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Abstract

In human-vehicle interaction, particularly Rotorcraft-Pilot Couplings (RPCs), the Biodynamic Feedthrough (BDFT) assesses
the vibration transmission from the base to the control device. In rotorcraft, BDFT is represented as a transfer function,
Hpprr, detailing the relationship between seat acceleration and inadvertent control device motion. However, Hgpet de-
pends on both pilot and control device dynamics, challenging design engineers aiming to mitigate RPC impacts on vehicle
handling. In this study, a decomposition of Hgprr into separate pilot and control device contributions is assessed using
both numerical and experimental approaches. The computational procedure includes a multibody model of the upper body
and collective lever, while tests are conducted with specialized setup and the support of the RPC testbed at Politecnico
di Milano. Both methods proved effective, validating the approach. This work sets the stage for future research involving
diverse individuals to test the model’s predictive capabilities and perform sensitivity analysis, supporting robust helicopter

flight control system development.

1 Introduction

In the domain of human-vehicle interaction, particularly
within the realm of Rotorcraft-Pilot Couplings (RPCs) [1],
the Biodynamic Feedthrough (BDFT), stands as a crucial
metric for assessing the transmissibility of vibrations from
the base - typically the seat - to the control device [2]. In ro-
torcraft, this measure is commonly articulated as a transfer
function delineating the correlation between seat accelera-
tion and the consequent inadvertent motion of the control
device, denoted as the Biodynamic Feedthrough to posi-
tions (B2P), or Hpop, following the nomenclature proposed
by Venrooij [2] (In this work, Hp,p will be referred to with the
more general notation Hpprt). Heprr proves very useful in
evaluating the influence of pilot biodynamic responses on
the closed-loop stability of the pilot-vehicle system.

Nevertheless, the Biodynamic Feedthrough to positions
exhibits a notable drawback: its nature as a function de-
pendent on both pilot and control device dynamics, both
contributing to the overall vibration transmissibility. For de-
sign engineers tasked with crafting the flight control system
for a novel aircraft or retrofitting an existing one to allevi-
ate the impact of RPCs on vehicle handling qualities, this
poses a significant limitation. Design engineers aspire to
identify and differentiate between potential adverse interac-
tions, discerning those modifiable through interventions in
the flight control system from those inherent to pilot biome-
chanics, which cannot be readily altered. In conceptual
terms, the former constitute design variables, while the lat-

ter present as constraints, mandating robustness.

Separating the components of the BDFT experimentally
can be quite challenging, especially if time and cost require-
ments mandate the simultaneous identification of the pilot
and vehicle contributions [3]. On the other hand, it is pos-
sible to notice that the pilot contributions, showing a strong
dependence on muscular activity, is subjected to a signifi-
cant stochastic variation, while components related to the
control device are far more deterministic. For this reason
and more, an appealing approach to the problem is repre-
sented by the use of numerical multibody models of pilot
and control device, that can be utilized in evaluating the dif-
ferent components of the BDFT and assessing the sensi-
tivity of it with respect to the driving parameters of the pi-
lot biomechanics and the control device servomechanical
properties.

2 Research Goals

Given a global definition of the BDFT:

ch(s)
Hgprr(s) = —+ (1)
) agist (5)
where 6¢4(s) is the deflection of the control device, while
agist is the acceleration (disturbance) of the cockpit, mea-
sured at the pilot’s seat, the following research questions
will be addressed:

| is it possible to robustly separate the BDFT components
related to the pilot from those related to the lever?

Page 1 of

Presented at the 50th European Rotorcraft Forum, Marseille, France, 10—12 September, 2024

This work is licensed under the Creative Commons Attribution International License (CC BY). Copyright © 2024 by author(s).



Il can this decomposition be consistently and efficiently
achieved using a detailed numerical model of the lever
and pilot?

IIl which are the experimental setup and procedures nec-
essary to validate such process?

3 Methods

The design and the results of a series of numerical tests
conducted on a multibody model incorporating human up-
per body biomechanics (head, spine, upper limbs) and con-
ventional helicopter control devices (collective and cyclic
levers) [4] will be presented, along with the design, imple-
mentation and results of experimental tests dedicated to the
validation of the numerical models.

The focus is directed towards the collective axis, there-
fore Ocq4 appearing in equation is representing the col-
lective lever deflection, while aqist is representing the seat
acceleration in the heave direction.

The tests aim to identify the components of the rotorcraft-
pilot biodynamic feedthrough, following the conceptual
schematics first proposed by Venrooij [2]. The transfer func-
tion Hpprt can be viewed as the composition of four distinct
elements (Cf. FigurgT):

Oca(s)  HapmHcp

Hgper(s) = =
(s) agist(s)  Hapm — Hep

(HgzroL + Hcorr)
)

Each component has the following meaning:

o ecd(s)

7;ot(s)
control deflection 6.4 as a function of a torque Ty di-
rectly applied to it, with the base fixed (aqist = 0) and
the pilot detached from the lever;

* Hecp

: the control device dynamics, i.e. the

Teart(s)
Adist\S
i.e. the moment generated on the control lever as a
function of the base acceleration, with the pilot de-
tached from the lever;

Ocq(s
* Hapm = co(9) : the neuromuscular admittance,
_ Toms (5) .
i.e. the rotation of the control device due only to the

action of the pilot biomechanics, with the base fixed;

* Heprr = : the control device feedthrough,

Thot01(5)
adist(s)
force in open loop, i.e. the torque generated on the
control device by the pilot biomechanics, as a function
of the base acceleration, with the control device fixed.

* HporoL = : the biodynamic feedthrough to

Notice that the neuromuscular admittance is, by defini-
tion [2], only a function of the pilot biomechanics. Therefore
Thms is the moment generated by the reaction forces and
moments exchanged between the pilot’s hand and the con-
trol lever.

In general terms, the first two blocks, Hcp and Hgper,
exclusively pertain to the control device, whereas Hapy and
HporoL are solely determined by pilot biomechanics.

It is also possible to define the combination of the control
device dynamics Hgp and the neuromuscular admittance,
Hppw, the force dynamics feedthrough, Hrprr:

Hrprr = — 3)

which represents the input-output relationship between the
rotation of the control device and the torque applied to it,
with the pilot holding the lever. It is important to notice that
the knowledge of Hrprr allows to recover Hapm, which can
be difficult to measure directly in practice|5], from the knowl-
edge of Hgp:
Heprr = Hpomten 4)
Hppm — Hep
Furthermore, it is possible to notice that Hgper assumes
a particularly simple shape. In fact, considering a Linear
Time-Invariant (LTl) model of the control device, forced by
the base vertical acceleration:

JiO 48+ (kg — Syg)0 = —S;cos 0pz(1) (5)

where J; is the moment of inertia of the inceptor with re-
spect to the pivot axis, ¢, and ky represent respectively the
equivalent damping and the equivalent stiffness of the con-
trol chain elements, evaluated for the control lever rotation
about the pivot axis, S./! is the first moment of inertia of
the inceptor (the product of its mass times the distance of
the center of mass with respect to the pivot axis), 6 is the
static equilibrium position assumed by the control inceptor.

The vertical acceleration of the base is 7(¢). Considering
that ) )
Teart = JiO+c®+ (ke — Srg)® (6)
the control device feedthrough results simply in
Hcprr = —S;cos 6y @)

Four numerical tests are devised and conducted to iden-
tify the transfer functions of these components. Subse-
quently, the results from combining individual components
to estimate Hgprr are compared against direct numerical
tests, wherein the full model comprising both pilot and con-
trol devices is subjected to base acceleration, and the re-
sulting collective rotation output is measured.

3.1 Multibody Dynamics

The numerical tests were performed using the general-
purpose multibody dynamics analysis software MBDyn [6ﬂ

The complete pilot upper-body model (Figure [2) includes
the spine (vertebrae and visceral masses), the torso (rib
cage), the upper limbs (right and left arm), and the seat
(cushion and backrest), along with a generic helicopter
cockpit configuration (control inceptors and seat). The
model is fully parameterized based on the age, sex, height,
and weight of the pilot [7].

Thttps://www.mbdyn.org/
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Figure 1: Block diagram highlighting the structure of the Hgop.

Figure 2: MBDyn Multibody Pilot Model

For the application here considered, which does not in-
clude poses of the upper limbs characterized by large shoul-
der abduction and flexion angles, the motion of the scapula
and of the clavicle is neglected, and the humerus is directly
joined to the torso with an ideal spherical joint. The remain-
ing rigid bodies in the upper limbs model represent the ra-
dius, the ulna, and the hand of each limb. The hand is rep-
resented by a single rigid body.

The muscle forces are considered only tensile and de-
pend on length, elongation rate, and muscle activation level.
Specifically, each limb is actuated by 25 muscles, modeled
by active viscoelastic 1-D elements. The force exerted by
the i-th muscle is based on a modified version of the simpli-
fied Hill-type model originally proposed by Pennestr'i et al.
in [8]. The dependencies of the force on the muscle peak
isometric force, the elongation, and the elongation rate are
developed as a function of three parameters: the peak iso-
metric force (fp), the reference length (ly), and the reference

velocity (Vo). These parameters can generally be set to a
fixed value or as a function of /.

Once the non-dimensional length x = [/lp and velocity
V= [/Vo are defined, the force due to the i-th muscle is
expressed as:

fmi = fo(fix) o(V)a+ f3(x)), 8)

where f3(x) is the passive contribution due to tendon elas-

tic elements, while f;(x) and f>(v) are the active forces ex-

erted by the muscles. Reference values for the parameters

lp and fy can be found in [7], [9]. The parameter a repre-

sents the muscle activation, with values between 0 and 1.
The value of a is influenced by three contributions:

a(t) = ap + a,(t) + atLavs, 9)

The reference activation ap is the minimum required to
hold the reference static position and does not depend on
time. The reflexive contribution a,(¢) is defined as a,(r) =
k(1 —1Io) + kql, where [ is the muscle elongation. This rep-
resents the contribution aimed at maintaining the muscle’s
reference length and contractile velocity, often modulated
by the pilot in an unconscious way. It is obtained through
a quasi-steady approximation of the activation dynamics,
likening the muscle control to a Proportional-Derivative (PD)
controller.

Lastly, atLams is the contribution from the simultaneous
activation of antagonist muscles, which does not alter the
torque generated by the muscle forces but changes the
limb’s equivalent impedance at the control inceptor. This
contribution is introduced by the so-called Torque-Less Ac-
tivation Modes (TLAMS), i.e. through combinations of acti-
vation that do not change the total resulting joint torques, as
discussed in [7], [10].

The collective and cyclic inceptors are represented by
rigid bodies as well, connected to the fixed frame and to
the hands’ nodes by ideal kinematic constraints. In par-
ticular, the collective lever is connected to the fixed frame
by a revolute joint, allowing it to rotate about the global Y-
axis, pointing towards the pilot’s left. It is also connected



to the pilot’s left hand with a clamp constraint eliminating
all the relative degrees of freedom. The cyclic stick is con-
nected to the global frame through a Cardano joint, allowing
rotations about the global X -axis, pointing towards the heli-
copter nose, and the global Y-axis.

3.2 Numerical tests

The Hep, Hrprt, Hppy-1 @nd Hearol blocks were identified
in numerical test performed with the multibody model. The
model was generated with biometric characteristics match-
ing the ones of the subject that subsequently took part of the
experimental tests. Therefore the model of a female pilot,
aged 26, weighting 53kg and 1.72m tall has been gener-
ated.

Each test, described in detail in the following sections, has
been performed through a dedicated MBDyn simulation.
MBDyn allows for the automatic execution of stepped-sine
identification tests by means of the harmonic excitation
element, available in the hfelem moduleE] [11]. The ele-
ment generates the appropriate sinusoidal signal to be ap-
plied as the excitation term, and allows to define a set of
signals to be monitored during the simulation. When the
frequency and the amplitude of the monitored signals stabi-
lizes (within a user-specified tolerance), the element stores
the signal properties (amplitude, phase) and switches to the
next defined frequency and amplitude for the forcing term.
The integration timestep can be automatically changed to
keep constant the number of integration points per period
of the excitation signal. ..

In all the cases presented in this section, the harmonic
excitation frequency ranged from 0.5Hz to 7.5Hz, with
0.1 Hz step. The amplitude was modulated in order to en-
sure that the system response remained in the linear region.

3.2.1 Control device dynamics, Hcp

Figure 3: Hcp : lever contribution

To identify Hcp it is necessary to exclude the pilot from
the loop (Figure [3). For this reason the joint between the
hand and the collective lever has been disabled. The rota-
tion of the lever has been prescribed. In order to do so, a

2https://www.mbdyn.com/Documentation/FAQ.html#
what-are-run-time-loadable-modules-and-how-do-they-work

new joint has been established between the lever and the
global frame, to mandate the rotational law of the lever once
the excitation is imposed. No motion platform acceleration
disturbance is present. Once the rotation is prescribed, the
moment generated by the constraint to enforce it was ex-
tracted from the simulation results, in the form of the reac-
tion moment acting between the global frame and the col-
lective lever, applied to the latter, about the global Y axis.
The results obtained from simulation are shown in figure
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Figure 4: Hgp

3.2.2 Force dynamics feedthrough, Hepgr

Figure 5: Hrprr: lever and pilot contribution
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Figure 6: Hrpft

In the definition of the force dynamics feedthrough,
Heprr, both the pilot and the lever are involved (Figure [5).
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Indeed, the term is the combination of Hcp and Hapu as de-
scribed by equation |4} To obtain this transfer function with
the multibody model, a torque was applied to the lever, and
the rotation of the lever was extracted. In this case, the pilot
is holding the lever: the biomechanical response of the body
thus participates in the lever response. The disturbance in
platform acceleration is not active. The result is depicted in
Figure [6]

3.2.3 Biodynamic feedthrough to forces in open loop,
HearoL

paccdis /

Figure 7: HgoroL : pilot contribution.

The biodynamic feedthrough to force in open loop,
HporoL is solely influenced by the pilot biomechanics (Fig-
ure[7). In fact, the definition of the transfer function is

Tootol ()
agist(s)

HporoL = (10)
where Tpoto is the moment generated on the control de-
vice by the reaction forces and moments exchanged be-
tween the pilot’s hand and the control device itself, when it
is locked in place. It is important to note that one can con-
clude that this term depends solely on the pilot if, as in the
examined case, the dynamics of the elements connecting
the pilot to the base and the pilot to the lever are negligible.
In other words, the influence of vertical structural dynamics
of the seat, comprising the cushion, and that of the con-
trol device grip, must be negligible in frequency range of
interest. To calculate HgoroL , the lever was fixed to prevent
rotation, and a vertical disturbance signal agist was applied
to the platform acceleration. Subsequently, the input (agist)
and output (Tpot01) Of the transfer function HgorpoL were ob-
tained from a stepped sine test. Also in this case, the reac-
tion moment between the hand and the lever was exploited
to determine the output (Figure [g).

3.2.4 Neuromuscular admittance, Hapm

The neuromuscular admittance, as the name suggests, in-
volves only the pilot biomechanical response (Figure [9).

In the numerical test, the input signal is represented by
a torque applied to the control device. The rotation of the
lever B4 (output of Hapm) and the torque Tnms (input) were
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Figure 8: HgoroL

extracted. To output T,ns has been extracted from the re-
action of the joint between the hand and the lever. In this
simulation there is no motion platform acceleration distur-
bance. (It can also be emphasized that this term can be
calculated using the relationship in equation [4). The cal-
culated Frequency Response Function (FRF) is shown in

figure
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Figure 9: Hapwm : pilot contribution
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Figure 10: Hapm

3.3 Biodynamic Feedthrough, Hgprr

As a mean of verification, the BDFT has been directly esti-
mated in a further numerical test.

To estimate the FRF associated to the biodynamic
feedthrough Hpprr, an input in platform vertical accelera-
tion 7 (representing agist in this case), was applied by pre-
scribing the motion of the seat node, through the harmonic
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Figure 11: HppFt: lever and pilot contribution.

excitation element. The rotation of the lever 6.4, output
of Hgprr, was extracted (Equation [1) through the rotation
of the node associated the lever rigid body. The resulting
direct estimation of Hgpet is presented in section E|, in Fig-
ure [T6] compared to the outcome obtained from its recon-
struction using the various terms described earlier through
equation [2}

3.4 Experimental Approach

After exploiting the multibody model for the Hgprr decom-
position process, it was decided to reproduce the process
experimentally to validate the results obtained through the
numerical approach. Consequently, the various terms nec-
essary for the reconstruction of the Hgper were identified
experimentally. The experiments were conducted using
the RPC testbed, based on a 6-DOF motion platform sys-
tem, available in the Department of Aerospace Science
and Technology laboratories at Politecnico di Milano (Cf.
Figure [T2) and described in detail in [12]. The testbed

Figure 12: The RPC testbed, at Politecnico di Milano DAER labo-
ratories.

is equipped with a completely reconfigurable helicopter
cockpit mockup, mechanical systems simulating the control
chain of the collective, cyclic levers and pedals. As men-

tioned above, this study exclusively investigated the phe-
nomena affecting the collective lever.

A collective lever mockup was constructed with length,
mass, and moment of inertia reported in Table Taking
into account the ergonomics of

Parameter Symbol Value Units
Length ¢ 500.000 mm
Mass my 3.776 kg
CG position XCG 320.000 mm
Reference Position (50%) 00, ref 22.000 °
Moment of inertia w.r.t. CG Jy 0.092 kgm?
Balancing spring constant k  1500.000 Nm™!
Balancing spring offset r 65.000 mm

Table 1: Collective lever mockup characteristics

It was necessary to correctly replicate the balancing sys-
tem, to ensure that the lever remained in the desired po-
sition throughout the experiments. A linear spring, which,
when appropriately tensioned, could maintain the lever in
the required position, was employed (Cf. Figur. (The
spring’s elastic coefficient was measured in the labora-
tory with a tensile test). With this setup, the experimental
trials were performed. Specifically, the following compo-
nents were experimentally measured: Hcp, HeoroL, HFDFT,
Hpgper. No direct test has been performed to identify the
neuromuscular admittance, Hapy. Instead, it has been
decided to obtain it from the force dynamics feedthrough,
Hepet, and the control device dynamics Hcp. The follow-
ing sections will provide a more detailed explanation of the
tests conducted for each term.

3.4.1 Control device dynamics, Hcp

The first tests aimed at identifying Hgp, which exclusively
depends on the lever dynamics, therefore the pilot is not
touching it during the tests. For the identification, it is neces-
sary to apply a torque to the lever and measure its rotation.
The test setup used for this experiment is shown in the fig-
ures[T3]and[T4 To apply the torque, an inertial shaker was
used. The figures show the shaker mounted on a bracket
to reach the desired acting position, which is represented
by a crank installed on the collective axis. Connected to
the shaker is a stinger made of nylon, equipped with an
uniaxial load cell (Piezotronics 208B01). The collective ro-
tation is measured via a Hall effect encoder (Active Sensors
MHR5500). Tests are conducted utilizing a Siemens Sim-
center SCADAS system, which controls in closed loop the
voltage supply to the shaker by evaluating the force mea-
sured by the load cell.

Once activated, the shaker moves the stinger, which, be-
ing constrained to the lever’s feedback system via the load
cell, produces a rotation of the lever measured through an
encoder. Using the MIMO FRF acquisition procedures of
Testlab [13], the test can be conducted, specifically us-
ing a random signal as input to the shaker in the frequen-



cies of interest 0.5-7.5Hz. The frequency resolution was
set at 0.1 Hz, with each individual record having a width of
10s. Subsequently, the FRF was calculated, with the input
being the torque applied to the lever and the output being
the lever’s rotation. The software employs an H, estimator,
which is defined ad the geometric mean of the H; and H,
estimators:

Sre(jo)
o) = Srr(j) (1a)
Hy(jo) = gggz‘;; (11b)
= (H) (jo)Hy(jo)) "/ (110)

with S;¢(jo) begin the autospectrum of the input and
Syo(jw) the cross-spectrum of the output with respect to the
input. The power spectra were calculated following Welch’s
algorithm [14], using 60 averages.

Figure 14: Detail of test bed for Hgp: spring, shaker, load cell,
stinger

3.4.2 Force dynamics feedthrough, Hegper

To measure Hrprr, the test setup employed is the same as
the one described in the previous paragraph for Hcp. In
this case, it is also necessary to apply a torque to the lever
and measure its rotation. However, unlike before, the pi-
lot is included in the loop. The Hper term describes the

pilot-lever system, therefore, the pilot was asked to hold the
lever throughout the entire experiment. The input signal to
the shaker was, as for Hgp, a random signal within the fre-
quency band 0.5-7.5Hz. The FRF was calculated follow-
ing the same process described for Hgp, with the input be-
ing the torque applied to the lever and the output being the
lever’s rotation.

3.4.3 Biodynamic feedthrough to forces in open loop,
HgaroL

The HporoL term exclusively describes the pilot, when the
system is excited through the acceleration disturbance. The
input of this term is the platform acceleration, and the mo-
ment generated around the pivot point of the lever by the
force exchanged between the hand and the lever repre-
sents the output. As proposed by Venroij et al. in [2] and
mentioned in previous paragraphs, calculating Hgorol re-
quires blocking the lever rotation and measuring the force
exchanged between the hand and the lever.

A six-axis load cell (Model 6ADF80) was mounted be-
tween the lever and the grip as shown in figure |’1;5|, and an
accelerometer was placed under the seat to measure the
input acceleration. To conduct the test, an acceleration dis-
turbance — a white noise signal — was generated through
the platform motion control, at the frequencies of interest
0.5-7.5 Hz, and the pilot was asked to hold the lever, main-
taining the initial reference rotation 0e;. A graphical user
interface displaying the current and desired control level po-
sition was visualized in front of the pilot, on dedicated mon-
itors (for more details, refer to [12]). Using the time data
acquisition module of Test 1ab, the data were collected and
then analyzed in the frequency domain to obtain the desired
FRF.

Figure 15: Load cell between lever and grip

3.4.4 Biodynamic Feedthrough, Hgprr

The Hpper term integrates the various contributions de-
scribing both the lever and the pilot. To experimentally ob-
tain this term, it is necessary to apply an acceleration to the
MPS, identical to the one used for HgoroL, (Mmeasured by



the accelerometer under the seat) and measure the rota-
tion of the lever, with the pilot in the loop. The procedure
follows the standard one applied to pilot-vehicle systems on
the RPC testbed, with more details available in [12].

4 Results and Discussion

Numerical and experimental tests have been conducted to
identify the constituent blocks of Hgprr, and the resultant
Hpgpr7 obtained from direct numerical tests has been effec-
tively reconstructed through a combination of these blocks.
As noted in the previous section, an analytical approach
has been employed to estimate Hcper, for both the experi-
mental and the numerical approaches, yielding satisfactory
results particularly when linear models of the main compo-
nents in the control chain are considered adequate approx-
imations of their real counterparts.
The results obtained with the numerical approach using
the multibody model are shown in Figure The blue
curve represents the Hgprr reconstruction obtained follow-
ing equation[2] while the red dashed curve shows the Hgprr
obtained from experiments. The curves are very close to
each other, leading to the conclusion that the decomposi-
tion proposed by Venraiji et al. [2], which was originally ver-
ified for a sidestick configuration, yields satisfactory results
also for a helicopter lever (in this case a collective lever).
After testing the process on a multibody numerical model
and obtaining satisfactory results, the procedure was re-
peated experimentally. The experimental process proved
to be more complex and challenging. Not all terms calcu-
lated numerically were subsequently identified experimen-
tally: in particular, the neuromuscular admittance Hapw, for
which the experimental setup is challenging because of the
need to eliminate the effects of the lever dynamics, while
allowing its motion. As an alternative approach, Hrprr was
calculated, allowing the reconstruction to proceed following
equations [dland 2] The results obtained are shown in Fig-
ure [17] where the green curve represents the Hgprr 0ob-
tained from a direct test, while the yellow curve represents
the curve combining the single components. The result is
satisfactory. The two curves are close, especially up to a
frequency of 4 Hz. At higher frequencies, it can be observed
that the Hgprt obtained directly rises and falls as if another
couple of complex conjugated poles was present, a feature
that is not well captured by the reconstructed Hgprr. This
behavior is likely due to the effect of the first axial mode of
the spine, which is typically located in the range 4.5-6.5Hz
and can affect the transmissibility of vertical vibrations from
the base to the shoulder girdle[15]. This effect is the subject
of further investigations, currently ongoing.
Despite these minor differences, it can be concluded that
the process of separately identifying the pilot and lever con-
tributions to the overall biodynamic feedthrough.
It is worth to emphasize the significance of experimental
tests, as they are crucial for validating the numerical model.
Having a robustly validated numerical model allows for vary-
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Figure 16: Comparison between the Hgprt obtained by direct nu-
merical test and through the reconstruction from its components.
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Figure 17: Comparison between the Hpprr obtained by direct
experimental test and through the reconstruction from its compo-
nents.

ing the lever and pilot parameters without needing to repeat
the experimental procedure.

For this reason, the results obtained from the experimen-
tal Hgprr were compared with the numerical Hgprr. The
results are shown in Figure [T8] where the green curve rep-
resents the experimental results, and the red curve repre-
sents the numerical simulation results. Looking at the mag-
nitude plot, it can be seen that the red curve reproduces
the overall trend and absolute value of the green curve. As
mentioned in previous analyses, the experimental Hgprt
also shows the presence of a possible additional poles,
probably related to the first axial mode of the pilot spine, the
effect of which is not currently adequately captured by the
numerical model. Also in this case, focus is currently being
placed on updating the multibody model to better catch this
effect.
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Figure 18: Comparison between the Hgprt obtained by direct nu-
merical test and the Hgprt obtained by experimental test .



4.1 Conclusions and Future Developments

In this work, the biodynamic feedthrough related to the
transmissibility of vibrations between the vertical accelera-
tion of the pilot seat to the rotation of the collective lever,
Hpprr, has been decomposed into terms that describe
separately the pilot and the lever contributions, an approach
adopted from Venrooij's work [2]. This breakdown allows
to understand the respective influences of the lever and the
pilot in the Biodynamic Feedthrough. Departing from the
literature proposals, the control device used in this study
is the collective lever of a helicopter. In this study, two
distinct approaches were employed: a numerical approach
using a detailed multibody model of the upper body and the
collective lever, and an experimental approach involving
the RPC testbed available at the Politecnico di Milano
laboratories. Both methods proved to be satisfactory,
leading to the conclusion that the approaches proposed in
the literature are viable in the examined case. Itis important
to stress that these approaches should not be viewed as
separate but rather used concurrently. The experimental
approach is essential for validating the multibody model.
This work represents a preliminary step toward robust
model validation.

The results obtained pave the road for numerous fu-
ture developments. The experimental procedure will be re-
peated for multiple individuals of different sex, age, height,
and weight. This will allow us to test the model’s predictabil-
ity for people with varying biometric characteristics. The
multibody model can then be used to perform a compre-
hensive sensitivity analysis by varying the parameters that
describe the lever and those that describe the pilot. This will
enable to better understand how each element affects the
biodynamic feedthrough, and thus to better support robust
design processes for helicopter flight controls.
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