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The methodology for crash tests in vehicle development and
homologation is based on dummies sitting in a standardized
posture, defined by the H-point of the car body and design
specifications. As a result, injury criteria are directly influenced
by these precisely defined initial conditions. Out-of-Position
scenarios are not included in passive safety tests but are usually
analysed conventionally through specialized experiments. The
combination of crash dynamics and improper airbag deployment
can increase the forces exerted on the body. While airbags have
saved numerous lives, statistics also report injuries and fatalities
caused by improper contact with deploying airbags. This study
examines strategies to make the Airbag Control Unit effectively
adaptive to an occupant position. Pre-crash scenarios are
identified using sensors in the vehicle seat and the
corresponding outcomes are simulated. The research highlights
the importance of a thorough examination of crash
circumstances, process and outcomes to improve safety in
intelligent vehicles.
CAR SEAT, INTELLIGENT VEHICLE, SAFETY SYSTEM,
DRIVING EXPERIMENT, OUT-OF-POSITION, CRASH TEST,
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1 INTRODUCTION

The epidemic of road accidents caused by the increasing number
of vehicles on the roads is still largely unsolved by modern
society. Each year, more than 1.2 million people worldwide lose
their lives in car accidents, while hundreds of thousands more
are injured, with some sustaining lifelong disabilities [Wismans
2020]. Therefore, it is crucial to incorporate advanced active and
passive safety systems into vehicle design to minimize the
number of car accidents and reduce the outcome of unavoidable
crashes.

In the event of a road accident, a sensor system triggers the
deployment of the airbags in the car cockpit to mitigate the
impact and reduce potential injuries. However, airbag
deployment is not unconditionally beneficial. Research has
extensively documented that deployment against an Out of
Position (OP) occupant may result in serious injuries rather than
reducing the effects of a crash [Maxeiner 1997; Potula 2012 ;
Yoganandan 2007]. While this drawback must be reduced in
traditional vehicles [FMVSS 2016a; FMVSS 2016b; Lund 2003],
where it is still considered a misuse condition, it needs to be
definitively overcome in Level 4 (High Automation) and Level 5
(Full Automation) vehicles [SAE 2014], where occupants will

increasingly be allowed to engage in non-driving activities,
including assuming unconventional postures. The development
of future intelligent vehicles should prioritize technologies for
the active integration of human passengers on board.

The Airbag Control Unit (ACU) can already adjust the
deployment to the speed, impact severity, seatbelt usage, and
body size [Farmer 2007; Mon 2007; Yang, 1996]. To make the
ACU effectively adaptive, the circumstances, the process, and
the results of accidents must be carefully identified using as
many elements as possible. Although the crash conditions are
reproduced by probability variables, the deterministic view is
still dominant in them. Stochastic views and statistics-
evaluations concern accidents which have already happened.
The typical, most frequently happening crash situations are
taken from the above-mentioned after-crash statistics. The exact
data can be determined by the pre-crash initial conditions and
one of them is the current seating geometry of vehicle
occupants. The crash tests run on the base on the exactly sitting
position, the reality can be different. Inside scenario, including
pre-crash conditions, can be monitored by artificial vision
systems [Bergasa 2006; Borghi 2018; Dong 2010]. However,
cameras may struggle to accurately detect the body of
occupants who are in an OP.

The aim of this paper is to present how the seating conditions of
the occupants can be identified by sensorized seats [Federspiel
2004; Schousek 1995; White 1991] and what physical outcome
these circumstances lead to. Four prototypes of sensorized have
been developed in this research and tested in dynamic
experiments with many drivers, unlike almost all other works in
literature. The position conditions identified by these prototypes
of sensorized seat are discussed in the present paper from the
airbag interaction point of view.

The paper is organized as follows. Section 2 highlights the crash
scenario to be investigated, followed by Sec. 3 introducing the
seat prototypes for occupant monitoring. Section 4 presents the
experiments with the prototypes. Section 5 investigates the
airbag interaction with a test dummy while Sec. 6 draws the
concluding remarks.

2 PASSIVE SAFETY OF VEHICLES, CRASH CONDITIONS

In a crash situation, the yield strength of the involved parts’
material is surpassed, and sometimes even their ultimate
strength limits are reached accompanied by total failure of the
component [Talarico 2012]. Plastic deformation of the impacted
parts following primary elastic deflection occurs. Plastic
deformation energy takes then over practically all kinetic energy
of the impacting bodies.

Despite real-world car crashes and impacts have an infinite
number of varieties, the impact scenarios used for car design are
assumed from legal requirements and consumer tests. The crash
severity depends on the total kinetic energy of both impacting
bodies. Any car body can protect the passengers to some degree,
which is agreed by the legislators and public for the time being
and expressed in international regulations, prescriptions of
public organizations and factory rules.

General demands posed on the carbody during and after a crash
can be briefly summarized as follows [Talarico 2012]:

- maximum strength of the passenger compartment is
demanded; the interior space of the passenger compartment
should stay as intact as possible; relative movement of steering
assembly towards body must be kept in tolerable limits; seats
must not get loose; penetration of sharp corners into the
passenger compartment during the crash must be completely
avoided even in most severe crashes; the volume necessary for
survival of any passenger must be preserved even in most severe
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crashes; luggage in the luggage compartment must not enter the
passenger compartment;

- the possibility to open at least two doors must be preserved;

- optimized force/deformation characteristics of the crash zones
are demanded; mean as well as maximum translational and
rotational decelerations of the car-body at passengers’ seats
during the crash should be minimized;

- mean values as well as maximum decelerations and forces
acting on prescribed occupants” body parts (head, thorax, hips,
etc.) should be minimized; in tests, they are evaluated
accordingly to prescribed criterions of injury rates; seat belts,
airbags and other retention means, upholstery, etc. play here
deciding role.

The last two requirements are strongly linked with the body
dynamics during crash, i.e. with initial sitting geometry, which is
prescribed in advance in the test conditions. Most tests are
carried out with test dummies of very sophisticated design,
which can show the injury risks of different body parts. Injury
criteria, which form a vital part of the evaluation of passive
safety in different tests, are the critical parameters for the
results of approval tests. To get in all criteria bellow the
predefined threshold is a difficult indirect engineering task,
which requires deep knowledge, many experiments and
simulations.

The airbag is critical element from sitting geometry point of view.
Its design is based on standard speed crashes, regulated in
national and company tests. Passive safety is directly governed
by regulations and prescriptions, differing in Europe [EU 2024],
USA [FMVSS 2016a; FMVSS 2016b] and Japan [JASIC 2021]. On
the other hand, private organizations, such as NCAP [Euro Ncap
2024), are proposing steadily harder test conditions, which will
have a further impact on the car body design.

3 PROTOTYPES OF SENSORIZED SEATS

The layout, construction and operating principles of four
prototype seats are presented hereafter.

3.1 Pressure Sensors Embedded in a Vehicle Seat

The first prototype is designed with a number of sensors spread
below its surface. Thin Force Sensing Resistors (FSR) are used to
monitor the contact pressure [Yaniger 1991]. Based on the
specifications provided in [Gyi 1998], the seat cover is equipped
with 16 FSR 402 [Interlink Electronics 2024], with a 0.45 mm
thickness and a 13 mm diameter active surface. The sensors,
depicted in Fig. 1a, are arranged as shown in Fig. 1b, with labels
in the controller software corresponding to the initials of Seat,
Backrest, Left, and Right.

In real dynamic driving conditions, the pressure field
continuously changes due to the balancing of body inertia in
response to vehicle accelerations during speeding up, braking, or
turning, as well as the occupant's movement on the seat. To
monitor the occupant’s movement only, the effect of vehicle
dynamics on pressure field variations must be cancelled out in
the methodology. A BNOO55 IMU [Bosch 2024] is used to
monitor the vehicle as a moving platform [Chakravarty 2013;
Vlahogianni 2017]. The BNOO55 is a 9-axis absolute orientation
sensor that integrates a triaxial accelerometer, a triaxial
gyroscope, and a triaxial geomagnetic sensor.

The 16 FSRs and the BNOO55 are integrated via an Arduino Mega
2560 microcontroller [Arduino 2024]. The first calibration
routine aligns the BNOO55 reference system with the vehicle
one.

a)

Figure 1. Sensor system: a) FSR and b) layout with FSRs, IMU and
controller [Vergnano 2020b].
In the experiments, individual sensors do not provide meaningful
information on their own. To extract useful data regarding the
occupant position, the sensors must be grouped to compute
overall values. The FSRs are organized based on their location as
Seat (S) (sensors SR1, SR2, SR3, SL1, SL2, and SL3), Backrest (B)
(sensors BR1 to BR5 and BL1 to BL5), or Seat+Backrest (SB) (all
sensors combined). As the first evaluation step, the signal values
in the S, B, and SB groups are Averaged (A), resulting in As, Ag
and Asg cumulative values. Next, for each group, the Pressure
Center (PC) in the longitudinal x and transversal y directions is
defined as:

PCyj; = Xio ¢y jFSR; = accy
PC,; =¥, ¢y jFSR; = acc, (1)

where FSR; is the i signal value, the j subscript is S, B or SB for
the different evaluations on the aforementioned groups, n is the
total number of sensors (6 when jis S, 10 whenjis B or 16 when
Jjis SB) and ¢, ; and cy,; ; are the weighing factors for each
sensor in longitudinal and translational directions respectively.
Cx,i,j and ¢y ; ; are calibrated during first driving maneuvers with
a best fitting algorithm with the longitudinal acc, and
transversal acc, accelerations respectively. After the weighting
factors ¢y;; and c,;; are defined, PCy; and PC,; move
according to accy and accy,. An example of the individual row
signals of FSRs over time is shown in Fig. 2a, while the processed
FSRs as Ag and PC,, g are shown in Fig.2b. In this example the
vehicle is parked, engine on, with the driver steady in the correct
driving position, with hands on wheel. The computed average Ag
and pressure center PCy, 5 are clearly more reliable than the 16
signals and Ag even perceives the driver breathing.
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Figure 2. Example of monitoring of a) row signals and b) Average
pressure on the Backrest and Pressure Center on the Backrest along
transversal direction [Vergnano 2020b].

Three Average criteria - As, Ag and Asg - along with four Pressure
Center criteria- PC, 5, PC,, g, PC, g and PC, sg - were identified
as significant. These criteria are continuously computed by the
controller and compared with the car accelerations acc, and
acc,,. The controller is designed to continuously communicate
whether the occupant is in a correct position (OP=0) or if he or
she is forward reclined against the steering wheel (OP=1), left
reclined against the side door (OP=2), right reclined toward the
side seat (OP=3) being distracted by other devices or objects.
All details about the construction of the prototype with pressure
sensors embedded in the vehicle seat can be found in [Vergnano
2019a; Vergnano 2020b].

3.2 High-Resolution Pressure Mat for Monitoring the
Pressure Distribution

This second prototype features a flexible mat designed to cover
the surface of the interface being monitored. It can eventually
be integrated as a layer within the seat upholstery.

The pressure mat assembly consists of three superimposed
layers. Each outer layer consists of parallel copper strips: the
lower layer is arranged in rows, while the upper layer is arranged
in columns, as shown in Fig. 3a and 3b. The middle layer is a
Velostat sheet [Adafruit 2024], a flexible, conductive, and
pressure-sensitive material that reduces its electrical resistance
when compressed. The matrix measures 600 mm x 500 mm
overall and incorporates 750 sensorized cells since it is
composed of 30x25 strips, each 20 mm x 20 mm in size. Data
scanning and communication to a laptop through a serial port
are managed by an Arduino Mega 2560 microcontroller [Arduino
2024]. The scanning process involves sequentially powering each
of the 25 Digital Outputs (DOs) at 5V and reading the 30 Analog
Inputs (Als) within the 0-5V range for each powered DO.

- GND

= E{ 2 GND

.. . B00mm (30 elements)

(25 elements)

a)

Figure 3. Pressure mat prototype: a) sensor matrix concept with b)
copper strips on the outer layers and c) installation on the seat
[Vergnano 2019b].

Two individual pads are employed, one for the seat bottom and
the other for the seat back, resulting in a total of 1500 sensorized
cells, as shown in Fig. 3c. All details about the construction of the
high-resolution pressure mat can be found in [Vergnano 2019b].

3.3 Modular Seat with Separate Regions of Interest

The third seat is designed with a modular architecture, where
each module represents a significant region for detecting
interactions between the occupant and the seat [Ng 1995]. The
seat comprises 13 modules, as illustrated in Fig. 4a:

1 and 2. Leg areas: the front part of the pan, where the legs rest
or provide balance during driving maneuvers;

3 and 4. Sacral area: the rear part of the pan, supporting the
majority of the load;

5 and 6. Lower side: the inclined cushions of the pan serving a
containment function;

7 and 8. Lumbar area: the lower portion of the backrest, bearing
the weight of the back of the occupant;

9 and 10. Back area: the upper section of the backrest, providing
shoulder support;

11 and 12. Upper side: the inclined cushions of the backrest for
additional containment;

13. Headrest: positioned to support the neck and head, though
not always used by the occupant.

Within each module of the seat, the load applied to the padding
is transferred to the upper structure, which consists of a 3 mm
PVC plate supported by four load cells, as shown in Fig. 4b. These
square load cells measure 34x34x8 mm, each with a payload
capacity of 50 kg, resulting in a total payload of 200 kg per
module. This capacity ensures safe experimental conditions
without approaching the load limit. The load cells are mounted
on a lower plate designed to allow free flexing through an
underlying slot. The four-cell configuration enables electronic
connections using a Wheatstone bridge for power and ground
wiring to the Arduino Mega 2560 microcontroller [Arduino
2024]. The modular car seat is wired to utilize 13 Als of the
microcontroller. The installed prototype is shown in Fig. 4c.
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Figure 4. Modular seat a) layout, b) construction and c) feasibility
prototype [Vergnano 2020a].

All details about the construction of the prototype of the
modular seat can be found in [Vergnano 2019c; Vergnano
2020a].

3.4 Seat with sensors in the lower frame supports

The latest prototype incorporates sensors into a seat designed
to closely resemble a roadworthy model, ensuring the
preservation of its functionality and comfort. For this research, a
driver seat from a 2016 Peugeot 308 SW is repurposed, with only
the four seat supports being modified to incorporate a load cell
in each. Four DYZ-101-500 kg load cells [DYLoadCell 2024] are
installed in the seat supports, as illustrated in Fig. 5 a) and b), to
measure the position of the Center of Gravity (CG) of the seat-
occupant system. The DYZ-101 is a pancake-type load cell with a
compact height and capable of detecting both compression and
traction while effectively compensating for off-axis forces. The
load cell can withstand a load of up to 500 kg with a safe overload
of 150% and a maximum overload of 200%, making it suitable for
load measurements in all driving conditions.
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Figure 5. Layout of the last seat prototype with a) supports equipped
with DYZ-101 load cell, b) assembled seat in iso view and c) top view of
the coordinate system of the CG in normal position [Vergnano 2024].

Again, the seat is also equipped with a BNOO55 IMU for
monitoring and compensating for the vehicle accelerations
when evaluating the CG shifts. All sensors are managed by an
Arduino Mega 2560 microcontroller [Arduino 2024], sending all
data to a laptop via serial connection using Microsoft Excel
Macro-Enabled Worksheet in Office 16 through the PLX-DAQ
application.

A calibration routine is preliminarily run when start driving for
each trip. Calibration requires the occupant to sit in a normal
position to determine the shift factors for the CG and the scaling
factors for accelerations. The CG position in the (x¢gs, Yces)
plane [Euro Ncap 2024] is computed as the weighted average of
the signals from the four load cells relative to their positions, as
shown in Fig. 5 c). Negative shift factors are applied to align the
CG to (0,0) on average. The x-shift factor is influenced by the
occupant body size and the specific adjustments to the height of
the seat pan and angle of the backrest. The y-shift factor is
minimally affected by the occupant's asymmetrical positioning.
The accelerations acc, and acc,, are already monitored aligned
on (0,0). Scaling factors for accelerations are applied to amplify
the IMU signals to match the magnitudes of the CG positions, to
make them comparable. These scaling factors are negative
because accelerations and inertia forces naturally have opposite
signs.

The four monitored and adjusted values x¢¢s, Ycgs, acc, and
acc,, are processed within the same loop cycle to identify the
occupant's position.

All details about the construction of this last seat prototype can
be found in [Vergnano 2024].

4 EXPERIMENTS

The described prototypes measure pressure at the seat-
occupant interface, providing different field resolutions,
reliability, and data processing time. The next section will detail
the second and third prototypes, showcasing examples of
significant pressure distribution readings. Subsequently, the
results from experiments with the first and fourth prototypes
will be presented, demonstrating occupant monitoring during
dynamic driving scenarios.

4.1 Pressure monitoring at seat-occupant interface

In the following experiments with the second prototype, test
occupants are instructed to take a normal driving position with
hands on wheel and feet on pedals. After one minute of self-
adjustment to find a comfortable posture, the pressure field is
scanned. Testers are then asked to take a forward-reclined OP,
followed by left- and right-reclined OPs. The pressure field is
recorded for each posture.

For brevity, results from a driver of 90 kg weight, 185 cm height,
and 36 y aged are shown in Fig. 6. The colour scale ranges from
0 (green) to about 850 (red), with each sensor’s full scale being
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1024. The results demonstrate a significant, though qualitative,
pressure distribution. While calibration could improve pressure
monitoring reliability, it is challenging due to the nonlinearity of
the piezoelectric material. Nonetheless, the array of 1500 cells
provide a high-resolution subdivision of the surface, ensuring
smooth transitions between different loaded areas.

The experiment reported in Fig. 6b, performed in the normal
driving position, reveals an asymmetric posture by the driver,
attributed to the differing actions of the right and left legs on the
pedals. Additionally, the pressure mat effectively monitors the
pressure exerted on the seat’s lateral supports. The experiments
reported in Figs. 6d, 6f, and 6h demonstrate that the position can
be distinctly identified.

g — /h)‘n-'-

Figure 6. Pressure field as monitored by the pressure mat prototype in
the a) and b) normal and in c) to h) the three studied OPs [Vergnano
2019b].

The results in Fig. 6 clearly show that the pressure mat prototype
generates a large amount of data, which can be used for
advanced activity monitoring and occupant profiling tasks.
However, this data must be continuously grouped into
significant regions by the control software to identify the OP
conditions. To address this, the third prototype is designed for
hardware-level grouping by dividing the seat into modules, such
as an armchair composed of separate cushions. The system
continuously measures and evaluates the force exerted on each
module and the vehicle accelerations. In the experiments, the
occupant simulates different driving scenarios by adopting
different positions on the seat. Fig. 7a shows the occupant in a
normal position, naturally distributing his weight across the
modules. The OP conditions are clearly identified by the weight
distribution, shifting to the front modules (1-2-3-4-5-6) for the
forward-reclined OP in Fig. 7b, to the left modules (1-3-5-7-9-11)
for the left-reclined OP in Fig. 7c, or to the right modules (2-4-6-
8-10-12) for the left-reclined OP in Fig. 7d. Sensor reading with
the load cells is much more reliable than the previous prototype
and the images effectively report the monitored weight in kg.
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Figure 7. Experiments with the modular seat with separate regions of
interest in a) normal position, b) forward-reclined OP, c) left-reclined
OP and d) right-reclined OP [Vergnano 2020a].
4.2 Occupant position monitoring

Driving experiments with the first prototype with pressure
sensors embedded in the vehicle seat were performed at the
Autodromo di Modena racing circuit, Italy [Autodromo di
Modena 2024]. The vehicle used for testing was a Quattroporte
Maserati. The experimental track included a series of maneuvers
illustrated in Fig. 8: straight-line acceleration up to
approximately 30 km/h speed, counterclockwise 360° turn with
a radius of about 10 meters at a constant speed, clockwise 360°
turn with the same radius, concluded by straight-line braking.

Figure 8. Track for the driving experiments with the first prototype
[Vergnano 2020b].

Figure 9 presents the colour map as read by the sensors. The
scanned pressure field appears significantly rougher compared
to the previous prototypes. However, the detection algorithm in
the control software successfully identifies the driver's position
for monitoring purposes. Figures 10 to 13 illustrate the position
monitoring by comparing Pressure Center and Acceleration for
the experiment conducted in the correct driving position and in
the forward-reclined, left-reclined, and right-reclined OPs,
respectively. In (a) figures PC, ; and acc, are used to distinguish
between correct and OP conditions. Then, in (b) figures PC, ;
and acc,, allow to finally identify the specific OP scenario. The
sensor readings are derived from voltage signals and are
therefore dimensionless. Lastly, the (c) figures display the results
of the OP detection routine.

[FSR] = [m/s*]

Q
=1

[FSR] - (m/s?)

=z

[oP]

Figure 10. Correct position experiment: (a) acceleration (dotted line)
and pressure center (solid) in longitudinal direction for SB sensors
group, (b) acceleration and pressure center in transversal direction for S
sensors group and (c) OP activation in the system controller [Vergnano
2020b].

c)
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Figure 11. Forward reclined OP experiment: (a) acceleration (dotted
line) and pressure center (solid) in longitudinal direction for SB sensors
group, (b) acceleration and pressure center in transversal direction for S
sensors group and (c) OP activation in the system controller [Vergnano
2020b].
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Figure 12. Left reclined OP experiment: (a) acceleration (dotted line)
and pressure center (solid) in longitudinal direction for SB sensors
group, (b) acceleration and pressure center in transversal direction for S
sensors group and (c) OP activation in the system controller [Vergnano
2020b].

[FSR] = [m/s

Figure 13. Right reclined OP experiment: (a) acceleration (dotted line)
and pressure center (solid) in longitudinal direction for SB sensors
group, (b) acceleration and pressure center in transversal direction for S
sensors group and (c) OP activation in the system controller [Vergnano
2020b].

PC, ;and PC,, ; closely follows accy and acc,, respectively under
normal driving conditions. In this scenario, the controller detects
no OP in 97.1% of the experiment duration. When the driver’s
back separates from the backrest, the OPs are distinctly
identified by comparing PCy,; and accy. Then, the comparison
of PC, ; with acc, allows for the identification of specific OP
scenarios. The forward-reclined OP is characterized by a
longitudinal offset with minimal translational offset. The
controller accurately identifies this OP=1 condition during 82.9%
of the experiment time. The left-reclined OP is characterized by
a negative translational offset, with the OP=2 condition correctly
identified in 75.8% of the experiment time. Similarly, the right-
reclined OP determines a positive translational offset, and the
OP=3 condition is correctly detected in 79.8% of the experiment
duration.

Experiments with the fourth prototype with sensors mounted in
the lower frame supports were conducted on the runway at the
Aero Club of Modena in Italy [Aero Club of Modena 2024]. More
extensive experiments were performed due to the fourth
prototype's improved reliability and safety. The experiments
focused on replicating maneuvers identified as critical for pre-
crash and crash conditions [Reed 2021]. The test track, shown in
Fig. 14, includes the following sequence: 1) start moving in 1st
gear, 2) half-eight turn at approximately 15 km/h speed, 3)
maximum acceleration in 2nd gear until speed limit activation at
50 km/h, 4) left lane change, 5) right lane change, 6) hard brake
to stop, 7) start moving in 1st gear again, 8) half-eight turn at
approximately 15 km/h speed, 9) maximum acceleration in 2nd
gear until speed limit activation at 50 km/h, 10) right lane
change, 11) left lane change, 12) hard brake to stop.

(180m)

30m 20m

(o)
A/
.

[
YN

=7

START 1
BRAKE 2
BRAKE 1
START 2

Figure 14. Test track as created on the runway of the Aero Club of
Modena [Vergnano 2024].

First, the test driver is asked to adjust the seat to a comfortable
position and familiarize himself with the car during a brief driving
session. The driver then completes three laps in each of the
previously described positions, for a total of 12 laps. The first lap,
driven in the normal position, is used to calibrate the device.

Each lap lasts approximately 50-55 seconds. The experiments
conducted with a driver of 96 kg weight, 185 cm height, and 42
y aged are shown in Fig. 15 for all four positions. In Fig. 15a, the
sequence of twelve maneuvers within the lap is further
explained, clearly identifiable from the CG movements and car
accelerations in longitudinal (red lines) and transverse (blue
lines) directions.
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Figure 15. Driver monitoring in real driving tests in a) normal position
and in b) forward-reclined, c) left-reclined and right-reclined OPs
[Vergnano 2024].

In these extensive experiments, the normal position was
correctly identified almost 90% of the time. However, this
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undesirable and dangerous outcome needs improvement, as it
could compromise the passive safety systems of the car.
Misidentifications are mainly caused by very harsh maneuvers,
during which the CG is unintentionally shifted from the expected
trajectory which replicates the acceleration. This occurs as the
driver must hard push on the brake and clutch pedals during
braking while also holding up himself by grasping the steering
wheel with his hands and leaning against the lower cockpit with
his knees. The forward-reclined OP is accurately identified by the
controller. The right-reclined OP is correctly recognized
approximately 75% of the time. The lower accuracy may be
attributed to the driver needing to prioritize maintaining focus
on the track for safety reasons during challenging maneuvers in
these experiments. Consequently, while the drivers adopted the
right-reclined OP, it was not performed to an extreme degree.
The left-reclined OP is even harder to identify, with only 50%
accuracy. This OP is particularly constrained, as the driver can
only slightly recline his body against the door.

Figure 16 illustrates the CG position plots in the (x¢¢s,Vcgs)
plane for the tests in the normal position (black dots), forward-
(red), left- (green), and right-reclined (blue) OPs. The CG
positions are adjusted by the scaled vehicle accelerations, so
they represent the driver's movements relative to the seat. Each
point represents an experimental sample, while the large
bordered points represent the average CG positions. Despite
deviations caused by harsh maneuvers, the positions can
generally be identified through the CG location in the
(xccs:Yces) plane, which represents the vertical projection of
the CG position.

Y

200 175 150 125 100 75

Figure 16. Test track Fig. 18 CG positions reduced by the scaled
accelerations for the second test of three, in normal position (black),
forward-(red), and left-(green) and right-reclined (blue) OPs, for (a) 1st,
(b) 2nd, and (c) 3rd drivers [Vergnano 2024].

5 AIRBAG INTERACTION WITH A TEST DUMMY

This section deals with interaction the between deploying airbag
and the dummy or passenger in OP. The test of the driver side
dummy sitting close to the steering wheel deploying airbag is
presented.

The airbag is triggered by the pyrotechnical initiator, which fires
chemical filling producing a high pressure and a high
temperature gas. Expansion gas is filtered and cooled. Hybrid
systems are equipped with an accumulation chamber with
compressed gas. Then the bag chamber is filled by the mixture
of the explosion material and composed with the compressed
gases tank [Obermann 2004]. Driver-side and passenger-side
frontal airbags are activated by the deceleration signal typical for
a frontal crash, which is analysed by the vehicle control unit.
Misuse activations avoidance is the subject of precise testing.
Lateral and head airbags are activated by the threshold of the
lateral acceleration, body deformation of driver chamber
pressure in the case of the side crash. The standard and widely

accepted crash test dummy for frontal crashes is the Hybrid Il
dummy of GM production. As the lateral crash test dummies are
approved Biosid (GM) and EuroSid (TNO) [Wismans 2020]. The
basic requirements for the dummies are anthropometry,
simplicity, biofidelity, reproductibility, repeatability, sensitivity,
durability (fatigue), and cost. Crash test dummies are equipped
with many sensors on which signals are based injury criteria.
Airbag simulation uses finite element methods for the airbag
fabric simulation, multibody and finite element methods for
dummy dynamics, and thermodynamics for gas flow analysis, as
shown in Fig. 17.

Figure 17. Airbag contact with multibody dummy model. [Purs 2017].
The OP test was provided to evaluate the impact of the
deploying driver-side airbag against the crash test dummy
Manikin situated close to the steering wheel, as shown in Fig. 18.
The airbag was activated by the artificial signal on the standing
car [First 2012].

Figure 18. Sequence of the OP airbag test [First 2012].
The movement of the dummy head was analysed (blue) and the
signal was filtered (orange), as shown in Fig. 19.
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Figure 19. Velocity of the head after airbag impact (courtesy V.Rulc).
The middle value of the head acceleration is about 30 g for the
filtered signal with the maximum about 50 g for the filtered
signal. If the passenger is exposed to the car-body deceleration
during the frontal crash, then the additional reverse impact from
the airbag can be critical, especially for the cervical spine and
linked soft tissues. Figure 20 presents a principal study of the
vertebral and ligament stress distribution (from maximal (red) to

zero (blue)) during head hyperextension.

a) b)

Figure 20. Simulation of a) head movement and b) detailed strain
results (Purs, 2017).

Basic injuries of the vertebrae are fractures of processes,
vertebrae body or the spinal cord disconnection. Most fragile is
the dens axis processus and this injury has in many cases serious
consequences.

The injury mechanism can lead to the fracture of the spine due
to hyperextension with all consequences [Pur$ 2017]. The
maximum stress is detected on the vertebrae C1 and connected
ligaments. The vertebrae from C2 to C4 are exposed to high
stress, which can lead to the strain injury mechanism of cervical
tissues, as shown in Fig. 20.

The airbag tests prove that OP is dangerous in case of the
restraint systems (driver side, passenger side, lateral and head
airbags) activation. The airbag activation algorithm is based on
severity and type of the crash, however warning to the
passenger in the case of the OP, increases safety level.

The understanding of mechanisms of injuries, caused by
unproper initial condidions like OP, enable the definition of
proper control strategy for the addequate restrain effect.

6 CONCLUSIONS

This paper presents how pre-crash scenarios can be identified
using sensors embedded in the vehicle seats. Four seat
prototypes were presented, along with the results of real driving
experiments. The study examines the physical injuries sustained
by occupants seated in OP postures. It highlights that the
combination of frontal crash inertia loads and the potential
impact of airbags on improperly seated occupants can result in
overloading of human tissues, especially of the neck spine. The
findings highlights the importance of OP detection in preventing
severe injuries in such cases. Therefore, future intelligent

vehicles should also monitor internal scenarios to be able of
implementing adaptive strategies in case of collisions.
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