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This goal of this study is to understand which parts of the theneuromuscular system contribute during
a pitch control task. A novel method developed at the Delft Uiversity of Technology allows us to determine
the contribution of the neuromuscular feedback system by iéntifying the admittance, which is the frequency
response function of the yielded displacement due to an extel force perturbation which applied to control
inceptor.

In an experiment in a full-motion flight simulator, the neuromuscular admittance was identified during
a longitudinal pitch tracking task with a side stick, for two different side stick configurations, an approach
configuration with a relatively low stick stiffness, and a cuise configuration with a high stiffness. Besides
the admittance, also the muscle activity of eleven musclesas measured. To validate whether the external
force perturbation changed the control behavior of the pild, the visual and vestibular response functions were
identified as well.

From the measured results it could be concluded that the vastions of the control inceptor settings had a
significant effect on the neuromuscular feedback system (awittance), although the overall lumped neuromus-
cular system did not change significantly. A very interestiig finding were the very high levels of co-contraction
measured during the pitch tracking tasks. And lastly it could be concluded that the required external force
perturbation did not affect the control behavior.

Nomenclature

b Damping (Ns/rad)

fa Disturbance forcing function (rad) EMG,.; Normalized electromyographic activity (-)
I Target forcing function (rad) Fen Commanded muscle force (N)

faq Force disturbance forcing function (N) F. Contact force (N)

k Stiffness (N/rad) F Total force acting on the stick (N)

m Mass (N$/rad) Hg. Aircraft pitch attitude

q Aircraft pitch rate (rad/s) Hye Muscle activation dynamics

Ug Desired control inceptor deflection (rad) Huam Neuromuscular admittance

Uy Realized control inceptor deflection (rad) Heont Contact dynamics
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Hyisp Display dynamics Hpns Combined neuromuscular and inceptor dyn.

Heye Eye dynamics Hg.. Semicircular canals

H.q,,.., Neuromuscular equalization Hinirin  Intrinsic stiffness of (co-)activated muscles
Hq,,,  Visual equalization

H.q,..  Vestibular equalization 0 Aircraft pitch attitude (rad)

Hyio Golgi tendon organ dynamics Crm Neuromuscular damping (-)

Hiimb Limb inertia To Visual process time delay (s)

Hine Control inceptor Tim Vestibular process time delay (s)

Hpp Motion filter dynamics Wnm Neuromuscular frequency (rad/s)

H,s Reflexive muscle spindle feedback

[. Introduction

The research in this paper is part of a sttrdyo determine the adequacy of the current Obstacle Free 105
around runways due to the introduction of the New Large AiftqiNLA) such as the Airbus A-380 and the Boeing 747-
8. The study requires a large number of missed approachkall@d landing maneuvers, to be performed in a monte
carlo simulation. These simulations require a mathemiaticael of the human pilot, capable of performing a landing
using the same visual, vestibular and haptic cues as a resmpilot would use. Investigations of existing pilot
model$~° revealed that present models are rather crude and lackvileoiedetail required to model the interaction
between the human pilot and the control inceptor, such asah&ol column or side-stick.

Apart from serving as an input of control commands to theraftcthe control inceptor also serves as an input to
the human pilot in terms of control forces and displacemanisen areversibleflight control system is applied, these
forces and displacements are governed by the aerodynaroésfon the control surfaces and the linkage layout. As a
result, stick forces can be caused bottplgnnedaerodynamic control surface forces due to deflections ofdnérol
surfaces, and bynplannedorces due to gusts, turbulence or buffeting.

With anirreversibleflight control system, the control forces are generated bgrtficial feel system. In this case,
either the control inceptorositionor applied forcecan serve as the primary input. In the first case, the feebgyst
is in series with the aircraft’s flight control system and pgasition output of the feel system serves as input to the
aircraft’s flight control system. This feel system can benadaborate, such as thetivelyloaded g-feel system applied
in many aircraft (B737, B747), in which the feel force is poojional to the equivalent airspeed. On the other hand,
the feel system can be very basic, such agtmsivespring-loaded side stick present in other aircraft (A33848,
VFW-614). Using the applied force as the primary input, teel system is connected parallel to the flight control
system. It sometimes can be very basgych as the passive rigid side stick used in some fighterair¢fF-16).
When irreversible control systems are used, usually ordyptnned aerodynamic forced due to surface deflections
are represented by the feel system, since generating tharunga forces would require measuring the aerodynamic
control surface hinge moments. Forces due to stall bufietne usually taken care of by special effects, such as stick
shakers, or are prevented to occur in the first place by thet ttigntrol system.

The present paper is limited to the application of irrevdesflight control systems with position-based feel sys-
tems as found in almost all large transport aircraft.

The interaction with the feel system occurs through the huneairomuscular systenvhich consists of the skele-
ton (linkage system), muscles (actuators), propriocegtuat provide position and force feedback (a sensor system)
and the central nervous system (a controller). The neurouatarssystem is assumed to consist of a feedback and a
feedforward componesit. The feedforward part compensates for the dynamic progeofiehe human’s limbs and
the control inceptor. The feedback part provides the cenénavous system with information about limb position and
muscle forces, and can influence the response to internse aoid external force perturbations. The neuromuscular
system is very adaptive and overdetermined: for instameestiffness of the neuromuscular system can be adjusted
independently by co-contraction and by reflexive feedbatikity, in order to adequately respond to external forces.

The goal of the present study is to understand which partseofite neuromuscular system contribute during an
active pitch control task. Methodsjeveloped in the Biomechanical Engineering departmeritettelft University
of Technology, enable us to obtain a model of the neuromassyktem from measurements. These methods have
predominantly been used for postural tasks (maintainingsitipn or force), but have recently been extended to ve-
hicular control tasks (car followirt§ and aircraft contrdf). In this paper these methods will be applied to an aircraft
pitch tracking task in the full-motion Simona Research Satar, using an active side stick. To determine the neuro-
muscular system’s variability, two aircraft configuratp@an approach and a cruise configuration, were investigated
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using the corresponding feel system configurations praputto the equivalent airspeed.

The novel methods are comprised of the identification of theromusculaadmittance which is the resulting
amount of displacement of the control inceptor due to a fqregurbation by the inceptor. In other words, the
admittance is the reciproke of the stiffness. The admittasltows us to understand in general terms which parts
of the neuromuscular system are involved.

To validate the identified admittance, the activity of thenifeant muscles involved in generating longitudinal stick
deflections was measured using electromyographic (EMG}¥uarements. This enables us, for instance, to determine
the amount of muscle contractions, as well as co-contmacfcantagonist muscle pairs (e.g., biceps and triceps).
Similar studies for joystick control are known in literagl? but have not been applied to aircraft control.

In the remainder of this paper, first some background knagdeabout the neuromuscular system’s physiology
and adaptability will be provided. as well as ways to modeliteuromuscular system. In the following section, the
methods to determine the neuromuscular admittance araieggl Subsequently the experiment setup and the results
are presented. The paper concludes with a discussion oéséts and conclusions.

[I. Neuromuscular System

When pilots manually control an aircraft, they need to ef@ntes on the control column in order to realize the
desired inputs to the aircraft. The neuromuscular systeasgonsible for realizing these forces. In most literatiia¢
describes pilot or driver behavior, the NMS is seen only amdihg factor and modeled by a second-order low-pass
filter.> However, the NMS also functions as a fast feedback contsiksy (due to reflexive activity and instantaneous
muscle visco-elasticity), allowing pilots to respond ititeely to side stick forces, much faster than visual or imgar
cues would allow. The need to account for such neuromusiaddback may be small in most normal flight conditions
with large aircrafts because relevant force cues may benafhee to irreversible feel systems, or because the piot ha
released the side stick). However, neuromuscular feedieabmes important when side stick forces provide the pilot
with relevant feedback about aircraft states; either diydtn case of a mechanical cable/rod connections between
control column and control surfaces in small aircraft) aiiactly (in case of reversible feel systems in hydraulcal
actuated aircraft). Another situation where neuromusdghavior substantially influences the pilot's response is
case of biodynamic feedthroutffor haptic guidance systems that are currently under desedap'*

The purpose of this section is to provide the reader with sessential properties of the NMS, in order to under-
stand the rest of the paper.

IILA. Physiology of the Neuromuscular System

The essential components of the NMS can be likened to thoaeaiot: a linkage (skeleton), actuators (muscles), a
sensor system (proprioceptors that provide position arckffeedback) and a controller (the central nervous system)
which is connected to the actuators and sensors by wireggslerThe central nervous system (CNS) consists of the
brain and the spinal cord. It receives and integrates feddibam the proprioceptive sensors with relevant informiati
from other sensors (e.g., visual, auditory and vestibuaryl can send a neural command through the spinal cord to
contract muscles or relax. Neural commands travel alongesevia electrochemical processes, and the traveled
distance is one of the factors that influence the resultansport time delays. Muscle activity is commanded through
the alpha-motoneuron, a gathering point of neural commfndsthe CNS that is located in the spinal cord.

Muscles are connected to the skeleton by tendons, and canagefforce only by contracting. Therefore, muscles
always come in pairs so that a joint can move back and forthinArortant property of muscles is that the generated
force does not only depend on the activation level, but alsmascle length and stretch velocity. These so-called
force-length and force-velocity relations can be simgiifie effective joint stiffness and viscosity during linezad
conditions. Simply put: a higher level of muscle activatitores not only increase the muscle force, it also increases th
muscle stiffness and viscosity. This phenomenon explamsmuscle co-contraction is an effective way to stabilize a
joint: although there is no change in the resulting torqueiad the joint, the increased activation of the muscles have
caused them to become more stiff and viscous, thereby isiagthe joint’s instantaneous resistance to perturbation

Another strategy to respond to external forces is througtféedback from proprioceptive organs, that provide in-
formation about muscle force (from Golgi tendon organsjl,@mout muscle stretch and stretch velocity (from muscles
spindles). The information is sent to higher levels of theSChut also straight back to the alpha-motoneuron, forming
a fast feedback loop. These feedback loops are called spitates. Compared to feedback from other sensors, spinal
reflexes allow for substantially faster contributions totimo control than from visual or vestibular feedback. Com-

30f22

American Institute of Aeronautics and Astronautics



Downloaded by TECHNISCHE UNIVERSITEIT DELFT on December 24, 2013 | http://arc.aiaa.org | DOI: 10.2514/6.2010-7915

pared to muscle co-contraction, reflexive feedback is anggrefficient way to respond to perturbations, although
the inherent neural transport delays limit the frequenagelwidth of effective response. Co-contraction and refexi
activity occur simultaneously, and it is difficult to sep@rtheir contributions to motion control. Itis usually atteted
by studying the electromyographical (EMG) and mechaniesponses to perturbations. An informative representa-
tion of the mechanical response is th@émittance which is the frequency response function from force to tmsi
or simply put the yielded displacement due to an externalef@erturbation. Literature shows that both mechanical
and electromyographical responses depend on a varietyefiexental conditions, such as task instructi®A>"the
level of muscle contractiotf the displacement amplitud&,2°the frequency content of the perturbation si§reaid
the mechanical load with which the subject interaéts.

In other words, one of the most characteristic propertigh®iheuromuscular system is that it is very adaptable,
allowing humans to optimally interact with their environmd@ a wide variety of situations.

II.B. Adaptability

The adaptability of the neuromuscular system has been detnated extensively in a number of studfe$*in which
a test subject was required to perform three different tastece of continuous multi-sine torque perturbations an th
side stick. The most simple task is a relax task, in which thgext is asked to relax and ignore the torques on the
column. In a position task, the subject is asked to activesyst the torque perturbations, and keep the control column
in a fixed position. During a force task, the task instructizes to actively give way to the torque perturbations
thereby keeping the force on the control column constant miethods to obtain these tests have been described
previously?’~?*and yield data with which the admittance of the spinal newrsecnloskeletal system can be estimated
using closed-loop system identification.

Large differences are usually observed between the thféeratit tasks in the low-frequency admittance (
20 rad/s). For example during a position task, the subjectgwapable to increase the stiffness of their limbs by
approximately a factor of 10 compared to a relax task. Andhdua force task the subjects could become even more
compliant than when relaxed, decreasing his stiffness lactf 10 compared to a relax task. Such a large range of
adaptability has been reported in previous research omitle pint2°and the wrist join* and has been attributed
to reflexive activity and instantaneous muscle visco-gligfrom contracted muscles. Note that task instructioesl
not influence the admittance at high high-frequency, wheegertertial properties dominate the response.

To verify the neuromuscular admittance measured duringitbk tracking tasks, all participants in the experiment
were also asked to perfrom the position, relax and forcestdskcribed above.

II.C. Modeling

In order to understand how the individual components of ti@romuscular system act together to realize relevant
limb motion, it is useful to model the neuromuscular systew fit the model to the measured data in order to obtain
physiologically relevant parameters.

One of the most detailed functional models avail&bieshown in Figure 1. The model can be divided in two parts,
the combined physical interaction part, and the neuromasegualization partf.,,,..). The combined physical
interaction partin its turn consists of the control incemtgnamics {;,,.), and the feedback part of the neuromuscular
system.

The neuromuscular feedback component enables us to regpemnternal (side stick) and internal (motor noise)
force perturbations, but it is also involved in executintafmed) motor commands governed by the neuromuscular
equalization part. The feedback system consists of mustietion dynamicstl, ), limb inertia (H};.,.5), intrinsic,
visco-elastic muscle dynamic$i{,,;..;»), grip contact dynamicsH_,,.), and the position and force feedback loops
due to the muscle spindle&l(, ;) and the Golgi tendon organ&/({;,).

Although this model provides the most detail, very accunadasurements are needed to generate the correct data
to fit the model to, and a wide variety of model validation teiciues are necessary to gain sufficient trust in the
outcome of the parameter fit procedure. The measuremengdatrated during this study should allow fitting of
the thirteen parameters of the neuromuscular feedbackraydtiowever, the present paper focuses primarily on the
acquired neuromuscular admittance.

On the other end of the spectrum lies what this paper calleithpedneuromuscular system: a simple, indirectly
estimated second-order mottélwhich lumps the neuromuscular and control inceptor systegether, and can be
considered the most elementary model of the realized sgéflkationu,. as the result of a desired deflectiogn
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Figure 1. Pilot-aircraft pitch-tracking control loop, inc luding a detailed physiologically based model of the neuromscular feedforward and feedback compo-
nents, taken from Ref [26].
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The second-order model is described with only two pararaetbe natural frequency,,,,, and relative damping
Cam- Moreover, these two parameters are not fitted on measutadrdan side stick force or position, but instead
fitted on the FRFs estimated between visual and vestibularipputs and the control column position. Fig. 2 shows
the lumped neuromuscular model.

Displays Sensors  Equalization Neuromusular System Vehicle
+ Inceptor Dynamics
fa
ft e Ud Uy i 0
Hdz‘.sp = Heye 1 Heqm's Hpms H,

Hmf ] Hscc _’Helhes

Figure 2. Pilot-aircraft pitch-tracking control loop. The neuromuscular system is modeled by a second-order low-pagker.

[1l. Method

We want to investigate the effects of two control inceptsggtings on the neuromuscular system. We hypothe-
sized, based on other studiéghat these effects are small, probably due to the neurortardeedforward part that
compensates for changes in the neuromuscular’s feedbagba®nt and the control inceptor. Therefore we would
like to take a closer look into the separate feedforward &editback parts. The feedforward part is located in the
central nervous system (CNS) and cannot be measured gjtagatithe feedback part can be identified in terms of the
neuromuscular admittance.

Section I1l.A will first describe the methods used to measheeneuromuscular admittance by introducing a very
small stick force perturbatiory,. The resulting admittance will be validated by measuresiehthe muscle activity
of eleven of the dominant muscles governing longitudinaksdeflection, using EMG measurements.

It could be argued that the introduction of the small forcetyrbation might unintentionally affect the overall
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control behavior To verify this, the visual and vestibuladuency response functions will be identified for both oaint
inceptor settings, once in the presence of the force diaha®, and once without. This is described in Section Il1.B.
Identifying the visual and vestibular frequency responsefions requires the addition of two more forcing funcéipn

fr and f4. The identification of the visual and vestibular frequeresponse functions also enables us to fit a second-
order low-pass model to the lumped neuromuscular systeswo the muscle activity will be recorded with and without
the force perturbations. It is assumed that the effect ofdhee perturbations is small if the overall control behavio
and EMG activity does not change.

[lILA.  Neuromuscular Response

As depicted in Figure 1 in Section Il, the neuromuscularayss comprised of a feedback and a feedforward compo-
nent. The feedback part responds to internal and exterra feerturbations. The feedforward part compensates for
the dynamic properties of the human’s limbs and the contic@ptor. This means that a change in control inceptor dy-
namics will be equalized by the feedforward component, aedésulting lumped neuromuscular system will hardly
show any changes. The feedforward part of the neuromussyséem is located in the parietal and motor corfices
and cannot be measured or identified directly during pitetirab. However, is is possible to identify the feedback part
of the neuromuscular system, which provides feedback ta¢h&al nervous system about limb position and muscle
forces, in order to adequately respond to internal noisesatetnal force perturbations.

[lILA.1. Estimating Admittance

Measuring the neuromuscular system dynamics can be achiigvintroducing a third forcing functiony,, which
perturbs the contact force felt by the pilot. Three clagsasksC form the boundaries within which a subject can adapt
the response to forces: one could choose to resist themtamaposition, or position taskT'), to ignore them (relax
task RT") or to actively give way (maintain constant force, or forask/'7"). When the force perturbation is designed
correctly?>2® according to the Reduced Power Method, power can be low, lendubjects task-related behavior is
not influenced while the neuromuscular system can be ideatifver a large bandwidth. This technique has also been
applied during vehicular contréf. After the experimental data has been gathered, closedsigstem identification
techniques can be used to estimate the neuromuscular fdedisponse as the causal dynamic relationship between
the measured stick forck. (input) and stick deflections,. (output), i.e., the admittance. It is estimated for each
condition over the time-average over all repetitions, adic to:

I;[adm - -E[Fcu,‘ - M- (2)

SfoFe

The termS*fquT is the estimate for the cross-spectral density of disturbgp andw,., Whereas§j»ch is the cross-
spectral density of disturbangg andF.. All spectral densities were averaged over two adjaceqtigacies to reduce
the variance.

The coherence squared function was used to determine thexapation involved by using linear models. Itis
an indication of the amount of linearity of the system in i@sge to the external perturbation. For a linear system, the
coherence function equals one when there is no noise (lz@i@n or measurement noise), and zero in the worst case.
Generally, high coherence-squared values were found foasds, although somewhat lower during pitch tracking
than during classical tasks.

[lILA.2. Electromyographic Response

In order to provide additional measurements from insidenngromuscular system, electromyographic (EMG) mea-
surements were performed on eleven muscles that are egpgeatentribute to pitch control. Due to technical prob-
lems with the EMG measurement device during the periodavialfor experiments, only six pilots (subjects 1,2,3,4,9
and 10) out of ten could be measured. The eleven relevantlesuare listed below, and the locations of the EMG
electrodes are shown in Figure I1.A.2.

The muscle activity of upper body muscles relevant to staéegitch control was measured with a 16-channel
Bagnoli Delsys System, making use of single-differentiateodes with 10nm interspacing. All EMG electrodes
were placed and oriented according SENIAM standards. Skimlection was improved by using local shaving of
the skin, abrasion with sandpaper and cleaning with alcoffeé EMG recording system processed the EMG signals
as follows. All signals were a) pre-amplified (by a factor 601 1000, or 10.000 per channel, which was selected
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Table 1. Selected muscles: names, abbreviations, body ldicen and main functions during pitch control.

Muscle Abbreviation Location  Main function
Flexor carpi radialis FC lower arm  grip, roll left
Extensor carpi radialis EC lower arm  grip, roll right
Extensor carpi ulnaris RU lower arm  grip, push
Extensor policis brevis PB lower arm  grip, pull
Triceps lateralis B upper arm  push

Biceps brachii BB upperarm  pull

Deltoid anterior DA shoulder  push

Deltoid posterior DP shoulder pull
Pectoralis major PM torso push
Latissimus dorsi LD torso pull

Trapezius TR neck shoulder elevation

Anterior Posterior

Trapezius

Deltoid anterior Deltoid posterior
Pectoralis major

Biceps brachii

P
Flexor carpi radials {3
‘ 1

Latissimus dorsi

|

a) Schematic overview of muscle locations. b) Typical subject showing the location of the eleven EMG eletrodes.

Extensor carpi radialis
Extensor carpi ulnaris

Extensor policis brevis

Figure 3. Locations of relevant muscles and electrodes forMG measurements.

manually) to ensure the best signal-to-noise ratio; sulesatty b) band-pass filtered to prevent motion artifacts and
aliasing (analog 80 dB/decade, allowing only signal powatneen 20-45@ z; and finally ¢) sampled at 1008 z

and subsequently digitally stored on a separate laptopuitinér analysis. Each recorded trial was triggered by the
experiment control interface of the Simona Research Sitmylansuring synchronization between recorded EMG
signals and other measured signals. Before rectifying tihved signals, they were post-processed to improve the
signal-to-noise ratio: anti-causal notch-filters (widtht z) were applied around the frequency of the local powergrid
(in the Netherlands30 Hz) plus all higher harmonics. This filtering of higher freupeies substantially improved the
signal-to-noise ratio at lower frequencies after rectifyiSubsequently, the signals were rectified, filtered af 2@or
visualization purposes, and resampled at H}) Note, that in this paper the EMG signals are shown by nozedli
signalsE'M G...;, which are calculated by dividing the absolute EMG signaths maximal EMG signal during an
isometric pushing or pulling task (with target forces 5000 200N, or relaxing). These isometric measurements
are shown in Figure 4.

[ll.B. Visual and Vestibular Response

In the previous section, two models of the neuromusculaesy$ave been presented. These models were based
on the assumption that the neuromuscular system attemptsalkiae a desired stick deflection. The input of the
neuromuscular system, the desired deflectignis the combined output of the visual and vestibular systdime
visual system governs the pilot’s response to a visual ingodrror, while the vestibular system provides the respons
to an (angular) motion cue. It is assumed that the visual astibular response compensate for the vehicle dynamics
in such a way that the open-loop pilot-vehicle frequencpoese function has integrator-like dynamichis visual
and vestibular adaptation of the pilot to the vehicle dyreTs calledequalization

Previous studi¢s*®>-3'demonstrated system identification technigé€dto obtain the frequency response func-
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Figure 4. EMG activity of eleven muscles, during two idential isometric force tasks. The EMG measurements are normalizd to the maximal EMG value
averaged over the two repetitions, shown by the red star. Mude name abbreviations are listed in Table 1. Note that pushig forces are defined as positive.

tions (FRF) of the visual system and the vestibular systearpiiich tracking task. To identify the two parallel systems,
two forcing functions are required to perturb the systenssirttitively. Atargetforcing function signal f;) is used

as a commanded pitch attitude reference on a primary fligiplay (PFD), which the pilot is demanded to track. A
disturbanceforcing function perturbs the aircraft's elevator, and getes a pitch attitude disturbance similar to a
turbulence field.

Using these two forcing functions it is possible to inditeaetermine the lumped neuromuscular system by
modelingit as a second-order low-pass filter consisting of two patarsea natural frequeney,,,, and damping
ratio (,,,,. These parameters are then fitted, together with visual astibular models, to the measured visual and
vestibular frequency response functions. This lumped incaoletains the contributions of both the neuromuscular
feedforward, or equalization, component, and the feedbespkonse.

The frequency response functions of the control inceptpldcement: to the visual erroe, H,,_, and to the pitch
attituded, H,, are defined as:

Hy, (0) = S4) = Huiop (1) Heye (1) gy, (0) ) ©
Hy, (jw) = %(Jw) = (jw)QHmf(jw)HSCC(jW)Heques (jw) Hpms (jw) (4)

To parameterize the identified frequency response fungtmmodel structure needs to be assigned to each of the
components in Egs 3 and 4. In absence of a better model, thiagliand eye dynamics are assumed to be simple
gains:Hg;sp(jw) = Heye(jw) = 1. In addition, the effect of the motion filters is assumed tméegligible: H,,, ; = 1.
Based on the work by McRugthe visual equalization is modeled by a gain, a lead-lag fitel a time delay:

1+ jwTieed
Hey,o. (ju) = Kyt I Icad —jor,

v . 5
1+ jwTiag ®)
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while the lumped neuromuscular system is modeled as a log/fili@s:

(.d2

nm 6
w?zm + 2Cumwnmjw + (jw>2 ©)

The vestibular equalization system is modeled by a gain dmdeadelay:

Hnms(jw) =

Heg,,, (jw) = Kpe 79mm (7)
The model of the semicircular canals is given by:

. 1 + jWTscc
Hiec = 8
(jw) = 7 T (8)
whereTs.., = 0.1s andT,.., = 6.0s are constants taken from Ref [4].
The resulting Egs 3 and 4 are defined by eight paramet€rsTicad, Tiag, o, Kmy Tms Wnm and (. These

parameters are estimated by fitting the parameterized moal#ie identified frequency response functions.

IV.A.

IV. Experiment

Hypothesis

The present study attempts to confirm the following hypatkes

1.

IV.B.

The variations of the control inceptor settings will havsignificant effect on the neuromuscular admittance
(based on findings in Refs [10, 20]).

Pitch tracking tasks will not require significant amousftso-contraction (based on findings in Ref [8]).

The variations of the control inceptor settings will hawve significant effect on the lumped neuromuscular
parameters, the break frequengy,, and the damping rati¢,,, (based on findings in Ref [27]).

The applied force disturbance forcing function will n@rsficantly affect the visual and vestibular control
behavior, nor muscle activity, exerted during the pitclckiag task.

Participants

Ten subjects participated in the experiment, nine malesaaredfemale. All pilots were in posession of a valid
commercial pilot license (CPL) or an airline transport plioense (ATPL) and had at least (simulator) experience
with commercial passenger jet aircraft (Table 2).

Table 2. Participants and experience.

Pilot Gender Age Experience

1 male 40 CPL, ATPL, A330

2 male 22 CPL, MEP, IR

3 male 22 CPL, MEP, IR

4 male 25 CPL, ATPL, B777, F100

5 male 35 CPL, ATPL, MD11, P3C

6 male 24 CPL, ATPL, F100, 900h

7 female 23 CPL, ATPL, C560XLS, 800h
8 male 65 CPL, ATPL, 16000h

9 male 34 CPL, C550

10 male 38 CPL, C550
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IV.C. Task

The pilot is requested to track the pitch attitude commarmetthe flight director (FD) symbol on his primary flight
display (PFD, see Figure 5) as accurately as possible wétlaitttcraft reference symbol, and consequently keep the
error close to zero.

Flight director
Aircraft reference symbol
Horizon

Pitch ladder

Figure 5. Primary Flight Display (PFD).

The FD shows attitude corresponding to the trimmed conditod is directly driven by the target forcing function
fi. Since the aircraft elevator is driven by the disturbanceif functionf; and results in a perturbed pitch attitude,
the total error is the sum of th perturbed pitch attitude dm@dRD perturbation.

The PFD is a pursuit display type and enables the pilot togdezthe error between the FD and aircraft reference
symbol, as well as the actual pitch attitude. As a resultpile¢ might anticipate the movement of the target forcing
function.

IV.D. Independent Variables

In the design of experiments, independent variables arethariables that are hypothesized to have an effect on the
dependent measures. In the present experiment the onlyendent variable is the feel system setting of the side stick
pitch channel.

Two sets of parameters of the feel system were chosen, a oaatiign with a low stiffness representing a low-
speed approach setting, and a setting with a high stiffregg®senting cruise. The specified parameters are listen in
Table 3. The actual parameters have been identified fronuémcy sweeps measuring the applied force to the side
stick, and the corresponding deflection. These parametelssted in Table 3 as well. Bode plots of the frequency
response functions are shown in Figure 6.

Table 3. Specified and identified parameters of the longitudial side stick dynamics.

Approach Cruise
Specified  Fitted Specified  Fitted
m  (Ns*/rad) 0.18 0.12 0.18 0.12
b  (Ns/rad) 4.05 3.33 4.05 5.37

k (Nfrad)  343.77 240.81

687.55 476.10

IV.E. Dependent Measures

A number of parameters were recorded during the experimdmth included the aircraft pitch attitudk the visual
error e, the stick deflection: and the applied stick forcé,. This allowed us to calculate a number of dependent

measures:
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Figure 6. Bode plot of the specified and identified longitudial side stick dynamics.

¢ the neuromuscular admittance frequency response funitign
e the visual frequency response functifip;

e the vestibular frequency response functidn. .

The last three frequency response functions are used fogfittodels of the visual, vestibular and neuromuscular
systems. The fitted model parameters inclulle; Ticoq, Tiag, 7oy K, Ty Wam aNdCum,.

In order to validate the identified neuromuscular modettetenyographic (EMG) measurements were performed
on eleven muscles, and the mean and standard deviation Bf¥h&,..; were determined.

IV.F. Apparatus
IV.F.1. Simona Research Simulator

The Simona research simulator (SRS), developed and buitiebRelft University of Technology, was used to perform
all experiments. The exterior of the SRS is shown in FigureCi&bin accelerations can be generated in all 6 degrees
of freedom by means of a hydraulic hexapod actuator system.

The cabin design is unconventional, consisting of a monoeqgapsitioned directly between the actuator gim-
bal points. The result is a light-weight construction, dapaof generating high-frequency accelerations. The col-
limated panoramic outside visual mirror has been attacledtty to the cabin and covers a total field of view of
180° H x 40° V.

The SRS flight deck (Figure 7b) consists of a dual configunatithe captain’s position contains a conventional
hydraulic control column and pedals configuration, while finst officer’s position is equipped with a control loaded
active electric side-stick and hydraulic pedals. In thesprt experiment only the hydraulic control column was used.

All components of the SRS are driven by regular personal eerp with various operating systems, linked
together by a SCRAMNET shared-memory network. The disteidsimulation and timing is taken care of by the
DUECA?34 software environment. The main simulation runs@t Hz, including the generation of the forcing function
and the data logging. The motion system and control inceptdriven at a combination of 1 kHz and 5 kHz.

IV.F.2. EMG Measurement System
A 16 channel DelSYS Bagnoli Desktop EMG Measurement Systesiwged to perform EMG measurements. The
data was sampled at 1000 Hz by a National Instruments AD ctove

IV.G. Control Variables

Control variables are those variables that are not chargeddhout an experiment because their effect on the results
is not the primary interest of that particular experimentowsver, the settings of those variables can still have a
significant influence on the outcome, and these variablesldhme selected within a suitable range. As such, the
settings of these control variables should be chosen with dde control variables in the current experiment conepris
the aircraft dynamics, the motion-cueing algorithm sgtirand the applied forcing functions.
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a) SRS exterior. b) SRS flight deck with the hydraulic control column.

Figure 7. Simona Research Simulator (SRS).

IV.G.1. Aircraft Dynamics

In order to represent a New Large Aircraft, a Boeing B747/200 model was uset. The aircraft dynamics are
comprised of a non-linear Flight Control System (FCS) anda-lmear aircraft model. The inputs of the FCS
contained the control inceptor inputs and a number of measaircraft states. The FCS controlled the actual aircraft
elevator, flap and aileron actuators. After addition of nieasient noise, the resulting aircraft states were fed bmack t
the FCS.

In order to identify the visual and vestibular systems, tlewator of the aircraft model needs to be deflected to
generate a commanded pitch attitude perturbation. Duectodilinearities in both the FCS and the aircraft model,
addition of a disturbance to either the control inceptoredgibn or directly to the elevator deflection commanded by
the FCS will not always result in exactly the same attitudgysbation, and the perturbation would become dependant
on the control inceptor deflection realization. As a solutibwas decided to linearize the combined FCS and aircraft
dynamics.

Two trim conditions were chosen for linearization. The fashdition represents the approach condition at 1500 ft
and 125 kts indicated airspeed. This flight condition is espntative for the first segment of the balked landing
maneuver, although the flight path was chosen to be horizorgfead of at three-degree descending slope. The
second is a cruise condition at 35,000 ft and 493 kts. Theseittons are listed in Table 4.

Table 4. Stationary flight condition

Approach Cruise

Mass m 190, 508.6 190, 508.6 kg
True airspeed  Viugs 64.3 253.6 m/s
Pitch attitude 6 5.35 0.26 deg
Angle of attack « 5.35 0.26 deg
Altitude h 457.2 10, 668.0 m
Vertical speed w 0.0 0.0 m/s
Flaps flap 30.0 0.0 deg
Gear dgear down up

Stabilizer trim  d4z4p 9.0 3.6 deg

The corresponding linearized frequency response furstibthe pitch attitude to a side stick deflection are shown
in Figure 8.
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Figure 8. Frequency response of the pitch attitude due to cdrol column deflection.

IV.G.2. Motion Filter Settings

To fit the actual aircraft motion within the motion space &f 8IMONA Research Simulator, a classical linear washout
motion cueing algorithd? 3" was used. This algorithm consists of scaling and filterimgsipecific forces and angular
accelerations. In the present experiment, no low-passiffiffeor tilt-coordination was used since the tasks did not
require sustained forward or lateral accelerations. Henbehigh-pass filtering and scaling was applied.

A first order filter was applied to the pitch accelerationsrevent sustained pitch angles from resulting in specific
force errors. A second order filter was used in the surgetitirgonhile a third order was applied in heave direction:

. Jw
HPy(jw) = — I
b(jw) G o
, (jw)?
HP,(jw) = — -
(Jw) ()2 + 2hp, Whp, Jw + W7,
. 2 .
HP.(jw) = (Jw) jw

(Jw)? + 2Chp. Whp. Jw + Wi, Jw + Wb,

These filters contain six parametets,, , wip,, Chp, » Whp.» Chp. @Ndwy_). IN combination with the three scaling

gains &, , ks, andk,,,), nine parameters need to be selected in total.

Since the pitch acceleration is considered the most impbcize, and since the SRS is capable of simulating the
pitch motion without scalingk,,, was selected to be 1.0, while the break-frequengy, was chosen to be 0.1 rad/s,
which provides some washout to eliminate sustained fales itusurge. Figure 9a shows the resulting motion fidelity

of the pitch motion according to the Sinacori criterin.
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Figure 9. l3\gotion fidelity as a function of phase distortion ard gain at 1 rad/s due to high-pass washout filtering. Plotted 1@ the boundaries proposed by
Schroeder:

In accordance with Ref [37], the break-frequengy of the high-pass heave filter was set to 0.2 rad/s and the
damping(y,. to 0.7. The remaining parameteks, andwy,,,, were selected based on Figure 9b. This figure shows
the phase distortion and gain attenuation at 1 rad/s as éidamuf k¢, andwy,,_, as well as whether the simulator
motion space would be exceeded or not.

The high-pass surge filter parameters were chosen rathi&agiiy since no surge accelerations were simulated.
The filter's only purpose was to eliminate false surge cuestdpitch accelerations. A summary of all motion filter
parameters is given in Table 5.

Table 5. Classical linear washout motion filter settings.

High-pass surge High-pass heave High-pass pitch
kg, 03 - k¢, 025 - kw, 1.0 -
Whp, 2.0 rad/s Whp. 1.1 rad/s Whpy 0.1 rad/s
Chpe 0.7 - Chp. 0.7 -

wb, 0.2 rad/s

IV.G.3. Forcing Functions

The three forcing functions must meet specific requirentastt) from a system identification and a task requirement
point of view*° To enable the instrumental variable system identificatiethmd, multi-sines with power at a selected
number of frequencies were adopted:

N
F8) =" Ajsin(wit + ¢;) (12)
j=1

All forcing functions lasted 81.92 seconds, correspontiing base frequency of 0.0767 rad/s. the frequencies of
the sines in the multi-sines all consisted of a multiplef the base frequence.

The power spectrum of the target forcing functifincontains a significant amount of power at the lower fre-
guencies to represent a realistic tracking task. In addi@olow-power high-frequency shelf was added to enable
identification of the high-frequency control behavior. h&l power of the target forcing function was Hég?.

The disturbance forcing functiofy; consists of sines at frequencies next to those of the taogeinf function
for system identification requirements. The disturbanceifg function perturbs the elevator deflection and results
indirectly in a pitch attitude perturbation. It is desiréat the pitch attitude power spectrum has a similar shapeeas t
target forcing function. This is achieved by premultiplyithe desired pitch attitude power spectrum by the inverse of
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Figure 10. Power density spectra of the target, disturbancand g-feel forcing functions. The PSD’s are normalized to a pwer of 1.0.
Table 6. Frequencies, amplitudes and phases defining the gdl, disturbance and tracking forcing function.
Q-feelfg Disturbancef ; (approach) Disturbancef ; (cruise) Targetf+
k w A ¢ w A @ k w A @ 3 w A ¢
“) (rad/s) (N) (rad) ) (rad/s) (rad) (rad) ) (rad/s) dja (rad) ) (rad/s) (rad) (rad)
9 0.690 0.447 2.858 3 0.230 0.016 —1.531 3 0.230 0.118 3.158 5 0.383 0.792 —1.558
10 0.767 0.447 0.659 4 0.307 0.030 —0.809 4 0.307 0.147 —0.979 6 0.460 0.792 4.210
21 1.611 0.447 4.279 11 0.844 0.060 0.375 11 0.844 0.161 3.415 13 0.997 0.534 0.966
22 1.687 0.447 3.949 12 0.920 0.066 2.480 12 0.920 0.161 3.358 14 1.074 0.534 —0.395
35 2.684 0.447 0.673 23 1.764 0.108 1.551 23 1.764 0.090 —1.304 27 2.071 0.241 4.241
36 2.761 0.447 1.587 24 1.841 0.118 1.168 24 1.841 0.095 0.243 28 2.148 0.241 0.885
49 3.758 0.447 0.083 37 2.838 0.149 —1.305 37 2.838 0.123 4.041 41 3.145 0.130 2.102
50 3.835 0.447 2.183 38 2.915 0.157 —1.235 38 2.915 0.131 0.390 42 3.221 0.130 —0.248
69 5.292 0.120 —0.925 51 3.912 0.176 3.273 51 3.912 0.157 0.182 53 4.065 0.087 —0.225
70 5.369 0.120 0.820 52 3.988 0.183 3.596 52 3.988 0.164 —1.133 54 4.142 0.087 —1.015
97 7.440 0.120 —0.318 71 5.446 0.209 —1.502 71 5.446 0.197 2.844 73 5.599 0.054 4.212
98 7.517 0.120 2.299 72 5.522 0.215 2.637 72 5.522 0.203 2.665 74 5.676 0.054 1.808
135 10.354 0.120 4.100 101 7.747 0.266 4.247 101 7.747 0.259 3.261 103 7.900 0.034 —1.329
136 10.431 0.120 2.874 102 7.823 0.272 1.304 102 7.823 0.264 1.796 104 7.977 0.034 2.065
169 12.962 0.120 0.784 137 10.508 0.355 0.440 137 10.508 0.350 —1.163 139 10.661 0.025 —1.498
170 13.039 0.120 —0.753 138 10.584 0.360 2.065 138 10.584 0.355 0.432 140 10.738 0.025 —0.622
221 16.950 0.120 3.814 171 13.116 0.462 2.085 171 13.116 0.458 1.997 193 14.803 0.020 1.703
222 17.027 0.120 1.407 172 13.192 0.468 1.997 172 13.192 0.463 0.075 194 14.880 0.020 3.069
273 20.939 0.120 3.183 225 17.257 0.679 1.550 225 17.257 0.676 —1.060 229 17.564 0.018 —1.091
274 21.016 0.120 0.470 226 17.334 0.685 —1.292 226 17.334 0.682 4.497 230 17.641 0.018 —0.053
341 26.154 0.120 1.093
342 26.231 0.120 —0.811
429 32.904 0.120 1.324
430 32.981 0.120 2.105
537 41.187 0.120 —1.240
538 41.264 0.120 —0.942
669 51.312 0.120 0.544
670 51.388 0.120 2.237
837 64.197 0.120 3.156
838 64.274 0.120 —0.967
1049 80.457 0.120 —0.836
1050 80.534 0.120 —1.414
1309 100.399 0.120 —1.184
1310 100.476 0.120 3.920
1637 125.556 0.120 2.483
1638 125.633 0.120 3.519
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the linearized aircraft and FCS dynamics. The power of ttehittitude disturbance was set to 1ég?. This results
in a power off, of 297.7deg? for the approach configuration and a power of 18 for the cruise configuration.
The g-feel forcing functiory, is comprised of a high-power low-frequency part and a lowgohigh-frequency
shelf according to the reduced power meti®dt To reduce the unwanted effects on the neuromuscular sysiem d
to the presence of control inceptor force perturbation,pineer of the g-feel forcing function was selected as low
as posgible while still enabling adequate coherence valliee power of the g-feel forcing function amounted to
1.O(N)".
The power density spectra of the target, disturbance aeelfdrcing functions are displayed in Figure 10. Table 6
lists the base-frequency multipte the actual frequenay, the amplituded and the phase of each of the sines in the
forcing functions.

V. Results

V.A. Admittance

Figure 11 shows the neuromuscular admittance measureagdaposition, relax and force task, as well as during
the approach and cruise conditions of the pitch trackink; thee admittance is averaged over all the participants, the
errorbars show the standard deviation. At high frequentiiesadmittance is small for all tasks: inertial properties
dominate the response to forces. Figure 11a illustratasatHaw frequencies, all subjects showed a large range of
adaptability for different classical task: during pogitimsks the admittance is smaller than during relax taskide wh
during FT the admittance is even larger than when relaxed.
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Figure 11. Neuromuscular admittance frequency response fictions.

Figure 11b shows that the admittance during cruise condit{€RU) is lower than during approach conditions
(APP) below 20 rad/s, suggesting that during cruise camuftithere is either more co-contraction, more reflexive
activity or more passive visco-elasticity (due to smalliécksdeviation amplitudes). Comparing the pitch control
conditions to the classical tasks (Figure 11c) shows tleedtimittances of both conditions of pitch tracking lie betwe
the position and relax task. In other words, the neuromassyktem is more stiff than when relaxed, indicating some
co-contraction and/or reflexive activity. The peak arou@dr&d/s suggests that some reflexive activity is present.
Another interesting comparison is that the admittance beys0 rad/s is smallest during position tasks and pitch
control tasks, more closely resembling a second-orderndé&tas indicates a very stiff coupling between limb inertia
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and stick inertia. In other words, during pitch trackings tirip is as stiff as during a position task. During relax and
force tasks, subjects tend not to grip the stick so strongly.

V.B. Muscle Activity

The EMG..el was repeatable within the six subjects from whom EMG measents were obtained, but some inter-
subject variability was present. In order to provide anlgasterpretable overview of the measured muscle activity,
the EMG,..; of the eight most important muscles was characterized byntb@n (a measure of steady contraction)
and the standard deviation (a measure of variation arowchtan contraction). Figure Figure 12 shows the mean of
EMG ., for all six pilots, and for all conditions.
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Figure 12. Mean of the relative muscle activityZ? M G,.; for eight muscles of six pilots (1,2,3,4,9,10), measuredenthree runs. The top panels show muscles
that are mainly active during pushing the stick, the bottom panels muscles that are mainly active during pulling.

As can be expected, for all muscles the activity is neglegthiring the relax task7'. When trying to maximally
resist the forces (during position tagkl’), both pulling and pushing muscles are active at around®0-6f the
maximal activity (levels of activation common during a¥®T The co-contraction is useful to resist perturbations, bu
costs substantial amounts of metabolic energy. Duringisdhgracking conditions similar levels of co-contraction
are observed. Co-contraction levels are similar betweg@noggh and cruise conditions, both in presence of force
perturbationg,(conditions4, andC,) or when these are absent (conditiehandC'). Note the strong co-contraction
of the lower arm muscles during pitch-tracking and during BT, which was also observed in the other lower arm
muscles FC and EC (not shown); all indicating a strong grigHese conditions.
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Figure 13. Standard deviation of the relative muscle actity £ M G ,.; for eight muscles of six pilots, measured over three runs.

Similar results can be observed in Figure Figure 12, whiolstilates how much variability in muscle activity was
present around the mean contraction level. Fluctuatioménathe order of 2&% of EM Grel, and are highest during
all pitch control tasks and the position task.

V.C. Performance Parameters

Figure 14 shows the mean and 95% confidence intervals of titemean-square of the visual tracking ereoithe
stick deflection: and the stick contact forcg..
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Figure 14. Errorbar plots of the mean and 95% confidence intevals of the performance parameters.

The results show very significant differences in the meaisvamniances of the RM8) and RMS(:) of the ap-
proach and cruise configurations. Smaller differences eavblserved for the RM$t).

No significant differences in the mean and variances weneddgetween the conditions in which the force distur-
bance forcing functiory, was enabled and omitted. This supports the hypothesishébtce disturbance forcing
function does not affect the control behavior.

V.D. Control Behavior Frequency Response Functions

Figures 15 and 16 show the identified frequency responsdidmscof the visual {,,,) and the vestibularf{,,)
response. The crosses indicate the response at the eldisitwbance forcing function frequencies, the circlesaden

the response at the target frequencies. The response haavsraged over all pilots, and the errorbars represent the
standard deviation. The solid lines show the fitted visual aestibular models, again averaged over all the pilots.
Figure 15 contains the results for the approach and cruiséittons in the presence of the force disturbance forcing
function (f,), while the results in Figure 16 were obtained without a éalisturbance forcing function.
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Figure 15. Pilot frequency response functions, identifiedni the presence of the force disturbance forcing function £, ).
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Figure 16. Pilot frequency response functions, identified ithout the force disturbance forcing function (f, ).

Both H,,, andH,, show the expected control behaviéf, consists of a visual gain, transitioning into an differ-
entiator around the short-period frequency of the airq#dth transfer function. This transition appears to ocdwa a
slightly lower frequency for the approach conditidi,, behaves as a differentiator, providing pitch rate infoiorat
The neuromuscular break frequency is present around 16. rBasides the lead time constant, the only significant
difference between the approach and cruise conditionsaappe be the visual and vestibular gains.

More important, no significant differences can be obsenatdiéen 15 and 16, which means that the presence of
the force disturbance forcing functigfiy did not affect the visual and vestibular frequency respdmsetions.

V.E. Control Behavior Parameters

The mean and standard deviation of the eight parameters ivishal and vestibular models are shown in Figure 17,
both for the conditions with and without the presence of tired disturbance forcing functiofy.
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Figure 17. Errorbar plots of the mean and 95% confidence intevals of the estimated model parameters.
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It can be observed that no significant difference is obsebetdieen the conditions with and those without the
presence of the force disturbance forcing function.

VI. Discussion

VI.A. Neuromuscular Admittance

The resulting identified admittance of the cruise and apgraanditions raises two questions. Why does the ad-
mittance resembles the admittance of a position task? Aodns#y, what is causing the difference between the
admittance in the cruise and approach conditions?

The admittance of the position, relax and force tasks agsitbsvalues found in literature. This provides con-
fidence in the measurement setup and the applicability ofrtbhods to the identification of the admittance in the
cruise and approach conditions. The standard deviatiomeo&dmittance in the cruise and approach conditions also
is within an acceptable range. For this reason the identifigdittance appears to be trustworthy.

Two possible causes for the low admittance are assumed, thiespilot might have a poor internal representation
of the vehicle and/or control inceptor dynamics, and wilti@dase his admittance to anticipate force disturbances,
either external or internal (motor noise). A possible exaé¢isource of force disturbances might be the simulator’s
linear and angular accelerations acting on the pilot’s aesylting in biodynamic feedthrough.

A second cause of the low admittance might be the consequénice difficulty of the task. The visual tracking
task had a rather high task bandwidth (around 1 rad/s) ancbked a high-frequency control behavior. Participants
might have contracted their muscles, thereby increasieig tiffness, to acquire a better precision or a more direct
response, much like pretension. However, literature doeprnovide evidence to support this.

The fact that the admittance is smaller in the cruise caoithan in the approach condition indicates that during
cruise conditions there is either more co-contraction,emeflexive activity or more passive visco-elasticity (doe t
smaller stick deviation amplitudes). From the EMG meas@msiwe know that the amount of co-contraction is fairly
similar in both conditions, leaving reflexive activity andgsive visco-elasticity (the amplitude effect) as possibl
causes. A parameter fit of the neuromuscular feedback syisteequired to determine whether the differences in
admittance can be attributed to reflexive activity.

VI.B. EMG measurements

A very interesting finding from the EMG measurements werehtigl levels of co-contraction seen during all pitch
tracking tasks. In some cases the co-contraction even égdebose measured during the position task. Based on
the results with other vehicle dynamics, hardly any co-@miion is expected when the vehicle dynamics are well
known, since providing co-contraction is not energy-edfitiand tiring. And even when the internal representation is
poor, reflexive feedback is a more efficient way to respondkteraal force disturbances. As mentioned before, the
co-contraction might be a result of the high-frequency taskdwidth and is a way to acquire a better precision or
a more direct response, much like pretension. In order tesitigate this, a new experiment should be performed in
which a low-frequency task is executed, such as flying a nbaparoach.

VIl. Conclusions
Under the experimental conditions studies, the followingausions can be drawn:

e The variations of the control inceptor settings had a sigaifi effect on the neuromuscular admittance, and
showed that the stiffer cruise setting resulted in a lowenigtdnce. A numbr of causes, such as different levels
of co-contraction, reflexive feedback activity or ampliueffects, could have caused these effects. We were
able to exclude variations in co-contraction as a causedltietmeasurement of the muscle activity, which did
not significantly differ between the conditions. In ordedtstinguishing between reflexive feedback activity or
amplitude effects, the neuromuscular feedback model rieduksfitted to the measured admittance.

e The measured relative EMG signals revealed that the pitcitralotracking tasks required very significant
amounts of co-contraction. In some cases the levels of otraction during the tracking tasks even exceeded
the co-contraction during the (postural) position taskisThvery remarkable due to its energy inefficiency. The
exact reason for the high co-contraction levels is not kn@ithough a number of causes could be assumed.
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e The variations of the control inceptor settings were nohfibto have a significant effect on the lumped neuro-
muscular parameters, the break frequengy, and the damping ratig,,,,. This was in agreement with other
studies.

e The applied force disturbance forcing function did not figantly affect the visual and vestibular control be-
havior exerted during the pitch control task. Neither theniified frequency response functions nor the fitted
model parameter&y,, Ticad, Liag: Tvs Km, taUm, wnm OF (o Were significantly changed due to the introduc-
tion of the force disturbance function. In addition, alse thean and standard deviation of the measured muscle
activity remained unaffected. For this reason it can be kwoled that the method to measure neuromuscular

admittance can be used without affecting the ontrol betmavio
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