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Abstract
Biodynamic feedthrough (BDFT) occurs when vehicle vibrations and accelerations feed through the pilot’s body and cause
involuntary motion of limbs, resulting in involuntary control inputs. BDFT can severely reduce ride comfort, control accuracy and, above all, safety during the operation of rotorcraft. Furthermore, BDFT can cause and sustain Rotorcraft-Pilot
Couplings (RPCs). Despite many studies conducted in past decades – both within and outside of the rotorcraft community
– BDFT is still a poorly understood phenomenon. The complexities involved in BDFT have kept researchers and manufacturers in the rotorcraft domain from developing robust ways of dealing with its effects. A practical BDFT pilot model,
describing the amount of involuntary control inputs as a function of accelerations, could pave the way to account for adversive BDFT effects. In the current paper, such a model is proposed. Its structure is based on the model proposed by
Mayo [1], its accuracy and usability are improved by incorporating insights from recently obtained experimental data. An
evaluation of the model performance shows that the model describes the measured data well and that it provides a considerable improvement to the original Mayo model. Furthermore, the results indicate that the neuromuscular dynamics have
an important influence on the BDFT model parameters.

1.

INTRODUCTION

Biodynamic feedthrough (BDFT) occurs when vehicle vibrations and accelerations feed through the pilot’s body and cause involuntary motion of limbs. Especially the involuntary motions of torso, arms and
hands can degrade manual control performance as
they may lead to involuntary control inputs. BDFT can
severely reduce ride comfort, control accuracy and,
above all, safety during the operation of a large range
of different vehicles, e.g., hydraulic excavators [2], aircraft when flying through atmospheric turbulence [3]
or during roll-ratcheting [4], and electrically powered
wheelchairs [5]. Aircraft handling qualities are known
to degrade due to BDFT effects [6, 7], and also for rotorcraft the pilot control performance can suffer from
the effects of BDFT [8, 1, 9].
The occurrence of BDFT in helicopters has been
under investigation for several decades. One of
the earlier studies was done by Gabel and Wilson
(1968), where vertical bounce (also known as collective bounce) was investigated [8]. Vertical bounce is
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a divergent, vertical helicopter oscillation caused by
an interaction between the vertical motion of the helicopter and the pilot’s body, where involuntary motions of the pilot’s arm are coupled to the collective
pitch stick. Another example of a study investigating
BDFT in helicopters was performed by Mayo in 1989
[1]. Here, the effects of BDFT in the helicopter collective control loop were measured, modeled, and simulated. Other, more recent studies regarding BDFT
in helicopters have been conducted in the context
of the GARTEUR HC-AG16 project (e.g., [10]) and
the ARISTOTEL project (e.g., [11, 12, 13, 14]). In
these projects, so-called Rotorcraft-Pilot Couplings
(RPCs) were/are investigated. RPCs (also, until
the mid 1990s, known under the name of Pilot Induced/Assisted Oscillations (PIOs/PAOs)) are oscillations or divergent responses of a vehicle originating from adverse pilot-vehicle couplings. Biodynamic
feedthrough can cause and sustain such events. Recently, RPCs have received more attention in the design, testing and operation of rotorcraft. An important
reason for this is that with the rapid advances in the
field of flight-control-systems (FCS) rotorcraft seem
more sensitive to the appearance of RPC events

[15, 16], stressing the need to better understand how
BDFT may interfere with control performance in order
to predict, evaluate and alleviate its effects on RPCs.
Despite many studies conducted in past decades –
both within and outside of the rotorcraft community –
BDFT is still a poorly understood phenomenon. Many
factors are known to influence BDFT dynamics [17]
but undoubtedly the most complex source of variation
in BDFT dynamics is the human operator. Not only
between-subject variability has shown to be of importance – i.e., differences in body characteristics such
as weight and size [1, 18] – but also within-subject
variability is of great importance – i.e., time-varying
factors such as workload [1] and task interpretation
[19]. Modeling or accounting for both sources of variability has proven to be a challenging task. In literature, between-subject variability is often reported but
only occasionally dealt with. The study by Mayo is an
exception, as it particularly investigates one source
of between-subject variability, namely body type [1].
More details regarding this study are provided in the
next section.
Studies examining the topic of within-subject BDFT
variability seem to be even more rare. Once more, in
many publications the possibility that BDFT dynamics may vary over time, as results of ‘muscle activity’ or ‘control strategy’, is mentioned, but generally
not investigated in any detail. Recently, a method
was developed to measure BDFT and neuromuscular admittance (a measure for limb dynamics) simultaneously [20]. Neuromuscular admittance, or simply admittance, is a measure for describing the limb
dynamics of the subject’s body and represents a dynamical relationship between force input and position
output. The admittance contains the effect of both
static features (e.g., limb weight) and time-varying
features (e.g., muscle co-contraction). This makes
neuromuscular admittance an insightful instrument in
understanding BDFT. The results showed a strong dependency of BDFT dynamics on admittance, which
itself is depending on the control task performed or
the control strategy selected by the pilot [21]. With
the results of this method it was also shown that effective cancellation of BDFT requires a subject- and
task-dependent approach, i.e., accounting for both
between- and within-subject variability [22]. Simulations suggest that not accounting for either of them
leads to suboptimal control actions or even a complete failure of the cancellation.
The complexities of BDFT, and especially the present
limited understanding of this phenomenon, have kept
researchers and manufacturers in the rotorcraft domain from developing robust ways of dealing with
BDFT (and RPCs). One of the possible applications
of this knowledge could be, for example, the determination of the susceptibility of a particular vehicle design or control device layout to RPCs in an early stage

in the design process. To allow for such analyses,
a BDFT model, describing the amount of involuntary
control inputs as a function of accelerations, would be
the appropriate tool.
Elaborate BDFT models have been developed (e.g.,
[23]), but these are rarely used in practice as they
are too unwieldy to be implemented in a sensible
way in the design process. Instead, more basic and
therefore more practical models, such as proposed
by Mayo [1], are used (e.g. in [10, 24, 25, 26, 13]).
The simplicity and direct applicability of Mayo’s pilot
model seems to be an important trait. The model
contains only four parameters, for which values were
provided for the different body types. However, the
drawbacks of a ‘simple’ model are apparent too: such
a model can never account for the complexities encountered in reality and is bound to be inaccurate
when circumstances deviate from the intended conditions. The challenge of balancing a model’s accuracy with the model’s usability is a difficult one, but
in general it can be said that many helicopter manufacturers and researchers would benefit from a BDFT
pilot model, dedicated to rotorcraft, which is directly
applicable and easy to use.
In the current paper, a practical BDFT pilot model
is proposed for rotorcraft. Its structure is based on
the model proposed by Mayo, its accuracy and usability are improved by incorporating insights from recently obtained experimental data. The model is independent from vehicle dynamics and can thus be
used in simulation with a large range of helicopter dynamic models to investigate closed-loop interactions
between pilot and vehicle. Between-subject variability is accounted for by providing model parameters for
different body types. Within-subject variability – the
most significant extension of Mayo’s original model –
is accounted for by providing model parameters as a
function of the pilot’s neuromuscular adaptation to different tasks.

2.

MAYO’S BDFT PILOT MODEL

In the following, the details of the model as proposed
by Mayo in Ref. [1] are discussed. This model will be
referred to as the Mayo (pilot) model.

2.1.

Experiment description

In Mayo’s experiment, the pilot’s collective stick motion was recorded while the pilot was being perturbed
using vertical, sinusoidal acceleration disturbances of
discrete single frequencies, ranging from 1 to 5 Hz,
in 0.5 Hz increments. The duration of each disturbance signal was approximately 3 minutes. The simulator cockpit was set up with the conventional helicopter seat, and controls, i.e., cyclic, collective and

The Mayo pilot model

To describe the experimental results, Mayo proposed
the following transfer function pilot model, which describes the absolute acceleration of the hand holding
the collective as a function of the seat’s vertical acceleration [1]:
(1)

Hmayo,abs (s) =

a1 s + a2
,
s2 + b1 s + b2

where s represents the Laplace operator. The values
of the four parameters a1 , a2 , b1 and b2 were found
by fitting the transfer function on the data obtained
for the two somatotypes. Slight differences between
the BDFT dynamics for the two somatotypical groups
were reported. The resulting models for ectomorphic
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Figure 1: The adapted Mayo model (Eq. 4) for
ecto- and mesomorphic subjects. The asterisks indicate the frequencies where acceleration disturbances
were applied in Ref. [1].
and mesomorphic subjects were:
(2)

ecto
Hmayo,abs
(s) =

5.19s + 452.3
s2 + 13.7s + 452.3

and
(3)

2.3.
2.2.
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pedals. The control dynamics were set to “typical”
values (no further details provided in the original publication), with the exception of the deadband region of
each inceptor, which was removed to eliminate nonlinearities. No outside visuals were provided. The measurement devices were two three-axes accelerometers, which were mounted on the collective grip and
at the center of the pilot’s seat, recording at 30 Hz.
To maintain natural grip during the BDFT measurement, the subjects were instructed to perform a lowfrequency tracking task. The task was performed using both the longitudinal cyclic (fore-aft) and the collective stick in order to simultaneously track two lowfrequency signals, indicated by two needles in the
cockpit. Each inceptor controlled a needle which was
moving sinusoidally around a trim point. The objective
was to keep each pointer at the center trim position.
The experiment was performed in an ‘open-loop’ fashion, meaning that the control input provided by the
pilot did not influence the acceleration of the motion
platform. The tracking signals were of “sufficiently low
frequency” to be spectrally separable from the BDFT
measurement.
A total of six participants, with different body types
and piloting experience, participated in the experiment. To generalize the differences in anthropometric
types the results were averaged for “three distinctly
mesomorphic” (athletic bone structure and muscle
build) subjects and for “three distinctly ectomorphic”
(slim bone structure and muscle build) subjects. The
average height was 175.3 cm for the ectomorphic
subjects, and 185.4 cm for mesomorphic subjects.
The average weigth was 69.0 kg for the ectomorphic subjects, and 89.8 kg for mesomorphic subjects.
Meso- and ectomorph are two of the three somatotypes as proposed by Sheldon et al. [27]. The third
somatotype is endomorphic (not measured in [1]) and
can be characterized as having a large bone structure
and muscle build.

meso
Hmayo,abs
(s) =

4.02s + 555.4
s2 + 13.31s + 555.4

Adapting the Mayo model

The transfer functions in Eqs. 1-3 describe the absolute acceleration, in m/s2 , of the hand holding the
collective as a function of the seat’s vertical acceleration, in m/s2 . In order to compare this model with
the BDFT results obtained in this study, it needs to
be adapted to obtain relative control device deflection, in rad, as a function of the seat’s vertical acceleration, in m/s2 . This can be done, as described in
[12], by adding a two pseudo-integrators (1/(s + c)),
converting acceleration to position, and by dividing by
the length of the inceptor L, in m, approximating deflection in rad. To obtain the relative deflection one
needs to subtract the absolute acceleration of seat
from the absolute acceleration of the hand, resulting
in Hmayo,abs (s) − 1. The relative deflection of the control device as a function of the acceleration can be

thus written as (also see [12]):
(4)

Hmayo (s) =

1
1 1
(Hmayo,abs (s) − 1)
s + c1 s + c2 L

The values c1 and c2 can be used to eliminate drift
and account for the pilot’s ability to correct for lowfrequency disturbances [12]. When c1 = 0, the first
pole becomes an integrator 1/s, canceling the zero in
the origin resulting from Hmayo,abs (s) − 1. According
to Ref. [12], the second additional pole should be set
to a low frequency. In the current study c1 = 0 and c2
= 0.2π (= 0.1 Hz) is used, which is in accordance with
Ref. [11] (p. 7). Note that these values can be optimized, but to do so one needs low-frequency BDFT
data, which were not obtained in Mayo’s experiment.
For the current study the length of the collective was
determined to be L = 0.7 m.
Fig. 1 shows the magnitude and phase of the pilot’s
BDFT dynamics for the collective control input, obtained using Eq. 4 and the aforementioned parameter values. The asterisks in the figure indicate the frequencies where acceleration disturbances were applied in Mayo’s study.

2.4.

Discussion on the Mayo model

The pilot’s dynamics in Fig. 1 are shown for a much
larger frequency range than used by Mayo, as the
BDFT dynamics also show interesting features outside the 1-5 Hz frequency range [20]. The frequency
range used by Mayo was limited and it is therefore
likely that the model’s quality will reduce outside this
range. Furthermore, note that the differences observed between the ecto- and mesomorphic subjects
are only small. This observation, in combination with
the fact that the results are based on the average over
only three subjects for each somatotype, raises the
question whether the observed differences are indeed
caused by somatotypical differences and are not due
to other causes. Finally, the parameter values found
for the Mayo model reflect the BDFT dynamics for only
one particular setting of the neuromuscular system,
namely the neuromuscular settings used to perform
the low-frequency tracking task.
At this point, the main goals of the current study can
be made explicit. In the current paper, an enhanced
BDFT pilot model for rotorcraft is proposed with equal
simplicity as the Mayo model, but with increased accuracy and usability through incorporating recently
obtained measurement data [28]. The main intended
improvements are the following:
• Increase the model’s frequency range
• Incorporate the effect of somatotype (betweensubject variability);
• Incorporate the effect of neuromuscular admittance (within-subject variability);

Figure 2: Display presented to the subject. On the left
the collective, on the right the cyclic (roll in horizontal and pitch in vertical direction). The figure shows
the collective slightly above target value of 50%. The
cyclic is slightly deflected to the left and forward.
• Compare between- and within-subject variability
and determine relative impact
In the following, the adapted Mayo model, Eq. 4, will
be used as model structure, for which new parameter
values will be identified. To avoid confusion between
models, the model obtained in this study will be referred to as the ‘BDFT model’, or HBDF T (s). This
model will be compared to ‘Mayo model’ with the origecto
(s)
inal ecto- and mesomorphic parameters, Hmayo
meso
and Hmayo (s) respectively.

3.

METHODS

For the current study, new BDFT data were obtained
in an experiment. For a detailed description of this
experiment, the reader is referred to Ref. [28]. In the
following, the description is summarized.

3.1.

Experiment description

3.1.1. Apparatus
The experiment was performed on the SIMONA Research Simulator of Delft University of Technology, a
six degree-of-freedom flight simulator. The control devices were electrically actuated collective and cyclic
controls with adjustable dynamics settings. The settings used for each control axis were based on [29]
and are listed in Table 1. The seat in which the subjects were seated had a 5-point safety belt that was
adjusted tightly. Performance information could be
displayed on a 15” LCD screen in front of the subject,
see Fig. 2.

Table 1: Control device dynamical settings
Inertia
Damping Stiffness
Axis
(N s2 /deg) (N s/deg) (N/deg)
Cyclic pitch
0.0369
0.0514
1.8340
0.0162
0.0516
1.8100
Cyclic roll
Collective
0.0152
0.0447
1.7950
Table 2: Data of subjects (N=12).
Age
Weight
Height
BMI
(years)
(kg)
(cm)
(kg/m2 )
mean
27.9
75.0
179.9
23.1
stdev
4.3
12.2
6.5
2.8
Range 23-38 58-105 167-190 19.9-29.1

3.1.2. Subjects
Fourteen subjects participated in the experiment. All
subjects were right-handed. Before analyzing the
data, the results of two subjects were removed, due
to insufficient performance. See Table 2 for the subject data of the remaining twelve subjects. The bodymass-index (BMI) utilizes a person’s height (in m) and
weight (in kg), and is a measure of the total amount
of body fat in adults [30]. BMI is calculated by dividing
weight by height squared.

3.1.3. Experiment design
During the experiment, two disturbance signals were
used simultaneously: an acceleration disturbance
Mdist (t), applied to the simulator, and a force disturbance Fdist (t) applied to the control devices. Using
the acceleration disturbance Mdist , the BDFT dynamics were determined; force disturbance Fdist permitted obtaining the neuromuscular admittance. Motion
disturbance Mdist consisted of a translational acceleration signal, applied to a single axis of the simulator.
Force disturbance Fdist consisted of a force signal,
applied to a single axis of the control device. The direction of Mdist and Fdist were always aligned. The
measurements were performed for three disturbance
directions (DIR): lateral (LAT), longitudinal (LNG) and
vertical (VRT).
The subjects were instructed to perform three disturbance rejection tasks (TSK) [31]: position task (PT),
in which the instruction is to keep the position of the
side-stick in the centered position, that is, to “resist
the force perturbations as much as possible”; force
task (FT), in which the instruction is to minimize the
force applied to the side-stick, that is, to “yield to the
force perturbations as much as possible”; relax task
(RT), in which the instruction is to relax the arms while
holding the control devices, that is, to “passively undergo the perturbations”. For the PT the best per-

formance was achieved by being very stiff (low admittance), the FT required the operator to be very compliant (high admittance). The RT yielded an admittance
reflecting the passive dynamics of the neuromuscular system. Each task was trained before the experiment started. In earlier studies, it was shown that
the neuromuscular admittance and BDFT strongly depend on these control tasks [21, 20]. The three tasks
combined with the three directions results in a 3x3
repeated-measures design, each condition was repeated 6 times. During the experiment the angular
deflection of the side-stick θCD and the applied force
to the side-stick FC were measured.

3.1.4. Disturbance signal design
Both disturbance signals, Fdist and Mdist , were multisines, defined in the frequency domain. The signals
were separated in frequency to allow distinguishing
the response due to each disturbance in the measured signals [31, 20]. The frequency content of the
disturbance signals was equal in all conditions, only
the magnitude varied for each task. The magnitude
was varied in such a way that the standard deviation
of the control device deflections was approximately
similar in each condition to allow comparison across
conditions [20]. To obtain a full bandwidth estimate
of the admittance, a range between 0.05 Hz and 21.5
Hz was selected for the force disturbance signal Fdist .
This frequency range will be referred to as ωf . For
the motion disturbance signal Mdist , a range between
0.1 and 21.5 Hz was selected, which will be referred
to as ωm . Note that ωm is a much larger frequency
range than used in Ref. [1], which allows for expanding the model’s frequency range. For ωf 31 logarithmically spaced frequency points were selected in the
frequency range, for ωm 36 frequency points were selected (see Ref. [28] for details). There existed no
overlap between ωf and ωm .

3.2.

Analysis

The biodynamic feedthrough dynamics are calculated
using the estimated cross-spectral density between
Mdist (t) and θCD (t) (Ŝmd,θ (jωm )) and the estimated
auto-spectral density of Mdist (t) (Ŝmd,md (jωm )):
(5)

ĤBDF T (jωm ) =

Ŝmd,θ (jωm )
Ŝmd,md (jωm )

.

The procedure to calculate ĤBDF T (jωm ) assumes
linearity. To check the reliability of this assumption
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Figure 3: Magnitude and phase of the BDFT dynamics obtained per direction and per task. The results were
obtained by averaging over all subjects.
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3.3.

the squared coherence was calculated:
2

(6)

Γ̂2BDF T (jωm )

Ŝmd,θ (jωm )
=

Ŝmd,md (jωm )Ŝθ,θ (jωm )

.

The squared coherence is a value between zero and
one and a measure of the signal-to-noise ratio (SNR)
and thus for the linearity of the dynamic process. This
function equals one when neither non-linearities nor
time-varying behavior exist [32].
The neuromuscular admittance dynamics was estimated in a similar way to how the BDFT dynamics
were obtained, but now using the force disturbance
Fdist . As the results of the admittance analysis will
not be discussed in the current paper, no further details on that analysis will be provided here (see Refs.
[28, 20] instead).

Parameter estimation

The parameters of the BDFT model were estimated
by fitting the BDFT model on ĤBDF T . The latter was
obtained using Eq. 5 on the measurement data for
each subject and then averaging over all subjects,
for each control task. The estimation was performed
by minimization of the total squared logarithmic difference between the measured and modeled BDFT
dynamics, with the following error criterion:
#
"
X
ĤBDF T (ωm )
(7)
EB2P =
.
log
H̄BDF T (ωm )
ω
m

ĤBDF T is the Frequency Reponse Function (FRF) of
the biodynamic feedthrough estimate and H̄BDF T is
the FRF of the BDFT model.
During the parameter estimation it was observed that
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Figure 5: The Mayo model applied to the measurement data in vertical direction.
a1 was estimated to be zero or close to zero in each
condition. Therefore, this parameter was fixed to zero,
to prevent over-parameterization. This did not lead to
an increase in EB2P . Also parameter c1 was fixed to
a value of zero, as was done in Ref. [12] (see Section
2.3). The parameters that remained to be estimated
were a2 , b1 , and b2 (from Eq. 1) and c2 (from Eq. 4).

4.
4.1.

RESULTS
Non-parametric estimates

Fig. 3 shows the measured pilot BDFT magnitude and
phase, averaged over all subjects, for each condition,
grouped per disturbance direction. The means over
the subjects are indicated by the lines, the standard
deviations by the colored bands (mean + 1 standard
deviation is shown). It can be observed that the BDFT
dynamics depend on both disturbance direction and
task. More particularly, it can be observed that for all
three directions, for disturbances above 1-2 Hz, the
PT results in the highest level of BDFT. For this task,
also a peak in the BDFT level can be observed between approximately 2 and 3 HZ for each direction.
This implies that ’stiff’ behavior, although largely beneficial at lower frequencies, is the worst strategy when
dealing with motion disturbances above 1-2 Hz [28].
Note that between-subject variability was largely re-

moved by averaging over all subjects. The differences
in BDFT dynamics observed between control tasks
can be interpreted as the (averaged) within-subject
variability. As these differences are considerable, it
can be concluded that within-subject BDFT variability
is an important factor that should be accounted for.
The squared coherence obtained for each task and
each direction is shown in Fig. 4. The coherences
found in the lateral and longitudinal direction are close
to 1 for each frequency and task, indicating that reliable estimates were obtained in these directions. For
the vertical direction, the squared coherences for the
RT and FT are acceptable; for the PT the coherences
are considerably lower and therefore the data cannot
be assumed to be reliable. The most likely cause of
the low coherence is the limited motion space of the
SIMONA simulator in the vertical direction [28].
The data obtained from the relax and force task can
be considered sufficiently reliable to be used to extend Mayo’s model. The analysis of the position task
data will be provided in the following as well but the
results should be interpreted as exploratory. The
analysis of the experimental data in the longitudinal
and lateral direction – where good coherences were
achieved – is an interesting future extensions of the
BDFT pilot model to these axes. However, as Mayo
model only refers to the vertical axis, these data are
not further analyzed in the current study.
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Figure 6: The BDFT model applied to the measurement data in vertical direction.

4.2.

Performance of the Mayo model

Fig. 5 shows the Mayo model, for both ecto- and
mesomorphic subjects (taken from Fig. 1), superimposed on the BDFT data obtained for the three control tasks in the vertical direction (taken from the rightmost column in Fig. 3). Again, the asterisks indicate
the locations where Mayo applied sinusoidal motion
disturbances. It can be observed that for these frequencies the model fits reasonably well to the data
obtained in this study. Especially for the RT the model
provides an adequate description. This is what was to
be expected, as it is likely that the subjects in Mayo’s
study performed the control task with moderate admittance, that is, not extremely stiff nor extremely compliant. Note that for the other control tasks the model
is less accurate in this frequency range. Outside this
frequency range, the performance of the model decreases even further, for all tasks. This shows there
is ample room for improvement in the Mayo model.

and
(9)
PT
HBDF
T (s)

1
=
0.7s (s + 5.57)



447.56
−1
2
s + 8.28s + 446.42

1
=
0.7s (s + 5.06)




597.82
−1
s2 + 17.23s + 599.81



and
(10)
RT
HBDF
T (s)

Note that the parameters presented for the position
task in Eq. 9 are exploratory only.
Fig. 6 shows the BDFT model, as developed in this
paper and with its parameters estimated as described
above, superimposed on the BDFT data obtained for
the three control tasks in the vertical direction. The
(mesomorphic) Mayo model is also shown for comparison. From the plots it becomes clear that the
BDFT model describes the measured BDFT dynamics well, both in magnitude and phase. It can also be
observed that for each control task the BDFT model
dynamics are different, signifying the influence of the
neuromuscular dynamics across tasks. When comparing with the Mayo model, it is clear that the BDFT
4.3. Performance of the BDFT model
model provides a more accurate description of the
measured BDFT dynamics. Note that the model qualAfter estimating the parameters, as described above, ity for the PT is not as high as for the other tasks.
The reason for this is twofold: first, the quality of the
the BDFT model for the three control tasks become:
data obtained for this task in this direction was rather
(8)


poor, resulting into a rather noisy BDFT estimate, with
1
554.00
FT
HBDF
− 1 peaks and jitter, which cannot – and should not – be
T (s) =
0.7s (s + 3.26) s2 + 18.00s + 550.36

Table 3: Non-zero model parameters (a1 = c1 = 0)
BDFT Model
FT
All
PT
RT
FT
Ecto
PT
RT
FT
Meso
PT
RT
FT
Endo
PT
RT
Mayo Model
Ecto
–
Meso
–

a2
554.00
447.56
597.82
642.62
572.54
604.76
564.27
418.93
579.05
443.50
458.48
603.63
a2
452.30
555.40

b1
18.00
8.28
17.23
21.04
14.01
24.47
16.13
8.02
16.87
21.01
6.23
15.60
b1
13.70
13.31

b2
550.36
446.42
599.81
639.52
573.64
618.51
561.30
418.01
579.56
437.26
454.44
603.63
b2
452.30
555.40

c2
3.26
5.57
5.06
3.31
5.51
7.12
2.81
6.02
5.98
4.55
4.47
3.07
a1
5.19
4.02

all subjects

ectomorphic

mesomorphic

endomorphic

a2
800
600
400
200
0

FT PT RT

FT PT RT

FT PT RT

FT PT RT

FT PT RT

FT PT RT

FT PT RT

FT PT RT

b1

FT PT RT

FT PT RT

FT PT RT

FT PT RT

FT PT RT

FT PT RT

FT PT RT

FT PT RT

30
20
10
0

b2

800
600
400
200
0

c2
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described by the model. Second, the model structure seems unable to describe the BDFT dynamics
at higher frequencies, or more precisely: the model
underestimates the BDFT magnitude for frequencies
above approx. 4 Hz. This can be solved by adjusting the model structure, which will not be done here.
Note that up to 4 Hz the model structure seems to be
adequate.
The parameters for the different control task are
shown visually in Fig. 7 and numerically in Table 3
in the row labeled ’All (subjects)’. Note that for each
task similar values were obtained for parameters a2
and b2 . In the Mayo model the same value was used
for both parameters (parameter values also shown in
Table 3, note that the last column shows a1 ). The
current results suggest that parameters a2 and b2 can
be substituted by one parameter without reducing the
model quality severely (not done here).
When using these parameter values to model BDFT
in other experimental setups, it is important to note
that the parameter values are depending on the control device settings used in this study, see Table 1.
The validity of the parameter values will decrease
when the control device dynamics strongly deviate
from the dynamics used in this study. The development of a model for which its parameter values are independent from control device dynamics is currently
under investigation.

4.4.

Influence of somatotypes

To investigate between-subject variability, subjects
were grouped according to BMI. The BMI is recognized as proxy for somatotype [30, 33]. In Ref. [30]

6
4
2
0

Figure 7: The BDFT model parameters for all subject
and the different somatotypes.

it was proposed that a BMI score below 19 can be
classified as ectomorph, a BMI score between 19 and
25 as mesomorph and a BMI score above 25 as endomorph. From the 12 subjects that participated in
the current study, two were endomorphic according to
this classification. The two subjects that were closest
to being ectomorphic (with a BMI around 20) were assigned to the ectomorphic group. The remaining eight
subjects had a BMI between 20.5 and 25.1 and can
be classified as mesomorphic. See Table 4 for the
data of the subjects in each group.
Interestingly enough, the subjects that participated in
Mayo’s study were classified as ectomorphic and mesomorphic. However, based on their average height
and weight, their BMIs are 22.5 and 26.1 respectively
and, according to Ref. [30], these BMI values would
qualify as meso- and endomorphic somatotypes.
Fig. 8 shows the BDFT magnitude averaged for each
somatotype group, per control task, superimposed on
the BDFT magnitude for ‘all subjects’ (the grand average BDFT). Before discussing the results, it is important to note that the ectomorphic and endomorphic
groups only consist of two subjects, making the data
vulnerable to outliers. Also note that for the grand
average BDFT only the positive standard deviation is
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dynamics measured for different
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0
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indicated. Taking those notions into account, it can
Table 4: Data of somatotypical groups
be observed that
somatotypic
−100 the BDFT data for the −100
−100
Ectomorphic subjects (N=2)
groups shows only small differences with respect to
Age
Weight Height
BMI
each other or−200
the grand average BDFT.−200
The varia2
−200
(years)
(kg)
(cm)
(kg/m
)
tion typically lies within one standard deviation of the
mean
23.5
68.0
184.0
20.07
grand average. This observation can be interpreted
−300 −1
−300 −1
−300
stdev
0.7
5.7
8.5
0.2
0
1
1
−1
0
1
as evidence that10the
somatotype
of10the
subjects
only100
10
10
10
10
10
10
Mesomorphic
subjects
(N=8)
Freq
(Hz)
Freq
(Hz)
Freq
(Hz)
has a modest influence on the BDFT dynamics. TaAge
Weight Height
BMI
ble 3 and Fig. 7 show the model parameters obtained
2
(years)
(kg)
(cm)
(kg/m
)
for each somatotypical groups. Also here it can be
mean
28.3
71.7
177.6
22.67
said that the differences between control tasks seem
stdev
4.5
8.0
5.6
1.7
larger than between somatotypical groups. Note that
Endomorphic
subjects
(N=2)
the parameters obtained for the mesomorphic group
Age
Weight Height
BMI
are very similar to those obtained for all subjects, as
2
(years)
(kg)
(cm)
(kg/m
)
is to be expected because this somatotypical group
mean
31.0
95.0
185.0
27.7
contains 8 of the 12 subjects. The differences with
0.0
14.1
7.1
2.0
stdev
and between the ecto- and endomorphic group do
not show an obvious structural trend. In the authors’
opinion, the results do not allow to conclude that the
observed differences are solely due to somatotyp- (six pilot parameters + one control device parameter).
ical influence on BDFT. In fact, it seems probable The model’s structure was based on a BDFT model
that they stem merely from the random variation in proposed by Mayo in Ref. [1] and adapted according
the measurement. Recall that also in Mayo’s study to Ref. [12]. Model parameters were estimated using
the differences reported between somatotypes were recently obtained BDFT measurement data. The data
small. Combining these observations provides rea- provide BDFT dynamics in different directions and for
son to question whether categorizing BDFT dynam- different control tasks, each requiring a different neuics according to somatotype is sensible in the first romuscular setting. In the current paper the data of
place. Possibly, other sources of variation show a the vertical direction was used.
clearer and more significant influence. The model pa- Results show that the model describes the measured
rameters for the three different somatotypes were pre- data well and that it provides a considerable improvesented here, however the authors would like to stress ment to the original Mayo model. The BDFT dynamics
that a structural influence of somatotype on BDFT dy- and model parameters differ for each control task, innamics is absent. From the results it has become ap- dicating that the neuromuscular setting has an imporparent, though, that neuromuscular admittance does tant influence on the BDFT dynamics which needs to
have a clear influence on BDFT and definitely needs be addressed in the BDFT model.
The BDFT dynamics and model parameters were
to be accounted for (see also [22]).
also compared between different somatotypes (body
types). Results show that the influence of somatotype on BDFT dynamics is only modest. The authors would like to stress that although an influence of
5. CONCLUSIONS AND DISCUSSION
body type is to be expected, the current results do not
In this study, a practical biodynamic feedthrough show a structural effect. Therefore, the authors would
model was developed, containing seven parameters advise against differentiating between body types in

BDFT modelling, as long as proof for a structural influence on BDFT dynamics and model parameters is
absent.
An important question that needs answering is which
set of parameters would be most applicable for a helicopter pilot in ordinary conditions. As the pilot typically controls the helicopter using a rather loose grip
and a relaxed muscular setting, the parameters obtained for the relax task seem the most appropriate. This selection is supported by the observation
that the Mayo model, obtained during a tracking task,
matched largely with the relax task dynamics. One
could imagine, however, that in case of an emergency or increased workload the pilot could ‘stiffen
up’, making the position task parameters more appropriate. The authors would like to stress that, in this experiment, the parameters obtained for this task were
based on data with low coherences and are therefore exploratory. A neuromuscular setting used during force task is less likely to occur under normal conditions. This setting is typically used when following
haptic cues from a haptic controller (providing forces
to the control device that the pilot needs to follow);
such controllers are not commonly implemented in
current helicopters.
In future publications, the model will be extended
to the other axes. Moreover, new model structures
will be investigated. In this study, the structure proposed by Mayo was used, and although adequate,
the results can surely be improved by using a different, higher order, model structure, for example to describe the higher frequency behavior during the position task. Also, the influence of the control device
dynamics and control device position on the BDFT dynamics should be investigated. Finally, it would be interesting to test and compare the performance of the
models in the time domain. This will allow to compare
the models in a more intuitive sense and in addition,
such an approach will shed more light on the influence
of somatotype on BDFT dynamics.
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