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Abstract

Enabling the assessment of pilot workload during flight could have very important conse-
quences in enhancing flight safety, especially in rotorcraft, providing the tools for preven-
tive actions against loss of situational awareness and indicating the possible insurgence
of adverse coupling interactions between the pilot and the vehicle. The realization of
purposely-designed helicopter control inceptors is presented in this thesis work. They
are equipped with optical sensors which permit to have an objective measurement of the
loads introduced by the pilot in the control inceptors and of the pressure applied by the
hand. As opposed to classical subjective pilot workload assessment methods, the sensors
presented allow to have a measure independent from the pilot subjective feedback. Since
the measurement devices included in the inceptors do not modify the ergonomics of the
input devices, they could be used in a real flight environment. To make the sensors on the
cyclic stick usable in the motion platform available at Politecnico di Milano Department
of Aerospace Science and Technology (DAER), a calibration procedure is carried out. The
sensor of the collective grip is tested on the motion platform during missions of different

difficulty, obtaining the corresponding level of the pilot workload.

Keywords: Rotorcraft-Pilot Coupling, Helicopter controls, Optical Sensors, Workload
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Abstract in lingua italiana

Permettere la valutazione del carico di lavoro del pilota durante il volo potrebbe avere
conseguenze molto importanti nel migliorare la sicurezza del volo, in particolare negli eli-
cotteri, fornendo gli strumenti per mettere in atto azioni preventive contro la perdita della
situational awareness e indicando la possibile insorgenza di un accoppiamento avverso tra
pilota e velivolo. In questo lavoro di tesi viene presentata la realizzazione di comandi di
elicottero appositamente progettati. Essi sono dotati di sensori ottici che permettono di
avere una misurazione oggettiva dei carichi introdotti dal pilota nei comandi e della pres-
sione esercitata dalla mano. In opposizione ai metodi classici soggettivi per la valutazione
del carico di lavoro del pilota, i sensori presentati permettono di avere una misura indipen-
dente dal giudizio soggettivo del pilota. Dato che i dispositivi di misurazione contenuti
nei comandi non modificano ’ergonomia degli stessi, essi potrebbero essere utilizzati in un
contesto di volo reale. Una procedura di calibrazione ¢ svolta per rendere i sensori della
leva del ciclico utilizzabili nella piattaforma mobile disponibile al Dipartimento di Scienze
e Tecnologie Aerospaziali del Politecnico di Milano (DAER). Il sensore nell’impugnatura
del collettivo é testato nella piattaforma durante missioni di diversa difficolta, ottenendo

il corrispondente livello del carico di lavoro del pilota.

Parole chiave: Interazione Pilota-Elicottero, Controlli dell’elicottero, Sensori ottici,

Carico di lavoro
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]_ Introduction

Present-day aircraft and rotorcraft are the result of the ever increasing needs of operator
requirements. Compared to their forerunners, they are faster and more capable but, as
a consequence, they are more complex. The rise in complexity can contribute, among
the others, to increase pilot workload. In particular, helicopters are inherently more com-
plex to operate compared to fixed-wing aircraft due to their unique flight characteristics
and operational requirements. The complexity of helicopters can lead to a higher work-
load for pilots, especially during demanding flight conditions or when operating advanced
helicopter systems. Some factors related to helicopter complexity that can affect pilot

workload are:

e flight controls: helicopters have a complex set of flight controls, including collec-
tive inceptor, cyclic inceptor, and anti-torque pedals. Manipulating these controls
simultaneously requires skill and coordination from the pilot, which needs to con-
stantly adjust and maintain control inputs throughout the flight, particularly during
maneuvers such as hovering, autorotation, or low-speed flight; moreover, rotorcraft
control inputs are transmitted through the swashplate to the blade pitch, resulting
in flap response with nearly 90° phase delay (1/4 of the rotor revolution period);

e control couplings: rotorcraft are characterized by many control couplings. For ex-
ample, by pulling the collective command the pilot generates an increase of both

thrust and the torque, so it is necessary to compensate using the pedals;

e intrinsic instability: in key flight conditions, rotorcraft are inherently dynamically

unstable;

e systems management: helicopters have various systems that require monitoring and
management, such as engine controls, fuel systems, hydraulic systems, and rotor

systems;

e navigation and situational awareness: helicopters often operate in diverse and chal-
lenging environments, such as urban areas, mountainous terrain, or adverse weather

conditions. Navigating through these environments while maintaining situational
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awareness demands constant attention and mental processing. Pilots must inter-
pret navigation aids, track obstacles, assess weather conditions, and make real-time

decisions;

e avionics and automation: modern helicopters are equipped with advanced avionics
systems and automation features designed to assist pilots in flight operations. While
these technologies can reduce workload in certain situations, they also require pilots

to understand and effectively use the systems;

e emergency procedures: helicopters are capable of performing emergency procedures,
such as autorotation landings or engine failure recoveries. These procedures require
pilots to quickly assess the situation, execute appropriate actions, and maintain

control of the aircraft;

e vibrations: rotorcraft generate vibrations in all major axes; vibrations are mainly
due to rotating mechanical components, such as the main and tail rotors, as well as

the drive trains and the mechanical transmissions.

Pilot workload can be a contributing factor in helicopter accidents: when a pilot is over-
whelmed with excessive workload, the ability to effectively manage the aircraft and re-
spond to changing conditions may be compromised. This can increase the risk of errors,
loss of situational awareness, and ultimately lead to accidents. Last year’s EASA Annual
Safety Review (Ref. [1]) indeed shows that Human factors (HF) or Human performance
(HP) issues can be identified in over a quarter of accidents and serious incident reports
involving helicopters, as can be seen in Figure 1.1. It reports the figures for years 2019
to 2021 about the human factors and human performance accidents and serious incidents
involving all helicopter operations. Excluding 2021, for which data were not available
at the time (since they are the result of detailed investigations) the figures confirm the

above.

HF and HP related accidents
and serious incidents
All accidents and serious incidents

Accidents and serious incidents 63 67 72 49 48

B HF/HP accidents and serious incidents 21 20 18 11 1

Figure 1.1: Human factors and human performance accidents and serious incidents in-

volving all helicopter operations (Ref. [1])



1| Introduction 3

It is commonly agreed that the degree of pilot workload can also potentially contribute
to the occurrence of Rotorcraft-Pilot-Coupling (RPC). Generally, RPCs are adverse,
unwanted phenomena originating from anomalous and undesirable couplings between the
pilot and the rotorcraft (Ref. [2]). These unwanted couplings could cause either oscillatory
or non-oscillatory instabilities that may be associated, among the others, to a degradation
of the vehicle handling qualities and, in turn, of the occupants’ comfort. Prior to 1995,
RPC events were better known in the aircraft and rotorcraft community as Pilot-Induced
Oscillations (PIO) and Pilot-Assisted Oscillations (PAO):

e PIO occur when the pilot intentionally moves the controls causing divergent vehicle
oscillations, although the latter are not intentionally induced; since the active in-
volvement of the pilot in the control loop is pre-requisite, the oscillations will cease
when the pilot releases the controls, stops providing control inputs or changes the

control strategy;

e PAO are the result of involuntary control inputs by the pilot in the loop that may

destabilise the aircraft due to the pilot’s biodynamic response to vibrations.

Emphasis (“blame”) was erroneously placed on pilot’s role, whereas the root cause is a
limitation of - or deficiency in - the design of system /task. Today it is generally recognized
that a specific unfavorable incident is not always nor fully the fault of the pilot, but it is

frequently ultimately linked to some characteristics of the aircraft or of its control system
(Ref. [2]).

As reported in Ref. [3], basing on past flight experiences, it is possible to classify the
different types of RPC into two categories: Rigid Body RPC and Aeroelastic RPC. As
can be seen in Table 1.1, the distinction is carried out on the basis of the frequency
range characterizing the phenomena, respectively below 1H z and between 2H 2 and 8H z.
Rigid Body RPC phenomena are dominated by the helicopter low frequency dynamics,
i.e., the field of flight mechanics, by the flight control system and by an “active” pilot
concentrating on performing his mission task by actively manipulating the helicopter
controls. Aeroelastic RPC phenomena are instead characterized by higher helicopter
frequency dynamics, i.e., the inclusion of elastic airframe and main rotor blade modes, by
a “passive” pilot subjected to vibrations which are too high in frequency to adequately be
reacted by human beings and by the cockpit controls layout affecting the pilots inertial

response on the helicopter control elements.
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Rigid Body RPC Aeroelastic RPC

Frequency Range f<1H:z 2Hz < f <8Hz

Pilot Behaviour Active Passive
Helicopter Dynamics Flight mechanics Structural dynamics
Critical Components Flight control system Airframe modes

Table 1.1: RPC types classification

In all the cases, prediction of RPC phenomena is challenging, since they result from an
interaction of three main actors, that are, the pilot, the vehicle and a trigger (i.e., some
unpredictable condition that gives rise to adverse coupling).

In this frame, the study of human-rotorcraft interaction has placed a strong emphasis on
the development of pilots” workload assessment tools and procedures. As a matter of fact,
in many accidents and incidents occurring during flight, workload plays a very important
role as a triggering factor (i.e., as one of the three elements that generate an RPC) for
subsequent loss of situational awareness (Ref. [4]), that arises from the extreme conditions
of workload levels being too low or too high. Considering that a change in workload entails
a change in the pilot control techniques and the associated neuromuscular activity, it is
well recognized that a correlation exists between the task difficulty (and hence the pilot
workload) and the insurgence of unfavorable RPCs (Ref. [5], Ref. [6]). The change of
the pilot neuromuscular activity due to the a change in workload directly reflects on a
change of the pilot control actions on the inceptors, which can result in an adverse RPC

phenomenon.

1.1. Helicopter inceptors typical layout

At this point, it is worth explaining the typical layout of helicopter flight controls, reported

in Figure 1.2, that is made by three inceptor systems:

1. the collective inceptor, located on the left side of the pilot’s seat and operated with
the left hand, is able to rotate about an axis oriented right-to-left: if rotated upward
(downward) there is an equal and simultaneous increase (decrease) in pitch angle of

all main rotor blades, i.e., in the main rotor thrust magnitude;

2. the cyclic inceptor, usually projected upward from the cockpit floor between the
pilot’s legs and operated with the right hand, is able to rotate about the longitudinal

and the lateral axes: a forward (lateral) rotation of the cyclic stick generates a cyclic
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pitch variation able to incline the direction of the main rotor thrust, inclining it
forward (laterally). This allows the pilot to fly the helicopter in any direction of

travel: forward, rearward, left and right.

3. the pedals, located on the cabin floor by the pilot’s feet, are able to jointly rotate
about a common vertical axis: a leftward rotation of the pedals, created by pushing
away from the pilot the pedal on the left (the pedal on the right will correspondingly
be moved toward the pilot) generates a variation of the tail rotor thrust as to induce

a yaw acceleration of the aircraft in the direction of moving the nose to the left.

Globally, it is possible to control the main rotor thrust magnitude and direction and the

tail rotor thrust magnitude.

~=_A
CYCLI(;/\’/{ -

PEDALS t—;\‘.

COLLECTIVE

Figure 1.2: Typical helicopter inceptors layout (Ref. [7])

Collective and cyclic inceptors are made of two parts (Figure 1.3):

1. the grip, that is the upper part, hold by the pilot hand and containing all the keys,
buttons and switches through which the pilot controls the helicopter;

2. the stick, that is the linkage between the grip and the hinge (usually referred to as

elbow) which permits the rotation of the control.



6 1| Introduction

GRIP

Figure 1.3: Inceptor structure: grip and stick

The present work is focused on the design and instrumentation of an helicopter collective

grip and cyclic stick.

Two typical inceptors RPC-related issues are the collective bounce and the lateral stability

problem.

Collective bounce

A PAO phenomenon specific of helicopters is the so-called “collective bounce” (also known
as “vertical bounce”) , an RPC caused by vertical vibrations of the cockpit. It is the result

of a control loop, along the vertical axis, closed by the pilot:

e the thrust of the rotor directly depends on the collective pitch, which is controlled

through the collective inceptor;
e the motion of the hand, when moving the collective inceptor, is notionally vertical;

e an oscillatory perturbation of the thrust produces vertical vibrations of the airframe,

including the cockpit, which excites the pilot through the seat and the floor;

e as a consequence of the cockpit and control inceptors layout, the vibrations induce a
collective control input as a result of the biodynamics of the pilot’s left arm, which
holds the collective inceptor and the (involuntary) motion of the inceptor excites

the thrust perturbation, closing the involuntary feedback loop (Ref. [8]).
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Lateral stability

Although the collective bounce is the most important PAO, similar issues were also seen
on the cyclic, particularly with reference to the lateral stability. As a case in point is the
one of Ref. [9], in which real-time flight simulation experiments have been used to study
a technique to predict the adverse aeroservoelastic rotorcraft—pilot couplings between a
rotorcraft’s roll motion and the resultant involuntary pilot lateral cyclic motion. The
results show that the cause that triggered the PAO was an aeromechanical instability
(similar to air resonance) created by the lightly damped main rotor regressive lead—lag
mode at 2.28 Hz, coupled with the pilot biodynamics/lateral stick dynamics.

PIO instabilities are also present, especially due to time delays. They are introduced in
the control system of actual aircraft by fly-by-wire systems, specifically by the digital
acquisition and filtering of control device motion and by signal processing before feeding
inputs to the actuators. Delays of the order of 80 ms are plausible, but higher values have

been reported, especially in early experimental aircraft (Ref. [7]).

1.2. Outline

1.2.1. Thesis objective

In this work, it is presented the design, the realization and the testing of light-instrumented
helicopter collective and cyclic inceptors for the gather of real-time information about the
pilot action. The word light has to be intended in both its English acceptations, being

the measurement systems:
e based on an optical principle, i.e., on the light properties;

e non-intrusive, i.e., they neither interfere with the piloting experience nor alter the

ergonomics and the perceptible characteristics of the input devices.

The sensorization of the control inceptors concerns the collective inceptor grip, for which
a layout re-engineering of an already developed optical sensor (Ref. [7], Ref. [10]) is per-
formed, and the cyclic inceptor stick. In particular, the collective inceptor grip is instru-
mented with a sensor able to capture the pressure introduced by the pilot hand. Some
parts of the grip, that is 3D printed, slide with respect to the rest of the grip itself so that,
when pressure is applied, they are free to sink by a small amount—almost imperceptible
to the pilot—but significant enough to result in a pressure measurement. This sensor
could help in the monitoring of the pilot workload, since higher workload levels are likely

associated to a higher pressure exerted on the grip (Ref. [11]). About the cyclic inceptor
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stick, it is made of carbon fiber-reinforced composite material and is equipped with Fiber
Bragg Grating (FBG) sensors able to measure the deformation induced by the pilot con-
trol actions. The sensors working principle relies on the measure of the frequency shift of
the light passing through the optical fiber in which they are embedded as consequence of
the external phenomena to which the latter is subjected. This is possible by inscribing
an invisible permanent periodic refractive index change in the core of the optical fiber,
which reflects a specific wavelength and let the others passing through. The measure of
the loads applied to the stick has a paramount importance in the prevention and study
of RPC phenomena, enabling the computation of one of the fundamental indices of the
pilot-vehicle interaction, that is the Biodynamic Feedthrough (BDFT).

1.2.2. Thesis structure

The thesis work is organized as follows: in Chapter 2 a review of the pilot workload
assessing methods and of the state of the art is reported. Chapter 3 is dedicated to the
collective grip sensor design and realization, while Chapter 4 is about its experimental
testing. Chapter 5 deals with the cyclic inceptor design and realization, while Chapter 6
deals with the stick sensors calibration process for the load identification, that is performed
by doing experimental tests and by the use of a Finite Element (FE) model. In Chapter 7

are reported the conclusions of the present work and its future developments.
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2.1. Definition

Flying an aircraft imposes a load on the pilot who has to expend an amount of physical
and mental effort to accomplish the task. This ostensibly easy assertion conceals the
difficulty of defining pilot workload and a review of the literature reveals the wide range of
interpretation and the vagueness which exists (Ref. [12]). Although there is not a single
definition that can be accepted, several authors have pointed to effort as the central
idea in their conception of workload. In their handling qualities rating scale, Cooper
and Harper (Ref. [13]) ask “Is adequate performance attainable with a tolerable pilot
workload?” and they defined pilot workload as “the integrated physical and mental effort
required to perform a specified piloting task”. The idea of workload as effort is one
with which also many pilots would agree, since it accounts for the individual ways in
which pilots respond to the demands of the flight task by encompassing such variables as
natural ability, training, experience, age and fitness (Ref. [12]). Nonetheless, there are
other crucial elements of the flight task which can be deemed as fundamental in defining
concepts of workload, providing a fertile soil for controversy. Despite this, it is generally

acknowledged that:
e workload depends on the level of the “pilot compensation” needed;
e a key aspect is the time-limited capability of the human operator;

e there are two main areas for consideration, that are task-related and pilot-related

aspects;

e it is possible to divide workload into physical and non-physical (or mental) com-
ponents; on that, it is agreed that the increasing use of advanced autopilots and
flight management computers has, especially in civil transport aircraft, caused a
substantial decrease in the physical content of the total workload with a consequent

relative increase in the cognitive or mental content;

e workload duration is a determining factor;
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e stress plays an important role in determining pilot workload.

About the last point, even though stress is often vaguely defined, it refers to the physi-
ological and psychological responses experienced by pilots when they perceive demands,
pressures, or challenges that exceed their ability to cope effectively. It is a natural and
often unavoidable reaction to various factors encountered during aviation operations, in-
cluding, other than high workload, time pressure, critical decision-making, challenging

weather conditions, complex aircraft systems, emergencies and other situational demands.

2.2. Techniques for workload assessment

Over the past fifty years, considerable research efforts have been devoted on finding accu-
rate methods for monitoring pilot workload, particularly those that may be used during
flight (Ref. [14]). Numerous experiments have examined different strategies; particularly,
it appears that the increased accessibility of General Aviation Trainers (GAT) in research
labs has significantly boosted the number of experiments involving pilot workload. Un-
fortunately, of the many different techniques that have been developed, most are suitable

only for use in the carefully controlled conditions of the laboratory or flight simulator
(Ref. [14]).

Numerous authors have put forth an array of criteria for workload assessment method-
ologies, which include sensitivity, diagnosticity, selectively, intrusiveness, concordance,
reliability, operator acceptance, and convenience. Not to forget, when assessing workload
in aircraft, the techniques must be compatible with flight safety. Whilst it could be fair to
try to meet many of these requirements in laboratory investigations, it would be impossi-
ble to apply them too strictly in the real world. The different methods for assessing pilot
workload can be broadly divided into three groups: objective, subjective and physiological
(Ref. [14]). The bibliographic reference for Subsections 2.2.1, 2.2.2, 2.2.3, 2.2.4 is Ref.
[14].

2.2.1. Objective Techniques

These can be further divided into performance measures and analytic techniques.

Performance Measures

It is unquestionable that a relationship between workload and performance exists, even
though it may not be a simple one, but at the same time there is little doubt in saying

that performance is not the only criterion: the expense of the pilot in terms of effort and
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the likelihood of an overloaded pilot are of utmost relevance.

For instance, a pilot may exert more effort and increase his workload as the demands on
him increase to maintain performance. Conversely, as appears to happen more and more
often today, the demands on the pilot may be reduced and performance may suffer as the

perceived workload becomes less due to complacency.

This precludes the use of performance alone as the only metric for workload assessment.
Nonetheless, it is important, when assessing workload, to define performance criteria
and then to monitor the result. Instrumented aircraft and external measuring devices,
such as kinetheodolites sited on airfields to monitor approaches and landings, are ideal.
This is rarely possible but the use of video cameras to record crew activity and cockpit

instrumentation is an alternative way of monitoring performance.

Analytic Techniques

Many engineers and designers view workload in terms of the demands of the task. This
is an interpretation of workload that encourages the use of analytic techniques based on
some form of time and motion study. Timeline analysis carried out in mockups, in flight
simulators or in real aircraft is used to build up a data store of physical activity associated
with specific scenarios. These data can be used to build models, calculate workload indices

and forecast the workload for a certain task or aircraft.

2.2.2. Subjective Techniques

Without a question, the most popular and likely most reliable method presently available
for estimating workload in flight is subjective reporting, in some form, by experienced
test pilots (Hart in Ref. [15] said “Workload is a subjective experience”). There are
many methods for gathering subjective evaluations, from basic unstructured interviews
and surveys for use after flight to complex rating scales for use during flight. Post-flight
approaches usually have the upside of being simple and can provide valuable information
on workload but they heavily rely on a pilot’s ability to recall events and impressions that
may have occurred some time in the past. Despite that, both organized and unstruc-
tured interviews and questionnaires can be employed effectively to supplement in-flight

assessments.
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2.2.3. Physiological Techniques

The technique of measuring physiological variables to assess workload has been used for
many years in a variety of situations. Despite the fact that flying a modern airplane
requires little physical effort and little control force during routine manoeuvres, a large
amount of neuromuscular involvement occurs when a pilot is manually flying an aircraft
where precise and frequent control inputs may be needed, such as on landing or in the
positioning of slung loads. Changes in a physiological variable like heart rate can be used

to detect this involvement.

2.2.4. Combined Techniques

There is currently compelling evidence that the best accurate method for determining
workload in flight is a mix of many strategies. It appears that a subjective technique
backed by a physiological measurement is a popular combination. A good correlation
between heart rate and respiratory frequency, subjective ratings, overall performance,

control activity, and model results has been reported by van de Graaff (Ref. [16]).

2.3. State of the art assessing methods

Currently, the primary method of workload evaluation is through a subjective assessment
that the pilot performs as close as possible to the conclusion of a mission. The assessment
is very often supported by purposely-developed charts, e.g., the Bedford rating scale or
the more specialized DIPES scale, that are reported respectively in Figure 2.1 and in
Figure 2.2. In the first case, the assessment is based on the use of a uni-dimensional
rating scale designed to identify operator’s spare mental capacity while completing a task
non-directly related to piloting. The operator is guided through a ten-point rating scale
with a descriptor of the corresponding level of workload in a hierarchical decision tree
(nominal tasks should have ratings of 3 or less and off-nominal tasks of 6 or less) (Ref.
[17]). The DIPES scale consists instead on the evaluation of the compensation effort
required by the pilot. A rating in the range 1-3 is assigned to tasks that present little
difficulty. More difficult tasks that reduced the pilot’s spare capacity to perform ancillary
tasks are awarded increasingly higher ratings. At conditions for which the pilot is not

able to apply sufficient effort and has to abandon the task, a rating of 10 is awarded (Ref.

[18]).
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OFERATOR DEMAND LEVEL RATING

| Workload insignificant.

‘ Warkload low.

I Enough spare capacity for all desirable additional tasks.

Insufficient spare capacity for sasy attention to additional d
tasks

Was
workload

satisfactory Reduced spare capacity. Additional tasks cannot be given 5
without tha desired amount of attantion.
reduction?, Little apare capacity. Level of effort allowa little &
I i | tagks.

Very little spare Ity, but the mair of effort

Was
workload tolerable
for the task?

. 2 skis ingues
Very high workload with almost no spare capacity.
Difficulty in maintaining level of etfort

Extremely high workload, no spare capacity. Serious e
doubts as to the ability to maintain level of support

‘ Tasks abandoned. Pilot unable to apply sufficient effort

Was it

possible to
complete the

Enter Here (Roscoe, 1984)

Figure 2.1: Bedford rating scale (Ref. [17])
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T Considerable position sccuracy occasionally degrades during 2
peaks in ship metion, lurbulence, of sea state. Flest
No pilits will have difficulty conducting ancillary tasks,
i Highust tolarable compensation required. Tracking
Highest and positioning accuracy degraces regularly during 3
_ Have fleet Yes Tolerable peaks in ship motion, turbulence, or sea state. Fleet
pilot limits been pilats will be able to keep up with task requirements

reached? bbut no more. Degraded operations {ship or aircraft)
will probably require an abort. Repeated safe

operatians are achisvable,

[ required. .y is poor
in one or more axes, Fleet pllots will be purely 4
reacting to extemal influences rather than
anticipating them. A safe abort may not be possibile it
aircraft or ship system is lost during a critical phase
of thy lution. Flieet pilots under -

conditions could not consistently repeat these
evohitions safely.

Excessive

safe?

Extreme compensation required. Repeated safe
Da“gamus evolutions are not possible even under controlled 5
test conditians with fully proficient pilot.

Fleat/Operational Pilot
Workload

Figure 2.2: DIPES rating scale (Ref. [18])

To the two rating scales aforementioned, it is worth adding a third one, that is the
NASA Task Load Index (NASA-TLX), of which a paper-and-pencil version is reported in
Figure 2.3. It is a procedure for collecting subjective workload ratings that was developed
by the Human Performance Group at NASA’s Ames Research Center. In particular, it is
a multi-dimensional rating procedure that provides an overall workload score based on a

weighted average of ratings on six subscales (Ref. [19]):

1. Mental Demands: how mentally demanding was the task? How much mental effort
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was required?

2. Physical Demands: how physically demanding was the task? How much physical

effort was required?

3. Temporal Demands: how much time pressure did you feel during the task? How

much work had to be done in a limited amount of time?

4. Own Performance: how successful do you think you were in accomplishing the goals
of the task?

5. Effort: how hard did you have to work to accomplish the task? How much effort
did you exert?

6. Frustration: how irritated, stressed, and annoyed were you during the task? How

much negative emotion did you experience?

It has been used in a variety of domains, including aviation, healthcare and other com-
plex socio-technical domains. There is a description for each of these subscales that the
subject should read before rating. They are rated for each task within a 100-points range
with 5-point steps. These ratings are then combined to the task load index. Providing

descriptions for each measurement can be found to help participants answer accurately.
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NASA Task Load Index

Hart and Staveland’s NASA Task Load Index (TLX) method assesses
work load on five 7-point scales. Increments of high, medium and low
estimates for each point result in 21 gradations on the scales.

Name

Task Date

Mental Demand

How mentally demanding was the task?

Very Low

Physical Demand

Very High

How physically demanding was the task?

Very Low

Temporal Demand

Very High

How hurried or rushed was the pace of the task?

Very Low

Performance

Very High

How successful were you in accomplishing what
you were asked to do?

Perfect

Effort

Failure

How hard did you have to work to accomplish
your level of performance?

Very Low

Frustration

Very High

How insecure, discouraged, irritated, stressed,
and annoyed wereyou?

Very Low

Very High

Figure 2.3: Paper-and-pencil version of the NASA-TLX rating scale (Ref. [19])

A second part of the NASA-TLX rating procedure is reported in Figure 2.4 and it includes

15

an individual weighting of these subscales. It enables the subjects compare them pairwise

based on their perceived importance. This requires the user to choose which measurement

is more relevant to workload. The number of times each is chosen is the weighted score.

This is multiplied by the scale score for each dimension and then divided by 15 to get a

workload score from 0 to 100, the overall task load index.
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WEIGHTED RATING WORKSHEET

Scale Title Weight

Raw
Rating

Adjusted Rating
(Weight X Raw)

MENTAL DEMAND

PHYSICAL DEMAND

TEMPORAL DEMAND

PERFORMANCE

EFFORT

FRUSTRATION

Sum of "Adjusted Rating" Column =

WEIGHTED RATING =

[i.e.. (Sum of Adjusted Ratings)/15]

2| Pilot workload

Figure 2.4: NASA-TLX subscales weighting table (Ref. [19])

In virtually all the subjective methods, the pilot assessment should be related to a single

Mission Task Element (MTE), in order for it to be related to a mission segment that will

present a uniform level of requirements to the piloting task (Ref. [4]). The critic point of

these evaluation methods is that they are subjective: they have all the limits related to

the human activity and pilots must be trained to answer to the questionnaires because

there are a lot of psychological implications: for example, if the MTE is long, then the

pilot tends to remember only the bad aspects or the good ones or the most recent ones.

Two strategies are generally employed, instead, for instantaneous pilot workload assess-

ment:

1. analysis of pilot activity, generally performed in the time domain, carried out on

available data streams like control inputs.

An example is the phase aggression

criterion of M. Jones et al. (Ref. [20]), a method focused on considering the phase

difference between pilot input displacement and vehicle rate;

2. analysis of psycho-physiological indicators, via the introduction of specialized mea-



2| Pilot workload 17

surement devices (e.g., heart rate monitoring, surface electrical capacitance, etc.),
as shown in Ref. [21]. An example of a subject with motion capture markers and

Electromyography (EMG) electrodes can be seen in Figure 2.5.

Figure 2.5: Subject with specialized measurement devices (taken from Ref. [21])

Another example is the equipment set up by B. Johannes et al. (Ref [22]) (Fig-
ure 2.6), through which electrocardiogram, peripheral skin resistance, finger skin
temperature, rate/depth of respiration and pulse transition time are continuously

measured.

= Throat micro

=
- Fi

Figure 2.6: Pilot with the sensors equipment taken from Ref [22]

The findings of the study provided insights into the pilots’ psychophysiological responses

during challenging flight maneuvers. Significant increases in heart rate, blood pressure,
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and subjective stress ratings were observed during both simulated and real flight tasks,
indicating heightened stress levels. Additionally, cortisol levels, which are indicators of
stress, were found to be elevated in response to the demanding flight maneuvers. The
study emphasized the importance of considering psychophysiological responses as indica-
tors of pilot workload and stress in aviation settings. Understanding these responses can
contribute to the development of strategies and interventions to manage pilot stress and

optimize performance.

In Ref. [23], Y. Sahar et al. investigate a stress-adaptive training approach based on the
measurement of the grip force. The research work aimed to develop a training method
that adapts to an individual’s stress levels to enhance psychomotor skills. Based on the
stress levels measured, the training system adapted the difficulty and complexity of the
tasks to match the participants’ stress responses. The results of the study indicated that
the stress-adaptive training approach, which adjusted the difficulty of the tasks based on
the grip force measurements, led to improved performance and learning outcomes com-
pared to traditional fixed-difficulty training methods. The participants showed enhanced
psychomotor skills and adaptability when they received training tailored to their stress

levels.

2.4. About the tools presented in this work

The workload assessment methods based on the use of the tools proposed in this study
fall under the category of combined methods, since the pressure applied by the pilot hand
can be considered a physiological indicator of the pilot workload level and the measure
of the stick’s deformation provides an objective indication of forces applied by the pilot.
The sensorized grip and stick presented in this work have a number of potential benefits,

including:
e they do not alter the design of the control inceptors;
e they do not require complex equipment for the data acquisition;
e they are stand-alone, i.e., they do not depend on the presence of other systems;

e it is possible to choose whether to perform a real-time analysis of the data or to
download them after the flight;

e the extreme low cost of the pressure sensor components allow it to be applied and

adapted easily to a large quantity of different inceptors in a large variety of vehicles;

e the pilot is not required to do any special activity or provide ad hoc feedback,
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answers to questionnaires or so.
Among the others, they can be used to:

e identify unwanted inputs in terms of force and pressure applied on the handle and
their variation in time: the possibility to detect quick changes or spikes in the
applied force could be used to detect RPC phenomena that are not visible just by

looking at the stick motion;

e train pilots to deal with RPCs by inducing them and monitoring the pilot response,

giving feedback about their behaviour and making them used to such phenomena;

e have a redundancy in the control law: the obtained input from the sensors on the
grip and on the stick could be compared to the one coming from the stick motion to
enhance the control law and reduce uncertainties; in case of fly-by-wire helicopter,

this is particularly important in case of failure of the fly-by-wire system.

Furthermore, a review of the available literature reveals that the FBG sensors have never
been embedded in a control stick. All of that is not to say that the tools proposed could
entirely replace the assessing methods presented above, but rather they could play an
important role for example in a combined technique, without leading to an increase of the

complexity of the correlated activity, both from the piloting and the setup point of view.
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3 ‘ Collective inceptor grip

3.1. Sensor working principle

The measurement device included in the grip relies on an optical working principle, from
which the name of OPTical INceptor (OPT-IN), commonly referred to as Frustrated
Total Internal Reflection (FTIR) (Ref. [24]). It consists on the fact that, considering an

interface between two media of sufficiently differing refraction indices:

e if encountered by an electromagnetic wave, the latter is reflected back into the first

medium;

e if encountered by an evanescent wave, exponentially decaying in space, the latter is

transmitted into the second medium.

The case of interest is the second one, in which the refracted wave can carry energy,
that can be detected by an appropriate sensible element (e.g., a photoresistor). The
amount of light refracted is proportional to the contact area between the two media.
Preliminary studies already conducted (Ref. [25]), which demonstrate the viability of
such an application, serve as the foundation for the first prototype’s realization, which is
presented in Ref. [26]. In Figure 3.1 is shown the core element of the sensor: a transparent

cylinder (1), illuminated by two LEDs placed at the top and bottom facing to each other

(2).

Figure 3.1: OPT-IN main components (Ref. [26])
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The material of the cylinder is selected such that total reflection of the LEDs light is
guaranteed and in the developed prototype plexiglass is used. As explained in Ref. [27],
to achieve the total refraction in the cylinder, the LED light must hit the plexiglass base
with a maximum angle, which value can be obtained exploiting the Snell’s law:

sin(a,)  my

sin(ag)  no (3:-1)

where:

e «, is the angle of the reflected beam of light, which is set to 90° to find the limit

angle;
e «; is the angle of incidence of the beam light that is needed to be found;
e ny/ny=1.5 is the refractive index of plexiglass with respect to air.

With these conditions, the obtained critical angle is:
o, = 42° (3.2)

thus, taking into account a margin, the maximum angle to be considered is equal to 40°.
Regarding the LEDs color, in Ref. [27] it has been demonstrated that the blue light is the
best choice for the functioning of the device in terms of minimum luminosity detectable
and sensibility to luminosity changes.

The other elements of the sensor are the individual force transducers (3,4), that are con-
stituted by a hemispherical-shaped component of transparent elastic material (3), placed
in front of a photoresistor (4). The hemispherical components are manufactured using
silicon in the developed prototype, but other materials can be used for the same scope.
About their shape, there are no restrictions and they are selected to be hemispherical in
order to obtain a variation of the area of contact with the pressure which is as close as
possible to linearity (Ref. [27]).

The working principle of the sensor relies on the fact that when the hemispherical part is
in contact with the cylinder, through the contact area the light reflected in the cylinder is
frustrated, allowing it to be transmitted in the hemispheric probe. Since the contact area
is proportional to the contact pressure, the sensor is able to produce a signal proportional
to the pressure applied by the pilot hands on the control inceptor grip. The photoresistor
varies its resistance in response to the quantity of light passing through, which in turn
depends on contact area between the hemispheric cell and the cylinder. In particular, the

photoresistor resistance decreases with the increasing amount of light received.
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The electrical scheme explaining the usage of the photoresistor is reported in Figure 3.2.
R, (ZH‘/ A, Ry

———

+5

: Ay =

Figure 3.2: Electrical scheme with the photoresistor

The circuit consists, from left to right, on a constant voltage generator (which erogates
5V'), on the photoresistor itself and on a constant-resistance resistor. The latter is nec-
essary, otherwise the voltage drop across the photoresistor would remain equal to 0 over

time, independently from the amount of light. By exploiting the first Ohm’s law:
AV, = Ry(l,)i (3.3)

where
e AV, is the voltage drop across the photoresistor;
e R,(l,) is the photoresistor resistance, that is function of the light intensity [,;
e ¢ is the current intensity crossing the photoresistor;

by measuring AV, since the current intensity ¢ is known, it is possible to monitor the
value of the resistance R,(l,). After doing an opportune calibration process consisting in
the application of known loads to the sensor and in the reading of the corresponding value
of R,(l,), it is possible to get a correlation between the load (pressure) applied and the
light intensity, i.e., it is possible to get the relation I, = [,(R,) (see Section 3.4). From
the practical point of view, the two ends of the circuit are the positive and the negative
wires of Arduino. Since in the prototype realized there are four photoresistors, there are

four analogue acquisition channels, to which are added two positive and negative cables.

3.2. Design overview

The load cell is integrated in the handle: some parts of the grip slide with respect to the
rest of the grip itself so that, when pressure is applied, they are free to sink by a small

amount—almost imperceptible to the pilot—but significant enough to result in a change
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in contact area that can be measured. As can be seen in Figure 3.4, in the prototype
designed there are two movable parts, each with two load cells. The choice of the location
of the movable parts, other than being constrained by the limited space available, has been
carried out on the basis of the way in which the pilot holds the collective grip, resulting
in a movable part on the front and in one on the back. In order to produce a value that is
averaged over the region of interest, the two photoresistors of each load cell are connected
in series. Each load cell is connected through two wires to a voltage reader, which makes
the values available for any device in a range between 0 and 5 V, without requiring any
conditioning. In the following of this section are described the main modifications with
respect to the existing design, i.e., the one of [7|. The first modification consists in the
split of the grip into top part (Figure 3.3) and bottom part (Figure 3.4). This decision
is made so that it is possible to mount different types of grip head, without the need of
changing the lower part containing the OPT-IN cylinder. Moreover, this split makes it
possible to quickly replace the LED of the cylinder in the event that it stops working.
The two parts of the grip are held together by two screws. To avoid the contact between
the screws and the 3D printed parts, threaded inserts are used in the holes of the grip
bottom part.

Figure 3.3: Grip top part
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Figure 3.4: Grip bottom part (front view on the left, rear view on the right)

As can be seen in Figure 3.3, three button inserts have been predisposed. The next
modification consists in the creation of an internal slot for the needed cables, so that
they are not visible on the grip surface. This corresponds to the groove adjacent to
the OPT-IN cylinder hole visible in Figure 3.4. Considering the general position of the
collective inceptor with respect to the horizon, it was deemed appropriate to reinforce the
connection between grip top and bottom part by creating a plug-like element on the grip

head (and the corresponding slot in the grip bottom part), as can be seen in Figure 3.3.

It has been decided to change the optical load cells mounting: instead of fixing them

through screws, a sock-like casing is used because:

1. to put a screw on the 3D printer resin is not a best practice, since the screw cannot

be removed in a second moment (except by drilling the resin);

2. in this way OPT-IN is preloaded, enhancing the signal-to-noise ratio, since the null-

pressure loading condition output is in this way shifted of a constant amount.

The internal part of the load cells (both the front and the rear one) is modified adding a
support for the photoresistors, as can be seen in Figure 3.5 (left). The final connection

between the sensing device and the cylinder can be seen in Figure 3.5 (right).
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Figure 3.5: Load cells internal modifications (left) and connection with the OPT-IN
cylinder (right)

Figure 3.6 shows an exploded view of the OPT-IN components: (1) is the cylinder, (2)
the elastic component, (3) the photoresistor, (4) the inner portion of the sliding part, (5)
the outer one (the one in contact with the pilot’s hand), (6) the LED source and (7) the

case containing the latter.

-

Figure 3.6: Exploded view of the OPT-IN components

The inner and outer parts of the sliding portions of the grip, as can be see in Figure 3.7,

are connected through a nut-screw coupling.
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Figure 3.7: Connection of the inner and outer parts of the sliding portions of the grip

The final prototype, including the joint element for the stick, is reported in Figure 3.8.
This prototype has not been printed, as explained in Section 3.6.

Figure 3.8: Grip final prototype
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3.3. Wiring

The system’s wiring must be capable of reading the voltage across each photoresistor and
supplying the LED with the proper voltage and current. To do that, an Arduino UNO
board is used, which provides the required voltage to the LED and reads the values of the
photoresistors through the analog pins available. Data are transmitted via a USB cable
connecting the Arduino board to the desired device to read the real-time data stream via

serial communication.

In Figure 3.9 is reported a section view of the grip. For visualization purposes, different
section planes are used for the grip lower and upper part. One can notice that in the grip
top part, above the cylinder, there is a slot channel to allow the needed wiring cables to
go from the grip head, where the Arduino board is placed, throughout the grip, eventually

going out from the grip-stick joint element.

Figure 3.9: Section view of the grip

3.4. Data acquisition

As anticipated, a calibration process was conducted during previous studies (Ref. [27]).

The resulting curve is reported in Figure 3.10.
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Figure 3.10: OPT-IN calibration curve

Despite the presence of sources of non-linearity, as:
e the fact that the photoresistor behavior is not perfectly linear;

e the fact that the contact area between the cylinder and the hemispherical elastic

material is non-linear;

the relation shown in Figure 3.10 is globally linear, also considering that the range of
interest for the cyclic stick is 0 +— 5kg. In the y-axis is reported the digital value of the
signal. The analog-to-digital conversion is performed by Arduino; the feature of interest

of the converter are:
e resolution, which defines the minimum detectable pressure;
e sampling frequency.

The signal value is then normalized between 0 and 1, so that it is possible to use different
acquisition boards. Since the indication of the pressure is qualitative (being, as said, a
normalized value), to get a quantitative information it is necessary to perform a calibration
procedure by the use of known loads. The load application must be repeated at different
frequencies due to the deformation transient of the hemispherical probes. The acquisition
frequency of the OPT-IN sensors is 40 Hz, which is the maximum capability of real time

USB communication allowed by the selected microcontroller.

3.5. Algorithm overview

The data are acquired by the Arduino UNO and a value ranging from 0 to 1023 is read for

each sensing element. The data coming from the sensing elements are combined according
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AUf i 01
Uif-1e)

o Avy, Av, are respectively the value read from the front and rear sensing element;

to the following scheme:
K K
Ko K

where:

e K; are values of the gain matrix that gives different importance to each sensing

element in each direction;
e (; is the resulting force in any given direction.

The data set coming from the sensing elements could also be used to integrate and improve

the flight control system of the aircraft by adding information that is usually not available:

e a consistent increase in the mean average grip pressure could be related to an increase
in the current MTE workload by the pilot and could be related to a higher risk of

insurgent RPC phenomena;
e peaks in the applied force or rapid changes of it could be a sign of fatigue;

e oscillations at frequency 2.5-5 Hz could be a sign of unwanted RPC taking place.

3.6. Grip final prototype

During the development of the thesis work, there was the opportunity to design and realize
a new collective grip, that can be seen in Figure 3.11, in which the OPT-IN arrangement

is included.
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Figure 3.11: Collective grip in which the OPT-IN arrangement has been added

As can be seen, this grip does not aim to reproduce the external shape and ergonomics
of the input device, but it is a solution focused on the integration of the pressure sensor
and of a load cell, that in Figure 3.11 is represented by the blue element. One of the
peculiarities of this grip is the fact that it has a metal core, which permit to overcome the
problems related to the structural strength of the 3D printer resin. An exploded view of

the grip, in which the metal core and the pressure sensors can be visualized, is reported

in Figure 3.12

. B

Figure 3.12: Exploded view of the grip final prototype
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Figure 3.13 shows on the left the grip metal core with the illuminated cylinder inside and
on the right the completely assembled grip, in which is possible to see the upper sensing

element.

Figure 3.13: Final grip prototype pictures
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4: ‘ Collective grip sensor testing

4.1. Test setup

The experiment performed using OPT-IN aims to monitor the left-hand activity of the
pilot on the collective stick of a helicopter during a flight containing different MTEs. The
information about the translation of the collective inceptor are detected during the flight
using MATLAB Simulink. The data of the two OPT-IN sensors are collected directly by

the Arduino UNO microcontroller of Figure 4.1 and communicated via USB.

Figure 4.1: Arduino UNO microcontroller used for the OPT-IN sensors data acquisition

The experimental test-bed is the motion platform of the Department of Aerospace Science
and Technology of Politecnico di Milano shown in Figure 4.2, which is composed of the

following subsystems (Ref. [28]):
1. a 6-DOF Motion Platform System (MPS) Bosch eMotion 1500;
2. a reconfigurable cockpit mock-up;

3. a customized measurement system.
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Figure 4.2: Motion Platform System (MPS) used as test-bed

The MPS is able to carry a maximum payload of 1500 kg and provides acceleration inputs
of adequate intensity (in excess of 10m/s?) in the frequency band [1,7.5] Hz. The cockpit
mock-up is composed of the pilot seat, collective and cyclic inceptors (Figure 4.3), pedals,
and a glass cockpit made of two monitors. The cockpit structures are supported by

stainless steel frame. The rotation of the inceptors is measured by 3 absolute encoders.

FTR Button W Force sensors
FTR button h Force Sensors i integrated in the
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Figure 4.3: The RPC test-bed collective inceptor (left) and cyclic inceptor (right) control
chain (Ref. [28])
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The motion platform system is not a helicopter flight simulator, being its main purpose the
study of the pilot-vehicle interaction due to an external input: the motion is predetermined
and acts as a disturbance for the pilot during the MTEs execution. Tasks involve the chase
of a target both with cyclic and collective inceptors. As a matter of fact, even though
the cyclic inceptor is not of particular interest for the purpose of this work, it has been
decided to make the tested subject using it in order to more faithfully reproduce the
typical helicopter flight condition. The pilot shall execute the MTE by looking at the
target shown on the screen: it is represented by two magenta stars that move on a plane
following a determined path. A dot is controlled by the pilot and moves according to
the motion of the cyclic stick (horizontal motion of the dot controlled by lateral input,
vertical motion of the dot controlled by longitudinal input). Another dot moves according
to collective inceptor, for which the path of the target is just vertical. An example of the

MTE screen is shown Figure 4.4.

CYCLIC

FTR (@]
LONG POS © %
LAT POS 0 %

COLLECTIVE

Figure 4.4: MTE screen of the MPS

The goal is to overlap the two dots with the magenta stars as much as possible throughout
the entire duration of the MTE. The dot indicating the control inceptors position is green,
yellow or red, depending on the accuracy of the overlapping with the targets (respectively,
optimal performance, acceptable performance and unacceptable performance). It is pos-
sible to set the thresholds for the change of the dot color and for the test performed two

sets of thresholds are used, which are reported in Table 4.1.
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Threshold Green limit [%] Yellow limit [%] Red limit [%]
Narrow 1 3 >3
Wide 3 5 > 5

Table 4.1: Optimal performance (green), acceptable performance (yellow) and unaccept-

able performance (red) sets used in the tests

The threshold is intended as the percentage error between the target and the input po-
sition. The type of threshold is kept constant in each test and the tested subject is not
informed about the type of threshold adopted. Two tests are performed without motion
of the platform to serve as workload reference level, then the other tests are performed
using a motion on the vertical direction with RMS = 1 m/s* and RMS = 1.5 m/s>.

Table 4.2 summarizes the tests performed with the relative characteristics.

Test Motion RMS [m/s?] Thresholds type

1 - Wide
2 - Narrow
3 1.0 Narrow
4 1.5 Narrow
5t 1.0 Wide
6 1.5 Wide

Table 4.2: Test summary table

4.2. Results

Even though it is necessary to carry out the tests on a larger statistical sample, which is
left to future developments, hereinafter are reported the results obtained with one tested
subject. In Figure 4.5 is reported, for each test, the grip average pressure exerted by the
tested subject. The pressure is expressed in levels, which is not the usual unit of measure
for a pressure measurement, but this is not critical for the present analysis, since the focus
is on the relative variation of the grip pressure rather than its absolute value. Since the
trend in time of the pressure exerted on the upper and on the lower sensing elements of

the grip is similar, the average between the two sensing elements output is reported.
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3§)PT—IN test results: average grip pressure for each test
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Figure 4.5: OPT-IN results: average grip pressure for each test

It is possible to see that the pressure applied on the grip for the first two tests (the ones
without platform motion) is relatively low if compared with the results of the other tests.
Moreover, there is not a relevant difference between the results of the first two tests,
index of the fact that the pilot workload, with the platform at rest, does not significantly
increase as the thresholds are tightened. The results of the tests 3 and 4 show that the pilot
workload level is higher with respect to the one of the tests without motion. Moreover, it
is possible to see that the grip average pressure for the test with higher motion RM S is
higher than the one with lower RMS. Similar considerations apply to the results of the
last two tests. The comparison between the results of tests 3 and 5, that are performed
at the same platform motion RM S but with different sets of thresholds, shows that the
average grip pressure of test 3 (the one with narrower thresholds) is higher than the one of
test 5 (the one with larger thresholds). Analogous considerations apply to the comparison
between tests 4 and 6. In particular, it is possible to see that, being the thresholds wider
with respect to the ones of the previous two tests, the average grip pressure is lower with
respect to the one of the tests 3, 4. To have an indication of the accuracy with which
the tested subject followed the target, Figure 4.6 and Figure 4.7 show, for each test, the
comparison between the time histories of the target, which has a sinusoidal trend over

time, and the input.
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Test 1,2,3 comparison between collective inceptor target and input
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Figure 4.6: Comparison between the time histories of collective inceptor target and input
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Figure 4.7: Comparison between the time histories of collective inceptor target and input

for the test 4-5-6

As expected, in the first two tests, that are without platform motion, the input follows
the target with relative small error. It is possible to appreciate a relative small shift (i.e.,
delay) between the target and the input, that is due to the human reaction time. The
comparison between tests 3 and 4 shows that, fixed the threshold type, the oscillations

of the input are larger in the case with larger motion RM S (test 4). The same applies
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to the comparison between tests 5 and 6, that show oscillations with smaller amplitude
if compared respectively to tests 3 and 4. This is due, other than the wider thresholds
used for tests 5 and 6, to a “learning process” of the tested subject, which during test
4 declared that an improvement of the performance was obtainable by relaxing the arm
muscles rather than stiffen them. In Figure 4.8 is reported the standard deviation of the

control input for each test, computed as:

o= W (4.1)

where:
e ); is the ¢ — th sample of the control input;
e ¢ is the average control input;

e N is the number of control input samples.
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Figure 4.8: Standard deviation for the collective control input

It is possible to see that the global trend of the standard deviation is analogous to the
one of the OPT-IN sensors, reported in Figure 4.5.

Figure 4.9 reports, for each test, the aggression parameter, a workload index defined as:

1

AWG) = 7 /t 5]t (4.2)
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where:

e T is the time interval used for the parameter calculation, considered equal to the

whole acquisition time in the present analysis;

e § is the time derivative of the control input.

5 Aggression of the collective control input

Test [-]

Figure 4.9: Aggression parameter for the collective control input

The overlap of the OPT-IN measurement with the aggression parameter (both normalized)
reported in Figure 4.10 shows a strict correlation between the two, indicating that the

OPT-IN outputs can be effectively considered related to the pilot workload level.
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Figure 4.10: Overlap of the OPT-IN measurement with the aggression parameter (both

normalized)

Another workload index is the moving median absolute deviation, defined as:

Map(0) = M(|6; — M.(5)]) (4.3)

where:
e M.(z) is the median of z;
e 0, is the @ — th sample of the control input.

This parameter is reported in Figure 4.11, overlapped with the OPT-IN results (both
normalized), and also in this case the global trend is correlated with the ones of the

indexes previously computed.
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Comparison between the moving median of the
collective control input and t%e OPT-IN results
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Figure 4.11: Moving median absolute deviation for the collective control input

A final analysis focuses on the NASA-TLX rating scale results. The rating scale question-
naires have been completed by the tested subject using the dedicated application installed

on a tablet. The results are reported in Figure 4.12.
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Figure 4.12: NASA-TLX rating scale results
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It is possible to see that the global trend of the rating scale items follows the trend shown
by the workload indexes previously computed. In particular, Figure 4.13 reports the
weighted NASA-TLX rating for each test, which shows a trend clearly analogous to the

ones of the workload indexes.

0 NASA-TLX rating scale results
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Figure 4.13: NASA-TLX weighted rating results
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5 ‘ Cyclic inceptor stick design
and realization

The second part of the thesis consists on the design, realization and the consequent use
during tests of the cyclic stick of a helicopter. It is made of carbon fiber-reinforced
composite material in which optical fiber sensors are embedded in order to monitor the
stick deformation and, in turn, the loads applied by the pilot. Since the stick will be
used in a motion platform and not in a real flight environment, it is not subjected to the

requirements to make it flyable.

5.1. Stick’s current prototype vs new prototype

A preliminary prototype of a similar stick without the optical fiber sensor, reported in
Figure 5.1, has already been realized at the Politecnico di Milano Department of Aerospace
Science and Technology. The technique used for the production was the dry lay-up, i.e.,
purposely cut plies of pre-preg were placed over each other and stacked on purposely built
polyurethane mould and counter mould, reported in Figure 5.2, to form the desired shape.
One of the critical issues of this technique is the fact that the component is realized in

two separate halves joined together by overlapping them and, as a consequence:
e the continuity of the carbon fiber is not guaranteed;

e the thickness control is poor.
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Figure 5.1: Preliminary prototype of the stick, without the optical fiber sensor

Figure 5.2: Mould and counter mould for the stick realization

The prototypes proposed in this thesis are instead realized, other than by the use of
the mould-counter mould, by the employment of a soluble mandrel internal to the stick,
ensuring a superior control over the thickness of the final product. As a matter of fact,
in this technique the pre-preg plies are wrapped around the mandrel, minimizing the

overlapping regions. Three sticks are realized:

e the first prototype is used as technological fine-tuning: given the not-trivial geometry
of the stick, it has been decided to realize a prototype with the optical fiber without

the sensors;

e the second prototype is used as technology demonstrator including the optical fiber
sensors, the position of which is the result of the optimization process described in
Section 6.6; in order to not be bound by the production waiting times of a unique

optical fiber with the sensors positioned in the correct (optimized) position, this
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prototype is realized using two optical fiber sensors on two different optical fibers,

in order to allow the reposition of the sensors in the desired positions;

e the third prototype is the final one, including a larger number of sensors included
in the same optical fiber; due to the production waiting times of the optical fiber
with the sensors spaced out by the custom amount, this prototype will be realized

in the future.

5.2. Stick realization motivation

There are two main points which require motivation regarding the realization of the stick,
that are, the utilization of a carbon fiber composite material and the sensorization of
the stick itself. About the first point, the main reason for using a composite material is
not, as in most cases, the high strength-to-weight ratio (which certainly is an advantage),
since the loads applied to the stick in a normal flight condition are well lower than the
limit ones of steel and aluminum, which are the two materials currently employed for
the control stick realization. One of the main advantages is, instead, the weight saving
itself. Considering the stick isolated, the weight saving amounts to 92% with respect to
the weight of the same stick made of steel and to 77% with respect to the one made of
aluminum. The weight reduction is significant, also considering the fact that the control
inceptors are doubled. The weight saving does not merely reduce to the one of the stick
itself, but also to the lumped masses that are needed below the inceptor elbow to make
the inceptor balanced, i.e., such to have its center of gravity on the elbow itself. As an
example, in Figure 5.3 is reported the comparison between the lumped masses needed
for the stick made of steel, for the one made of aluminum and for the same made of
composite material, considering the same grip and assigning to it a typical mass value.
The lumped mass saving with respect to the steel stick is of 74% and the one with respect
to the aluminum stick is of 48%. The overall weight saving is relevant, in both cases. The

drawback with respect to the use of steel and aluminum is the cost increase.
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Figure 5.3: Steel (left), aluminum (center) and carbon fiber-reinforced composite material

(right) stick: lumped masses needed for balancing comparison

The second motivation, i.e., the reason why realize a sensorized stick, lies on the fact that
the measure of the loads applied to the stick has a paramount importance in the prevention
and study of RPC phenomena. As a matter of fact, the sensors embedded in the stick
allows to measure the force applied by the pilot without the use of costly, heavy and
cumbersome load cells, which are not usually present in production helicopters. The force
measurement allows to compute one of the two fundamental indices of the pilot-vehicle
interaction, that is the BDFT. The classical BDFT is the transfer function relating the

vehicle acceleration # (input) and the control deflection § (output):

HBDFT(S) = @ (51)

The BDFT which can be measured with the sensorized stick is instead defined using the

pilot force F' as output:
F(s)

i(s)

The computation of Hyprr is particularly useful in case of a high level of friction present

ﬁBDFT(S) = (52)

in the controls. In this case, the motion of the inceptor is small and typically highly
non-linear, while the force applied by the pilot is not, especially in high load factor flight

conditions.

5.3. Optical fiber overview

Optical fiber has found increasing applications as sensor in which it is exploited the

correlation between the external phenomena to which the optical fiber is subjected and
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the properties of the light pulsing along it. It is easy to find examples of aerospace,
structural, medical and chemical applications for vibration, temperature, strain, impact
and general structural health monitoring (Ref. [29]). Optical fiber-based sensors provide
a number of benefits, including their light weight, compact sizes, good sensitivity, good
long term stability, corrosion resistance and immunity to magnetic and electromagnetic
interference. Because of their modest sizes and compatibility with conventional polymeric
materials, they may be easily incorporated inside a structure without causing a significant
weakening of the material. As can be seen in Figure 5.4, the optical fiber is made of three

different layers arranged concentrically, that are:
e core: central section made of silica, it is the high transmitting region of the fiber;

e cladding, it creates an optical wave guide that confines the light. It is usually made
of silica;
e coating, that is a non-glass protective layer which gives the robustness to the inner

layers.

COATING

CLADDING

CORE

»

Figure 5.4: Optical fiber layers

The working principle takes place in the two inner parts of the optical fiber. There are
no physical discontinuities between them: the only distinction is their refractive indices,
which difference allows for total reflection of the signal at their interface and subsequent
transmission of the signal inside the core. The refractive index n which characterizes a
material is defined as:
c

n=_ > 1 (5.3)

where:

e ¢ is the speed of light in vacuum,;

e v is the phase velocity of light in the medium.
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Considering optical fiber glass, it ranges from 1.2 to 1.5. Figure 5.5 shows the interface
between the core (refractive index n;) and the cladding (refractive index ns); considering
an incident ray which forms an angle equal to #; with respect to the normal to the

interface, three situations are possible:

(a) 01 < 6. in this case the ray is refracted in the cladding, forming an angle 6, < 90°

with respect to the interface normal;

(b) 6; = 6,..: in this case the refracted ray forms an angle 6, = 90° with respect to the

interface normal, so it is parallel to the interface;

(c) 61 > 0., in this case the refracted ray is actually a reflected ray, since 65 > 90°, so

it turns back into the core.

Figure 5.5: Interface between core and cladding: possible cases

The case of interest for the working principle of the optical fiber is the third one: by
imposing an angle 6; > 0., to the incident ray, it is possible to transmit it (and so the
signal, i.e., the information) throughout the core. The only thing to know is thus the
value of 6.,., which is obtainable recalling the Snell’s law, that applied to the schematics

reported in Figure 5.5 reads:
sin(f1)  no

sin(fy)  ny (54)

and, by substituting #, = 90° to find the critical angle, one obtains:

il (2
0. = sin (m) (5.5)

It is necessary to be aware that not all the signals can be introduced in the optical
fiber: looking at the spectrum of the light signal loss as a function of light wavelength on
Figure 5.6, it is possible to see that there are three windows in which the loss of the signal
is minimum, so the optical fiber has to be used inside these three transmission windows.

For sensors application, the most common window is the third one, with wavelengths
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ranging from 1.5um to 1.6um, which is the one with the minimum attenuation. The
three windows are in the range of NIR (Near-InfraRed), that is near the visible range but

not inside it.

Attenuation
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Figure 5.6: Optical fiber attenuation as a function of light wavelength (source: Wikipedia)

5.4. FBG sensors working principle

It is possible to obtain sensors using the optical fiber creating a correlation between the
external phenomena to which the fiber is subjected and one of the following characteristics
of light:

e amplitude change;
e phase shift;
e frequency shift.

The sensors used for the stick are based on the measure of the frequency shift of light
and are commonly known as FBG sensors. The individual FBG is created by inscribing
an invisible permanent periodic refractive index change in the core of the optical fiber, as

can be seen in Figure 5.7.
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Figure 5.7: Grating of the optical fiber core

When an incident spectrum of light, characterized by the wavelengths A\, Ao, ..., A,,, propa-
gates through the grating, a specific wavelength \; matching the Bragg grating wavelength,
named Bragg’s wavelength, is reflected back, while the rest of the spectrum is transmitted
unaffected. This happens because, as can be seen in Figure 5.8, when a light is launched
into a FBG, one particular wavelength is in phase with the grating period and is reflected
back to the input end. All the other wavelengths pass through the other end, since they

are not in phase with the grating period.
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Figure 5.8: Wavelength not matching (above) and matching (bottom) the Bragg grating
period

The value of the reflected wavelength can be obtained by writing the momentum conser-

vation of the Bragg grating condition, which reads:

27rneff 2w
9 = 5.6
( . ) - (5.6)

where:

e n.sr is the effective refractive index of the core;
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e \p is the Bragg’s wavelength;

e A is the period used for the modulation of the core, sometimes referred to as grating

pitch.

Rearranging Equation 5.6 one obtains:
)\B = QTLeffA (57)

Equation 5.7 is the basis of the working principle of the sensor: being the optical fiber
embedded in the structure, if for example an axial strain is induced, the FBG sensor reacts
accordingly, causing a shift in the reflected Bragg wavelength, as shown in Figure 5.9.

AB = ZneffA A
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Strained FBG

Figure 5.9: Spectral response of the reflected wave as a result of an axial strain (source:

fbgs.com)

With one-time instrument calibration, strain parameters and other derived quantities can
be measured dynamically by the use of an optical sensing interrogator, like the one of
Figure 5.10.
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Figure 5.10: Optical sensing interrogator

A key advantage of the FBG technology is that measurement points can be fabricated as an
array on independent sensors along the same fiber, enabling multiplex or even distributed
measurements. Note that the measured quantity is averaged over the grating length but,
since the latter could range from 1 mm to 12 mm, the measure can be considered pointwise

if a sufficiently small grating length is used. By differentiating Equation 5.7 one obtains:

on OA on OA

where ¢ and T are respectively the grating length and temperature. Being aware that
in general the thermal effect has to be compensated/decoupled from the effect of the
length variation, in the specific application of this thesis the variation of the temperature
is negligible, hence this aspect can be ignored.

The method to write the grating inside the core is known as cold-writing technique. As
can be seen in Figure 5.11, it is based on the use of an intense ultraviolet (UV) source
such as a UV laser and an interference matrix (interference pattern), that is a mask which

permits to modulate the refractive index of portions of the core in a precise way.
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Figure 5.11: Cold-writing technique scheme (Ref. [30])

The fiber is embedded between the first and the second ply of the stick, considering that
the greater the distance of the optical fiber from the neutral axis, the better the measure

of the bending moment, which is the most relevant internal action to be measured.

5.5. Soluble mandrel design

The starting point for the design of the 3D printed soluble mandrel is the available CAD
of the mould: the external surface of the mandrel corresponds to the internal one of the
mould cavity, since the mandrel will be placed on the hollow of the stick. In this step it
has to be considered an offset to give room for the pre-preg plies and for the lamination
consumables. In particular, starting from the mandrel surface, it has to be considered the

thickness of:
e 3 pre-preg plies, each of thickness 0.2 mm;
e teflon layer, of thickness 0.15 mm.

Notice that the offset has to be applied to the lateral surfaces only, since the length of
the stick must be the same of the corresponding one on the mould, so no offset has to be
used for the base surfaces of the mandrel. Up to this point, the mandrel is reported in
Figure 5.12.
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Figure 5.12: CAD of the full version of the mandrel

Then, since the mandrel has to contain the needed equipment for the autoclave cycle, the

stick is transformed from being full to hollow (see Figure 5.13).

Figure 5.13: CAD of the hollow version of the mandrel

Considering the trade-off between rigidity and production costs, the thickness of the
mandrel has been chosen to be equal to 5mm. The optical fiber, which is embedded
between the first two plies (starting from the internal surface) at some point must come
out, so a support is needed to prevent it from breaking. The support is 3D printed and its
geometry is removed from the one of the mandrel, as can be seen in Figure 5.14. For this
operation, it has to be taken into account that the optical fiber support is covered by a
ply, so an offset of 0.2mm has to be used. The support has a cavity where the optical fiber
can pass, so it is necessary to be careful to prevent resin from entering. The support’s
cavity has a diameter of 1.2 mm because the optical fiber is protected by an outer plastic
sheath with a a diameter of 1 mm. A margin of 0.2 mm is used to guarantee the sliding
of the fiber inside the support, also considering the fact that in general a 3D printer tends

to slightly tighten the holes diameter rather than widening it.
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Figure 5.14: Optical fiber support (left) and corresponding slot on the mandrel

Note that the optical fiber support is not aligned with the mandrel base surface in order
to allow an eventual finishing operation on the latter and on the stick. Given the curved
geometry of the stick, the pre-preg plies would likely tend to wrinkle in the portions of the
stick with the largest curvature. For this reason, it has been decided to split the mandrel
in two parts, as shown in Figure 5.15, so that, when exposed to the temperatures of the
autoclave process, the mandrel tends to expand, pushing the pre-preg plies against the
mould surfaces. Special attention has to be paid in order to assure that the fiber does not

pass along the conjunction line between the two halves of the mandrel.

Figure 5.15: CAD of the two halves of the mandrel

To avoid the relative sliding of the two halves of the mandrel and so to guarantee their
correct alignment, an alignment system has been designed, consisting on six plug-like
spheres, as can be seen in Figure 5.16. The spheres diameter is equal to 2.5 mm, while

the corresponding slot is of 2.7 mm diameter.
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Figure 5.16: Alignment system between the two halves of the mandrel

To allow the connection of the optical fiber to the data acquisition system, a certain
quantity of the optical fiber must be available exiting from the support of Figure 5.14.
For this reason, a case which permits the winding of the optical fiber has been designed
(Figure 5.17). Tt is needed to protect the optical fiber from being reached by the resin

during the autoclave cycle.

Figure 5.17: Optical fiber protection case (front and rear)

A picture of the assembly including the two mandrel halves, the optical fiber support and

protection case is reported in Figure 5.18.

Figure 5.18: Final assembly of the mandrel

The optical fiber support, as well as the protection case, are made of ULTEM 1010 resin.
It is a high-performance Fused Deposition Modelling (FDM) polyetherimide (PEI) ther-
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moplastic. It exhibits high tensile strength in addition to broad chemical resistance and
excellent thermal stability. The mandrel is instead printed using the resin ST-130. It is
a model material for sacrificial tooling that simplifies the production of hollow composite
parts: complex tools can be 3D printed and easily dissolved after curing (the resin with-
stands the heat and pressure of autoclave curing). The 3D printer used for the realization

of the model is the Stratasys Fortus 450mc, reported in Figure 5.19.

Figure 5.19: Stratasys Fortus 450mc 3D printer

A picture of the 3D printed mandrel inside the 3D printer chamber is reported in Fig-
ure 5.20.
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Figure 5.20: Mandrel inside the 3D printer chamber

Note that the gray parts are the mandrel itself, while the black ones are the support.
In particular, it is possible to see that each sphere of the alignment system requires
appropriate support structure. Figure 5.21 shows the matching between the two halves

of the mandrel.

Figure 5.21: Matching of the two mandrel halves
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In Figure 5.22 a detailed view of the mandrel is shown, in which it is possible to see four

alignment devices and the slot for the optical fiber support.

Figure 5.22: Detailed view of the alignment devices of the mandrel

5.6. Material characterization

The FE model of the stick, which is treated in Section 6.2, requires the material properties
as input. The stick is made of a carbon fiber epoxy-based pre-preg fabric (TC2003T125/M79).
Tensile and shear tests on coupons have already been conducted in another thesis work
(Ref. [31]). The tests were performed using coupons with the fibers aligned to the tensile
force to determine the Young’s modulus and the Poisson’s ratio. Coupons with the fibers
oriented at 45° with respect to the applied force have been used to determine the shear
modulus. The tests have been performed using four coupons for the tensile properties and
four coupons for the shear properties. The results have been provided as time histories of
the axial displacement, axial force and axial deformations. The latter have been measured
by an uni-directional strain gauge positioned in one coupon face aligned with the load
and by a bi-axial strain gauge positioned in the other coupon face. For each coupon also
three measurements of its width and thickness are provided, which are used to compute
the average section area of the coupon. To determine the Young’s modulus, the o, vs €
curve for each coupon has been obtained and reported in Figure 5.23 (indicating with x

the direction of the applied force and with y the in-plane direction perpendicular to x).
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Figure 5.23: Material characterization: o, vs ¢, curves for the coupons with the fibers

oriented at 0° with respect to the applied force

For the determination of the material tensile properties, the ASTM standard of Ref. [32]
is used, which is valid for polymer matrix composite materials reinforced by high-modulus

fibers. In particular, the Young’s modulus has to be computed as:

Ao,

E =
Ae,

(5.9)

where:

e Ag, is the difference between the two strain points with ¢ = 0.001 and ¢ = 0.003
(nominally equal to 0.002);

e Ao, is the difference in applied tensile stress between the two strain points used to

compute Ae,.

This calculation is repeated for each coupon, i.e., for each curve of Figure 5.23, and is
averaged between the coupons, obtaining F, = 57246 M Pa. Since the composite pre-preg
used is a fabric, the Young’s modulus in the direction along the fibers is equal to the one
in the direction perpendicular to them, whence E, = E, = 57246 M Pa. Ref. [32] is used
to compute also the Poisson ratio, of which a plot of its trend with respect to the applied

force is reported in Figure 5.24. The Poisson’s ratio can be computed as:

Ag,
Yoy = T AZ
T

(5.10)
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where:

e Acg, is the difference between the two longitudinal strain points with € = 0.001 and
e = 0.003 (nominally equal to 0.002);

e Ag, is the difference in lateral strain between the two longitudinal strain points used

to compute Ae,.

The same averaging procedure used for the Young’s modulus is used, obtaining v,, =
0.0298.

Shear tests v, vs F, curves
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Figure 5.24: Material characterization: v,, vs I, curves

For the determination of the shear modulus G, the reference is the ASTM standard of
Ref.[33], which establishes that:

AT,
Gy = —2 (5.11)
A
where:
e 7., is the engineering shear stress, computed as:
Fy
= — 5.12
T Y 2A ( )

being A the coupon cross section area;

e Ar,, is the difference in applied engineering shear stress between two shear strain
points, starting with the lower strain point in the range of 0.0015 to 0.0025 and
using a 0.004 £ 200pu¢;
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o Ar,, is the difference between the two engineering shear strain points used to com-

pute A7, (nominally equal to 0.004).

The 7., vs 7., curves are reported in Figure 5.25.
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Figure 5.25: Material characterization: 7., vs ,, curves

By applying the averaging procedure previously discussed, one obtains G, = 3871 M Pa.
For the symmetry of the stiffness matrix, Gy, = G-

The material characteristics are summarized in Table 5.1.

E, 57246 MPa
B, 57246 MPa
G.y 3871 MPa
Vey  0.0298

Table 5.1: Material characteristics

5.7. Plies cutting procedure

Each pre-preg ply must be shaped so that it can be properly wrapped around the mandrel,
i.e., each ply must be such that, once placed on the mandrel surface, the match of its
edges is obtained. It is thus necessary to perform an accurate 2D development of the plies,

for which the software DesignConcept by Lectra is used, that is a virtual prototyping and
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modeling software widespread in the fashion, automotive and furniture industries alike.
It enables a lower error with respect to other software (approximately of the order of 1%).
The preliminary step is to create a cutting profile on the CAD of the mandrel to impose

the path along which the match of the plies’ edges is obtained (Figure 5.26).

Figure 5.26: Cutting profile on the mandrel surface

The software generates a mesh on the mandrel surface (Figure 5.27). The mesh refinement
is chosen to have an adequate compromise between the accuracy of the 2D development

and the time required to generate it.

Figure 5.27: Mesh generated on the mandrel surface

An example of the 2D development of the first ply is reported in Figure 5.28
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Figure 5.28: 2D development of the first ply

The 2D development, that is a 2D meshed surface, is transformed in a cutting profile. In
this passage it is possible to add a seam margin to allow an overlapping of the edges once
the ply is wrapped around the mandrel. The same procedure is repeated for the other
two plies. To do this, the software asks to give as input the ply nominal thickness, equal
to 0.2mm, to consider the offset between the plies. The software implements the nesting
procedure, i.e., it lays out the cutting patterns minimizing the raw material waste. Prior
to this, it is possible to impose the direction of the pre-preg fibers to give to the final
component the desired stiffness characteristics. The output of the software is a .dzf (or
.dwg) file, which is given as input to the automatic cutting machine, that is the Lectra

Vector FX TechTex, of which a picture is reported in Figure 5.29.

Figure 5.29: Lectra Vector FX TechTex automatic cutting machine
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The cutting machine basically uses vacuum to hold in place the pre-preg layer in the
cutting area. To achieve this, another ply is needed above the pre-preg, that is a sealing
film to permit to maintain vacuum. Among the others, a significant advantage from the
technological point of view is the fact that the automatic cutting machine does not require

cutting templates.

5.8. Stick first prototype realization

Prior to the start of the manufacturing process, it is required to perform the mould’s

surface preparation, in particular by arranging several layers of:

1. cleaner, to remove old release agents (including chemical release agents and wax),
dirt, grease and other contaminants from the mould’s surface, without damaging
the mould;

2. sealant (or pore filler), to seal micro-porosities and condition the raw bonding sites

found on virtually all mould substrates;

3. release agent, to ensure adequate lubricity and non-sticking properties to the mould;

it protects the mould surface from resins and other highly abrasive raw materials.

The stick realization is performed following the deposition sequence reported in Fig-
ure 5.30. The mandrel (3) is covered by a teflon layer to facilitate the detachment of
the first pre-preg layer (5.1). Note that both (4) and (5.1) follow the path of the slot on
the mandrel for the optical fiber support (7). Between the first pre-preg layer (5.1) and
the second one (5.2) is embedded the optical fiber (6), which enters the support and is
wrapped on the housing. The last (third) pre-preg layer (5.3) is in contact with the mould
surface (8). The mould is enclosed in the vacuum bag (10), again with a breather layer
(9) with the function of catching the eventual resin spills. A breather layer (2) is used also
inside the mandrel with the same function. The innermost layer consists of a tubular bag
(1) which, as consequence of the pressure inside it during the autoclave process, pushes
the mandrel (the two halves of it) against the mould surface, enhancing the compaction
procedure of the pre-preg plies. As can be seen in Figure 5.30, on the external surface of
the vacuum bag acts the autoclave pressure (pe.;), on the surface of the tubular bag acts
the pressure p;,;, which is the pressure inside the cavities of the mould. On the interfaces
vacuum bag (9) - mould (6) and tubular bag (1) - breather layer (2), instead, acts the

pressure generated by vacuum (pyac)-
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Figure 5.30: Deposition sequence for the stick realization

The main steps of the stick practical realization process are reported hereunder:

e Figure 5.31 shows the six layers obtained from the pre-preg sheet; note that their

reddish color is due to the presence of a protective layer;

Figure 5.31: Pre-preg layers cut

e Figure 5.32 shows the first step of the realization process, that is the disposition
of the tubular bag inside the cavity of the mandrel and of the breather layer that

surrounds the tubular bag;
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Figure 5.32: Tubular bag and breather layer inside the mandrel cavity

e Figure 5.33 shows the mandrel closed by some tape, in which is possible to see the

tubular bag and the breather layer coming out from it;

Figure 5.33: Mandrel closed with some tape
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e Figure 5.34 shows the mandrel with the teflon layer on its external surface;

Figure 5.34: Mandrel with the teflon layer

e Figure 5.35 shows the mandrel after the deposition of the first pre-preg ply (i.e., of
the first two halves forming the first layer); the pre-preg layers are arranged up so
that the carbon fibers are aligned with the stick medium line; the lay-up process is
performed inside the clean room available at the Department of Aerospace Science

and Technology of Politecnico di Milano;

|

1

Figure 5.35: First pre-preg ply wrapped around the mandrel
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e Figure 5.36 shows the optical fiber embedded after the first pre-preg ply; it is ar-
ranged throughout the mandrel length and it enters the optical fiber support (yellow

component);

Figure 5.36: Particular of the optical fiber embedded after the first pre-preg ply

e Figure 5.37 shows the wrapping procedure of one pre-preg semi-ply; note the diffi-

culty of this passage on the curved parts of the mandrel;

Figure 5.37: Particular of the wrapping procedure on the curved part of the mandrel
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e Figure 5.38 shows the mandrel covered with the three pre-preg plies and disposed
on the mould; it is possible to see the two thermocouples used for the autoclave
cycle: one is placed inside the mandrel and the other one on the other mould cavity

(that is for the realization of another helicopter stick);

Figure 5.38: Stick before the autoclave process

e Figure 5.39 shows the vacuum bag containing the mould ready to be inserted in the
autoclave; two vacuum valves are used and in correspondence of them the breather
layer is reinforced to prevent the action of the vacuum from damaging the mould as

a consequence of the valve-mould contact;
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Figure 5.39: Vacuum bag

e Figure 5.40 shows the vacuum bag placed inside the autoclave with the vacuum

valves and the thermocouples connected to the autoclave;

Figure 5.40: Vacuum bag inside the autoclave room
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e Figure 5.41 shows the stick after the autoclave cycle, with the optical fiber support

and housing removed;

Figure 5.41: Stick after the autoclave cycle

e Figure 5.42 shows the stick inside the oven for the mandrel dissolution process. The
manderel is filled with a solution of sodium hydroxide. The oven temperature is set to
90° and the time needed for the process depends on the 3D printed part thickness.
This process did not work for the stick first prototype: the mandrel revealed to
be too resistant to the sodium hydroxide solution. In Section 5.9 is reported the
solution to this problem adopted for the second prototype realization. Regarding
the possible problematic aspects of the contact between the epoxy resin and the
sodium hydroxide solution, engineeringtoolbox reports that epoxy resin is resistant
to sodium hydroxide solutions with a concentration up to 50% and at temperatures
up to 50°. Since the oven temperature is higher than 50°, an analysis of the effects

of the sodium hydroxide on the epoxy resin should be conducted.
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Figure 5.42: Stick in the oven for the mandrel dissolution process

5.9. Stick second prototype realization

The first stick prototype presented four issues:
1. the failure of the mandrel dissolution process;

2. at the start of the autoclave cycle, the heating of the mould (measured by the
thermocouple placed in its the empty cavity) took a long time (3-4 hours) due to
the high thermal inertia of the polyurethane;

3. during the autoclave cycle, the autoclave pressure caused a portion of the vacuum
bag to be sucked inside the empty mould cavity (that is for the realization of another

helicopter stick);

4. during the autoclave cycle, the optical fiber housing of Figure 5.17 shifted a little

from its nominal position, causing the optical fiber to break;

To cope with the first problem, the 3D printer settings have been changed so that the
mandrel external shape is equal to the one of the first prototype but the internal pattern
is different: as can be seen in Figure 5.43, the mandrel is almost hollow. This entails
a reduction of the mandrel robustness which, while making the support removal process

more difficult, allows to perform the dissolution and consequent removal of the mandrel.
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Figure 5.43: 3D printer pattern on the mandrel internal

Despite these precautions, the mandrel solving process was not successful. Since its
structural contribution can be considered negligible, this stick prototype was nonetheless
used for the following steps. The second and third issues have been solved in one shot by

placing a tubular bag inside the empty mould cavity, as shown in Figure 5.44.

Figure 5.44: Tubular bag inside the mould empty cavity to solve the problem encountered

during the autoclave cycle of the first stick prototype

Since the tubular bag is inflated by the autoclave pressure, it prevents the vacuum bag

to be sucked inside the cavity. Moreover, since the autoclave air flows inside the tubular
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bag, the latter helps in the heating process of the mould, speeding it up. The fourth issue
has been fixed by printing the optical fiber housing of Figure 5.17 joined to one of the
two mandrel halves. This allows also to avoid the realization of the alignment devices for

the two mandrel halves, saving the 3D printer support for their realization.
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6 Stick load identification
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One of the fundamental steps in the development and setting up of a measuring instrument

is the calibration process. In the case of interest, it consists on the calibration of the optical

fiber sensors of stick second prototype. A summary scheme of the calibration process is

reported in Figure 6.1: the stick will be instrumented with some strain gauges, which

readings will be compared to the ones coming from a FE model of the test setup. If

the comparison is not successful, an update of the FE will be required, otherwise the

latter can be considered correlated. The FE model is used to perform the optimization of

the FBG sensors positioning. Experimental tests on the stick containing the sensors are

performed by applying known loads and by reading the sensors measurement, obtaining

the experimental influence coefficients matrix.

Strains from FE model

FE model update

No

Strain gauges readings

Figure 6.1: Calibration process summary scheme

Are they
comparable?

FE model correlated

!

FBG sensors
positioning
optimization

!

Tests applying known
loads

|

Computation of
experimental influence
coefficients matrix
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6.1. Stick calibration setup

The cyclic inceptor is subjected to longitudinal forces, to lateral ones and to any com-
bination of them. The calibration process consists on the reproduction of these loading
conditions and to do that the stick is clamped to a wall, as can be seen in Figure 6.2, in

which the stick is positioned to perform the lateral force calibration.

Ffat

Figure 6.2: Test setup for the stick sensor calibration for the lateral force

In particular, the stick is attached, through a 3D printed connector, to a circular bar,
which is welded to a flat plane, which in turn is constrained to the wall. It has been
decided to use a dummy grip to simplify the application of the load: instead of using the
real ergonomics, an L-shaped grip has been purposely 3D printed. It presents a groove to
wrap around a row without the sliding of it, to which it is suspended a weight of known
mass. The groove is positioned in correspondence of the so-called third finger reference
point, which is the point in which a medium pilot puts his third finger, considered as
the point in which the equivalent concentrated load can be placed. A picture of the 3D
printed grip and of the stick-wall connection element is reported in Figure 6.3. The 3D
printer used in this case is the Formlabs Form 3L and the resin used is the Formlabs
Tough 2000 (technical sheet in Ref. [34]), which guarantees good mechanical properties
(e.g., ultimate tensile strength of 46 M pa, tensile modulus of 2.2 GPa), ensuring that the

3D printed elements will not bend when subjected to the loads of interest.
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Figure 6.3: 3D printed grip for the load application (left) and stick-wall connection element
(right)

To test the pure longitudinal force loading condition, since the load is applied by exploiting
gravity, the stick geometry leads to the necessity to use an ad hoc setup. In particular,
referring to Figure 6.4, the circular bar needs to be welded to the plate with an angle «

with respect to the wall. A picture of the circular bar is reported in Figure 6.5.

Figure 6.4: Test setup for the stick sensor calibration for the longitudinal force
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Figure 6.5: Test setup for the stick sensor calibration for the lateral force

The angle « is obtained such that by simply rotating the stick around the circular bar all
the forces applied with the masses would be a linear combination of Fj,,, and Fj,; laying

in the plane perpendicular to the grip axis.

6.2. Finite element model

The FE model of the test setup has been developed, allowing to optimize the position of
the FBG sensors for the load monitoring. It could be used also to verify that the stress
to which the stick is subjected is lower than the ultimate one. As a matter of fact, even
though the forces introduced by the pilot are well below the stick structural limits, this
verification would be needed if the aim was of making the control inceptor flyable (i.e.,
certifiable). Not least, the FE model enables to conduct a sensitivity analysis, for example
to understand the insensitivity of the stick to changes of loads both in terms of magnitude
and orientation. The software used for the FE model is Simulia/Abaqus. The starting
point for the FE model is the CAD geometry of the stick. The first step is the generation
of the mesh, for which 4-nodes shell elements of 3 mm medium size are used. They are
suitable for thin-walled structures, since the shell elements are characterized by a plane

stress state. A view of the meshed stick is reported in Figure 6.6.
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Figure 6.6: Mesh generated on the stick

The material is defined, using the characteristics computed on Section 5.6, and subse-
quently the material orientation is assigned. In particular, it is necessary to define three
reference systems: one cylindrical for the curved part of the stick and two linear for the
straight parts of the stick. The reference systems are chosen such that the x-axis follows
the stick medium line, i.e., the direction of the carbon fibers. In Figure 6.7 is reported a
view of the material orientation on the stick: the x-axis of the reference system of each

element follows the medium line of the stick.

Figure 6.7: x-axis material orientation on the stick

The final assembly is reported in Figure 6.8, which includes the plate with the inclined
tube to constrain the stick to the wall, the connection part between the stick and the
tube, the grip for the load application and the connection part between the stick and
the grip. Other than this, it is possible to see the cutting planes used to divide the
curved part of the stick from the straight ones (to obtain a more regular mesh), the global
reference system (on the left) and the other three local reference systems for the material

orientation. Also, it is possible to see the two reference points, that are used for the load
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application (the one on the right) and to clamp the plate to the wall (the one on the left).
All the parts different from the stick are considered rigid, even though they are not, since

the purpose of the tests is not the calibration of the stick stiffness.

Figure 6.8: Final assembly of the calibration test setup

Performing a linear static analysis, the deformed shape with the relative contour plot of
the displacement consequent to the application of a lateral force equal to Fj,; = 100 N
(see Figure 6.2) is reported in Figure 6.9. The deformed shape is superimposed with
the undeformed one (the white one). The same plot relative to the application of a

longitudinal force Fj,,, = 100 N (see Figure 6.4) is reported in Figure 6.10.

U, Magnitude
—— +1.104e+02
- +1.012e402
- +9,197e+01
- +8.278e+01
+7.358e+01
+6.438e+01
+5.518e+01

+4.59%+01

- +3,679e+01
+2.75% 401
+1.83%+01

I 49.197e+4-00
~ +0.000e+4-00

Figure 6.9: Deformed shape and relative displacement (in mm) contour plot with the

application of a lateral force on the stick
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Figure 6.10: Deformed shape and relative displacement (in mm) contour plot with the

application of a longitudinal force on the stick

6.3. Stick strain gauges positioning

The FE model has been exploited also to decide the optimal position of the strain gauges
on the stick. In particular, they should be placed on the regions in which the deformation
magnitude is large and its gradient is low. A plot of the in-plane deformation component
along the carbon fibers (e,,) for the lateral force loading condition is reported in Fig-
ure 6.11. From these results, it has been decided to place a strain gauge (strain gauge 1)
on the blue region of Figure 6.11, aligned with the local carbon fibers x-direction, which

measure the deformations generated by the bending moment.

L .1.856e-03
L .2118e-03 |

Figure 6.11: In-plane deformation along the carbon fibers x-direction for the lateral force

loading condition

Considering the same component of deformation (e,,) for the longitudinal force loading
condition, the result is reported in Figure 6.12. It has been decided to put a strain gauge

(strain gauge 2) on the orange region, again aligned with the local carbon fiber x-direction.
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Figure 6.12: In-plane deformation along the carbon fibers x-direction for the longitudinal

force loading condition

The FE model analysis results show that the lateral force loading condition generates a

non-negligible shear deformation (v,,), as reported in Figure 6.13.

Figure 6.13: Shear deformation for the lateral force loading condition

For this reason, it has been decided to place, on the blue region of Figure 6.13, two strain
gauges (strain gauges 3, 4) oriented at +45° with respect to the carbon fiber direction,
which measure the deformation induced by the torque. Figure 6.14 shows the strain

gauges final setup.

Figure 6.14: Strain gauges final setup

In Figure 6.15 is reported a detailed view of one single strain gauge and of the two strain

gauges positioned at £45°.
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Figure 6.15: Detailed view of the strain gauges

Each of the four strain gauges is connected to the strain indicator and recorder of Fig-

ure 6.16.

Figure 6.16: Strain indicator and recorder

6.4. Preliminary load identification with strain gauges

A preliminary load identification is carried out performing tests with the strain gauges
on the stick, consisting on the application of known loads to the stick in the pure lat-
eral /longitudinal force configuration (Figure 6.17) and in the measure of the corresponding

strain gauges output (ue).
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Figure 6.17: Pure lateral (left) and longitudinal (right) load application

Making the hypothesis of linearity, the relationship between the strain gauge output and

the applied loads can be expressed as:

e =KP (6.1)
where:

€1
€ .

e e =1{ >} is the vector containing the four strain gauges outputs for the considered
€3
€4

loading condition;

a1 02
Q21 Qg | . . . .

e K= is the matrix of the influence coefficients;
Q31 (32
Q41 Q2

Flat | . . .
e P = { fat } is the vector containing the applied loads.
long

By applying a pure lateral force of 9.81N the results are:

80

Fi =981IN —4
P ={ = }+ €hios = 1] (6.2)
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and the influence coefficients can be computed as (Ref. [35]):

Q11
o

2 = €nu/ Pl (6.3)
31

Qg1

Similarly, by applying a pure longitudinal force of 9.81N the results are:

36
Fa=0N —48
P= — €p,. = € 6.4
—290
and the influence coefficients can be computed as:
Q2
Q@
b = €hgny / Fiong (6.5)
Q32
Q42

In the (real) case, the load (P) is unknown and can be retrieved from Equation 6.24, since
€ is read on the strain indicator and K is known from the calibration process. However,
K is in general not invertible (being a rectangular matrix), hence the least square method

has to be employed. It consists on pre-multiplying Equation 6.24 by K”:
K'e = KTKP (6.6)

from which is possible to compute P as:

P = (K'K) 'K”e
(6.7)
=K'e
being KT the Moore-Penrose inverse of K. The results reported in Equation 6.2 and in
Equation 6.4 are averaged over several tests. The same tests are repeated with increasing
values of the applied force to verify the linearity of the strain gauges outputs. Figure 6.18
shows that all the strain gauges output is linear as the force magnitude increases. The

linearity reference is obtained starting from the first point of each plot.
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Figure 6.18: Strain gauges linearity check

In particular, the linearity is well verified for the first three tests (corresponding to the
application of known masses of 0.5 kg, 1 kg, 2 kg), so the final K matrix is computed by

averaging the results of these three tests:

K= mean(K0_5kg, Klkga K2kg) (68)

The matrix of influence coefficients results to be:

11 (12 3.5009 8.3015
Qg1 Q99 —5.0013 0.1784
K = = [ue/N] (6.9)
31 (39 31.1990 0.2548
g1 Oy2 —29.2176 0.6817

A validation procedure is hereinafter presented, consisting in the application of known

loads to the stick in a general loading condition, i.e., in a condition in which a combination
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of Flong and Fj, is applied (Figure 6.19) and in the measure of the corresponding strain
gauges outputs (ue). This procedure represents a preliminary validation process: the
loads applied to the stick are instead identified in the stick prototype with the FBG
sensors. With reference to Figure 6.19, this test is repeated three times, using 6 = 30°,
45°, 60°.

Figure 6.19: Validation process setup

An inclinometer is used to assure that the correct angle is used. It has to be verified that

the values of the known applied loads:

Pk _ Eong, known _ FSln<9) (6 10)
own Eat, known FCOS(Q)

coincide with the ones computed as:

-Fl at, computed

Eon , computed —
Pcomputed = { 7 put } =K 16 (611)

where € are the readings of the strain gauges. The errors between the known and computed

loads are:
eFlong _ ’Eong, computed — Eong, known’ 100 (612)
’ ‘ ’Pcomputed ’ |
er,, = |Eat, computed — Eat, known| 100 (613)
| |Pc0mputed | |

The validation process is performed using a mass of 1 kg and 2 kg, leading to the results
respectively of Table 6.6 and Table 6.7.
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0 er., [ er,, [%]

30° 16.17 3.88
45° 11.70 8.41
60° 3.03 10.32

Table 6.1: Validation process results using a mass of 1 kg

0 eang [%] CF at [%]

30° 3.06 8.42
45° 12.27 10.14
60° 0.33 11.26

Table 6.2: Validation process results using a mass of 2 kg

Apart from the error on the longitudinal force with the mass of 1 kg, all the errors are
lower than 13%. Being a preliminary load identification procedure, the results can be

considered acceptable.

6.5. Correlation with the FE model

It is possible to make a comparison between the FE model results and the experimental
ones. This allows to correct the FE model so that the subsequent optimization procedure
for the FBG sensors positioning can be carried out with a model that is more faithful
to reality. The errors between the FE model results and the strain gauges readings are
reported in Table 6.3. In particular, in the longitudinal force loading condition only the
strain gauge 1 reading is relevant, while for the lateral force loading condition only the

ones of the strain gauges 2, 3, 4 are significant.

Strain gauge 1, Fion, (%]  7.29

Strain gauge 2, F,; (%]  156.00
Strain gauge 3, Fi,; (%]  23.20
Strain gauge 4, Fi,; (%]  16.75

Table 6.3: Strain components error between FE model and strain gauges readings
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The correlation for the strain gauges 1, 3, 4 is good, but this is not valid for the strain
gauge 2. This is due to the wrong placement of this strain gauge: it probably stands
in correspondence of an overlapping region between two semi-plies. To account for that,
the FE model has been updated, adding a ply on the regions highlighted in Figure 6.20,

which therefore are composed by four plies.

Figure 6.20: Stick regions in which a ply has been added on the FE model

Nevertheless, the result obtained for the strain gauge 2 was still not well correlated with
the FE model. To improve this results, the normalization theory has been used (Ref.
[36]). It stems from the fact that composite materials mechanical properties that are
dominated by the properties of the reinforcing fiber are dependent on the volume fraction

of fiber in the laminate. Two factors can cause laminate fiber volume fraction to vary:
1. the amount of matrix resin present relative to the amount of fiber (resin content);
2. the amount of porosity (void volume).

These factors give rise to changes in fiber volume fraction from material to material, batch
to batch, panel to panel, and even specimen to specimen within a panel. In particular, it
has been assumed that, in the region of interest for the strain gauge 2, the amount of resin
that flowed out was lower than the correct one, resulting in a lower Young’s modulus of the
material. Since, in theory, fiber-dominated strength and stiffness properties vary linearly
with fiber volume fraction, it is possible to compute the normalized Young’s modulus

(Ey normatized) for the region of interest as:

tnominal
Em,normalized = Em,nominal (6 14)
treal

where:
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® Iy nominal 15 the nominal Young’s modulus, equal to 57246 M Pa;
® l,omina 1S the nominal laminate thickness, equal to 4 - 0.2 mm = 0.8 mm;

® t..q is the real laminate thickness; since it has been assumed that there is an
excess amount of resin, the real laminate thickness has been considered equal to
4-0.25 mm = 1.00 mm.

Using Equation 6.14 and the data just reported, one obtains E, ,ormatizea = 45796 M Pa.

The resulting errors are reported in Table 6.4.

Strain gauge 1, Flong (%]  5.97
Strain gauge 2, Fj,; (%] 24.43
Strain gauge 3, Fio¢ (%]  0.98
Strain gauge 4, Fi,; (%] —4.48

Table 6.4: Strain components error between FE model and strain gauges readings after

the normalization theory application

Even though the error on the strain gauge 2 is still high, the results are accepted and
they suggest to avoid the regions of overlapping of the pre-preg layers for the FBG sensors
positioning. The results for the other strain gauges are acceptable, so it is possible to

proceed with the optimization process reported in Section 6.6.

6.6. Genetic algorithm for the stick sensors position
optimization

The FBG sensors position has to be such to allow a correct identification of the loads
applied to the stick. The critical point is the fact that the matrix K of Equation 6.24 is
generally ill-conditioned, i.e., cond(K) >> 1 (Ref. [35]). The optimization process for the
sensors positioning is carried out in a portion of the stick, defining a subset of elements
in the FE model, that is shown in Figure 6.21.
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Figure 6.21: Stick surface region for the sensor positioning optimization process

In particular, it is possible to observe that half of the curved part of the stick (referring
to Figure 5.21, the curved part of the right half of the mandrel) has been excluded due
to the difficulty of performing a smooth lay up of the pre-preg in that region. This is due
to the fact that a surface irregularity rather that a wrinkle could invalidate the sensors
reading. Moreover, the region close to the mould closing is not optimal for the sensors
positioning, hence it has been excluded in the remaining surface. Each element of the
FE model is assimilated to a FBG sensor: one of the outputs of the optimization process
is the identification number of the elements related to the FE model, which defines the
position of the sensors. For each element of the optimization surface of Figure 6.21 the
deformation components €11, €99 and ;2 have been retrieved from the FE model. This
is repeated for both the loading conditions (Fjong, Fiat) and the deformation components
of each element are arranged as the rows of the following matrices, together with the

corresponding element 1D:

D 1D
1 811’1Flong 822’1Flong 712’1Flong 1 6]'Flong
ID ID €
. B 2 811’2Flong 522,21:[0”9 712,2Flong o 2 2Flong (6 15)
Eong - . . . . - . . .
_IDn 5117nFlong 622’nFlong 712’71‘Flong i _IDn 6nFlong |
ID .
1 €11y, €215, MN21p, 1 €1g,,
ID ID €
. B 2 511,2plat 522,2Flat 71272ant — 2 2Fiar (6 16)
Eat - . . . . - . . .
ID, Clng,, €22ng,, V2ng, 1D, €nrig,

where n is the number of the elements included in the subset used for the optimization.

Since the optical fiber is embedded between the first and the second ply, the deformations
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are extracted from the top integration point of the first ply. The deformations of each

element are normalized with respect to the corresponding load applied to the FE model:

~ 6'i’Flon

€iryyy = Tng (6.17)
- €ip,

€ir,,, = ﬁ (6.18)

The deformations are expressed in the local reference frame of each element, hence they
must be rotated in order to express them in the direction in which the FBG sensors mea-
sure, which is the other unknown of the optimization problem. The rotated deformation

components for the i — th element are obtained as:

€in,.. = RfI“[lR_léiFlong (6.19)
&, = RT,'RT'E, (6.20)
where:
100
e R=1|0 1 0f;
00 2
cos? 0, sin® 6, 2 cos 6; sin 6;
o T = sin? 6; cos? 6; —2cos0;sinb; |, being §; the angle between the
—cos#;sinf; cosh;sind; cos?6; — sin?6;

x-axis of the local reference system of the element and the axis aligned with the

optical fiber. 6; is one of the outputs of the optimization problem.

The FBG sensors measure the deformation component aligned with the optical fiber axis,
which in this work is considered as the Z-axis, so the optimization process has to be
performed using the Z-component of éinong and éinat’ indicated respectively with éiFlong,fc
and ¢€; Flans " At this point the matrix K of the linear system of Equation 6.24 is assembled
as:

K = [Kﬂong\KFm (6.21)

where:
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( " 3\
€
1Flong T
€
F, .
long,& .
b KFlong . ?
€
\ nFlong,fc )
( . 3
€
1Flat,:i
&
F .
. lat,& .
hd KFlat - ?

~

\ enFlat,CE )
The problem objective is:
min|cond(K)]

(6.22)
find(I1D;,6;)

The choice to use a genetic algorithm to perform the minimization process lies in its
capability to take as input both discrete and continuous variables, as in the case of interest.
As a matter of fact, the problem variables are the elements ID, that are discrete variables,
and the sensors orientations, that in general are continuous variables. An overview of

a genetic algorithm working principle is reported in the Appendix. The results of the

optimization process are the following:

e the mean value and the minimum value of (cond(K)) for each generation, reported
in Figure 6.22.

Genetic algorithm result

60 .
° |- min(K)
o mean(K)
o
50 - ©°
o o
° o
40 o ° °
-
o ° o
530 ° ° °
e ° o
S ) o o o °
o o o
20*00 oo © ° ° o
° o ° o o ° °
® o ) ) ) o o © ° 4
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Generation [-]

Figure 6.22: Genetic algorithm plot result

Considering all the generations, the best result obtained is cond(K) = 1.00735;



98 6| Stick load identification

e the elements in which position the FBG sensors, that are shown in Figure 6.23;

Figure 6.23: The two elements resulting from the optimization process in which position
the FBG sensors

e the orientation of the FBG sensors, i.e., ; and 6s; from the technological point of
view, it is not feasible to orient the sensors with an arbitrary value but usually the
sensors are arranged parallel to the carbon fibers, perpendicular to them or with an
angle of 45°. For this reason, the output angles have been discretized to the nearest

angle of the following vector:
0—{-45° 0° 45° 90°} (6.23)

According to that, the resultant orientation of the FBG sensors is #; = 6, = 0°, i.e., they
are both aligned with the local z-axis of the corresponding FE model element. From now
on, the two sensors shown in Figure 6.23 will be refereed to as FBG sensor 1 and FBG

sensor 2.

6.7. Load identification using the FBG sensors

The procedure for the tests with the FBG sensors is the same of the one with the strain
gauges described in Section 6.4, with the difference that the FBG sensors embedded in the
stick are two, while the strain gauges previously used were four. Making the hypothesis
of linearity, the relationship between the FBG sensor output and the applied loads can

be expressed as:

e = KP (6.24)
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where:

€
o €= ' is the vector containing the two FBG sensors outputs for the considered
€2

loading condition;

a1 Qa2 . . . .
e K= [ is the matrix of the influence coefficients;
Q21 (2

long

Flat | . : . .
o P = { fat } is the matrix containing the applied loads.

While some strain gauges reading is relevant for just one loading condition between the
pure longitudinal force and the pure lateral force (e.g., strain gauge 1 output is not
relevant for the lateral force loading condition), the FBG sensors reading is relevant for
both the loading conditions. The resultant linearity check plots for the two FBG sensors
are reported in Figure 6.24. The linearity reference is obtained starting from the first

point of each plot.

FBG sensor 1 linearity check for the FBG sensor 1 linearity check for the
300 lateral force loadlng condltlon 3O(l)ongltudlnad force loadlng condltlon
—e—EXperlmental results —e—Experlmental results
- - -Linearity reference - - -Linearity reference
T 200+ T 200 ¢
7 7
3 3
— 100 — 100
0 : ‘ : 0 : ‘ :
0 10 20 30 40 0 10 20 30 40
F [N] F [N]
FBG sensor 2 linearity check for the FBG sensor 2 linearity check for the
200 lateral force loadlng condltlon longltudmal force loadmg condition
—e—EXperlmental results —e—Experlmental results -
150 L~ - -Linearity reference -7 N 1007 - -Linearity reference e 1
T T a
= 100 | - £~
EL 2 50
50t
0 : ‘ : 0 : : :
0 10 20 30 40 0 10 20 30 40
F [N] F [N]

Figure 6.24: FBG sensors linearity check
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The slopes of the plots of Figure 6.24 represents the influence coefficients:

4.1476  —2.8300

Q11 (2
K =
Qo1 (g2

_ [—6.5877 —7.2655] e/ (6.25)

A validation procedure for the FBG sensors is carried out analogously to the one of the
strain gauges. The validation procedure is performed using masses of 0.5 kg, 1 kg,2 kg, 4 kg
and the results are reported in Table 6.5, Table 6.6, Table 6.7 and Table 6.8.

0 er, [0 er,, [%]

30° 0.08 16.87
45° 7.18 0.05
60° 4.16 8.02

Table 6.5: Validation process results using a mass of 0.5 kg

0 er., [ er,, [%]

30° 0.06 13.48
45° 6.06 2.98
60° 0.20 8.44

Table 6.6: Validation process results using a mass of 1 kg

0 eFlong [%] CFlat [%]

30° 1.41 5.46
45° 3.54 2.74
60° 2.24 0.02

Table 6.7: Validation process results using a mass of 2 kg
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0 er., [/ er,, [%]

30° 3.74 1.90
45° 4.61 5.81
60° 291 5.00

Table 6.8: Validation process results using a mass of 4 kg

The results can be considered acceptable, since all the errors are below 6% except for two

cases.

6.8. Comparison between the FBG readings and the
FE model results

A comparison between the FBG sensors reading and the corresponding FE element defor-
mation is carried out for each case and the results are reported in Table 6.9, Table 6.10,
Table 6.11 and Table 6.12.

FBG sensor 1, Fl,ny [%]  —3.5
FBG sensor 1, Fj,; (%] —6.06
FBG sensor 2, Flpg (%] —2.98
FBG sensor 2, Fi; [%]  37.61

Table 6.9: Strain components error between FE model and the FBG sensors for the test

with a mass of 0.5 kg

FBG sensor 1, F,ny [%]  0.56
FBG sensor 1, Fj,; (%] —7.69
FBG sensor 2, Flpg (%] —4.15
FBG sensor 2, Fj,; (%]  40.45

Table 6.10: Strain components error between FE model and the FBG sensors for the test

with a mass of 1 kg



102 6| Stick load identification

FBG sensor 1, Fiyng [%]  0.97
FBG sensor 1, Fj,; (%] —9.37
FBG sensor 2, Fy,g [%] —0.36
FBG sensor 2, Fj,; (%]  36.09

Table 6.11: Strain components error between FE model and the FBG sensors for the test

with a mass of 2 kg

FBG sensor 1, Fipg [%0]  4.32
FBG sensor 1, Fj,; (%] —10.23
FBG sensor 2, Fipng (%]  8.76
FBG sensor 2, Fj,; (%]  26.71

Table 6.12: Strain components error between FE model and the FBG sensors for the test

with a mass of 4 kg

The error of the FBG sensor 2 for the pure lateral force loading condition is large for all
the tests and this is probably due to some mandrel defects present in that region. Apart
from that, it is possible to see that there is a good correlation between experimental and

numerical results

In particular, the errors are smaller with respect to the ones obtained with the strain
gauges (see Table 6.4), meaning that the FBG sensors positioning optimization procedure

result is successful.

6.9. Consideration on the K matrix conditioning num-

ber

A final check can be made on the conditioning number of the matrix K, for which it is
possible to consider the result from the experimental tests with the strain gauges, the
numerical result of the optimization process and the experimental result from the tests
with the FBG sensors, as reported in Table 6.13.
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cond(Kstrain gauges) 5.18579
Cond(KFBG sensors, numerical) 1.00735

COnd(I(FBG sensors, expe'rimental) 1.98500

Table 6.13: Comparison table for the conditioning number of K

The experimental conditioning number of the tests with the FBG sensors does not differ
to much with respect to the numerical result. Moreover, it is possible to see that the
genetic algorithm optimization process has reduced the experimental conditioning number

of matrix K by a factor of about 1/3, that can be considered a very good result.
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7 | Conclusions and future

developments

This thesis work presented two sensors to be embedded in the helicopter control inceptors
for the pilot workload evaluation. The sensor included in the collective inceptor grip,
re-engineered with respect to previous developments, allowed to monitor the pressure
applied by the pilot hand on the grip itself. The pressure applied can be considered
directly related to the pilot workload level, as demonstrated by the tests conducted at the
motion platform. Indeed, the average grip pressure exerted by the tested subject increases
as the MTE difficulty increases. The increase of the difficulty level has been implemented
either in terms of the motion platform amplitude than in terms of piloting task difficulty.
The peculiarity of the sensor proposed is the fact that, as opposed to the currently used
subjective pilot workload assessment methods, it allows to have a measure independent
from the pilot subjective feedback. Even though more tests on more subjects should be
performed to draw solid conclusions, the trend of the average grip pressure for each test
is well correlated to the one of other consolidated workload indicators, as the aggression
and the moving median absolute deviation. A comparison between the grip sensor and
the NASA-TLX ratings shows a good correlation as well, confirming the validity of the
sensor as indicator of the pilot workload level. A relevant result from the tests performed
with the motion platform is the finding that a relaxation of the arm muscles can help to
counteract the vibrations induced by the vehicle to the pilot, that in turn translated in a
better target tracking performance. This could be a useful results also in terms of PAO
event, for which currently pilots are instructed to leave the controls. Also, the integration
of the hand pressure measurements with the ones of a dedicated pressure able to detect

the arm tension level could help in the study of the pilot behavior.

The developed and realized OPT-IN prototype presented the issue of having a low sen-
sitivity. To improve the future developments of the sensor, it is possible to use a softer
material for the hemispherical probes, which could make the sensor able to detect lower
pressure variations. Moreover, the sensing elements of the grip could be extended to the

whole grip itself, in order to make any pressure variation in any part of the grip detectable
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by the sensor. Another improvement could be on the OPT-IN data acquisition: a proper
wiring could make it possible to acquire its measurements with the Supervisory Control
and Data Acquisition (SCADA) connected to the motion platform.

The novel cyclic inceptor stick realization technique has revealed to be successful, except
for the mandrel dissolution process. A solution to this problem could consist in the
use of a highly concentrated solution of sodium hydroxide. Despite that, the use of the
mandrel allowed to have a good control thickness, that is crucial for the sensorization
of the stick itself: the positioning of the strain gauges and of the FBG sensors has to
be performed in regions of the stick in which the thickness is equal to the nominal one.
Moreover, the thickness control ease to create a higher-fidelity FE model of the stick. The
results obtained for the tests with the FBG sensors allowed to successfully accomplish the
calibration process of the stick. The results of the optimization of the FBG sensors position
carried out using the genetic algorithm has revealed to be fully satisfactory. Thanks to the
genetic algorithm, the measure of two FBG sensors is well better than the one obtained
with four strain gauges, for which a qualitative positioning based on the FE model results
has been performed. As a matter of fact, both the validation results and the ones coming
from the comparison between numerical and experimental model are definitely better for
the FBG sensors with respect to the strain gauges.

As the collective grip sensor, the sensorized cyclic stick can be considered a tool for the
pilot workload evaluation. As a matter of fact, it will be employed in the motion platform
to monitor the loads introduced by the pilot, which have paramount importance in the
prevention and study of RPC phenomena. Moreover, the sensors embedded in the stick
allows to measure the force applied by the pilot without the use of costly, heavy and
cumbersome load cells, which are not usually present in production helicopters. The force
measurement allows to compute one of the two fundamental indices of the pilot-vehicle
interaction, that is the BDFT. In particular, the stick sensors allow to compute the BDFT
using the pilot force as output instead of the inceptor rotation. This particularly useful
in case of a high level of friction present in the controls: in this case, the motion of the
inceptor is small, while the force applied by the pilot is not, especially in high load factor
flight conditions. It is worth mentioning that the cyclic inceptor stick realized in this work
represents an experimental laboratory product, currently non-serviceable on a real flight.
As a matter of fact, the focus has been placed on the stick realization and sensorization,
without addressing problems as, just to mention few of them, the stick-cockpit connection
elements, the setup for the in-flight FBG data acquisition system and the interface with
the existing wiring. In addition, the certification process needed to make the stick flyable

requires additional steps to ensure its airworthiness, such as:
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e compliance with Design Standards: each structural component of an aircraft must
meet the applicable design standards and regulations. This typically includes demon-
strating compliance with specific load factors, fatigue life requirements, material

specifications, and structural integrity criteria;

e structural analysis and testing: the component must undergo rigorous structural
analysis and testing to ensure its strength, durability, and performance under an-

ticipated loads and operational conditions;

e manufacturing process documentation, control and certification. This includes en-
suring compliance with relevant quality management systems, such as ISO 9001, and

maintaining appropriate records of the manufacturing and inspection procedures.

The pressure sensor of the grip, instead, is closer to become flyable. To implement its
actual configuration on an existing grip, it would be necessary to have the needed space
inside the grip and to cut some parts of the grip itself for the placement of the sliding
parts of the sensor containing the photoresistor and the hemispherical probes. A potential
improvement could be to make the sensor thinner, for example in the form of pressure
sensitive films applicable on the grip external surface. This would not require any major

modification to the grip geometry.
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A. | Appendix

Overview on the genetic algorithm

A genetic algorithm is a search and optimization technique inspired by the process of

natural selection and genetics. It is used to solve minimization problems where traditional

algorithms may be impractical or ineffective. The algorithm simulates the evolution of

a population of potential solutions over multiple generations, gradually improving the

quality of solutions until an acceptable or optimal solution is found. Here’s an overview

of the working principle of a genetic algorithm, summarized in the flow chart of Figure A.1:

1.

wniatialization: the algorithm starts by creating a random population of individuals,
where each individual represents a potential solution to the problem at hand. The
population typically consists of a fixed number of individuals, each encoded as a

string or vector called chromosome;

evaluation: each individual in the population is evaluated and assigned a fitness
value based on how well it solves the problem. The fitness function determines the

quality or suitability of an individual solution;

selection: individuals are selected from the population to serve as parents for the
next generation. The selection process is typically based on the fitness values,
where individuals with higher fitness have a higher probability of being selected.

This process mimics the concept of “survival of the fittest”;

reproduction: selected individuals are combined through genetic operators such as
crossover and mutation to create offspring for the next generation. Crossover in-
volves combining genetic material from two parents to produce new individuals,

while mutation introduces random changes in the offspring’s genetic information;

replacement: the offspring, along with some individuals from the current population,
form the next generation. The replacement strategy determines which individuals
from the current population are replaced by the offspring. This ensures that the

population evolves over time and encourages exploration of the search space;
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6. termination: the algorithm continues iterating through the evaluation, selection,
reproduction, and replacement steps until a termination condition is met. This con-
dition could be a maximum number of generations, reaching a satisfactory solution,

or a predefined convergence criterion.

Initial population

l

Calculate the fitness value

l

Selection

}

Crossover

l

Mutation

Is termination
criteria
satisfied?

Figure A.1: Genetic algorithm flow chart

By iteratively applying the steps above, the genetic algorithm explores the solution space
by evolving and refining the population over multiple generations. Over time, the algo-
rithm tends to converge towards better solutions that satisfy the problem constraints and
optimize the fitness function. It’s worth noting that the effectiveness of a genetic algo-
rithm depends on various factors such as the choice of genetic operators, population size,
termination conditions, and the design of the fitness function. The genetic algorithm can
be applied to solve a variety of optimization problems that are not well-suited for standard
optimization algorithms. While the effectiveness of an algorithm depends on the problem
domain and specific requirements, genetic algorithms offer several advantages compared

to other algorithms in certain contexts, as:

1. global optimization: genetic algorithms are known for their ability to find solutions
in large and complex search spaces. They are particularly well-suited for problems
where the solution space is vast and there may be multiple global optima. Genetic
algorithms explore the search space more extensively and have a higher chance of

finding good solutions compared to local search algorithms;
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2. no requirement of derivatives: genetic algorithms do not rely on gradient information
or derivatives of the objective function, which makes them applicable to a wide range
of problems, including those that are non-differentiable, discontinuous, or noisy.
This is in contrast to techniques like gradient descent, which require derivatives and

may struggle in such scenarios;

3. flexibility and adaptability: genetic algorithms can handle optimization problems
that involve multiple objectives, constraints, or trade-offs. They can be easily mod-
ified to accommodate different problem formulations, fitness functions, and opti-
mization goals. Genetic algorithms can also handle both discrete and continuous

variables, allowing for a broader range of applications;

4. parallel processing: genetic algorithms can naturally take advantage of parallel pro-
cessing and distributed computing environments. The population-based nature of
genetic algorithms allows for concurrent evaluation and evolution of multiple can-
didate solutions, enabling faster convergence and improved scalability on modern

computing architectures;

5. exploration and diversity: genetic algorithms emphasize exploration of the solution
space by maintaining diversity within the population. By incorporating mechanisms
such as crossover and mutation, genetic algorithms introduce new genetic material
into the population, allowing for exploration of new regions of the search space.
This exploration capability helps to prevent premature convergence to suboptimal

solutions;

6. problem independence: genetic algorithms are problem-agnostic in the sense that
they do not rely on specific domain knowledge or problem structure. They can
be applied to a wide variety of optimization problems without requiring problem-
specific modifications or heuristics. This makes genetic algorithms a versatile choice

for optimization tasks across different domains;

7. solving complex, non-linear problems: genetic algorithms have been successfully ap-
plied to a wide range of complex problems, including function optimization, machine
learning, scheduling, robotics, and more. Their ability to handle non-linear, mul-
timodal, and dynamic problems makes them a valuable tool in many fields where

traditional optimization methods may struggle.
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