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1. INTRODUCTION

In the current vision of future mobility, the next generation
of road, air, and water vehicles will be highly automated
but with essential high-level functions still controlled by
human drivers, pilots, and helmspersons. To enable human
users to keep track of vehicle functioning and provide user
inputs, touch-based interfaces are seen as the primary
means of in-vehicle user interaction (Pitts et al., 2012;
Stuyven et al., 2012; van Zon et al., 2020). This devel-
opment is driven by touchscreens’ capacity for flexible,
direct, and two-way interaction with displayed information
(Kaminani, 2011), reduced maintenance costs (Orphanides
and Nam, 2017), but foremost due to their near-universal
ease-of-use: they provide an interaction mode nearly every-
one is highly familiar with from smartphones and tablets
(Rogers et al., 2005). Still, entirely carefree use of touch-
based interfaces in vehicles has not yet been realized due
to two crucial, potentially safety-critical problems:

(1) Erroneous touch inputs due to vehicle motion per-
turbations. Biodynamic feedthrough (BDFT) of ve-
hicle motions—e.g., turbulence, bumps on the road,
waves, sudden turns—causes unintended arm and
hand movements and consequently undesired touch
inputs (Venrooij et al., 2016; Khoshnewiszadeh and
Pool, 2021; Cockburn et al., 2019; Wang et al., 2024).

(2) Lack of tactile feedback. While the grip and feel
of traditional buttons and switches provide inher-
ent robustness to motion perturbations (Kaminani,
2011; Pitts et al., 2012), current touchscreens require
drivers, pilots, and helmspersons to always look at
a touch interface, taking their eyes ‘off the road’
(Breitschaft et al., 2022; Bernard et al., 2022).

These two factors inevitably cause in-vehicle touchscreens
to be pressed ‘in the wrong place at the wrong time’,

which is annoying, distracting, or even directly hazardous.
For example, driver reaction times have been found to
increase five times more when using a touchscreen than
when legally drunk (Ramnath et al., 2020).

To overcome these issues, braces to support the hand
(Cockburn et al., 2019; Schachner and Doyon-Poulin,
2023), secondary interfaces for use during strong vehicle
motions (Large et al., 2019), or basic vibration feedback
(Basdogan et al., 2020a) have been proposed. However,
the only way to counter these problems effectively under
varying real-vehicle conditions is to 1) actively predict and
cancel BDFT-induced touch inputs and 2) use adaptive
tactile feedback for restoring the high-fidelity tactile inter-
action akin to operating physical buttons. A lack of under-
standing of how varying environmental and biomechanical
factors—e.g., motion perturbation characteristics, individ-
ual differences in neuromuscular and finger properties,
and task-related changes in finger-screen contact—affects
BDFT and perceived tactile stimuli prevents augmenting
in-vehicle touchscreens with such technologies.

This paper provides an overview of the recently awarded
research project “Right Touch Right Time: Future In-
vehicle Touchscreens (FITS)”, funded by the Netherlands
Organization for Scientific Research (NWO). In this pro-
posed project, we will perform experiments in motion
simulators to systematically disentangle the effects of the
varying factors on in-vehicle touchscreen interactions. Us-
ing this experiment data, we aim to develop adaptive
models of human biodynamics and tactile perception that
will enable adaptive BDFT-prediction and tactile feedback
technologies on future in-vehicle touchscreens. This paper
will present a roadmap of the project’s activities (Sec-
tion 2), as well as some preliminary data for both our
BDFT-prediction and tactile feedback work in Section 3.

Copyright © 2024 The Authors. This is an open access article under the CC BY-NC-ND license 
(https://creativecommons.org/licenses/by-nc-nd/4.0/)

Abstract: Touch interfaces are replacing physical buttons, dials, and switches in the new
generation of cars, aircraft, and vessels. However, vehicle vibrations and accelerations perturb
finger movements and cause erroneous touchscreen inputs by users. Furthermore, unlike physical
buttons, touchscreens cannot be operated by touch alone and always require users’ visual focus.
Hence, despite their numerous benefits, touchscreens are not inherently suited for use in vehicles,
which results in an increased risk of accidents. In a recently awarded research project, titled
“Right Touch Right Time: Future In-vehicle Touchscreens (FITS)”, we aim to address these
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2. METHODS

2.1 Research focus

Implementation of adaptive human-machine interfaces is
generally realized using mathematical models that ensure
agreeable interface behavior based on measured or pre-
dicted system changes. Due to the intricate network of
interactions between different factors that affect human-
touchscreen interaction in moving vehicles (see Fig. 1),
models used for BDFT prediction and tactile feedback
would need to systematically account for time-varying
changes in vehicle motion perturbations, individual dif-
ferences, and finger contact force and speed to be effective
for any user and all environmental conditions. So far, only
some isolated parts of the interaction network of Fig. 1
(solid arrows) are understood and modeled successfully
(Vardar et al., 2017; Vardar and Kuchenbecker, 2021;
Mobertz et al., 2018; Khoshnewiszadeh and Pool, 2021).
The main focus of our project will be to extend this to
the currently insufficiently understood relations, focusing
on the three factors explained in the next subsections.
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Fig. 1. Relations between vehicle motion perturbations,
arm biodynamics, finger (electro)mechanical proper-
ties, finger contact force and speed, finger touch posi-
tions, and perceived tactile feedback. Solid arrows in-
dicate well-established relations; dashed arrows show
currently insufficiently understood relations.

Vehicle motion perturbations: As indicated with Q1 in
Fig. 1, we will investigate how vehicle motion perturba-
tions affect BDFT and perceived tactile stimuli. So far,
tactile feedback for vehicle-related touchscreen operations,
e.g., interaction with virtual controls, has been developed
and tested in conditions where users interact with devices
on a static table. Nonetheless, it is well-known that phys-
ical perturbations—e.g., sudden impacts, bumpy roads,
waves, and turbulence—directly interfere with perceived
tactile sensations due to undesirable ‘masking’ effects
(Vardar et al., 2018; Vuik et al., 2024). Achieving con-
sistent tactile feedback requires carefully adapting tactile
stimuli based on the characteristics of continuously adapt-
ing motion perturbations. Similarly, using identified mod-
els of BDFT––i.e., describing how motion perturbations

(input) result in unintended finger movements (output)—
to correct BDFT-induced inputs is highly effective (Ven-
rooij et al., 2016; Khoshnewiszadeh and Pool, 2021), but
so far only for isolated tasks performed in a controlled and
stationary laboratory setting. Achieving the same success
in a realistic setting, where users will constantly optimize
their neuromuscular settings, e.g., by changing muscle ten-
sion, under varying motion perturbations, requires a step
beyond the current state-of-the-art in BDFT modeling
methods (Venrooij et al., 2016; Mulder et al., 2018).

Variation between user physical characteristics: Neuro-
muscular dynamics, e.g., arm/hand/finger inertia and stiff-
ness, and finger (electro)mechanical properties, e.g., skin
friction and contact area, vary widely between individuals
(Abdouni et al., 2017). As a result, individual differences
between users directly impact the effectiveness of any
designed BDFT prediction and tactile feedback systems.
This implies that ‘one-size-fits-all’ implementations for our
proposed touchscreen innovations are unlikely to result
in effective and inclusive solutions (Venrooij et al., 2016;
Khoshnewiszadeh and Pool, 2021). However, no system-
atic research on how human neuromuscular dynamics and
finger skin properties affect BDFT and tactile perception
is available, see Q2 in Fig. 1, and we lack models that
explicitly account for such individual differences.

Finger contact force and speed: Finger contact force
and movement speed are crucial, yet insufficiently under-
stood, factors in BDFT and tactile feedback. For exam-
ple, sustained finger contact with the screen, e.g., drag-
ging gestures, reduces BDFT-susceptibility (Wynne et al.,
2021) and is lowest when touching a fixed screen location
(Khoshnewiszadeh and Pool, 2021). However, as indicated
by Q3 in Fig. 1, these variations in task-related finger con-
tact force and speed have never been explicitly measured
in BDFT experiments to grasp these correlations entirely.
The same holds for how, vice versa, BDFT causes changes
in screen contact. While recent experiments suggest that
BDFT-induced changes in contact force and finger speed
(Vuik et al., 2024), this second link between BDFT and
screen contact has not yet been explicitly investigated.

Furthermore, as indicated with Q4 in Fig. 1, changes in
finger contact force and speed affect the generated tactile
stimuli, e.g., forces, and thus what is felt by users (Vardar
and Kuchenbecker, 2021; Vuik et al., 2024; Nam et al.,
2020) due to induced variations in the finger contact area,
stick-slip behavior, and the air gap between the touch-
screen and the skin (Vardar and Kuchenbecker, 2021; Ser-
hat et al., 2022). While active tactile stimulus adaptation
based on measured finger friction or mechanical impedance
has been proposed, these methods break down in the
presence of other factors, such as external perturbations.

Overall, we aim to address the open challenges identified in
Fig. 1 by developing models for adaptive BDFT dynamics
and adaptive tactile feedback that adjusts itself to biome-
chanical and task variations. These will be implemented in
a Future In-Vehicle Touchscreen (FITS) that will facilitate
effective, safe, and comfortable touchscreen operations in
future road, air, and water vehicles. More details on the
methodology followed for both focus points is provided in
the next subsections.
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Fig. 2. Definition of BDFT prediction and model-based cancellation (Khosh-
newiszadeh and Pool, 2021).

Fig. 3. The SIMONA simu-
lator at TU Delft.

2.2 Methodology: Biodynamic feedthrough (BDFT)

BDFT prediction and cancellation: Fig. 2 shows a
schematic representation of model-based BDFT cancel-
lation, as defined in (Khoshnewiszadeh and Pool, 2021)
and further pursued in this project. This figure shows a
2-dimensional touchscreen input task, for which the finger
input coordinates in lateral-horizontal (y) and vertical (z)
screen coordinates are represented by the symbol uy,z.
For any input task, part of the user’s finger input uy,z

represents a task-related voluntary action, here indicated
as uvol

y,z, which may be executed imperfectly due to human
controller nonlinearities and noise, ny,z. However, when
performed in a moving vehicle, vehicle accelerations and
vibrations add a second involuntary BDFT component in
uy,z. The goal of model-based BDFT cancellation is to,
after the fact, remove this contribution of the motion dis-
turbances fdy,z

from the user’s input uy,z. As indicated in
Fig. 2, this can be achieved using a mathematical model of
the user’s BDFT dynamics, indicated with the redHBDFT

block. With a real-time measurement of the vehicle’s accel-
erations fdy,z

, a BDFT model enables the (potentially real-
time) prediction of the BDFT contribution to uy,z, here
indicated as umod

fdy,z
. With a predicted BDFT contribution,

the real BDFT ufdy,z
can be removed by calculating a ‘can-

celled’ input ucan
y,z , which with an accurate BDFT model

HBDFT will approximate uvol
y,z. We focus on sufficiently

accurate and adaptive BDFT models for effective model-
based BDFT cancellation under varying real-world vehicle
conditions. Furthermore, as in many cases touchscreen
users will be affected by BDFT also before their fingers
are in contact with the screen, BDFT cancellation will
be developed for two cases, where users’ fingers are 1) in
sustained contact with the screen (i.e., dragging) and 2)
are being moved towards the screen (i.e., button press).

Motion perturbation signals: To identify adaptive BDFT
models, several experiments will be performed in TU
Delft’s SIMONA Research Simulator, see Fig. 3. To facil-
itate the use of well-known spectral system identification
methods (Van Paassen and Mulder, 1998), multi-sine mo-
tion perturbations as defined by Eq. (1), as also done in
(Mobertz et al., 2018), will be used for all experiments:

fd(t) =

Nd∑
k=1

Ad[k] sin (ωd[k]t+ ϕd[k]) (1)

In Eq. (1), Ad[k], ωd[k], and ϕd[k] represent the ampli-
tude, frequency and phase shift of each sine in the multi-
sine motion perturbation signal, respectively. To capture
the crucial differences in BDFT experienced in different
vehicles—e.g., due to vertical turbulence accelerations in
aircraft, sustained lateral (steering) and forward (accel-
erating/braking) accelerations in cars, and low-frequency
vertical and rolling/pitching motion in ships—a realistic
set of motion perturbations representative for road, air,
and water vehicles will be designed for our simulator ex-
periments. For this, we will approximate real-world vehicle
motions with multi-sine signals, as also successfully done
in (Kolff et al., 2019).

BDFT identification and modeling: Fig. 2 shows that
the involuntary BDFT-related component in a touchscreen
input uy,z can be considered as a dynamic response to
the experienced vehicle accelerations. When multi-sine
motion disturbance signals fd are used, this allows for
direct identification of a BDFT frequency response at all
excitation frequencies of fd, according to:

ĤBDFT (jωd) =
Sfd,uy,z (jωd)

Sfdy,z,fdy,z
(jωd)

(2)

where the cross power spectral density Sfd,uy,z
and power

spectral density Sfdy,z,fdy,z
are calculated directly from

measured uy,z and fd signals (Van Paassen and Mulder,
1998). Eq. (2) shows that for multi-sine fd signals and with
high signal-to-noise ratios, all power at ωd in uy,z can be
directly attributed to BDFT.

While the identification of ĤBDFT (jωd) will facilitate
grasping the wide variation in expected BDFT dynamics,
the ultimate goal is to identify parameterized BDFT
models (Venrooij et al., 2016; Mobertz et al., 2018), as
defined in Eq. (3):

HBDFT (s) =
GBDFTω

2
BDFT

s2 + 2ζBDFTωBDFT s+ ω2
BDFT

(3)

As shown in Fig. 2, an accurate HBDFT model—i.e., with
an accurate estimate of the BDFT model’s gain GBDFT ,
natural frequency ωBDFT , and damping ratio ζBDFT

parameters—will enable effective model-based BDFT can-
cellation. In our project, we focus on investigating how
the three parameters of this model need to be adapted –
e.g., using a linear parameter-varying BDFT model – to
counter BDFT for all expected users in moving air, road,
and water vehicles.
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2.3 Methodology: Tactile feedback

Feedback technology: We use electrostatic actuation (i.e.,
electrovibration or electroadhesion) as the tactile feed-
back technology because it can create perceivable tactile
stimuli without mechanical motion and is independent of
touchscreen size (Basdogan et al., 2020a), making electro-
static displays a good candidate for future vehicle cock-
pits. These devices display an electrostatic force that is
generated by applying an alternating voltage signal to the
conductive layer of a capacitive touchscreen. When users
slide their fingers on the display, this alternating force,
which pulls the finger skin towards the screen, is perceived
as the tactile stimulus. By controlling the input voltage
signal, various tactile controls relevant to touchscreen in-
teractions, such as sliders, buttons, and knobs, can be
rendered.

Modelling finger-touchscreen contact dynamics: The
tactile stimuli generated by electrostatic displays depend
on finger skin properties and changes in finger contact: the
same applied voltage signal can generate different electro-
static forces depending on these conditions (Vardar et al.,
2017; Vardar and Kuchenbecker, 2021). We aim to identify
how systematic changes in these varying conditions affect
the generated electrostatic force and resultant tactile per-
ception. For this goal, we use an experimental apparatus
that can monitor physical changes at the contact—e.g.,
high-resolution finger contact area deformations, finger
contact forces, and electrical impedance and current—
under varying conditions: individuals with different finger
biomechanical properties and applied force and speed. An
illustration of an early prototype of this apparatus is shown
in Fig. 4 and in (Serhat et al., 2022; Nam et al., 2020). By
conducting systematic measurements using this apparatus,
we can identify relevant factors and derive mathematical
models representing the underlying interactions. For the
modelling, a nonlinear JKR contact model will be adapted
for electrostatic pressure (Basdogan et al., 2020b) and
varying conditions affecting finger deformation.

camera

prism force sensor

holder

light 
source

capacitive 
touchscreen signal 

generator &
amplifier

impedance
analyzer

position sensor
(IR)

Fig. 4. Illustration of the experimental apparatus for
measuring physical changes at finger-display contact.
Adapted from (Serhat et al., 2022).

Adaptive tactile feedback: Besides modeling the finger-
display contact, we conduct psychophysical experiments
in motion simulators, see Fig. 3, to measure the detection
thresholds of human participants for tactile stimuli, i.e.,
tactile controls, in the absence and presence of simulated

vehicle motion perturbations; see (Vuik et al., 2024) for
more details on the experimental methodology. Our goal
is to carefully disentangle the physical effects from the
perceptual effects. Therefore, using the obtained finger-
display contact model, the applied input voltage to the
display can be adapted for varying finger properties of the
users, task-related changes in finger-display contact, and
involuntary changes due to vehicle motion perturbations.
The threshold differences under these conditions in the
absence and presence of vehicle perturbations will reveal
perceptual masking effects. Then, we will model the in-
fluence of perceptual masking and integrate it within the
tactile feedback controller.

3. PRELIMINARY RESULTS AND DISCUSSION

3.1 Biodynamic feedthrough

Fig. 5 shows example BDFT modeling and cancellation
results from the previous experiment of (Khoshnewiszadeh
and Pool, 2021). Fig. 5(a) shows the commanded finger
trajectory in the a continuous dragging task with the
white line, where the thicker portion of the trajectory
shows a 1-second highlight. For this same 1-second period,
the red line shows the measured finger input trajectory
uy,z under vertical turbulence. Examples of the ‘cancelled’
input ucan

y,z obtained with a BDFT model that represents
the average BDFT dynamics across all participants (blue
line) or the individual users’ BDFT dynamics (green line)
are also shown. Both cancelled input trajectories show
better reference trajectory following, due to successful
removal of part of the BDFT component in uy,z. Fig. 5(b)
shows a Bode plot of the corresponding identified BDFT
models, where again the average and individual results are
indicated in blue and green, respectively. The estimated
frequency response ĤBDFT (jωd) at the 10 ωd frequencies
of (Khoshnewiszadeh and Pool, 2021) is shown with red
markers. Fig. 5 provides a first indication of the impor-
tance of matching BDFT models to individual users: for
this example the quality-of-fit—here expressed in terms of
the Variance Accounted For (VAF)—increases from 86%
(average model) to 97% for an individual BDFT model.
As can be seen in Fig. 5(a), this improved model accuracy
directly enables superior BDFT cancellation.

With upcoming experiments, we expect to explicitly iden-
tify the adaptive mechanisms in touchscreen BDFT and
develop explicit scheduling of key BDFT parameters to
match individual users’ adaptations to varying motion
perturbations and task demands. Furthermore, to validate
the ‘lumped’ models of BDFT dynamics according to
Eq. (3) we expect to use for implementation on future in-
vehicle touchscreens, we will also use more high-fidelity
BDFT models and novel measurement techniques—i.e.,
using external cameras and the OpenPose library 1 —to
relate our ‘lumped’ models to the true BDFT-induced arm,
hand, and finger movements.

3.2 Tactile feedback

Fig. 6 visualizes the results of an example threshold ex-
periment for detecting a 0.2-second electrostatic tactile

1 https://viso.ai/deep-learning/openpose/



252 Daan M. Pool  et al. / IFAC PapersOnLine 58-30 (2024) 248–253

stimulus—i.e., edge of a virtual button—generated by ap-
plying 125 Hz voltage input to a capacitive touchscreen.
The experiments were conducted in the SIMONA simula-
tor (see Fig. 3) with 18 participants in the absence and
presence of vehicle perturbations; see (Vuik et al., 2024)
for details. In Fig. 6, blue dots represent the thresholds of
each participant, and the diamonds,�, indicate the means.

In these experiments, we did not adapt the tactile feedback
to any varying factors indicated in the previous sections.
A Bonferroni-corrected Wilcoxon signed rank test revealed
that the thresholds are significantly higher during vehicle
perturbations (p <0.05). Also, large variances between
the thresholds of different participants are visible. These
preliminary experiments underscore the importance of
adapting tactile feedback to individual users and the
experienced vehicle motion perturbations.

4. CONCLUSIONS AND OUTLOOK

This paper summarizes the goal, key objectives, method-
ologies, and some preliminary results of the recently
awarded FITS project, that aims to develop ‘Future In-

(a) Finger trajectory

(b) BDFT dynamics

Fig. 5. Example BDFT modeling results for an individual
participant from (Khoshnewiszadeh and Pool, 2021).
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Fig. 6. Example detection thresholds measured in the ab-
sence and presence of vehicle perturbations, adapted
from (Vuik et al., 2024).

vehicle Touch Screens’ that are much better suited for use
in moving vehicles than currently available touch inter-
face technology. This will be achieved by 1) developing
adaptive biodynamic feedthrough (BDFT) models that
can be used to detect and counter erroneous touch inputs
that occur due to physical vehicle motion accelerations
and 2) by using artificial tactile feedback technology to
restore a true sense of touch to in-vehicle touchscreens.
In the FITS project, simulator experiments with realistic
vehicle motion perturbations will be used to systemati-
cally disentangle the effects of crucial varying factors—i.e.,
individual differences in physical characteristics, motion
perturbations, and task-related finger contact force and
movement speed—on BDFT and the perception of tactile
feedback stimuli. From this experiment data, practical
adaptive models of human biodynamics and tactile in-
teractions will be extracted, and used to enable effective
BDFT-prediction and tactile feedback in realistic, varying,
real-world vehicle settings. The involvement of industry
partners from across the automotive, aviation, and mar-
itime domains will enable us to, for the first time, actively
account for the broad range of motion disturbances that
touchscreen users may encounter and capture their effects
on the dynamics of touchscreen interaction.
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