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Abstract—1In highly automated vehicles, the conventional
roles of driver and passenger are transformed. This paradigm
shift presents novel opportunities for the design of the vehicles
interior. Recent research has demonstrated that occupants
prefer to sit facing each other in highly automated vehicles,
e.g., in living room configuration, in addition to conventional
seating arrangements. However, studies have indicated that the
restraint systems currently employed in new interior concepts
do not achieve the desired effect. The shuttle, developed as part
of the AWARE2ALL project funded by the European Union,
was simulated in a sled test environment, undergoing various
modifications to assess the necessary vehicle structures for
ensuring occupant restraint. It was determined that reducing
the forward movement of the occupant leads to a successful
reduction in loads on the occupant. Incorporating a footrest
within the design has emerged as a key element in reducing
loads among occupants.

Index Terms— highly automated vehicle, THOR-AYV, passive
safety, airbag, occupant injury.

I. INTRODUCTION

Vehicles with SAE Level 4 or above autonomous driv-
ing systems [1], in which the occupants no longer act as
driver, do not require conventional vehicle interior elements
such as steering wheels or pedals. This change opens new
possibilities for the design of the interior [2], [3]. The
UNICARagil project, as referenced in [4], includes a user
study that explores how interiors can be designed for au-
tonomous vehicles. Research studies [5] and [6] describe
various seating arrangements in highly automated vehicles,
shown in Figure 1. The most common seat configurations
include the conventional arrangement (forward-facing seats),
the rotated arrangement (conversation position), and the
“living room” concept, which allows various combinations
of interior design. In the forward-facing configuration, the
first row of seats can feature a dashboard of the traditional
vehicle interior design, similar to the rotated configuration.
In contrast, occupants seated in the living room concept
take on the role of passengers and the dashboard is omitted
entirely. As indicated in [5], the seat positions can be rotated
freely, and the backrests can be reclined, resulting in a novel
spatial configuration. The seat positions diverge from the
conventional arrangement. As indicated in [5], the restraint
systems typically found in traditional vehicle designs are
unable to safely restrain occupants and minimize injuries in
the event of an accident unless new approaches are employed,
e.g. current restraint systems are not designed for reclined
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seating positions. In [7], the feasibility of rotating seats
was investigated. For conventional restraint systems to be
employed effectively, the seat must be capable of unrestricted
rotation around its vertical axis during periods of regular
operation. However, in the event of an imminent crash, the
seat is rotated into the driver’s position, thereby enabling the
effective restraining of occupants by the traditional restraint
systems [7]. Furthermore, the impact of the backrest and seat
cushion inclination was examined in [8]. Luttenberger et al.
[8] evaluated the efficacy of a “safety vest” and a “head
containment system” in conjunction with the standard three-
point seatbelt. These systems represent an extension of the
conventional three-point seatbelt, developed to address the
specific challenges posed by the evolving vehicle interior
design.

In [9], the impact of varying seating positions in a conven-
tional vehicle setting, is examined. Their findings demon-
strate that even minor alterations in seating posture, such as
crossing the legs, can have a considerable influence on the
efficacy of restraint systems and the kinematics of occupants
in the event of an accident. Yang et al. [10] investigated the
seating positions in autonomous vehicles. The posture of the
occupants is determined by the activity they perform while
driving, e.g. eating or working, the so-called non-driving
posture (NDP). The most frequently chosen seating position
(forward seating occupant) is similar to the current driving
postures in conventional vehicles [10].

While current research has focused on the impact of various
body postures on occupant safety, the specific relationship
between standard seating positions and the occurrence of
injuries remains an important area. It is essential to gain
insights into how the various elements of the vehicle in-
terior affect injury outcomes in these conventional seating
arrangements. Such understanding is crucial for the interior
design of autonomous vehicles and occupant protection. This
paper aims to analyze these relationships and identify the
key factors contributing to injury risks in standard seating
positions.

II. METHODOLOGY

This study aims to examine the impact of vehicle interior
design on the functionality and performance of restraint
systems, as well as the interaction between occupants and
these systems. The vehicle interior from the AWARE2ALL
project [11] is employed during the present investigation.
The autonomous shuttle consists of four seats arranged
in a face-to-face configuration (Figure 1C). The elemental
configuration of the simulation model is based on the UMV
People Mover, developed by “Deutsches Zentrum fiir Luft-
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Fig. 1.

und Raumfahrt e.V.” (DLR) [12]. The integrated seats were
derived from the open-source finite element (FE) model of
the Toyota Camry from 2012 [13] and adapted to align
with the necessities of the shuttle. The restraint systems,
consisting of seatbelts and airbags, were developed as part
of the AWARE2ALL project. The seat-integrated three-
point seatbelt contains a pyrotechnic belt pretensioner on
the shoulder belt. Furthermore, the belt parameters, such
as material definition, have been derived from the open-
source finite element model of the National Highway Traf-
fic Safety Administration (NHTSA) Honda Accord from
2014 [14]. The airbag is L-shaped, contains a hybrid gas
generator, and is attached to the vehicle ceiling, as in the
EU project AWARE2ALL. A 50kph full-frontal crash pulse
provided by DLR with the sled test environment developed in
AWARE2ALL, has been identified as particularly critical for
occupant safety and was used in this study. The crash pulse
exhibits an initial acceleration spike of 22 g, characteristic of
early contact with limited energy-absorbing structures. This
is followed by a brief attenuation and subsequent rise to a
peak of 39.4¢g as additional structural elements engage in
energy absorption. The pulse exhibits a characteristic curve,
and the acceleration and timing are within the operational
parameters of safety restraint systems.

The finite element Anthropometric Test Dummys (FE-ATDs)
are employed as occupant models. This study uses a forward-
facing, 50-percentile male dummy (THOR-AV-50M) from
Humanetics [15]. As can be seen from the literature re-
view, posture and seating position are factors that influence
the injury severity in a crash [9], [10]. The “in-position”
occupant position is considered to classify the injuries in
the subsequent studies according to consumer protection and
legal requirements.

Eight load cases were defined for the study, as outlined in
the following section. The initial situation in AWARE2ALL
serves as baseline for adding components in each subsequent
load case, continuing until the interior of today’s vehicles is
reached in Case 6. The methodology enables the assessment
of the influence of individual components (cases 1-3) and
subsequent combinations (cases 4-6 and 8) on occupant
injuries. Based on these conclusions, recommendations for
interior design can be derived. The load cases are as follows:

Seating configuration in autonomous vehicle [forward-facing (A); rotated arragement (B), living room (C-E)], according to [5], [6].

Baseline: In this configuration, the occupant is posi-
tioned following the specifications set in the AWARE2ALL
project. The dummy is seated with their legs extended. The
legs are positioned so that the feet are placed flat on the
floor. The lower leg is positioned vertically to the floor, with
an angle of 81° to the thigh, as demonstrated in Figure 2. A
solid line illustrates the Baseline position.

Case 1: A footrest (Figure 2(a)) is introduced to the
baseline situation. In this instance, the footrest replicates
the angled floor panel typically observed in conventional
vehicles on the passenger side. The angle between the upper
and lower leg is now 110° and the feet are arranged on
the angled footrest. The dummy positioning was performed
according to the EuroNCAP Frontal full width (FW) protocol
[16]. As in the Baseline position, it was adapted to the
existing conditions in the shuttle, with the arms placed on
the upper thighs, as there is no steering wheel.

Case 2: The Baseline is extended by adding an airbag
(Figure 2(b)). As illustrated, the occupant’s position is main-
tained in the baseline case. The airbag is fixed in position
by a plate located behind it. This sheet metal is designed to
simulate the fixation of the airbag in a conventional vehicle
by a dashboard and windshield to ensure proper occupant
restraint.

Case 3: A knee bolster (Figure 2(c)) is added to the

Baseline. As in the previous cases, this extension is in-
tended to imitate a dashboard. The knee bolster is positioned
167 mm away from the knee joint. The alignment has been
taken from the dashboard of the Toyota Yaris FE model [17]
and integrated into the simulation as a simplified sheet metal
plate.
The objective of Cases 1 to 3 is to demonstrate the fundamen-
tal impact of the individual measures. The following cases
combine earlier mentioned cases to confirm the effectiveness
of the measures in question.

Case 4: Combination of Cases 1 and 3. The interior of
the shuttle includes a footrest (a) and a knee bolster (c¢). The
dummy is positioned according to the position in Case 1.

Case 5: Case 1 is combined with Case 2. The airbag
(b) is extended with a footrest (a).

Case 6: Cases 1 to 3 have been merged. In this case, the
vehicle’s interior is configured according to the arrangement
observed in existing vehicles. According to Figure 2 (a) +
(b) + (¢) have been added in this case.
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A seat-integrated seatbelt is installed in all cases, including
the Baseline, similar to the Shuttle from AWARE2ALL. In
the remaining Cases 7 and 8, a seatbelt with alternative
connections is used to confirm the impact of the previous
investigations on the occupant in the event of a collision
with other seatbelt connections. The Position of the D-ring
is changed by (Az = O0mm, Ay = 116 mm, Az = 130 mm),
to imitate a position according to a D-ring attached to the
B-pillar in a conventional vehicle. The anchor point is no
longer attached to the seat frame but to the floor panel,
as in conventional vehicles. The position of the buckle is
analogous to that of the seat-integrated concept.

Case 7: The configuration is identical to that of the
Baseline, with the exception of the non-integrated seatbelt
(Figure 2(d)).

Case 8: This configuration combines Case 6 (Cases 1,
2 and 3) ((a@) + (b) + (¢)) with a non-integrated seatbelt from
Case 7 (d), which corresponds to the situation in conventional
vehicles.

Fig. 2. Schematic of simulation setup (THOR-AV-50M (ATD)) with
modifications indicated by dashed lines. The modifications consist of a
footrest (a), an airbag with a plate to hold it in position (b), a knee bolster
(c), and a seat-integrated or non-seat-integrated seatbelt (). For simplicity,
only the seat-integrated seatbelt is shown.

III. RESULTS AND DISCUSSION

Table II presents the study’s outcomes, comparing all
modified versions (Case 1 to Case 8) with the baseline
configuration. The percentage changes are documented in
each respective cell. A negative cell value indicates an im-
provement or reduction in load has been achieved compared
to the Baseline. The injury criteria for the respective body
regions are derived from the load criteria for the THOR-50M
[18], as the THOR-AV-50M utilized in the study does not
currently have any published load criteria. Four body regions
are considered, further subdivided into different measuring
points. For the head, the Brain Injury Criteria (BrIC), the
Head Injury Criterion (HIC;s), and the maximum head

acceleration (a3ms) are evaluated.
The HIC;s can be calculated according to [18]:

1 t 2.5
HIC5 = |(t2 — 1) [ / a(t) dt] ;o (D
t2 o tl tl max
for (tg — tl) S 15 ms.
For calculating the BrIC, the maximum angular head veloci-
ties in the x-, y- and z-axis and the critical angular velocities
are used in the formula below by [18]:

w. 2 w. 2 w 2
BriC = ( T) +<J> +( ) ()
WeC Wy wzc

TABLE I
CRITICAL MAXIMUM ANGULAR VELOCITY [18]

with:

Critical maximum angular velocity | Rad/s
WeC 66.25
wyC 56.45
wC 42.87

The shear and tension forces and the neck extension are
considered for the neck region.

The chest compression is calculated using four Infra-Red
Telescoping Rods for the Assessment of Chest Compression
(IR-TRACCs) [19]. The forces on the left and right
acetabulum are evaluated for the pelvis region.

The knee displacement is also considered, primarily to
assess the effects of different interior systems to the knee
slider results with the inclusion of the knee bolster. Thereby
providing insights to the effectiveness of the knee bolster in
restraining the occupant and whether critical injury values
were reached in the knee injury metric.

In summary, the results indicate that deployment of
the airbag reduces head and neck injuries by 39 % on
average, with less efficacy with introduction of more interior
systems.

However, the results indicate the necessity for interior
systems in addition to the seatbelt to prevent significant
occupant excursions to reduce injury metrics in the torso,
and pelvic regions. To facilitate a more in-depth discussion
of this study, the corresponding results are shown in Table II
as percentage changes of injury metrics with individual or
multiple interior systems applied. The results are normalised
against the Baseline and the boldened text signifies an
increase to the injury metric.

An analysis of the simulation results indicates that including
a footrest (a) reduces loads compared to the baseline
scenario. A comparison of the simulations between the
baseline scenario and Case 1 reveals that there is no load
path for energy reduction via the legs in the Baseline.
Therefore, the energy must be absorbed solely by the
seatbelt. The occupant experiences significant motion in
the direction of the crash (along the z-axis). In Case 1,
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TABLE I
PERCENTAGE CHANGES OF INJURY DATA BETWEEN BASELINE AND MODIFICATIONS (< 0 = IMPROVEMENT TO BASELINE).

Baseline | Case 1 | Case 2 | Case 3 | Case 4 | Case 5 Case 6 Case 7 Case 8
(@) ) (c) (@+() | (@+D) | (@+(b)+(c) (d) (@)+(D)+(0)+(d)

Head
BrIC 0.00 -17.27 -32.53 -15.15 -17.27 -16.26 -19.90 -1.92 -9.60
HIC)s 0.00 -37.96 -40.11 -49.57 -38.26 -35.47 -33.30 -25.93 -21.94
a3ms 0.00 -41.37 -38.96 -44.53 -42.81 -40.24 -36.37 -24.54 -30.61
Neck
Max. Shear force 0.00 -12.18 -51.20 -2.79 -5.79 -40.82 -43.81 -9.18 -25.35
Max. Tension force 0.00 0.67 -17.85 -0.37 -1.08 -12.48 -9.32 11.56 0.87
Max. Extension 0.00 -4.26 -53.01 -10.20 2.26 -41.11 -31.65 16.58 -13.55
Chest deflection
upper left 0.00 -34.81 -1.91 -26.09 -41.53 -20.51 -21.52 -6.35 -6.30
upper right 0.00 -21.49 10.20 -15.67 -19.62 0.89 4.98 -1.57 19.54
lower left 0.00 -68.05 6.71 -29.68 -71.22 -48.44 -59.38 -5.04 -58.93
lower right 0.00 -31.98 15.60 -9.40 -37.59 -14.97 -28.49 7.81 -19.67
Pelvis
Acetabulum force (left) 0.00 -33.46 -11.48 17.54 -27.15 -33.79 -23.56 9.18 -38.00
Acetabulum force (right) 0.00 -41.10 -1.84 -41.09 -45.92 -33.32 -48.15 11.13 -36.94
Knee displacement
Knee slider left 0.00 -57.45 -9.34 11.01 -72.83 -67.27 -49.41 14.51 -48.57
Knee slider right 0.00 -59.9 1.97 32.27 -64.39 -717.36 -63.88 12.62 -65.76

the legs resting on the footrest create an additional load
path for energy dissipation. The footrest also decreases the
occupant’s movement in the x-direction, reducing the load
in the pelvic region by 34 % to 41 %.

The unequal reduction can be explained by the slight
rotation of the occupant around the vertical z-axis. The
support and the resulting reduction in movement along
the z-axis reduces the amount of energy dissipated by the
seatbelt, causing less rotation of the upper body forward
around the y-axis and less compression of the chest. With
less rotation of the upper body, the impact energy of the
head on the thighs is reduced, resulting in lower head
acceleration and associated head loads.

By adding an airbag (b) to the baseline shuttle (Case 2) as
illustrated in Figure 2, loads in the head, neck and pelvis
region are reduced, and an increased load on the thorax
and ribcage can be noted (< 16%). The overall forward
movement of the occupant will not be diminished solely by
using an airbag. Consequently, in addition to the seatbelt,
the airbag further compresses the thoracic area.

Up to 53% of neck loads and 39 % of head loads have
been reduced, partially due to preventing impact between
the head and thighs. When deployed, the lower part of the
L-shaped airbag is fully inflated by expanding gas. Because
of that, the upward movement of the thighs is limited while
permitting the upper body to rotate. After inflation, the
airbag is clamped between the plate on the back of the
airbag and the occupant’s thoracic area. Along with the
movement of the upper body, this configuration increases
the compression of the ribcage. The design effectively
reduces excessive forces on the neck. Additionally, the

airbag surrounds the head, absorbing a significant amount
of the energy generated by the upper body movement.

In Case 3, the knee bolster (c) is crucial in significantly
restraining the occupant’s forward movement. The contact
between the knee and the knee bolster creates a load path
for energy dissipation. Compared to the baseline scenario,
the rotation of the upper body is reduced, and there is a
rebound effect after reaching the knee bolster. This rebound
minimizes the impact energy of the head on the thighs,
consequently decreasing the loads on the head (15 - 50 %)
and neck (< 10%). The reduced forward translation also
results in lower loads in the chest region (10 - 30 %).
However, it is important to note that there are significant
displacements at the knee sliders (11 - 32 %) due to contact
with the knee bolster.

The combination of the footrest (a) and knee bolster (c)
in Case 4 reduces loads in all body regions. Similar to
Case 1 (footrest), an additional load path for dissipating
energy through the legs into the vehicle structure is present.
The knee bolster (c), in turn, adds another load path to
the shuttle. Accordingly, two additional load paths have
been added to the shuttle besides the seatbelt. Supporting
the legs reduces the forward movement of the lower body.
The contact between the knee and knee bolster occurs in
a diminished manner. The rotation of the upper body is
further reduced, resulting in decreased energy upon contact
of the head with the thighs and, thus, a reduction in loads
compared to the Baseline. It is notable that, in comparison
to Case 3 (knee bolster (c)), the knee displacements and,
consequently, the impact load on the knee bolster can be
mitigated by a combination of two measures in addition to
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the chest and pelvis loads.

An explicit comparison of Cases 1 and 3 and their
combination (Case 4) reveals the effectiveness of the
modifications. The three cases show similar head loads.
Regarding these, either a footrest or a knee bolster can
be used, as only minor improvements can be seen with
their combination. The analysis of the chest indentation
shows that a combination of both measures in Case 4 solely
achieves a 7 % improvement, when a knee bolster is added
to Case 1.

As already discussed in the previous cases, Case 3 shows
high loads in the pelvic area. In combination, these lead
to a reduction in the effectiveness of the footrest and an
increase in the uneven load on the pelvis. For instance, the
disparity in the load on the left and right acetabulum is 8 %
in Case 1 and 19 % in Case 4.

In Case 5, the combination of the footrest (a) and airbag
(b) reduces the load on the head and neck, as already seen
in Case 2. This decrease is primarily due to the use of
the airbag. It is worth noting that the loads in the thoracic
region have decreased, compared to the Baseline, but
especially in direct comparison to Case 2 (airbag (b)). The
explanation can be found in Case 1. By supporting the legs
on the footrest, energy is dissipated through this load path,
reducing the forward movement of the occupant, which is
reflected in the reduction of chest loads.

In Case 6 (combination of footrest (a), airbag (b), and
knee bolster (c)), a reduction in loads in all body regions
is visible compared to the baseline scenario. However, in
comparison to Case 5 (footrest (a) and airbag (b)), the
inclusion of the knee bolster (c¢) only decreases the overall
chest compression by 0.35 %, exhibiting an average 11.5 %
increase to upper chest loading and 12.2 % decrease in the
lower chest region. Furthermore, evaluating the head region,
the inclusion of the knee bolster exhibited a 3 % increase
to acceleration-based injury metrics, whereas the rotational
velocity injury metric (BriC) reduced by 3.6%. This
suggests that the knee bolster has a greater effectiveness
in reducing the upper torso rotation, also implied by the
reduction (3%) in the neck shear force. Although less
rotation is exhibited, a greater linear acceleration is evident
in the head and neck region, thus increasing the neck tension
and extension forces (3.2% and 9.4 % respectively). As
previously mentioned, the influence of the airbag dominates
the risk of injuries in the head and neck regions. Therefore,
it stands to reason that the airbag could be fine-tuned to
lessen the effects of the knee bolster presence, however
the performance would be very sensitive to different size
or position of the occupant. It is also worth noting that
the presence of the knee bolster in each case with a seat
mounted seatbelt increases the load disparity between the
acetabulum’s left and right side in comparison to cases
without (c¢). This indicates that the pathing required on the
seat-mounted seatbelt sufficiently holds tightly across the
lap-belt upon knee bolster impact, reducing the contact force
of the knee bolster and force transferred to the acetabulum.
Whereas the anchorage location (left side of occupant) has

greater freedom to move and therefore impacts the knee
bolster with greater force which is transferred directly to the
left side of the acetabulum. It is worth noting that inclusion
in Case 8 that the greatest performance is witnessed for
pelvic loading, with similar load distribution between the
acetabulum sides. This could be due to the B-pillar location
(D-ring), that when the belt passes through the buckle
slipring, a more distributed pre-tensioning force is applied
across the length of the lap belt.

In Case 7, which examines the use of a non-seat-integrated
seatbelt (d), the focus is on assessing the impact of the
seatbelt as an independent component in vehicle design on
load distribution. As anticipated, this modification results in
a reduction in chest loading in the upper thorax region. This
reduction can be attributed to the higher attachment point
of the D-ring and the associated belt path. The lower part
is getting compressed more strongly than in the baseline
scenario. The explanation can be found in the narrowly
different belt pathing.

With the D-ring positioned higher, the seatbelt is redirected
at the shoulder, varying from the baseline configuration.
Thus, the upper body rotates more, which increases the
bending of the spine and neck. While this adjustment leads
to a decrease in rib loads and head acceleration, it also
elevates the extension experienced by the neck. Additionally,
when combined with forward movement, this configuration
results in increased loads on the pelvis.

In the combination of the footrest (a), airbag (b), knee
bolster (c), and non-seat-integrated seatbelt (d) in Case 8,
there is a noticeable reduction in all body regions compared
to the baseline scenario. In a similar fashion to Case 6,
the footrest (a), airbag (b) and knee bolster (¢) provide
the main pathways for energy dissipation and mitigation
of occupant excursion. Overall the lower regions display
similar improvements to the baseline, in which Case 8
exhibits an average 1 % improvement to Case 6 in combined
pelvic and knee displacement metrics. However, further
comparing cases 8 to 6 highlights that the conventional
belt location (D-ring on B-pillar) does not provide optimal
effectiveness in torso and neck regions. This is shown
through increased head risk of injury (9 %), neck (15.5 %)
and average chest compression (4.8 %).

IV. CONCLUSION

In conclusion, reducing the occupant movement is essen-
tial to effectively distributing loads. As expected, introducing
components to reduce the occupant excursion through the
knee bolster or footrest successfully reduced the forward
excursion of the occupant whilst the airbag significantly re-
duced the risk of neck and head injuries. The study evaluated
the effectiveness of various interior systems as stand-alone
and combined to permit alternative vehicle interior concepts
with the emergence of new interior configurations enabled
by autonomous driving technology. To this end, the study
demonstrated that not enacting any interior configuration
alone is sufficient to support the enhancement of all injury
regions, often resulting in a trade-off between improving

1521

Authorized licensed use limited to: Deutsches Zentrum fuer Luft- und Raumfahrt. Downloaded on August 18,2025 at 07:47:24 UTC from IEEE Xplore. Restrictions apply.



one region and another. Furthermore, it is evidenced that
including all interior systems leads to a degradation in the
improvements witnessed. This suggests that not all systems
are necessary and cannot be identified for specific regions or
behaviors evidenced by the individual vehicle. Overall, the
most efficient systems to implement were in Case 5. The
inclusion of the airbag provided mitigation to the injuries
of the neck and head regions whilst the footrest sufficiently
lessened occupant excursion and managed the kinematics for
effective deployment of belt and airbag systems.
Furthermore, the study provides explanations and insights
into the kinematic response of occupants with varying inte-
rior components that could be used as a guide for defined
interior configurations and facilitating further research and
development of vehicle interiors to enable the development
of highly automated vehicles. It is important to note that Case
8 utilized the D-ring in the B-pillar location, which may not
be feasible in a living room concept or a shuttle design.

V. LIMITATIONS AND FUTURE WORK

Since only load limit values exist for the THOR dummy

currently, the loads and their changes compared to the
baseline configuration in this study can only be presented
as percentage changes, and the classification of the type
of injury and its significance for the occupant cannot be
determined. Furthermore, the results obtained are within the
verifiable limits of the FE model.
An expansion of the study to include the THOR-AV-5F (five
percentile female dummy) is planned in future investigations.
Furthermore, the collected results will be examined using
Human Body Models (HBMs), and the correlation of injury
criteria between established dummys (ATDs) and HBMs will
be validated.
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