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Abstract

Rotorcraft suffer from relatively high vibratory levels, due to exposure to significant vibratory load levels originating from
rotors. As a result, pilots are typically exposed to vibrations, which have non-negligible consequences. Among those, one
important issue is the degradation of instrument reading, which is a result of complex human-machine interaction. Both
involuntary acceleration of the eyes as a result of biodynamics and vibration of the instrument panel contribute to a likely
reduction in instrument reading capability, affecting flight safety. Therefore, being able to estimate the expected level of
degradation in visual performance may give substantial benefits during vehicle design, allowing to make necessary adjust-
ments while there is room for design changes or when retrofitting an existing aircraft to ensure the modifications do not
adversely affect visual acuity and instrument reading ability. For this purpose, simulation is a very valuable tool as a proper
model helps to understand the aircraft characteristics before conducting flight tests. This work presents the assessment of
vibration-induced visual degradation of helicopter pilots under vibration exposure using a modular analysis environment.
Core elements of the suggested analysis framework are an aeroelastic model of the helicopter, a model of the seat-cushion
subsystem, a detailed multibody model of the human biodynamics, and a simplified model of ocular dynamics. These ele-
ments are combined into a comprehensive, fully coupled model. The contribution of each element to instrument reading
degradation is examined, after defining an appropriate figure of merit that includes both eye and instrument panel vibration,
in application to a numerical model representative of a medium-weight helicopter.

Keywords Rotorcraft acroelasticity - Visual acuity - Pilot vibration exposure

1 Introduction Additionally, other serious problems are also a direct result

of vibrations, such as degraded pilot handling qualities [1,

1.1 Problem statement

In helicopters, the forces and moments originating from
the rotors, fuselage aerodynamics, engine and transmission
create oscillatory loads. Once transmitted to the airframe,
these time-dependent loads then propagate to the cockpit
and the cabin. Time-dependent loads are intrinsic to the rotor
dynamics, hence the resulting vibrations exist continuously
yet with altering levels. As a result, the main source of dis-
comfort in the helicopter cockpit and cabin is represented by
sustained vibratory accelerations received by the occupants.
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2] and chronic pain frequently observed on the crew [3]. In
addition to mentioned undesirable consequences, the vision
acuity of pilots can also worsen as a result of vibrations in
the cockpit [4, 5].

Considering a typical helicopter cockpit, the pilot rests
on a seat in nearly vertical sitting posture. The pilot seat
responds to cabin floor and structure vibrations, which
are received by the human body. The involuntary motion
of the human body transmits the received accelerations to
the skull through the spine, and from the skull to the eyes.
Therefore the image formed on the retina is not stationary.
This aspect represents the subjective portion of the problem.
Visual acuity degradation involves the subject’s ability to see
while being exposed to vibrations. Additionally, the cock-
pit displays also vibrate in response to excitation reaching
them through a different load-path. This aspect represents
the objective portion of the problem, namely the incorrect
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perception that the human eye—and central nervous sys-
tem—receive from rapidly moving objects. Instrument read-
ing ability degradation is a consequence of the combined
subjective visual acuity degradation and objective vibration
of the instruments. The differences between the amplitude
and phase of the eye’s and instrument panel’s accelerations
result in a relative vibratory motion between the eye and the
visual displays. This causes degradation in visual acuity and
instrument reading ability as the levels of vibration becomes
severe. As a result, the pilot may start making reading errors
and show a slower response to the changes in the displayed
information. For example, Gardner [6] reports that during
the development of the BAC TSR-2, a “reheat fuel-pump
oscillation (...) was causing an airframe vibration [...] at a
frequency very close to that of the human eyeball. As proto-
type XR219 climbed away on its second flight, this vibration
happened, and ‘Bee’ (Roland Prosper ‘Bee’ Beaumont, the
legendary RAF test pilot), to avoid blurred eye-sight, had
to throttle out the port engine.” Not a helicopter, but worth
reporting, as it is indicative of what vibrations could cause
in flight.

1.2 Background

The relative motion can be dominated by the vibration of the
pilot eye or that of the display screens; however, it is likely
that both contribute substantially [7]. The degradation is pro-
portional to the amplitude of the vibration for both causes
[8]. Being made of completely mechanical components
from the source to the subjects, the vibration assessment
of the display screens is relatively straightforward, once the
mechanical properties of the system are known. On the other
hand, analyzing the vibration response of the human body
is more challenging, since it is characterized by intrinsic
complexity, uncertainty, and individual variability. The bio-
dynamic response of the human body depends not only on
the input frequency but also on individual anthropometric
and physiological parameters, and even on posture. This is
especially critical in the case of involuntary motion of upper
body parts, such as the head and eyes, where the identifica-
tion of the dynamic response from measurements becomes
more difficult and highly uncertain.

The available literature, for involuntary eye motion as a
result of whole-body vibration, reports greater variability,
across the relevant frequency range, as compared to pure
mechanical response of the airframe structure. Nevertheless,
some of the independent studies manifest similarities, thus
making it possible to determine some trends. For example,
in Ref. [9], Ohlbaum suggested that the eye response relative
to the skull appears to increase at about 12 Hz and shows a
peak in the vicinity of 18 Hz. Otherwise, it was shown that
the eye follows the skull with no noticeable amplification.
Similarly, Ishitake [10] reported a maximum reduction of
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visual acuity at a frequency of 12.5 Hz. Collins [11] noticed
the significant contribution of human biodynamics on vis-
ual performance degradation above 10 Hz, which compares
favorably with the above-mentioned findings. In [12], 12 Hz
is also indicated as the target frequency for the effect of
vibration on visual acuity in a combined positive G manoeu-
vre and sustained vibration . Lee and King [12] achieved a
similar result and reported that the vibration of the eye as a
result of whole-body vibration from a seat rises up to 12 Hz
and then remains at the same order of magnitude. The fre-
quency range for appreciable consequences of vibration on
visual performance was observed up to 31.5 Hz by Lewis
and Griffin [14]. The latter result is confirmed by Harazin
et al. [15], who define an interval of maximal sensitivity
between 12.5 and 31.5 Hz, which is consistent with previ-
ously mentioned findings.

In addition to the amplitude and frequency of the input
excitations, other factors can affect the display reading per-
formance. Two critical parameters are the distance and ori-
entation or the complexity of the displayed information [16].
Moreover, the brain interprets the visual input in a complex
manner with the visual acuity and partially suppresses oscil-
lations in the perceived image using cognitive corrections.
Nakashima [7] reported that such an intervention likely
occurs below the 1-2 Hz threshold, where the visual acuity
can be corrected to some degree. However, the compensa-
tion is not efficient at higher frequencies, suggesting that the
vibration of the image on the retina is perceived as it is. This
aspect is believed to be helpful for the numerical prediction
of visual acuity. Passive—i.e. involuntary— models, based
on the mechanical response of human body and helicopter
structures, can be expected to be relatively accurate for fre-
quencies higher than 2 Hz.

1.3 State of the art and scope

The most common solution to compensate visual degrada-
tion is to increase the size, contrast, and spacing of the dis-
plays or the graphical elements of the user interface (UI)
[17]. This approach, however, limits the amount of infor-
mation that can be submitted, especially in helicopters
where the available area for displays is generally limited.
Helicopter cockpit design solutions are therefore limited by
the trade-off between the displays’ size and vibration perfor-
mance. In this context, the estimation of the attainable visual
performance of a concept solution can offer a viable support,
helping determining the relative contribution of design vari-
ables and choices while excluding non-feasible solutions as
early as possible.

Comprehensive rotorcraft simulation aimed at biody-
namic response is not straightforward and cannot be per-
formed using a single tool without suffering from undue
simplifications, especially when the vehicle and human
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dynamics are coupled. On the vehicle side, helicopters are
composed of subcomponents, such as rotors, airframe, con-
trol system, etc., that have different characteristics, which
requires a common framework that can efficiently incor-
porate different computational models. On the biodynam-
ics side, the human body and the motion of the eye should
be included to achieve realistic levels of eye acceleration.
For this purpose, the authors enhanced a modular analy-
sis platform developed over the past decade [18] to support
the evaluation of visual instrument reading performance,
culminating in the work of Ref. [19], which introduces a
high-fidelity model and a figure of merit for visual acuity
and instrument reading ability degradation. The relative
significance of each contributing element can be evaluated.

The present work extends the idea initially proposed in
Ref. [19] and supports it by providing additional results and
further discussing the related findings. A more complete
understanding is achieved in how to address pilot visual acu-
ity and instrument reading ability degradation by address-
ing the relative contribution of pilot and panel vibration,
the effects of uncertainty in eye response, and analyzing
the consequences of the variability in thein strument panel
acceleration..

To the authors’ knowledge, a modular and versatile plat-
form for visual performance evaluation of helicopter pilots
subjected to the variety of vibratory loads that is typically
experienced by the vehicle is not currently available to the
rotorcraft community. Therefore, a novel contribution to the
evaluation of pilot occupational health and to the improve-
ment of flight safety can be achieved using the proposed
approach. Moreover, the proposed visual vibration index can
be further incorporated in a generalized vibration index, as
the one proposed in [20], which accounts for all vibration-
induced aspects of discomfort for (rotorcraft) pilots.

1.4 Organization

This paper is composed of four Sections. Sect. 1 describes
the proposed approach and illustrates how it can be used to
evaluate visual performance. A high-fidelity analysis model
is subsequently developed in Sect. 3, and its building blocks
are explained. Then, the effect of significant parameters is
investigated in Sect. 4. Finally, in Sect. 5 general conclusions
are drawn from the presented results.

2 Method

In this section, a modeling environment suitable for for-
mulating an overall high-fidelity model for rotorcraft aero-
mechanics and vibration is explained. A framework for the
assessment of visual performance is formulated as well, and
incorporated in the aeromechanical model.

2.1 High-fidelity modeling environment

In-flight evaluation of visual acuity and instrument read-
ing ability degradation is almost impossible for safety-
related reasons. Although simulator testing in principle is
possible, it is nonetheless very challenging. In fact, accu-
rate measurements would require a high quality model of
the cockpit structure not only in layout, but also in struc-
tural response, or purposely-designed actuation systems
able to reproduce the vibrations of the displays. Costs
associated with such a solution may only be justified later
in the design process when choices are established, and
the room for introducing modifications thin. Therefore,
during the early phases of rotorcraft design, when exten-
sive modifications are still possible, reliance on numeri-
cal analysis is mandatory. This is also true when retrofit-
ting an existing design.

A multidisciplinary simulation environment favoring
modularity is required to develop accurate and computation-
ally efficient models of the coupled rotorcraft-pilot dynam-
ics. The combined model is thus made of the assembly of
sub-components, representing different dynamics: the rotor
aeroelastic behavior, governing the vibratory load generation
and initial path of transmission; the structural model of the
fuselage and cockpit, detailing the transmission of vibrations
to the cockpit display; finally, the biomechanical model of
the pilots and occupants, involving the propagation of vibra-
tions through the body.

MASST (Modern Aeroservoelastic State Space Tools),
a tool developed at Politecnico di Milano, is designed to
handle such duty. It analyzes compact, yet complete modu-
lar models of linearized aeroservoelastic systems [18, 21].
Rotorcraft subcomponents are collected from well-known,
reliable and state-of-the-art sources. After being assem-
bled using the Craig-Bampton Component Mode Synthesis
(CMS) substructuring method for linear substructures [22],
they are cast into state-space form. This approach is crucial
to be able to model helicopter subcomponents in their most
suitable environments and compose the overall model. The
model assembled in MASST is cast into the classical state
space form for Linear Time Invariant (LTI) systems, defined
by the quadruple A, B, C, D:

x = Ax + Bu (1a)

y=Cx+Du (1b)

where vector x contains the states of the system, y is the
system output, and u includes the inputs.

When expressed in the Laplace domain, the input-output
relationship

y(s) = [C(sI — A)'B + D]u(s) = G(s)u(s). )
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is obtained, where G(s) is the corresponding transfer matrix
between inputs and outputs. The system matrices often result
from the linearization of general problems about prescribed
values of selected parameters. Models at intermediate
parameter values can be obtained by consistent interpola-
tion of the matrices.

Following the description presented above, MASST can
adequately support rotorcraft ride quality assessment, a spe-
cial case of which instrument reading ability is, since it

1. provides high-fidelity overall modeling through sub-
component assembly;

2. allows flexibility in the source of sub-component formu-
lation;

3. enables the definition of sensor-force relations between
arbitrary structural points;

4. exports proper models apt to the interaction with vibra-
tion devices and human biodynamic models. This elimi-
nates the need to reassemble the whole model when a
subsystem changes, thus making MASST an effective
and thoroughly parametric simulation environment.

With regard to the above-mentioned features, MASST has
proven its capabilities considering its efficient use in rotor-
craft helicopter and tiltrotor aeroservoelasticity [18, 21],
vibration analysis [23], and handling of biodynamic models
of the human body with increasing and arbitrary levels of
complexity [24].

2.2 Visual vibration assessment

A detailed vibratory field resulting from vibration sources
can be obtained using a high fidelity vehicle model. Such a
model is expected to include the acceleration of the instru-
ment panel (a,,,) for the purpose of visual performance.
In addition to that, the acceleration of the eye (a,.) is also
required for a complete assessment of visual acuity deg-
radation. It is not expected that the two eyes vibrate in a
significantly different way, therefore both eyes are assumed
to have the same response. However, if there are two pilots
this should be considered in the formulation. For the latter,
the acceleration at a specific point of the panel (e.g., the
panel center) can be considered or, alternatively, the average
vibration of a set of points, or even all the points on the panel
can be used. In this work, the panel vibration vector repre-
sents the average of the panel nodal accelerations, unless
otherwise stated.

The acceleration of the eyes and of the points on the panel
are vectors:

T
aeye = [aeye,x aeye,y aeye,z] (3)
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T

apanel = [apanel,x apanel,y apanel,z] (4)

Among the three components of those accelerations, the ver-
tical one, a; , i = eye,panel, is the most significant for the
impact of vibrations on vision [4]; thus, it is considered the
critical component also in the present work. Dropping the

direction subscripts, the eye and panel acceleration becomes:

Aeye N Ueye; = Ueye (®)]

a = Gpanel (6)

panel ~ apanel,z

The two accelerations result from the transmission of time-
dependent loads from the rotor, through the airframe and
the cockpit and the pilots’ bodies, respectively. The MASST
model is linear: therefore, the magnitude of the relative
acceleration between the eye and the panel can be consid-
ered as a measure of the severity of the impact of vibration
on the pilot display reading ability. Considering the ith pilot,
a Visual Vibration Index (VVI) can be defined as follows:

VVIi,sub = |Cl

- ai,panel | (7)

ieye

where the subscript ‘sub’ refers to the difference between
the two accelerations. According to Eq. 7, if eye and panel
vibrate at the same frequency and amplitude, and in phase,
the instrument reading ability is not affected. However, the
estimate given by this parameter could be over-optimistic,
also considering the wider margin of error associated with
the estimation of the phase with respect to that of the ampli-
tude. Therefore, a more conservative scenario can also be
considered, assuming that the eye and the panel vibrations
are always in phase opposition:

VVIi,sum = |ai,eye| + |ai,pane1| (8)

where the subscript ‘sum’ refers to the summation of the
amplitudes of the two accelerations.

This formulation can be extended to cover the presence
of a second pilot, which is quite common in helicopters. In
this case, the overall VVI can be assumed to be the average
of the two pilots’ indices:

VVI, + VVI,

VVI,, = >

€))

VVI, being either VVI, o, or VVI, ... Alternatively, a con-
servative formulation would be achieved if the maximum

VVI among those of the two pilots is considered:
VVI,,., = max(VVI,, VVL,) (10)

The combination of these alternatives, Eqgs. (7-10), leads to
the four VVI definitions reported in Table 1.
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Table 1 Nominal and more conservative visual vibration index for-
mulations

Average of Two pilots Maximum
of two
pilots

Norm of subtracted accel-  VVI, ,, VVLpmax
erations
Sum of acceleration norms  VVI,. ., VVLium max

These four combinations can be considered the most
plausible formulations. Given the high fidelity modeling
capability of MASST, the VVI formulation can be expanded
to more complex forms by adding an arbitrary number of
vibratory loads and acceleration sensors. The level of detail
used in modeling the sub-components is the sole limiting
factor.

3 Analysis model

The methods described in the previous section allow us
to build a complete, modular, high-fidelity model of the
helicopter and human occupant dynamics that is able to
predict the effect of aircraft vibrations on the visual perfor-
mance analysis. The accuracy of the predicted vibrations
depends on the availabily of detailed data. In the present

‘ Pilot Seats Attachment Nodes

Fig. 1 Snapshot of the airframe and rotors used in the analysis

work, the proposed approach is illustrated using available
data related to a generic helicopter configuration, without
claiming any strict correlation with experimental data, for
illustrative purposes. It is however worth stressing that
the situation corresponds to that of rotorcraft designers
during the early stages of a new design when the level of
detail of available data increases as the design is refined,
but experimental data are not yet available.

3.1 Aeroservoelastic helicopter model

A state-space model of the helicopter structural dynam-
ics is at the core of the complete model used in the
analysis. Accurate modeling of the rotorcraft loads that
excite the structure vibrations, and the correct assess-
ment of the vibration propagation paths is of paramount
importance in evaluating Noise, Vibration and Harsh-
ness (NVH) aspects.

The model used in the analysis is representative of a
five blade, soft in-plane main rotor, medium weight heli-
copter (Fig. 1). It includes several aspects of the aircraft
dynamics, which will be briefly described in the following
paragraphs.

Flight Mechanics. The airframe six degrees of freedom
dynamics is augmented with its stability derivatives, com-
puted through look-up tables of the fuselage, horizontal

® Panel Nodes
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Table 2 Numerical values for the seat-cushion model

m; (kg) ¢;(NSm™) k; (kN'm™)
Seat 13.5! 750.00! 22.6!
Cushion 1.0 159.00! 37.7!

'From Ref. [27]; 2 assumed

tail surface, and vertical empennage aerodynamics in
CAMRAD/JA[25].

Aeroelasticity. From a detailed NASTRAN model,
comprising more than 30000 nodes and 17000 elements
(beam, shells, solids), the normal vibration modes of
the airframe in the frequency band up to 50 Hz, i.e.
about twice the blade passage frequency, are extracted.
The main and tail rotor models are formulated in CAM-
RAD/JA, and include the first lead-lag and the second
flapping bending modes, as is typical for soft in-plane
articulated rotors, and a torsion mode associated with
the compliance of the control chain. A structural damp-
ing factor of 1.5% is assumed throughout. The rotor
models are formulated in multiblade coordinates. The
main rotor model is also completed by a Pitt-Peters [26]
axial inflow model, with one state.

Control. The simplified dynamics of the blage pitch
control servoactuators is modeled in Matlab/Simulink,
including the effects of dynamic compliance and the cou-
pled hydro-mechanical behavior of the servo-valve. Lin-
ear displacements are converted into collective and cyclic
commands by considering the corresponding gear ratio
coefficients.

Sensors. Virtual accelerometers are placed in the pilot
seat locations, and the instrument display panels.

Fig.2 Lumped parameter seat
and cushion model [24]
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3.2 Floor-human interface

The interface between the pilot and the helicopter is mod-
eled through an adaptation of the simplified seat and cushion
model presented in [27]. Lumped masses associated with
the cushion and the seat are suspended through a spring
and damper system, and connect to the pilot model at the
buttocks. The model is sketched in Fig. 2, with data given
in Table 2.

3.3 Upper body biodynamics model

Human biodynamics is predominantly modeled using three
approaches:

e (Linear) Lumped-Parameter Modeling (LPM), making
use of point masses, ideal spring and damper elements;

o Finite element Method (FEM);

e Multibody Dynamics (MBD)

All three approaches can be (and have been) used for com-
fort assessment; however, FEM and MBD are more capable
than LPM when upper body segments are of interest [24].
Therefore, the present work utilizes a multibody dynam-
ics model to better estimate the acceleration of the head.
A sitting human , the typical posture of helicopter pilots, is
considered.

MBDyn' [28], a free, general-purpose multibody solver,
was used in developing the MBD model of the upper body.
As presented in Fig. 3, the MBD model comprises 34 rigid
bodies, associated with the sections of the trunk corre-
sponding to each vertebra from C1 to S1, and 8 visceral
masses. Relative vertebral displacements are assumed to lie

! http://www.mbdyn.org/, last accessed March 2021.
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Fig. 3 Multibody model of a
sitting human [24]

in the direction locally tangent to the spine axis. The rela-
tive motion of the vertebrae along the anatomical antero-
posterior and medio-lateral directions is constrained. Lin-
ear viscoelastic elements, acting on all the unconstrained
degrees of freedom, connect the vertebrae. Visceral masses
have non-negligible inertia, and their dynamics is excited
through a different load-path with respect to vertebral
sections, hence they can significantly affect the vibration
dynamics of the upper body [29]. For this reason, they are
also connected to the corresponding vertebrae, from T11 to
S1, and between them, through linear viscoelastic elements.
Additional lumped masses, representing the upper limbs, the
head and a third of the mass of the thighs are respectively
placed in correspondence to the centers of the shoulder gir-
dles, of the head and of the pelvis. The pelvic area modeling
is completed by the introduction of a mass and a viscoe-
lastic element representing the buttocks, through which the
body contacts the seat surface. The motion of the buttocks
is constrained as to allow only the vertical relative displace-
ment with respect to the S1 vertebra and the rotations in the
sagittal plane (i.e. the anatomical plane ideally dividing the
human body into left and right portions) and coronal plane
(i.e. the anatomical plane ideally dividing the human body
into anterior and posterior portions).

In the MBD human biodynamic model, the structural
properties of the building blocks of the body can be used
to construct the overall model. However, the mechanical
properties of these building blocks vary within a popu-
lation; hence, a statistical parametrization is needed to
obtain practical ranges for the parameter values. The
required mechanical properties of the human body parts
(muscles, bones, etc.) are usually obtained through cadaver
dissection and analysis [30, 31]. An alternative is to use
non-invasive measurements and imaging techniques to
gather information in vivo [32, 33]. In this work, values

@ Rigid Body (Vertebre)
B Rigid Body (Viscera)
¢ static Nodes
Deformable Hinge+Deformable Joint
== Rod Element
=== Deformable Joint
Total Joint (Rigid Link)

of the intervertebral and vertebra-viscera stiffness coeffi-
cients in the sagittal plane are taken from Ref. [34] and the
reference values for stiffness and damping coefficients for
intervertebral elements in the other directions are obtained
from Ref. [35]. For elements connecting viscerae to verte-
brae and viscerae to viscerae, the damping is assumed to
be directly proportional to the stiffness, with a coefficient
of 0.1, as reported in Ref. [34].

The topology of the multibody model is generated refer-
ring to the parametric ribcage geometry published by Shi
et al. [36]. The ribcage model has been used to identify
the most likely anthropometric parameters of the Kitazaki
and Griffin [34] model. A 34 years old male, 1.78 mm tall
weighting 84 kg, for a body mass index (BMI) of approxi-
mately 26.5 was found through an optimization procedure.

The corresponding estimated ribcage dimensions are
compared with the one of the reference subject using scaling
factors along the three dimensions A, Ay, A,. They are sub-
sequently used to estimate the variation of the model geom-
etry with respect to the reference one: the initial position
of the nodes and the initial configuration of the algebraic
constraints is obtained by directly scaling the related posi-
tion vectors components with the A, coefficients. The masses
are scaled keeping the ratio between the individual masses
constant, ensuring that the mass of the trunk accounts for
68% of the total body mass, and that the mass of the viscerae
constitutes 20% of the total body mass [37].

Intervertebral elements’ stiffness and damping coeffi-
cients are scaled using the following procedure:

1. the ratio between each stiffness or damping coefficient
and the corresponding mass element is evaluated on the
reference parameters of [34];

2. the resulting ratios are multiplied by the corresponding
scaled masses;
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Fig.4 Eye response to unit head 8

acceleration. Plot based on data

I
[ ICompliant Eye (eye moves relative to head): variability
from Ref. [13] ST C‘or.npllant Eye (eyg move§ relative to head): mean
— Rigid Eye (no relative motion)

Head to Eye Transfer Function
S
T

3. the resulting stiffness coefficients are modified by the
value of a second-order polynomial function of the BMI
of the subject, P(BMI).

Taking as an example the i-th stiffness coefficient K;, the
scaling relationship is:

K, = P(BMI)&MZ. (11)
m;

where K;, M; indicate the scaled coefficients, k;, m, the refer-
ence ones, and P(BMI) the correction polynomial obtained
by fitting the model response, in terms of the first verti-
cal resonance frequency of the spine, to experimental data.
Readers may refer to Ref. [24, 38] for more details of the
upper body model.

3.4 Ocular dynamics

The MBD model explained above represents the human
dynamics from the buttock, where the vibrations enter the
body and propagate to the head. Together with the seat-
cushion model, the acceleration at the head as a result of
the acceleration at the cabin floor can be estimated. From
the head, however, vibrations are further transferred to
the eye. As a result, the eye moves at an amplitude and
phase that differs from that of the head, therefore spoil-
ing the image of the display on the retina. This behaviour
of the eye can be modeled using the same computational
techniques that are used in biodynamic modeling (see for
example Ref. [39]). However, a simpler approach, based on
experimental transfer functions, may be preferred, since:
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frequency (Hz.)

1. the mass of the eye is very small with respect to that of
the head; therefore, the coupling between head and eye
motion is negligible;

2. the head and torso can induce great variability in the
response, considering changes in posture and seat incli-
nation, while the eye’s dynamics is much less affected
by the change in orientation;

3. adetailed modeling of the eye would require a very com-
plex, multiphysical and multidomain analysis, which is
not mature at this point.

Considering the above-mentioned issues, rather than build-
ing a complete physical model of the eye or completely
ignoring its effects, an empirical transfer function of the eye
identified from experiments was preferred, to include the
ocular dynamics and investigate its effects. As mentioned in
Sect. 1, experiments achieved similar trends regarding the
dynamic behaviour of the eye at high frequencies. Among
the above-cited studies, Ref. [13] is preferred, since the head
to eye transfer function including magnitude, phase and their
standard deviation were provided. The reported dynamics
are shown in Fig. 4 with its mean value and standard devia-
tion of the subject group. The passive, or compliant, eye
motion is also included for reference. A general trend can
be observed, though the variation increases with increased
frequency.

When the head to eye transfer function is multiplied by
the head acceleration obtained using the biodynamic model,
the estimated acceleration of the eye is obtained. Once the
frequency-dependent response of the eye is obtained, it can
then be used in visual vibration index formulations. In this
work, the mean value of the eye response is preferred when
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Vertical MR Force

Fig.5 Vertical force acting on the main rotor (MR) hub

the effect of other parameters is addressed, while the limits
are used when the variability of the eye response is analyzed.

3.5 The vibration source

The vibration sources acting on the helicopter directly
affect the acceleration measures at the pilots and display
surface locations. MASST, the proposed simulation environ-
ment, allows to consider an increasing number of vibration
sources. However, the vibration sources are limited to rotors,
transmission, engines and rotor-fuselage interaction when
a typical operation is considered. Among these, the major
and persistent source of vibratory loads is the main rotor,
while the rest contribute partially and occasionally [40]. The
main rotor loads include the three force and moment com-
ponents originated from each blade and summed at the main
rotor hub, among which the vertical (i.e. in the direction of
gravity) force is typically much larger in magnitude [41].
Therefore, the vertical hub force is selected as the vibration
source, as visualized in Fig. 5. The forcing is applied as a
unit force of varying frequency. In this case, a transfer func-
tion is obtained, which is a property of the system, independ-
ent of the forcing amplitude. In this work, transfer functions
are used to analyze the effect of input frequency change on
visual acuity and instrument reading ability degradation.

Fig.6 Alternative visual vibra-

4 Results and discussion

This section presents how the proposed high-fidelity heli-
copter model can help to assess visual vibration degradation.
The analyses are made in the 1 Hz-30 Hz frequency range.
The lower limit is defined taking into account the cognitive
correction of vibration at low frequencies as explained in
Sect. 1. The upper limit is defined based on typical excita-
tion frequencies of the main rotor loads [40], which typically
reduce in amplitude with increasing frequency. As antici-
pated, in forward flight excitation may occur at the frequency
corresponding to the angular velocity of the rotor, €, in case
of blade unbalance, or at the blade passage frequency, N,€Q.
As reported in Table 1 of [20], Q may vary from about 2 Hz
to 8 Hz, with values for typical medium weight helicopters
in the 4 Hz—6 Hz range. Correspondingly, N,Q may vary
from about 10 Hz to 30 Hz, with a vast majority of heli-
copters in the interval 20 Hz-25 Hz. For example, the data
used in the present work refer to Q ~ 5Hz and N, =5, i.e.
N,Q =~ 25 Hz.

First of all, the alternative VVIs defined in Table 1
are compared, to select the most apt formulation, as
shown in Fig. 6. The nominal VVI, i.e. subtracted accel-
erations and average of pilots, has the lowest VVI, as
expected. Generally, all formulations follow a similar
trend, with VVI estimates of the same order of mag-
nitude. There are non-negligible differences, though, a
significant one occurring at very low frequencies near
2 Hz, where the cognitive correction is involved in the
ocular dynamics. Another difference can be observed
between 23 and 26 Hz. VVI, n.«, in which the ampli-
tudes of the eye and panel accelerations are summed for
the two pilots, is used as the baseline in the rest of the
paper, as it provides significant margins of safety at the
mentioned frequency intervals.

Alternative VVis

tion index formulations (VVI)

A

VVI (g./kN)

- = Wi
1072 ] o Wi

sum,max”

: Added Amplitudes & Max of Pilots

Added Amplitudes & Average of Pilots

—WV
o Wi

sum,av’

: Subtracted Accelerations & Average of Pilots
sub,av

: Subtracted Accelerations & Max of Pilots
sub,max

5
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frequency (Hz.)
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Fig.7 Contribution of pilot and
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For the selected formulation (VVIg,, ..), the relative
contributions of pilot and panel can be estimated by sepa-
rating their respective accelerations that contribute to the
VVLmmax- As can be seen in Fig. 7, the area under the
V VI max CUrve is separated into two regions. The bottom
area shows the panel contribution, whereas the upper region
presents the pilot contribution. It can be observed that the
panel accelerations dominate the vibration index. The pilot
contribution is significant under 14 Hz, having the largest
contribution around 3 Hz. Over 14 Hz, the pilot contribution
to the VVI, max is negligible and can be safely neglected.

Since the panel appears to dominate the response, it is
worth evaluating the variability induced by the panel accel-
eration field. Being a wide area for two pilots, the panel
vibration field may not be distributed evenly. For this pur-

pose, the above-selected formulation (VVIj ,..) was

@ Springer

frequency (Hz.)

recalculated for the maximum and minimum acceleration
on the panel grid. The result is the shaded area presented in
Fig. 8. It can be observed that the variability in VVI due to
panel acceleration distribution increases with the frequency.
However, it can also be stated that the increase in VVI
results in a value that is within the same order of magnitude
of the nominal one.

As mentioned in the previous Section, and visualized
in Fig. 4, the head to eye transfer function shows some
variability. The formulations compared in Fig. 6 used the
mean value of the head to eye response. Therefore, the
effect of this variability on VVI is of interest, which can
be depicted in Fig. 9. The line in the middle of the area
belongs to the VVI,, .« using the mean value of eye
response. The area surrounding this line is shaded based
on the minimum and maximum values of eye response,
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Fig.8 Effect of panel vibration

VVI Range for Panel Vibration Variability
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therefore providing insight on the effect of eye variability
on VVI. It can be observed that the variability is greatest
under 7 Hz. This an interesting result as the eye response
variability is lower in that region as compared to higher
frequencies. Therefore, a physical modeling or experi-
mental identification of the eye can prioritize frequencies
under this threshold rather than higher frequencies, to
reduce the variability in VVI estimates.

The dominance of panel vibration, especially at higher
frequencies like the blade passing ones, suggests that reduc-
ing the vibrations of the panel, e.g. through passive means,
would be beneficial. On the other hand, the significant con-
tribution of the eye at frequencies near the rotor angular
speed, which occurs when the blades are unbalanced, could
be alleviated by either minimizing the rotor unbalance or by
better insulating the pilot’s seat.

frequency (Hz.)

A benefit of using a modular simulation environment is
the ability to assemble and disassemble the sub-modules
of rotorcraft components easily. This makes observing the
contribution added by rotorcraft components possible, which
can help identify the components that contribute most to the
degradation in visual acuity and instrument reading ability.
The detailed fully coupled model developed in the previous
section is used as a baseline to analyze the relative impor-
tance of different parameters. With respect to the baseline
overall model, the key elements of visual performance deg-
radation are replaced with their simpler versions one at a
time to address the sensitivity to modeling complexity. For
each element, the full and reduced models are compared in
the same frequency range 1-30 Hz. A relative change in the
VVI with respect to the VVI (as reference, VVI) of
Fig. 6 is plotted in Fig. 10.

sum,max
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Fig. 10 Relative change in 200
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Four contributions in the load path from the main rotor
vibratory loads to the motion of the eye are considered: (a)
eye dynamics, (b) pilot biodynamics (c) seat-cushion com-
pliance and (d) airframe structural dynamics.

(a) The first parameter is the eye dynamics. The trans-
fer function representing the response of the eye is
removed from the system and the vibration of the eye
is assumed to be equal to that of head, i.e. the eye pas-
sively follows the head. The most significant differ-
ences occur at frequencies lower than 7 Hz, and the
inclusion of the eye transfer function eliminates over-
estimation of VVL. In other words, under 7 Hz, the eyes
dynamics dampen the vibrations acting on it. In the rest
of the plot, there is no remarkable effect of the local eye
motion. Therefore excluding the dynamics of the eye
can be considered a conservative approach.

(b) The Second parameter is the pilot biodynamics, whose
effects are evaluated by substituting the complete multi-
body model of the pilot’s upper body with an equiva-
lent rigid mass. It can be observed that there are local
increases in VVI, below 20%.

(c) The effect of the seat-cushion subsystem dynamics on
the VVI is the second largest contributor after helicop-
ter aeroelasticity; a significant change occurs over the
whole frequency range. Similar to the dynamics of the
eye, if the seat-cushion is not included, the VVI estima-
tion becomes conservative.

(d) Among the selected elements, the most substantial dis-
crepancy occurs when the aeroelastic model of the heli-
copter is replaced with a rigid body of equal mass. The
significant change in VVI shows that the major contri-
bution to VVI comes from the airframe poles and zeros,
which suggests that the use of a high-fidelity aeroelastic
model is essential. Although a considerable deformabil-
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ity is a consequence of light-weight aviation structures,
the design can be optimized such that large VVI values
caused by amplification at specific excitation frequen-
cies are prevented. Examples of critical frequencies are
the rotor angular speed, 2, and the blade passing fre-
quency, N,Q, where N, is the number of blades, respec-
tively referred to as 1/rev and N,/rev in rotorcraft jargon.
An alternative to modifying the poles of the aeroelastic
system is the use of vibration attenuation devices, which
can help achieving a safe separation of the dominant
excitation frequencies and airframe poles.

5 Conclusions

In this work, a strategy to assess visual degradation under
vibration exposure is presented, which can help rotorcraft
designers to estimate the effect of visual performance under
vibration exposure. A modular rotorcraft simulation environ-
ment is used as the foundations of the strategy. The reasons
why such a tool is necessary for the mentioned purposes,
and how such a model should be developed, have been dis-
cussed in detail. The vibration characteristics of a medium
lift category helicopter is used. The load path from main
rotor, the vibration source, to the eye and the instrument
panels are described. Considering vertical vibrations of the
panel and the eye, a visual vibration index is defined, hence
the most critical components regarding the visual response
is represented in the formulation.

The benefits of the suggested method are demonstrated
using a high-fidelity simulation model, which includes an
aeroelastic helicopter model, a detailed biodynamics model
of the pilot, a dynamical model of the seat-cushion, and
experimental results of ocular dynamics. From the analysis,
the following conclusions can be drawn:
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1. the ocular dynamics —namely the ability to compensate
head vibrations by moving the eyes—is very effective
and dominates up to 5 Hz, while its effect becomes neg-
ligible at higher frequencies;

2. the pilot biodynamics show a non-negligible contribu-
tion only in the low-frequency range;

3. over the target frequency range (1 Hz—-30 Hz), the panel
vibration dominates, while the pilot contribution to the
visual vibration index is significant at relatively lower
frequencies, especially around 5 Hz. Better panel and/
or pilot insulation, depending on the frequency range of
the main excitation, would be beneficial;

4. at high frequencies, the acceleration magnitude variabil-
ity over the instrument panel can significantly change
the visual vibration index as compared to the value esti-
mated using the average acceleration;

5. the variability caused by the eye response is highest
under 7 Hz, while sensitivity reduces at higher fre-
quencies. This suggest to aim at frequencies below this
threshold in modeling or experimental identification of
involuntary eye motion due to vibration for visual vibra-
tion assessment in helicopters;

6. the major contributor is the helicopter structural dynam-
ics, as it is the common interface between the vibration
source and the subjects, namely the pilots and instru-
ment panel;

7. the seat-cushion dynamics can significantly affect the
vibrations received by the pilots, therefore, causing
amplifications of the vibration on the pilot over the
whole frequency range. Considering that it is costly or
sometimes even impossible to attenuate the dynamic
response of the airframe, the seat-cushion becomes
the most plausible candidate for mitigating the adverse
effects of vibration on visual performance;

8. the numerical results presented the accelerations of the
eye along the vertical direction, which is usually consid-
ered the most critical for display reading performance.
The response of the eye along with the other directions
could contribute as well; however, this requires further
research, including the development of proper models
and experimental investigations of the ocular dynamics
along with the lateral and longitudinal directions.
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