actual physical load calibration can be replaced by an
analytical calculation through the introduction of a Finite Element Model. Instead,
according to Jenkins and Al., the analytical processes should be considered as only
an aid in obtaining a good calibration of an aircraft component. This concept is
reinforced by the computation flow of Figure 4.7, where the ranking criteria is not
including the FEM as classified part of the supporting tools, red coloured circle.
On the other hand, the IC and ICLE plots are used together as valuable tool for
providing information whether the locations of the strain gauges and load cases on
the structure are appropriate. This is why in Figure 4.7 they point the GLC boxes.
The last change from the original Skopinski approach is happening inside the
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Figure 4.6: Ideal Shear, Bending and Torsion Influence Coefficient plots, [54].

ranking criteria box for the final selection of the best set of load coefficients. In
fact, it has been introduced the Equation Selection Matrices (ESM), [53], where
the standard errors of the equations, the load distributions, and the influence
coefficient plots, single strain gauges and loads equation, are used individually,
though presented collectively in matrix form for all the equations, to single out the
best load equation.
The "ESM" Technique in contrast to the 50s Distributed Load Data, "DLD" Method,
is not automated and at each step requires to review the Influence Coefficient Plots
populating a table collecting all relevant information for the final decision.
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Figure 4.7: Schematic of Computation of the Loads Equations -Jenkins, Kuhl and
Carter, "ESM" Technique, [54] and [53] - Decade 70s.

4.4.3 T-Value and Modified T- Value Methods, "T-v" and "MT-v"
Techniques

The 1974 is recording the year when Sefic and Reardon, US [101], introduced a
new method, on which 6 years later, Tang and Sheldon, US [109] and [108], would
have proposed a special adaptation.
The Skopinski method, though clearly withstanding the test of time, has most
universally been used on high aspect ratio structures, where load paths from the
wing to the fuselage are few, well defined, and minimally redundant. The approach
the 70s and 80s decades decided to take, has been moving away from the "DLD"
and "ESM" techniques, with low aspect ratio, multispar, structures is to instrument
the structure extensively with strain gauges to insure that no crucial load paths
are missed. Consequently, a large array of strain sensors is becoming available for
use in the load equations amplifying the efforts required to identify and select the
best strain gauge combinations. This is why new approaches for selecting the strain
gauges to be used in the load equations were investigated and then applied, such
as the T-value method, "T-Vm" and the Modified T-value method, "MT-Vm".

The T-Value method for reducing the number of terms in Eq. (4.1) is to use a
value known as a T-value as a measure of the relevance of the bridge. The statistic
definition is described by the equation below:
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Ti =
βi
εi

(4.6)

where (Ti) in Eq. (4.6) is the T-value that indicates the relevance of the ith
strain gauge bridge, (βi) is the equation constant (load coefficient), and (εi) is the
standard error of the associated equation constant, [109].
The number of bridges in the main load equation, Eq. (4.1) can be successively
reduced by eliminating the bridge with the smallest T-value. Each time a bridge is
eliminated a new equation is derived from the remaining bridges and new T-values
are calculated. For purposes of comparison with the coming Modified T-value
method the procedure was will be repeated until a set of equations containing the
maximum number of strain gauges in the loads measurement station to 2 strain
gauges, the smallest available number to apply the regression, was derived.

The Modified T-Value method includes strain gauge response magnitude, gauge
to gauge inter-correlation factors in the process of selecting the appropriate gauges
for the load equations. The MT-values are defined as follows:

MTi =
βiλiµi
γiεi

(4.7)

The terms of Eq. (4.7), [109], are explained below:

• MTi= the relevance of the ith strain gauge bridge.

• µi= the mean absolute magnitude of the nondimensional strain gauge bridge
response due to the calibration load.

• λi= the coefficient of correlation between the strain gauge bridge response
and the calibration load.

• γi= the coefficient of correlation between the strain gauge bridge response
and all the other bridge responses due to the calibration load.

• εi= the standard error of the load equation constant.

• βi= the load equation constant.

As shown in Figure 4.8 the two T-values techniques mainly differ from the
ranking criteria equations of Eq. (4.6) and Eq. (4.7). The rest of the computation
cycle remains the same for both. The schematic maintains from the past the
supporting tools calculating the influence and equations coefficients to aid the
loads practitioner in selecting the appropriate gauges for load equations before
applying the regression. Another supporting tool introduced, the red circle at the
very right top of Figure 4.8, is labelled FLSR, standing for Flight Loads Specified
Range. Basically, for the first time since 1940s, when the Skopinski method was
already used, the loads equations to be developed vary according to the type of
flight loads manoeuvre to measure. In fact, these two computations believe the
interpretation of the analysis is relative to the load conditions selected for the
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analysis. If particular equations appear more appropriate than others, then they are
so for the range of the load applied and the gauge locations in the load conditions
selected.
Based on these concepts, Tang and Sheldon described one of the first computer
program which derives load equation coefficients using regression techniques,
known as EQDE (EQuation DErivation), [109]. The program does not try to predict
the suitability of an equation for flight loads outside the specified range of load
conditions. However, the more suitable an equation for the load conditions selected,
the more likely it is that it will predict loads outside the specified load conditions
range.
The T-value and Modified T- value methods through the computer program EQDE
provide the user of a similar approach of the ESM Method, 4.4.2, where many types
of information are presented to facilitate the selection of the appropriate strain
gauges more than loads equations. In fact, it is a common belief that the best loads
equation requires a thorough understanding of the bridge behaviour.

Figure 4.8: Schematic of Computation of the Loads Equations - Sefic and Reardon,
"T-v" Technique, [101], & Tang and Sheldon: ”MT-v” Technique, [109] - Decades:
70s and 80s.

4.4.4 Genetic Algorithm, "GA" Technique

The difficulty of gauge selection process, has been one of the key driver over
the years, mainly with the multi spar wing of the hypersonic aircraft and space
vehicle flight test research programmes. In fact, it is sufficient to think that a
particular airplane wing is instrumented with 25 strain gauges. If only 5 strain
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gauges were used to formulate each load calibration equation, known as a 5-
gauge equation, there are 53,130 possible combinations, statistically terminology
combination without repetition. If the number of gauges had been 40 there would
be 658,008 possible 5-gauge load equations. Furthermore, if there were 130 strain
gauges, as in the case of the Space Shuttle orbiter, there would be 286,243,776
possible load equations [48]. Clearly this case present a vast number of selections.
If an exhaustive search were used to solve and evaluate each equation as a possible
candidate, at the rate of 100 equations per second the time required would be in
excess of one month (applicable statement with the computer processing power of
1994). Furthermore, it cannot be known in advance how much error is implied in
using a 5-gauge equation as opposed to a 6-gauge equation or an 8-gauge equation,
[79].
Nelson, during the 1990s suggested, if the structure to be calibrated is complex or
highly redundant, such as the Shuttle Orbiter [14] or the F-111 [79], and a large
number of strain gauge bridges are available for use in the equations, an approach
employs genetic algorithms, GA, [79].
At that time the GAs have been used to solve problems dealing with optimisation
and artificial intelligence. Genetic algorithms are search techniques based on
the mechanics of natural selection, and they differ from classical optimisation
techniques in a number of ways that suit the determination of strain gauge load
equations where the desired solution is a set of characteristics. Moreover, the fact
these techniques work with a population, which is sampling of several points. This
means that not one but many calibration equations are considered at the same
time.
The Nelson’ GA is based on a fitness function addressing two key issues. First, there
must be a penalty of a string uses too many gauges. Second, the equation formed
must fit the calibration data to some degree of accuracy. The fitness function used
has the form:

FF(GA) = e(−[A+B]2) (4.8)

The value of FFGA of Eq. (4.8) is normalised to have a value between 1, perfect
equation, and 0, a very poor equation. The coefficient A penalises the string if too
many gauges were used, while B does it, if the resulting load equation had a large
standard deviation.

The GA method appears to be one of the first automated process based on
statistics fitness function for the selection of the best loads equation, though, not
correlating with the physical circumstance of the problem such as in the past in-
fluence coefficient plots have been doing. This already explains the reason this
technique will be employed very carefully in the coming decades of the flight
loads measurement science as the major quantities driving the search are mainly
statistically-based.
Nelson comparing the performance of this genetic algorithm automated approach
to the existing T-value and Modified T-value methods obtained comparable or
superior strain gauge load equations. In addition, his technique was able to find
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Figure 4.9: Schematic of Computation of the Loads Equations - Nelson, "GA"
Technique, [79] - Decade 90s.

loads equations significantly faster than an exhaustive search. This very last point
will be one of the major turning points of the coming decades and of the proposed
method presented next.
It is worth highlighting that the Nelson’s ranking criteria, Eq. (4.8), will be en-
dorsed by two independent search methods, the Exhaustive Search, B.1.7.6 and
the GALE, B.1.7.7, a dedicated Genetic Algorithm environment to evaluate Loads
Equations. Both the different methods have been translated and coded in Python
language. The concepts behind GALE are further detailed inside the next section
describing the novelties proposed to either endorse the past techniques in such a
way to be coded later on, or to overcome their limited search ability, 4.5.3.2.
The explanation of the reasons that determined the employment of an Exhaustive
Search to perform Nelson ranking criteria instead a Genetic Algorithm search, by
means of the conceived GALE environment, is diffusely offered in the chapter 3
section B.1.2.

4.4.5 Relevance Coefficient, "RC" Technique

Through so many decades of evolution of the Science it comes out that Nelson
with his Genetic Algorithm 4.4.4, represents one the of the last major attempts to
improve the selection of the best set of loads equations. In fact, afterwards Jenkins
and DeAngelis, [50], in the nineties, and Lokos and Stauff [65] the following
decade presented studies whose main scope was to set the very state of the art
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of the Science and the very extreme corner points of the three-axis of complexity
that are reachable. The level of problem complexity that can be resolved and the
remaining directions that can be further explored.
In such scenario there is one concept that has still to be surfaced in order to present
a thorough picture for those mathematical tool, used to obtaining robust flight
loads equation, though it cannot be really claimed to be a standing technique. The
RC is defined as:

RC =
AL
AT

(4.9)

Where AL is the area loaded and AT is the total area of the calibrated lifting
surface. Figure 4.10 shows the pictorial illustrations of two cases, heavily and
sparsely loaded. One case has a calibration structure in which 18 load points
are used, and the other case is one in which only 8 load points are used. Both
Individual Load Calibrations, ILD, generate completely different errors in final set
of loads equations. Obviously, the case with more load points appears to cover
more discrete areas on the surface and provide the format for a better load cal-
ibration. The total validity of this observation, has been proven by Jenkins and
DeAngelis [50] in their four decades overview of physical procedures of calibrating
strain gauged structures, where a direct proportional dependence between high
relevance coefficient and lower standard error. This concept is directly linked to
the influence coefficient plots too as the large number of calibration load points,
providing complete information, reduces the amount of data to be interpolated,
extrapolated and rounded off when developing IC and ICLE charts.

Figure 4.10: Pictorial Illustration of the Relevance Coefficient - Jenkins and DeAn-
gelis, [50] - Decade 90s.

What presented so far, under the label of the Relevance Coefficient Technique,
inside the Computation Scheme of the loads development of the past decades
such as the Skopinski Original Approach Figure 4.3, the DLD Technique Figure 4.5,
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the ESM Technique Figure 4.7, the T-v and MT-v Techniques Figure 4.8, and GA
Nelson Figure 4.9, is just represented by the extra supporting tool, RC working
to different directions. The first one to affect the dependent load data, data used
into the regression to obtain the loads coefficients, βiz, by offering higher per-
formance loads equations as coming out of loads similar to those to measure in
flight. The latter, the independent load data, the distributed loads calibration, used
exclusively to assess the value of the final set of loads coefficients. It is important
to stress that either way to use, the RC is not meant to be part of the ranking criteria.

4.4.6 Areas of Evolution Summary

The techniques introduced through the past eight decades, 1940 up to date, and
broken down in the generic flow charts of loads equations computation described
in the previous paragraphs identify the major concepts, supporting analyses and
computational tools employed. These are categorised and listed in the major areas
below:

• Input Data: Data represents Load Cases and the strain gauge bridge readings
associated. There are two main areas Dependent, used by the regression to
generate the load coefficients, and Independent as part of the Check Case to
assess the final performance of the chosen set of loads equations. Moreover,
each of these can be either part of Individual or Distributed set of load cases.

• Solution of the Eq. (4.1): There are mainly two approaches applicable to
the load measurement problem to solve the Eq. (4.1) and calculating the load
coefficients βiz . The most common, applied by all the Techniques presented
before, is called the Linear Regression, where the validity of the approach
requires the number of gauges being less or equal to the number of loads.
The latter, is called the Singular Valued Decomposition (SVD), however this
is basically not fully documented, [50], besides the work of Professor Kung
Yao, [118].

• Loads Equations Ranking Criteria: It represents those rules that single
out the final set of loads equations from all the possible combinations of
strain gauges obtained by applying the linear regression above. The rules
can be part of an automated strain gauge selection, such as Nelson Genetic
Algorithm technique, [79], or strain gauge reduction functions according
to the T and Modified T value methods, [101] and [109]. Another ranking
criteria is a combination of influence and load equations coefficient plots
check alongside standard error threshold as Nelson and Al. introduced in the
Equation Selection Matrices technique, [54] and [53].

• Final Check Case/Iteration: It is a spot check of the final set of load coeffi-
cients, (βjF ), generated by the Dependent Load Data, applied to the linear
regression, through the Ranking Criteria, against the Independent Load Data.
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• Supporting Tools: It gathers all those concepts, computational or analysis
means capable to support the major areas listed above. Among these there
are Influence and Load Equation Coefficients, Relevance Coefficients, Sample
Load Data and Flight Loads Specified Range.

All the areas above, captured in the following Figure 4.3 and the Original
Method, Figure 4.5 and the DLD Technique, Figure 4.7 and the ESM Technique,
Figure 4.8 and the T-v and MT-v Techniques, and Figure 4.9 GA Nelson, have been
differently reviewed as described by Table 4.3 whose interpretation is possible by
mean of the Table 4.2, Areas Affected Identification Codes.

Table 4.2: The Loads Equations Computation Areas Affected: Identification Codes.

ID Codes Areas Affected Description
01 Input Data: ILC and DLC
02 Solution of the Eq. (4.1): Linear Regression
03 Loads Equations Ranking Criteria
04 Final Check Case/Iteration
05 Supporting Tools

Table 4.3: The Loads Equations Computation through the Decades and Major
Evolution Area Codes.

Decades Scientists Techniques, Sect. Affected Code Areas
50 Skopinski et Al. [102] Original, 4.3 Base Line
60 Hovel et Al. [43], [44] DLD, 4.4.1 01, 04, 05
70 Jenkins et Al. [54], [53] ESM, 4.4.2 03, 05
70 Sefic et Al. [101] T-v, 4.4.3 03, 05
80 Tang et Al. [109] MT-v, 4.4.3 03, 05
90 Nelson [79] GA, 4.4.4 03, 05
90 Jenkins et Al. [50] RC, 4.4.5 05

Table 4.3 shows how the evolution of the load equations computation cycle
has been mainly driven by a continuous attempt to improve the Ranking Criteria
(Code 03) and by introducing new and revolutionary aids, Supporting Tools (Code
05), such as FEM or ICLE, that if properly harmonised can eventually contribute to
introduce new techniques.
The Proposed Method of the next section will be taking in turn the major employed
areas of Table 4.2 and the concepts behind.
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4.5 Loads Equations Computation: The Proposed Method

The data for the 15 strain gauge load calibrations of Design Loads Measurement
of research projects presented by Jenkins and DeAngelis in the late 90s, [50],
reviewed the issues, lessons, rules and problems pertinent to the science of flight
loads measurement with calibrated strain gauges. This offered the opportunity to
strengthen the basic science that alongside the major specific findings presented
in the last sections inspired the way to harmonise the areas of the next Proposed
Method. The importance of reviewing calibration data by means of influence co-
efficients combined with the introduction of relevance coefficient considerations
proved to allow having a better quality of loads equations. Though, it came out that
the increased cost/time associated with conducting load calibrations on aircraft
introduced an economic factor that has impacted many recent and future aircraft
programs. Reed and Halford [65], on the side of the Operational Loads Measure-
ment programmes [96], from an industry perspective highlighted the additional
cost, time delays and the Ministry of Defence increasingly moving from a provider to
a decider organisation, in such a context the technical knowledge will only decrease
further, making the challenge of conducting successful OLM programmes even
greater. Similar scenarios with the dominance of commercial issues in today’s
engineering environment the technical complexity of these programmes are leading
most of the time to undesirable compromises just to make progress.
Therefore, there is a very real need for more detailed guidance to be made avail-
able in a very efficient and thorough framework requiring clear proved necessary
tasks. On the experimental side, GLC point of view, understand and answering
the importance of number of load cases to execute, individual or distributed, the
magnitude of each load and the consequent risk to affect the integrity and the
airworthiness of the flying object under investigation can make a huge economic
and logistic difference putting the DLM and OLM practitioners under less pressure.
Lokos and Stauff, [66], in the recent Decade, 2004, identified three main topics in
terms of areas of improvements of this science, and these are:

• The design of strain gauge installation.

• The Design and performance of the applied-load test.

• The strain gauge load equation derivation process.

While Lokos and Stauff focused on the second, [65], this work and the following
methodologies description will be driven by the attempt to introduce enhancements,
directly or indirectly, on the area of the strain gauge load equation derivation pro-
cess with experimental, Ground Load Calibration, and Numerical, Computational
Calibration, data.
The quality rules introduced by the Proposed Method below will be affecting three
main areas of the Table 4.2 such as Input Data, Ranking Criteria and Supporting
Tools.
Inside the ranking criteria section, 4.5.4, will be presented two different options to
perform the search of the best set of Loads Equations of the new proposed method.
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These antithetic approaches are the Exhaustive Search and the Genetic Algorithm
environment, GALE. The exhaustive search will be the one employed through the
whole work, and sections 1.3 and B.1.2 will be detailing the motivations behind
this strategic decision.

4.5.1 Input Data

It has been clearly proved in the previous sections, 4.4, that the linear regression,
for the evaluation of the sets load coefficients, and ranking criteria must rely on
distributed load data, typical of the distributions to be measured in flight, in order
to generate more performing load equations.
There are different ways to go down to this path. The one presented is labelled as
DDD, standing for Dependent Distributed Data. To better comprehend the typology
of this input data-set the two major categories of flight loads measurement Ground
Load Calibration available data, load cases and strain gauge readings, are described
below:

• Dependent Data, (DD): Used in the linear regression. Labelled as dependent
as the load coefficients depend on it.

• Independent Data, (ID): Used as a check case on the final set of loads
equation. Labelled as independent as the load coefficients do not depend on
it.

Each Dependent and Independent Data set , known also as Training and Valida-
tion set of data, see 1.3, can fall into one of the following types:

• Individual Load Calibration, (ILC): Calibration based on single load pads
applied spanwise and chordwise independently.

• Distributed Load Calibration, (DLC): Calibration based on several single
load pads applied spanwise and chordwise simultaneously.

• Distributed Sample Data, (DSD): Data obtained as super position of the ILC.

Basically, this method instead of using a distributed load calibration to generate
strain gauge readings will be applying a a numerical supporting tool, see 4.5.2, that
will combine the Dependent Individual Load Calibration. This will be avoiding the
huge effort to set up an experimental test rig, whiffle trees and consistent ground
support, controlling cost and preventing indirect time and structural damage risks
of the calibrated component and constrained parts too.
The DDD input data will be shaped in order to generate a resultant of the applied
forces similar to the expected centre of pressure of the PITS Flight Loads, similarly
will be done by the IDD, indipendent distributed data, to be used as part of the
check case stage.
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4.5.2 Supporting Tools

The tools introduced to contribute defining the new loads equations computation
framework follow:

• Flight Load Specific Range, (FLSR): It has already been introduced in the T
and Modified T value methods, Figure 4.8. It identifies the centre of pressure
of the flight loads to measure in order to be recreated similar distributed load
cases by the DDD and IDD.

• Relevance Coefficient, (RC): It recalls the concept introduced and quantified
by Jenkins and De Angelis [50], 4.4.5.

• Influence and Loads Equations Coefficients, (IC, ICLE): The influence co-
efficient plots were already introduced in the base line method, The Original
Skopinski’s Technique [102], Figure 4.3. On the other hand, the ICLE are
introduced by Jenkins and Al [53], Figure 4.7.

• Influence Coefficient Loads Equations Parameters, (ICLEP ): This is a
complete novelty, not just in relation to the stage of the whole process is used
but on the way the parameters have been treated to allow being used in the
Ranking Criteria as described in the next section.

• Individual to Distributed, (I2D): This is a piece of code, python programmed,
generating distributed data, dependent and independent, by superposition of
the experimental individual load calibration.

The major characteristics of these supporting tools compared to the past, when
already introduced, is not just at which level of the flow chart are used but mainly
how have been integrated in the whole loads equations computation process.
Furthermore, a relevant mention ought to be dedicated to the package Individual to
Distributed, I2D, whose integration and coding required specific strategy that will
be detailed in the coming section.

4.5.2.1 I2D: Individual to Distributed

Among all the supporting tools included in the New Proposed method displayed
in Figure 4.21, the I2D is the most significant as not coming from other activities,
outside of the Loads Equation Calculation process, but pillar to perform the Ranking
Criteria concepts and equations as part of the Data Gathering and Analysis, DG&A
I, Phase 3 of the ”Strain Gauge Based Flight Loads Measurement”, Table 2.1.
In fact, the FLSR, 4.5.2, is a direct consequence of the theoretical Flight Loads
Calculation process, usually not part of the competences and responsibilities of the
Loads Measurement practitioner. It is linked to the Flight Test campaign that will
be characterising the flight manoeuvre, PITS, to be used for training the developed
loads equations and measuring the experimental flight loads. Therefore, not part
of any of the ”Strain Gauge Based Flight Loads Measurement” phases.
The RC is a typical index defined at an early stage of the flight loads measurement
campaign, Definition and Design, D&D, Phase 1, Table 2.1, to ensure that the load
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cases planned to be executed during the GLC are sufficiently covering the lifting
surface under investigation. Though, this information is indicative for the develop-
ment of the superposed distributed load cases, in fact the concept is included in the
input data of the I2D.
The idea behind I2D is that the individual calibration loads, easier to be recre-
ated experimentally than the distributed, that require whiffle-tree test rigs and
with increasing risk of damaging the flying test article, adversely affect the strain
gauge responses without reproducing real flight loads patterns. In fact, delta and
slender-body configurations show severe non-linearities in the gauge response
with the position of the calibrating load and from the need to support the aircraft
representatively during the obtained either directly or by superposition, [43] and
[44].
Figure 4.11 shows the difficulties of a significant strain gauge response with load
calibration span and chord-wise positions, to be approximated by a linear surface
equation. In fact, fitting linear surfaces were already an option, though, computa-
tionally demanding for that time, Decade 60s, to be adopted as part of the whole
ground calibration set of data. This area of the I2D is the Strain Gauge Prediction
with Load Positions.
The other main area took on by the I2D, needed to complete the parts of the current
supporting tool computational framework in Figure 4.13, and later on within the
Python Code, Figure B.28 and section B.1.7.12, is related to the loading arrange-
ment of the superposed distributed loads. In fact, the closer the dependent sample
of data used to develop the loads equations to the flight loads centre of pressure
and the higher accuracy is expected. The statistical sample must be representative
of all the constituent loads that can produce responses from the gauges. The user
of this code, the flight loads measurement practitioner, will be defining the rules of
the superposed distributed load by having a centre of gravity, CG, of the ground
distributed load cases inside the practical range of the centre of pressure, CP, of the
flight loads to measure. This concept was already considered by Hovell et Al., [43]
and [44], while dealing with the lightning fin ground load calibration campaign,
Figure 4.12.
Precisely, the British scientists theory introduced in reference [43] was focusing on
two major areas, selection of the appropriate gauges from the mass of calibration
data and then superposing them all by fitting linear surfaces to the individual
response of each gauge. The statistical modelling theory employed to overcome
the challenges to fit the experimental set of data is represented by the references of
Goulden, [38], and Ezekiel, [29], and the precious support of McKinney, [74] that
facilitate the translation to Python programming.

The I2D calculation process moves on these two concepts above and further
detailed in Figure 4.13. The first one, on the left side labelled Module 1, calculates
the Strain Gauge Prediction approximation surfaces. The second, Module 2, is the
Loads Superposition that once completed according to basic rules set beforehand,
links back to the first module to generate superposed strain gauge responses accord-
ing to the loads sequence established by the user as part of the input information
at the very top of the flow computation.
The major quantities of the whole I2D computation flow of Figure 4.13 are the
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Figure 4.11: Lightning Fin: Response of Gauge with Position of Loads Calibration,
[43].

Figure 4.12: Lightning Fin: Strain Gauge Station and Loading Arrangement, [43].
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Distributed Load Cases, in terms of Forces, Fj, associated coordinates, (X, Y )j,
that will be used to evaluates the induced strain gauge, SGi,magnitude responses
normalised to the applied force, Zi, by means of the fitting surfaces f(X, Y )i.
The final output of the I2D becomes the output data for the DLD and LPP techniques
of Figure 4.5 and Figure 4.21 respectively.

Figure 4.13: Schematic of Computation of the ”Individual to Distributed” - ”I2D”
Supporting Tool of the new proposed method, LPP.

The difficulties to sort the gauges by fitting linear surfaces to the individual
response of each gauge, as Figure 4.11 describes, affecting the selection of the best
set of loads equations, are expected to be overcome with the distributed load data,
obtained either directly experimentally or by numerical superposition, as I2D does,
as long as used in place of individual data. A change from an individual load sample
to a distributed for the statistics automatically reduces the poor fitting surfaces
with strain gauge data. In fact, the higher-than-average response(s) of a particular
gauge to some load(s) is balanced by the lower-than-average responses of the same
gauge to loads at different positions and the regressions fitted to such data will have
smaller standard errors, [43]. This statement, whose validity has been reinforced
by [43] and [90], applies with a linear superposition of the individual sample data.
Though, to expend to different load positions outside of the experimental strain
gauge reading data requires capability of approximation of the surface of Figure
4.11.
The I2D offers the options to generate superposition of the individual load cases.
Basically, the same loads and application points are applied simultaneously. Then,
there is the superposition of forces applied in generic positions whose associated
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strain gauge response reliability heavily depends on the fitting surface of Figure
4.11. This is a result of this sequence of actions:

• 3-Dimension Points: The points have three components, X and Y Load
Position Coordinates, and Z associated meaning Strain Gauge responses
divided by the applied force magnitude. These points are the result of the
experimental phase.

• Grid Data: It is created to fit a surface of the form z = f(x,y) to the data
in the (usually) nonuniformly spaced vectors (x, y, z). Since the contour/
wireframe plots used next do interpolations on regularly spaced data, the
grid data comes in. It adjusts the data that is not fit to a polynomial (except
within nearest neighbour points).

• Contour/Wireframe plot: It merely interpolates the sample experimental
data to a regular grid using the specific 2D polynomial fit chosen as required,
in this case quadratic. Points are interpolated between data.

• %RMS: Each plot will associate a percentage of root mean square error, Eq.
(B.1), as index of reliability of the fitting surface with the sample data.

The Python results of the approximation surface and its sample data are shown
in Figure 4.14. It represents one of the many strain gauge plots to be checked, taking
into consideration the associated %RMS value, before deciding to progress with
the Open Superposition, all load applications are counted, or Limited Superposition,
only Individual load positions considered.

The right side of the computational flow of Figure 4.13 is driven by a set of
Distributed Load Case rules that set the boundaries to be met otherwise affecting
the reliability of the whole proposed I2D process. These are listed below:

• Maximum Shear/ Bending Moment/Torque: This is not driven just by limit
design loads but any type of loads, that once overcome, takes the material
into plastic field. The most typical threshold is linked to buckling loads. These
represent also the other causes of the deviation from the ideal distribution of
the influence coefficient-plots Figure 4.1, into a non-linear trend.

• Centre of Pressure, X and Y coordinates: It represents the expected position
of the flight loads to be recreated by the CG of the distributed superposed
loads.

• Maximum and Minimum X and Y coordinates: It ensures that the coordi-
nates of the distributed superposed loads, idealised by individual load cases
applied simultaneously, are inside the torsion box physical dimensions.

The presented method, to evaluate numerical sample superposition, is not fully
automated as a preprocessing has to be performed on fitting surfaces, Zi=f(X, Y )i,
and their index of reliability, %RMS, assessing the level of accuracy of the approxi-
mated quadratic curve to the sample experimental data.
This supporting tool represents huge inherent potentialities as it might drastically
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Figure 4.14: ”I2D” Supporting Tool: Fitting Quadratic Surface and Sample points -
Generic Strain Gauge Response and Load Positions.

reduce the effort of the ground experimental phase, though, the ground individual
load cases should have a very high Relevance Coefficient, 4.4.5. This ensures that
the just described loads and strain gauges superposition computational process,
inspired by the past literature of the British, Hovell, Webber and Roberts, [43] and
[44], and US, Peele and Eckstrom, [90] and [26], researchers, is further enhanced
and taken to a different level. In fact, due to the limited detailed information
shared from the past literature the coming up flow chart of Figure 4.21, novelty
of this study, is one of the possible scenarios that is open to improvements. This
is possible once enough experimental detailed data, covering a wide spectrum
of lifting surfaces typology structure and instrumentation configuration, will be
available.
The last areas of the computation of loads equations affected by the introduction
of the new proposed method is the Ranking Criteria and is about to be profusely
discussed.

4.5.3 Ranking Criteria

The major pillar involved in the Proposed Method is about the Ranking Criteria.
It collects all the major experiences happened in the past and it funnels into final
equations, different according to the type of loads to measure, that will allow, when
needed, to become an automated search criteria too.
The ranking criteria translated in proper fitness functions has been conceived by

93



Loads Equations Computation: The Proposed Method

applying the same concept driving the last strain gauge selection in loads equation
technique of Nelson, [79], basing the search on a Genetic Algorithm. Though, it
is flexible to be used as part of an exhaustive search too, as the results will be
produced later on.
In fact, the Proposed Method preliminary version of the Python code, introduced
in the previous chapter, was a Genetic Algorithm. Each load equation, encoded
into a series of bits, string, with each bit holding basic information, such as, if the
bit holds the value 0, the gauge will not be used, differently if it has the value 1.
All the equations were sorted from an original population, constituting the first
generation, through several generations by the application of a fitness function, like
the specific GA Technique Eq. (4.8). Therefore, because fitness is related to how
well a particular set of gauges can be used to calibrate the structure, the strings in
later generations represent successively better calibrations.
The experience accumulated up to date [50], the increasing computational power
with the development of faster and cheaper computing equipment affordable to a
higher spectrum of the society [114], not just industry or research centres, led this
research to be inspired by the past approach of Nelson, [79], but being upgraded
by replacing the search engine, genetic algorithm, with an exhaustive search. This
is why the ranking criteria, detailed next, will be based on an Exhaustive Search,
evaluating the performance of all combinations of loads equations, as shown in
Table 4.1, and relying the fitness function, ranking criteria, on physical metric
quantities, influence coefficient load equations plot parameters, instead of being
limited just to statistics information values such as the standard deviation.
The proposed method ranking criteria concepts captured by Eq. (4.10), Eq. (4.11),
and Eq. (4.12) will be applicable as fitness functions of Exhaustive Search and
Genetic Algorithm. Both searches will be presented.

4.5.3.1 Exhaustive Search and Fitness Function

The characterization of the strain gauge selection process in order to identify the
most accurate set of loads equation depending on the physical quantities, IC and
ICLE parameters, and not just on the statistical metrics as proposed by the past
techniques, proved to be more robust if based on an "exhaustive search" approach
instead of relying on potential convergence matters of the genetic algorithm.
In fact, an "exhaustive search" derives loads equations for all possible strain gauge
combinations and offers a very thorough scenario of the behaviour given by the
fitness functions proposed.
The main terms and considerations to properly shape down the Fitness Functions,
FF, are coming through the use of the information gathered in the linear inter-
polation of the clouds of data obtained once applied the IC and ICLE plots, Eq.
(4.2) and Eq. (4.5), according to the ideal response principles described below for
different loads:

• Ideal Shear Response: the chord contours all fall upon each other to form a
flat horizontal response of IC/ICLE in the span direction.
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• Ideal Bending Moment Response: the chord lines all fall upon each other
to form a single line of IC and ICLE increasing linearly in the span direction.

• Ideal Torsion Response: the constant IC and ICLE chord lines form a pattern
in the span direction that has the shape of the planform of the load points of
the structure being calibrated.

The methodology proposed is depicted in the flow diagram of Figure 4.15 that
describes independently by the type of load chosen, shear, bending moment or
torsion, the main phases.

Figure 4.15: Exhaustive Search: Fitness Function Equations Definition Diagram.

The main steps identified in Figure 4.15 are further broken down below:

• EQ1: The exponential "math formulation" defines this equation. Exponential
function used to normalize the fitness to have a value between 1, a perfect
equation, and 0, very poor equation.

• EQ2: The variables are the slope, m, and the correlation coefficient, R2, of
the ICLE linearised equation of the ideal shear, bending moment and torsion
response. In function of m, R2 and Nall (penalization factor for small number
strain gauge loads equation), the "boundary conditions" are those rules of
ideal shear, bending moment and torsion response.

• EQ3: The tuning coefficients weigh the combined effects of the variables
within the given boundary conditions. These, identified as "A" and "B", see
shear, "Sz" Eq. (4.10), "BM" bending moment, Eq. (4.11), and "T" torsion,
Eq. (4.12), are the results of dedicated sensitivity analysis, depending on the
specific magnitude of given data, meant to produce sensible fitness function
outputs inside the boundary conditions.
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• EQ4: Final shear, bending moment and torsion Loads Equations to be en-
dorsed by Python Codes.

Putting together all the considerations above each shear, "Sz", Eq. (4.10), "BM"
bending moment, Eq. (4.11), and "T" torsion, Eq. (4.12), fitness functions embraces
the following equations as further depicted by respective pictures.

FF(Sz) = e
{−(A∗m+B∗(R2−1)

Nall
)} (4.10)

FF(BM) = e
{−(A∗m−1+B∗(R2−1)

Nall
)} (4.11)

FF(T ) = e
{−(A∗M+B∗(R2−1)

Nall
)} (4.12)

Figure 4.16: Fitness Function Equations Definition: Shear - "Sz" Eq. (4.10).

A detailed flow chart of each of the three equations above, is shown in Figure
4.16, Figure 4.17 and Figure 4.18, where the dotted line circle on the left captures
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Figure 4.17: Fitness Function Equations Definition: Bending Moment - "BM" Eq.
(4.11).

the ideal response conditions that determined the final mathematical g(x) function.
In addition, Figure 4.18 describes the main points that identify an extra function,
Merit function "M", employed to complete the Ideal Torsion response.
The fitness function Eq. (4.10), Eq. (4.11), and Eq. (4.12) will be endorsed by
Load Equation Techniques Evaluator, LETE, of the previous chapter.

4.5.3.2 Genetic Algorithm Search: The GALE environment

The conception stage of this research started from the very last past loads equations
development techniques, the Genetic Algorithm introduced by Nelson in 1994,
[79]. This explains the initial intention to recreate a similar search environment to
enable comparing the past and the new techniques.
Though, section B.1.2 offers more information on this, Nelson NASA contractor re-
port, [79], did not detail enough the Genetic Algorithm search leaving a number of
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Figure 4.18: Fitness Function Equations Definition: Torsion - "T" Eq. (4.12) and
Merit function definition.

undefined information that would have prevented to assess the performance of the
ranking criteria proposed while focusing on the searching technique. Furthermore,
nowadays with the available computer processing power, [114], an Exhaustive
Search, though dealing with multi-spar torsion box, is a very manageable task. In
the light of this scenario, it has been decided to concentrate on a common basis
search, the exhaustive search, leaving the genetic algorithm as a still valuable tool
part of the development of this work whose description is part of this section.
Genetic algorithms (GA) work well when the desired solution is a set of characteris-
tics. A characteristic of a strain gauge equation is the use or non-use of a particular
gauge. However, there are other features of the GA that differ from more classical
techniques such as sampling several points at the same time, populations and not
just single point of a large space. Then, each point that is sampled is assigned
a fitness. The novelty of this study is just based on this fitness function and its
philosophy behind leading to a different mathematical formulation of the Nelson’s
previous one, Eq. (4.8).

Before taking on the operation flow of the shaped genetic algorithm to host the
loads equations physics, a basic overview of the fundamentals and basic terminology
associated with very peculiar metaheuristic searching tool inspired by the process
of natural selection that belongs to the larger class of evolutionary algorithms.
The basic terminology that will be used throughout this work, while dealing with
GALE, is displayed in Figure 4.19 and further described below:
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• Population: It is a subset of all the possible (encoded) solutions to the given
problem. The population for a GA is analogous to the population for human
beings except that instead of human beings, there are Candidate Solutions
representing human beings.

• Chromosomes: It is one such solution to the given problem.

• Gene: It is one element position of a chromosome.

• Allele: it is the value a gene takes for a particular chromosome.

Figure 4.19: Genetic Algorithm: Basic Terminology and Concepts.

The specific GA software package, employed by Nelson, GAn, and for this
research, GAm, is outlined in the following main stages:

1. Each equation is encoded into a "string". A string is a series of bits, see Figure
4.20, with each bit holding information about a particular characteristic. If
the bits are binary it means either the gauge is used, "1", or not used, "0",
by the load equation. Other option, given to the program during the last
review of the whole GA, is to employ spare strain gauges too. So, the string
might host, "0", No gauge, "1", Main gauge, and "2" Spare strain gauge. This
possibility in the current available data, chapter 2, is not deployed. Though,
the current loads professional, [96], dealing with more flexibility in the Data
Acquisition System (DAS) than forty years ago, are more familiar with. These
bits are ordered to represent a specific load equation.
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2. Using this coding, several random strings are generated. These constitute the
first generation.

3. Evaluation of each string of its fitness function (FF).

4. Sort all of the equations (strings) according to their fitness.

5. Create another generation of strings based on the last generation. This is
done by picking two strings from the old generation, favouring the better
strings, and creating a new string based on the contents of the two old strings.
This is repeated until the next generation is complete.

6. For each string, randomly decide whether or not one of the bits should be
changed to enhance the search process. This is known as mutation, and it is
performed every generation.

7. Repeat steps 3 through 6 a specific number of generations.

Figure 4.20: GA Load Equations: Bit by bit representation of a string and how new
strings are formed based on the characteristics of the older parent strings using the
similar trait operator, [79].

All the points above are in agreement to the main standards of the Simple
Genetic Algorithm (SGA) of Goldberg, [35], as Nelson initially did when developed
his own GAn, [79]. In fact, the classical SGA operators below were employed too:

• Reproduction

• Single Point Cross Over

• Mutation

The strings, load equations, in successive generations are expected to improve
their fitness by following these steps. Therefore, since fitness is related to how well
a particular set of gauges can be used to calibrate the structure, the strings in later
generations represent successively better calibrations. This effect is meant to be
more evident dealing with high number of sample data and many generations.
At this stage, the employment of the genetic algorithm loads equations, GALE, will
be possible by endorsing the requested ranking criteria fitness functions, either
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Eq. (4.8) according to Nelson, or Eq. (4.10), Eq. (4.11), and Eq. (4.12) of LPP
Technique, described in the previous section 4.5.3.1. This section is coupled with
last chapter, B.1.7.7, that focused on the structure of GALE Python code necessary
to meet these principles just introduced.

4.5.4 The ”LPP” Technique

Putting together the three main pillars, described in the previous section, of the
proposed method, for the computations of the flight loads equations, it will be
obtained the framework of Figure 4.21. The red parts highlight the deviations
from the original 1954 Skopinski’s method of Figure 4.3. At the same time the
LPP Technique is calling back supporting tools, circled boxes, that were already
introduced in the past decades, though linked at different stage of the whole cycle
process of development of the best set of load coefficients.
The Ground Load Calibration, as warned by Jenkins and DeAngelis [50] and Reed
and Holford [96], is driven by the principle of simplicity as relying only on In-
dividual Load Calibration. Though, the regression uses as input the Dependent
Distributed Data, DDD, as suggested by Howell and Al., [43], by the means of the
Super-Position code, Individual to Distributed, set by the rules provided by the cen-
tre of pressure, Flight Loads Specific Range, quantified by the Relevance Coefficient,
RC, supporting tools. This enables to generate two new sample load data, one on
the left side, the DDD, the other one Indipendent Distributed Data, IDD, that will
be used later on as Check Case to assess unbiased final best set of load equation. At
this stage the whole flow chart maintains the past structure besides employing a
new Ranking Criteria, driven by a Fitness Function, different according to the type
of loads equations to calculate, Shear, Bending Moment or Torsion, whose major
terms are coming from the Influence Coefficient Loads Equation Linearised plots,
ICLEP . These parameters combined with the Relevance Coefficient, RC , values of
the DDD will be tested against the IDD produced by numerical super-position and
miming the centre of pressure of the loads to be measured in flight.
As it will be shown in the description of the LETE python package environment en-
dorsing all the techniques described in section 4.3 and 4.4, the ”Proposed Method”
can be used as part of an automated selection technique. Otherwise, if required
the IC and ICLE plots can be analysed first before going through the final ranking
criteria. This offers a functionality that makes the ”LPP” Technique flexible enough
to fit the end-user needs. In addition, it can be used to assist the other methods and
deciding which one is most suited to the specific component under investigation.

4.5.5 The Proposed Method: Coding and Application

The The Proposed Method, Influence Coefficient Loads Equation Parameters Exhaus-
tive Search, whose inception and principles have been presented in this chapter and
described in Figure 4.21, needs to be coded by an adequate programming language
and then tested against a real life application in order to assess its performance
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Figure 4.21: Schematic of Computation of the Loads Equations - Chedid, The
Proposed Method, "LPP" Technique - 2017.

value.
These major steps have been formalised in the last chapter, where a dedicated
Python, open source programming language, environment, described before being
applied to the Dropped Transonic Flight Test programme of an USV, unmanned
space vehicle data.
The environment, called LETE, Loads Equations Techniques Evaluator, gathers the
necessary codes modules to calculate loads coefficients according to the major tech-
niques introduced in this chapter in sections 4.3, 4.4, and 4.5 enabling to compare
the performance of the Proposed Method highlighting strength and weakness and
so future areas of improvements.

4.6 Summary

Once set the context of the whole Flight Loads Measurement Science, since its
inception, 1954, definition and development in chapter 2, narrowing the investiga-
tion of its major phases led to focus just on the process of computation of the loads
equations.
The calculation cycle has been broken down identifying the concepts on which
the supporting analyses and computational techniques have been used since the
introduction of the Original Method, Skopinski’s one, going through the subsequent
decades up to date. At the same time the relevant areas affected by this evolution
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process have been highlighted and compared.
In the light of the broad level of information brought from the past it has been
possible to introduce a new proposed method describing the philosophy behind and
the main final supporting framework main characteristics and functions.
The next Chapter will be taking on these novelties natural evolution to the next
level where dedicated test cases will allow checking the correctness and robustness
of the programmed codes and of the ideas introduced to be critically assessed and
debated.
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Chapter 5

The Validation Phase

5.1 Introduction

The major task ahead is to show the significant contribution to the science of
the topics of this research introduced up to now. Though, before analysing the
results generated by the techniques described in the last chapters, a pivotal series
of activities has to be considered. In fact, the gain of the necessary confidence on
the tools used is the major task that involves the introduction of adequate literature
review, combined data and analysis, to compare with. Furthermore, a strategy on
how to use the available test cases input data, in order to address to the hypotheses
of this work the most general possible validity, becomes another turning point to
be described and justified.
The assessment of the inherent abilities of the LETE environment, section 3.3, and
the specific flight loads equations calculation technique, LPP, section 4.21, will be
dissected and broken down in three levels, Figure 5.1, where the pillar codes will
be identified and validated. Then, a performance analysis of the new proposed
technique against the established past methods will allow to come to a final ranking
and discussion of the results obtained.
This chapter will be focusing exclusively on the Validation Phase, Level 1, by taking
in turn each of those codes to be validated against those test cases representing a
complete set of data to allow the necessary confidence of the whole LETE environ-
ment and its several techniques. The Level 2 and 3, representing the Performance
phase are the topics of the next chapter.
Few dedicated test cases have been selected to validate those specific quantities
core of the codes under investigation. A low-aspect-ratio, thin, swept wing and
the vertical fin of the BQM-34E drone supersonic aircraft whose flight loads mea-
surement campaign has been conducted at Langley Research Center, United States,
in the seventies, section 2.6.4.2, [90] and [26], proved to be a valid source to
assess the Linear Regression, the individual to distributed sample data, and the
search engines (exhaustive search and strain gauge reduction) codes. On the other
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hand, the Skopinsky’s NACA 1178 report, section 2.6.3, [102], offered the unswept
horizontal stabilizer load and strain gauge data to check the Influence Coefficient
and the LIRE, Module M2, codes.
Comparisons of the major quantities will be performed by means of Tables and
Plots trend as required. Output of codes results necessary to support the discussion
will be presented in Appendix C.
At the end of this chapter will be possible to assess and understand the applicability
and eventually the limitations of the codes employed by LETE and LPP, not just
limited to the Python software generated but applied to the concepts behind too.

5.2 LETE Assessment Strategy: Three-Level Process

The whole amount of concepts introduced by this research had a last goal to
contribute to the science of flight loads measurement either to bring methods to be
capable to enhance the quality of the final loads measured or to set the conditions
for new concepts to be ground of future directions of development. In order to
make such expectations real it is needed to start testing them all with real life
experimental test cases.
The process described in Figure 5.1 highlights the chosen strategy to follow ensuring
the very last outputs are either not affected, or affected in a controlled and known
way, by coding or concepts flaws.
Figure 5.1 highlights three levels. The first two levels, the third is an attachment of
the second, are structured with the same recurrent template, though internally are
interconnected differently. The major items are listed and explained below:

• Test Case(s): Tool(s), with an Input (I) and Output (O), used to establish the
reliability of the Black Boxes under investigation in terms of Validation and/or
Performance. The interconnection to the Black Boxes and and Functions varies
accordingly to the Level.

• Black Box(es) - BB: Object(s) of the investigation of reliability, identified as
single Python Codes or framework, LETE.

• Function of Level: Each Level has its own functions, L1, V - L2, C - L3, A,
addressed the role to assess the Black Boxes.

Level 1 represents the Validation while the others, Comparison and Final As-
sessment, depict the Performance process of LETE and LPP. The Validation and
Performance phases need thorough Test Cases data to work as Input and Output
of the relevant codes to be assessed. The way each data will be employed and
interconnected within the LETE framework will be further detailed later on inside
each level description section.

The right side of the ”LETE assessment Strategy - Three Levels Flow Chart”
gathers extra information of the Black Boxes and Functions, such as list of the Codes
and associated Quantities to assess accordingly to the level.
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Figure 5.1: LETE Assessment Strategy - Three Levels Flow Chart.

A mention has to be dedicated to the semi-dotted arrowed lines, all characterised to
point backwards, representing a further collection of past results, such as Validation
Table Summary, to better interpret the Function outcomes. Sometimes, this might
lead to the need of an iteration of the preliminary results produced by reviewing
either the Test Cases or the Black Boxes. This ensures the quality control of the
major steps that led to the final, Level 3, phase to rank and assess LPP and LETE.
The Input and Output data of the Test Cases are determined in function of the
Quantities selected to be either Validated or Compared by the ellipse box functions.
This through the next Levels break down will justify a different interconnection of
Input and Output to execute the Validation and Comparison functions.
Each of the coming sections about the Levels of Figure 5.1 will be describing the
contents of the major boxes and criteria behind their selection. Moreover, the
test cases chosen will be contextualised identifying the inputs and outputs to use
against the black boxes outcomes. The results, generated by the codes of Chapter 3,
presented and attached in Appendix C, will be discussed too.

5.3 L1 - The Validation Strategy

The ultimate scope of the thesis is to consider the results produced by LETE reliable,
Chapter 6, limited to the representativeness of the test case employed, and so
assess the novelties introduced. This requires that the tools of Figure 5.1, Codes and
LETE, introduced and python coded up to now, and their interconnection with the
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different type of data, dependent and independent data (training and validation
set), ”Double E Data Type” of Figure 3.1, are tested and proved to produce correct
results. This is the aim of Level 1 and below the contents of the Level template of
section 5.2 is populated and next justified.

Table 5.1: Level 1: Validation Contents.

Val. Item Black Boxes - (BB) Codes Test Cases - (TC)
01 Engine Search EX Search (ExS) [90], [90]
02 Engine Search Strain gaue Reduct. (SgR) [109], [90]
03 Solver LIRE [26], [102]
04 Supporting Tool IC [102], [26]
05 Supporting Tool I2D [43], [26]

Table 5.1 has been populated following the step by step approach of Figure
5.2. At step 1 the LETE environment, already captured in Figure 3.2, needs to be
dissected in such a way to highlight the main parts making up the techniques of
stage 1 of Figure B.1. By using the same terminology of Chapter 3 it follows the
LETE Dissection of Table 5.2.

Figure 5.2: Level 1 Contents Definition - Step by Step approach.

Each of the Techniques gathered in Table 5.2 shows clearly, highlighted in bold,
the recurrent piece of codes supporting the whole LETE framework and so in need
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to be validated. In fact, after this refining step, it is meaningful to include them
all in ”Level 1: Validation Contents” of Table 5.1 and so completing Step 2 of
Figure 5.2. A further analysis of the Table 5.2 meaning shows there are two main
”search engines” to validate, the Exhaustive Search, ExS, the most used among
the Techniques that replaces also the Genetic Algorithm of Nelson, as explained
in section B.1.2, and the Strain Gauge Reduction, SgR, employed by the T-value
and Modified T-value methods. Once identified the search engine, that in some
way works as an optimiser, the ranking function, or objective/fitness function, can
vary as needed though not the validation object. The next item pointed out is
labelled ”solver” as employed to solve the basic equation of loads measurement,
Eq. (4.1), and this, LIRE, is clearly universally adopted. The last category requiring
investigation will be the ”supporting tools”, the influence coefficient plots, IC, and
the individual to distributed, I2D, whose major quantities to be analysed are the task
of the remaining steps of Figure 5.2. Table 5.3 collects the results of step 1 and
step 3 that will be further linked with a representative test codes.

Table 5.3: Level 1: Codes and Major Quantities for Validation.

Codes Transfer Function Supporting Tools Major Quantities

LIRE ! - βi
ExS ! - Best set of βi
SgR ! - Best set of βi
IC - ! 2-D Plots trend
I2D - ! 3-D Plots trend

In fact, the remaining two steps, step 3 and 4, for the definition of the contents
of the Validation Level expect to further break down each code major quantities to
compare with representative literature approved data. This will enable to select
those significant, and available, test cases inputs and outputs, described in the next
section 5.4. In fact, it might happen that to assess the robustness of the codes above
by comparing the major quantities generated might require an indirect approach
that will come through the identification of lower level results whose correctness
will bring the confidence needed at the very top where no data were available for
comparison.
Test cases listed in Table 5.2 will be further detailed now in this coming section,
and the major set of output codes information will be referred to Appendix C.

5.4 L1 Test Cases

Since the aim of this set of data is just a direct comparison of the outputs of the
Codes singled out previously with the same results offered by reliable literature
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of Table 5.1, there is no real need to make distinction between dependent and
independent data.
The test case described below will allow to validate the codes of section B.1.7.
Sometimes, the data available to cover a full validation of the Codes are not suffi-
cient and this will require an indirect approach as a result of a further break down
of the quantities under investigation, as it happened for the strain gauge reduction
engine search and the T and/or MT value coefficients.
The following flight-test measurements data of wing and horizontal loads, shear,
bending moment, and torque, were obtained by means of strain-gauge bridges
mounted on the major load paths of a different aspect-ratio, straight and swept
lifting surface.

5.4.1 Langley Research Center: NACA Report 1178, Horizontal
Stabiliser Structures - Test Case 1

The data of this test case are coming from the master report of the flight loads
measurement techniques described in NACA Report 1178, [102]. Skopinski et Al.
illustrate the application of the calibration procedures, outlined in the NACA report,
by means of two representative structures. The calibrations of these structures,
straight and swept horizontal stabilisers, Structure A and Structure B respectively,
presented most of the problem have arisen at that time in the Langley aircraft loads
calibration laboratory of Flight Research Division.

The Structure A is a three-spar unswept horizontal stabilizer and elevator as-
sembly with aspect ratio 6.7, taper ration 0.29, and 12 ◦ dihedral, Figure 5.3. The
Structure B is a two-spar horizontal stabilizer with the quarter-chord line swept
35.6 ◦, aspect ratio 4.65, taper ratio 0.45 and 10 ◦ dihedral, Figure 5.4.
The strain gauge locations, shear and bending moment bridges were installed, and
the load cases application points for the two Structures are shown in Figure 5.3,
Figure 5.4, Figure 5.5 and Figure 5.6 respectively.

As a check on the applicability of the equations obtained by the point-load
calibration, Individual Dependent Data IDD, described in Figure 5.4 and Figure 5.6,
to the determination of distributed loads as encountered in flight, the distributed
load A, Figure 5.7, and load B, Figure 5.8, were introduced too. These extra set of
data, labelled as Distributed Independent Data, DID, according to the terminology
introduced in the ”Double E Data Type” of Figure 3.1, will be employed as part
of next sections of Level 2 and Level 3 to assess the performance of the novelties
introduced in this research.

5.4.2 Langley Research Center: BQM-34E Drone Aircraft - Test
Case 2

Eckstrom, in this late 70s NASA Technical Note, [26], details the wing strain-gauge
bridge traces, the calibration procedures used, and the flight-test results along with
some pressure measurements and theoretical calculations for comparison purposes
with the basic concepts of flight loads equation calculation at that time.
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Figure 5.3: NACA Report 1178: Strain gauge bridge locations for Structure A,
[102].

Figure 5.4: NACA Report 1178: Load Cases application points for Structure A,
[102].
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Figure 5.5: NACA Report 1178: Strain gauge bridge locations for Structure B,
[102]

Figure 5.6: NACA Report 1178: Load Cases application points for Structure B,
[102].
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Figure 5.7: NACA Report 1178, Test Case 1 (TC1):Symmetrical distributed check
load applied on Structure A, [102].

Figure 5.8: NACA Report 1178, Test Case 2 (TC2):Symmetrical distributed check
load applied on Structure B, [102].
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A thorough experimental ground data and associated analysis are presented, the
flight test information are mainly based on time-histories not enough detailed to
enable the use, though an extension of this flight loads measurement campaign is
offered by Peele, [90], that allowed to access the strain gauge readings of several
points in the sky. This will be employed in the next Chapter to assess the accuracy of
real flight loads measurement by means of LETE with all embedded loads equation
calculation past and new techniques.

The drone aircraft low-aspect ratio, 2.5, thin swept wing of the supersonic BQM-
34E drone aircraft, shown in Figure 5.9, reported on herein, was instrumented
and ground calibrated at the Langley Research Center, to generate loads equations
for the successive flight loads campaign. The wing structure consists of upper
and lower tapered thickness stainless steel skins which are bonded to a full-depth
aluminium honeycomb core, there are no typical internal spar or rib-type structures
in the wing. The wing has an aspect ratio of 2.5, a taper ratio of 0.3, a leading edge
sweep angle of 53◦, and a maximum thickness of 3 percent of the chord length.
The wing has no control surfaces and no incidence angle, dihedral angle, twist or
chamber. The airfoil is a NACA 65-003 shape that has been modified to provide a
finite thickness trailing edge. The wing has a span of 2.720 meters, a reference area
of 2.970 m2, a net exposed area of 2.150 m2, a projected centre line root chord of
1.676 meters, and a tip chord of 0.503 meter. The total wing structure, including
the fuselage crossover section, has a mass of approximately 67 kg, [26].

Figure 5.9: BQM-34E drone aircraft: Three View, [26].

Two different instrumentations have been carried out on the no internal spars
and ribs swept wing. The first one, labelled Wing I, was instrumented with three
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strain gauge bridges to the outer skin surfaces and an additional bridge located on
a vertical face at the wing crossover section as Figure 5.10 shows alongside the
detailed locations, needed later on to generate the results. Both individual and
multi-point calibration loads were applied at selected locations on the wing, Figure
5.11.
As part of this NACA Technical Note the analytical superposition of bridge outputs
was performed offering data to test the concepts of the novelty supporting tools,
I2D, section B.1.7.12, that was for the first time introduced by the British scientists,
Hovell, Webber and Roberts, during the 60s Decade, [43] and [44]. Unfortunately,
the data they offered is very basic to be considered for validation and/or perfor-
mance purposes of this research.

Figure 5.10: BQM-34E drone aircraft: Wing Strain gauge bridge instrumentation
locations - Wing I, [90].

In order to improve the quality of the flight loads measurement, a year later
1976, Peele, [26], presented a second wing instrumentation, labelled Wing II, with
all associated experimental ground and thorough flight test data set. The left semi-
span of the test wing was instrumented with strain -gauge bridges mounted on the
exterior surfaces at three different wing stations, inboard, mid-wing and outboard,
covering the main load path, the overall number of locations is 11, Figure 5.12. At
each strain-gauge location there are two independent types of strain gauges. One
mounted entirely on the wing upper surface, with the four strain gauges positioned
in a X-pattern so as to be sensitive primarily to skin shearing strains produced by
torque loads. The second type of bridge at each location consists of two parallel
gauges on the upper surface and an identical set of two gauges on the lower surface,
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Figure 5.11: BQM-34E drone aircraft: Wing Load Cases application points - Wing
I, [90].

to be responsive to bending moment loads.
The GLC has been conducted with the same philosophy of the Wing I by applying
single and multipoint loadings whose table of data will be shown once the results
of the coming section will be presented.

The BQM-34E drone aircraft gained experience with the low aspect-ratio, thin,
swept wing, instrumented with the two different configurations just introduced,
wing I and wing II, indicating that there might be advantages to using a larger num-
ber of strain gauge bridges. This led to instrument a vertical fin, similar in planform
and construction to that of the flight test wing, with eight strain gauge bridges at
four locations near the fin root and mounted as shown in Figure 5.13. Four of the
strain gauges (5,6,7 and 8) were installed in the bending moment bridge configu-
ration, and the remaining four bridges (1,2,3 and 4) were installed in the torque
bridge configuration with one bridge of each type being at each of the four locations.

5.5 L1 Results and Discussion

This section merged the two major phases of Results and Discussion as the Validation
task becomes very straight forward in comparing outputs that are meant to be very
close, as based on quite simple equations. The only eventuality that might justify
a dedicated and thorough investigation, reviewing the input data and the codes
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Figure 5.12: BQM-34E drone aircraft: Wing Strain gauge bridge instrumentation
locations and Load Cases application points - Wing II, [26].

Figure 5.13: BQM-34E drone aircraft: Vertical Fin Strain gauge bridge instrumen-
tation locations and Load Cases application points - Vertical Fin, [90].
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employed, as previously anticipated by the L-1 semi-dotted line of Figure 5.1, is
when the comparison highlights unjustified differences.
The ”codes” to be validated have been already captured in Table 5.3 and the
following subsection will take in turn each of those highlighting the strategy
employed to gain the needed confidence on those piece of software, code. In fact,
sometimes the available literature did not always offer data and associated results
as the one required by this section.
The Test Cases employed will be mentioned in order to set the context of the results
and link with more detailed information collected in section 5.4.
It is important to highlight that as the data available from the literature, Test Cases,
might happen to be very old and its quality might be affected and eventually its
reliability too. There are tables of numbers that might not allow a clear distinction
of the digits listed. Due to all these considerations everytime that a code has been
tested several inputs data have been used.

5.5.1 LIRE Validation

LIRE Python code, as described in B.1.7.13, has two modules, M1 dedicated to
to simply evaluate the Load Coefficients βi with Loads and Strain Gauge readings
known. On the other hand, M2, calculates the Load(s), once provided the Load
Coefficients and the Strain Gauge data. The M1 module has been validated against
the ground calibration single point load cases of Wing II,Test Case 2 5.4.2, [26].
The NASA Technical input data are gathered in Figure 5.14 and the LIRE M1 Inputs
and Outputs, covering Shear, Bending Moment and Torque Loads, are shown in
Figure 5.15, Figure 5.16, and Figure 5.17. These figure results are compared with
Eckstrom Figure 5.18.

The LIRE Module 1 results highlight quantities, , such as the equation load coef-
ficients, βi, from independent variables (strains) and dependent variables (loads),
Figure 5.14, and the related statistical parameters, according to the basic principles
of statistics, [39], probable error of the estimate, and of the coefficients, directly
linked to the T-value and MT-value techniques, Eq. (4.6) and Eq. (4.7) of section
4.4.3, enable to characterise the best set of loads accordingly to the engine search
employed, Exhaustive, Genetic Algorithm, or Strain Gauge Reduction. Table 5.4,
5.5 and 5.6 gather LIRE M1 software outputs compared to the Eckstrom NACA
results, Figure 5.18, pointing out ratio differences too. The outputs comparison of
Shear, Bending Moment, and Torsion load coefficients alongside the load probable
errors of the tables above show overall the ratios are very close to 1, all of them
well above 0.9, giving the needed confidence of the robustness and correctness of
the Python LIRE M1 scripts produced up to now.

On the other hand, the LIRE M2 module 2 reliability is proved by employing
the Skopinski NACA Report 1178, [102], Test Case 1 and its associated Structure
A loads measurement test case, section 5.4.1. It has been used the Horizontal
Stabiliser Distributed Checked Load Case applied to Structure A of Figure 5.7.
In particular, LIRE Module 2 has been used as input the Skopinski Shear, V, and
Moment, M, load coefficients of the left and right stabiliser shown in Figure 5.19
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Figure 5.14: Calibration Wing Loadings and Strain-Gauge Bridge Data for inboard
station of Test Case 2 Wing II - Single Loadings - Dependent Load Cases, [26].

Figure 5.15: LIRE M1 Outputs - Test Case 2, Wing II Shear Inboard Station, [26].
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Figure 5.16: LIRE M1 Outputs - Test Case 2, Wing II Bending Moment Inboard
Station, [26].

Figure 5.17: LIRE M1 Outputs - Test Case 2, Wing II Bending Moment Inboard
Station, [26].

119



L1 Results and Discussion

Figure 5.18: Summary of Selected Strain Gauge Bridge Load Coefficients, Probable
Errors, and Accuracy of Shear V, Bending Moment M, and Torque T - Test Case 2,
Wing II Inboard Station - [26].

and their strain gauge readings, applied and calculated loads of Figure 5.20. At
this stage the LIRE M2 applies the equation, Eq. (4.1). In particular, Figure 5.21,
Figure 5.22, Figure 5.23, and Figure 5.24, show inputs and outputs used by LIRE
M2 to be compared with the base line results of Figure 5.20.

Table 5.7 compares, for several similar conditions, the calculated loads, Shear
and Moment, left and right side of the Structure A horizontal stabiliser, according
to the Test Case 1, 5.4.1, and to the LIRE M2.The row to focus on is the last one,
labelled ”Calculated Ratio” that says three times out of four the number is closer to
0.999. In one occasion, for the ML, the ratio, though still closer to one, is bit higher.
This does not justify any real concern on the robustness of the Python code, rather
Skopinski data approximation variability of the strain gauge data readings, Figure
5.20, or load coefficients. Unfortunately, it has not been possible to calculate with
LIRE M1 the reliability of the load coefficients given in Figure 5.19, as the Test Case
1 reference did not mention the set of input load cases used for their calculation.
This module has a pivotal role in the next section of this chapter to assess the
performance of each techniques employed. In fact, known the load coefficients
and the strain gauge readings, it evaluates the loads, labelled measured loads. The
closer these loads are to the applied one and the higher the quality of the loads
equations. The label ”applied load” through the phase L2 and L3 ahead will be
very different whether dealing with Experimental Ground or Flight test data. In
fact, dealing with POGS, Point on the Ground, the performance assessment will
be almost absolute as on Ground Loads are known with higher precision than the
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Figure 5.19: LIRE M2 Validation - Test Case 1, Structure A Left and Right side
Shear, V, and Moment, M, Load Coefficients, [102].

Figure 5.20: LIRE M2 Validation - Test Case 1, Structure A Distributed Checked
Load Data, Loads and Combined Strain Gauge readings, [102].
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Figure 5.21: LIRE M2 Inputs and Outputs - Test Case 1, Structure A Shear Left
Side, VL, [102].

Figure 5.22: LIRE M2 Inputs and Outputs - Test Case 1, Structure A Moment Left
Side, ML, [102].
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Figure 5.23: LIRE M2 Inputs and Outputs - Test Case 1, Structure A Shear Right
Side, VR, [102].

Figure 5.24: LIRE M2 Inputs and Outputs - Test Case 1, Structure A Moment Right
Side, MR, [102].
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Flight Loads. PITS, Points in the Sky, loads measurement quality depends heavily
on the theoretical loads accuracy employed.
The successful validation of the whole package LIRE is crucial as its several algo-
rithm of python codes, directly validated, are embedded within LETE environment,
and all associated techniques, as further verifiable within the Control Flow Graph
figures of each Python Techniques code of Appendix B.2.

Table 5.7: LIRE Validation: Comparison of LIRE Module 2 and Test Case 1 (TC1),
Structure A, ”V” Shear [N] and ”M” Moment [Nm] Left and Right side, [102].

VL ML VR MR

Actual Load 2250 226420 2250 226420
Calculated (TC1) 2240 228000 2320 223000
Error Perc. (TC1) -0.444 0.698 3.111 -1.510
Calculated (LIRE M2) 2241 218821 2327 223114
Error Perc. (LIRE M2) -0.378 -3.356 3.381 -.460
Calculated Ratio (TC1/LIRE) 0.999 1.0419 0.997 0.999

5.5.2 IC and ICLE Validation

The influence coefficient (IC) plots, defined by Eq. (4.2), are useful assessing
the effectiveness of a bridge for purposes of measuring shear, bending moment,
and torque loads bringing into the ranking criteria for the strain gauges and load
equations selections a physical instead of a statistic limited metric.
The validation of this Python package, section B.1.7.10, happens by a comparison
with the Influence Coefficient Plots presented in the Test Case 1, section 5.4.1,
NACA Report 1178, [102], structure A. The Influence Coefficient Plots for un-
combined right shear bridges for structures A, left and right side loaded, according
to Skopinski report are in Figure 5.25, and the input strain gauge readings are
grouped in Figure 5.26, ”right side loaded” inside the dashed line and ”left side
loaded” highlighted by solid line.

Using this information of Test Case 1 it has been run the IC software package
and the results are grouped in order to compare the left and right column of Figure
5.25.

In order to organise and facilitate the comparison of the results produced by
IC Python Software package Table 5.8 has been created. In fact, it shows three
main groups of results. First one represents the Influence Coefficient plots of Test
Case 1, Figure 5.25, broken down according to the left and right column and with
top, bottom and mid diagrams, overall there are six graphs, and their respective
generated by IC Software. The second group shows the input data of the Test
Case 1, Figure 5.26 and the respective IC Software Output text files, input data to
compare with. Last is the IC Software output text file with the output ordered data
of the plots of the first group of Table 5.8.
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Figure 5.25: IC Validation - Output of Test Case 1, Structure A Influence Coefficient
Plots for un-combined right shear bridges, ”Applied Left Load” left column, and
”Applied Right Load” right column - [102].

It has been decided to dedicate for each IC plots generated a single Figure in
order to allow higher resolution for comparing the X and Y axis values against the
Test Case 1 Figure 5.25 graphs respectively. By following the order of comparison
of Table 5.8 it comes evident the matching of the quantities presented in terms of
lines trend, slope and axes intercepts, and associated magnitude.
The consideration made about the Influence Coefficient Plots is fully applicable
to Influence Coefficient Loads Equation Plots of equation, Eq. (4.5), and that is
visually explained by the diagrams of Figure 4.6.

In fact, the influence coefficient plots of the individual bridges are used to form
composite influence coefficient plots that represent complete load equations, [90].
The Influence Coefficient Plot for a load equation, ICLE, as presented by Jenkins,
[53], is the sum of the normalised term of the IC.
It has not been possible to compare the trend plots of the Influence Coefficients of
the Loads Equations, ICLE, as one of the most representative document showing
the potentialities of this tool, Jenkins in the Decade 90’s, [50], did not provide the
necessary data to reproduce it. Though, considering that the equation defining the
ICLE, Eq. (4.5), is based on the Influence Coefficients of the Strain Gauges, IC, just
proved its robustness, it will be indirectly assumed its validity too.

The Validation Summary table shows the robustness of the Codes employed
giving the necessary confidence to finally assess the performance of LPP and LETE,
as Level 2 and Level 3 of Figure 5.1 require.
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Figure 5.26: IC Validation - Input of Test Case 1, Structure A Right Shear bridges,
”right side loaded” dash-line, and ’left side loaded” solid-line, [102].

Figure 5.27: IC Validation: IC Software Output plots - Test Case 1, Structure A
Front Spar Right Shear bridge, ”right side loaded” output plot [102].
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Figure 5.28: IC Validation: IC Software Output plots - Test Case 1, Structure A
Midspar Spar Right Shear bridge, ”right side loaded” output plot [102].

Figure 5.29: IC Validation: IC Software Output plots - Test Case 1, Structure A
Rear Spar Right Shear bridge, ”right side loaded” output plot [102].
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Figure 5.30: IC Validation: IC Software Output plots - Test Case 1, Structure A
Front Spar Right Shear bridge, ”left side loaded” output plot [102].

Figure 5.31: IC Validation: IC Software Output plots - Test Case 1, Structure A
Midspar Spar Right Shear bridge, ”left side loaded” output plot [102].
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Figure 5.32: IC Validation: IC Software Output plots - Test Case 1, Structure A
Rear Spar Right Shear bridge, ”left side loaded” output plot [102]

5.5.3 ExS & SgR Validation

The validation delivered in the last paragraphs got focused on a direct proof of
robustness of those codes identified in Table 5.3, by direct assessment of the major
quantities involved. These quantities have been validated by direct comparison with
recognised literature data. The validation of the two major search engines of LETE,
Exhaustive Search (ExS) and Strain Gauge Reduction (SgR), requires a different
approach mainly due to the lack of literature complete set of data, allowing a step
by step comparison, as a consequence of their own articulated structure.
However, in order to comply with the needed validation activity, these two search
engines have been broken down in the following three main phases:

• Algorithm and logic sequence of operations.

• Independent Packages.

• Specific Equations.

The last two areas, Independent Packages and Specific Equations, are contextu-
alised by Table 5.9. In fact, it is highlighted that the major foundations of the LETE
techniques employing these two different engines of loads equations search present
software packages and specific equations that have already been investigated in the
last three sections, 5.5.1, 5.5.2 and 5.5.4. The Specific Equations listed in Table 5.9
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do not gather the whole set of formulas employed by LETE as those few represent
already the core being functions of the others.

Table 5.9: ExS and SgR Validation: Search Engines Breakdown and associated
LETE Techniques.

Search Engine LETE Techniques Ind. Packages Spec. Equations
ExS LPE, DLD, ESM, RC LIRE, IC, ICLE, I2D LPE, IC, %RMS
ExS GA Nelson, LPP LIRE, IC, ICLE, I2D IC, ICLE, %RMS
SgR T value LIRE T-v, %RMS
SgR Modified T value LIRE MT-v, %RMS

Now, to claim that indirectly ExS and SgR perform in robust fashion, as having
reliable foundations, it is necessary to show that the Algorithms and Logic Sequence
Operations linking together Independent Packages and Specific Equations work cor-
rectly. This will be demonstrated analysing the Output Text Files of two major
LETE techniques of each engine, ExS LPE, section B.1.7.1, and SgR T-value, section
B.1.7.4, whose input data are coming from the calibration loading values and
corresponding strain-gauge bridge outputs of the Test Case 2, Vertical Fin structure
of Figure 5.13 tabled in Figure 5.33, [90].

These values have been the input data used to run the Python Codes, ExS LPE
and SgR T-value.

The interpretation of the Exhaustive Search software output text file of Figure
5.34 and Figure 5.35 shows the output data with all possible permutations of the
vertical fin eight strain gauges and the associated load coefficients, Probable Error
of the Estimate Loads, labelled Load Probable Error LPE by Skopinski, [102], used
as ranking criteria to single out the one with the lowest value. In fact, at the very
end of the text file, Figure 5.35, is identified and summarised the best solution.
The correctness of the algorithm driving this output is further proved by the overall
number of possible permutations of loads equations made up by eight strain gauges,
is 255, as proved by applying the equation Eq. (4.3). In fact, the very last number
of ID Load Equations on the bottom left of Figure 5.35 is 254, that considering the
firs ID Load Equation counting is zero gives a total of 255.

On the other hand the results of the SgR of the T-value are shown in Figure
5.36 coherently follow the concept of the Strain Gauge Reduction search engine. At
each stage, identified by ”main counter” progressive number, the T-value of each
load coefficient is evaluated, and the smallest one determines the strain gauge
to be counted off before moving to the next where the same sequence will be
executed. This continues till the smallest possible of strain gauges to evaluate
the associated load coefficients, as shows Figure C.5 with ”main counter 2”. At
the end of this process the output text file summarises among all the iterations,
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Figure 5.33: IC Validation: IC Software Output plots - Test Case 1, Structure A
Rear Spar Right Shear bridge, ”left side loaded” output plot, [102].

Figure 5.34: Exhaustive Search, ExS, Validation: ExS LPE Software Output text file
- Test Case 2, Structure: Vertical Fin output data, part I.
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Figure 5.35: Exhaustive Search, ExS, Validation: ExS LPE Software Output text file
- Test Case 2, Structure: Vertical Fin output data and best set of load coefficients,
part II.

”main counter”, the best set of load coefficients given by the smallest LPE, Figure C.5.

It is extremely interesting to show that, in this specific Test Case 2 example, the
best solution, is the same according to the two different Python search engines
software, Figure 5.35 and Figure C.5, that matches the Peele, [90] solution as
Figure 5.36 highlights. In fact, the load equation singled out, is the same, all eight
strain-gauge load equation, and on top of this the magnitude of the load coefficient
is the same evaluated in the NACA Technical Note. Further, proving that the LIRE
M1, whose validation has already been confirmed in section 5.5.1, works correctly
embedded in the search engines or independently, Figure 5.37.

5.5.4 I2D Validation

The Individual to Distributed, I2D package, sections 4.5.2.1 and B.1.7.12, has the
scope to generate from individual ground calibration data, single point loading
cases and associated strain gauge readings, a superposed set of distributed data set.
Ultimately, it is supposed to create an input set of loads and strain gauge traces,
though superposed numerically, capable to develop best set of load equations, as
Hovell et Al., [43], investigated.
The way the individual load cases are combined to generate distributed loadings
is meant to be driven by the type of flight loads distribution points, PITS, to be
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Figure 5.36: ExS and SgR Validation: Summary of the Load Coefficients of the
best set of loads equations - Test Case 2, Structure: Vertical Fin input data, [90].

Figure 5.37: ExS and SgR Validation: LIRE M1 Load Coefficients - Test Case 2,
Structure: Vertical Fin input data, [90].
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measured. The validation of the strain gauge reading predictions, with specific load
application points, and the process to define the pattern of the load points require
to find available a very wide set of information and details. In fact, going through
the available literature review analysed in section 2.6, from the conception of the
flight loads measurement science through the past decades and up to day, it came
out not enough data to test the complete conceived package introduced at Chapter
4.
Referring to Figure 4.13 Module 1, ”Strain Gauge Prediction”, is the one that will
be fully tested and assessed in the following part of the section. On the other hand,
Module 2 will be assessed without extensively apply its own features, mainly those
defining the sequence of the superposed distributed loading similar to the pattern
distribution of the flight loads. Nevertheless this lack of an available full set of data,
does not expose the whole LETE environment to the risk to generate incomplete
and/or unreliable results. In fact, the coming up levels, L2 and L3, dedicated to
assess the LETE and LPP performance, will be using data set with same limitation
explained above. Though, the importance to have captured all list of valuable
concepts and quantities in section 4.5.2.1, defines the correct foundations of the
I2D package.

5.5.4.1 I2D Validation: Module M1

The I2D Module M1 is a Python code that calculates the fitting surface, Order II,
to the individual responses of each gauge with the varying chord and span-wise
ground load calibration coordinates. The output is shown by a 3-Dimensional
space where X and Y represent the distances from the references axes of the load
application points and Z is the strain gauge reading normalised with the respective
applied force. It is important to highlight that this is not the load, such as Shear,
Bending Moment or Torque, but is the external applied force of the hydraulic jack
or sand bags, as the intention is to map the real strain gauge reading that most
of the time is not matching the theoretical definition of internal forces. In fact, it
might happen to have strain gauge adjacent to the applying force and generating
readings regardless being outboard, and so according to the de Saint-Venant theory
supposed to generate no contribution. This situation is very indicative on how the
robustness of this module, besides programmed and structured correctly, most of
the time depends on the accuracy of the data used and on the configuration of
the structure, instrumentation and ground calibration. Similar motivations explain
why the I2D cannot be an automated code but requires an investigation of the
superposed load cases.
The I2D M1 is tested with the input data of the Test Case 2, wing I structure,
instrumented as displayed in Figure 5.10. The four strain-gauge readings of
thirteen load cases are collected in Figure 5.38, for the First Calibration, and 5.39,
Second Calibration, of the NACA TN D-7979, Peeler [90]. The load application
coordinates of this First Calibration have already been introduced in Figure 5.11.
The validation of this first module, M1 of I2D will be assessing the outputs of the
software on two different levels. The first one, Global Investigation, will be using
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Dependent Data, the same data used to develop the fitting surfaces to the individual
responses of each gauge. On the other hand, the Local Investigation will be using a
specific random load locations that do not belong to the data used to calculate the
strain sensors prediction equations, 1st Calibration, but to the 2nd Calibration.

Figure 5.38: Individual to Distributed, I2D M1 Validation: Ground Calibration
Data, Loads and Strain Gauge Bridges - Test Case 2, Structure: Wing I input data,
First Calibration, [90].

The outputs, a text file and 3-Dimensional Plots, of I2D M1 will allow to perform
again, as it happened for the ExS and SgR in section 5.5.3, an indirect assessment
of the Module 1 software. In fact, the code itself is meant to generate fitting surface
whose prediction ability of the bridge response with a random load application
points and magnitude, depends greatly on the specific type of data provided. The
software package robustness required and scope of this section will be proved by
comparing the consistency existing between plots and text output relevant quanti-
ties under specific runs.
The different runs configuration is explained in Table 5.10, while Table 5.11 shows
the independent set of data chosen for the Local Investigation, in fact, an 2nd
Calibration Load Point is tested with fitting surface coefficients generated by 1st
Calibration data set and vice-versa. These particular conditions have been specifi-
cally created to verify interpolating and extrapolating situations. The load point 08
has been preferred as stays in a very neutral position, in the middle of the wing,
see Figure 5.38, preventing any particular non linearities more typical of those load
points closer to the edges of the lifting surface.
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Figure 5.39: Individual to Distributed, I2D M1 Validation: Ground Calibration
Data, Loads and Strain Gauge Bridges - Test Case 2, Structure: Wing I input data,
Second Calibration, [90].

Table 5.10: I2D Module M1 Validation: Different Runs Definition Dependent Data
(DD)- Load Point (LP) Combination of Test Case 2, Structure: Wing I input data,
First and Second Calibration, Figure 5.38 and Figure 5.39, [90].

Run ID LP Numbers LP excluded Average Loads Data Type
Run1 13 not applicable 358 1st Calibration
Run2 9 4, 1, 7, 10 358 1st Calibration
Run3 8 4, 1, 7, 10, 13 358 1st Calibration
Run4 13 not applicable 890 2ndCalibration
Run5 8 4, 1, 7, 10, 6 890 2nd Calibration
Run6 7 4 1, 7, 10, 13, 6 890 2nd Calibration
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Table 5.11: I2D Module M1 Validation: Runs Local Investigation Load Point (LP),
Independent Data (ID) - Test Case 2, Structure: Wing I input data - Figure 5.38 and
Figure 5.39, [90].

LP Number X [m] Y [m] Load Data Type Runs
08 -0.127 0.419 890 2nd Calibration 1,2,3
08 -0.127 0.419 358 1st Calibration 4,5,6

Table 5.12: I2D Module M1 Validation: Runs Local Investigation Load Point, LP 8,
Independent Data (ID) - Test Case 2, Structure: Wing I Strain Gauge (SG) responses
and Applied Loads, Figure 5.38 and Figure 5.39 - [90].

SG Type SG Read. [mV] Applied Load [N] Data Type
µTF -1.17 358 1st Calibration
µTR -1.54 358 1st Calibration
µV 107.5 358 1st Calibration
µM -0.127 358 1st Calibration
µTF -1.7 890 2nd Calibration
µTR -3.9 890 2nd Calibration
µV 2.62 890 2nd Calibration
µM 0.709 890 2nd Calibration

Each I2D Module 1 Run generates a text file, that has four sections described
below and linked with its respective associated Figures, and 3-D plots of the strain
response with position of loads, points and fitting surface are shown simultaneously
too. The referred outputs and related figures, are grouped with the Run numbers
described in Table 5.10 and Table 5.11.

• Input Data: It shows the basic information of the ground calibration data, in
terms of load points coordinates and magnitude alongside the strain gauges
analysed and their readings associated to the loads. Run1: Figure C.10, Run2:
Figure C.19 , Run3: Figure C.28 , Run4: Figure C.37 , Run5: Figure C.46 and
Run6: Figure C.55.

• Output Data, i-th Strain Gauge 3-D Plot Z data: It prints the Z axis data
used to plot the 3-Dimensional plots of each strain gauge shown in the Input
Data. Run 1: Figure C.6, Figure C.54 , Figure C.8 and Figure C.9. Run 2:
Figure C.15, Figure C.16 , Figure C.17 and Figure C.18. Run 3: Figure C.24,
Figure C.25 , Figure C.26 and Figure C.27. Run 4: Figure C.33, Figure C.34 ,
Figure C.35 and Figure C.36. Run 5: Figure C.42, Figure C.43 , Figure C.44
and Figure C.45. Run 6: Figure C.51, Figure C.52 , Figure C.53 and Figure
C.54.
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• Output Data, i-th Strain Gauge, Global Output: It gathers per each strain
gauge of the Input Data the fitting surface order II coefficients, the Error
of each Load Point strain gauge readings, Single Error, and the Total Error
all calculated against the respective input data used to tune the surface to
match the points initially given. So, the data used to evaluate the error are
considered Dependent Data. Run 1: Figure C.11, Figure C.12 , Figure C.13
and Figure C.14. Run 2: Figure C.20, Figure C.21 , Figure C.22 and Figure
C.23. Run 3: Figure C.29, Figure C.30 , Figure C.31 and Figure C.32. Run 4:
Figure C.38, Figure C.39 , Figure C.40 and Figure C.41. Run 5: Figure C.47,
Figure C.48 , Figure C.49 and Figure C.50. Run 6: Figure C.56, Figure C.57 ,
Figure C.58 and Figure C.59.

• Output Data, i-th Strain Gauge, Local Output: It shows Local Error of the
predicted strain gauge response evaluated by means of the fitting surface
coefficients of the section Global Output. The Error is calculated comparing
the the predicted SG response against the real value not part of the data used
to develop the fitting surface, so called Independent Data. Associated figures
are the same listed in the point above, ”Global Output”.

The results above, presented in Appendix C, have been generated after selecting
the input data in a way to highlight two opposite behaviours, that have been
proving to be consistent comparing the respective I2D output text file against
the 3-D plots. The four strain gauges under investigation, µTF , µTR, µV and µM ,
described in Figure 5.10, offered opposite behaviour in terms of fitting surfaces
ability to predict the strain gauge responses of an independent random load point
such as those in Table 5.12.

The quantities chose to analyse the trend of the results, broken down per Runs,
are the Global Error, the Local Error, representing the absolute difference between
real and predicted data, either Dependent or Independent, and the Local Error
Percentage.

Table 5.13: I2D Module M1 Validation: Results Summary, Run1 - Test Case 2,
Structure: Wing I - [90].

Quantities µTF µTR µV µM

Global Error (DD) 0.174 0.329 12.52 0.189
Actual SG -1.7 -3.9 2.62 0.709
Calculat. SG -1.5 -2.5 239.7 67.1
Local Error (ID) -0.228 -1.415 -237.1 -66.4
Local Error Perc. (ID) -13.39 -36.3 -9048 -9360

138



The Validation Phase

Table 5.14: I2D Module M1 Validation: Results Summary, Run2 - Test Case 2,
Structure: Wing I - [90].

Quantities µTF µTR µV µM

Global Error (DD) 0.0505 0.043 11.37 0.05744
Actual SG -1.7 -3.9 2.62 0.709
Calculat. SG -2.4 -3.7 242.8 67
Local Error (ID) 0.704 -0.158 -240 -66.3
Local Error Perc. (ID) 41.4 –4.043 -9167 -9355

Table 5.15: I2D Module M1 Validation: Results Summary, Run3 - Test Case 2,
Structure: Wing I - [90].

Quantities µTF µTR µV µM

Global Error (DD) 0.025 0.061 9,64 0.068
Actual SG -1.7 -3.9 2.62 0.709
Calculat. SG -2.36 -3.7 239.8 67.1
Local Error (ID) 0.6636 -0.18 -236 -66.34
Local Error Perc. (ID) 39.04 -4.622 -9037 -9357

Table 5.16: I2D Module M1 Validation: Results Summary, Run4 - Test Case 2,
Structure: Wing I - [90].

Quantities µTF µTR µV µM

Global Error (DD) 4.29 4.1 0.13 0.04
Actual SG -1.17 -1.54 107.5 26.94
Calculat. SG 12.44 13.32 1.19 0.33
Local Error (ID) -13.607 -14.86 106.31 26.6
Local Error Perc. (ID) 1163 -965 98.9 98.8
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Table 5.17: I2D Module M1 Validation: Results Summary, Run5 - Test Case 2,
Structure: Wing I - [90].

Quantities µTF µTR µV µM

Global Error (DD) 0.05 0.205 0.0009 0.0019
Actual SG -1.17 -1.54 107.5 26.94
Calculat. SG -0.606 -1.428 1.051 0.286
Local Error (ID) -0.564 -0.112 106.4 26.7
Local Error Perc. (ID) 48.24 7.29 99 98.9

Table 5.18: I2D Module M1 Validation: Results Summary, Run6 - Test Case 2,
Structure: Wing I - [90].

Quantities µTF µTR µV µM

Global Error (DD) 0.03 0.204 0.0009 0.0019
Actual SG -1.17 -1.54 107.5 26.94
Calculat. SG -0.65 -1.45 1.049 0.286
Local Error (ID) -0.52 -0.087 106.5 26.6
Local Error Perc. (ID) -44.4 -5.65 99.1 98.9

The I2D Module M1 results, Table 5.13, Table 5.14 and Table 5.15, representing
the three first runs belonging to the 1st Calibration data set of Figure 5.38, and
Table 5.16, Table 5.17 and Table 5.18, last three remaining Runs of the Second
Calibration input data of Figure 5.39, bring up the following points based on the
two areas, Global and Local errors, linked to Dependent and Independent Data,
and with first three Runs come from 1st Calibration (lower applied loads) and the
remaining three from 2nd Calibration (higher applied loads):

• All Calculated Strain Gauge readings tend to be under predicted in terms of
magnitude compared to the real values.

• Run 1, 5.13 and 5.16, tends to offer the worst errors. This is a consequence of
having used as input data those load cases on to adjacent to the strain gauge
locations.

• Run3, Figure 5.14, and Run6, Figure 5.14, tend to show always the best
Global Error proving that the elimination of the load point 13, Table 5.10,
makes the results quality higher. This is explained by the location of this
application point, Figure 5.11, that is not on the load paths of the strain
gauge installation positions.

• It is evident that the incapacity of the strain gauge µV to generate good
approximation surfaces for Run1, Run2, and Run3, and consequently higher
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Global and Local error is due to the unreliable readings of the first calibration.
In fact, as shown in Table 5.12 the magnitude of the readings is much lower
with the decreasing of the applied loads, this does not make sense. This is
further proved by its own 3-D plots too, Figure C.8, Figure C.17, Figure C.26.
Opposite behaviour happens with Global Errors and associated plots, Figure
C.35, Figure C.44, Figure C.53 of the second calibration, proving the data
readings are sensible.

• The only time the Global Error is directly linked to the Local Error is during
the interpolation runs, when the independent data has lower load than the
dependent one, and with reliable strain gauge readings.

• It is interesting to see the different way to generate the Local Error between
the first three runs and the remaining. Run R1, R2 and R3 generate the fitting
surface from a lower load and then evaluate the Local Error from a load point
with higher load. That means the strain gauge response is an extrapolation
consequence. The other set of three Runs works by interpolation, as Depen-
dent Data have higher lower than the Independent Data. Unfortunately, the
results have been so sparse not to allow making any absolute consideration. It
seems a slight better of Local Error percentage are produced by extrapolation
data inside Run1, Table 5.13, Run2, Table 5.14, and Run2, Table 5.15. This
applies mainly to the first two strain gauges, µTF and µTR as the other two
show inconsistencies that have been proved also by their 3D-Plots. The fitting
surface order II does not produce the accuracy needed.

• It has not been possible to see any pattern between Global error and Local
error. The impression is that the investigation should carry on by increasing
the random data of Independent Data and not just limited to the Load Point
8, Table 5.12.

• Table 5.18 proves that the best set of Global Error is obtained with the highest
load application points magnitude, 2nd Calibration.

• Not always higher loads offer better strain gauge responses as it should
be considered the risk that the structure component might buckle reducing
linearities behaviours.

The considerations above will be applied to the definition of the Runs of the
coming up section to assess the performance of the LETE techniques.

5.5.4.2 I2D Validation: Module M2

Assessing the I2D Module M2 is a much straighter process, partially due to the
current limited available data related to FLSR and RC supporting tools, see section
B.1.7.9, as already anticipated at the beginning of this section, and also as the
whole structure has been conceived and developed on Excel spreadsheets. Figure
B.28 already highlighted the whole combined Python and Excel process of the
whole I2D Package.
The Module M2 executes the functions listed below:
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• M1 to M2: It is a direct link with the Module M1, by taking the fitting surfaces
coefficients and set to be applied to as many as needed load points to make up
a new distributed sample data. Figure C.60 proves this function by employing
the input data of Figure C.12 , Test Case 2, Strain Gauge SG02, µTR, Run1.
There is full matching of the strain gauge predicted value.

• I2D D i: It structures the necessary steps to realise distributed load data from
individual loading. By means of superposing the predicted readings of ”M1 to
M2” or data coming from other sources such as the example highlighted in
Figure C.61.

• SG D: It uses the Strain Gauges superposed in ”I2D D i” to create the typical
input file of LETE, Figure B.8.

• Load D:It uses the Loads superposed in ”I2D D i” to create the typical input
file of LETE, Figure B.6.

• Rc Cp: It defines the order of the superposed load sequence once provided.

Note: the acronyms shown above are the same of the Excel file spreadsheets as
displayed in Figure C.60.

The application used to show the validation of the I2D Module M2, excel file
spreadsheet ”I2D D i” is the Lightning Fin already introduced in Figure 4.12, and the
input data used are grouped in Figure 5.40, the chosen strain gauge is highlighted
in the semi-dotted line. The Excel results of Figure C.61 are matching the reference
output of Hovell et Al., [43], of Figure 5.41.

Figure 5.40: Individual to Distributed, I2D M2 Validation - Input Data: Load and
Strain Gauge readings - Lightning Fin, Strain Gauge A5, [43].
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Figure 5.41: Individual to Distributed, I2D M2 Validation - Output Data: Measured
and Superposed Strain gauge readings - Lightning Fin, Strain Gauge A5, [43].

A final consideration to be made on the I2D package is that not all strain gauges
might be suitable to a strain gauge prediction task to have a superposed sample
data. This is evident by the results shown on strain gauges µV and µ3, where
3-D plots Figure C.8, Figure C.17, Figure C.26, and Figure C.36. This could be
prevented and spotted at an early stage during the Ground Load Calibration when
the applied load is introduced step by step by verifying the load and strain gauge
linearity. Unfortunately, the data employed so far represents just one single reading
of the whole load calibration preventing an important set of information.

5.5.5 Validation Table Summary

The L1 Validation section has taken in turn all those black boxes of Table 5.1, repre-
senting the pillars of the LETE environment and worth assessing their correctness
and robustness. The validation process required the use of reference recognised
data to compare with, either in direct or indirect way, such as the deduction process
employed to ExS and SgR. The outcome of this investigation shows the needed
confidence that the selected codes, Table 5.3, produce correct quantities matching
with high accuracy those of reference and maintaining this characteristic against
more than one isolated test case as Table 5.1 shows. Table 5.19, as already Figure
5.1 anticipated, collects all previous validation codes reference and successful
validation status so that the coming up phases, L2 and L3, expected to appraise the
LETE environment and the LPP technique, will be producing absolute and reliable
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performance considerations on the novelties introduced in this research.

Table 5.19: L1 Phase: Validation Table Summary.

Codes Validation References Validation Status
LIRE M1 Table 5.4, Table 5.5 and Table 5.6 OK
LIRE M2 Table 5.7 OK
IC Table 5.8 OK
ExS and SgR Section 5.5.3 OK
I2D M1 Section 5.5.4 OK
I2D M2 Figure C.60 OK

Note - It is worth highlighting that just for the Validation level it has been
decided to allocate details for all results presented in order to allow a straight com-
parison among all the different cross check provided from the past or offered from
text files and plots. This generated a high amount of data results as demonstrated
by the Figures employed. Next section, strengthened by the current validation and
elevated data of evidence, will be focusing only on those details of the outputs
necessary to allow discussion, all the remaining output will be presented either in
more compact format or just offered in electronic format.

5.6 Summary

The three-level validation and performance process has been presented. The first
level, L1, dedicated to the Validation Phase, became the core of the whole chapter.
A strategy has been introduced to identify those Python codes necessary to be vali-
dated before moving to the Performance Phase of the next Chapter 6. This required
to further dissect the LETE environment and understand the major dependencies
and quantities involved.
The use of dedicated Test Cases, Table 5.1, capable to offer a complete set of results,
input and output of specific quantities, whose details are presented in Appendix
C, made possible to validate the majority of those codes identified in Table 5.3.
On the other hand, when data were not available, the affected software, such as
ICLE, and the Search Engines, ExS and SgR, were assessed by deduction of their
expected functionalities and interpretation of their dependencies to other piece of
codes already validated.
The data selected cover a wide range of test articles and different references in
order to give to the final result the robustness and reliability expected by the
Performance Phase. At the same time, when the code under investigation, I2D
Module M1, required a more articulated analysis, the literature review data have
been combined in such a way to offer several runs of the code and consequently a
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more comprehensive understanding.
The Individual to Distributed, I2D module M1, software, supposed to predict strain
gauge responses for a given load point, offered interesting considerations. In fact,
it has been shown how the correct applicability of this supporting tool of the LPP
Technique, section 4.5.2.1, has to be adequately planned before the execution of
the ground load calibration. Applicable recommendations, that eventually will be
taken into account in the next chapter 6, are listed at the end of the section 5.5.4.2.
Moreover, two indicators of the reliability of the fitting surface proposed and of the
accuracy of the prediction, the Global Error and the Local Error percentage, proved
to work properly.
All Python and Excel, I2D Module 2, codes investigated provided the successful
validation outcome expected, as summarised in Table 5.19, to authorise to progress
to the next two levels, L2 & L3, of the Performance stage.
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Table 5.4: Eckstrom Test Case 2 (TC2) [27] VS LIRE: Load Coefficients Comparison.

Loads Coefficients Comparison - Eckstrom [27]/LIRE-Ratio
Loads TC2 Data LIRE Software Ratio

3*Shear β1,2,3 4894 4897.7 0.9992
292 296.1 0.9862

-4129 -4126 1.0007
3*Moment β1,2,3 528 528.5 0.9991

277 276.3 1.0025
-174 -173.6 1.0023

3*Torsion β1,2,3 388 389.5 0.9961
-1947 -1974 0.9863
-998 -1001.3 0.9967

Table 5.5: Eckstrom Test Case 2 (TC2) [27] VS LIRE Module M1: Loads Probable
Error of Coefficients Comparison.

Loads Probable Error of Coefficients Comparison - Eckstrom [27]/LIRE-Ratio
Loads TC2 Data STATE Software Ratio

3*Shear β1,2,3 218 219.5 0.9932
88 88.2 0.9977

236 237.4 0.9941
3*Moment β1,2,3 16 15.6 1.0256

12 11.9 1.0084
3 3.1 0.9677

3*Torsion β1,2,3 62 62.1 0.9984
136 136.9 0.9934
36 36.7 0.9809

Table 5.6: Eckstrom Test Case 2 (TC2) [27] VS LIRE: Loads Probable Error of
Estimate Comparison.

Loads Probable Error of Estimate - Eckstrom [27]/LIRE-Ratio
Loads TC2 Data STATE Software Ratio
1*Shear β1,2,3 85 86.2 0.9861
1*Moment β1,2,3 2.5 2.5 1.00
1*Torsion β1,2,3 33 33.6 0.9821
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Chapter 6

The Performance Phase

6.1 Introduction

This chapter is expected to complete the ”Three Level Flow Chart” process of Figure
5.1, as ”Level 1 Validation” has been Chapter 5 main topic, by going through
the two remaining levels, ”L2 Comparison” of the loads equation accuracy of the
different techniques of LETE, including LPP.Then, the ”L3 Assessment” of the best
set of load coefficient by ranking the root mean square error, %RMS. These two
levels characterise the Performance phase of the novelties proposed in this research.
The performance requires the availability of dedicated test cases with experimental
data so that to execute the Python codes described in Chapter 3.
The data available must be comprehensive of the test article geometry and instru-
mentation basic characteristics, strain gauge readings, and load cases magnitude
and application points, span and chord wise coordinates. Moreover, they expected
to offer a a different aspect ratio of different lifting surfaces, enabling to interpret
the results by linking the techniques employed with the specific test article charac-
teristics under investigation.
The test cases allowing to assess the LETE performances, come from flight loads
measurement campaigns conducted by two main Research Centres, NASA Langley
Reserch Centre and the Italian Aerospace Research Centre, CIRA. The first one
offered since the 1950s up to the early 1980s, several lifting surfaces, such as those
already introduced in section 5.4 for the validation phase. Unfortunately, not all
of them are meeting the detailed set of data information mentioned above. The
ARWg-2 wing, classic aluminium torsion box configuration, has been chosen as
having a high aspect ratio, 10.3, opposite of the other available test data. The
second, is a Dropped Transonic Flight Test (DTFT) of an unmanned space vehicle
(USV), characterised by ground data of two identical prototypes, whose campaign
took place during the second half of the 2000 by the Italian Aerospace Research
Centre, CIRA.
A particularity of the Test Cases investigated is that most of the time only the
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Dependent Data, Training data set, are accessible, creating difficulties to compare
the results by means of an Independent and absolute set of data on which evaluate
the %RMS, the Validation data set. Though, this limitation offers the possibility
to explore other solutions that most of time in the real life of the industry, not for
the academic side, it is a common situation. In fact, the introduction of distributed
check load cases is a privilege that brings along increase complexity of the ground
load calibration set up, and consequently cost and time impacts. This is why it
tends not to be frequently available.
Finally, it will be given answers not directly limited to LETE and LPP efficiency,
but to more general challenges that represent the idea behind this thesis. In fact,
exploring solutions that are supposed to increase the quality of the final set of loads
equations though maintaining the effort for the execution of such massive ground
load calibration, analysis and flight test campaign contained in terms of time and
cost. Introduction of the ”Double E Data Type” concept, Figure 3.3, dependent
and independent data, training and validation data, combined with numerical
distributed sample data, usage of different test articles, for ground and flight test,
reducing the risk to damage the flying test article by too high magnitude of loads,
represent well defined aims to be considered.
Specific Runs will be defined to explore those challenges and to test the Codes abili-
ties under the boundaries of the available data and in relation to those quantities
that the ”The Three-Axis of Complexity”, section 2.6.1, identified as significant
including: single-point loading compared with distributed loading, test load magni-
tude, number of load cases, and wing surface availability, relevance coefficient.

6.2 L2 & L3 - The Performance Strategy

As just highlighted, this Chapter aim is not limited to test the performance of those
Python packages described in section B.1.7 by direct comparison to each other, but
also to explore the impact of these quantities below:

1. Individual Load Points - Experimental, GLC.

2. Distributed Load Points - Experimental, GLC.

3. Distributed Load Points - Numerical from GLC.

4. Test Loads Magnitude.

5. Number of Load Cases.

6. Number of Strain Gauges.

The relevance coefficient, RC section B.1.7.8, and information of flight test
loads centre of pressure, FLSR section 4.5.2, are not included as not available and
already anticipated during the validation phase of the I2D Module 2, section 5.5.4.2.
Though, it is possible to say, in consideration of the definition of the relevance
coefficient of Eq. (4.9), that point 5. above is proportional to the RC . This will
allow to understand the contribution and the effect by indirect monitoring of the
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Number of ground load cases.
Each test case will generate combination of those quantities by clearly identifying
input type of data, Python Code Technique employed and its relevant characteristics,
and a final load check case, ideally distributed loads as encountered in flight.This
is labelled the ideal check load case condition, it must be experimental ground data,
and if not available it will be replaced either by an experimental individual load
case or a distributed numerical sample. The distributed numerical sample is the
results of superposed individual experimental load point by mean of I2D. These
check load case conditions, CLCC, are expected to generate accurate %RMS values
as preventing to increase uncertainties for the final assessment.
The results will be presented in bar chart format and tables, the output of codes
will be presented in Appendix D, in order to offer a direct interpretation of the
ranking of all available employed techniques. If the test case referenced offers its
own results will be taken inside the discussion to better understand the differences
of the approaches. In support of the results the codes output text files will be
shown focusing just on a specific section, preventing to be confused by an amount
of irrelevant data.
Results and Discussion will be combined in a single section for the specific Run
Case under-investigation and then cross referenced with other significant test cases
in a dedicated section.

6.3 L2 & L3 Test Cases

The challenge of the data used for the L1 Validation phase was to find reliable
input and output to be compared with. Basically, trying to be consistent with the
terminology employed till now, the input values used at L1 were Dependent Data in
relation to the codes validated. On the other hand, the Performance phase data, L2
and L3, require a higher variety of ground and eventually flight test data possibly
supported by theoretical loads calculation, of different lifting surface typology,
such as construction and aspect ratio, to gain a wider validity to the methodology
investigated.
In this regard, the major effort is to have an Independent, Validation, Data set
necessary to perform the check load case conditions for completing the L3 final
assessment by ranking all the techniques employed according to absolute stan-
dards.This section is adding to the test cases presented in section 5.4 two flight
loads measurement campaign of a drone aircraft, ARWg-2, [28], with high aspect
ratio, 10.3, and a multi-mission, re-usable transonic low aspect ratio, 2.3, vehicle,
USV (unmanned space vehicle).
Each of these last two test cases, labelled Test Case 3 (TC3) and Test Case 4 (TC4)
respectively, has its own characteristics to contribute properly and in line with
the expectations of this research. In fact, the Aeroelastic Research Wing ARWg-2,
part of the the Drones for Aerodynamic and Structural Testing program, available
ground load data includes actual multipoint loads for simulated flight conditions.
On the other hand, the Italian Aerospace Research Centre USV gives the chance to
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develop the loads equations on one prototype and to apply them on the other, per-
fectly same design and instrumentation configuration. This offers the opportunity
to have different test articles for ground and flight test and understand how much
this flexibility might affect the final loads measurement quality.
The results will be coming from all these two test cases, TC 3 and TC 4.

6.3.1 Langley Research Center: ARWg-2 Drone Aircraft - Test
Case 3

Eckstrom’s contribution on flight loads measurement campaigns, initiated in the
1975 on the BQM-34E drone aircraft with Peele, [90], and continued alone with
the 1976 publication, [26], same wing but upgraded instrumentation, is extended
by an Aeroelastic Research Wing, ARWg-2, Figure 6.1.
The test article, designed and fabricated as part of the Drones for Aerodynamic and
Structural Testing programme, is a supercritical wing of energy efficient aerody-
namic conception whose structural design has integrated active control systems
for Manoeuvre Load Alleviation and Gust Load Alleviation to reduce structural
strength requirements and an active control Flutter Suppression System to reduce
structural stiffness requirements, [28].
The strain gauge bridges, located at three stations, Figure 6.2, on both the left
and right semi-spans, are used to get measurements of structural loads, shear (V),
bending moment (M), and torque (T) to: assure that safe loading levels are not
exceeded during testing, provide data for evaluation of the active control systems,
and provide data for the evaluation of the effects of wing flexibility and aerody-
namic loads measurements obtained over a range of Mach number and dynamic
pressure test conditions.
The ARWg-2 is a high aspect ratio, low sweep angle wing designed for energy
efficiency at a cruise Mach number of 0.8. The primary structure of the wing semi
span panels consists of a front spar, rear spar and an auxiliary spar located inboard
in the trailing edge extension area as a support for the inboard control surfaces.
Ribs are located perpendicular to the rear spar with the exception of a special
stream wise tip rib that also functions as an outboard spar end fitting, Figure 6.3.
The loads measurement strain gauges have been installed along this classic torsion
box load paths configurations.
For the calibration procedure employed later as LETE input data the left and right
semi-spans were calibrated separately, as Figure 6.3 shows, with the mounting
being to a backstop rather than to the wing centre section attached to a fuselage as
normally done. The input loading conditions were single made of a single point,
individual data, and two multi-points, distributed data, each executed with a large
number of individual steps. Figure 6.4 displays the load point locations, used to
perform both set of single and multi-point loadings, and Figure 6.5 details the
coordinates.
Flight test data are not available.
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Figure 6.1: ARWg-2 drone aircraft: General Arrangement, [28].

Figure 6.2: ARWg-2 drone aircraft: Wing Strain Gauge Stations, [28].
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Figure 6.3: ARWg-2 drone aircraft: Wing Front, Rear and Auxiliary Spars, and Test
Arrangement, [28].

Figure 6.4: ARWg-2 drone aircraft: Load Application Locations, Individual and
Distributed Data, [28].
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Figure 6.5: ARWg-2 drone aircraft: Load Application Location Coordinates, [28].

6.3.2 CIRA: Unmanned Space Vehicle - Test Case 4

The Italian Aerospace Research Centre has been developing a research program
which is focused on the validation of national aerospace technologies on a flying
demonstrator named USV (Unmanned Space Vehicle), Figure 6.6.
The program aims at the realization of unmanned Flying Test Beds, conceived
as multi-mission flying laboratories, in order to test innovative materials, verify
structural and aerodynamic behaviour, advanced guidance, navigation and control
functionalities and critical operational aspects typical of future Reusable Launch
Vehicles. The development of such a vehicle requires, in particular, the availability
of a number of specific key technologies, [87].
In this framework, a series of missions of increasing complexity has been planned,
the first of which is the Dropped Transonic Flight Test, DTFT, mainly aimed at test-
ing the aerodynamics and flight behaviour in transonic flight regime, in conditions
likely to be experienced by a winged launcher stage during its atmospheric re-entry
trajectory.
Two dropped transonic flight tests were carried out from Arbatax airport, Sardinia,
Italy, the first one on 24th February 2007, USV1 Castore, the second one on 11th
April 2010, USV2 Polluce.
In this scenario the Unmanned Space Vehicle has offered an interesting platform
to validate experimentally the flight loads used in the design phase offering the
opportunity to better understand the level of accurateness reached and applying
improvements for successive missions.
The left wing of the vehicle has a four aluminium spars layout, Figure 6.7. Different
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types of strain gauges are installed on the main load paths of a standard torsion
box. Details of the strain sensors instrumentation are:

• Spar caps (top and bottom): Mono-axial strain gauges.

• Spar Web: Tri-axial, Rosette.

• Panels: Shear and Tri-axial.

USV1 and USV2 have identical configuration and instrumentation in order to
make consistent the information gathered from the two DTFT.
The left wing test article highlighted, in Figure 6.8, was calibrated by single load
points, with the intention to record data to measure loads in three different bays,
Figure 6.9. Two separate ground load calibrations have been conducted, GLC1 on
USV1 Castore, and GLC2 on USV2 Polluce. This research has access to both. Table
6.1 gathers all most significant dates of the DTFT campaigns of the two prototypes.
Ground load calibrations took place at Capua CIRA’s head-quarter, while the flight
test in the Italian Island of Sardinia, at Arbatax.

Table 6.1: CIRA flying demonstrator: USV significant Dropped Transonic Flight Test
Dates, [13].

USV Prototype USV Name GLC Date First Flight Date
USV1 Castore GLC1, 20.09.2005 12.02.2008
USV2 Polluce GLC2, 24.02.2007 11.04.2009

In order to better comprehend the flight test data it is worth describing the USV
Mission Scheme summarised in Figure 6.10. The design of the DTFT is based on
using a two-stage system that is composed by an expendable first stage, a carrier
based on a stratospheric balloon, and the winged re-entry flight test bed (FTB1
vehicle), as the second stage. The nominal mission profile is described by the basic
operations three phases below, [13]:

• The ascent Phase: from lift-off to the release, about 20 km altitude, during
which the carrier system brings the FTB1 to the release altitude by means of
the stratospheric balloon.

• The Flight Phase: from vehicle release to parachute opening, where the FTB1
leaves the carrier and flies accelerating to achieve the required velocity to
perform the experiments. In this phase the FTB1 passes through the transonic
regime, Mach number around 1.1, between 10 and 15 km, in stabilised
attitude while performing an autonomous aero controlled flight.

• Deceleration Phase: from Parachute opening to splashdown, in which the
FTB1 opens the parachute and ends its mission by sea splashdown and
recovery.
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Figure 6.6: CIRA Unmanned Space Vehicle: USV Three - View Aircraft, [13].

Figure 6.7: CIRA flying demonstrator: USV Wing Scheme, [13].
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Figure 6.8: CIRA flying demonstrator: USV Ground Load Calibration, Wing Test
Article , [87].

Figure 6.9: CIRA flying demonstrator: USV, Loading Point Positions and Strain
Gauge measurement stations, [87].
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The flight test data of USV2 Polluce are the sole available, Figure 6.11 shows
the nominal trajectory, as USV1 Castore went missing in the Mediterranean Sea.

Figure 6.10: CIRA flying demonstrator: USV, DTFT Mission Scheme, [13].

6.4 L2 & L3 Results and Discussion

This section presents the results generated by specific Run-Cases created by combin-
ing the available Test Cases data and executed by the Codes presented in Chapter
3. In order to have an adequate discussion each Run case has to be defined and
detailed to facilitate the final cross referenced comments.
The logic sequence of steps to generate the Results of the generic Run Case is
highlighted in Figure 6.12 that gathers all those top level information necessary to
have a right interpretation leading to the final discussion.
Furthermore, Figure 6.12 shows different steps of execution, identified by different
box line typologies. Each step is described below:

• Step 1: Test Cases (TC) gathering the major characteristics. Solid line rep-
resenting the box feeding Dependent and Independent Data within the Run
Case. The TCs are represented by Table 6.2, collecting Test Article and
Independent-Dependent Data information, and Table 6.3, populated by Load
Cases and Strain Gauge detailed information.

• Step 2: Combination of each available TC data to make up the Input Data
to feed LETE codes. Double-Solid line box shows basic information referred
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Figure 6.11: CIRA flying demonstrator: USV2 Polluce , DTFT2 Nominal Trajectory
and Usage Envelope, [13].

Figure 6.12: L2 & L3, Performance Phase: Run Cases definition.
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within each Run Case necessary to characterise it. These basic data are broken
down in individual, IDD, and distributed dependent data, DDD. Usually, DDD
is a numerical result of the I2D Module 2.

• Step 3: Execution of the Python Code Techniques according to those principles
listed in section 4.4, for the past methods, and section 4.5.4, for the LPP new
technique. Single-dashed line box. It might happen that due to the type of
data available, see step 2., some technique cannot be fully executed.

• Step 4: All output significant data of each LETE technique are presented
within Figures displaying section of output text files or plots when available,
attached in the Appendix D. Double-dashed line box information will be
summarised within a dedicated table.

• Step 5: Extraction from the Test Case Table 6.3 of those Independent Data
significant quantities such as Distributed or Individual load Independent
Datas. Double-Solid line box like Step 2 Box above. The top level information
of this box is grouped with step 1. Input Data as part of the Test Case Data.

• Step 6: Final Run Case Results of each LETE codes. Double-dashed line box
information is highlighted within a Run Case Result Table showing as part
of the results those relevant quantities such as number of load cases, mean
loads applied, number of strain gauges of the final set of loads equation and
the root mean square error percentage, see Eq.(B.1).

Before progressing to specific Run Cases it is worth underlining that Table 6.2
and Table 6.3 recall quantities and concepts that have been the driving forces of
the whole research as it is explained below:

• ”Three axis of Complexity”, section 2.6.1: The X-axis, the ”object” (com-
ponent) of the flight loads measurement is described. Its major quantity
responsible of the science development, the aspect ratio, is covered in a wide
range from 2.54, [102], up to 10.3, [28].

• ”The Double E Data Type”, section 3.2: The Dependent and Independent
Data, respectively DD and ID. Each of these can be, as Figure 3.1 shows,
represented by load cases of individual loads or distributed. These Test Case
data distinction are pivotal for the execution of the different Flight Loads
Calculation Techniques and for their final appraisal. Figure 3.3 introduced
this relationship among the Data and the generic LETE Technique Code.

The coming Run Cases sections will be presenting the flow of the step-by-step
concepts of Figure 6.12 grouped by the following areas:

• Data Definition: Dependent, as input of the codes executed, and Independent
Data, as Check Load Case Condition CLCC, to evaluate the Performance of
each technique. The data can be Individual and Distributed of experimental
or numerical load cases.

• Strain Gauges Investigation: Assessment of the quality of the Strain Gauges
by employing two different tools, IC and I2D Module 1.
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• Loads Coefficients Computation: Execution of all Techniques defined in
Chapter 3 highlighting input data employed.

• Technique Performance Results: Calculation of the %RMS results by using
a dedicated Check Load Case Condition, CLCC.

6.4.1 Run-Case 1, RC1

This Run Case, RC1, is described by the Data Definition Table 6.4. The data come
from the Test Case 3, TC3, Eckstrom NASA Technical Memorandum 87677, [28].

6.4.1.1 RC1 Data Definition

Table 6.4 explains the two major data types used and their direct references too.

Table 6.4: Run Case 1, RC1: Data Definition, Data Type (DT), Load Type (LT).

DT LT, Figure Refer. Source, Refer. Identif.
DD Ind. Dep. Data, Figure D.1 Exp., [28] IDD1
DD Dist. Dep. Data, Figure D.2 Exp., [28] and I2D M2 DDD1
DD Ind. Dep. Data, Figure D.3 Exp., [28] and IC IDD2
CLCC Dist. Indep. Data, Figure D.4 Exp., [28] DID1
CLCC Dist. Indep. Data, Figure D.5 I2D M2 DID2
CLCC Ind. Indep. Data, Figure D.6 Exp., [28] IID1

Table 6.4 Comments:

! IDD, Individual Dependent Data, of this TC 3 is always experimental.

! DDD1 and DID2 are generated numerically by I2D Module M2. In partic-
ular, DDD1 is an hybrid superposed data, as is the result of Numeric and
Experimental load cases, Figure D.2.

! DDD1 has been created in order to have: Higher Magnitude Load, 9 load
cases, and three chord wise stations, Figure D.2.

! DDD1 numerical sample, 3 chord wise and 3 span wise load cases, is an
attempt to feed LPP with more IC plots. In fact, the extra chord wise load
case creates generates one more IC curve per strain gauge useful for the
linearisation phase of the Fitness Functions. Higher sample should offer
better accuracy.

! IDD2 is obtained removing strain gauges after visual inspection of IC plots.
This is requested by ESM technique, section 4.4.2.
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! IID1 is an individual load cases extracted from the IDD1 and so becomes,
as not used to evaluate load coefficients, Individual Independent Data. In
function of the results generated and their accuracy it can be considered as
an option to assess the best set of loads equations. Whether to use the IDD1
the strain gauge investigation, section 6.4.1.2, will help to decide.

6.4.1.2 RC1 Strain Gauge Investigation

Table 6.5 highlights the software packages used and their direct references too.

Table 6.5: Run Case 1, RC1:Strain Gauge Investigation, Software Package (SP).

SP Data Input Results Identif., Figure Refer.
IC IDD1 RIC1, Figure D.7
IC DDD1 RIC2, Figure D.8
I2D M1 IDD1 RI2D1, Figure D.9
I2D M1 DDD1 RI2D2, Figure D.10

Table 6.5 Comments:

! There is a consistency with the trend of the strain gauges captured by the two
different tools, IC and I2D. In fact, Figure D.7 and Figure D.9 confirm that
the IDD1 input data are extremely reliable. Similar statement in negative in
relation to the numerical distributed dependent data, DDD1, Figure D.7 and
Figure D.9.

! The input data of the ESM, requires to decide if any strain gauge needs
to be removed after analysing the IC plots of the Individual Dependent
Experimental Data, IDD1. After inspecting Figure D.7 it has been assessed
SG6, bottom right of the figure, that presents the less linear trend, to remove
it. As a consequence the new input data of the ESM method is entitled
IDD2, Table 6.4. It will be used as one of the input data to evaluate the load
coefficients.

! Combined use of IC and I2D M2. In fact, the sequence of the sample dis-
tributed data, superposing the experimental individual load cases by applying
the Module of I2D package, should be assessed by the Influence Coefficient
plots that confirms the result of the I2D M1 3-D plots. In fact, Figure D.8
shows no pattern at all and little linearity.

! To better comprehend the IC strain gauge selection criteria is worth referring
to Figure 4.3 and Figure 4.1 that highlight the trend of a Non-Linear and
Ideal IC plots respectively.

! Figure D.8 and Figure D.10 trend might be due to the approximation taken in
the coordinates, x and y, given to the DDD1, Figure D.2.
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! The analysis of the DDD1 data with I2D shows that sequence defined in
Figure D.2 is not ideal as the 3-D plots are worse than those of IDD1. This is
confirmed by the comparison of the text I2D M1 output text files Global Error,
Figure D.11. That means the ideal sequence can be obtained by means of
iteration of these quantities. Eventually, the random sequence chosen could
be improved once these strain gauge tools of investigation, IC and I2D Module
M1, show smooth 2-D and 3-D trend.

! I2D Module M1 offers in addition to the visual inspection of the three di-
mensional plot the Global Error, analysed in chapter 5 validation phase, that
underlined the consistency of this index.

6.4.1.3 RC1 Loads Equations Computations

Table 6.6 highlights the LETE input and output codes used in the next section to
complete the Performance assessment of the different techniques employed.

Table 6.6: Run Case 1, RC1: LETE Techniques: Codes Input, Table 6.4, and Output,
Shear (S), Bending Moment (BM) and Torque (T).

Code Labels Codes Input Codes Output: S-BM-T
LPE IDD1 Figure D.12
GA IDD1 Figure D.13
T-v IDD1 Figure D.14
MT-v IDD1 Figure D.15
LPP1 IDD1 Figure D.16
ESM IDD2 Figure D.17
DLD DDD1 Figure D.18
LPP2 DDD1 Figure D.19

Table 6.6 Comments:

! The Technique outputs take in turn load coefficients of S, BM, and T to
indicate Shear, Bending Moment and Torque results respectively. The results
vary by changing the input data file of the loads before applying the linear
regression, LIRE Module M1.

! The DDD1 is applied just to DLD and LPP techniques as their computational
flow chart says.

! There are two Linearised Physical Properties, LPP1 and LPP2, as identify to
different modes of use of the package determined by the type of input data.
LPP2 uses DDD1 that needs to be properly generated by the supporting tool
I2D. That means LPP2 is working in a semi-automated mode. On the other
hand, LPP1 is automated as no side tool is executed alongside. This definition
applies to the coming up Run Case 2, section 6.4.2.
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! Due to the insufficient data available, the Relevance Coefficient Technique,
section 4.4.5, will not be tested in RC1 and RC2. Though, this will not affect
the assessment of the presented codes, as this methodology uses the same
search engine, ExS, of LPE and the same ranking, fitness function. The only
difference relies on the sequence of the input data defined so that to have RC
coefficient closer to one.

! The incomplete data of RC is affecting the I2D M2 leaving the combination
of the individual data to generate the distributed sample totally blind. In
fact, just to generate the sequence DDD1 it has been decided to use a random
combination. Unfortunately, the random approach produced poor IC and 3-D
I2D plots, as highlighted in section 6.4.1.2.

! The loads coefficients presented in the respective figures of Appendix D
start already offering information on their accuracy, in fact, the smallest
load coefficient ensures that measurement noise will not lead to high errors,
too much difference among loads coefficients generates unbalances that the
measurement noise might affect, and the total number of strain gauges used.
These considerations, already introduce by Skopinski, [102], and later on by
the industry professionals, [99], will be pointed out, mainly the one of the
number of strain gauges used, in the performance summary tables of next
section, 6.4.1.4.

! LPP final best set of Loads Equations have not been considering, due to the
little data available, to perform a further screaming of the results by using
the principles introduced in Figure 3.3.

6.4.1.4 RC1 Technique Performance Results

Table 6.7, 6.8, 6.9, 6.10 and 6.11 summarise the root mean square error, Eq.
(B.1), calculated by using LETE techniques best set of load coefficients of Table 6.6,
against the Independent Data, ID, CLCC of Table 6.4.
Refer to Chapter 7, section 7.2 for a detailed performance discussion of RC1.
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Table 6.7: Run Case 1, RC1: LETE Techniques: Shear, Figure D.1 Cruise Condition,
RMS Percentage - Mean Load (Lbs), ML , Load Cases Number, LC N. of Dependent
and Independent Data, DD and ID - see Table 6.4 and Table 6.6.

Code ML, LC N. (DD) ML, LC N. (ID) SG N. Rank. %RMS
LPE 100, 8 (IDD1) 160, 1, (DID1) 5 3rd 0.942
GA 100, 8 (IDD1) 160, 1, (DID1) 5 3rd 0.942
Tv 100, 8 (IDD1) 160, 1, (DID1) 3 1st 0.552
MTv 100, 8 (IDD1) 160, 1, (DID1) 4 2nd 0.876
LPP1 100, 8 (IDD1) 160, 1, (DID1) 3 1st 0.552
LPE 100, 8 (IDD2) 160, 1, (DID1) 5 3rd 0.942
DLD 211.11, 9 (DDD1) 160, 1, (DID1) 6 - 89.87
LPP2 211.11, 9 (DDD1) 160, 1, (DID1) 2 - 61.37

Table 6.8: Run Case 1, RC1: LETE Techniques: Bending Moment, Figure D.1
Cruise Condition, RMS Percentage - Mean Load (inLbs), ML , Load Cases Number,
LC N. of Dependent and Independent Data, DD and ID - see Table 6.4 and Table
6.6.

Code ML, LC N. (DD) ML, LC N. (ID) SG N. Rank. %RMS
LPE 1184, 8 (IDD1) 1878, 1, (DID1) 6 3rd 8.674
GA 1184, 8 (IDD1) 1878, 1, (DID1) 4 1st 6.817
Tv 1184, 8 (IDD1) 1878, 1, (DID1) 3 1st 6.817
MTv 1184, 8 (IDD1) 1878, 1, (DID1) 5 2nd 7.644
LPP1 1184, 8 (IDD1) 1878, 1, (DID1) 4 1st 6.817
ESM 1184, 8 (IDD2) 1878, 1, (DID1) 5 2nd 7.644
DLD 2514, 9(DDD1) 1878, 1, (DID1) 6 - 174.97
LPP2 2514, 9(DDD1) 1878, 1, (DID1) 4 - 60.61
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Table 6.9: Run Case 1, RC1: LETE Techniques: Torque, Figure D.1 Torsion Con-
dition, RMS Percentage - Mean Load (inLbs), ML , Load Cases Number, LC N. of
Dependent and Independent Data, DD and ID - see Table 6.4 and Table 6.6.

Code ML, LC N. (DD) ML, LC N. (ID) SG N. Rank. %RMS
LPE 288, 8 (IDD1) 566, 1, (DID1) 6 NA 44.54
GA 288, 8 (IDD1) 566, 1, (DID1) 6 NA 230.95
Tv 288, 8 (IDD1) 566, 1, (DID1) 6 NA 106.71
MTv 288, 8 (IDD1) 566, 1, (DID1) 6 NA 106.71
LPP1 288, 8 (IDD1) 566, 1, (DID1) 6 NA 86.76
ESM 288, 8 (IDD2) 566, 1, (DID1) 6 NA 181.35
DLD 344, 9 (DDD1) 566, 1, (DID1) 6 NA 492.28
LPP2 344, 9(DDD1) 566, 1, (DID1) 2 NA 115.58

Table 6.10: Run Case 1, RC1: LETE Techniques: Torque, Figure D.1 Bending
Condition, RMS Percentage - Mean Load (inLbs), ML , Load Cases Number, LC N.
of Dependent and Independent Data, DD and ID - see Table 6.4 and Table 6.6.

Code ML, LC N. (DD) ML, LC N. (ID) SG N. Rank. %RMS
LPE 288, 8 (IDD1) 28, 1, (DID1) 6 NA 645.67
GA 288, 8 (IDD1) 28, 1, (DID1) 6 NA 177.209
Tv 288, 8 (IDD1) 28, 1, (DID1) 6 NA 507.76
MTv 288, 8 (IDD1) 28, 1, (DID1) 6 NA 507.76
LPP1 288, 8 (IDD1) 28, 1, (DID1) 6 NA 489.82
ESM 288, 8 (IDD2) 28, 1, (DID1) 6 NA 284.84
DLD 344, 9 (DDD1) 28, 1, (DID1) 6 NA 3794
LPP2 344, 9 (DDD1) 28, 1, (DID1) 2 NA 391.6
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Table 6.11: Run Case 1, RC1: LETE Techniques: Torque, Figure D.1 Cruise Con-
dition, RMS Percentage - Mean Load (inLbs), ML , Load Cases Number, LC N. of
Dependent and Independent Data, DD and ID - see Table 6.4 and Table 6.6.

Code ML, LC N. (DD) ML, LC N. (ID) SG N. Rank. %RMS
LPE 288, 8 (IDD1) 95, 1, (DID1) 6 NA 7.379
GA 288, 8 (IDD1) 95, 1, (DID1) 6 NA 221.97
Tv 288, 8 (IDD1) 95, 1, (DID1) 6 NA 74.99
MTv 288, 8 (IDD1) 95, 1, (DID1) 6 NA 74.99
LPP1 288, 8 (IDD1) 95, 1, (DID1) 6 NA 66.79
ESM 288, 8 (IDD2) 95, 1, (DID1) 6 NA 168.6
DLD 344, 9 (DDD1) 95, 1, (DID1) 6 NA 443.47
LPP2 344, 9(DDD1) 95, 1, (DID1) 2 NA 86.88

Table 6.7, 6.8, 6.9, 6.10 and 6.11 Comments:

! These gather the most significant quantities responsible to the final ranking
of the final root mean square error, %RMS. The second and third column
shows the input and Check Load Case Conditions in terms of Mean Loads
magnitude, varying according to the type of Shear, Bending Moment and
Torque equations. Then, the number of load cases employed. The DID1 is
always just a single load case. This approach will be also employed for RC2
section.

! The ranking column, in order to not confuse the interpretation of the results,
highlighted just the three first ranking positions.

6.4.2 Run-Case 2, RC2

This Run Case, RC2, is described by the Data Definition Table 6.12. The data come
from the Test Case 4, TC4, CIRA Unmanned Space Vehicle DTFT, [87].

6.4.2.1 RC2 Data Definition

Table 6.12 explains the two major data types used and their direct references too.
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Table 6.12: Run Case 1, RC1: Data Definition, Data Type (DT), Load Type (LT).

DT LT, Figure Refer. Source, Refer. Identif.
DD Ind. Dep. Data, Figure D.20 Exp., [87] IDD1
DD Dist. Dep. Data, Figure D.21 Exp., [87] and I2D M2 DDD1
DD Ind. Dep. Data, Figure D.21 Exp., [87] and IC IDD2
CLCC Ind. Indep. Data, Figure D.22 Exp., [87] IID1

Table 6.12 Comments:

! Castore GLC1 ground experimental data will be used as Input, Dependent
Data, to evaluate the best set of load coefficients with LETE Techniques. The
label given is IDD1.

! Polluce GLC2 ground experimental data will be used as Check Load Case
Condition, Independent Data, to assess the ability to predict loads generated
from a different test article. The label given is IID1.

! IDD, Individual Dependent Data, Validation Set, of this TC 4 is experimental
and the source is Castore USV Ground Load Calibration, GLC1. If the strain
gauge investigation section 6.4.2.2 will offer enough confidence on the quality
of data, mainly on the DDD1, it might be decided to use one of these as CLCC.

! DDD1 data are generated numerically by I2D Module M2. In particular, DDD1
is an hybrid superposed data, as is the result of Numeric and Experimental
load cases, Figure D.21. DDD1 source is GLC1, Castore USV1.

! DDD1 has been created in order to have: Higher Magnitude Load, same load
cases, and same chord wise stations, Figure D.21.

! DDD1 numerical sample has been generated by using a random combination
of the individual dependent data. The same approach was used with RC1,
section 6.4.1.1.

! IDD2 is obtained removing strain gauges after visual inspection of IC plots.
This is requested by ESM technique, section 4.4.2. The selected strain gauges
to be removed are a result of the Strain Gauge Investigation section 6.4.2.2
coming up.

6.4.2.2 RC2 Strain Gauge Investigation

Table 6.13 highlights the software packages used and their direct references too.
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Table 6.13: Run Case 2, RC2:Strain Gauge Investigation, Software Package (SP).

SP Data Input Results Identif., Figure Refer.
IC IDD1 RIC3, Figure D.23
IC DDD1 RIC4, Figure D.24
IC IID1 RIC5, Figure D.25
I2D M1 IDD1 RI2D3, Figure D.26
I2D M1 DDD1 RI2D4, Figure D.27
I2D M1 IID1 RI2D5, Figure D.28

Table 6.13 Comments:

! The decision of evaluating the influence coefficients of Polluce GLC2, IID1,
is to use this tool, IC in conjunction with I2D M1, to assess preliminary the
consistency of the data which come from different test articles and calibrations.
In fact, developing loads equations from one test article and applying them to
another prototype, similar in terms of design and instrumentation, is one of
the novelties of the research that could bring a lot of benefit on the Authority
and Industry side.

! The Influence Coefficient and 3-D I2D M1 plots have been generated with
substantial assumption that might be considered once comparing the Castore
and Polluce trends. In fact, as no clear information is available on the
X coordinate position, chord wise, it has been decided to give consistent
locations between the two calibrations along the major loads path. Therefore,
the input values of these two software packages come from dividing the
Torque over the associated Force, Figure D.20 and Figure D.22.

! The analysis the IC IDD1 plots , Figure D.23 it comes clear that for the good
linearity and trends the ESM technique will be run with the same IDD1.

! The IDD2 does not need to be different from IDD1 as the IC and I2D investi-
gations, section 6.4.2.2, show the good quality of the plots does not require
any strain gauge to be removed.

! The DDD1 plots, Figure D.24 confirm to improve heavily the trend compared
with the RC1, though there is always a point, the most span-wise, that does
not follow the very linear trend. By saying this, the loads equations developed
with DDD1 should be improved compared to what happened in RC1.

! There is a consistency between the spotted trend of the strain gauges by the
two different tools, IC and I2D , by comparing Figure the following couple of
plots: Figure D.23 and Figure D.26, Figure D.24 and Figure D.27, and Figure
D.25 and Figure D.28.

! To better comprehend Castore and Polluce data comparison it is worth saying
that Figure D.23 and Figure D.26 do not show comparable trends. In fact,
only Polluce consistently shows a mid-span load case generating a strain
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gauge reading, always S1 (front spar), out of the linear pattern. The idea
to use the IC and 3-D plots to justify the combined use of prototypes data
for loads equations purposes should have been planned in advance offering
similar ground load case conditions, in terms of position and magnitude of
the loads. Though, the current information could be extended by the use of
numerical IC and 3-D plots by introducing a Finite Element Model.

! In support to what just stated Castore GLC1 has three chord-wise stations as
Figure D.23 shows clearly. Though, if at least one of chord-wise stations of
GLC1 and GLC2 were similar it could have been used the slope of only one
line of the Influence Coefficient Plots.

! The last word on the feasibility to apply Castore’s Loads Equations to Polluce
data will be coming from the next Technique Performance Results, section
6.4.1.4.

6.4.2.3 RC2 Loads Equations Computations

Table 6.14 highlights the LETE input and output codes used in the next section to
complete the Performance assessment of the different techniques employed.

Table 6.14: Run Case 2, RC2: LETE Techniques: Codes Input, Table 6.12, and
Output, Shear (S), Bending Moment (BM) and Torque (T).

Code Labels Codes Input Codes Output: S-BM-T
LPE IDD1 Figure D.29
GA IDD1 Figure D.30
T-v IDD1 Figure D.31
MT-v IDD1 Figure D.32
LPP1 IDD1 Figure D.33
ESM IDD2 (IDD1) Figure D.29
DLD DDD1 Figure D.34
LPP2 DDD1 Figure D.35

Table 6.14 Comments:

! As already mentioned the ESM technique uses as Input Data IDD1 due to the
high linearity of the Influence Coefficient strain gauge plots.

! The order of magnitude of the load coefficients is greater than those of RC1
as the input strain gauge readings of CIRA, micro-strain measure of unit, are
extremely small. The NASA test case was using microvolt and pounds.

! The number of loads coefficients of the first three ranking performance
techniques of RC1, T-v, MT-v and LPP, keeps showing to be very low, with the
expectation to maintain good quality results if consistent.
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! The average number of strain gauges used by LPP is almost three out of six.

! LPP final best set of Loads Equations have been considering, though the little
data available, to perform a further screaming of the results by using the
principles introduced in Figure 3.3. Table 6.18 will further provide more
details.

6.4.2.4 RC2 Technique Performance Results

Table 6.15, 6.16, and 6.17 summarise the root mean square error, Eq. (B.1), calcu-
lated by using LETE techniques best set of load coefficients of Table 6.14, against
the Independent Data, ID, CLCC of Table 6.12.
Refer to Chapter 7, section 7.2 for a detailed performance discussion of RC2.

Table 6.15: Run Case 2, RC2: LETE Techniques: Shear, Figure D.22 First Condition,
%RMS Percentage - Mean Load (N), ML , Load Cases Number, LC N. of Dependent
and Independent Data, DD and ID - see Table 6.12 and Table 6.14.

Code ML, LC N. (DD) ML, LC N. (ID) SG N. Rank. %RMS
LPE 2882, 9 (IDD1) 2587, 1, (IID1) 4 - 16.877
GA 2882, 9 (IDD1) 2587, 1, (IID1) 4 - 16.877
Tv 2882, 9 (IDD1) 2587, 1, (IID1) 2 1st 0.005
MTv 2882, 9 (IDD1) 2587, 1, (IID1) 2 1st 0.005
LPP1 2882, 9 (IDD1) 2587, 1, (IID1) 3 3rd 1.157
LPE (ESM) 2882, 9 (IDD1) 2587, 1, (DID1) 4 - 16.877
DLD 4759.8, 9 (DDD1) 2587, 1, (IID1) 5 - 116.59
LPP2 4759.8, 9 (DDD1) 2587, 1, (IID1) 3 2nd 0.578

Table 6.16: Run Case 2, RC2: LETE Techniques: Bending Moment, Figure D.22
First Condition, %RMS Percentage - Mean Load (mN), ML , Load Cases Number, LC
N. of Dependent and Independent Data, DD and ID - see Table 6.12 and Table 6.14.

Code ML, LC N. (DD) ML, LC N. (ID) SG N. Rank. %RMS
LPE 2169.3, 9 (IDD1) 1220.91, 1, (IID1) 6 - 1.647
GA 2169.3, 9 (IDD1) 1220.91, 1, (IID1) 5 3rd 0.321
Tv 2169.3, 9 (IDD1) 1220.91, 1, (IID1 4 2nd 0.264
MTv 2169.3, 9 (IDD1) 1220.91, 1, (IID1) 4 2nd 0.264
LPP1 2169.3, 9 (IDD1) 1220.91, 1, (IID1) 3 1st 0.173
LPE (ESM) 2169.3, 9 (IDD1) 1220.91, 1, (DID1) 6 - 1.647
DLD 3230.57, 9 (DDD1) 1220.91, 1, (IID1) 5 - 445.97
LPP2 3230.57, 9 (DDD1) 1220.91, 1, (IID1) 4 - 118.34
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Table 6.17: Run Case 2, RC2: LETE Techniques: Torque, Figure D.22 First Con-
dition, %RMS Percentage - Mean Load (mN), ML , Load Cases Number, LC N. of
Dependent and Independent Data, DD and ID - see Table 6.12 and Table 6.14.

Code ML, LC N. (DD) ML, LC N. (ID) SG N. Rank. %RMS
LPE 4013.3, 9 (IDD1) 3960.37, 1, (IID1) 2 - 34.58
GA 4013.3, 9 (IDD1) 3960.37, 1, (IID1) 4 - 20.70
Tv 4013.3, 9 (IDD1) 3960.37, 1, (IID1) 3 1st 2.321
MTv 4013.3, 9 (IDD1) 3960.37, 1, (IID1) 4 2nd 13.9
LPP1 4013.3, 9 (IDD1) 3960.37, 1, (IID1) 2 3rd 15.27
LPE (ESM) 4013.3, 9 (IDD1) 3960.37, 1, (IID1) 3 - 34.58
DLD 5844.6, 9 (DDD1) 3960.37, 1, (IID1) 5 - 184.14
LPP2 5844.6, 9 (DDD1) 3960.37, 1, (IID1) 3 - 22.97

Table 6.15, Table 6.16 and Table 6.17 gather all RC2 results of CIRA USV test
case TC4. The same basic comments of RC1 performance results, section 6.4.1.4,
apply here.

In consideration to the higher quality of the RC2 strain gauge investigation,
section 6.4.2.2, it is possible to explore another direction of the research related
to the use of the I2D to generate a numerical distributed sample of loads to be
employed as CLCC and assess the best set of loads equations. Then, to verify the
reliability these results are compared to an independent, validation, numerical data
set, obtained from those individual experimental load cases, becoming the Check
Load Case Contion, CLCC, DID1 of Table 6.18.

Table 6.18: Run Case 2, RC2: LETE Techniques: Shear, Figure D.36, %RMS
Percentage - Mean Load (N), ML , Load Cases Number, LC N. of Dependent and
Independent Data, DD and ID - see Table 6.12 and Table 6.14.

Code ML, LC N. (DD) ML, LC N. (ID) SG N. Rank. %RMS
LPE 2882, 9 (IDD1) 6300, 1, (DID1) 4 3rd 4.56
GA 2882, 9 (IDD1) 6300, 1, (DID1) 4 3rd 4.56
Tv 2882, 9 (IDD1) 6300, 1, (DID1) 2 1st 2.56
MTv 2882, 9 (IDD1) 6300, 1, (DID1) 2 1st 2.56
LPP1 2882, 9 (IDD1) 6300, 1, (DID1) 3 2nd 1.76
LPE (ESM) 2882, 9 (IDD1) 6300, 1, (DID1) - 3rd 4.56
DLD 4759.8, 9 (DDD1) 6300, 1, (DID1) 5 - 10.8
LPP2 4759.8, 9 (DDD1) 6300, 1, (DID1) 3 - 14.3
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6.5 L2 & L3 Performance: LPP Procedure

The LPP technique proposed in the last chapters, 4.5.4, and now tested with real
data confirmed to have potentialities. At the same time the coupling with the
supporting tools, mainly I2D, requires to pay attention on some new parameters
came across in the last sections.

Now, it is possible to summarise the major points of the LPP1, semi-automated
procedure, still supported by the detailed concepts and Python codes of Chapter 4
and Chapter 3:

1. use IDD1 to combine use of IC and I2D Module M1 to spot strain gauges
anomalies or ground calibration data issues in the PLots.

2. I2D Module 2 generating DDD1. Respect the GLR1 and GLR2 conditions.

3. use DDD1 Run IC and I2D Module M1. Assess the Plots trend if is linear and
meeting expected loads equations ideal pattern.

4. Iterate the last points as long as the Plots have reasonable trend and the GLR1
and GLR2 conditions are met.

5. Finalise the DDD1 set of data and pull out a number of independent numerical
load cases to recreate the Table 6.18 Check Load Case Condition.

6. Reproduce results by means of similar template of Tables 6.13, 6.14, 6.15
and 6.18 by running the LPP code using the new DDD1 and CLCC cases.

6.6 Summary

This section focussed on three main areas, Test Cases, Run Cases and Results, whose
definition and understanding allow to complete the Performance Phase initiated in
the previous chapter with the Validation Phase.
The appraisal of the novelties, developed and detailed in the previous chapters,
has been possible by employing the data offered by those specific Test Cases that
allowed to investigate test articles with two opposite aspect ratio characteristics. In
fact, the defined Runs have been dealing with several different typologies of lifting
surfaces, as the ”Three-Axis of Complexity” already suggested. Table 6.2 and Table
6.3 show the two different low and high aspect ratio swept Wings and their design
ground load calibration information. These opposite characteristics of conditions
determined different loads measurement instrumentations, in terms of strain gauge
placement and typology, and indirectly load case points. Though, the impression is
that more variety of data should be used to better assess the areas of investigation.
The results analysis of different Run Cases have been described through a step by
step process, Figure 6.12, that allowed to understand from which directions and
how the different type of data were combined before reaching the evaluation of
the %RMS error of the different techniques employed.
The analysis has been focusing on the role of different quantities, such as number
of strain gauges and load cases in the best loads equations, loads magnitude, role
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of individual and distributed loads, numerical or experimental.
The LETE environment proved its flexibility and ability to adapt to the end-user
needs and typology of test article, low or high aspect ratio, individual or distributed
load cases. At the same time, the option to use any supporting tools, such as LIRE,
IC and I2D, to operate independently from the major codes, is a significant aid
to be employed at any stage of the flight loads measurement campaign. This has
been further shown by the proposal of a refined semi-automated procedure of LPP,
section 6.5.
On the other hand, LPP requires to make two distinctions to properly qualify its
current ability. The importance of the combined use of the I2D is significant and
the impact whether applying Module 1 or Module 2 also. Module 1, allowing to
predict strain gauge responses due to random load points could not be used as the
Global Error of the second order approximation surface was always too high. This
is logically linked to a number of controls that should have been done earlier during
the ground load calibration, as already anticipated in section 5.5.4.1. The way
I2D has been conceived allows to generate anyway distributed sample by means
of Module 2. Then, its deployment proved to open a new dimension of the design
space. In fact, generating numerical combined strain gauge readings offered to a
completely new set of load coefficients within all possible combinations available
with the normal input data. As relevant example there is the LPP2 extremely low
%RMS of Table 6.15 that none of the other exhaustive search could find better.
The LPP idealised fitness functions proved to work properly mainly for Shear and
Bending Moment. On the other hand, Torque ones, though tested only by RC2,
require further investigation.
The comparison of the results of the two run cases led to identify a common flow
chart of accuracy that pointed out the major parameters affecting the quality of
the loads equations, and the Ground Load Ratio coefficients, GLR1 and GLR2, are
useful indexes.
Last, the loads equations developed on Castore USV1 proved to be extremely ap-
plicable to the Polluce USV2 prototypes opening interesting considerations for the
Civil Authority and the Industry.
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Chapter 7

Discussion

7.1 Introduction

The Novelties, defined by the three different categories of Figure 1.4, Tools, Data
and Concepts, have been tested through specific test cases in Chapter 5 and Chapter
6 and now, after a dedicated Run Cases discussion, will be related to the initial
objectives of Chapter 1.5.
At the same time, the Novelties determine the other two major next sections, Find-
ings and Future Works.
The Future Works are a logic consequence not only of the Novelties but also of the
key Findings which come from the Results and Discussion of the last two chapters.

7.2 Run Cases Discussion

A discussion of the Chapter 6 two Run Cases emphasizes the major detailed results
implications, in relation to the performance stage of Figure 5.1, setting the ground
to connect with the issues raised in the Introduction of Chapter 1.5 and further
analysed in the coming up section about the Novelties, section 7.3.
Each Run Case will be taken in turn and then will be compared to each other
looking for commonalities to interpret.

7.2.1 Run-Case 1, RC1

Run-Case 1, RC1, is linked with the Input Data of Test Case 3, as Table 6.4 describes.
This test case, TC3, refers to Eckstrom NASA Technical Memorandum 87677, [28].
By adopting the comments already introduced in section 6.4.1 in relation to the
input data, strain gauge investigation, and load equations computation, it is now
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possible to make the following considerations on the performance of the novelties
proposed in this study by referring to these results Table 6.7, 6.8, 6.9, 6.10 and
6.11.

! It was chosen the Check Load Case Condition, CLCC, Distributed Independent
Data DID1 as proved to be the most reliable among the other two referred
in Table 6.4. In fact, DID1 is experimental and distributed while DID2 is
numerical, I2D M2 source, Figure D.8 and Figure D.10 already shown the
poor quality, and IID1 is a just a single experimental loading point. The data
available for numerical superposition do not have enough quality.

! The Torque results proved to be consistently inconsistent as generating huge
%RMS with all available LETE techniques employed. In fact, to further
reinforce this idea it has been decided to evaluate the torque equations to
three different set of distributed data, 6.9, 6.10 and 6.11, and the outcomes
do not change.

! This Torque inconsistency proves how the LETE environment reduced the
uncertainty of the final measured loads. In fact, having so many different
search engines and ranking criteria, based on statistical and physical parame-
ters, giving all the same outcome helps to convince that the issue is within
the data. It is believed that the torque data provided, [28], is not reliable to
perform any deduction on the tools employed.

! ID loads is much higher than the average loads used to develop the loads
equations with the First Calibration data set. That means the results are an
extrapolation of the linear equations.

! The importance of the loads is also applicable to the DDD1 input data results.
In fact, by comparing the magnitude of the load used to develop the DDD1
with the I2D M2 tool describes similar trend. It is proved again that the higher
the force and the worse the quality. It appears evident that extrapolations do
not contribute to quality. Furthermore, the design and limit loads should be
known, as responsible of the threshold of the linear field of the material. The
same has to be considered on the instabilities, such as buckling of the panels
and crippling of caps, that introduce non linearity too. The whole concept
behind the flight loads measurement, the linear regression (LIRE), the IC and
ICLE plots, and the 3-D plots of I2D M1, are all relying on linearity concepts
that the loads magnitude might heavily affect, as the RC2 will be proving too,
section 6.4.2.4. All this explains why the interpolation should be preferred to
extrapolation within this context.

! The IC of the DDD, Figure D.2, proved to generate worse trend compared to
those of the IDD, Figure D.1. This shows how the sequence of superposed
data should pay attention on this that might affect the final loads equations
quality.

! The distributed superposed data as input of the LPP proved to generate
a further level of approximation as in order to apply the Eq. (4.10) and

179



Run Cases Discussion

Eq. (4.11), the input file should maintain a clear pattern and sequence of
load cases span and chord wise. This is the input of the DDD requested to
re-arrange the input data adding another series of approximation, Figure D.4.

! The T-v technique proves to be consistently the better technique but at the
same time the LPP automated method is consistently capable to capture good
results without using any statistic information.

! The T-v and MT-v strain gauge reduction techniques show that the lower the
number of strain gauges used in the final loads equations and the higher the
final accuracy. In this regard, LPP seems to be capable to capture low strain
gauge equations.

! The exhaustive search with statistic ranking criteria, LPE, ESM and DLD,
proved to offer consistently equations with high number of strain gauges,
therefore, poor results.

! The Nelson method results should be taken by paying attention that the
equation used in GA software is consistent to Nelson’s NASA publication,
[79], though the two constants A and B, Eq. (4.8), are not fully detailed. This
might affect the real Nelson final outcomes.

! The DLD and LPP2 results are heavily affected by the poor strain gauge quality,
shown by IC and I2D plots, section 6.4.1.2. Anyway, a consideration can be
made that the LPP ranking equations show to have the ability to select low
strain gauge equations and consequently offering better %RMS compared to
DLD, that has always 6 strain gauge loads equations.

7.2.2 Run-Case 2, RC2

Run-Case 2, RC2, is linked with the Input Data of Test Case 4, as Table 6.12
describes. This test case, TC4, refers to CIRA Unmanned Space Vehicle DTFT, [87].
By adopting the comments already introduced in section 6.4.2 in relation to the
input data, strain gauge investigation, and load equations computation, it is now
possible to make the following considerations on the performance of the novelties
proposed in this study by referring to these results Table 6.15, Table 6.16 and Table
6.17.

! T-v, MT-v and LPP1 show to be the most consistent technique across the three
type of loads.

! The quality of loads equations decrease in quality from shear, bending moment
and torque. In fact, as it was already known, [50] and [99], the torque loads
are the most difficult loads equations to predict depending on the strain gauge
installation, most of the time capture shear and bending loads path, and the
load cases definition.
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! The lower the strain gauges used and the higher the final loads equations
accuracy. All the first ranking techniques through the three different types of
loads have always just 3 strain-gauges.

! As an average the Exhaustive Search techniques driven by pure statistical
ranking criteria, LPE, ESM, DLD, cannot consistently select low strain gauge
equations and as a consequence they loose accuracy.

! All LPP techniques have the lowest number of strain gauges per equation.

! The combined use of LPP and I2D, LPP2, cannot find consistently good results
besides Shear loads equations.

! The quality of the results of all techniques depend on the magnitude of the
CLCC. If it is lower or higher than the input data set, IDD1. In fact, all the
time CLCC loads are smaller, Shear and Bending Moment, the accuracy is
extremely good. With torsion, CLCC load is almost the same of the IDD1 and
the accuracy drops. On the other hand the DDD1 are consistently higher than
the respective check load case condition, and %RMS is high. An exception
is coming from Shear LPP2. The explanation is coming from the very low
equation strain gauge number, 3, and to be using a physical parameters to
select the equations. Interpolation is more controlled than extrapolation.

! The Exhaustive Search driven by pure statistical ranking functions cannot spot
reasonable equations with superposed sample data. All three DLD outputs
are worse than the similar DDD1 input data LPP2 technique.

! The ESM Technique is listed to show the conceptual process has been consis-
tent to RC1. Though, since no strain gauges have been eliminated due to IC,
the execution of the software is exactly the same of LPE.

! The overall good quality of results produced, besides the technique employed,
shows that it is possible to combine loads equations and strain gauge readings
between two different similar prototypes. That says the Castore GLC1 and
Polluce GLC2 data can be interchangeable used.

Table 6.18 is important not in terms of the magnitude of the root mean square
error, marginal as coming from a numerical CLCC, Figure D.36, but by comparing
the ranking with the analogue Table 6.15. In fact, it says that the numerical sample
created, Distributed Independent Data, DID1, is capable to capture the best set of
loads equations as the Experimental, by definition reliable, does. This statement
applies without considering the one off ranking of the LPP2, Figure 6.15, coming
from the Distributed Superposed Data Sample.
The meaning behind this outcome, though limited to one single condition and
more investigation needed, is substantial. In fact, the possibility to extend this
concept by reducing the level of uncertainty of loads equations that cannot be
assessed by proper experimental distributed Check Load Case Conditions is not
to underestimate mainly in the industry sector. The costs associated to an extra

181



Run Cases Discussion

experimental distributed load case is significant and the possibility to reduce it by
replacing it with hours of simulation is an accepted and preferred option.
It has been decided to perform this comparison on Shear loads equations as the
most representative of good quality mainly in relation to the LPP fitness function.
Furthermore, the approximation of DDD1, from where DID1 of Figure D.36 is
coming, with bending moment is higher as in the process of calculation with I2D
Module 2 the locations of the force are approximated with an average value and
higer mean loads.
.

7.2.3 Run-Cases Results Comparison

The comments dedicated on the results of RC1, section 6.4.1.4, and RC2, section
6.4.2.4, can be grouped and harmonised by the flow chart of Figure 7.1.

Figure 7.1: RC1 and RC2 Results Summary: Loads Equations Accuracy flow chart.

Figure 7.1 identifies the major consistent parameters, between the two test
cases, affecting the %RMS quality of the LETE techniques employed with these two
limited run cases, RC1 and RC2. The accuracy of the loads equations grows with
the decreasing of the root mean square error and of the number of strain gauges.
At the same time the low accuracy of the loads equations grows moving from Shear,
Bending Moment and Torque, that usually presents the worst set of %RMS, and
then with two parameters defined as ratio of two quantities. Both the ratios proved
that getting closer to one and the quality of the loads equations is affected.
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These two Ground Load Ratios, GLR, are driven by the loads magnitude of the
Check Load Case Condition, CLCC, and of the Numerical Distributed Sample Data,
DDD1, always divided by the Dependent Data used to evaluate the loads coeffi-
cients. In fact, GLR1 and GLR2 closer to one say the process employed to assess the
%RMS is an extrapolation than an interpolation, and consequently worse results.
All these points come together saying that the overall best techniques are T-v, LPP1,
automated version of LPP not using the I2D supporting tool, and MT-v. On the
other hand, the worst trend tends to be all those statistical exhaustive searches
such as LPE, ESM and DLD.
A special consideration has to be spent on a more specific topic. The LPP fitness
functions equations of Shear and Bending Moment prove to compete, mainly Shear,
the best techniques, not always true to the Torsion. That means the equations
introduced to represent the IC concept might be further assessed mainly with more
data.
These Run Case sections above will be narrowed down to contribute creating the
coming up two paragraphs, Novelties and Findings.

7.3 Novelties

This section discusses and relates to the Novelties, objectives of Chapter 1.5, by
means of the same terminology and bullet point numbering used in section 1.4.
First, a review of the full and partial achievements follows.
The uncertainties of the Flight Loads Measurement science conducted by strain
gauges have been taken on through the last chapters. The LETE environment
proved to fully meet the expectations as using a such thorough framework, with
fully independent loads equations techniques and supporting tools, allowed to help
to spot the best set of loads coefficient in unbiased way not linked to the ranking
criteria employed or the data test article characteristics.
The specific LPP loads equations computation techniques, whose ranking criteria is
exclusively in function of physical parameters, proved to have two sides of different
level accomplishments. The first, LPP1 automated technique confirmed its own
expectation in terms of Shear and Bending Moment equations. In fact, it proved to
be consistently among the best three techniques in terms of %RMS. The Torque,
not only due to the limited data, shown to require better investigation offering
worse results. The latter, the LPP semi-automated technique, LPP2, contributed
as requested to expand the design space by means of using the supporting tool
I2D. Unfortunately, the data available did not offer the chance to fully explore
the potentialities of this tool that so far generated quite poor results in terms of
the %RMS. The understanding is clear and relies on the quality and type of input
numerical data created, the numerical superposed distributed data, DDD1. At this
stage it has not proved yet the practical control of this side, though the concept
and the way forward have been discussed. The Ground Load Ratio indexes, GLR1
and GLR2, represent the basic concepts that combined with the use of Influence
Coefficient plots will help to numerically characterise the phenomena.
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A full achievement, though limited to the CIRA data set, has been taken in relation
to the development of loads equation on one test article and apply on a completely
different, though similar in terms of design and instrumentation. This, for the Civil
Aviation Authority and the Industry, is a starting point that might facilitate the
compliance of the theoretical loads by flight loads measurement which come from
higher ground calibration load cases without affecting the integrity of the flying
prototype.
The other important confirm received by Table 6.18, is that it is possible to assess
the best LETE technique in terms of accuracy of loads equations preventing to use
an experimental Check Load Case Condition, but employing a numerical distributed
set of data. This has been shown with data having GLR1 and GLR2 that can still be
improved.

1. Overview of the Science: This has been the starting point of the research as
it has been introduced the Three-Axis of Complexity, 3AC, section 2.6.1, to
identify through the years those significant directions affecting the inception,
conception, and development of the Flight Loads Measurement Science. Each
decade of the past has been analysed and broken down highlighting the three
axes of complexity, 3AC, collecting the outcomes in detailed tables of section
2.6 (Literature Review & Data).

2. Complete Loads Equations Environment: The LETE environment has been
introduced and described its functioning in Chapter 3. It hosts all available
techniques from the past in addition to the new LPP. The environment offers
three different engines of search, Exhaustive Search, section B.1.2, Strain
Gauge Reduction, section 4.4.3, and a Genetic Environment, GALE, section
B.1.7.7. Furthermore, the different ranking criteria of each transfer function,
section B.1.7, have been exactly recreated according to the principles of
section 4.4. (Tools & Concepts).

3. The Environment Flexibility: The Environment offers a number of sup-
porting tools such as LIRE, I2D, IC, and ICLE, section 4.5.2 and Figure B.1.
Furthermore, the Validation Phase, section 5.4, and Performance Phase, sec-
tion 6.4, Run Cases proved the different ways to call each code according to
the needs of the flight loads measurement practitioner (Tools & Concepts).

4. Ground and Flight Data Framework Adaptability: The LETE framework
top level flow chart, section B.1, has a centre code, Linear Regression, LIRE,
that evaluates the load coefficients by solving the basic equation Eq.(4.1).
At the same time this supporting tool has two modules, as Figure B.2 and
Figure B.3 describe. Module 2 is structured to receive type history traces and
evaluate the associate loads by giving the load coefficients and strain gauge
data (Tools).

5. New Loads Equations Technique: A new Loads Equation (LE) Computation
technique, LPP, has been introduced in section 4.5. The Linearised Physical
Parameters, LPP, ranking criteria is based on different quantities, the most
significant are the Influence Coefficient of strain gauges, IC, and of loads
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equations, ICLE. Section 4.5.4 describes the concepts of the fitness functions
presented reinforcing the meaning of these two quantities. In fact, IC and
ICLE are tools that allow to identify the strain gauge inherent ability to predict
shear, bending moment, or torque loads, by analysing their plots trend, section
4.2. LPP can work as automated package, or semi-automated if combined
with the supporting tool I2D, section ?? and section 6.5 (Tools & Concepts).

6. Fitness Function Equations Characteristics: The new LE specific fitness
function equations differ according to the type of loads measured as shown by
their equations, Eq. (4.10), Eq. (4.11) and Eq. (4.12), (Tools & Concepts).

7. Fitness Functions Development Methodology: A dedicated methodology
to define the final fitness functions equations of the new LPP technique has
been presented in section 4.5.3.1. Furthermore, the logic flow to refine
the Shear, Figure 4.16, Bending Moment, Figure 4.17, and Torsion, Figure
4.18, have been explained and discussed, section 4.5.3.1 and Figure 4.15
(Concepts & Tools).

8. Data Role: The Double E Data Type concept has been introduced with the
intention to gather and organise in a single chart all those possible combina-
tions of data affecting the loads equations computation. First, the data has
been broken down in dependent and independent, and each of these can be
either single point loading or distributed load, Figure 3.1. Then, each of these
areas have been shown the possible role inside the compilation of each loads
equations selection technique, as described in Figure 3.3. These concepts
have been further applied to the Performance Phase as determinant quantities
of each Run Cases of section 6.4, Table 6.2 and Table 6.4. The supporting
tool I2D has been developed based on these concepts. (Data & Concepts)

9. Numerical Data Generator: A new tool, I2D, conceived to produce dis-
tributed data from individual experimental data has been presented in section
4.5.2.1. The Individual to Distributed Python code, I2D, schematic of compu-
tation has been explained in Figure 4.13, and two major Modules offer the
flexibility according to the quality of the data provided. In fact, the fitting
quadratic surface, Figure 4.14, can spot data anomalies of each strain gauge.
As Figure C.6 and Figure C.15 of the Validation Phase show (Data & Tools).

10. Loads Equations Expanded Design Space: The I2D supporting tool gener-
ates new numerical input data, loads and strain gauge readings, and conse-
quently different load coefficients from the basic equation Eq. (4.1). The
design space of the loads equations is widened. The way to define the nu-
merical sample is depending on the flight loads distributed characteristics to
measure. In fact, section 4.5.2 points out two major supporting tools, Flight
Load Specific Range, FLSR and Relevance Coefficient, RC, that unfortunately
have not been possible to apply to the limited available test cases, section
6.3.1 and section 6.3.2 (Data & Concepts &Tools).

11. Different Ground and Flight Test Articles: The unmanned space vehicle
ground calibration data, USV1, Castore, have been used to develop loads
equation applied and on USV2, Polluce, flying prototype, section 6.3.2. The
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comparison and discussion of the results, section 7.2.1, demonstrated the
need to execute in advance specific checks. The checks that matter and
shown to be reliable means of judgement are IC and I2D M1 for strain
gauges comparison of the two different test articles, section 6.4.2.2 (Data &
Concepts).

7.4 Findings

The key findings, obtained by the Validation and Performance phases of chapters, 5
and 6, and related to the limited variety of the test cases applied, Table 6.2 and
Table 6.3, are listed below:

1. I2D Module M1 allows to spot anomalies of the whole strain gauge readings
by means of the Global Error, section 5.5.4.1. The combined effect of I2D and
IC, Influence Coefficient strain gauge, allows to complement the information
provided. In fact, IC gives more physical local information of its trend plots.
This allows to execute the ESM technique alongside I2D M1 for strain gauge
reductions based on the Global Error, or visual inspection of the 3-D plots.

2. A detailed list of activities to be performed before relying on the 3-D prediction
of the strain gauge response generated by random loading points has been
described, section 5.5.4.1. This sequence of actions, section 6.5, was not
captured during the conception and definition of the package I2D, section
4.5.2.

3. The I2D Module M2 output used as input data, sample Distributed Dependent
Data, to develop the loads equations of DLD and LPP techniques proved to
generate worse results than without. This is further confirmed by the IC plots
generated, that consistently, are worse than those obtained with individual
load experimental data, IDD. The explanation is that the superposed data have
not been driven by the two major supporting tools, Flight Load Specific Range,
FLSR and Relevance Coefficient, RC, section 4.5.2, that identified the criteria
behind. This due to incomplete Test Cases information on these quantities.
Though, another information came out that another criteria should be added,
in order to make the whole code more robust. The superposed sample of data
should be tuned with predefined Influence Coefficient plots that can affect
the accuracy of the final set of load coefficients.

4. LETE framework, by having the supporting tools structured separately, proved
to allow the end-user to combine as needed the codes. Therefore, creating
new techniques, and different abilities to explore the load coefficient design
space, see point 1. The role of the Ground Load Ratio, GLR1 and GLR2,
introduced in the results discussion should be considered as sensitive values
of the current results.

5. NASA Run Cases 1, RC1, section 6.4.1, highlighted a limitation of the LPP. In
fact, both versions, automated and semi-automated version, with and without
use I2D, relies on the automated analysis of the Influence Coefficient plots.
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Then, the ranking criteria of three different fitness functions, Eq. (4.10), Eq.
(4.11) and Eq. (4.12), is founded on the linearisation of the IC and ICLE plots.
This test case, has a two chord wise stations, Table 6.3 in its input data, and
as the IC plots show, Figure 6.1, the line through two points will be always a
line. That means the linearisation process does not contribute any real and
significant information for the strain gauge selection when at each span wise
stations there are two chord wise load points.

6. CIRA Run Cases 2, RC2, section 6.4.2, exploring the use of loads equations
developed from USV1 ground load calibration, Castore, Table 6.1, on a dif-
ferent prototype, though exactly same design and instrumentation, USV2,
Polluce, highlighted misalignments. A further investigation has been taken
proving that a comparison of respective prototype Influence Coefficient and
I2D Module M1 3-D plots helped to foresee that the strain gauge generated at
the time of the different ground calibration is not consistent. Unfortunately,
not enough knowledge of the data provided. Though, other considerations
and guess can be made on the way the constraints of the ground calibration
have been performed. In the Sixty Decade, the British scientist Hovell, [43],
already raised the importance of using adequate and consistent ground cali-
bration constraint fixture concepts. Other two justifications, to understand
the Castore and Polluce not fully consistent data might come from differences
in the prototype configurations of the design and of the instrumentation.

7. The numerical superposed sample data, if properly tuned by the criteria
mentioned in point 3., can be used as independent distributed sample data
applicable as Check Load Case Condition, CLCC, section 6.2. This results in a
possible solution to be adopted when the available ground load experimental
data are not thorough, due to cost and time limitations typical of the industry.
Hybrid Distributed Independent Data, HIDD, as it comes from the Dependent
Data and then has been numerically superposed, not full Independent Data.

8. The basic concept of the CLCC has to be always employed by LETE to really
understand which code generates best set of results in that specific test case.
So, it cannot be used as a performance tools the same input raw data. One
solution has already presented in point 7. above, by introducing an Hybrid
Distributed Independent Data. Another solution is to take out one individual
load case to evaluate the load conditions and then apply it as CLCC, though
becoming Individual Independent Data.

9. The trend of the 3-D plots generated from I2D M1 with IDD1 data of Run
Cases 1, section 6.4.1.2, show another way to use the package. In fact, to
assess the quality of the sample distributed data combinations, defined with
Module 1, could be worth iterating the process and assess the Global Error
of the three dimensional plots, Figure D.10. This can be considered another
criteria to assess the best combination of individual loading cases.

10. The %RMS of the LPP for Torsion Loads, section 6.4.1.4 and section 6.4.1.4,
gave overall poorer results compared to other techniques, confirming that the
final equation, Eq.(4.12), should be reviewed and eventually simplified too.
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11. It is interesting to underline that the I2D M2 generate a numerical distributed
sample of Test Case 1 that has been transformed from the experimental
individual load case with two chord-wise stations, Figure 6.5 and Figure D.2,
to another one with different chord-wise locations, Figure D.2. This shows
that the proper use of the I2D code helps to overcome the issue raised in
Finding point 5 above.

12. The possibility to assess the best set of Shear Loads Equations by employing
a numeric distributed sample, DID1, instead of using an experimental load
case is relevant. This limited outcome, shown in Table 6.18, as more data of
different type of ground calibrations should be tested, implies that a proper
numerical study to generate superposed distributed load cases, as I2D did,
with similar distribution to those expected in flight, is a real possibility. Mainly,
since the concept of the GLR1 an GLR2 have been introduced.

7.5 Future Works

This section will be covering future works in two main directions. The former
directly linked to this thesis and the latter in relation to the outcomes gathered in
the literature review of Chapter 2.

1. LETE: Implementing handy tools to assess the IC not just by visual inspections
or digging into the output text files of the codes. Using all these tools put
together defining a new sequence of activities, as those listed in section 6.5.
A solid basis is already there what is missing to develop it is a solid wide set
of experimental data of different aspect ratio aircraft, as those investigate by
Jenkins in the 90s, [50].

2. GALE: The Genetic Algortym, third search engine option, once dealing with
the I2D package mainly in terms of the second Module it might be useful to
select the most suitable combination of individual load cases. The genetic
algorithm search is already in place it is just a matter to develop an adequate
fitness function. This an opposite task compared to the one set here. In fact,
instead of having a given load case sequence and choose the best set of strain
gauges satisfying IC plots parameters, in this case search the loads sequence
by given IC desired quantities.

3. LPP: Torsion and Bending Moment Equations and better way to monitor the
trend.

4. I2D: The possibility to use numerical distributed sample load data to select
the best set of loads equation should be a starting point to develop new tools
and methodologies. The aim should be to introduce random application point
load cases, and not as here, where the superposed data were using the same
experimental load points. Tools to assess what generated should be coupled
with detailed numerical FEM.

5. I2D: Reverse approach to combine the independent experimental dependent
data by designing a desired IC trend and then moving backwards. (see the
note above about GALE).
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6. Define an Hybrid Ground Load Calibration by means of Global Finite Element
Methods, GFEM. This combined and numerical approach has been already
pioneered and partially recognised by the Wind turbine sector and its own
Authority, [15] and [47].

7. The most Flight Loads Measurement time and cost consuming phase is coming
from the Experimental Ground Load Calibration. The main reason is the
typology of loads to introduce that should be closer to those experienced
in flight, so distributed and not individual loading. Therefore, a flight load
calibration would improve extremely the effectiveness and reducing the cost.
The major limit is to identify reliable theoretical tools to associate the PITS
with the loads expected. The flight test campaign might take longer as the
PITS must be in a very controlled and steady attitude.

8. LETE environment with independent feature to evaluate theoretical flight
loads. For telemetry flight envelope opening purposes preventing to exceed
structural safety thresholds. The Authority is pushing in this direction, [24].

9. Improve I2D in terms of Fitting surface order.

10. Usage of I2D by defining the most suitable IC plot trend. Backwards process
for the selection of best loads equations.

11. LPP printing the Influence Coefficient of loads equations plots, ICLE.

12. Culshaw, Krohn, Udd and Claus by replacing the strain-gauge bridge with
optical fibre sensors studies that recreate and assess critically the current
phase of the flight loads measurement campaign described in Table 2.1, [105].

13. LETE and the FLM science are mainly developed and tested on lifting surfaces,
other components such as Fuselage and undercarriage should be explored,
[106].

7.6 Conclusions

Various issues regarding the science of aircraft calibrated strain-gage flight load
measurement have been discussed in this thesis including: single-point loading
compared with distributed loading of dependent (training set) and independent
(validation set) data, test load magnitude, number of load cases, number of wing
strain gauge data, and numerical superimposed against experimental data.
The importance of understanding the linearity of the influence coefficients, of strain-
gage and of loads equations, plots has been emphasized, as Jenkins investigated
[54], [53] and [50], as well as the importance of using independent flight-like
load cases for interpreting equation quality, in line with the intuition of Hovel et
Al., [43] and [44]. The former, as fitness function of a new strain gauge selection
technique driven exclusively by physical, instead of statistical quantities. The latter,
as check distributed load case condition to assess the best set of loads equation.
It was found that in general the new technique was able to determine comparable
or superior strain gauge load equations than the existing methods, in relation to the
shear and bending moment loads. The torque still requires, though already known
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to be the most critical load according to Jenkins, DeAngelis and Schmucker, [50]
and [99], to be improved as the two strain gauge reduction techniques, T-value,
[101], and Modified T-value, [109], offered better results. It was also determined
that the introduction of numerical distributed sample data, obtained from individ-
ual experimental data, are capable to assist the selection of representative loads
equations.
The comparison of the results of the past and the new strain gauge selection
techniques have been possible within a Python coded flexible framework that fed
by different source of dependent, training set, and independent, validation set,
data allowed to reduce the number of unknowns intrinsic to the specific method
employed, as all working together.
The results generated by the CIRA unmanned space vehicle data proved that the
load equations developed on Castore , can be applied to Polluce second flying proto-
type, as long as the design and instrumentation are the same. This is a substantial
experimental advantage as reducing the testing effort and the risk to damage the
flying test article allows to introduce higher loads in the test article and recreat-
ing a calibration load case similar in magnitude to the corner points of the flight
envelope. The field of the wind turbine, manufacturers and the Authority, [47]
and [15], has been successfully investigating and adopting similar experimental
benefits alongside the introduction of numerical ground load calibration data.
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Table
A

.11:
Three-A

xis
ofD

evelopm
ent,Part

3b
-D

ecade:
1960

ID
O

bjectives
C

om
m

ents
/

Findings,N
ovelties

04
Low

speed
flight

characteristics
investigation.

D
iscrepancies

ofthe
H

inge
M

om
ents

M
easure

and
com

pare
the

m
agnitude

coefficients
ofupper/low

er-flap.
ofthe

aerodynam
ic

loads
for

Insufficient
data

to
justify

it.
design

M
2-F2

unique
configuration.

R
udder

hinge-m
om

ent
coefficients

com
pared

w
ell.

Suggested
to

designers
conservatism

approach.
05

O
vercom

e
the

difficulties
A

ccuracy
increase

w
ith

m
ixed

load
sam

ple.
offlight

loads
m

easurem
ents

on
low

Increase
m

esh
size

ofthe
load

pad.
aspect

ratio
structures.

G
auge

sensitivity
ofthe

structuralresponse
Proposed

M
ixed

G
LC

Load
Sam

ple.
verified

by
com

parison
of

R
eview

ed
the

(D
&

D
).

the
pre-flight

G
LC

w
ith

post-flight
G

LC
.

(D
ata

available
for

analysis.)
06

Verify
existing

design/predictive
G

eneralgood
correlation

w
ith

predicted
techniques

w
ith

flight
results

w
ind

tunneland
design

practice
on

a
com

parable
configuration.

except
in

the
transonic

region.
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Table
A

.13:
Three-A

xis
ofD

evelopm
ent,Part

2b-D
ecade:

1970

ID
X-A

xis
Y-A

xis
Z-A

xis
05

X-15
w

ing;short,thin,
W

ing
Loads.

SG
B

ased
Skopinskitype

m
ethod.

tapered,low
aspect

ratio,
Laboratory

A
erodynam

ic
H

eating
Loads.

Therm
alC

alibration.
m

ulti-spar.
Therm

aland
M

echanicalLoads.
Superposition

ofSG
data

Strain
gauges

placed
on

com
ing

from
flight

loads
and

w
ing

attachm
ents

and
root

station.
therm

aleffects.
Spar

caps
and

w
eb.

See
D

ecade
1960,ID

03
and

05.
06

Slender
w

ing
and

H
igh

M
ach

N
um

ber
and

SG
B

ased
Skopinskitype

m
ethod.

m
ultispar

torsion
box.

Therm
alEffect.

G
LC

and
D

G
&

A
.

07
B

Q
M

-34E
supersonic

drone
a/c.

W
ing

Loads
at

various
SG

B
ased

Skopinskitype
m

ethod.
Low

-A
spect-R

atio
(2.5),thin,

subsonic
and

supersonic
G

LC
,Flight

Test
and

C
om

parison
sw

ept
w

ing
of

airspeeds.
ofthe

m
easured

loads
w

ith
stainless

steelskin-alum
inium

alloy
theoreticalbased

on
honeycom

b
core

sandw
ich

construction.
analyticalpressure

distributions.
Instrum

ented
w

ith
SG

on
outer

skin.
To

better
understand

this
type

W
ing

root
section.

structure
a

verticalfin
test

case
w

as
considered.

08
See

D
ecade

1970,ID
06.

See
D

ecade
1970,ID

06.
See

D
ecade

1970,ID
06.

Three
w

ingspan
stations.

M
ore

detailed
studies.

Tw
o

flight
test

configurations.
09

X
B

-70
airplane.

Large,flexible
Flight

m
easurem

ents
of

N
o

SG
m

eans.
high

supersonic
cruise

a/c.
lift,drag

and
angle

ofattack.
Perform

ance
param

eters:
M

TO
W

=
500,000

lbs
Perform

ance
m

easurem
ents

at
M

ach,D
ynam

ic
Pressure,

M
ach

3,70,000
ft

A
ltitude.

M
ach

from
0.72

to
3.07,

A
ngle

ofattack,N
x

and
N

z.
C

anard
and

elevon
configuration.

A
ltitude

from
25,000

ft
N

et
propulsive

thrust
70,000

ft.
Engine

gross
thrust.
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Table
A

.15:
Three-A

xis
ofD

evelopm
ent,Part

3a
-D

ecade:
1970

ID
O

bjectives
C

om
m

ents
/

Findings,N
ovelties

01
Establish

the
effect

ofthe
inaccuracies

introduced
by

The
therm

aleffects
w

ere
found

not
negligible

as
to

flight-heating
on

the
SG

responses
and

ensuing
load

invalidate
load

m
easured

inside
that

operations.
m

easurem
ents.

sim
ulating

the
heating

usefulin
correcting

data.
02

M
easure

loading
conditions

producing
M

andatory
R

equirem
ent

ofany
A

ir
Force,A

F.
criticalstructuraland

tem
perature

distribution.
for

reliable,m
aintainable,on-line

airplane
system

s
Verification

ofthe
analyticalstructuralloads

such
as

the
airfram

e
structure.

and
tem

peratures
used

to
design

the
a/c.

D
efined

a
detailed

requirem
ents

for
the

Flight
and

D
eterm

ination
and

definition
ofsuspected

G
round

Loads
Survey,contained

new
criticalloading

conditions
in

Specification
M

IL-A
-8871M

(U
SA

F).
indicated

by
previously

conducted
investigations.

03
Study

effects
ofvehicle

attitude,controlsurface
deflection,

In
generalw

ind
tunnelvalues

adequately
M

ach
N

um
ber,on

outboard
and

inboard
tip

fin
flaps,

predicted
the

aerodynam
ic

m
easured

loads.
rudder,elevon

hinge-m
om

ent
coefficients.

Fin
norm

al-force
coefficients

and
centre

ofpressure
locations

prim
arily

affected
by

angle
ofsideslip,

rudder
and

aileron
deflection,

secondarily
by

angle
ofattack

and
M

ach
N

um
ber.

04
Laboratory

experim
ents

investigation.
Flight-m

easured
tem

peratures
be

used
for

sim
ulations.

C
om

pare
calculated

M
ach

3
structuraltem

peratures
w

ith
The

surface
be

painted
to

achieve
a

uniform
experim

entallaboratory
sim

ulation.
em

issivity
for

heating
ofthis

type.
Evaluate

the
effect

oftem
perature

on
FLM

.
SG

response
to

heating-sim
ulation

tests
w

ere
found

to
be

large
and

varied
to

be
significant

to
aerodynam

ic
loads

m
easurem

ents.
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Table
A

.17:
Three-A

xis
ofD

evelopm
ent,Part

3c
-D

ecade:
1970

ID
O

bjectives
C

om
m

ents
/

Findings,N
ovelties

10
C

orrelation
ofthe

root
section

strains
ofa

delta
w

ing.
Introduced

the
strain

gauge
and

C
alculated

from
a

FEM
structuralm

odelagainst
loads

equation
influence

coefficient
plot

laboratory
m

easured
strains.

,IC
and

IC
LE,proving

usefulin
determ

ining
w

hether
a

affected
predom

inantly
by

shear,bending
m

om
ent,or

torsion
loads.

The
predicted

response
ofthe

w
ing

proved
to

be
accurate.

11
See

D
ecade

1970,ID
09.

A
m

atrix
approach

to
equation

selection.
The

com
putationalprocedure

presented
B

ased
on

equation
standard

error,load
distribution,and

as
a

link
betw

een
the

load
calibration

and
Influence

C
oefficient

ofstrain
gauge

equations.
the

load
to

be
m

easured
in

flight.
12

M
easure

Loads
on

the
w

ing
ofa

large,flexible,
H

igh
tem

perature
and

large
therm

algradients
affect
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B.1 The Code

A LETE Python computer programme is designed to measure the loads, produced
on various aircraft structures using strain gauges, and to assess the best technique
to employ in relation to the specific component under investigation and the data,
load cases and strain gauge readings, provided. The program to derive the loads
equation coefficients, using regression techniques, has been adapted to implement
the major techniques presented in sections 4.3, 4.4 and 4.5.
The philosophy behind the code is the same presented in Figure 3.4 with three
stages working in series. The core of the whole process takes place in Stage One
where all the major loads equations calculation techniques happen. Figure B.1
helps to better comprehend the flow of the initial data and the major python func-
tions links broken down as supporting tools, circle boxes and techniques, square
boxes. The ranking criteria code lines are either embedded in the square boxes
or supported by dedicated functions, circle boxes, according to the sequence and
dependency displayed in the Python Code Flow Chart of Appendix B.2. The sup-
porting tools, the same introduced in Figure 4.3 as the Original Method, Figure 4.5
as the DLD Technique, Figure 4.6 as the ESM Technique, Figure 4.8 as the T-v and
MT-v Techniques, Figure 4.9 as GA Nelson, and Figure 4.21 as LPP the new Proposed
Method, respectively, are presented in two separate sides. The left one, shows the
SD, Standard Deviation, that is a statistic entity employed by all Techniques as
the main or part of their ranking criteria. On the opposite side, all those physical
quantities, contributing partially in the ESM approach, and fully with the LPP new
proposed method. At the same time, IC and ICLE have been structured in a way
to be called up in the whole software package any time requested by the end-user.
That means the process is not any more automated, as the employment of the
influence and load equations coefficient plots requires a visual inspection, either
before or after the linear regression box, LIRE. This particularity is highlighted
by the dotted line. Things go differently with the ICLEP that represents the loads
equations influence coefficient plots linearised parameters that are evaluated by a
dedicated and automated routine linking with the ranking criteria of the LPP and
making the technique fully automated, though still monitored and controlled as
further explained in section B.1.7.9.
A special mention has to be dedicated to the supporting tool I2D, that allows to
generate Numerical Distributed Load Samples from the Individual Experimental
Load Cases. The potentiality of this, already emphasized and tested by the British
Hovell, Webber, and Robers, [43] and [44], and further applied by the American
Eckstrom and Peele, [90] and [26], is taken here to a wider environment, LETE,
directly connected to other techniques, such as the relevance coefficient, 4.4.5.
Moreover, it is linked to other concepts such as the flight PITS centre of pressure
CoP, and the specific response gauge with load positions plots, as test cases results,
already introduced in the previous chapter, will be further explaining.
In relation to Stage Two and Three, Figure B.2 and Figure B.3, illustrate the pro-
gramming concepts. The linear regression becomes the transfer functions itself
assuming the role of a proper Pyhton code with two distinct modules. As previously
anticipated in Figure 3.2, Stage Two, is employing Eq. (4.1) not to evaluate loads
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coefficients but Measured Laods, LMeas, while Stage Three applies Eq. (B.1), to
calculate the percent root-mean-square (rms) error. In fact, %rms is the Standard
Deviation, depending on the applied load, Evaluated (or Imposed Load), LEval, and
the Measured load, LMeas, divided by the sum of the square of the applied load.
These two figures flow charts highlight circled dotted line with the quantities of the
data streaming from input to output through the respective transfer functions.
Stage Two and Three represent the comparison of the best set of load equations
calculated with the respective Techniques of Stage One against the independent
set of data, ID, coming from IE2. The loads comparison will say which one is the
Technique most accurate as with the lowest %rms. Now, it is easy to understand
why it has been created a Python GUI, Graphical User Interface, labelled LOCO,
LOads COmparison, gathering the codes of these last two stages. More details will
be presented in Section B.1.8.

Figure B.1: LETE Stage 1: Python Code Flow chart.

B.1.1 The Spiral Approach

The structure offered in Figure B.1 says each technique works independently
from the others. This provides the flexibility to add and remove, as needed, the
techniques in the main running python code. This is a natural consequence of
the way the whole LETE environment has been translated in programming lines.
The bottom-up approach has been deployed by realising the common features of
each Techniques, such as LIRE and IC and ICLE, must be used as python functions
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Figure B.2: LETE Stage 2: Python Code Flow chart.

Figure B.3: LETE Stage 3: Python Code Flow chart.

available to be recalled as long as useful preventing to generate unnecessary
redundancies. Afterwards, the whole LETE environment coding has been attached
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in a series of short life cycles, as illustrated in Figure B.4, each one ending with a
release of an executable software. This approach, known as spiral, allows to work
on the entire life cycle, Analysis, Design, Code, Test, rather than spending too long
time on a single activity, enabling to progress the research on the real core that was
the flight loads measurement enhancement techniques and not the software itself.
In fact, this allowed to receive feedback on the areas investigated and spot potential
problems before going too far with the development, or appreciating down the line
the real areas to be improved. Furthermore, the scale and complexity of the whole
project has been discovered earlier.
The design phase of LETE cycles software systems has been performed using the
Structured (sometimes called functional) approach. In fact, the general method
has been aimed to look at the problem, and then design a collection of functions
(eventually becoming modules when independent Python files) that can carry out
the required tasks. Once these functions proved to be too large, then the functions
were broken down until small enough to handle and understand. This process is
known as functional decomposition.

Figure B.4: LETE Development Approach: Spiral Process, [16].

B.1.2 Conception Phase and GALE

It is worth providing a little of insight on how the whole LETE code has been
developed in order to better comprehend some future programming solution and
decision that apparently deviate from the natural final framework. The spiral
approach is the philosophy employed and applied to an initial concept that goes
back to the literature review, section 2.6.5.
Since the beginning it was already clear that the natural improvement direction
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of the science of the strain gauge-based flight loads measurement was going on
the development of enhanced load equations techniques capable to over come
the limitations of the past and though maintaining those robust novelties. In this
regard, the last relevant researcher contributing the science was Nelson, [79], that
introduced, as NASA contractor, a new research tool based on Genetic Algorithm.
Genetic algorithms work well when the desired solution is a set of characteristics.
Besides, the typical advantages of this optimisation approach, introduced in section
4.4.4, it comes quite natural and functionally efficient to encode each equation into
a ”string”. Where the string is a series of bits, with each bit holding information
about a particular characteristic. If the bit holds the value 1, then the gauge corre-
sponding to that bit’s position on the string will be used. If the bit holds the value
0, then the gauge will not be used. This basic concept has been fully embraced
developing a Genetic Algorithm Environment, labelled Genetic Algorithm Loads
Equations, GALE. This environment has been conceived by making the Fitness
Function, easy to plug in/off as such to be replaced according to the different
techniques employed, such as Nelson, GALEN, and the new one proposed here
linked to the name Mao, GALEM.
This explains why the current LETE environment evolved by employing, with the
current available computer power than the early 90s, exhaustive search algorithm
instead of genetic algorithm. Nevertheless, the system description of each tech-
nique has its own pillars on the string encode and decode routine more typical of
a genetic algorithm. In fact, the output of Stage One described next, Figure B.12,
shows clearly the strain gauge load equations idealisation just mentioned.
At that time the search of an adequate programming language meeting the genetic
algorithm needs was another criteria considered, as Object Oriented techniques
do. Then, it has been decided that the real problematic of employing a robust
genetic algorithm, such as GA-Hard Function, use of crossover operator vs. trait
operator, Nelson [79], would have deviated from the real research goal. Mainly
considering that the Exhaustive Search with a ranking criteria equivalent to the
initial fitness function would have brought less uncertainties. In fact, the risk was
to loose perception of the real pros and cons between the different ranking criteria
as the genetic algorithm was facing numerical issues out of the scope.

B.1.3 Requirements

Python, version 2.7, has been chosen as the open source programming language to
develop the LETE environment.
Python, [68], is a general purpose programming language created in the late 1980s,
and named after Monty Python, that’s used by thousands of people to do things
from testing microchips at Intel, to powering Instagram, to building video games
with the PyGame library, and to scientific application of research centre such as
NASA. Moreover, it has hundreds of existing third-party libraries, that hook very
easily into the C programming language.
Specifically, the major reasons that justify the employment of this language come
down to the three listed below:
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• Readability: Python very closely resembles the English language, using words
like ‘not’ and ‘in’ to make it to where you can very often read a program, or
script, aloud to someone else and not feel like you’re speaking some arcane
language. This is also helped by Python’s very strict punctuation rules which
means you don’t have curly braces all over your code. Also, Python has a
set of rules, known as PEP 8, that tell every Python developer how to format
their code. This means you always know where to put new lines and, more
importantly, that pretty much every other Python script you pick up, whether
it was written by a novice or a seasoned professional, will look very similar
and be just as easy to read. The fact that my Python code, with five or so
years of experience, looks very similar to the code that Guido van Rossum
(the creator of Python) writes is such an ego boost.

• Libraries: Python has been around for over 20 years, so a lot of code written
in Python has built up over the decades and, being an open source language,
a lot of this has been released for others to use. Almost all of it is collected
on (https://pypi.python.org), pronounced “pie-pee-eye” or, more commonly
called “the CheeseShop”. You can install this software on your system to be
used by your own projects. For example, if you want to use Python to build
scripts with commandline arguments, you’d install the “click” library and
then import it into your scripts and use it. There are libraries for pretty much
any use case you can come up with, from image manipulation, to scientific
calculations, to server automation.

• Community: Python has user groups everywhere, usually called PUGs, and
does major conferences on every continent other than Antarctica. PyCon NA,
the largest Python conference in North America, gathering several thousands
of user last year. All this makes Python an open source programme that fits
well in the research idea to offer to the peers a code that can be accessed on a
wider scale of researcher either for understanding or enhancement purposes.

Furthermore, Python fits well the concept presented by Eric S. Raymond, [93],
who claims the Open source provides the competitive advantage in the internet Age.
Software development of projects under open source and free software licenses, are
initiated and maintained, and the effect that license choices can have on software
development is relevant to think first.
The analysis of two opposite models, The Cathedral, in which source code is avail-
able with each software release, but code developed between releases is restricted
to an exclusive group of software developers, and the Bazaar, in which the code is
developed over the Internet in view of the public, shows clearly the pros and cons of
these two opposite worlds. The potentialities for a natural and faster development
of projects embracing the Bazaar model is reinforced by Raymond crediting Linus
Torvalds, leader of the Linux kernel project, as the inventor of this process, [93].
Python seems to perfectly fit in the Bazaar model allowing to hand this research off
to a wider community of potential competent and passionate successors.
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B.1.4 Python and Python Codes: Folders/Files

Python is normally located, the basic version without libraries, in the start menu
Python, if this is not apparent a system administrator skilled person will be helping
to the right direction. Otherwise, the installation from scratch of a full scientific
package, labelled Anaconda, will allow to have already available all necessary
libraries to smoothly run the LETE Python codes. In fact, Anaconda, a Premium
open source distribution of Python with a large-scale data processing, predictive
analytics, and scientific computing, that aims to simplify package management and
deployment, [20].

The LETE Python files, broken down in those Input and Output, and Transfer
Functions, sections B.1.6 and B.1.7, should be structured as displayed in Figure
B.5.
A full package of the program is stored in the Root Directory, made up by a Folder
and all those necessary files creating the GUI, Graphical User Interface, section
B.1.8. The folder’s name is CODES, all white typing represents the real name of
the folders, while the black writing boxes describe the contents, within it there
are, at a lower level L1, all those Python codes representing the transfer functions
and supporting tools. Next lower level of each of these folders, whose name will
be described in the section B.1.7, Major Transfer Functions, will have a common
structure, three folders, I, storing all input files, O, storing all output files, and X,
folder to save anything needed but not directly linked to Input and Output. At this
same level, Level L2, are stored all python files associated to those specific transfer
functions or supporting tools with the Master File to commence the run.

B.1.5 Program Operation

The objective of running this program is to determine load coefficients, for as many
techniques as those embedded like transfer functions of Figure 3.4, and assess their
performance by means of root-mean-square (%rms) error, Eq. (B.1) will present
the details, for strain gauges attached to a wing, horizontal and vertical stabiliser
or a any other torsion box-like lifting surface. The program goes through three
phases:

• Import of Data: Including strain gauge data, load point data and test data,
requiring manual input.

• Calculation: The theory behind the Transfer Functions to generate outputs
at each LETE stage.

• Export of Data: Files/program locations to run and collect results.

B.1.6 Program Inputs and Outputs

In the case of structures such as the wing, the stabilisers or any other torsion
box-like lifting surface, strain gauges are positioned on the structure along the
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Figure B.5: LETE Python Files Structure.

major load paths such that the forces of shear, bending moment and torque are
measured in that specific station. Before the responses of the strain gauges can
be used for analysis, the measure of force to response must be verified. This is
achieved by calibrating the structure.
The calibration, already identified as GLC, one of the six phases of the strain gauge-
based flight loads measurement campaign in Table 2.1, is performed by applying
a number of dissimilar loads, greater than the number of strain gauges, to the
structure. From this dependent data, training set, a load coefficient, representing
the output, can be calculated which describes the strain gauge response to load.
The two following paragraphs will be focusing respectively on those different types
of Inputs and Outputs according to the scheme of Figure 3.4 in terms of files and
their structure needed to comply with the LETE software correct run.

B.1.6.1 Input Files

These readings, dissimilar loads and associated strain gauge traces, are the inputs of
the whole package. According to the idealised LETE flow chart of Figure 3.4 there
are External Inputs, labelled as IE1 and IE2, and Internal Input, II1. The former,
are originated from several different sources, such as Experimental Ground and/or
Flight Data, Numerical, FEM, and Analytical, theoretic equations. The latter, are
numerical results of the external input as shown in Figure B.4 by means of the
supporting tool code, T1,”Individual to Distributed”, I2D.
The data required by the program, to be input by the user, is that for the strain
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gauge bridges, load points and the test data. All input files should be stored in the
directory in which the user wishes to work.

• IE1: I_Loads.txt and I_SG.txt. There are three different load files, Bending
Moment, Shear and Torque of that specific station under investigation. Figure
B.6 and Figure B.7 show and describe details.

• IE2: I2_Loads.txt and I2_SG.txt. There are three different load files, Bending
Moment, Shear and Torque of that specific station under investigation. In
this case the typology of the data can be either a single point, Point in the
Sky, PITS or Point on Ground, POGS, labelled PP, or a Time History, TH. For
simplicity the template of Figure B.6 and Figure B.7 remains applicable.

• II1: I_I2D_L_SG.txt and I_I2D_DB.txt. There are two different load file cat-
egories, the first one, Figure B.8, is describing the Load Cases application
points, Cartesian coordinates (details on the reference system will be de-
scribed in each test case), and their external loads, with the associated strain
gauge readings. That means files like this will be as many as the strain
gauges used to develop the load equations. The second, Figure B.9, displays
the boundaries of the requested numerical distributed sample, in terms of
coordinates of the PITS centre of pressure to recreate, and the maximum
internal forces, Shear, Torsion, and Bending Moment not to overcome to
prevent encountering buckling effect that might invalidate the equation of
interpolation for the prediction of the strain gauge readings. Moreover, there
are two more boundaries, the expected relevance coefficient and the number
of individual loads to apply simultaneously, these two requests are linked to
each other.

• II2: see OI1

• II3: see OI2

Note:

! The Input data above are all text files.

! The order of the rows of the files must not be changed independently as must
be consistent among input files and output files too.

! The ”Load Station” refers to the position of the gauge along the structure, the
load station measurement.

! Figure B.6 and Figure B.7 remain applicable as template for all the Input files
above as the function code philosophy employed to import the data is always
the same.
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Figure B.6: LETE Input External, IE1: System Description - Load Cases.

Figure B.7: LETE Input External, IE1: Strain Gauge Readings.
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Figure B.8: LETE Input Internal, II1: I2D, Indivifual to Distributed, System De-
scription - Individual Load Positions and Magnitude, and Generic Strain Gauge
Readings.

B.1.6.2 Output Files

After going through the Input data, mainly about load cases and the strain gauge
readings of the station of analysis, the Output data will be generating the best set
of Load Coefficients of each Technique and their respective performance indexes,
percent of root mean square, evaluated against an independent set of data, valida-
tion set IE1 just introduced in the previous section.
There will be two categories of outputs, one global showing the major intermediary
steps before reaching the final major quantity result. The other, specific, will be rep-
resenting the sole final result quantity coming out of the transfer function involved.
The two major transfer functions, Techniques and LIRE, produce the outputs below:

• OI1: O_G_”Tech”.txt and Beta_”Tech”.txt. The first text file represents the
Global output of the Stage 1, one for each technique employed, in fact in the
output names will compare the ”Tech” label replaced by the Loads Equations
Ranking Criteria used. The latter file is the specific one storing only the best
set of load coefficients generated according to the Ranking Criteria of the
technique. The load coefficients populate the file following the same order of
the Input strain gauge files of IE1, though in column format. Figure B.10 and
Figure B.11, B.12 and B.13 show and describe details.

• OI2: O_LIRE_G_”wsNL”.txt. The Measure Load outputs, of each Technique
employed are included in the Global LIRE output file, as Figure B.14
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Figure B.9: LETE Input Internal, I11: I2D, Indivifual to Distributed, Basic Bound-
eries.

• OI3: O_LIRE_G_”wsNL”.txt and O_LIRE_RMS_”wsNL”.txt. The first text file, is
a Global output, as collects all major information necessary to summarise the
road to the final output, RMS. The second file is a column file storing all RMS
of each technique according to the same order of the Global file. Figure B.14
and Figure B.15 show and describe details.

• OE1: O_BELE.txt. Figure B.15 shows and describes details as being an extract
of the Global Output file of LIRE.

• IO0: O_G_I2D.txt. It describes the Global Output data of I2D.

Note:

! Global Data files take the name of transfer function involved.

! Specific Data files take the name of quantity streaming through the transfer
function linked.

! The Global Output of LIRE, OI3 displayed in Figure B.15 is made up by as
many similar templates as the techniques employed at Stage One.

B.1.6.3 Input and Output Files

All input and output files should be located in the directory ”I” and ”O” respectively.
These folders will be automatically created by each Master File, see section B.1.7,
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Figure B.10: LETE Output Internal - OI1, II2: Specific Output - Load Coefficients.

Figure B.11: LETE Output Internal - OI1, II2: Global Output - Generic Technique
Transfer Function - Part A, Input Data System Description.

238



Appendix - Chapter 3

Figure B.12: LETE Output Internal - OI1, II2: Generic Technique Transfer Function
- Part B, Output Data Loads Equations Permutation Ranking Criteria.

Figure B.13: LETE Output Internal - OI1, II2: Generic Technique Transfer Function
- Part C, Output Data Best Load Equation Summary Statistics.

of the major transfer functions.

B.1.7 Calculation: The Major Transfer Functions

The philosophy used to generate the output of each stage described, in Figure
3.2 and Figure 3.4, is explained in this section. The transfer function boxes TF1,
TF2 and TF3 are taken in turn in order to allow highlighting the theory, relevant
equations, behind the Python modules, functions and sub-functions and their
respective hierarchy. At the same time, coherently to what described in each
Technique flow chart of chapter 4 and with the functional idealisation of Figure 3.4
it will be highlighted, alongside the Ranking Criteria, those tools needed to further
help refining the final selection of the best set of load coefficients.
In order to have the correct understanding of Python Functions and Modules about
to be introduced for each Transfer Function simple terms definition follow:
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Figure B.14: LETE Output Internal - OI3: Specific Output - Techniques Percent
Root Mean Square Error.

Figure B.15: LETE Output Internal - OI3: Global Output - Generic Technique
Transfer Function Major Information Summary - LIRE Loads Comparison.
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• Function: is a device that groups a set of statements so they can be run more
than once in a program. Functions also can compute a result value and allow
to specify parameters that serve as function inputs, which may differ each
time the code is run. Coding an operation as a function makes it a generally
useful tool, which can be used in a variety of contexts, [68].

• Module: corresponds to Python program files, extension .py , or extensions
coded in external languages such as C, Java, or C #. Each file is a module,
and modules import other modules or functions to use the names they define.
Modules are processed with two statements and one important function, [68].

• Master File: It is the file at the top of the hierarchy of the Transfer Function or
Supporting Tools module. It is characterised by using functions and modules
but it does not return any new Python variables but generating the final
output file of the whole independent package. If the packages will be run
without the GUI the file to be called and then executed is the Master File.

Note:

! At the top of each Python module there is a description in terms of basic
description and function, and Input and Output quantities associated, this
function prologue is shown in Figure B.19. Information easy to be recalled
with basic Python command once known the Module name. The modules
have a printing factor, d, that sets whether generating all major steps of the
calculation. Normally, is set off. If ”d” is negative the print option is ”on”.
Option contained at the very top of the Master Transfer Function module.

! In the coming sections each Transfer Function will be shown the dependencies
starting from the master top level file going down to sub-modules.

! If not said differently each following transfer function can be run indepen-
dently.

! Besides the basic embedded Python packages, LETE has been designed and
completed by means of very dedicated mathematical libraries such as: Numpy,
Scipy and Pylab, [68].

! The coming explanation of each transfer function of LETE will be using a
bullet point format and the final modules dependencies will be captured by a
call graph picture, presented in the following sections of this Appendix B.2,
which represents calling relationships between subroutines of the specific
Transfer Function Python program. Each node represents a procedure and
each edge. Thus, a cycle in the graph indicates recursive procedure calls.
Solid line arrows display the direct dependencies to the module pointing to,
as input data.

! The control flow graph screen shot of the transfer functions lists the modules
in order of appearance within the main master file.
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! The algorithm typology coded are two, as already anticipated in sections 4.3,
4.4 and 4.5, the ”Exhaustive Search” and the ”Strain Gauge Counting-Out”,
or Strain Gauge Reduction. In addition, it has been explored the benefits of
the Genetic Algorithm, though appraised, see section B.1.2 not convenient
within the boundaries of this research, mainly related to the typology of the
available data.

! The supporting tools item, inside the description of each transfer function
below, refers to those codes special algorithms that contribute to perform the
ranking criteria of the technique. These, already introduced in the description
of the evolution of the flight loads equations computation, section 4.4, can be
either embedded or external to the main code. This will be further detailed in
the control graph call figures while showing the dependencies and hierarchy
of the Python code associated.

! The Code Execution item describes basics command to execute in order to
comply with the transfer function theoretical rules and so running properly
to generate the expected outputs.

! As already mentioned that LETE is the result of several transfer functions
linked sequentially in three stages, each transfer function code of Stage 1 can
be run having two options. Option1: going directly to its code folder, Level
1, and running the master file, Level 1, after storing the input files in the I,
populated as required and described in section B.1.6.1. Option 2 staying in
the Root Directory, Level 0, and run the GUI of the different stages as needed.
The Level 0, Level 1 and Level 2 directory levels and their associated folders
and files will be described in the Control Flow Graph figures of Appendix B.2.

! The Folder Names describe the name that the end-user will be finding on the
master folder containing the code intended to be run.

B.1.7.1 Stage One: The Original Approach, LPE

The schematic of the computation displayed in Figure 4.3 has been translated by
the Python Code description below:

• Ranking Criteria: The Load Probable Error, textbfLPE. Section 4.3 & Eq.
(4.4).

• Algorithm Typology: Exhaustive Search and and ”supporting tools”.

• Folder Name: ES_LPE

• Master File: A_LE_ES_LPE_TheOne.py.

• Input: I_Loads.txt and I_SG.txt. Section B.1.6.1.

• Output: The Global File - O_ESlpe_G_wsNL.txt and The Specific File -
Beta_ESlpe_wsNL.txt. Section B.1.6.2.
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• Modules List: Input_OF.py, Z_HDRprint_Input.py, Z_HDRprint_Input.py, Ex-
aus_ES.py, Decode_ES_GALE.py, Beta_OF.py, LPE_OF.py

• Supporting Tools: Embedded codes. External Codes:IC.

• Dependencies/Hierarchy: Figure B.20.

• Code Execution: Go to Level 1 and choose IC and run its master file in its
Level 2. Do visual inspection of the IC plots stored in O. Adjust input strain
gauge data as required. Go to Level 1 folder ES_LPE, store last Input Files in I
folder and run the Master File all at Level 2. Find outputs in O folder of the
LPE associated code. Figure B.5 to understand Code folders/files locations.

• Approach Type: Semi-automated, as IC plots inspection needed.

B.1.7.2 Stage One: The Distributed Load Data, DLD

The schematic of the computation displayed in Figure 4.5 has been translated by
the Python Code description below:

• Ranking Criteria: The Distributed Load Data, DLD. Section 4.4.1 & Eq.
(4.4).

• Algorithm Typology: Exhaustive Search and dedicated Input files, generated
by the ”supporting tools” I2D.

• Folder Name: ES_LPE

• Master File: A_LE_ES_LPE_TheOne.py.

• Input: I_I2D_Loads.txt and I_I2D_SG.txt. Section B.1.6.1.

• Output: The Global File - O_ESlpe_G_wsNL.txt and The Specific File -
Beta_ESlpe_wsNL.txt. Section B.1.6.2.

• Modules List: Input_OF.py, Z_HDRprint_Input.py, Z_HDRprint_Input.py, Ex-
aus_ES.py, Decode_ES_GALE.py, Beta_OF.py, LPE_OF.py

• Supporting Tools: Embedded codes. External Codes: I2D and IC.

• Dependencies/Hierarchy: Figure B.20.

• Code Execution: Go to Level 1 and choose I2D, and Run its master file in
its Level 2, in this level take the associated output files from O and store to
the next Input folder needed. Then, Go to Level 1 and choose IC and run the
Master File in its Level 2 with the ouputs of I2D. Do visual inspection of the
IC plots stored in O. Adjust input strain gauge data as required. Go to Level 1
folder ES_LPE, store last Input Files in I folder and run the Master File all at
Level 2. Find outputs in O folder of the LPE associated code. Figure B.5 to
understand Code folders/files locations.

243



The Code

• Approach Type: Semi-automated, as I2D and IC plots inspection needed.

Note:

! The DLD technique, mixed of Automated and Step by Step approach, has
been translated in Pyhton by using the same exhaustive search of the Original
Approach as the ranking criteria is the same. Only differences are that down
the path is the manipulation of the input individual data to distributed one.

! The output files, as generated by the ES_LPE code, will have its file name label
as shown above. Afterwards, the name will have to be manually changed in
order to replace ESlpe by the DLD label.

B.1.7.3 Stage One: The Equation Selection Matrices, ESM

The schematic of the computation displayed in Figure 4.7 has been translated by
the Python Code description below:

• Ranking Criteria: The Distributed Load Data, DLD. Section 4.4.1 & Eq.
(4.4).

• Algorithm Typology: Exhaustive Search and ”supporting tools”.

• Folder Name: ES_LPE

• Master File: A_LE_ES_LPE_TheOne.py.

• Input: I_Loads.txt and I_SG.txt. Section B.1.6.1.

• Output: The Global File - O_ESlpe_G_wsNL.txt and The Specific File -
Beta_ESlpe_wsNL.txt. Section B.1.6.2.

• Modules List: Input_OF.py, Z_HDRprint_Input.py, Z_HDRprint_Input.py, Ex-
aus_ES.py, Decode_ES_GALE.py, Beta_OF.py, LPE_OF.py .

• Supporting Tools: Embedded codes. External Codes: IC and ICLE.

• Dependencies/Hierarchy: Figure B.20.

• Code Execution: Go to Level 1 and choose I2D, and Run its master file in
its Level 2, in this level take the associated output files from O and store to
the next Input folder needed. Then, Go to Level 1 and choose IC and run the
Master File in its Level 2 with the ouputs of I2D. Do visual inspection of the
IC plots stored in O. Adjust input strain gauge data as required. Go to Level 1
folder ES_LPE, store last Input Files in I folder and run the Master File all at
Level 2. Find outputs in O folder of the LPE associated code. Figure B.5 to
understand Code folders/files locations.
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• Approach Type: Semi-automated, as I2D and IC plots inspection needed.
Eventually, FEM might be employed too though the results presented next,
Chapter 5, will not be taking into account the FEM as strain gauges already
installed.

Note:

! The ESM technique, mixed of Automated and Step by Step approach, is
using as main code the Original Approach to determine the best set of loads
equations, the reason behind is the same of the DLD technique above.

! The output files, as generated by the ES_LPE code, will have its file name label
as shown above. Afterwards, the name will have to be manually changed in
order to replace ESlpe by the ESM label.

B.1.7.4 Stage One:The T value method, T-v

The schematic of the computation displayed in Figure 4.8 has been translated by
the Python Code description below:

• Ranking Criteria: The T-value Method, T-v. Section 4.4.3 & Eq. (4.6).

• Algorithm Typology: Strain Gauge Elimination and ”supporting tools”.

• Folder Name: ES_T_MT_v

• Master File: A_TM_TheOne.py.

• Input: I_Loads.txt and I_SG.txt. Section B.1.6.1.

• Output: The Global File - O_Tm_G_wsNL.txt - and The Specific File - Beta_Tm_wsNL.txt.
Section B.1.6.2.

• Modules List: Input2_OF.py, Z_HDRprint_Input.py, Z_HDRprint_Input.py,
T_OF.py, Enc_T_Hybrid_OF.py, Beta_OF.py, LPE_OF.py.

• Supporting Tools: Embedded codes. External Code: IC

• Dependencies/Hierarchy: Figure B.21.

• Code Execution: Go to Level 1 and choose IC and run its master file in its
Level 2. Do visual inspection of the IC plots stored in O. Adjust input strain
gauge data as required. Go to Level 1 folder ES_T_MT_v, store last Input Files
in I folder and run the Master File all at Level 2. Find outputs in O folder of
the T-v associated code. Figure B.5 to understand Code folders/files locations.

• Approach Type: Semi-automated, as IC plots inspection needed.
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B.1.7.5 Stage One: The Modified T value method, MT-v

The schematic of the computation displayed in Figure 4.8 has been translated by
the Python Code description below:

• Ranking Criteria: The MT-value Method, MT-v. Section 4.4.3 & Eq. (4.7).

• Algorithm Typology: Strain Gauge Elimination and ”supporting tools”.

• Folder Name: ES_T_MT_v

• Master File: A_MTM_TheOne.py.

• Input: I_Loads.txt and I_SG.txt. Section B.1.6.1.

• Output: The Global File - O_MTm_G_wsNL.txt - and The Specific File -
Beta_MTm_wsNL.txt. Section B.1.6.2.

• Modules List: Input2_OF.py, Z_HDRprint_Input.py, Z_HDRprint_Input.py,
MT_OF.py, Enc_T_Hybrid_OF.py, Beta_OF.py, LPE_OF.py.

• Supporting Tools: Embedded codes. External Code: IC

• Dependencies/Hierarchy: Figure B.22.

• Code Execution: Go to Level 1 and choose IC and run its master file in its
Level 2. Do visual inspection of the IC plots stored in O. Adjust input strain
gauge data as required. Go to Level 1 folder ES_T_MT_v, store last Input Files
in I folder and run the Master File all at Level 2. Find outputs in O folder of
the T-v associated code. Figure B.5 to understand Code folders/files locations.

• Approach Type: Semi-automated, as IC plots inspection needed.

B.1.7.6 Stage One: The Genetic Algoithm method, GA

The schematic of the computation displayed in Figure 4.9 has been translated by
the Python Code description below:

• Ranking Criteria: The GA Technique, GA. Section 4.4.4 & Eq. (4.8).

• Algorithm Typology: Exhaustive Search and ”supporting tools”.

• Folder Name: ES_N

• Master File: A_LE_ES_Nelson_TheOne.py..

• Input: I_Loads.txt and I_SG.txt. Section B.1.6.1.

• Output: The Global File - O_ESNelson_G_wsNL.txt - and The Specific File -
Beta_ESn_wsNL.txt. Section B.1.6.2.

• Modules List: Input_OF.py, Z_HDRprint_Input.py, Z_HDRprint_Input.py, Ex-
aus_ES.py, Decode_ES_GALE.py, Beta_OF.py, LPE_OF.py, FF_ES_Nelson.py.
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• Supporting Tools: Embedded codes. External Code: IC and ICLE

• Dependencies/Hierarchy: Figure B.23.

• Code Execution: Go to Level 1 and choose IC and run its master file in its
Level 2. Do visual inspection of the IC plots stored in O. Adjust input strain
gauge data as required. Go to Level 1 folder ES_N, store last Input Files in I
folder and run the Master File all at Level 2. Find outputs in O folder of the
ES_N associated code. Figure B.5 to understand Code folders/files locations.

• Approach Type: Semi-automated, as IC and ICLE plots inspection needed.

Note:

! The initial code to translate Nelson concept, was meant to be a genetic
algorithm, though it has been decided that, as section B.1.2 explained, for
the scope the research an Exhaustive Search with the same initial Fitness
Function will have the same effect.

B.1.7.7 Stage One: The Genetic Algorithm Loads Equations, GALE

The schematic of the computation of this Genetic Algorithm Loads Equation environ-
ment, displayed in Figure B.16, has been translated by the Python Code description
below, though, as already explained it will not be used as the main code to assess
the performance of the past and new technique. However, GALE is included in this
section as the ranking criteria can be any of those introduced till now and the input
files are the same. The only difference is the search engine behind that for real
heavy computational project might be considered.
The GALE Python code is described below :

• Ranking Criteria: The GA Technique, GA. Section 4.4.4 & Eq. (4.8).

• Algorithm Typology: Exhaustive Search and ”supporting tools”.

• Folder Name: GALE

• Master File: A_GALE_TheOne.py..

• Input: I_Loads.txt and I_SG.txt. Section B.1.6.1.

• Output: The Global File - O_GALE_G_wsNL.txt - and The Specific File -
Beta_GALE_wsNL.txt. Section B.1.6.2.

• Modules List: Input_OF.py, Z_HDRprint_Input.py, Z_HDRprint_Input.py, Ex-
aus_ES.py, Decode_ES_GALE.py, Beta_OF.py, LPE_OF.py, FF_ES_Nelson.py.

• Supporting Tools: Embedded codes. External Code: as required Fitness
Function files.

• Dependencies/Hierarchy: Figure B.24.
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• Code Execution: Go to Level 1 and choose IC and run its master file in its
Level 2. Do visual inspection of the IC plots stored in O. Adjust input strain
gauge data as required. Go to Level 1 folder ES_N, store last Input Files in I
folder and run the Master File all at Level 2. Find outputs in O folder of the
ES_N associated code. Figure B.5 to understand Code folders/files locations.

• Approach Type: Semi-automated, before accepting the best chromosome,
the GALE summary table should be checked and assessed if the solution
converges throughout the generations. In fact, the termination criteria is a
given number of generations, that could be varied, and other variables too
might be tuned as required.

In relation to the general genetic algorithm flow chart of Figure B.16 the
following information characterises GALE.

Note:

! Population Initiation: Random.

! Reproduction: Roulette Wheel Selection.

! Mutation: Site random selected and bit flip.

! Termination: selected number of generations.

! Every time the random process will generate an individual whose gene will
have zero allele (IA, Individual to Avoid), being physically not acceptable, it
will be replaced automatically by an individual with all ”ones” alleles.

! This environment allows to plug in any fitness function. In fact, initially it
was conceived to host the Nelson’s, GA, and present research, LPP, fitness
functions. Now, the dotted-pattern fill boxes of Figure B.24 shows the python
codes driving the fitness function, responsible of the ranking criteria, that in
this case is the Load Probable Error.

! GALE Validation: Next chapter will compare the results produced by same
ranking criteria with different engine searches, genetic algorithm and exhaus-
tive search.

GALE it could be useful if decided to use of each strain gauge not two to
the power of the number of strain gauge per station but three to the power, the
base is three when, it is practice of the loads measurement practitioner, to use a
redundancies. This brings to choose among A. no strain gauge, B. Strain Gauge I,
C. Strain Gauge II (redundancies).

B.1.7.8 Stage One: The Relevance Coefficient, Rc

The schematic of the computation displayed in Figure 4.5 for the DLD technique
applies to the RC method as the structure is maintained, the input file is manipulated
in order to meet the relevance coefficient described in section 4.4.5. The RC Python
Code description follows:
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Figure B.16: GALE Basic Structure.

• Ranking Criteria: The Distributed Load Data, DLD. Section 4.4.5 & Eq.
(4.9).

• Algorithm Typology: Exhaustive Search and ”supporting tools”.

• Folder Name: ES_LPE

• Master File: A_LE_ES_LPE_TheOne.py.

• Input: I_Loads.txt and I_SG.txt. Section B.1.6.1.

• Output: The Global File - O_ESlpe_G_wsNL.txt - and The Specific File -
Beta_ESlpe_wsNL.txt. Section B.1.6.2.

• Modules List: Input_OF.py, Z_HDRprint_Input.py, Z_HDRprint_Input.py, Ex-
aus_ES.py, Decode_ES_GALE.py, Beta_OF.py, LPE_OF.py .

• Supporting Tools: Embedded codes. External Codes: IC and RCR.

• Dependencies/Hierarchy: Figure B.20.

• Code Execution: Go to Level 1 and choose RCR, and Run its master file in
its Level 2, in this level take the associated output files from O and store to
the next Input folder needed. Then, Go to Level 1 and choose IC and run the
Master File in its Level 2 with the ouputs of I2D. Do visual inspection of the
IC plots stored in O. Adjust input strain gauge data as required. Go to Level 1
folder ES_LPE, store last Input Files in I folder and run the Master File all at
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Level 2. Find outputs in O folder of the LPE associated code. Figure B.5 to
understand Code folders/files locations.

• Approach Type: Semi-automated, as RCR and IC plots inspection needed.

Note:

! The RC technique, mixed of Automated and Step by Step approach, is using as
main code the Original Approach to determine the best set of loads equations,
the reason behind is the same of the DLD technique described above.

! The output files, as generated by the ES_LPE code, will have its file name label
as shown above. Afterwards, the name will have to be manually changed in
order to replace ESlpe by the RC label asociated with the technique employed.

B.1.7.9 Stage One: The Linearised Physical Parameters method, LPP

The schematic of the computation displayed in Figure 4.21 has been translated by
the Python Code description below:

• Ranking Criteria: The Linearised Physical Parameters, LPP. Section 4.5 &
Eq. (4.10), Eq. (4.11) and Eq. (4.12).

• Algorithm Typology: Exhaustive Search and ”supporting tools”.

• Folder Name: ES_LPP

• Master File: A_LE_ES_Mao_TheOne.py.

• Input: I_Loads.txt and I_SG.txt and or I_I2D_Loads.txt and I_I2D_SG.txt.
Section B.1.6.1.

• Output: The Global File - O_ESlpp_G_wsNL.txt - and The Specific File -
Beta_ESlpp_wsNL.txt. Section B.1.6.2.

• Modules List: Input_OF_IC.py, Z_HDRprint_Input.py, Z_HDRprint_Input.py,
Exaus_ES.py, Decode_ES_GALE.py, Beta_OF.py, LPE_OF.py, IC_CZ_New.py,
ICLE_CZ.py, Merit_CZ.py, Polyfit_GAm.py, FF_ES_Mao.py.

• Supporting Tools: Embedded codes. External Codes: I2D and RCR.

• Dependencies/Hierarchy: Figure B.25.

• Code Execution: Go to Level 1 and choose RCR, and Run its master file in
its Level 2, in this level take the associated output files from O and store to
the next Input folder needed. Then, Go to Level 1 and choose I2C and run its
master File in its Level 2 with the ouputs of I2D. Go to Level 1 folder ES_LPE,
store last Input Files in I folder and run the Master File all at Level 2. Find
outputs in O folder of the LPE associated code. Figure B.5 to understand Code
folders/files locations.
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• Approach Type: Fully automated, as RCR and I2D act just on the Input stage.

Note:

! The RC technique, mixed of Automated and Step by Step approach, is using as
main code the Original Approach to determine the best set of loads equations,
the reason behind is the same of the DLD technique described above.

! The output files, as generated by the ES_LPE code, will have its file name label
as shown above. Afterwards, the name will have to be manually changed in
order to replace ESlpe by the RC label asociated with the technique employed.

! The IC and ICLE supporting tools are not mentioned as used codes as, being
the backbone of the whole technique, have been embedded in the whole code
to have a better harmonised and fully automated search tecnique.

! The LPP is not requiring any visual inspections on the IC and ICLE as the
linearised parameters of the influence coefficients of loads equations will be
filtered by a predefined threshold controlling the three main factors of the
linearisation, as described in section 4.5. These factors in a post processing
stage will allow to have an indirect control on the reliability of the final set
of loads equations, as already in the 90s Nelson. [50], was recommending
against all those fully automated techniques. The ability of the end user is
to tune the R-squared coefficient coherently to the experimental input data
available.

B.1.7.10 Stage One: Supporting Tool - Influence Coefficient of strain gauges,
IC

The concept of the influence coefficient of strain gauges has been translated by the
Python Code description below:

• Ranking Criteria: The Influence Coefficient of strain gauges, IC. Section
4.3 & Eq. (4.2). It is part of the category of Ranking Criteria, RC Physical
Properties as displayed in Figure

• Algorithm Typology: Supporting tool contributing to review the input files.

• Folder Name: IC_ICLE

• Master File: A_IC_TheOne.py.

• Input: I_Loads.txt and I_SG.txt. Section B.1.6.1.

• Output: Global File - O_IC_G_wsNL - and Specific File, Plots as many as the
Input of strain gauges (n) - IC_Global_n.pdf . Section B.1.6.2.

• Modules List: Input_OF_IC.py, Z_HDRprint_Input.py, Z_HDRprint_Input.py,
IC_CZ_New.py
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• Transfer Functions: ICinteracts with all codes but the LPP as embedded in
it.

• Dependencies/Hierarchy: Figure B.26.

• Code Execution: Go to Level 1 and choose IC_ICLE, and Run its master File
in its Level 2, in this level take the associated output files from O and post
process the results accordingly.

• Approach Type: Automated, at the end plots inspection needed.

B.1.7.11 Stage One: Supporting Tool - Influence Coefficients of Loads Equa-
tions, ICLE

The concept of the influence coefficient of loads equations has been translated by
the Python Code description below:

• Ranking Criteria: The Influence Coefficient of loads equations, ICLE. Section
4.3 & Eq. (4.5). It is part of the category of Ranking Criteria, RC Physical
Properties as displayed in Figure

• Algorithm Typology: Supporting tool, directly linked with IC by definition,
contributing to review the input files.

• Folder Name: IC_ICLE

• Master File: A_ICLE_TheOne.py.

• Input: I_Loads.txt and I_SG.txt. Section B.1.6.1.

• Output: Global File - O_ICLE_G_wsNL. Section B.1.6.2.

• Modules List: Input_OF_IC.py, Z_HDRprint_Input.py, Z_HDRprint_Input.py,
IC_CZ_New.py, ICLE_CZ_New.py

• Transfer Functions: ICLE interacts with ESM, with LPP is embedded in it.

• Dependencies/Hierarchy: Figure B.27.

• Code Execution: Go to Level 1 and choose IC_ICLE, and Run its master File
in its Level 2, in this level take the associated output files from O and post
process the results accordingly.

• Approach Type: Automated, the post processing on stats stored in the Global
output files as no plots offered.
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B.1.7.12 Stage One: Supporting Tool - Individual to Distributed, I2D

The basic concept of of Hovell, Webber and Roberts, [43] and [44], to apply
distributed load data into the calculation process of flight loads equations, has been
generated by superposition of the individual input data by the Python Code details
below:

• Ranking Criteria: The Individual Load data to Distributed, I2D. Section 4.4.1
and 4.5.1. It is part of the category of Ranking Criteria, RC Physical Properties
as displayed in Figure

• Algorithm Typology: Supporting tool contributing to review the input files.

• Folder Name: ES_I2D

• Master File: A_I2D_TheOne_M1.py. and A_I2D_TheOne_M2.xlsx.

• Input: I_I2D_Loads.txt and I_I2D_SG.txt. Section B.1.6.1.

• Output: I_ID2_Loads.txt - and I_I2D_SG.py, Global file I_I2D_G.py. . Section
B.1.6.2.

• Modules List: Input_I2D.py, Input_OF_IC.py, Z_HDRprint_Input.py, Z_HDRprint_Input.py,
LSGi_I2D.py.

• Supporting Tools: Embedded codes. External Codes: RQR, Relevance
Coefficient Requests and FLSR, Flight Load Specific Range, Figure 4.21.

• Dependencies/Hierarchy: Figure B.28.

• Code Execution: Go to Level 1 and choose I2D, and Run the Master File in
its Level 2, in this level take the associated output files from O and store to
the next Input folder needed.

• Approach Type: Semi Automated, as few checks should be performed to
gain confidence on the final results and it is requiring the use of Python and
Excel codes.

Note:

! Particular LETE Supporting Tools using the contribution of Python and Excel
codes.

! The FLSR, Flight Load Specific Range, already introduced in section 4.4, is
not coded here as is mainly conceptual than driven by any specific Algorithm.
In addition, it requires flight test information than needs to be specifically
generated, as detail coordinates of the Centre of Pressure, CoP flight loads to
measure. Once, available the flight CoP, evaluated by FLSR, the information
will be used by I2D in order to generate a set of distributed load case closer to
those one meant to be measured in flight. This information might be used in
the Phase of conception and design of the flight loads measurement campaign
once defining the ground load calibration load cases.
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! The RCR, Relevance Coefficient Request, concept already introduced in Figure
4.21, represents the employment of a single equation, Eq. (4.9), to assess how
much surface of the test article is covered during the ground load calibration
compared to the wet surface of the real flight test. In order to apply this
single module master file supporting tool, A_RCR_TheOne.py, it is necessary
to know details of the experimental phase such as the size of the rubber pad
used to introduce the individual or distributed load.

B.1.7.13 Stage Two and Stage Three: The Linearised Regression, LIRE

The concept of the linear regression employed to generate the load coefficients has
been translated by the Python Code description below:

• Ranking Criteria: The LInear REgression, LIRE. Section 4.3 & Eq. (4.5). It
is part of the category of Ranking Criteria, RC Physical Properties as displayed
in Figure

• Algorithm Typology: Supporting tool, directly linked with IC by definition,
contributing to review the input files.

• Folder Name: LIRE

• Master File: A_LIRE_TheOne.py.

• Input: I_Loads.txt and I_SG.txt. Section B.1.6.1.

• Output: Global File - O_LIRE_RMS_wsNL. Section B.1.6.2.

• Modules List, Module 1: LIRE_Module1_CZ.py, Input2_OF.py, Beta_OF.py,
LPE_OF.py

• Modules List, Module 2: LIRE_Module2_CZ.py, Input2_OF_ILC.py,
Z_HDRprint_Input.py, Z_HDRprint_Input.py, Beta_OF.py, LPE_OF_New.py

• Transfer Functions: ICLE interacts with ESM, with LPP is embedded in it.

• Dependencies/Hierarchy: Figure B.29.

• Code Execution: Go to Level 1 and choose LIRE, and Run its master File,
either Module 1 or Module 2, in its Level 2, in this level take the associated
output files from O and post process the results accordingly.

• Approach Type: Automated, the post processing on stats stored in the Global
output files as no plots offered.

Note:

! The LIRE Module M1 technique is calculating the load coefficients without
calculating all permutations available. It provides just one set of load equa-
tions and for this offers the LPE. This module does not take into account any
Independent set of Input Data as Module 2 does.
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! The LIRE Module M2 technique is calculating the Measured Loads and then
comparing the Independent Load, either Point in the Ground or Point the
Sky PP or Time Histories TH, evaluates the percent of root mean square
error. This is coded by a sub-module labelled LPE_OF_New.py. The label ”LPE”
comparing in this name is just inherited by the past coding of Module1.

! This code represents the only tool used to accomplish the role of transfer
function of Stage Two and Stage Three, TF2 and TF3 as shown in Figure B.2
and Figure B.3.

The calculation of the best techniques to employ is based on the Percent Root-
Mean Square Error. Using the Standard Deviation, though it could have worked
well, does not relate the magnitude of the error to the size of the load. This is
the same reason that convinced Nelson, [79], to present the comparison of all
Techniques employed by means of Eq. (B.1) below:

%rms =
100(LPE)√∑m

j=1(Vj)
2

(B.1)

Eq. (B.1) above is expanded by replacing the LPE, Loads Probable Error, defini-
tion of Eq. (4.4) and the new thorough formulation is:

%rms =
100(

√∑m
j=1[Vj−(β0+

∑n
i=1 βiµij)]

2

m−n−1 )√∑m
j=1(Vj)

2
(B.2)

B.1.7.14 Final Considerations

It is crucial to highlight the difference between the codes and concepts introduced
here and their application to a specific test case. In fact, the introduction of some
of the supporting tools or transfer functions above, such as DLD, RC, I2C and RCR,
requires a specific set of input data, in terms of load cases and associated readings,
that eventually, are not always available as should be beforehand planned and
executed.
This point will be initially considered in section 3.4 and profusely addressed in the
next chapter.

B.1.8 LETE Graphical User Interface

The execution of the LETE software has been conceived to be not just with the
text-based interfaces, by means of DOS Command line, or any integrated develop-
ment environment (IDE) for scientific programming in the Python language, such
as Spyder that links well with Anaconda Python scientific environment. In fact,
for an ease of use, shorter learning curves, preventing the user to memorize or
being literate with specific input text commands, the Graphical User Interface, GUI
has been employed maximising the simplified interactive graphical elements. Two
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distinct GUIs have been designed and shown in Figure B.17 and Figure B.18.
The GUIs have been conceived similarly, the green button allows access to Level 0
of the folders to check and open any input/output files generated by the supporting
tools or transfer functions run. The yellow button of the LETE Stage 1 GUI highlights
the proposed method of this research. LOCO GUI, Loads Comparison Stage two and
three of LETE, uses just LIRE Module 2, as allows to compare the Loads Measured
against Independent set of data coming either from a single point, in the sky or on
ground, PP, or eventually a full time history reading of strain gauges and known
loads.
The Python engine codes described above, section B.1.7, are behind the graphical
icons and visual indicators as secondary notation.

Figure B.17: LETE Stage 1 GUI:Transfer Functions and Supporting Tools.

Figure B.18: LETE Stage 2 and 3 GUI:Transfer Functions and Supporting Tools.

The GUI Python files just mentioned above, labelled as ”LETE_Stage1_Last.py”
and ”LETE_Stage2_3_Last.py”, represents the two Master Files that are stored at
Level 0 of Figure B.5.

B.1.9 Software Process: Version and Configuration Control

The development process of LETE and any other relevant software have been done
in compliance with basic common sense principles to ensure that the final version
meets the expected conceived and designed functions.
Proper archival and configuration control of software development and its artefacts
developed was ensured. In addition, the final code version has been frozen in a
well defined fashion, as partially described in this section B.1.1, in order to enable
the Source Code to be:

• predictable.

• clear and well structured.
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• robust.

• well documented and maintainable.

• configuration controlled.

• traceable to requirements and design.

In fact, within each Python module, captured by the control flow graph figures
of this appendix, a function prologue introduces the function to the reader/end
user and the input and output quantities involved. Figure B.19 displays a generic
example of Python module function prologue. That level of information has been
presented in every file prologue.

Figure B.19: LETE Generic Python Module: ”Z_HDRprint_Input.py”, Function
Prologue.

The predictability concept has been followed by assuring the source code should
be kept as simple as possible preventing the complexity of each package. In fact, the
control flow complexity increases with the number of level of nesting and looping
incorporated into the code. This may lead to less predictable program control
flow. In fact, where control flow complexity is unavoidable, additional testing will
be necessary offering less ability to control potential logic errors, difficult to be
detected, and reducing the understandability, maintainability, and testability.
Program flow may be affected by multiple points of entry and exit of functions and
procedures and thus have been carefully avoided.
The robustness has been another pillar of the software development of LETE. In

257



LETE Transfer Function Python Code Diagrams

fact, the variables have been conceived to be initialised. This eliminates reliance
on the compiler to set initial set values. Not doing so may lead to using a garbage
value residing at a particular memory location. Data validity checking, including
type and range validity, has been considered as stored in the Global file of each
package as a further indirect control step. The idea is to prevent incorrect results
and the propagation of bad data.
All these inherent principles of LETE programming are evident, not only in the
code lines of each module and function, but also in the structure and hierarchy of
the Control Flow Graph figures of the LETE transfer functions and supporting tools
presented in the coming up section of this Appendix B.2.

B.2 LETE Transfer Function Python Code Diagrams

Figure B.20: The ”Original Appraoch, Exhaustive Search”, ES_LPE, Stage One -
Transfer Fucnction: Control Flow Graph Python Code.
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Figure B.21: The ”T-value Method”, T-v, Stage One - Transfer Fucnction: Control
Flow Graph Python Code.

Figure B.22: The ”MT-value Method”, MT-v, Stage One - Transfer Fucnction:
Control Flow Graph Python Code.
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Figure B.23: The ”GA Method, Exhaustive Search Nelson”, ES_N, Stage One -
Transfer Fucnction: Control Flow Graph Python Code.

Figure B.24: The ”Genetic Algortihm of Loads Equations” environment, GALE,
Stage One - Transfer Fucnction: Control Flow Graph Python Code.
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Figure B.25: The ”Linearised Physical Parameters Method, Exhaustive Search LPP”,
ES_LPP, Stage One - Transfer Fucnction: Control Flow Graph Python Code.

Figure B.26: The ”Influence Coeffcieints of Strain Gauges”, IC, Stage One - Sup-
porting Tool: Control Flow Graph Python Code.
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Figure B.27: The ”Influence Coefficients of Loads Equations”, ICLE, Stage One -
Supporting Tool: Control Flow Graph Python Code.

Figure B.28: The ”Individual to Distributed”, I2D, Stage One - Supporting Tool:
Control Flow Graph Python Code and Excel Spreadsheets.
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Figure B.29: The ”LInearised REgression”, LIRE, Stage One - Supporting Tool:
Control Flow Graph Python Code.
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Figure C.1: IC Validation: Output text file of IC Software - Test Case 1, Structure A
Right Shear bridges, ”right side loaded” input data - [102].
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Figure C.2: IC Validation: Output text file of IC Software - Test Case 1, Structure A
Right Shear bridges, ”right side loaded” output data - [102].

Figure C.3: IC Validation: Output text file of IC Software - Test Case 1, Structure A
Right Shear bridges, ”left side loaded” input data - [102].
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Figure C.4: IC Validation: Output text file of IC Software - Test Case 1, Structure A
Right Shear bridges, ”left side loaded” output data - [102].

Figure C.5: Strain Gauge Reduction, SgR, Validation: SgR T-value Software Output
text file - Test Case 2, Structure: Vertical Fin output data, part III.
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Figure C.6: I2D M1 Validation: Run1, Response of Gauge SG01: µTF with position
of load and fitting surface - Test Case 2 - [90].

Figure C.7: I2D M1 Validation: Run1, Response of Gauge SG02: µTR with position
of load and fitting surface - Test Case 2 - [90].
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Figure C.8: I2D M1 Validation: Run1, Response of Gauge SG03: µV with position
of load and fitting surface - Test Case 2 - [90].

Figure C.9: I2D M1 Validation: Run1, Response of Gauge SG04: µM with position
of load and fitting surface - Test Case 2 - [90].
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Figure C.10: Individual to Distributed, I2D M1 Validation: Run1, Output Text File,
Input Data - Test Case 2, Wing I input data, First Calibration [90].

Figure C.11: Individual to Distributed, I2D M1 Validation: Run1, Output Text File:
Output Data of Response of Gauge SG01: µTF .
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Figure C.12: Individual to Distributed, I2D M1 Validation: Run1, Output Text File:
Output Data of Response of Gauge SG02: µTR.

Figure C.13: Individual to Distributed, I2D M1 Validation: Run1, Output Text File:
Output Data of Response of Gauge SG03: µV .
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Figure C.14: I2D M1 Validation: Run1, Output Text File: Output Data of Response
of Gauge SG04: µM .

Figure C.15: I2D M1 Validation: Run2, Response of Gauge SG01: µTF with
position of load and fitting surface - Test Case 2 - [90].

271



Figure C.16: I2D M1 Validation: Run2, Response of Gauge SG02: µTR with
position of load and fitting surface - Test Case 2 - [90].

.

Figure C.17: I2D M1 Validation: Run2, Response of Gauge SG03: µV with position
of load and fitting surface - Test Case 2 - [90].
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Figure C.18: I2D M1 Validation: Run2, Response of Gauge SG04: µM with position
of load and fitting surface - Test Case 2 - [90].

Figure C.19: Individual to Distributed, I2D M1 Validation: Run2, Output Text File,
Input Data - Test Case 2, Wing I input data, First Calibration [90].
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Figure C.20: Individual to Distributed, I2D M1 Validation: Run2, Output Text File:
Output Data of Response of Gauge SG01: µTF .

Figure C.21: Individual to Distributed, I2D M1 Validation: Run2, Output Text File:
Output Data of Response of Gauge SG02: µTR.
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Figure C.22: Individual to Distributed, I2D M1 Validation: Run2, Output Text File:
Output Data of Response of Gauge SG03: µV .

Figure C.23: I2D M1 Validation: Run2, Output Text File: Output Data of Response
of Gauge SG04: µM .
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Figure C.24: I2D M1 Validation: Run3, Response of Gauge SG01: µTF with
position of load and fitting surface - Test Case 2 - [90].

Figure C.25: I2D M1 Validation: Run3, Response of Gauge SG02: µTR with
position of load and fitting surface - Test Case 2 - [90].
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.

Figure C.26: I2D M1 Validation: Run3, Response of Gauge SG03: µV with position
of load and fitting surface - Test Case 2 - [90].

Figure C.27: I2D M1 Validation: Run3, Response of Gauge SG04: µM with position
of load and fitting surface - Test Case 2 - [90].
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Figure C.28: Individual to Distributed, I2D M1 Validation: Run3, Output Text File,
Input Data - Test Case 2, Wing I input data, First Calibration [90].

Figure C.29: Individual to Distributed, I2D M1 Validation: Run3, Output Text File:
Output Data of Response of Gauge SG01: µTF .
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Figure C.30: Individual to Distributed, I2D M1 Validation: Run3, Output Text File:
Output Data of Response of Gauge SG02: µTR.

Figure C.31: Individual to Distributed, I2D M1 Validation: Run3, Output Text File:
Output Data of Response of Gauge SG03: µV .
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Figure C.32: Individual to Distributed, I2D M1 Validation: Run3, Output Text File:
Output Data of Response of Gauge SG04: µM .

Figure C.33: I2D M1 Validation: Run4, Response of Gauge SG01: µTF with
position of load and fitting surface - Test Case 2 - [90].
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Figure C.34: I2D M1 Validation: Run4, Response of Gauge SG02: µTR with
position of load and fitting surface - Test Case 2 - [90].

.

Figure C.35: I2D M1 Validation: Run4, Response of Gauge SG03: µV with position
of load and fitting surface - Test Case 2 - [90].
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Figure C.36: I2D M1 Validation: Run4, Response of Gauge SG04: µM with position
of load and fitting surface - Test Case 2 - [90].

Figure C.37: Individual to Distributed, I2D M1 Validation: Run4, Output Text File,
Input Data - Test Case 2, Wing I input data, First Calibration [90].
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Figure C.38: Individual to Distributed, I2D M1 Validation: Run4, Output Text File:
Output Data of Response of Gauge SG01: µTF .

Figure C.39: Individual to Distributed, I2D M1 Validation: Run4, Output Text File:
Output Data of Response of Gauge SG02: µTR.
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Figure C.40: Individual to Distributed, I2D M1 Validation: Run4, Output Text File:
Output Data of Response of Gauge SG03: µV .

Figure C.41: Individual to Distributed, I2D M1 Validation: Run4, Output Text File:
Output Data of Response of Gauge SG04: µV .
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Figure C.42: I2D M1 Validation: Run5, Response of Gauge SG01: µTF with
position of load and fitting surface - Test Case 2 - [90].

Figure C.43: I2D M1 Validation: Run5, Response of Gauge SG02: µTR with
position of load and fitting surface - Test Case 2 - [90].
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Figure C.44: I2D M1 Validation: Run5, Response of Gauge SG03: µV with position
of load and fitting surface - Test Case 2 - [90].

Figure C.45: I2D M1 Validation: Run5, Response of Gauge SG04: µM with position
of load and fitting surface - Test Case 2 - [90].
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Figure C.46: Individual to Distributed, I2D M1 Validation: Run5, Output Text File,
Input Data - Test Case 2, Wing I input data, First Calibration [90].

Figure C.47: Individual to Distributed, I2D M1 Validation: Run5, Output Text File:
Output Data of Response of Gauge SG01: µTF .
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Figure C.48: Individual to Distributed, I2D M1 Validation: Run5, Output Text File:
Output Data of Response of Gauge SG02: µTR.

Figure C.49: Individual to Distributed, I2D M1 Validation: Run5, Output Text File:
Output Data of Response of Gauge SG03: µV .
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Figure C.50: Individual to Distributed, I2D M1 Validation: Run5, Output Text File:
Output Data of Response of Gauge SG04: µV .

Figure C.51: I2D M1 Validation: Run6, Response of Gauge SG01: µTF with
position of load and fitting surface - Test Case 2 - [90].

289



Figure C.52: I2D M1 Validation: Run6, Response of Gauge SG02: µTR with
position of load and fitting surface - Test Case 2 - [90].

.

Figure C.53: I2D M1 Validation: Run6, Response of Gauge SG03: µV with position
of load and fitting surface - Test Case 2 - [90].
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Figure C.54: I2D M1 Validation: Run6, Response of Gauge SG04: µM with position
of load and fitting surface - Test Case 2 - [90].

Figure C.55: Individual to Distributed, I2D M1 Validation: Run6, Output Text File,
Input Data - Test Case 2, Wing I input data, First Calibration [90].
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Figure C.56: Individual to Distributed, I2D M1 Validation: Run6, Output Text File:
Output Data of Response of Gauge SG01: µTF .

Figure C.57: Individual to Distributed, I2D M1 Validation: Run6, Output Text File:
Output Data of Response of Gauge SG02: µTR.

292



Appendix - Chapter 5

Figure C.58: Individual to Distributed, I2D M1 Validation: Run6, Output Text File:
Output Data of Response of Gauge SG03: µV .

Figure C.59: Individual to Distributed, I2D M1 Validation: Run6, Output Text File:
Output Data of Response of Gauge SG04: µM .
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Figure C.60: Individual to Distributed, I2D M2 Validation: Input and Output Excel
Data, Spreadsheet M1 to M2 - [90].

Figure C.61: Individual to Distributed, I2D M2 Validation: Input and Output Excel
Data - Spreadsheet I2D D i - [43].
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Figure D.1: Run Case 1: RC1, Individual Dependent Datam, IDD1 experimental
sample - Table 6.4 [28].
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Figure D.2: Run Case 1: RC1, Distributed Dependent Data, DDD1, numerical
sample, source I2D Module M2 - Table 6.4 [28].

Figure D.3: Run Case 1: RC1, Individual Dependent Data, IDD2, experimental
sample, filtered by IC - Table 6.4 [28].
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Figure D.4: Run Case 1: RC1, Distribued Independent Data, DID1, CLCC, experi-
mental sample, - Table 6.4 [28].

Figure D.5: Run Case 1: RC1, Distribued Independent Data, DID2, CLCC, numeri-
cal sample, source I2D Module M2- Table 6.4 [28].
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Figure D.6: Run Case 1: RC1, Individual Independent Data, IID1, CLCC, experi-
mental sample, - Table 6.4 [28].

Figure D.7: Run Case 1 - RC1, Strain Gauge Investigation Result: RIC1, IC package,
IDD1, - Table 6.5 [28].
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Figure D.8: Run Case 1 - RC1, Strain Gauge Investigation Result: RIC2, IC package,
DDD1, - Table 6.5 [28].

Figure D.9: Run Case 1 - RC1, Strain Gauge Investigation Result: RI2D1, Response
of Gauges with position of load and fitting surface I2D M1 package, IDD1, - Table
6.5 [28].
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Figure D.10: Run Case 1 - RC1, Strain Gauge Investigation Result: RI2D2, Re-
sponse of Gauges with position of load and fitting surface I2D M1 package, DDD1, -
Table 6.5 [28].
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Figure D.11: Run Case 1 - RC1, Strain Gauge Investigation Result Global Error SG
4 Comparison: RI2D1 vs RI2D2 , Response of Gauges with position of load and
fitting surface I2D M1 package, IDD1 vs DDD1, - Table 6.5 [28].

Figure D.12: Run Case 1 - RC1, Loads Coefficients Computations, Codes Output -
LPE Technique: Shear, Bending Moment and Torque - Table 6.6 [28].
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Figure D.13: Run Case 1 - RC1, Loads Coefficients Computations, Codes Output -
GA Nelson Technique: Shear, Bending Moment and Torque - Table 6.6 [28].

Figure D.14: Run Case 1 - RC1, Loads Coefficients Computations, Codes Output -
T-v Technique: Shear, Bending Moment and Torque - Table 6.6 [28].
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Figure D.15: Run Case 1 - RC1, Loads Coefficients Computations, Codes Output -
MT-v Technique: Shear, Bending Moment and Torque - Table 6.6 [28].

Figure D.16: Run Case 1 - RC1, Loads Coefficients Computations, Codes Output -
LPP1 Technique: Shear, Bending Moment and Torque - Table 6.6 [28].
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Figure D.17: Run Case 1 - RC1, Loads Coefficients Computations, Codes Output -
ESM Technique: Shear, Bending Moment and Torque - Table 6.6 [28].

Figure D.18: Run Case 1 - RC1, Loads Coefficients Computations, Codes Output -
DLD Technique: Shear, Bending Moment and Torque - Table 6.6 [28].
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Figure D.19: Run Case 1 - RC1, Loads Coefficients Computations, Codes Output -
LPP2 Technique: Shear, Bending Moment and Torque - Table 6.6 [28].

Figure D.20: Run Case 2: RC2, Individual Dependent Datam, IDD1 experimental
sample, Castore GLC1 - Table 6.12 [87].
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Figure D.21: Run Case 2: RC2, Distributed Dependent Data, DDD1, numerical
sample, source I2D Module M2 - Source Castore GLC1 - Table 6.12 [87].

Figure D.22: Run Case 2: RC2, Individual Independent Data, IID1, CLCC, experi-
mental sample - Source Polluce GLC2 - Table 6.12 [87].

307



Figure D.23: Run Case 2 - RC2, Strain Gauge Investigation Result: RIC3, IC
package, IDD1 - Table 6.13 - Source Castore GLC1 - [87].

Figure D.24: Run Case 2 - RC2, Strain Gauge Investigation Result: RIC4, IC
package, DDD1, - Table 6.13 [87].
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Figure D.25: Run Case 2 - RC2, Strain Gauge Investigation Result: RIC5, IC
package, IID1 - Table 6.13 - Source Polluce GLC2 - [87].

Figure D.26: Run Case 2 - RC2, Strain Gauge Investigation Result: RI2D3, Re-
sponse of Gauges with position of load and fitting surface I2D M1 package, IDD1, -
Table 6.13 - Source Castore GLC1 - [87].
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Figure D.27: Run Case 2 - RC2, Strain Gauge Investigation Result: RI2D4, Re-
sponse of Gauges with position of load and fitting surface I2D M1 package, DDD1, -
Table 6.5 - Source Castore GLC1 - [28].
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Figure D.28: Run Case 2 - RC2, Strain Gauge Investigation Result: RI2D5, Re-
sponse of Gauges with position of load and fitting surface I2D M1 package, IID1, -
Table 6.13 - Source Polluce GLC2 - [87].

Figure D.29: Run Case 2 - RC2, Loads Coefficients Computations, Codes Output -
LPE Technique: Shear, Bending Moment and Torque - Table 6.14 [87].
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Figure D.30: Run Case 2 - RC2, Loads Coefficients Computations, Codes Output -
GA Nelson Technique: Shear, Bending Moment and Torque - Table 6.14 [87].

Figure D.31: Run Case 2 - RC2, Loads Coefficients Computations, Codes Output -
T-v Technique: Shear, Bending Moment and Torque - Table 6.14 [87].
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Figure D.32: Run Case 2 - RC2, Loads Coefficients Computations, Codes Output -
MT-v Technique: Shear, Bending Moment and Torque - Table 6.14 [87].

Figure D.33: Run Case 2 - RC2, Loads Coefficients Computations, Codes Output -
LPP1 Technique: Shear, Bending Moment and Torque - Table 6.14 [87].
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Figure D.34: Run Case 2 - RC2, Loads Coefficients Computations, Codes Output -
DLD Technique: Shear, Bending Moment and Torque - Table 6.14 [87].

Figure D.35: Run Case 2 - RC2, Loads Coefficients Computations, Codes Output -
LPP2 Technique: Shear, Bending Moment and Torque - Table 6.14 [87].
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Figure D.36: Run Case 2: RC2, Distributed Independent Data, DID1, numerical
sample, source DDD1 I2D Module M2 - Source Castore GLC1 - Table 6.12 [87].
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