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Understanding the role of the neuromuscular dynamics in
biodynamic feedthrough problems

Joost VenrooijDavid A. Abbink' Mark Muldet M.M. (René) van Paassgllax Mulder™
Delft University of Technology, Delft, The Netherlands

Biodynamic feedthrough (BDFT) refers to a phenomenon wheraccelerations cause involuntary limb mo-
tions which, when coupled to a control device, can result in mintentional control inputs. This study aims
to increase the understanding of BDFT, and the role of the newmuscular system (NMS) in particular. The
fundamental question driving this research is how accelerdons are transferred through the human body, i.e.,
through the NMS, and how the exact setting of the NMS influencethis feedthrough. As the neuromuscular
system differs from person to person and is highly adaptablét is expected that BDFT does not only vary from
person to person, but that also a single person can express ange of BDFT dynamics by adaptation of the
neuromuscular settings. To investigate this hypothesis,se is made of the neuromuscular admittance, which
describes the dynamic response of human limbs in response force disturbances. A measurement method
was developed to measure neuromuscular admittance and BDF3imultaneously. The results from this ex-
periment confirm that the neuromuscular system plays such adrge role in the occurrence of BDFT that the
variability of the neuromuscular system cannot be ignored vaen investigating BDFT problems. Based on the
experimental data a BDFT model was developed. The model panseters were estimated by fitting the model
on the experimental data. The model successfully capturestB-T dynamics in both the frequency domain and
the time domain, for different subjects and different settings of the neuromuscular system.

[. Introduction

When a human operator is subjected to accelerations whiferp@ng a control task, control performance can be
degraded by the feedthrough of accelerations through tbg bbthe human operator. This feedthrough can lead to
involuntary limb motions. When coupled to a control devitegse limb motions can result in unintentional control
inputs, leading to control problems. This phenomenon ieddliodynamic feedthrough (BDFT).

Examples of BDFT can be found in many types of vehicles, ragéiom electrically-powered wheelchdit® heavy
hydraulic excavators and bulldozeérdlso aircraft are vulnerable to BDFT, where it has been iifiedt as the cause
of a phenomenon known as roll-ratcheting, a high-frequealtyscillation that can occur during rolling maneuvers
in high-performance aircraft* Another relevant situation is one where the pilot is expdeestrong vibrations, such
as in turbulenctor when controlling rotorcraft. Note that BDFT not only plays a role when steering a vehicle bu
also when executing other manual control tasks while ondo&a moving vehicle. The fact that BDFT can degrade
manual control performance in so many ways and under so m#fayett circumstances makes it highly relevant to
study its mechanisms.

Although many studies into biodynamic feedthrough havegued the current work!! its fundamentals are only
poorly understood. Many factors have been reported to plajesand many of these show complex mutual interac-
tions. What makes BDFT particularly challenging is the rmi¢he human operator. The human operator is not only
a very complex system, it is also highly adaptive. When adgpb new circumstances or when changing behavior
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the human operator changes the way he/she interacts witmthnment. Think for example of a pilot relaxing or
tightening his grip on the control stick. Evidently, thisatlyes the way accelerations are transferred from the body to
the stick, resulting in a change in BDFT dynamics.

What differentiates the current study from many of the pdéug studies is the particular focus that is put on the
role of the neuromuscular system (NMS) in BDFT problems. flimelamental question driving this research is how
accelerations are transferred through the human bodythireugh the NMS, and how the exact setting of the NMS
influences this feedthrough. It has been observed thareliftes in musculature and/or posture results in difference
in BDFT for different subjects (inter-subject variability However, this study contributes to the existing knowledge
by investigating the hypothesis that also a single persoregpress a range of biodynamic feedthrough dynamics due
to adaptation of his/her neuromuscular settings (intigjesi variability). Evidently, understanding this intsabject
variability is essential in the understanding and modetihgiodynamic feedthrough problems in practice. In a later
stage, the knowledge on the role of the NMS in BDFT can be agpii the development of advanced methods of
BDFT-canceling in actual vehicles.

To investigate the role of the NMS, use is made of neuromas@dmittance. Neuromuscular admittance describes
the dynamic response of human limbs in response to forceretces, by providing the dynamic relation between
a force input and a position output. The approach taken mghidy is to measure neuromuscular admittance and
biodynamic feedthrough simultaneously. The results aflominvestigating the influence of the setting of the NMS
on BDFT. Based on the experimental data a model was constttitat describes both neuromuscular admittance and
biodynamic feedthrough. To develop this model, use was méde already existing and well-studied neuromuscular
model!? The current paper aims to show the necessity and traits ofgdowledge of the neuromuscular system
into account when investigating BDFT problems. Detailedadiption of the measurement method and the BDFT
model will be dealt with in future publications.

The structure of this paper is as follows: first, in Sectigriie approach of this BDFT study is addressed. The work
presented in this paper consists of two parts, namely thesumement of BDFT and the development of a BDFT
model. The sections are organized to reflect this structar@ach section, after Section Il, contains one paragraph
devoted to measuring and one devoted to modeling. Sectietaliorates on the methods used to measure and model
biodynamic feedthrough. The results of both the measunmraodeling efforts are shown in Section IV. Finally,
Section V contains the conclusions.

[I. Current approach

IILA. Biodynamic feedthrough system

The diversity in the situations and vehicles where biodyicdeedthrough can occur calls for a general representation
of the BDFT problem; a system representation in which BDFdajstured in a general form. Such a representation is
proposed in the following.

Figure 1 shows a schematic representation of the genedigmnic feedthrough system. In this representation, four
main elements can be identified. The human operator (HO)aactscontroller in a manual control task. The HO
is controlling the (partial) state of a controlled elemeBE] by comparing the current statg,,- with a certain goal
stateYy,q;. The CE can be disturbed by a disturbance signal, for whietH® is requested to compensate. The HO
can influence the state of the CE by means of a control deviBd. (Control commands are applied by exerting a
force, labeled the contact forcé¢, on the CD, resulting in a control input signékp, that in turn enters the CE.
The HO and the CD are connected to a platform (PLF), which i®aimg, physical object, typically a vehicle. The
acceleration signal coming from the PLF is called the motisturbance signal/y; s, which can be used to identify
the biodynamic feedthrough. The neuromuscular admittaanée identified using a force disturbance on the sfick,
labeledFy; ;. Note thatF;,, is not part of the biodynamic feedthrough problem itself, iecessary to determine the
neuromuscular admittance of the human operator. It is asgubhat the force disturbance does not correlate with the
remnant in the control signat. Biodynamic feedthrough occurs when the motion disturbaimguce unintentional
motions in the limb that is in contact with the CD, therebydieg to unintentional control inputs. In that case, the
control input signabp consists of the following contributions:

Ocp(t) = 025 (t) + 055 (t) + 055" (t) + 06 (1), 1)

where the superscripbog denotes the cognitive element in the control device deflacti.e, the part that is due
to voluntary control actions. The superscriff;;; denotes the contribution of the force disturbance anhg,,; the
contribution of the motion disturbance (the biodynamiaibeough). The remaining part of the control input signal,
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Figure 1. Schematic representation of the general biodynain feedthrough system.

the part that is not related to a disturbance signal or civgniontrol, is here labeled as the residual and denoted by
the superscriptes. Evidently, for the contact forc€: the same holds:

Fo(t) = F& () + FEUH(t) + FE () + FE(t). )

The feedthrough of PLF accelerations via the body of the HO tihe CD is governed by two ’interfaces’. These
interfaces describe the dynamics between the human oparaddhe environment and are indicated in Figure 1 by
the dashed boxes$prro andigocp. The interfacelpp o describes the dynamics of the connection between
the PLF and the HO, e.g., seat damping or the effect of sets. b€he dynamics of this interface determine how
accelerations enter the body of the operator. The intetfger:p describes the dynamics of the connection between
HO and CD, e.g., grip visco-elasticity or the effect of an aest. This interface determines how limb motions result
in contact forced . Note that/p1, ryo plays a role in the BDFT dynamics only afigocp plays a role in both the
admittance dynamics as well as the BDFT dynamics.

The human operator model can be split in the central nerwster® (CNS), and the neuromuscular system (NMS).
The CNS is responsible for all cognitive control commangfs((¢)) that are neurally communicated to the NMS.
The NMS represents the neuromuscular system of the arm ctath® the control device and contains body elements
such as bones, muscles, etc.

The case of a pilot controlling an aircraft in turbulence baused as an example to clarify the biodynamic feedthrough
system in Figure 1. In this case the pilot (HO), is contr@lihe aircraft (CE), by using a control column or side-stick
(CD). The PLF is in this case also the aircraft, or, more @aygj the seat the pilot is sitting in. The accelerations of
the aircraft transfer into the body of the pilot through teats(»;, rro) and cause involuntary limb motions. As the
pilot is holding the control stick these motions are trargfé into the stick (throughizocp) and contribute to the
control device deflection angte:p.

Now consider a co-pilot, who is also on board of this airgriafit currently not involved in controlling the aircraft.
The co-pilot is executing a different task, say, pointingamera. Also in this case the PLF is the aircraft, but the
co-pilot is controlling a different CE, namely the cameraheTact that the HO can be on board of a vehicle, but
controlling a different system is the reason for introdgdioth the CE and the PLF. The case of the co-pilot is called
an open-loop BDFT system, where there exists no connecétween the CE and the PLF. The case of the pilot is a
so called closed-loop BDFT system, where there is some &¢direct or indirect) connection between CE and PLF.
To account for these two types of BDFT systems, the connebitween PLF and CE is indicated with a dotted line.
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II.B. Scope of the current research

Not all aspects of the BDFT system discussed above are ofrtanpae for the current study. The scope of the research
is limited by the following aspects:

e The current research focuses on the neuromuscular aspB&FF, thus on the role of the NMS part of the
human operator only; cognitive control actions are not imered;

e In this study only open-loop BDFT systems are investigatéd.influence of the human operator on the PLF
motion is assumed;

e The investigation deals with the occurrence of BDFT in gahand not for any vehicle in particular. Therefore,
the dynamics of the PLF or the CE are secondary to our obgs;tiv

¢ In this study only lateral accelerations are investigateabdntrol tasks using a side-stick.

Using the above considerations, the BDFT system displayEdjure 1 can be reduced to a form that is relevant for the
current research. As only open-loop systems are considiiedotted line in Figure 1 can be removed. No cognitive
inputs are considered, so the contents of the CNS block ismestigated in this study. Finally, as the dynamics of
the controlled element and platform are secondary to owabbs, also the CE block and the PLF block lie outside
the scope of this investigation. What remains from the BDyStesm that is of importance for the current study are the
disturbance signalBy;s; andMy;s:, the NMS block, the CD block, and the two interfaces.

II.C. Measuring, modeling and canceling biodynamic feedthough

BDFT can be induced by perturbing the body of a subject withation disturbance signal/,;s; in a motion-
based simulator. The neuromuscular admittance can bendatst by imposing a force disturbance sign@l;;,

on the control device. By measuring the control device defies and the forces applied by the operator, both the
biodynamic feedthrough and admittance can be estimatedhE@stimation of the neuromuscular admittance use is
made of known techniques, for example described in Ref. bé.téchniques to estimate the BDFT are very similar,
as shown in section lll.A.7.

The BDFT system in Figure 1 can be used to develop a BDFT modl@DFT model describes the influence of
motion disturbances on control device deflections, heneégbdthrough of\/y;5, to 0 p. The relevant system parts
for a BDFT model can be easily identified by following the p&thm My;,, to cp in Figure 1. The elements that
need to be included in the BDFT model are: the interfageryo, the neuromuscular system NMS, the interface
Irocp and the control device CD.

Once an accurate model is obtained, it can be employed tethmynamic feedthrough. The model serves to
determine the involuntary, vibration induced, part in eith- or -p. By canceling this part in the actual control
input, an efficient and effective way of canceling biodynafeedthrough is obtained.

[1l. Methods

[IILA.  Measuring biodynamic feedthrough
lILA.1. Apparatus

The experiment was performed on the SIMONA Research Sio8RS§° of Delft University of Technology, a six
degree-of-freedom flight simulator. The control device aa®lectrically actuated side-stick. No arm rest for the arm
that controlled the side-stick was present. The seat inlwtie subjects were seated had a 5-point safety belt that was
adjusted tightly.

[lILA.2. Subjects

Five subjects (3 male, 2 female, average age of 26 years, atahdard deviation of 3 years) participated in the
experiment. Subjects were recruited from the student @ajoul of Delft University of Technology.
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I1ILA.3. Task instruction

The subjects performed three different disturbance-tiejedasks® a position task (PT), with the instruction to
resist all perturbations (minimize position of stick), ade task (FT), with the instruction to yield to all perturioais
(minimize force applied to stick), and a relax task (RT),hatthe instruction to relax the arm. The human operator
needed to set his/her neuromuscular properties diffgrémtbptimal control of each of the three control tasks.

I11.LA.4. Procedure

During the experiments the side-stick was perturbed with |gieral force disturbance signal;s;. Simultane-
ously with the force disturbance signal, the lateral motisturbance signal/y;;; was used to induce biodynamic
feedthrough. During the PT and FT, information was displage a 15" LCD screen in front of the subjects. During
the position task the lateral side-stick deflection angle diaplayed against the target deflection (0 deg), during the
force task the applied force to the side-stick was shownragélie target force (§). During the relax the display
presented no information.

Before entering the simulator the subjects were instruotethe goal of the experiment and the control tasks they
were to perform. Several training runs were performed tovathe subject to get used to the disturbances and the
different control tasks. When the subjects indicated tehawlerstood the control tasks the measurements started.
The control tasks were performed in the order PT-RT-FT annl fepetitions of this sequence were executed. For
reference purposes, three repetitions of the same coasikd {also in the order PT-RT-FT) were executed without the
motion disturbance signal present. The latter conditidhlve referred to as the static condition, and the first as the
motion condition. Note that in the static condition no biodynic feedthrough was present and only the admittance
was measured. For this study it was assumed that the inflodéhearning effects was negligible.

[IILA.5. Perturbation signal design
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Figure 2. Power spectral density plot of disturbance signal Fg; s and M g; s¢.

Both disturbance signals were multi-sines, defined in thgqufency domain. The signals were separated in fre-
quency, see Figure 2, to allow distinguishing the responsdaeach disturbance in the measured sigials. obtain
a full bandwidth estimate of the admittance, a range betWd&hHz and 24 Hz was selected for the force disturbance
signal Fz;¢. This is a sufficient bandwidth to capture all arm dynamfcBor the motion disturbance sign&ly;.., a
range between 0.15 and 25 Hz was selected. For both distelsaggnals, 31 logarithmically spaced frequency points
were selected in the frequency range, without overlap batviiee two disturbance signals. To allow for frequency
averaging, power was applied to two adjacent frequencytgéin each point? yielding 31 pairs of frequency points
for each disturbance signal.
The phase of the sine components was randomized in ordetdsa@mn unpredictable signal. To allow estimation of
full-bandwidth dynamics, without influencing the low-fregncy behavior, the reduced power metfoslas used to
construct the disturbance signals.

[lILA.6. Recordings

During the experiments the angular deflection of the sidd8t-», and the applied force to the side-stiEk were
measured. The disturbance signals were recorded.
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[1ILA.7. Non-parametric identification

The admittance was estimated in the frequency domain, astfgsed loop identification technique using the estimated
cross-spectral density betweel; andfdcp (Srqi—o) and the estimated cross-spectral density betwegn and Fo

(Spa—p):tt

5 Spa
laam () = 228=0005). 3)
Sra—f(wy)
wherew; are the frequencies of the force disturbance sighal,.

The procedure assumes linearity. To check the reliabifithis assumption the squared cohereﬁ@gm was calcu-
lated:

Sra—o(wy)

‘2
Do am(wy) =

- = 4)
Sta—fa(wy)So—o(wy)
In a very similar way the transfer function describing thedyinamic feedthrough dynamiés,;; can be estimated.
The estimate of the biodynamic feedthrough dynarﬁ{g@t, is calculated using the estimated cross-spectral density
betweenM 4;,; andfcp (S’mdfe) and the estimated auto-spectral densityhf; .; (S‘md,md)

Hpape(wp) = % , ®)

wherew,, are the frequencies of the motion disturbance sigigl;.
And the squared coherence function in this case:

2
Smd_.g (wm) ‘

(6)

2 W) = = -
BDFT( ) Smd—md(wm)se—e(wm)

[II.B. Modeling biodynamic feedthrough
[11.B.1. Neuromuscular model

Modeling of biodynamic feedthrough was done by using a mawustular model as a starting point. The neuromus-
cular model used in this study is elaborately described in & For our current purposes — showing how this model
can be used in BDFT modeling — it suffices to discuss the modelsimplified mechanical representation, as shown
in Figure 3. The model consists of two parts, one represhatas¢uromuscular admittance and one the control device
dynamics. The control device is modeled as a mass-springpelesystem (CD). The human arm, with mass..,,, is
connected to the control device by grip dynamics, represtoy a spring and a damper. The intrinsic neuromuscular
dynamics are represented by yet another spring and damp&8)Nrhe model also includes reflexive properties,
which are not shown in full detail for the sake of simplicityhe force disturbancéy;,;, imposed on the control
device mass, is used to estimate the neuromuscular adogttan

Biodynamic feedthrough
1 Faist
|

| shld nms grip CD

- ~ - <

gI‘ip CD J\reﬂexes)— *(reﬂexes)—
) J\‘/\[mmmj\/\[ mep J\/\[

Moy

| | Admittance Control device]|
PLF
Admittance Control device
Figure 3. Neuromuscular model Figure 4. BDFT model, obtained by augmenting the neuromusdar model
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[11.B.2. Biodynamic feedthrough model

The approach taken in this study is to expand the neuromarstialdel to include the effects of biodynamic feedthrough.
The representation in Figure 3 depicts an insightful wayesfving such a model. A fist step in including the effect
of motion is to allow the combination of the human arm and cardevice to move with respect to the environment,
under the influence of the motion disturbaridg;;. This can be represented by situating the combination afies-
spring-damper systems in Figure 3 on a platform PLF, thatasvad to move under a motion disturbankgy;s;. In

this study, only lateral motion disturbances are consiieard the model is thus limited to describe motions in latera
direction only. For the feedthrough of disturbances in thisction, the sideways motion of the torso (with respect to
the seat) and sideways motion of the upper arm (rotationnardlue shoulder joint) are most relevant. In this study
the motion of the torso was assumed to be small. The upper asmvedeled in basically an identical way as the
(fore) arm was modeled in the neuromuscular model. This eaejresented by adding a similar mass-spring-damper
system (including reflexes) to the left of the one alreads@né in Figure 3. Now we have obtained a model that
accounts for the effects of biodynamic feedthrough.

Figure 4 shows the BDFT model, the elements representinggper arm are shown on the left. The spring and
damper represent the stiffness and damping of the shouufer(ghld). The massy.,,, represents the mass of the
upper arm that is excited by the platform motions. Just akémieuromuscular model, reflexive activity was added
to account for the reflexive activity present in the muscbesited during BDFT. Motion disturbances were added
by situating the combination of mass-spring-damper systema platform PLF. The dynamics that were added to
account for the effect of motion disturbances will be refdrio as the 'additional dynamics’. The combination of con-
trol device dynamics, neuromuscular dynamics and theiadditdynamics are the biodynamic feedthrough dynamics.

I11.B.3. Model validation

A parameter estimation technique was developed to fit theetmmua measured responses in the frequency domain.
The techniques used to estimate the parameters of the made¢wescribed in future publications.

To validate the obtained results in the time domain, use wadenof the Variance Accounted For (VAF)The VAF
gives a measure of the match between two time signals. Thew#d-calculated from the difference between the
modeled control device deflectidi », and the measured control device deflectiem:

S 8ep(ty) — fcp(ty) ’

VAF = |1 - .
> k=1 (0o (tr)]

100%. (7

A VAF of 100% means that the model fully describes the systesponse. Lower values indicate mismatches in the
model fit and/or the presence of noise.

IV. Results

IV.A.  Measuring admittance and biodynamic feedthrough
IV.A.1. Neuromuscular admittance

Figure 5 shows the means (lines) and standard deviatioag fgnds) of the non-parametric admittance estimates of
a typical subject. As expected, for low frequencies the #idmie is the highest for the force task and the lowest for
the position task. At higher frequencies the differenceobee smaller as dynamics are more and more governed by
inertia. The admittance measured for the relax task liewdsr the one measured for the force task and the position
task, which is in agreement with expectations. Howeverséeral subjects the difference between the admittance
measured in the relax task and the force task shows to beesrttadin expected. A possible explanation of this is that
the scaling of the force gain in the relax tasks was set tob, higglding too large control device deflections relative
to the two other tasks. Another possible explanation ligthéntask instruction and execution. Although some time
for training was scheduled, some subjects indicated dfeeexperiment to have had difficulty distinguishing between
tasks, especially between the FT and the RT.

High squared coherences, a measure for reliability of thmate, were found at all frequencies for all tasks (except
for the lowest frequency). Furthermore, the results wenadito be comparable with the results of a previous stddy.
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Figure 5. Neuromuscular admittance estimate for a typical sbject Figure 6. Biodynamic feedthrough estimate for a typical supect

Taking the above considerations into account, it can betkaidn general the results are in good agreement with both
expectations and previous research.

IV.A.2. Biodynamic feedthrough

Figure 6 shows means (lines) and standard devi-

100¢ ations (gray bands) the non-parametric biodynamic
—— Force task feedthrough estimates for a typical subject, measured si-
A - - - Position task Multaneously with the admittance shown in Figure 5. It

Relaxtask  can be seen that for the three different task instructions,
different BDFT dynamics were measured. Due to the ex-
periment setup, the differences in BDFT are most likely
explained by adaptations of the neuromuscular system
by the human operator in response to task instruction.
Hence, we can conclude that biodynamic feedthrough
depends on task instruction, and thus on the neuromus-

—_
o
|
—-
T

BDFT [rads?/m]
<

1073 ¢ .
cular admittance.
W The reliability of the measurementis reflected in the high
squared coherences found for all frequencies. The BDFT
107 100 I 102 dynamics measured for the other subjects were compa-
Frequency [ 2] rable to the ones shown in Figure 6. Figure 7 shows

the the biodynamic feedthrough magnitude for the three
Figure 7. Biodynamic feedthrough magnitude, averaged oveall subjects control tasks, but now averaged over all subjects. The
figure shows that a similar dependency of biodynamic
feedthrough on task instruction (and thus on the setting@fNMS system) was observed across subjects.
For low frequencies, the BDFT is the lowest for the PT. Thigiine what is to be expected from the character of
this control task, i.e., the feedthrough of low-frequencgederations is best attenuated by being ’stiff’. Surpdsy,
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for frequencies higher than approximately 1.5 Hz, the BDFthe PT is higher than for the other tasks. Moreover, a
peak in BDFT is observed for the PT between approximatelyH23This result is remarkable and suggest that being
'stiff’ leads to an increase in the feedthrough of motiortulisances above 1.5 Hz, in comparison to the other control
tasks.

IV.B. Modeling biodynamic feedthrough

(a) Magnitude
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RT - modeled  Figyre 9. Comparison of the measured response with the simated response
foraFT
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Figure 8. Fit of the BDFT model on the measured data for a typial subject

The BDFT model was fitted to the measured biodynamic feedtiran the frequency domain. The result for a
typical subject is shown in Figure 8. It can be observed thatféatures of the measured BDFT dynamics are well
described by the BDFT model. Both the measured and modedpdmese differ for each task, i.e., each setting of the
neuromuscular system. This shows the necessity of undéiataand accounting for the role of the neuromuscular
system in BDFT models. Assuming a static BDFT model, as was do some previous studié<;?! can yield
accurate results, but only for one setting of the NMS at bEstse models lack the capability to cope with the inherent
adaptability of the human operator’s neuromuscular syséem so the variability in e.g., grip strength, muscle tensi
or posture.

To validate the quality of the model in the time domain, thedelovas used to simulate the respoifigg,. An
example of how the simulated response of the BDFT model reatalith the measured response is shown in Figure 9
(for a force task). This shows that many features in the nredsesponse are accurately described by the simulated
response. This was observed for the other task instrucéisngell. Using VAF, the performance of the model in the
time domain can be quantified. The results are shown in Tabléd first and second column show the result obtained
when using the neuromuscular model in the static condi@gmusthe motion condition. It can be observed that in the
motion condition the VAFs decrease considerably with resfoethe static condition. This signifies that the additién o

a motion disturbance affects the measured response in aggannot be accounted for by the neuromuscular model.
To restore’ the VAFs the BDFT model needs to used, as thisehdaks take the effects of the motion disturbance into
account. The results of using this model are shown in themighkt column of Table 1. When compared to the VAFs
obtained by the neuromuscular model in the motion condiaaignificant improvement can be observed when using
the BDFT model. In fact, the results approximate the resalitained using the neuromuscular model in the static
condition. This indicates that the BDFT model succeededapturing the effect of both the force and the motion
disturbances in the time domain.
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Table 1. Mean and standard deviation of the VAF for the NMS mocl and for the BDFT model

Neuromuscular model BDFT model
Static condition| Motion condition
Task | VAF (SD) [%] | VAF (SD) [%] VAF (SD) [%]
FT 73.90% (12.76)| 28.41% (13.8) 64.93% (15.5)
PT 76.97% (3.0) 50.24% (4.7) 61.71% (6.0)
RT 77.48% (14.0) | 40.06% (16.1) 82.7% (5.2)

V. Discussion and conclusions

This study aims to increase the understanding of the roleeoeuromuscular system in biodynamic feedthrough.
The fundamental question driving this research is how acatbns are transferred through the human body, i.e.,
through the NMS, and how the exact setting of the NMS influerthies feedthrough. As the neuromuscular system
differs from person to person and is highly adaptable, itxiseeted that BDFT does not only vary from person to
person, but that also a single person can express a range BT Bnamics by adaptation of the neuromuscular
settings. The results of an experiment where neuromusadiaittance and BDFT were measured simultaneously
confirm this hypothesis. It can be concluded that the neusooiar system plays such a large role in the occurrence
of BDFT that the variability of the neuromuscular systemraatrbe ignored when investigating BDFT problems.

V.A. Measuring biodynamic feedthrough

A measurement method is proposed to measure neuromusdutittamce and biodynamic feedthrough simultane-
ously. For the studied experimental conditions, it was tged that the proposed measurement method was suc-
cessful. The admittance measurements are comparable testhiés found in other studies in which admittance was
measured during side-stick contfdIHigh coherences indicate that the admittance estimateglable. Also for the
BDFT measurements, high coherences were found, indicdte\BDFT estimates are reliable. Furthermore, between
subjects, each task shows BDFT dynamics with comparableestiad features. Differences observed in BDFT for
the different control tasks are most likely caused by adapta of the neuromuscular system. Hence, it can be con-
cluded that there exists a dependency of biodynamic feedgffiron neuromuscular admittance, something that was
not reported in many other BDFT studies.

The non-parametric results provide some insights in themwence of BDFT in practice. In Figure 7 it can be observed
that the feedthrough of low-frequency accelerationd (5 H z) is the lowest in the PT, i.e. when the human operator
is 'stiff’. However, for frequencies between than 15 and 6 H z, the BDFT is higher for the stiff’ setting than for
the other settings of the NMS. In other words, in this frequaange, being ’stiff’ results in more involuntary control
inputs than being more compliant. When applying this instgha practical example of a pilot flying in turbulence,

it becomes clear that when the pilot tightens the grip on tiod é1 response to the disturbances (which is a likely
natural response), this only reduces the feedthrough dbthdrequency component of the turbulence. The level of
feedthrough of disturbances above H5 is, in fact, higher than when the pilot would relax his griptbe stick. In

a previous studyit was already reported that pilots experienced BDFT effecthis frequency range by involuntary
coupling with one of the aircraft’s structural modes and ttiee tendency appeared to increase when pilots tightened
their grip on the stick’. With the results presented in thaper this observation is experimentally confirmed.

V.B. Modeling biodynamic feedthrough

The model proposed in this article makes use of a neuromarsmddel and additional dynamics to describe biody-
namic feedthrough. The motivation for using a neuromusauladel is the dependency of biodynamic feedthrough
on neuromuscular admittance. The model was validated lydfitt on measurement data. The model successfully
captures BDFT dynamics in both frequency and time domaindiféerent subjects and different settings of the neu-
romuscular system. Similar results were found across stgje

In practice, the human operator will adapt the settings sfri@uromuscular system based on the current task and
circumstances. Modeling the occurrence of BDFT in thesesasquires and adaptive model that accounts for the
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dependency between the neuromuscular system and the ecceiwf BDFT. Especially when employing the model
in practice for model-based BDFT-cancellation, the valitgtof the neuromuscular system cannot be ignored.

V.C. Future work

Currently, research efforts are being devoted to refinieghiodel that is introduced this paper. An elaborate descrip-
tion of the content and parameterization of the model wilbbesented in future publications. One of the issue that will
be dealt with is the evaluation and validation of the mode&sameter values. Closely related to this is the discussion
on the physical interpretability of the proposed model (ddhee model parameters represent physical quantaties?).
Furthermore, the risk of overparameterization of the maahel the required countermeasures will be addressed, by
making use of some of the techniques described in Ref. 22ré&fimed model can be used to investigate the relation
between biodynamic feedthrough and neuromuscular adroétalt is expected that there exists a relation between
some NMS parameters and some BDFT parameters. If strortgpreships prove to exist, it might be possible to ob-
tain a reliable BDFT model by measuring neuromuscular pitagseonly. One of the possibilities that will be explored

is how the integration of some easily measured quantities) as grip force, can simplify the parameterization of the
BDFT model. This could yield interesting applications ie tinodel-based cancellation of biodynamic feedthrough.
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