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Mitigation of Biodynamic Feedthrough for Touchscreens on the Flight Deck
Arwin Khoshnewiszadeh and Daan M. Pool

Faculty of Aerospace Engineering, Control & Simulation Section, Delft University of Technology, Delft, The Netherlands

ABSTRACT
Biodynamic feedthrough (BDFT) is a key issue for touchscreen operations on the future flight deck, as 
cockpit accelerations due to turbulence leave pilots vulnerable to erroneous touches that disrupt task 
performance. This research focuses on the implementation of a software-based cancellation approach to 
mitigate the adverse effects of BDFT in touchscreen dragging tasks. A flight-simulator experiment with 
18 participants was performed to estimate models of BDFT dynamics for horizontal and vertical touch- 
inputs on a primary flight display. The averaged BDFT models were used to cancel BDFT in the same 
continuous dragging task used for model identification and a discrete point-to-point dragging task. 
While for the continuous task the cancellation enabled 63% mitigation in BDFT, the same cancellation 
was ineffective for the discrete task, due to reduced BDFT susceptibility. Overall, the results show that 
while model-based BDFT cancellation can be highly effective, a key technical challenge will be ensuring 
it is sufficiently task-adaptive.

1. Introduction

The next evolution of the commercial flight deck will introduce 
touchscreen devices to replace physical controls, such as buttons 
and switches. Both Airbus and Boeing have announced touchsc-
reens in the cockpit of their future airliners (Kingsley-Jones, 
2018; Trimble, 2016) with Gulfstream’s G500/G600 business 
jets already including ten touchscreen controllers (Watkins 
et al., 2018). The possible advantages of touchscreens, such as 
their direct manipulation capabilities, reduction of workload, 
cost and efficient space usage (Avsar, 2017; Kaminani, 2011), 
are the main reasons for the current technology push. However, 
a critical challenge for touchscreen use on the flight deck lies in 
the well-known problems of operating touch interfaces in vibra-
tory environments (e.g., turbulence), which has shown to 
increase workload, cause more task errors, and increase fatigue 
(Cockburn et al., 2017; Dodd et al., 2014).

One key reason for decreased task performance is biody-
namic feedthrough (BDFT): the involuntary movement of 
limbs due to physical accelerations or vibrations (Mobertz 
et al., 2018; Venrooij, 2014; Venrooij et al., 2013). BDFT 
causes parts of the body to move in an unintentional manner, 
which is known to result in involuntary and undesired direct 
feedthrough of perturbed arm/hand movements into touchsc-
reen gesture inputs, as often happens when operating a smart 
phone while walking. Although BDFT so far has received little 
attention in regard to touchscreen operation, it has been 
extensively investigated for other settings where it causes 
problems, such as input and control tasks with traditional 
input devices in aircraft and helicopters (Allen et al., 1973; 
Jex, 1972; Masarati et al., 2015; Mayo, 1989; Venrooij, 2014), 
hydraulic excavators (Humphreys et al., 2010), and electric 

wheelchairs (Banerjee et al., 1996). Only a single previous 
study (Mobertz et al., 2018) has focused on the explicit quan-
tification of BDFT when using a touchscreen in a moving 
environment. For the effective use of touchscreens on the 
modern flight deck in all flight conditions, it is essential that 
an effective approach to the mitigation of BDFT, which can 
minimize the occurrence of possibly hazardous touchscreen 
input errors, is developed.

When it comes to BDFT, generally a distinction is made 
between closed-loop BDFT (Sirouspour & Salcudean, 2003; 
Sövényi & Gillespie, 2007) and open-loop BDFT (Venrooij 
et al., 2010). Closed-loop BDFT occurs if the (combined 
voluntary and involuntary) control actions of the human 
controller directly affect the vehicle’s movement and thus 
the accelerations causing BDFT. On the other hand, in open- 
loop BDFT the control input provided does not influence the 
perturbing motion accelerations. As on the modern flight 
deck touchscreen usage is not expected to include direct 
vehicle control, the mitigation of BDFT for touchscreens 
in the cockpit is therefore an open-loop BDFT problem 
(Venrooij et al., 2010).

Several methods have already been proposed for mitigating 
BDFT, or reducing its effects on task performance. The most 
direct methods involve the use of different types of hand supports, 
e.g., high-friction materials or additional grips around the edge of 
the screens, such as those used in Gulfstream’s G500/G600 busi-
ness jets (Cockburn et al., 2017; Lancaster et al., 2011; Watkins 
et al., 2018) or elbow supports that can be used to restrict hand 
movement (Bauersfeld, 1992). Also, it has been proposed to facil-
itate resting all fingers on the screen while using the index finger 
only for tapping inputs (Cockburn et al., 2019), or to make use of 
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resistive instead of capacitive touchscreens to minimize accidental 
touch inputs, as proposed by Boeing (Trimble, 2016). For the 
Airbus A350, Airbus uses a redundancy approach, where 
a keyboard cursor control unit (KCCU) is considered as 
a backup in case of turbulence (Airbus, 2019). Finally, also in 
touchscreen gesture interpretation software steps are taken to 
avoid wrong selections as much as possible, such as the “land 
on” and “lift off” methods as implemented on the G500/G600 
(Watkins et al., 2018). While these approaches can certainly be 
useful for tapping and discrete touch inputs, they will not be 
effective for more continuous dragging gestures that will be an 
integral part of future touchscreen operations on the flight deck 
(e.g., a waypoint modification) (Alapetite et al., 2012; Gauci et al., 
2015; Mertens et al., 2012; Stuyven et al., 2012).

A potentially valuable approach, which has been success-
fully demonstrated for BDFT with physical control inceptors 
(Gillespie et al., 1999; Sirouspour & Salcudean, 2003; Sövényi 
& Gillespie, 2007) is generally referred to as model-based 
BDFT cancellation. This purely software-based approach 
uses a mathematical model of human BDFT dynamics to 
predict the involuntary hand movements based on the mea-
sured vehicle accelerations. This predicted BDFT is then, in 
an additional step of software touch input processing, sub-
tracted from the recorded touchscreen input, to mitigate the 
BDFT component. While a promising approach, as it can 
straightforwardly be integrated in any touchscreen’s input 
processing software and only requires a measurement of air-
craft/cockpit accelerations from inertial sensors as available in 
most aircraft, a downside of model-based cancellation is that 
its effectiveness relies directly on the accuracy of the BDFT 
model (Griffin, 2001; Venrooij et al., 2010).

The goal of this paper is to assess the feasibility of model-based 
open-loop BDFT cancellation for touchscreens applied to drag-
ging tasks (e.g., waypoint relocation) in turbulence. Specifically, 
the paper investigates 1) how much of erroneous BDFT-related 
touchscreen inputs can be canceled with this approach, and 2) 
the extent to which BDFT models need to be task dependent – i.e., 
adapted to the specific biodynamic properties pilots’ have during 
different input tasks – to be truly effective. This paper describes 
a dedicated pilot-in-the-loop experiment performed in the 

SIMONA Research Simulator (SRS) at Delft University of 
Technology. In the experiment, 18 participants performed two 
different two-dimensional dragging tasks – i.e., tracking contin-
uous multisine signals or tracking a series of discrete steps – on 
a touchscreen at the location of the primary flight display. For 
both tasks, the participants were subjected to motion disturbance 
signals representative for aircraft turbulence in either their ver-
tical (“heave”) or lateral (“sway”) axis.

This paper is structured as follows. First, Section 2 will 
explain the model-based BDFT cancellation. Section 3 
describes the human-in-the-loop experiment and analysis 
methods. The experimental results are presented in Section 
4 and discussed in Section 5. The paper ends with the main 
conclusions.

2. BDFT cancellation

BDFT is the involuntary limb movement caused by vibration 
and is different than voluntary control action, as shown in 
Figure 1. The voluntary actions come from the central ner-
vous system (CNS), which in order to achieve the goals of the 
control task applies cognitive commands to the neuromuscu-
lar system (Damveld et al., 2013; Venrooij et al., 2010). 
Although the two can be separated, the voluntary actions do 
affect the involuntary contributions to the total control input 
indirectly. For example, by cognitively changing the neuro-
muscular dynamics, e.g., by tightening or loosening muscles, 
the susceptibility to BDFT will also change (Mayo, 1989; 
Venrooij et al., 2011).

In this paper, we consider BDFT for a 2-dimensional touchsc-
reen input task, for which the control input coordinates in 
lateral-horizontal (y) and vertical (z) screen coordinates are 
represented by the control signal uy;z , see Figure 1. When per-
forming a certain control task, part of a human pilot’s control 
input uy;z will result from task-related cognitive voluntary con-
trol action, here indicated as uvol

y;z. When a task is performed on 
a moving platform (e.g., vehicle), the motion accelerations and 
vibrations resulting from the vehicle’s motion can cause an 
additional, involuntary, BDFT component in uy;z. In Figure 1 

BDFT
(Involuntary action)

Voluntary action

Vehicle
acceleration

Control task

Model-based
cancellation

Control
input

Cancelled
input

Human controller

Figure 1. Definition of open-loop BDFT and model-based BDFT cancellation.
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this is indicated with the green block that is driven by the vehicle 
acceleration disturbance signal fdy;z and results in the BDFT 
input component ufd y;z 

(Venrooij, 2014). Note that for open- 
loop BDFT, as considered in this paper, the motion disturbance 
fdy;z is independent from the control input uy;z . Finally, complet-
ing a quasi-linear view on human pilot control behavior 
(McRuer & Jex, 1967; Mulder et al., 2018), Figure 1 indicates 
a remnant signal ny;z , which accounts for the stochastic human- 
induced noise in uy;z that is not correlated with either the track-
ing signal or motion disturbance.

Figure 1 also shows the process of model-based BDFT 
cancellation, as investigated in this paper. The goal of model- 
based BDFT cancellation is to remove the contribution of the 
motion disturbances fdy;z from the total control input uy;z . In 
model-based BDFT cancellation, this is done by using 
a mathematical model of the human pilot’s BDFT dynamics, 
indicated with the red HBDFT block in Figure 1. Using 
a measurement of the vehicle accelerations fdy;z , this model 
enables the prediction of the BDFT contribution to uy;z , here 
indicated as umod

fd y;z
. With the predicted BDFT contribution, the 

real BDFT contribution ufdy;z 
can be mitigated in the “can-

celled” screen input signal ucan
y;z , which can be calculated as:

ucan
y;z ¼ uy;z � umod

fd y;z
¼ uvol

y;z þ ny;z
|fflfflfflfflfflffl{zfflfflfflfflfflffl}

Voluntary action

þ ufd y;z
� umod

fd y;z
|fflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflffl}

BDFT cancellation

(1) 

With an accurate model of pilots’ BDFT dynamics HBDFT , the 
“BDFT cancellation” term in Eq. (1) will approximate zero. 
The model-based cancellation as shown in Figure 1 can be 
implemented in the software that interprets touchscreen 
inputs and gestures. This paper will focus on the key element 
in achieving successful model-based BDFT cancellation, i.e., 
the BDFT dynamics model HBDFT and the extent to which this 
model would need to be task- (and scenario-)dependent due 
to human pilots’ adaptive neuromuscular systems (Mulder 
et al., 2018; Venrooij et al., 2010).

3. Method

3.1. Hypotheses

The following two hypotheses were formulated for the 
experiment:

H1: For the multisine task, up to 88% of the BDFT can be 
canceled with the proposed model-based cancellation. The 
BDFT dynamics are estimated from data for the performed 
multisine task, see Section 3.2.1. The success of model-based 
mitigation is directly linked to the quality of BDFT modeling. 
With the estimated BDFT models (see Section 3.3) showing 
even higher Variance Accounted For (VAF) values (88%) than 
those reported by Mobertz et al. (2018) (75%), for the multi-
sine task a successful cancellation of 88% in terms of signal 
variance is expected. This is equivalent to a 65% attenuation 
(i.e., as 1-

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 � 0:88
p

=0.65) of the true magnitude of ufdy;z
.

H2: For the step task, BDFT cancellation based on multisine 
task BDFT models will be ineffective. In earlier work in the 

context of sidestick manipulators (Venrooij et al., 2011), model- 
based BDFT mitigation has shown to be strongly dependent on 
the task, due to highly variable neuromuscular system settings 
adopted by pilots. Although no studies detail this relationship 
between neuromuscular settings and touchscreen tasks, the 
differences between the multisine (continuous dragging, 
Section 3.2.1) and step task (discrete dragging, Section 3.2.2) 
are expected to directly affect the cancellation. Moreover, as the 
screen input velocity goes toward zero, as in the step task, there 
is a possibility of nonlinear stick-slip, which can further degrade 
the applicability of the BDFT models (Robinson et al., 2014).

3.2. Control tasks

The direct manipulation capabilities of touchscreens are 
expected to facilitate point-to-point precision dragging as 
an essential input task on the future flight deck, for exam-
ple, for flight plan modifications and waypoint relocations 
(Dodd et al., 2014; Mertens et al., 2012; Stuyven et al., 2012), 
but also for intuitive speed, altitude, and heading selection 
(Rouwhorst et al., 2017). For our human-in-the-loop experi-
ment, we focused on two different touchscreen precision 
dragging tasks: a continuous multisine task and a discrete 
point-to-point step task (i.e., target acquisition). Both tasks 
only focused on dragging gestures and how BDFT affects 
dragging precision. Hence, participants’ fingers were 
required to be in constant contact with the screen during 
the tasks. For dragging, the added arm stability from touch-
ing the screen already helps counter the effects of BDFT. 
Furthermore, this means that any BDFT effects occurring 
during the reaching for or pointing at a touchscreen, or 
when releasing a finger from the screen once a target is 
reached, were not accounted for in the experiment.

In both the multisine and step tasks, participants had to 
track the movement of a white target marker across the 
touchscreen, where the two-dimensional target movement 
was defined with horizontal and vertical target signals, fty 

and ftz , respectively. For both tasks the experiment runs 
lasted 90 seconds, of which the last 81.92 seconds were the 
measurement interval. While the multisine task was used for 
the identification of BDFT models (HBDFT in Figure 1), both 
tasks were also used for testing the effectiveness of the 
model-based BDFT cancellation while under the influence 
of motion disturbance signals. The tasks were performed on 
a touchscreen mounted in an upright position directly in 
front of the participant, typical of a primary flight dis-
play (PFD).

3.2.1. Continuous multisine task
For the multisine task, the horizontal (fty ) and vertical (ftz ) 
target screen positions were defined as sum-of-sine signals, 
resulting in a uninterrupted required movement across the 
screen. These signals were identical to those used by Mobertz 
et al. (2018) and consisted of three sines with distinct fre-
quencies. The two-dimensional touchscreen target signals 
were meant to create a continuous and unpredictable task 
for the operator, without being too challenging. For a task 
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that required participants to use the full extent of the touchsc-
reen, see Figure 2, the vertical target had a root mean square 
displacement of 360 px (106.92 mm), while this was 480 px 
(142.56 mm) for the horizontal target. Figure 3 shows 
a sample time trace for the horizontal target signal fty , as 
well as the corresponding recorded touchscreen input uy. 
For reference, Table 1 lists all details of the fty and ftz signals 
as also reported in (Mobertz et al., 2018).

3.2.2. Discrete step task
The discrete step task was not used for BDFT model 
identification (see Sec. 3.3), but to explicitly assess the 
generalizability of the model-based BDFT approach for 
different touchscreen input tasks. The step task required 
repeated realistic precision dragging movements between 
two touchscreen locations. The target endpoint locations 
for the step task were concentric with respect to the center 
of the touchscreen. Figure 4 shows the four possible end-
point locations, which were chosen to be 500 px 
(148.5 mm) apart. The horizontal and vertical target signals 
fty and ftz were designed such that the target marker would 
stay at a specific location for 3 seconds before shifting to 
one of the three other endpoints shown in Figure 4 . With 
the four possible endpoint locations in Figure 4, screen 
movements were thus limited to only vertical, horizontal 
and diagonal movements. Figure 5 shows a sample time 
trace of fty and a corresponding horizontal screen input uy. 
The vertical target signal had a similar, interleaved, pattern 
of 3-second pulses. The 3-second stabilization at the target 
location was chosen empirically, as it was found that sub-
jects needed between 1.0 and 1.5 seconds to move to the 
endpoint location.

3.2.3. Motion disturbance signal
In our experiment, the motion disturbance signal fdy;z (see 
Figure 1) was used to simulate motion accelerations represen-
tative for realistic turbulence, while at the same time enabling 
the retrieval of an estimate of participants’ BDFT dynamics 
(HBDFT) using frequency-domain system identification tech-
niques (Damveld et al., 2013, 2010; Mobertz et al., 2018; Van 
Paassen & Mulder, 2006), see Sec. 3.3. To facilitate a fair 
comparison, the same disturbance signal was applied sepa-
rately in the lateral (“sway”) and vertical (“heave”) motion 

axes, i.e., fdy ¼ fdz ¼ fd. These conditions were chosen for two 
reasons. First, aircraft turbulence is mostly present in sway 
and heave (Hourlier et al., 2019). Furthermore, Mobertz et al. 
(2018) showed that strong biodynamic feedthrough is present 
for a touchscreen primary flight display in these conditions 
and that this enables reliable system identification of the 
BDFT dynamics. Based on earlier research (Mobertz et al., 
2018; Zaal et al., 2009), the motion disturbance signal was 
defined as a multisine signal with sines at Nd = 10 different 
frequencies (ωd), ranging between 0.38 and 17.33 rad/s:

fdðtÞ ¼
XNd

k¼1
Ad½k� sin ωd½k�t þ ϕd½k�ð Þ (2) 

To ensure a realistic feel, the signal’s amplitude distribution 
Ad was defined by a low-pass filter (Zaal et al., 2009), which 
gave reduced power at higher frequencies. To limit peaks in 
the time domain, the phases were chosen using a cresting 
technique (Damveld et al., 2010). Table 1 lists the numerical 
details of the disturbance signal, which was identical to that 
used by Mobertz et al. (2018). Please note that for conveni-
ence Table 1 reports the simulator displacement signal, f pos

d , 
while for the BDFT modeling in this chapter we use the 
corresponding acceleration signal fd.

3.3. BDFT modeling

In this paper, we focus on estimating models for BDFT for two 
different conditions where the directions of motion disturbance 
and screen input align: BDFT in horizontal touchscreen inputs 
due to sway (lateral) motion disturbances (denoted as HOR) 
and BDFT in vertical inputs due to heave (vertical) motion 
disturbances (denoted as VER). While motion disturbances will 
also affect input performance in other input directions 
(Mobertz et al., 2018), these BDFT contributions are less pro-
nounced and also result in less accurate BDFT modeling 
results.

From the measured fdy;z and uy;z experiment data, see 
Figure 1, a BDFT frequency response estimate ĤBDFTðjωdÞ

was first estimated using a black-box frequency-domain iden-
tification approach as typically used for analysis of human 
control dynamics (McRuer & Jex, 1967; Mulder et al., 2018; 
Van Paassen & Mulder, 2006).

Table 1. Multisine properties used for the disturbance and multisine target signals.

Disturbance, f pos
dy;z Horizontal target, fty Vertical target, ftz

k nd ωd Ad ϕd nty ωty Aty ϕty
ntz ωtz Atz ϕtz

- – rad/s mm rad – rad/s mm rad – rad/s mm rad

1 5 0.384 106.70 −0.269 3 0.230 32.77 1.445 2 0.153 22.77 0.308
2 11 0.844 80.69 4.016 7 0.537 39.78 0.000 13 0.997 39.78 −0.431
3 23 1.764 40.19 −0.806 19 1.457 71.35 −1.825 17 1.304 47.51 −1.591
4 37 2.838 20.48 4.938
5 51 3.912 12.46 5.442
6 71 5.446 7.57 2.274
7 101 7.747 4.74 1.636
8 137 10.508 3.42 2.973
9 171 13.116 2.86 3.429
10 226 17.334 2.42 3.486
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500 px

500 px

Figure 4. Display with possible target endpoint locations for the step task.

z
y

Figure 2. Display with the target location path for a single run across the touchscreen for the multisine task.

Figure 3. Example target fty and touchscreen input uy time traces for the 
multisine task.

Figure 5. Example target fty and touchscreen input uy time traces for the step 
task.

A. KHOSHNEWISZADEH AND D. M. POOL684



Based on earlier work (Mobertz et al., 2018; Venrooij 
et al., 2010), a second-order mass-spring-damper system 
with an additional gain GBDFT and a time delay τBDFT was 
then used for modeling participants’ BDFT dynamics, see 
Eq. (3):

HBDFTðsÞ ¼ GBDFT
ω2

BDFT
s2 þ 2ζBDFTωBDFTsþ ω2

BDFT
e� sτBDFT (3) 

In the four-parameter model of Eq. (3), the gain GBDFT captures 
the magnitude of the BDFT response, which can be different 
between experiment conditions and individual participants. 
The second-order BDFT dynamics are parameterized with the 
natural frequency ωBDFT and damping ratio ζBDFT . Finally, the 
time delay τBDFT was added compared to (Mobertz et al., 2018) 
to further improve the high-frequency phase fit of the BDFT 
model compared to the identified ĤBDFTðjωdÞ. The model of 
Eq. (3) describes all effects between the motion acceleration fdy;z 

and the finger position uy;z . Hence, the model lumps together 
several contributing systems such as the seat, spine, and arm 
dynamics acting in parallel to cause BDFT.

The Variance Accounted For (VAF) was used for model 
validation. The VAF indicates how much of the measured 
variance of a BDFT signal can be explained by the BDFT 
model of Eq. (3), where a VAF of 100% indicates that two 
signals are identical. Overall, the high VAF values obtained 
for both the HOR (μ = 87.9%, σ = 3.9%) and VER conditions 
(μ = 74.0%, σ = 16.5%) show that the model of Eq. (3) can 
model measured BDFT at high accuracy.

3.4. Apparatus

The experiment was performed in the SIMONA Research 
Simulator (SRS) at Delft University of Technology, see Figure 6. 
The SRS’s 6-degree-of-freedom hexapod motion system was used 
to apply the motion disturbances, fdy;z . The experimental setup 
inside the SRS cockpit is shown in Figure 7. A 15-inch Iiyama 
ProLite TF1534MC-B1X capacitive touchscreen was installed 
directly in front of the pilot seat and was tilted 18 deg with respect 
to the vertical plane. It had a 1024� 768 px resolution, a pixel 
pitch of 0.297 mm/px and a tap response time of 8 ms. The drag 
latency of the screen was measured with a custom test bench 
(Vrouwenvelder et al., 2021) and was found to be a function of 
input speed, which for the dragging tasks considered in our 
experiments meant a drag delay between 70 and 80 ms was 
present. The adjustable seat was equipped with a five-point har-
ness, restricting the movement of the participants, but still allow-
ing the upper body to lean forward. The light in the cabin was kept 
on throughout the experiment to reduce eye strain. To reduce 
friction and finger fatigue, the participants wore anti-static gloves 
for the duration of the experiment (EN338 performance level 
2242, NEN-EN-IEC 61340-5-1 ESD rated).

3.5. Participantsand procedures

The experiment was performed by 18 participants (μ = 27 years, 
σ = 4.77 years) of which 15 were male and 3 female. All were 

recruited from the student population at Delft University of 
Technology. None of the participants were pilots or had exten-
sive prior experience with turbulent aircraft motion from, e.g., 
earlier simulator experiments. For reference, the participants’ 
height (μ = 179.7 cm, σ = 7.3 cm) and weight (μ = 78.5 kg, σ = 
12.7 kg) were measured and used to derive the Body-Mass-Index 
(BMI) (μ = 24.3 kg/m2, σ = 3.6 kg/m2). Participants were asked 
to use their dominant hand during the experiment (1 left- 
handed, 17 right-handed). All participants provided written 
informed consent prior to taking part in the experiment.

3.6. Experiment procedures

A written briefing was sent to the participants a couple of 
days before the experiment, explaining the tasks and experi-
ment procedures. The experiment was split over two 
sessions performed on different days, see Figure 8 . In the 
first session on Day 1 participants performed the multisine 
task with both lateral (Y) and vertical (Z) motion distur-
bances (8 runs each). Both conditions were presented in 
a randomized order and a short break of around 10 minutes 
was taken after the first 8 runs. The data from the second 
half of Day 1 was used for estimating the BDFT models 
(see Sec. 3.3).

The second session on Day 2, see Figure 8, was used to 
evaluate the effectiveness of model-based BDFT mitigation in 
both the multisine and step tasks. The number of days 
between sessions varied between 3 and 14 days for different 

Figure 6. The SIMONA Research Simulator (SRS).
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participants. At the start of Day 2, participants received two 
training runs with no motion disturbance (NM) to (re)famil-
iarize themselves with the multisine task and the new step 
task. In the “Cancellation” part of the second session, partici-
pants performed both tasks with the same lateral and vertical 
motion disturbances also used for the first session. In addi-
tion, they performed both tasks in a no-motion condition 
NM, to collect reference BDFT-free task performance data. 
All six conditions were repeated four times (24 runs total), 
presented in randomized order using a randomized Latin 
square, with a small break after the first 12 runs. 
Throughout the second session, the participants were never 
aware of the BDFT cancellation occurring, as the mitigation is 
implemented in the post-hoc touch input processing step (see 
Figure 1) and no additional (visual) feedback of its effect was 
provided to the participants.

In both experiment sessions, the experimenter monitored 
participants’ task performance (root mean square difference 
between target and finger screen positions). No explicit task 
performance feedback was provided to the participants. 
However, the experimenter gave verbal motivational encour-
agement in cases where participants lost focus or experienced 
arm fatigue.

4. Results

4.1. BDFT modeling

Figure 9 shows the estimated parameters of the BDFT model 
in Eq. (3) for both the HOR and VER conditions. Each box- 
plot shows the variation in BDFT model parameters across all 
participants, with the average values as used for performing 
model-based BDFT cancellation in the second experiment 
session indicated with red asterisks.

Figure 9 shows that the estimates of the BDFT model 
parameters are consistent across participants and that differ-
ences in BDFT dynamics occur between the HOR and VER 
conditions, as expected. Figure 9(a) shows a reduced BDFT 
gain, GBDFT , for the VER condition, which is in line with 
previous research where stronger feedthrough of sway motion 
to horizontal screen inputs (HOR) compared to the effects of 
heave accelerations on vertical screen inputs (VER) was also 
found (Mobertz et al., 2018). The BDFT dynamics’ natural 
frequency ωBDFT (see Figure 9(b)) is found to be equivalent, 
with an average value of 7 rad/s, for both conditions. For the 
damping ratio ζBDFT , see Figure 9(c), average values of 0.69 
and 0.95 were found for HOR and VER, respectively. Finally, 
the time delay τBDFT was found to be 25 ms higher for the 
HOR condition than for VER. Because the BDFT model of 
Eq. (3) is a lumped model, a direct explanation for the para-
meter differences between the HOR and VER conditions is 
not straightforward. However, vibrations in sway have been 
shown to have fundamentally different biodynamic effects 
compared to vertical vibrations because of the movement of 
the hip joint and bending of the spine (Allen et al., 1973). This 
difference is indeed consistent with the increased latency 
(τBDFT) and the lower damping ratio (ζBDFT) found for the 
HOR condition.

4.2. BDFT cancellation

4.2.1. Continuous multisine task
Figure 10 shows example time traces illustrating the effective-
ness of the model-based BDFT cancellation for both the HOR 
and VER conditions. In these figures, the horizontal/vertical 
target signals are shown in yellow, while the corresponding 
(raw) touchscreen input is shown in blue. Also, the result of 
the model-based cancellation, i.e., ucan

y;z as defined by Eq. (1), is 

Figure 7. SRS flight deck experiment setup.

8 runs8 runs
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Training Identification runs

Day 1: System identification data collection
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Day 2: Cancellation evaluation
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TASK
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Figure 8. Overview of tested experiment conditions and procedures.
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shown in red. While Figure 10 only shows an example result 
for trial 1 of the multisine task performed by Participant 1, 
equivalent results were obtained for all other participants and 
repeated trials.

Figure 10 shows that the canceled input signal ucan
y;z shows 

reduced high-frequency oscillations compared the corresponding 
uy;z, on average. This suggests successful model-based BDFT 
cancellation, as it seems the fdy;z component in uy;z was mitigated 
effectively. To further quantify this improvement, Figure 11 shows 
the standard deviation (i.e., average magnitude over time) of the 
disturbance component in uy;z, i.e., σfufdy;z

g. The boxplots show 
this data across all experiment participants for the reference no- 
motion condition as well as the original and canceled results for 
the respective motion conditions. Note that for clarity, the color of 
the boxplots in Figure 11 matches the line color in Figure 10 .

The no-motion condition data in Figure 11 shows that with-
out motion disturbances the magnitude of σfufdy;z

g is negligible, 

as no BDFT occurs in this condition. For both HOR and VER 
with cancellation off (blue data in Figure 11), the BDFT compo-
nent in uy;z is seen to be considerable, with standard deviations 
of 8.5 mm and 5.1 mm, respectively. As also reported for the 
BDFT gain results in Figure 9, the fact that more BDFT occurs 
for the HOR condition is indicative of increased susceptibility to 
BDFT for lateral disturbances and consistent with earlier 
research (Mobertz et al., 2018). With the model-based cancella-
tion active (red data in Figure 11), the BDFT component is seen 
to be suppressed to 3.0 mm and 1.9 mm average standard 
deviations for HOR and VER, respectively. While clearly still 
motion disturbance power is present in comparison with the no- 
motion data, an effective reduction in σfufdy;z

g of around 63% is 
achieved for both conditions. As explained for Hypothesis H1 in 
Sec. 3.1, this closely matches the expected result (65%) for 
cancellation with a BDFT model that explains the BDFT com-
ponent in uy;z with a VAF of around 88%.

(a) Gain (b) Natural frequency (c) Damping ratio (d) Time delay

Figure 9. Estimated BDFT model parameters.

(a) Sway with horizontal screen input (HOR).

(b) Heave with vertical screen input (VER).

Figure 10. Typical time traces for the multisine task with BDFT cancellation in both the HOR and VER conditions (Participant 1, Trial 1).
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4.2.2. Discrete step task

In Sec. 4.2.1, BDFT models that were identified from 
a multisine pursuit task data, were applied for BDFT 
cancellation in that same task, resulting in an effective 
BDFT reduction. To verify the generalizability of the 
BDFT model that is essential for model-based BDFT can-
cellation, here the same BDFT models are applied for 
cancellation in the step task detailed in Sec. 3.2.2 . 
Matching the results presented for the multisine task in 
Figures 10 and 11, Figures 12 and 13 show example single- 
trial time traces for a single participant (Participant 1, 
Trial 1) and average cancellation performance indicators, 
respectively. Please note that in Figure 13 we consider 
a different performance indicator than shown in Figure 
11: for the step task we compare the overall standard 
deviation of the touch input data at the endpoint locations 
of each step, i.e., σfuy;zg, as with steps the contribution of 
fdy;z cannot be reliably separated in the frequency domain 
(Mulder et al., 2018; Pool et al., 2011). The shaded areas in 

Figure 12 indicate the time segments where the BDFT 
cancellation performance was assessed, i.e., the last 1.5 sec-
onds of each 3-second dwell time on a new target location.

Figure 12 shows example time-domain data for the step task 
for both the VER and HOR conditions. As is clear from these 
figures, the raw touch input (blue data) shows that participants 
were able to accurately hold their fingers at the endpoint 
location despite being perturbed by fdy;z . Using the BDFT 
model and the measured motion disturbance signal to calculate 
the canceled input signal (ucan

y;z ) according to Eq. (1) is seen to 
result in significantly more oscillations around the target end-
points and thus an amplification of BDFT-related errors com-
pared to the raw input. This result was consistent across all 
participants in the experiment, as shown in Figure 13, where, 
matching Figure 11, the presence of a motion disturbance 
without cancellation (blue data) is seen to result in an increase 
in endpoint variation compared to the no-motion case. 
However, unlike the result obtained for the multisine task, 
with the model-based cancellation active the standard deviation 

(a) Sway with horizontal screen input (HOR). (b) Heave with vertical screen input (VER).

Figure 11. Comparison of the standard deviation of the disturbance component in the input signal σfufdy;z
g for the multisine task.

(a) Sway with horizontal screen input (HOR).

(b) Heave with vertical screen input (VER).

Figure 12. Typical time traces for the step task with BDFT cancellation in both the HOR and VER conditions (Participant 1, Trial 1). The shaded areas indicate the 
stabilized endpoint data that were used for cancellation assessment.
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of the endpoint touch inputs σfuy;zg is seen to be increased 
further with a factor 2 or more, on average. This confirms the 
expectation formulated in Hypothesis H2 that due to neuro-
muscular adaptation to the performed touchscreen task also the 
BDFT dynamics that would need to be canceled are strongly 
task-dependent.

The results in Figures 12 and 13 were not unexpected, as 
the susceptibility to BDFT is less when keeping a finger at 
a fixed screen location than when performing a dynamic 
dragging motion. To include such task-adaptive effects in 
the model-based cancellation, the parameters of the BDFT 
model (i.e., GBDFT , ωBDFT , ζBDFT , and τBDFT) could be updated. 
Figure 14 shows again the average standard deviation in touch 
endpoint position (σfuy;zg) where the BDFT model gain is 
varied over a representative range. The GBDFT values esti-
mated from the multisine data for both the HOR and VER 
conditions are indicated in Figure 14 with a vertical dashed 
red line. The horizontal black lines show the average σfuy;zg

values for the no-motion and no-cancellation data from 
Figure 13. The red line shows the resulting endpoint variation 
with cancellation on as a function of GBDFT , where the shaded 
area indicates the standard deviation across the four repeated 
experiment runs. Figure 14 shows that for both the HOR and 
VER conditions the model-based cancellation can be made 
effective with a reduced BDFT model gain. For HOR an 
optimum is reached at GBDFT = 5 mm/(m/s2), while for VER 

the optimum is at GBDFT = 3 mm/(m/s2). Both on average 
result in a 12% decrease in σfuy;zg compared to having the 
cancellation off. Thereby Figure 14 shows that even by adapt-
ing only one of the BDFT model parameters the model- 
cancellation can still be effective for a different task.

5. Discussion

With touchscreen devices being foreseen as an integral part of 
the future commercial flight deck, this paper focused on a key 
problem in operating touchscreens in a moving and vibratory 
environment such as an aircraft: biodynamic feedthrough 
(BDFT). This paper described a human-in-the-loop experi-
ment performed to test the feasibility of model-based BDFT 
cancellation for touchscreens under turbulent conditions. In 
a first experiment session, 18 participants performed a two- 
dimensional continuous dragging task under the influence of 
a multisine motion disturbance signal resembling turbulence, 
allowing for the identification of (transfer function) BDFT 
models. In a second experiment session, the estimated models 
were used to perform BDFT cancellation in the same contin-
uous multisine task, as well as a discrete step task. Thus, this 
experiment allowed for investigating the potential of model- 
based BDFT cancellation and the effectiveness of the cancella-
tion across different touchscreen tasks.

(a) Sway with horizontal screen input (HOR). (b) Heave with vertical screen input (VER).

Figure 13. Comparison of step task endpoint variation with and without model-based cancellation.

(a) Sway with horizontal screen input (HOR). (b) Heave with vertical screen input (VER).

Figure 14. Step task endpoint variation for varying GBDFT .
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In a precursor study, Mobertz et al. (2018) showed that 
BDFT touchscreen inputs during a continuous input task 
could be modeled at high accuracy using a linear transfer 
function model. To achieve a further improved model fit to 
the current experiment data, a time delay was added to the 
BDFT model, resulting in BDFT model VAF values up to 88% 
on average. Based on these results, Hypothesis H1 predicted 
that for the continuous multisine task, also used for BDFT 
model identification, up to 65% of the BDFT component in 
the registered touch inputs could be removed. The experiment 
data showed that indeed a cancellation of around 63% was 
achieved on average for both the HOR and VER conditions. 
As this shows that a major portion of BDFT can indeed be 
canceled for both lateral and vertical motion disturbances, 
Hypothesis H1 is accepted. Furthermore, as this result was 
obtained with “one-size-fits-all” BDFT models for which the 
average BDFT parameters across all experiment participants 
were used, this result can likely straightforwardly be improved 
by using more personalized BDFT models that better capture 
the biodynamic properties of individual pilots. Investigations 
into model-based BDFT mitigation with physical control 
inceptors (Venrooij et al., 2011) have shown that such perso-
nalized BDFT models can indeed enable a substantially 
enhanced effectiveness of this approach.

The main goal of the performed experiment was to not 
only verify the effectiveness of model-based BDFT mitiga-
tion in the same (continuous multisine) task, but also its 
applicability to a different, more realistic, precision dragging 
(discrete step) task. As stated in Hypothesis H2, based on 
expected differences in neuromuscular and biodynamic set-
tings across tasks, it was expected that worse cancellation 
would occur when applying the BDFT model estimated from 
the continuous multisine task to a touchscreen step task. 
Although different metrics to quantify BDFT cancellation 
performance were used between tasks, the cancellation in 
the step task was clearly found to be ineffective and in fact 
amplified the effects of BDFT while participants’ fingers 
were at the target screen location. Thus, Hypothesis H2 is 
also accepted. This is explained by the fact that neuromus-
cular dynamics, and hence also BDFT dynamics, vary with 
task demands. For true point-to-point dragging such as 
performed in our step task, BDFT during the (short) drag-
ging movement is equivalent to the BDFT measured in our 
multisine task. However, once at the endpoint location more 
pressure can be applied on the screen to stabilize the hand 
motion and reduce BDFT. In addition, most participants 
indeed rolled or pivoted around their finger to keep the 
contact point in the same location. In other words, once 
a stationary endpoint is reached, the task becomes a pure 
disturbance-rejection task, with a singular focus on reducing 
the biodynamic feedthrough. In a directed dragging motion, 
however, participants perform a combined target-following 
and disturbance-rejection task, involving a trade-off between 
accurately following the target and minimizing the effects of 
BDFT. These results imply that model-based BDFT cancella-
tion will need to be made adaptive to the task in order to be 
effective.

The experiments described in this paper explicitly mea-
sured how turbulence affects dragging movements on 
a touchscreen, which is widely believed to be an essential 
input task on the future flight deck (Dodd et al., 2014; 
Mertens et al., 2012; Stuyven et al., 2012). The two tasks 
tested in the experiment were designed to enable the accurate 
measurement of realistic BDFT effects on touchscreen drag-
ging, not to directly mimic a realistic flight deck task. For 
example, in our multisine task participants performed 
a continuous dragging task, i.e., a single uninterrupted 90- 
second dragging movement across the touchscreen. The step 
task was a more faithful representation of a realistic precision 
input task, such as a flight plan modification (Alapetite et al., 
2012; Mertens et al., 2012; Rouwhorst et al., 2017; Stuyven 
et al., 2012), but still included an (unrealistically) large num-
ber of dragging movements to improve the data density. 
Similarly, while it was designed to match the frequency spec-
trum of realistic turbulence-induced aircraft motion 
(Mobertz et al., 2018), the (multisine) motion disturbance 
signal that simulated turbulence accelerations in our experi-
ments was not, in itself, a realistic simulation of turbulence. 
These choices, all made to facilitate our detailed analysis of 
BDFT dynamics, perhaps resulted in limited ecological valid-
ity of the tested tasks themselves. However, as the low-level 
perturbation of human arms due to cockpit accelerations will 
not fundamentally change, the measured BDFT dynamics 
and cancellation results as presented here can still be con-
sidered representative. The true generalizability of our results 
can, for example, be assessed by evaluating our model-based 
mitigation methodology, with real pilots, in a combined 
simulator and in-flight experiment.

Toward further development of practical model-based 
BDFT cancellation for touchscreens, developing approaches 
to adapt the BDFT model that is used to predict the touch 
inputs due to BDFT, in real time, is a critical next step. As 
shown in this paper, using task-dependent parameters – i.e., 
a reduction in the gain of the BDFT model (GBDFT) in the step 
task, resulting in an average BDFT reduction of 12% instead 
of a factor 2 amplification – can be sufficient to render 
a mismatched mitigation effective again. Potential approaches 
that can facilitate real-time adaptation of BDFT model para-
meters are, for example, explicit online estimators for the 
BDFT model’s parameters (Olivari et al., 2014; Plaetinck 
et al., 2019) or predictive methods based on motion tracking 
(Ahmad et al., 2018).

Model-based cancellation of BDFT has the benefit of being 
a purely software-based approach that only requires measured 
data (i.e., lateral and vertical accelerations in the cockpit) that 
are generally available from inertial sensors in most aircraft. 
Unlike BDFT-mitigation techniques that require additional cer-
tified cockpit hardware (e.g., traditional hand-stabilizers), 
model-based BDFT mitigation can be implemented, cost- 
effectively, through updates to touchscreens’ driver or gesture- 
interpretation software. This implies model-based BDFT miti-
gation is not only a technique that can help improve the future 
flight deck, but that also has potential for implementation, 
through retroactive updates, in existing aircraft.
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While explicit requirements for a technique like model- 
based BDFT mitigation for cockpit touchscreens do not 
exist (FAA, 2011; SAE International, 2019), for touchsc-
reens in the cockpit the FAA currently requires that under 
any circumstances “The location of the pilot’s finger touch, as 
sensed by the touch screen, should be predictable and 
obvious”(FAA, 2011). As model-based BDFT mitigation 
techniques would involve modification of pilots true touch 
input in software processing, this is a key requirement to 
consider for this approach. In the experiment described in 
this paper, no (visual) feedback (e.g., corrected cursor posi-
tion) was provided to participants. Hence, in our experi-
ment the participants were not at all aware of the BDFT 
cancellation. As successful placement and dragging of an 
object is expected to be an essential operation on touchsc-
reens on the future flight deck (Mertens et al., 2012; Stuyven 
et al., 2012) for which this would naturally become notice-
able, ensuring that the FAA’s advisory is met is a critical 
next step, and will be tested in future experimental work.

6. Conclusion

This paper presents the results of an experiment with 18 
participants performed to investigate the mitigation of erro-
neous inputs due to biodynamic feedthrough (BDFT) in 
touchscreen dragging tasks. For this, we propose a novel 
model-based cancellation approach, that removes BDFT com-
ponents from recorded touch inputs (in online software touch 
data processing) using a BDFT model that predicts erroneous 
finger movement based on measured cockpit accelerations. 
From our experiment data, accurate BDFT models that 
accounted for at least 74% of BDFT input data were identified 
for both horizontal BDFT inputs due to lateral vehicle accel-
erations (HOR) and vertical BDFT inputs due to vertical 
accelerations (VER). With averaged model parameters, the 
HOR and VER BDFT models were implemented for model- 
based BDFT cancellation in two different tasks: the continu-
ous (multisine) dragging task also used for BDFT model 
identification, as well as a discrete point-to-point (step) drag-
ging task. As expected, the approach was successful for miti-
gating BDFT in the continuous multisine task, resulting in 
a reduction of BDFT-related touch inputs of 63% on average. 
Using the same BDFT models for mitigation in the discrete 
step task was found to result in amplification of BDFT inputs 
rather than their attenuation. This was explained by the fact 
that in this task participants showed less BDFT, due the task 
allowing them to press their fingers more firmly on the screen 
and pivoting of the fingertip around the pressing point when 
at a stationary touch location. However, with only a task- 
adaptive adjustment of the BDFT models’ gain parameters, 
still a 12% reduction in BDFT for both the HOR and VER 
conditions was obtained. Overall, the results show that model- 
based BDFT cancellation can be effective for touchscreen 
operation on the flight deck, but also confirm earlier findings 
in that BDFT is directly affected by how the finger is moved 
over the screen, resulting in limited task-to-task generalizabil-
ity of the models used for this type of BDFT cancellation.
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