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Abstract

The accurate simulative reconstruction of blind spot accidents requires innovative sim-
ulation methods. The objective of this paper is to analyze the avoidability of a specific
blind spot accident and assess the impact of various parameters as if an active turning
assistant had been installed in the truck. Additionally, it proposes a novel adaptation of the
turning assistant system, along with an adapted simulation model tailored for drawbar
trailers. The analyses presented in this paper were performed using PC-Crash accident
simulation software, applying the “Active Safety” module. After performing a simulation
of an accident involving a right-turning truck with a center axle trailer and a pedestrian,
the avoidability of the accident was examined by simulating the scenario as if the truck
involved in the accident had been equipped with an active turning assistant system. Subse-
quently, a parameter analysis was conducted to analyze the effect of changes in the active
turning assistant’s parameters and changes in the pedestrian’s direction of entry on the
avoidability of the accident. In doing so, we determined the parameters for the worst-case
(collision) and the best-case (no collision) scenarios. Finally, an adaptation and further
development of the active turning assistant, along with a corresponding simulation method
for drawbar trailers, are proposed.

Keywords: PC-Crash; simulation; ADAS; road traffic accident; heavy goods vehicle; VRU

1. Introduction
1.1. Importance and Primary Motivations of the Research Topic

There are about 1.2 million traffic fatalities worldwide every year [1]. Reducing road
fatalities is therefore necessary in all parts of the world. For example, the European Union
aims to reduce the number of fatalities to nearly zero by 2050 [2]. These goals can only be
achieved through a combination of comprehensive road safety measures, targeted research,
and innovative technical solutions. Any contribution that helps reduce fatalities and injuries
in road traffic accidents is therefore of high importance.

The area around the vehicle that is not visible or only partially visible through its
exterior mirrors or windows is referred to as a blind spot. Blind spot accidents occur when
a vulnerable road user (VRU) is present or moving within this area and is subsequently
struck by the vehicle due to the driver’s lack of visibility. The risk caused by blind spots
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can be substantially reduced through the use of Advanced Driver Assistance Systems
(ADASs) [3]. In the case of right-turning situations, the turning assistant—also known as
cornering assistant or blind spot assistant—is particularly important.

With the ever-widening spread of driver assistance systems and (partially) self-driving
vehicles, vehicle accident reconstruction experts are increasingly faced with the challenges
of reconstructing road traffic accidents involving vehicles with such systems. Accurate and
reliable reconstruction of accidents of this type requires special knowledge of the technical
characteristics and peculiarities of vehicles equipped with these systems. In addition, the
continuous development of modern special accident simulation software suitable for the
reconstruction of such accidents is essential.

Based on the above, the following 3 key motivations can be formulated for our research topic:

1.  Research into the sensor parameters of active turning assistant systems, the pedes-
trian’s direction of travel, and the critical cases determined by changes in these factors
is crucial. This work can directly contribute to the optimization of future active turning
assistant systems, thereby indirectly improving road safety.

2. More accurate accident simulation methods—for example, regarding the drawbar
trailers discussed in this research—can help reconstruct real-life road accidents more
accurately, allowing more precise conclusions to be drawn regarding accident causa-
tion and supporting the development of appropriate safety measures.

3. Inline with the proposal made in our current research, this includes a proposal that
active turning assistant systems should also be adapted for drawbar trailers.

1.2. Literature Review

Numerous turning assistant systems are available on the market, including retrofit
options for commercial vehicles. ADAC tested 5 such systems and recommended, among
other things, that these systems be linked to an emergency braking system in the future [4].
This essentially means that the vehicle will automatically apply emergency braking in
an emergency situation, where hitting the VRU cannot be prevented by any other means.
According to the systematic classification of driver assistance systems, the active turning
assistant can be defined as an active-safety function [5], since it actively tries to avoid an
accident in a near-accident situation (by braking) or, in a worse case, attempts to reduce the
negative consequences of an impending accident.

Mercedes’ Active Sideguard Assist (ASGA) system is capable of initiating an active
braking maneuver and braking the vehicle to a standstill in critical situations when the
driver fails to respond to the warning signals introduced in the first and second warning
stages [6].

One of the simulation methods that can be used to investigate blind spot accidents is
the use of three-dimensional visibility field models which are attached to the vehicle model
and move with it. This method is based on 2D visibility fields that the driver must be able to
see in external vehicle mirrors—interpreted at the level of the road surface—as specified in
the regulations [7]. The aforementioned method allows for the three-dimensional analysis
of the visibility of a VRU positioned or moving near the vehicle. It is important to emphasize
that this method is limited to analyzing the visibility ranges defined by regulations and
does not take into account the fact that the actual visible area in the mirrors usually exceeds
the minimum requirements specified in the standards [7]. In addition, this method cannot
be used to analyze the active turning assistant as a driving assistant system and its influence
during a specific accident.

The integration of driver assistant systems” modules and functions into accident
simulation programs began decades ago, such as ESP [8]. The increasingly widespread
active safety systems in modern cars can have a significant influence on vehicle dynamics
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during an accident. Moser and Steffan conducted a simulation in which a user-configurable
modular system consisting of blocks was implemented, which is suitable for simulating
active systems. In their study, they also presented the simulation models of the Brake
Assistant (BA) and Adaptive Cruise Control (ACC) systems, as well as test results with
a real vehicle equipped with a Brake Assistant. Based on the test results, the simplified
simulation model of the Emergency Brake Assistant correlated well with the real behavior
of the system in the vehicle. An important conclusion of the study is that since obtaining
the parameters and detailed information of the real system can be difficult, the results of
real driving tests can be used for this [9].

Niewohner, on the other hand, pointed out in his work that the understanding of
the functionality of Advanced Driver Assistance Systems is often incomplete, and it is
sometimes difficult to understand why a particular system reacts in a certain way. One such
system is the Advanced Emergency Braking (AEB), where a number of factors influence
whether or not the system brakes at a given point [10].

Paula et al. conducted an international, questionnaire-based research with experts
involved in accident analysis. Based on this evaluation, they determined that a significant
number of road accidents involving the ADAS cannot be conclusively reconstructed, since
considerable and important technical information is missing, such as the influence of the
ADAS on vehicle dynamics in the pre-collision phase. Ultimately, the implementation of
the so-called Forensic Event Data Recorder (FEDR) was proposed, which would satisfy all
needs from the perspective of accident experts [11].

Ritter et al. analyzed 10 real-life accidents and their avoidability, where each accident
involved a right-turning heavy goods vehicle (HGV) and a cyclist as a VRU. The simulations
were performed using PC-Crash, one of the leading simulation software used for traffic
accident reconstruction, which is also capable of parameterizing and modeling the turning
assistant, among other driver assistant systems. During the simulation analyses, the
parameters of the turning assistant were changed, and their effect on the avoidability of
the accident was examined. According to the results, all 10 examined accidents could
have been avoided—or in some cases, the consequences of the accident could have been
reduced—had the turning assistant been installed [12].

Konig et al. conducted tests of various systems and accident situations in order to
understand the operation and limitations of the blind spot assistance system. Among other
factors, the lateral distance between the VRU and the heavy commercial vehicle was found
to heavily influence the reliability of the assistance system [13].

New methods for the simulation of ADASs have been continuously developed to
date [14-18], and if we look at the development trends of the past period, they represent
enormous research potential for the coming decades.

When reviewing modern accident analysis and investigation methods, LLM (Large
Language Model) based systems should definitely be mentioned. Such systems can be
used, among other things, to extract important accident-related information (e.g., vehicle
data) from accident documentation in a short time [19]. The most important research in
terms of our research topic can be considered promising, among other things, in the field of
improving traffic safety [20].

1.3. Research Gaps

The literature review above has shown that, although numerous simulations have
been conducted for ADASs and the active turning assistant, none of them analyzed the
influence of the turning assistant parameters (e.g., the length of the area covered by the
sensor and the braking deceleration) and the VRU direction of entry on the possibility of
avoiding an accident in detail and in their context.
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Therefore, to fill this research gap, one of the aims of this paper is to investigate this
field through a series of simulations and parameter analyses in order to determine which
combinations of sensor coverage lengths, vehicle braking deceleration and pedestrian
directions of entry result in the “worst-case” scenario (a collision) and the “best-case”
scenario (no collision).

An additional research gap arises from the fact that no active turning assistant system
has yet been developed or installed on drawbar trailers, nor has it been examined whether
hitting a pedestrian during intersection turning maneuvers with such trailers could be
avoided if an active turning assistant were present.

Furthermore, the active turning assistant module of the simulation software must
be adapted for drawbar trailers, as the development of a simulation methodology for
commercial-vehicle accidents, with specific consideration of turning assistant systems for
drawbar trailers, is crucial.

2. Methods
2.1. On PC-Crash

The simulative reconstruction of accidents with heavy commercial vehicles is signif-
icantly more complex than that of passenger cars due to their more intricate mechanics
and special operating characteristics, which in turn calls for a different approach and meth-
ods [7,21]. PC-Crash 15.1 was used in this research, which can be used for the reconstruction
and analysis of vehicle accidents and other incidents. PC-Crash is used by researchers,
universities, expert offices, and the automotive industry, among others. The models in the
software have been validated with numerous publications and countless crash tests over
the past 20 years [8,22-27].

2.2. Trailer Simulation in PC-Crash

As we conducted our research by simulating trucks with trailers, we took advantage of
the software’s capability to simulate accidents involving multi-body vehicle combinations,
which form a complex mechanical system. It is possible to simulate several types of articu-
lated vehicles consisting of towing vehicles and trailers commonly used in practice [28].
Among these, unsteered-axle combinations (Figure 1a) and steered front axle (Figure 1b)
(drawbar) trailers are particularly relevant to our research. The special feature of the trailer
simulation model implemented in PC-Crash is its ability to account for the additional
external forces acting between the towing vehicle (truck) and the towed vehicle (trailer)
during collisions and driving [25].

(a) (b)

Figure 1. Simulation models of unsteered (a) and steered (b) trailers attached to the truck in PC-
Crash [27].
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The post-impact motion of the pedestrian was simulated using a multi-body system
(MBS), the theoretical background and application areas of which are described in the
relevant literature [27].

2.3. Approaches to Simulating ADASs in PC-Crash: Focus on the Turning Assistant

PC-Crash includes pre-defined active safety systems [27], which enable simulation
systems such as ABS, ESP, ACC, TCS, EBA and TA (Turning Assistant), which is particularly
relevant to this study. The modular, block-based system allows the user to build and flexibly
configure the active safety systems according to the vehicle they are simulating. The active
safety systems of vehicles can be assembled using parameterizable and programmable
blocks, e.g., sensors, algorithms and actuators [9]. The main modules of the system are the
distance sensor, steering check and braking module (Figure 2).

’ Distance Sensor {/ Obj detected
Cycle time [ms]: 80.000 Input
x1 [m]: -6.000
y1 [m]: -1.300 = 2 .
¥ Steering Check Steerin
x2 [m]: 0.000 'Y e // g
y2 [m]: -1.300 Threshold [°]: 2.000 Input
x3 [m]: 0.000 Input
y3 [m]: -3.800 l
4 [l -6.000 Oigenic / SCheckOut
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y4 [m]: -3.800 Input
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=
J';-',,? Delay Braking
delay [s]: 0.000 a [m/s?]: 2.500
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Output Braking

t Brake [s]

{é Delay Out

Input

j TBrake [s]

Input

Figure 2. System architecture of the (active) turning assistant in PC-Crash with default settings.

Real active turning assistant systems, which use sensors to monitor VRUs in blind
spots next to the vehicle, typically operate in several stages. If a VRU enters the blind
spot but does not yet pose an immediate risk (first stage), the driver is typically warned
with an optical signal. If the situation escalates and becomes dangerous (second stage),
the optical signal is supplemented with an acoustic signal. In the third stage, the system
automatically starts a braking process and brakes the vehicle to a standstill [6]. In our
simulations, only the influence of the size of the sensor area relevant to the active braking
process was examined, as this parameter plays a crucial role in avoiding accidents when
the driver fails to react. The earlier stages of the active turning assistant that provide visual
and acoustic warnings prior to automatic emergency braking were not included in the
scope of this research. Therefore, only the third stage of the system was simulated during
the avoidability tests. This essentially means that the drivers’ potential reaction and their
impact in the simulation were not examined (stage 1-2), but the vehicle’s automatic braking
was considered in the event of no driver reaction.

The truck simulation model collects data using the active safety module in the follow-
ing way: A 2D surface with geometric data defined in the module represents the sensor area
relevant for emergency braking. Automatic emergency braking occurs if the pedestrian
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simulation model overlaps with the relevant sensor area of the truck or trailer during the
driving simulation.

According to the default software settings, the active turning assistant system initiates
immediate braking when a pedestrian enters the area covered by sensors. Therefore, latency
is equal to zero in avoidability simulations. No intervention delay was taken into account
in the case of the active turning assistant, as the effect of this parameter was not part of the
present investigation.

Our analysis is not based on legal requirements or type-specific active turning assis-
tance parameters. Instead, we relied on the default settings and parameters defined in
PC-Crash, which we then varied to analyze their influence during the simulations.

2.4. Representation of Simulation Results and Search for a Mathematical Relationship
Approximating the Results

To present the results of all avoidability simulations, we created a 3D surface in
MATLAB® R2025b. This surface illustrates how the safety distance varies as a function of
two parameters: the length of the sensor area and the pedestrian’s direction.

Based on the data and results discussed in Section 3.4, we aimed to identify a mathemat-
ical relationship that describes the results of the avoidability simulations. For this purpose,
we applied the “Curve Fitter” application of MATLAB® R2025b, using a fitting procedure:

1. After testing several functions to approximate the simulation results, the following
two-variable quadratic polynomial (type: poly22) was selected, since it can be used
to describe the surface showing the safety distances in the relevant range with an
accuracy of 5%:

f(x,y) = p00 + p10-x 4 p01-y + p20-x> + p11-x-y + p02-y>

2. The coeftficients of this equation were determined using the “Curve Fitter” application
of MATLAB® R2025b.

Although degrees (°) are used throughout this paper for ease of understanding pedes-
trian entry directions, all fitting procedures, fitting-related calculations, and a parameter in
the equation express the entry direction in radians [-].

2.5. Sequence of Research Procedures and Other Factors Relevant to the Simulations

First, a road traffic accident involving a right-turning truck with a center axle trailer
and a pedestrian was reconstructed using simulations. Next, the avoidability of the accident
was investigated under the assumption that the truck had been equipped with an active
turning assistant. A parameter analysis was then conducted to examine how changes in the
active turning assistant’s parameters and the pedestrian’s direction of entry affected the
potential to avoid the accident. Finally, an adapted version of the active turning assistant
system and an adapted simulation model for drawbar trailers are proposed.

The intersection, where the specific accident and its avoidability were analyzed by
simulation, was modeled on a flat surface. There was no significant slope or elevation at the
site, nor was there any level difference that would have influenced the simulation results.
The drawing of the intersection was prepared using the drawing module in PC-Crash based
on an on-site survey of the geometric data.

The movement process of the vehicle combination following the collision was simu-
lated using the kinetics forward simulation method, which models the vehicle’s forward
movement in time, taking into account external forces (e.g., tire forces). The road surface
was dry at the time of the accident, which will be taken into account during the computer
mathematical simulation of the accident mechanism with a friction factor of u = 0.8. The
mentioned friction factor refers to the friction factor between the road’s surface and the
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tires of the vehicle. The pre-collision movement of both the vehicle combination and the
pedestrian was simulated using a reverse kinematics calculation method.

Since elderly individuals are exposed to a significantly higher risk of death in traffic
accidents [29], there is significant room for improvement in their safety. This is why we
focused on them in this study.

3. Results and Discussion

The purpose of this section is to perform a simulation analysis on the avoidability of a
blind spot accident. The lack of an active turning assistant system in the truck contributed
to a pedestrian being hit. As our first step, we simulatively reconstructed the accident,
forming the basis for the avoidability study. Then, we analyzed whether the pedestrian
would have been hit by the right-turning truck had it been equipped with an active turning
assistant system. During our analysis, we determined the best and worst-case scenarios
by changing and then analyzing the influence of the active turning assistant’s parameters
and the pedestrian’s direction of entry. Finally, in the last subsection, we propose the
necessity of installing active turning assistants on drawbar trailers, as well as the further
development of an adapted simulation model.

3.1. Accident Situation and Initial Data

In the Section 3.2 we present the simulation of an accident between an HGV combi-
nation and a pedestrian as a VRU, and then we examine the avoidability of the accident
under the assumption that an active turning assistant has been installed in the truck of
the vehicle combination. According to the available data, the accident occurred as follows:
during a right-hand turn at the intersection, the vehicle combination hit a pedestrian—who
was crossing the road adjacent to the designated pedestrian crossing, moving in a direction
nearly parallel to it—with the front right of the vehicle. Unfortunately, the pedestrian
suffered fatal injuries. There were no permanent deformations on the truck. The truck
driver reversed the truck a short distance after the accident. The accident reconstruction
diagram was created using the drawing module in PC-Crash (Figure 3).

500m . 3.00m, 9.50m

End position of the
pedestrian

Movement direction
of the pedestrian

before the collision
A

w
| =57 e g
End position of Reversed o m&%ﬂ I v
thle trmﬁ(. gfter posiion l(zt the 6.00m : Movement direction of the
e aotusion frue truck before the collision

Figure 3. Reconstruction diagram of the accident scene.

The vehicle combination consists of a three-axle truck and a two-axle (center axle)
trailer. The total length of the vehicle combination is ly.. = 14.3 m. The axle configuration
of the truck is 6 X 4, and its maximum permissible total weight (gross vehicle weight) is
m = 26 t. The vehicle combination was traveling without cargo at the time of the accident.
Detailed geometrical and mass data of the truck and trailer of the vehicle combination are
presented in Table 1.
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Table 1. Geometric and mass data of the truck and trailer in the accident simulation.

Description Name/Value
Truck Towed Trailer

Manufacturer MAN Kogel

Type TGA 26.430 6 x 4 BB ZK 18
Length 7.730 m 4970 m
Width 2.500 m 2.500 m
Height 3.511m 2.600 m
Front overhang 1.525m 2.000 m
Total weight 11,900 kg 4622 kg
Wheelbase (A — B1)/(C; — Cp) 3.200 m 1.300 m

Wheelbase (B; — Bp) 1.400 m -

The pedestrian involved in the accident was an 80-year-old female, h = 1.67 m tall.
The collision of the pedestrian and her movement process following the collision were
simulated with a multi-body model.

3.2. Simulation of the Accident

According to the reconstructed related positions, the truck had already initiated a
right turn before the moment of the collision, while the pedestrian was moving next to the
pedestrian crossing, almost parallel to it (Figure 4).

Figure 4. Reconstructed collision position of the pedestrian and truck in PC-Crash.

The movement process of the participants after the collision is shown in time steps of
t = 0.5 s in Figure 5. With the simulation, we also determined the swept path of the vehicle
combination, which represents the area delimited by orange lines.

Figure 5. Post-crash moving process of the participants in time steps of t = 0.5 s.
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The pedestrian’s movement distance after being hit is s,eq = 4.2 m. According to
simulation results, the pedestrian could have fallen onto the road at t = 0.5 s after being
hit and then could have rebounded slightly off the road. After that, from t = 1.0 s until
reaching her end position, i.e., until t = 2.4 s, the pedestrian drifted on the road in front of
the right front wheel of the truck (Figure 6).

t=0.0 s (collision)

Figure 6. Post-collision moving process of the participants in time steps of t = 0.5 s.

The pedestrian’s end position was in front of the right wheel of the truck’s ‘A’ axle,
partially trapped beneath it (Figure 7).

Figure 7. End position of the pedestrian and the truck.

The distance-time graph depicting the post-collision process of the truck is shown in
Figure 8.

Distance-time Diagram
6.0
—Truck
5.0
4.0

3.0

Distance [m]

2.0
1.0
0.0
0.0 0.5 1.0 1.5 2.0 2.5

Time [s]

Figure 8. Distance-time diagram of the truck.

Based on the results of the simulation, the collision velocities and directions of travel
at the time of the collision, as presented in Table 2, could be determined.

https://doi.org/10.3390/ futuretransp6010013


https://doi.org/10.3390/futuretransp6010013

Future Transp. 2026, 6, 13

10 of 24

Table 2. Collision values.

Description Accident Participant Value
Collision Truck 11.1km/h
velocity Pedestrian 3.6 km/h
Collision Truck 165.0°
direction Pedestrian —179.3°

We performed a simulation of the accident participants’ movement process prior to
impact. The simulation was performed using a reverse calculation method. The vehicle
combination started the turning process from the right-turning lane. In the simulation, the
vehicle combination was traveling at a constant velocity of vy = 11.1 km/h, while the
pedestrian was also traveling at a constant velocity of vpeq = 3.6 km/h towards the point
of impact. Before being hit, the pedestrian was moving in the immediate vicinity of the
pedestrian crossing, approximately parallel to the extended line of the edge of the road
(Figure 9).

Movement direction of the
pedestrian before the collision

Movement direction of the
truck before the collision

-15 -20

. 7’—i%

|

.

Figure 9. Pre-collision process of the participants in time steps of t = 1.0 s.

Figure 10 shows the reconstructed pre-collision positions of the vehicle combina-
tion and the pedestrian at t = 2.5 s before impact. In this situation, the pedestrian was
Sped =2.5m, and the vehicle combination was sy.. = 7.7 m from the point of impact. Con-
cerning the pre-collision process, the swept path of the vehicle combination was also
determined, which is marked with orange lines.

Movement direction of the
pedestrian before the collision

e LA ==

- — Movement direction of the
I 6.00m ,‘| Time-related positions | truck before the collision

-5 -10 -1 -20
| |

Figure 10. Position of the participants t = 2.5 s before the collision (vy.c = 11.1 km/h; vpeq = 3.6 km/h).
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3.3. Simulation of Accident Avoidability Owing to the Presence of an Active Turning Assistant

In the following simulation, we examined whether the collision with the pedestrian

could have been avoided if the truck had been equipped with an active turning assistant
system. The active turning assistant module in PC-Crash has been assigned to the towing
vehicle of the vehicle combination, i.e., the truck (Table 3).

Table 3. System settings of the active turning assistant (truck).

Description Parameter Value

Cycle time 80 ms

Sensor settings Length 9.7m

Width 25m

Active braking Delay 00s
settings Deceleration —25m/s?

When the active turning assistant is activated, the default deceleration value defined

for the entire vehicle combination is ay. = —2.5 m/s?. The structure of the system is

presented in Figure 11.

’ Distance Sensor

j Obj detected
l =

Steerin
/. steeing

Input
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x1 [m]: -7.730
y1 [m]: -1.300 s "

¥ Steering Check

X2 [m]: 2.000 e °
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a [m/s%]: 2.500
Input
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Figure 11. System model for the active turning assistant in PC-Crash.

In the default model, the sensor-detected area relevant to the active braking process

extends 2.0 m forward from the front of the truck. The default settings of the active turning
assistant were modified to the extent that the length of the area covered by the sensors was
adjusted to the rear of the truck (Figure 12).
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S ‘\5,70 m -l

wol'e

\_ eld by sensors

Figure 12. Position of the participants and the sensor-detected field relevant to the active braking process.

The avoidability simulation showed that if the truck had been equipped with an active
turning assistant system at the time of the accident, the accident could have been avoided.
According to the results of the avoidability simulation, the moment the vehicle combination
braked to a standstill, the pedestrian would have been moving at a distance of s = 1.54 m in
front of the truck’s front end (Figure 13).

- >

I L
|Time-related positions |

-5 -10 -15 -20

Figure 13. Avoidability simulation with the active turning assistant.

The distance-time graphs of the individual participants in the avoidability simulation
are shown in Figure 14.

Distance-time Diagram

7.0
—Truck

6.0 Pedestrian

Distance [m]

25 3.0
Time [s]

Figure 14. Distance-time diagram of the vehicle combination and the pedestrian.
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3.4. Parameter Analysis with Active Turning Assistant

In this parameter analysis, we examined how the avoidability of the accident simulated
in Section 3.2 would have developed if the parameters of the active turning assistant and the
pedestrian’s direction of entry were changed. During the parameter analysis, we performed
a total of 45 simulations in series, during which the following parameters were changed:

e  The length of the area covered by the active turning assistant’s sensors: 9.7+/—1m
(the length of the covered area was changed at its front line).

e  The deceleration of the vehicle combination during the operation of the active turning
assistant occurred in the following steps: ay.. = —1.5 m/s?;, —2.5 m/s? (default);
—35m/s%; —45m/s? and —5.5 m/s2.

e  The pedestrian’s direction of entry relative to the direction of travel at the time of
the accident: apeq = 0° (original direction), and then opeq = 30° and opegq = 60°
(relative travel directions if the original travel direction at the time of the accident is
considered 0°).

During the simulations, the velocity of the pedestrian and the vehicle combination was
kept constant, using the reconstructed values in accident reconstruction (vy.. = 11.1 km/h;
Vped = 3.6 km/h). Upon the activation of the turning assistant, the velocity of the vehicle
combination decreased according to the braking deceleration defined in the given simula-
tion. No intervention delay was defined for the active turning assistant, as the effect of this
parameter was not investigated. In the simulations, the vehicle combination moved accord-
ing to the swept path determined in the accident reconstruction. During the evaluation
of the simulation results, we investigated whether the collision occurred under the given
parameters and, if so, determined the corresponding collision velocities for the vehicle
combination. In cases where no collision occurred, we measured the smallest distance
between the pedestrian and the front of the truck the moment the vehicle combination
breaks to a standstill. A summary of the simulation results is presented in Table 4.

Table 4. Simulation results of the parameter analysis: distances between the truck and the pedestrian
the moment the vehicle combination breaks to a standstill, as well as collision velocities (if available).
(a) The red numbers illustrate the cases in which the pedestrian would be hit (residual distance
equals zero). (b) The orange numbers illustrate cases where the critical residual distance is less than
1 m. (c) The green numbers illustrate the cases where the critical residual distance is more than 1 m.
(d) The red box illustrates the worst-case scenario. (e) The green box illustrates the best-case scenario.

Simulated Residual (Safety) Distances

Direction of pedestrian movement

Deceleration of
The length of the the vehicle

area covered by combination | | &‘» o)
the sensors ay-c Y, — | 1 | o )
[m/SZ] ?CPk —5 . b S | 2
0° "®cp 300 P
(default)
15 0.00 0.00 0.00
: (Vea=73km/h)  (vea =7.8km/h) | (Vea =85 km/h)
= (default) (Vea = 6.2 km/h)
e “E‘,g 35 0.00
M ]H'o’.,.z ' (Ve-a = 1.7 km/h)
e = —4.5
= 55
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Table 4. Cont.

Simulated Residual (Safety) Distances
i 0.00

20m -15 1.08 (Vea = 4.8 km/h)
(=T -25
eei (default) 1.54 1.25
[ & —35 1.75 1.58 1.14
(LD —45 1.87 1.77 141
“ 55 1.89 1.81 1.55
- ~15 2.08 1.89
M —25
2, (defanlt) 255 2.62 2.04
THS: —35 275 2.93 252
M S —45 2.87 3.10 2.79
! " b ~55 2.90 3.19 2.97

According to the results of the simulations, if the length of the area covered by the
sensors is reduced by 1.0 m in the first line of the area, and the deceleration value of
the vehicle combination is reduced by 1.0 m/ 2 (ay.c =— 1.5 m/s?), the collision with the
pedestrian occurs in every range of entry angles (0°: default; 30°; 60°). Among these
cases, the highest collision velocity would have occurred at a pedestrian entry angle of 60°
(Figure 15). We defined this case as the worst-case scenario (shown in red frame in Table 4).

Figure 15. Worst-case scenario with collision: Xped = 60°; larea — 1 m; ayc = —1.5 m/s%;
Vy.c =85km/h; Vped = 3.6 km/h.

In the best-case scenario without collision (in the case of an increased sensor coverage
area, with increased deceleration and a pedestrian entry angle of 30°), the pedestrian would
have been in motion at about speq = 3.2 m in front of the truck the moment the vehicle
combination braked to a standstill (Table 4—in green frame) (Figure 16).

In the case of the default (ay. = —2.5 m/s?) and the increased (ay.c = —3.5 m/s?)
vehicle combination deceleration values, as well as a sensor coverage area reduced by 1.0 m,
the collision would have occurred only at a pedestrian entry angle of 60°. At the other
entry angles (0° and 30°), the collision could have been avoided (Figure 17). However, the
moment the vehicle combination braked to a standstill, the pedestrian, who was in motion,
would have been extremely close, within a distance of 1.0 m, similar to deceleration values
ayc = —4.5m/s? and ayc = —5.5 m/s? (shown with orange numerical values in Table 4).
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570 m

Figure 16. Best-case scenario without collision: Xped = 30% larea + 1 m; ayc = —5.5 m/s%;
Vyc = 0.0 km/h; Vped = 3.6 km/h.

Simulated residual (safety) distances between truck and pedestrian
(area covered by the sensors is reduced by 1.0 m)

0.8 0.75
® 0° — @ —30° ---@--60° 0.69 'Y
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Figure 17. Results from the simulations with reduced sensor area.

Analyzing all cases where the deceleration value was ay.. = —4.5 m/s? and
ay.c = —5.5m/s?, the pedestrian would not have been hit. Based on this, it can be con-
cluded that the active turning assistant—considering the parameters and other data from
the present analysis—generally enables accident avoidance in cases where the deceleration
value is —4.5 m/s? and more intense.

Simulation results indicate that as the pedestrian’s entry angle increases, the residual
(safety) distance tends to decrease when the sensor coverage area is set to its default or
a reduced length (Figures 17 and 18). This can essentially be explained by the geometric
characteristics of the area covered by the sensor (length-width ratio), as the pedestrian
entered the area covered by the sensor at a later time. As a result, the braking of the vehicle
combination also begins at a later time, which results in a smaller distance between the
participants at the start of the emergency braking, which ultimately leads to a smaller
residual distance.

The longer the sensor coverage area, the smaller the effect of the pedestrian’s move-
ment direction on the safety distance. This is most noticeable at the upper deceleration
value of ay.c = —5.5 m/s? (Figure 19).
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Simulated residual (safety) distances between truck and pedestrian
(area covered by the sensors is not changed)
2 1.87 1.89

Distance [m]

02 [0.00."

—0—0° — @ =30° -e-@-e 60°

1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5
Deceleration [m/s?]

Figure 18. Results from the simulations with default sensor area.

Simulated residual (safety) distances between truck and pedestrian
(area covered by the sensors is increased by 1.0 m)
3.5
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Figure 19. Results from simulations with increased sensor area.

Evaluating the simulation results for the—in absolute terms—upper deceleration
value of the vehicle combination (ay.c = —5.5 m/s?), the length of the sensor area has a
significantly greater effect on the residual safety distance than the entry direction of the
pedestrian. This is especially noticeable at the 60° entry angle, where increasing the length
of the sensor area by 2 m results in a 7.4-fold increase in residual distance (Figure 20).

In order to establish the mathematical equation that describes the 3D surface based on
simulated results, we performed surface fitting in MATLAB® [30] and approximated the
results with a polynomial surface of type poly22 (Figure 21).

Based on the simulation results, the following polynomial equation can be established
for the residual (safety) distance:

fx,y) =a+bx+cy+dx®>+exy+fy 1)

The description and values of the equation components are presented in Table 5.
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Simulated Residual (Safety) Distance

MK |
ai

25

Safety Distance [m]
oo

o
]

04 05

Length of Sensor Area [m] 0 ’ Direction of Pedestrian Movement [-]

Figure 20. Simulation results for the deceleration value of ay. = —=5.5m/ 2 (created by the author in
MATLAB® R2025b). The blue dots illustrate the simulated residual (safety) distances.

Fit Plot

Figure 21. Surface fitting of the simulation results (created by the author in MATLAB® Curve Fitter),
where X—direction of pedestrian movement [-], Y—length of sensor area [m], Z—safety distance [m].
(a) The black dots illustrate the simulated residual (safety) distances and intermediate points. (b) The
colored surface illustrates the surface fitted to the simulation results.

The surface fitting results calculated with Equation (1) correlate well with the simulated
values for most of the values and show less than 5% deviation (Tables 6 and 7). A larger
deviation is shown only when the length of the sensor area is decreased and the pedestrian
entry direction is 60°. Since the decreased length of the sensor area is undesirable due to
minimal safety distance, Equation (1) is suitable for determining the safety distance in the
relevant range.

https://doi.org/10.3390/ futuretransp6010013


https://doi.org/10.3390/futuretransp6010013

Future Transp. 2026, 6, 13 18 of 24
Table 5. Equations content.
Designation Value Unit Type Description
X 0;0.52; 1.05 - variable Entry direction of the
pedestrian (radian)

y 8.7;9.7,10.7 m variable Length of the sensor area
a —2.198 - coefficient -

b —1.732 - coefficient -

c —0.283 - coefficient -

d —0.415 - coefficient -

e 0.201 - coefficient -

f 0.072 - coefficient -

Table 6. Fitting of the simulated values (calculated values with Equation (1)).

Entry Direction of the Pedestrian

Fitting Results [m]

0.00° 30.00° 60.00°
870 m 0.78 0.67 0.34
Length of the 9.70 m 1.82 181 1.59
Sensor area
10.70 m 3.00 3.10 298

Table 7. Deviation of fitting results from simulation results [%].

Deviation of Fitting Results from Entry Direction of the Pedestrian

Simulation Results [%] 0.00° 30.00° 60.00°
8.70 m 3.76 —1.29 —15.66
Length of the 9.70 m —3.88 0.27 232

Sensor area

10.70 m 3.41 —2.75 0.27

3.5. Proposal for the Development of an Active Turning Assistant and Its Simulation Model for
Drawbar Trailers

Experience in real accident scenarios has shown that a turning truck’s drawbar
trailer—turning in a smaller radius—can hit vulnerable road users crossing an intersection,
e.g., pedestrians. This usually occurs when the driver of a heavy goods vehicle fails to
detect a VRU approaching in the blind spot area or when it is obscured by other objects.
Unfortunately, it is also possible that the HGV driver is inattentive and fails to detect a
VRU approaching or staying close to their vehicle. To simulate this accident situation, the
intersection and the towing truck presented in Section 3.1 were used as a basis. The truck’s
central axle trailer was replaced with a drawbar trailer (Table 8), and the pedestrian’s
path was modified so that it intersected with the right side of the drawbar trailer as the
pedestrian crossed the crosswalk.

During the simulation, both the previously determined swept path of the vehicle
combination and the previously reconstructed travel speeds were taken into account.
Without an active turning assistant on the trailer, the pedestrian collides with the right side
of the drawbar trailer between the trailer’s axles C1 and C2 (Figure 22).
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Table 8. Geometric and mass data of the truck and trailer in the simulation with drawbar trailer.

Description Name/Value
Truck Drawbar Trailer
Manufacturer MAN Schwarzmdiller
Type TGA 26.430 6 x 4 BB -
Length 7.730 m 8.580 m
Width 2.500 m 2.550 m
Height 3.511m 3.035m
Front overhang 1.525m 0.780 m
Total Weight 11,900 kg 5800 kg
Wheelbase (A — B1)/(C; — Cp) 3.200 m 4.660 m
Wheelbase (B; — Bp) 1.400 m 1.400 m

Movement direction of the pe-

destrian before the collision

15 10 5 0 -5 -10 -15 -20 -25

Figure 22. Accident scenario between drawbar trailer and VRU (initial velocities: vy = 11.1 km/h;
Vped = 3.6 km/h; time step: t =4.0 s; collision at t = 7.8 s).

Based on the results of the simulation avoidability analysis previously performed
and described in detail in Section 3.3 of this paper, it can be assumed that if drawbar
trailers were also equipped with an active turning assistant system, accidents where the
trailer of the turning vehicle combination hits the VRU could be prevented. To investigate
this, we conducted a simulation based on the intersection and the truck presented in
Section 3.1. During the model creation process, we adapted the active turning assistant
simulation module to a simulation model of a three-axle drawbar trailer, connected to the
truck (Figure 23).

8.58 m

Detected field by sensors

V) 7/ |
v %
) A C 1
-5 -10 -15 -20 -25

Figure 23. Simulation model adapted to a new vehicle category: drawbar trailer equipped with active
turning assistant system.
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Based on an analysis conducted with the adapted simulation model, we determined
that if the drawbar trailer had been equipped with an active turning assistant system in the
described situation, the pedestrian would not have been hit (Figure 24).

‘o n \"w f\‘ ‘W‘ (] \‘ Movement direction of the pe-
| |
[

destrian

Figure 24. Avoidability simulation with the simulation model, adapted to a new vehicle category:
Drawbar trailer equipped with active turning assistant system (included in PC Crash)/ (initial ve-
locities: vy.. = 11.1 km/h; Vped = 3.6 km/h; ayc = —2.5 m/s?; time step: t = 4.0 s; standstill at
t=495s).

The distance-time graphs of the individual participants in the simulations are shown
in Figure 25.

Distance-time Diagram

25.0
Drawbar trailer without active turning assistant
—Pedestrian
20.0 - - - ; :
—Drawbar trailer with active turning assistant
E 150
[0}
(8]
o
=
© 10.0
o
5.0
0.0
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0

Time [s]

Figure 25. Distance-time diagram of the pedestrian and the drawbar trailer with and without active
turning assistant.

We argue that active turning assistants should be installed not only on towing ve-
hicles but also on drawbar trailers, in order to help save lives and prevent serious in-
juries caused by trailer-related accidents. However, for practical applicability, several
parameters—including the area covered by the sensor(s)—need to be precisely deter-
mined. Therefore, in the next step of our research, we will conduct and publish a further
parameter analysis.

This corresponding active turning assistant simulation model for drawbar trailers
based on the above analysis could then be used to efficiently investigate such accidents.
Drawing from the data and parameters of the active turning assistant system to be devel-
oped for drawbar trailers, we will further develop the simulation model presented here,
which will also be utilized in the next phase of our research. We propose further research
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and development of active turning assistant systems and its simulation model for drawbar
trailers, as this system could prevent trailer collisions with VRUs.

4. Conclusions

Based on the simulation of a real accident, it was established that if the right-turning
vehicle combination had been equipped with an active turning assistant at the time of
the accident, the collision with the pedestrian could have been avoided. In this case, the
pedestrian would have moved at a distance of s = 1.54 m from the front of the truck the
moment the truck braked to a standstill.

Drawing from the simulated data of the real accident, a parameter analysis based
on the results of a total of 45 simulations was conducted. These simulations served as
the basis for defining the worst-case and best-case scenarios. According to the worst-case
scenario, a high-velocity collision would have occurred with a reduced coverage area, low
deceleration and a pedestrian entry angle of 60°. In the best-case scenario (in the case of an
increased coverage area, with increased deceleration and a pedestrian entry angle of 30°),
the pedestrian would not have been hit, and the pedestrian would have been in motion
approximately 3.2 m in front of the truck the moment the vehicle combination braked to
a standstill.

When analyzing the default (ay.. = —2.5 m/ s?) and increased (ay.c = —3.5 m/s?)
deceleration values of the vehicle combination, along with a sensor coverage area reduced
by 1.0 m, the collision would have occurred only at a pedestrian entry angle of 60°. At
the other entry angles (0° and 30°), the collision could have been avoided, although the
remaining safety distance was minimal (<1.0 m), similar to the cases with—in absolute
terms—nhigher deceleration values (ay. = —4.5m/ s2 and ayc=—55m/ sz). The pedestrian
would not have been hit in cases where the deceleration value was ay.. = —4.5 m/ s2 and
ay.c = —5.5m/s?. Accordingly, it can be concluded that the active turning assistant—taking
into account the parameters and other data from the present analysis—makes it possible to
avoid the accident where the deceleration value is a = —4.5 m/s? or more intense. Based
on the analysis of the simulation results, it can even be stated that an increase in the
pedestrian’s entry angle generally results in a decrease in the residual (safety) distance.

Simulation results indicate that as the pedestrian’s entry angle increases, the residual
(safety) distance tends to decrease when the sensor coverage area is set to its default or a
reduced length. The longer the sensor coverage area, the smaller the impact of the pedes-
trian’s movement direction on the safety distance. This effect is most pronounced at the
higher deceleration value of the vehicle combination (ay-c = —5.5 m/s?). When evaluating
the simulation results for ay.c = —5.5 m/s?, the sensor coverage length has a significantly
greater influence on the residual safety distance than the pedestrian’s entry angle.

The surface fitting results calculated with Equation (1) show good agreement with
the simulation data for most values, with a deviation of less than 5%. Larger deviations
occur only when the sensor coverage is reduced and the pedestrian entry direction is
60°. Since a reduced sensor coverage results in minimal safety distances and is therefore
undesirable, the proposed equation is suitable for determining the safety distance within
the relevant range.

Based on data from a specific accident, it was found that simulating the possibility of a
collision between a VRU and a drawbar trailer showed the pedestrian would not have been
hit if the trailer had been equipped with an active turning assistant system. This analysis
was performed using a simulation model specifically adapted for drawbar trailers. These
findings support the recommendation to install active turning assistant systems not only
on towing vehicles but also on drawbar trailers, in order to save lives and prevent serious
injuries caused by collisions between towed trailers and VRUs. However, to ensure the
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real-life applicability of this system and its simulation model for drawbar trailers, several
key parameters must be precisely defined. A further, detailed parameter analysis will
therefore be conducted and published as the next step in our research.
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Abbreviations

The following abbreviations are used in this manuscript:

VRU  Vulnerable Road User

ABS Anti-lock Braking System

ACC Adaptive Cruise Control

AEB Advanced Emergency Braking
ADAS  Advanced Driver Assistance System
ASGA  Mercedes’ Active Sideguard Assist
BA Brake Assistant

EBA Emergency Brake Assist

ESP Electronic Stability Program

FEDR  Forensic Event Data Recorder
HGV  Heavy Goods Vehicle

LLM Large Language Model

MBS Multi-body System

TA Turning Assistant

TCS Traction Control System
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