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Abstract According to recent traffic accidents statistics, the number of bicycle accidents has not been
decreasing since 2010 and is even increasing in Germany. In the past, human body models were used to gain
further insight into the kinematics and injury prediction for pedestrians and were validated for vehicle collisions
based on post mortem human subject test data. As comparable validation data is not available for cyclists, data
from accident databases offers the opportunity to compare simulation results with reality. In this study, three
accidents were selected where the dimensions of the involved cyclist and vehicle matched those of the selected
human body model (THUMS) and of the car model (Toyota Camry). The boundary conditions of the collision
simulation were defined according to the GIDAS documentation. Data from the simulation on collision points,
injury-inducing contact pairs and injury predictions were compared with GIDAS. The results of the simulations
mostly matched the documented collision data very well. The data suggests that finite element simulation using
state-of-the-art human body models can be used to reconstruct accident data, thus increasing trust in the
simulation of collision scenarios, where a validation is currently not possible.
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. INTRODUCTION

Recent traffic accident statistics show that the number of bicycle accidents has not been decreasing since 2010
in the EU [1] and is even increasing in Germany [2]. Another study found that 53 % of cyclist fatalities in the EU
between 2015 and 2017 were caused by a collision with a passenger car [3]. Traffic accident statistics showed
that roughly 80 % of all cyclists killed in accidents in the EU are male. This proportion remained almost constant
between 2010 and 2019 [1, 3]. In the past, finite element (FE) simulations using human body models (HBMs) were
used to further investigate the kinematics or injury risk of cyclists in vehicle collisions [4-6]. Some studies further
compared the simulation results with data from real-life accidents [7-8]. However, little data is available on
comparative studies of real-life accidents and FE-replications using HBMs, where both kinematics and whole-body
injury assessment of the cyclist are investigated.

Several HBMs are available for occupant and pedestrian load cases [9-11], including the Total HUman Model
for Safety (THUMS™) V4.02 AM50 Pedestrian [12], which was validated [13] based on experimental data from
generic vehicle collisions with post mortem human subjects (PMHSs) [14-15]. To the best knowledge of the
authors, experimental PMHS data from bicycle to generic vehicle collisions, which would enable a direct
validation, is currently not available. The same is true for other types of vulnerable road users (VRUs), such as E-
Scooter [16] or wheelchair users [17], except for pedestrians.

While the vehicle-to-VRU collision scenarios are quite similar for pedestrians and cyclists, they are not identical
[18-19]. Real-life accident data, despite having more unknown or imperfect data available than experimental
PMHS validation data, offers the opportunity to compare simulation results and injury predictions with reality for
single, comparable VRU accident cases.

By comparing the simulation results with the accident data documentation, the plausibility of the FE
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simulations can be checked, which is also referred to as plausibility assessment in this study. The term plausibility
is used accordingly in the following sections regarding how well the extractable FE collision simulation data
matches their available counterpart from the real-life accident data documentation for single collision cases.

As HBMs are an important tool to improve future traffic safety and are already part of the consumer
information rating programme in Europe regarding kinematic evaluation for pedestrians [20], this study aims to
gain further insights into the plausibility of cyclist collision simulation using HBMs to address the high risk of this
VRU-type in traffic safety [3]. Data regarding collision points, injury-inducing contact pairs and injury assessment
will be analysed and compared to their counterparts from the German In-Depth Accident Study (GIDAS) [21-22].

Il. METHODS

This study is being conducted as part of the national research project Artificial Intelligence for Real-Time Injury
Prediction (ATTENTION). The aim of ATTENTION is to develop a method for real-time injury prediction of VRUs,
such as pedestrians or cyclists as part of a proof-of-concept study. For this purpose, data-driven methods are used
to determine a situation-specific injury risk from vehicle-based video data and virtual tests with the help of FE
HBMs. Prospectively, the Al-based injury prediction shall enable both safe and efficient traffic through automated
vehicle risk mitigation strategies.

Part of the project work involves the generation of large amounts of car-to-HBM collision simulations with
different parameter combinations as training data for the Al-models. The parameter combinations comprise the
relative velocities of the collision partners, the collision angle and the VRU position in front of the bumper. Further
aspects of ATTENTION, as well as initial findings were previously published [18, 19, 23]. Within the scope of this
study, a method will be presented by which individual simulations, as representatives of the training data points
of ATTENTION, can be compared with real-life collision cases and checked for plausibility. Thus, this check for
plausibility shall increase the trust in the generated training data based on individual data points within the
parameter space. Based on the aim of ATTENTION, creating individual bicycle models, car models (including the
verification of the windscreen) or individualised HBMs as a direct counterpart of the vehicles and VRUs involved
in the single GIDAS cases is not intended and would exceed the scope of the project.

Considering this limitation, we developed a virtual setup for collisions, where the cyclist collides with the car
front end. Each component (car, bicycle and cyclist) was compared to or developed based on data from the GIDAS
database to allow for a comparison between the results from numerical cyclist to vehicle collision simulations and
real-world collision data. Further details are provided in the following subsections.

Accident Case Selection

In this study, individual GIDAS cases were selected in which the dimensions of the front end were similar to the
publicly available Toyota Camry vehicle model [24] and where the body size and weight match those of the
validated Total HUman Model for Safety (THUMS™) V4.02 AM50 Pedestrian® [12]. The single GIDAS cases were
further filtered regarding frontal vehicle-to-cyclist collision cases with large numbers of injuries. This is because
one aim of this study is to compare the HBM-based injury prediction with the cyclist's sustained injuries
documented in the GIDAS accident data. Due to the different injury risk levels that these selected probabilistic
injury criteria can predict, which are described in further detail in the section HBM Instrumentation and Injury
Prediction section and in the appendix (Table A-l to A-lll), a direct comparison between injury prediction and
sustained injuries is only possible if at least moderate injuries such as cortical bone fractures or traumatic brain
injuries (TBI) were sustained and documented in GIDAS. Furthermore, these injuries must have been caused by
the primary impact of the cyclist with the car or bicycle according to the GIDAS documentation.

Three of the resulting GIDAS cases?, for which these criteria were met, were selected for FE accident
reconstruction in this study. For these cases, the GIDAS injury information was compared with the probabilistic
and deterministic injury prediction using THUMS in a frontal vehicle-to-cyclist collision simulation of the primary
impact. In addition, minor injuries, such as contusions or abrasions, were discussed comparatively with the

1 Throughout only the abbreviation “THUMS” will be used for the Total HUman Model for Safety (THUMS™) V4.02 AM50 Pedestrian used in this study.
2 In this study, the GIDAS documentation of accident cases with the IDs 1050918, 1170986 and 30090880 were compared with simulation data.
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available injury criteria of the corresponding body regions with the restriction that the injury criteria used were
developed to predict a higher injury severity level.

In GIDAS, the assignment of injuries to contact points on the vehicle is done by the technical and medical
investigation team by identifying the contact points (e.g. damage or wipe marks) on the vehicle while still at the
scene of the accident. In addition, a data collection of the injuries is carried out on site or in hospital. The
assignment of the individual injuries to the contact points on the vehicle is supported by the reconstruction team,
which simulates the course of the accident.

TABLE |
COMPARISON OF THE FE CAR MODEL WITH THE GIDAS PASSENGER CARS
#GIDAS ficar Mass H1 H2 H3 L1 L2 L3
[kg] [cm] [cm] [cm] [cm] [cm] [cm]

- Camry 1603.8 77.1 99.9 136.2 12.2 111.4 185.0
1050918 carl 1530+373.8 70.0£7.1 92.4+7.5 131.6+4.6 11.0+1.2 108.9+2.5 175.6+9.4
1170986 car2 1575+28.8 73.2£3.9 96.1+3.8 138.1+1.9 10.4+1.8 107.3+4.1 186.8+1.8

30090880 car3 1146+457.8 75.4+1.7 96.0+3.9 134.8+1.4 16.6+4.4 106.7+4.7 175.0+10

Fig. 1. Vehicle dimensions compared between the adapted FE model and the GIDAS cars in Table |l. The FE
model [24] was modified in terms of a load-case specific reduction and an adaption of the windshield.

TABLE Il
COMPARISON OF THUMS TO THE GIDAS CYCLISTS
H#GIDAS Weight [kg] Standing Height Age
THUMS 77.2 178.2 -
1050918 75+2.2 177+1.2 32
1170986 80+2.8 180+1.8 33
30090880 81+3.8 174+4.2 56

Vehicle Selection and Modifications
Based on the original version [24], the Toyota Camry vehicle model was modified in two ways before usage in
the collision simulation [23]:

1. Load-case specific reduction of the vehicle model complexity to reduce computational costs and
storage space while retaining important kinematic and dynamic properties as well as computational
stability (Fig. 1). For this, the mass of all parts that were not part of the front end was replaced by a
cubical replacement mass;

2. Implementing a windshield model based on the latest results of the scientific community, consisting of
a polyvinyl butyral (PVB) mid-layer and two outer glass layers, which was previously validated for VRU
load cases. Further details on the comparison of experimental and numerical headform impactor to

% In contrast to the common usage of “+” symbol as the margin of error, the symbol was used in Table I and Table Il to uniformly define a positive or
negative divergence from the FE model dimensions.
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windshield collisions, where VRU-safety relevant results are compared between experiment and
simulation, are provided in the following. It should be mentioned that, considering the aim of
ATTENTION, individual counterparts of the windshields used in the experiment were not modelled.
Based on the available literature, representative load cases were selected and compared to the
modified Toyota Camry windshield model used in this study, regarding the most important
characteristics of the acceleration curve shape. Due to differences in the windshield geometries
between experiment and simulation, certain deviations, such as for the peak values, are to be expected.

The PVB laminated windshield is widely recognised as an effective measure to reduce the severity of pedestrian
injuries during vehicle-pedestrian collision scenarios. This type of windshield is modelled using different methods,
for example, the single layer model consisting of a shell element sheet, and the three-layered model consisting
of a PVB layer sandwiched between two glass layers [25]. The adapted windshield model in the present study
features a three-layered construction that comprises a PVB layer sandwiched between two glass layers which is
modelled using the latest results provided in literature [26—30].

The thickness of the glass layer and the PVB layer has been set to 2.1 mm and 0.76 mm, respectively, as
suggested by [25]. In accordance with the research findings presented in literature [28-30], the PVB layer has
been modelled as a hyper-elastic material, while the glass layer has been modelled as a glass material, as
discussed by [28]. The assembly process employs shared nodes [31], which assume that the glass layer and the
PVB layer are perfectly bonded with no relative displacements between them. Notably, the original assembly
method of the windshield to the vehicle frame via spot-weld constraints used in the Toyota Camry model [24]
does not allow for a realistic force transfer from the windshield to the frame during an impact. Therefore, in this
study, the windshield is bonded to the vehicle frame using an adhesive layer of approximately 8 mm thickness
applied along the contour of the windshield. The modelling technique and the material parameters for the
adhesive layer are adapted from the National Highway Traffic Safety Administration (NHTSA) Accord vehicle
model [32].

The use case of this study entailed the simulation of a vehicle-to-VRU collision, for which the windshield had
been modified to suit the specific use case. To ensure the general applicability of this adapted windshield model
for this specific use case, a series of numerical tests were conducted, utilising a standard EEVC headform impactor
[26, 33]. These tests involved directing the headform impactor perpendicularly at the windshield at varying
velocities and positions, in accordance with the boundary conditions outlined in [25, 27, 28]. The results of these
simulations were then compared against real-world experiments conducted under identical boundary conditions
by [25, 27, 28]. Due to different car models, geometrical parameters of the experimental and numerical
windshields are not identical, which is why an exact replication of the experimental results cannot be expected
based on the numerical analysis. However, general features can be compared.

During each test, the acceleration behaviour of the headform was analysed using a virtual accelerometer. The
recorded acceleration data were then compared with the experimental result provided by [25, 27, 28], enabling
a comprehensive comparison of the adapted windshield model. The comparison, as illustrated in Fig. 2 and A-
Fig. 8, ensures that the behaviour of the test acceleration curves is generally very similar to the experimental
curves. As explained in further detail in literature [28], there are three stages during the loading of the windshield.
Initially a pre-fracture stage, followed by a fracture of the first and second glass layer, which correlates with the
initial peaks in the acceleration curve. In the last stage, the PVB layer experiences large deformations, resulting
in a rather flattened peak in the acceleration curve. The results confirm an acceptable predictive capability of the
adapted windshield model considering the later use of the model in terms of the overall aim of ATTENTION and
VRU-safety application with regard to the different geometries of the experimental and numerical windshields
and the resulting expected deviation of, e.g., peak acceleration values.
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Fig. 2. Exemplary comparison of the acceleration behaviour of the headform with the experimental result of a
standard EEVC headform impactor [33] impacting the windshield in the centre location [25, 27]. Further validation
tests are provided in the Appendix.

HBM Positioning, Bicycle Model

The THUMS was positioned based on a mean cyclist-position extracted from vehicle-bound video documented
car-cyclist collisions [18—19] and was slightly adapted to match the pedal positions, handlebar and saddle of the
bicycle FE model. As the most common bicycle type from the analysed GIDAS data was a trekking bike, matching
the results of other studies on GIDAS accident data [34], this bicycle type was selected for the modelling approach.
The dimensions of the bicycle model (A-Fig. 4) are comparable to the European New Car Assessment Program
(Euro NCAP) Cyclist AEB-Testing System (CATS) model [35]. In order to avoid deviations in the accident setup as
best as possible, the dimensions of the bicycle were defined based on the median values of all bicycles involved
in GIDAS accidents, where the involved car matched the dimensions of the Camry and the involved cyclist those
of THUMS. Thus, this GIDAS bicycle might not have an identical counterpart in reality. In 81 % of the GIDAS cases,
where the involved car matched the dimensions of the Camry and the involved cyclist those of THUMS, the cyclist
did not wear a helmet. This includes the three cases selected for this study. Therefore, no helmet model was used
for the FE accident reconstruction.

HBM Instrumentation and Injury Prediction
The THUMS was instrumented in order to obtain information regarding collision points and several injury
criteria. Contact force transducer pairs were implemented to extract contact forces between VRU body regions
and vehicle components for a measurable comparison of injury-relevant contact pairs between the accident data
and the simulation, in addition to the subjective visual evaluation of collision points.

The following probabilistic injury criteria were considered for evaluation: Brain Injury Criterion (BrIC) [36],
Cumulative Strain Damage Measure (CSDM) [36—38], Forman Rib Fracture Criterion [39, 40] (summarised in [41]),
pelvis fracture criteria (deflection-based [42] and strain-based [43]), femur fracture criterion [44] and a tibia and
fibula fracture criterion [44, 45]. The injury risk functions described in the respective sources, summarised in [13],
were used in this study. For the strain-based pelvis fracture criterion [43], the 95" and 99" percentile values of
the maximum principal strain (MPS) distribution (MPS95 and MPS99), which consider the maximum MPS values
of each cortical pelvis element over time, are used as injury values. According to the previously mentioned
sources, the Abbreviated Injury Scale (AIS) was used to define the injury risk from AIS1 (minor injury) to AIS5
(critical injuries) [46]. For the injury criteria CSDM and BrIC, the levels AIS1+ (AIS1 or higher) to AIS5+ (AIS5 or
higher) were defined. For these criteria, the highest AlS level which exceeded a threshold of 50 % AlS-based injury
risk was selected for the comparison with the respective accident data on sustained brain injuries. Further,
deterministic injury prediction was considered for each cortical bone in THUMS separately, based on the MPS of
all elements of the respective bone. MPS thresholds were obtained from the literature for pelvis cortical bones
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(1.0 % MPS [47]) and all other cortical bones (1.5 % MPS [48-49]). Both probabilistic and deterministic whole-
body injury predictions were used for comparison with the single GIDAS accident cases.

Collision Setup and Simulation Environment

By application of the explicit FE code MPP LS-DYNA R9.3 (LSTC), the numerical solution of each simulation was
calculated using 32 cores on a Supermicro Computer (2.45 GHz AMD EPYC 7763 with 1024 GB RAM) running on
Rocky Linux release 8.7. Based on the data collected from individual GIDAS accidents, a simulation matrix
(Table I11) was established for left-sided impacts, where the cyclist rode from the passenger side (right front end)
to the driver side (left front end) of the vehicle. An averaged GIDAS deceleration of 3.5 m/s?, defined based on
data from previously filtered cases, for frontal collisions of passenger cars with cyclists and pedestrians, was
applied to the front axis of the modified car model for all simulations. The collision angle and Y-Offset of each
simulation are defined as shown in Table Ill. A reference image is shown in Fig. 3. The global coordinate system
and the Y-Offset of the simulation setup are defined based on specifications in Euro NCAP TB024 [20]. For a Y-
Offset of 0 mm, the centre of gravity of the THUMS head was aligned with the vehicle centreline.

TABLE 11l
PARAMETER DEFINITIONS OF COLLISION SIMULATION BASED ON GIDAS
#GIDAS Car Velocity Cyclist velocity Y-Offset Collision angle
[km/h] [km/h] [mm] [°]
1050918 47 25 -750 226
1170986 30 12 -50 288
30090880 38 5 -100 274

Fig. 3. Definition of the Y-Offset from the vehicle centreline (A) and of the collision angle (B).

lll. RESULTS

The whole-body kinematics of case 1170986 are shown in Fig. 4 for the total simulation time of 400 ms with
each image being 100 ms apart. The same information is provided for the other cases in the Appendix (A-Fig. 1 to
A-Fig. 3).
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Fig. 4. Exemplary whole-body kinematics over time from simulation data for case 1170986.

The collision points between the cyclist and the vehicle model were visually evaluated for the FE simulation
(Fig. 5). Collision points from the real-life collision were extracted from the GIDAS documentation, if available.
Data was missing for GIDAS case 300090880 and was reconstructed based on dents in the bodywork, observable

via photographs in the single case documentation.

Fig. 5. Exemplary data on the collision points of the cyclist and the vehicle from the accident data and from the
collision simulation regarding the documented body regions for case 1170986. English translations were added
in blue based on the original image file from GIDAS.

Fig. 6. Exemplary comparison of the injury-causing contact pairs in GIDAS with the contact force transducer data
of the FE collision simulation for case 1170986.
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By defining multiple contact pairs for different combinations of body regions and vehicle components, it was
possible to compare injury-inducing contact pairs between GIDAS and the collision simulation (Fig. 6). For example
in the 1170986 case, peaks in the contact force of the contact force transducer pairs bumper to left leg and
windshield to head could be observed, where extremity injuries due to bumper contact and head injuries due to
windshield contact were documented in the GIDAS file.

The results of injury predictions of the model using the deterministic method (DM) and probabilistic method
(PM) are summarised in Table IV and are compared with the sustained injuries documented in the GIDAS cases.
Further details are provided in the Appendix.

TABLE IV
COMPARISON OF INJURIES REPORTED IN GIDAS AND PREDICTED BY THE HUMAN BODY MODEL.
1050918 1170986 30090880
HBM HBM HBM
Body GIDAS PM DM GIDAS PM DM GIDAS PM DM
region
Head TBI AIS2 AlS2+=72.9% - TBI AIS2 AIS2+=57.8 % - TBI AlIS2+=80.2 %
CSDM=0.35 CSDM=0.28 AlS2 CSDM=0.39
Chest (rib None AlIS1+=10.3% No None AIS1+=10.3 % No 2 AlS1+=29.4 % Yes (1)
fractures) AlS2+=2.46 %
Pelvis None AlIS2+=1.5% No None AlS2+=7.0 % No Bruise  AIS2+=37.9% Yes
AIS1
Thigh R None 0.0-0.6% Yes None 0.0% (AIS3+)  Yes None 0.2-19% Yes
(AIS3+) (AIS3+)
L None 0.0% No None 0.0-0.6% No None 0.3-09% None
(AIS3+) (AIS3+) (AIS3+)
Leg R None 0.1-13% No Graze 0.0-2.1% No None 0.6-2.6% No
(AIS2+) (AIS1) (AIS2+) (AIS2+)
L Tibia, 1.5-105% Yes Bruise 1.2-94 Yes None 1.1-36.2% Yes
Fibula (AIS2+) (AIS1) (AIS2+) (AIS2+)

(A1S2)

IV. DISCUSSION

In the following subsections, the results of each GIDAS simulation pair will be discussed separately, followed
by a summary for all cases.

Case 1050918

Based on the data in Table | and Table Il, the sizes of the VRU and vehicle match very well for case 1050918. A
visual evaluation of the collision pairs (A-Fig. 5) shows a good agreement between the data of the simulation and
the GIDAS case. The collision points of the leg and bumper as well as the head and the windshield are comparable
between simulation and GIDAS. For the thorax, an impact on the windshield was documented in GIDAS, while a
collision with the hood was observed in the simulation. This might partly be due to the slightly shorter front end
length L3 compared to the FE model (Table I).

Data regarding contact forces (A-Fig. 6) obtained from contact force transducer pairs in the simulation matches
the GIDAS documentation for both injury-inducing contact pairs (bumper to left leg and windshield to head). In
detail, a local peak in contact force could be observed in the simulation for both contact pairs, with a maximum
contact force of 3.5 kN for the bumper to left leg pair and 3.8 kN for the windshield to head pair.

The predicted injuries (Table V) were in good agreement with the reported injuries from GIDAS. Head, chest,
left thigh and tibia matched for GIDAS and the simulation. In the simulation, the tibia AlS2+ risk was rather low
compared to the observed fracture in GIDAS. However, deterministic injury prediction clearly predicts a fracture
based on MPS evaluation (Table A-1) for the tibia and near-fracture MPS for the fibula. However, the deterministic
injury prediction, in contrast to the probabilistic injury prediction, does not consider the variance of sustained
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injuries within populations for identical load cases. Therefore, the results from deterministic injury prediction
need to be treated with caution, as i.e., individual differences in anatomy or response to loading are not
considered.

Based on the results from deterministic injury prediction, a fracture of the right femur is predicted for all three
GIDAS cases. As the reason for this behaviour can be related to the same origin for all three cases, this divergence
from GIDAS will only be discussed for case 1050918 but is identically true for cases 1170986 and 30090880. The
main reason for this difference is a divergence in the geometry of the crossbar of the GIDAS bicycles and the FE
model (A-Fig. 4). In all GIDAS cases, the crossbar was either non-existent or located much lower than in the FE
model. Thus, in GIDAS the right thigh was probably not in contact with the crossbar at all, which explains why no
injuries (not even bruises) are documented for the thigh and femur. In the simulation, the vehicle collision results
in a contact between the crossbar and the thigh. In return, this contact can lead to the exceeded MPS threshold
for the right femur. This hypothesis is supported by data on the right patella, which was also in contact with the
bicycle crossbar (Fig. 5). For the right patella, the threshold for deterministic fracture prediction was also
exceeded (Table A-1), but no fracture was reported in GIDAS. For all three cases, the bicycle dimensions seem to
have an influence on the injury outcome in the femur region. As the prediction of fractures only applies to the
strain-based data of the right femur, which is only in contact with the bicycle (not with the vehicle), the results
can be related to the contact between the bicycle crossbar and the thigh.

Case 1170986

Based on the data in Table | and Table Il, the sizes of the VRUs and vehicles match very well for case 1170986.
A visual evaluation of the collision pairs (Fig. 5, A-Fig. 5) shows a very good agreement between the data of the
simulation and the GIDAS case. The collision points of the leg and bumper, pelvis and hood, chest and hood, as
well as the head and the windshield are closely comparable. The small difference in the collision points of the
hood and thorax, as well as the windshield and head might result from a slightly different standing height of the
cyclist compared to the THUMS (Table IlI) and from small differences in the car geometry compared to the Camry
model.

The data regarding contact forces (Fig. 6, A-Fig. 6) from simulation is in accordance with the GIDAS
documentation for all injuries resulting from vehicle or bicycle contact. In detail, local peaks in contact force could
be observed in the simulation for contact pairs corresponding to the injury-inducing contact pairs documented in
GIDAS, with a maximum contact force of 4.3 kN for the bumper to left leg pair, 2.4 kN for the hood to left leg pair,
6.9 kN for the THUMS to bicycle pair and 3.3 kN for the windshield to head pair.

The predicted injuries (Table IV) were in good agreement with the reported injuries from GIDAS. Based on the
comparison with the contact force of the bumper and the left leg (Fig. 6), as well as the injury risk in the left leg
(Table A-ll), there is a chance of there being a bruise in this collision scenario. However, the injury risk criteria
used in this study were not developed or validated for the prediction of minor injuries, such as bruises or grazes.
Therefore, a prediction of these minor injuries is not possible based on probabilistic or deterministic injury
criteria. The deterministic injury predictions even suggest a fracture of the left tibia and fibula (Table IV and
Table A-ll). Regarding the differences in the right femur data between GIDAS and simulation, see the
corresponding subsection of Case 1050918.

Case 30090880

Based on the data in Table | and Table Il, the sizes of the VRUs and vehicles were in very good agreement with
most of the values for case 30090880. The biggest difference regarding the vehicle mass and the VRU size in
comparison to the FE model, compared to the other cases, can be seen for case 30090880.

A visual evaluation of the collision pairs (A-Fig. 5) shows a good match between the data of the simulation and
the GIDAS case. A small shift to the vehicle passenger side can be observed in the simulation compared to GIDAS.
The reason for this might be a different pedal position in GIDAS than in the simulation. Assuming that the left foot
would be in the back pedal position instead of the front pedal position, the cyclist position during primary impact
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(foot to bumper) would be shifted towards the vehicle driver side in order to match the primary collision points
in the bumper region documented in GIDAS. Thus, all other contact points would also be shifted towards the
driver side, resulting in a better match of the exact locations of the collision points between simulation and GIDAS.
The exact pedal position is impossible to obtain from GIDAS accident reconstruction, as video data is not
contained in the GIDAS documentation. FE simulations offer a good opportunity to predict details of collisions
that would not be observable otherwise. Apart from this shift to the passenger side in the simulation, the contact
pairs of the simulation correlated very well with GIDAS (left leg to bumper, pelvis to hood, as well as thorax and
head to the windshield). Based on the aim of ATTENTION and due to time and resource constraints, a simulation
of different pedal and foot positions was not possible in the context of this study. However, this would be an
interesting aspect to investigate in future studies in this field.

Data regarding the contact forces (A-Fig. 6) from simulation matches the GIDAS documentation for all injuries
resulting from vehicle or bicycle contact according to GIDAS. In detail, local peaks in contact force could be
observed in the simulation for contact pairs corresponding to the injury-inducing contact pairs documented in
GIDAS, with a maximum contact force of 0.5 kN for the hood to buttock pair, 1.0 kN for the hood to torso pair,
1.4 kN for the windshield to torso pair and 3.1 kN for the windshield to head pair.

The predicted injuries (Table IV) were in good agreement with the reported injuries from GIDAS. Based on the
GIDAS documentation, the thorax collision might have occurred in the region of the windshield wipers (A-Fig. 5).
However, the windshield wipers are not part of the FE car model. As the windshield wipers can be slightly stiffer
than the surrounding windshield and hood, a collision of the thorax with the windshield wipers can lead to a peak
punctual load placed on individual ribs. The lack of windshield wipers in the FE model might therefore be the
reason for the underpredicted risk of rib fracture, despite the agreement of the thorax collision point (A-Fig. 5).
In addition, a nasal bone fracture is reported in GIDAS, which suggests that the head or the entire upper body
including the head was slightly rotated towards the vehicle during collision in GIDAS. Although the cyclist was
slightly rotated towards the camry model in the simulation (Table Ill), the default position of the head or upper
body was defined according to the mean cyclist posture previously obtained from video data analysis [19], which
rather led to a windshield collision with the back of the head rather than the front of the head. A possible rotation
of the upper body of the cyclist in GIDAS might also have led to the difference in the number of predicted fractured
ribs in the simulation.

The 56-year-old cyclist sustained a bruise on the pelvis (AIS1). For the cortical bone of the pelvis, the MPS
threshold of 1.0 % is exceeded with a maximum MPS of 1.2 %, thus overpredicting the sustained injury (Table A-
[1). The AIS2+ injury risk in the pelvis from the simulation ranged from 22.0 % (45-year-old) to 37.9 % (65-year-
old) for MPS95, which on average matched the rather low AIS level from GIDAS, while the values of MPS99
overestimated the injury risk compared to this GIDAS case with AlS2+ greater than 88 %. For the left leg, the injury
risk was increasing from the proximal to the distal end, with a maximum value of 36.2 % for the distal tibia region.
Likewise, deterministic prediction suggests a tibia fracture, while there was no fracture documented in GIDAS.
After consultation with GIDAS accident research specialists, an underrepresentation of less critical injuries, such
as tibia bruises or fractures, can in general be assumed if more severe injuries, e.g., head or chest, are present.
As there was much less documentation available on case 30090880 compared to the other cases, a lack of detailed
information on this GIDAS accident can be assumed, resulting in possibly missing information on, e.g. tibia or
fibula hairline fractures or full fractures. Regarding differences in the right femur data between GIDAS and
simulation, see the corresponding subsection of Case 1050918.

General

For all GIDAS cases, collision simulation data matched the corresponding GIDAS documentation very well with
regard to collision points, collision pairs and predicted injuries compared to sustained injuries. Differences can
mainly be linked to differences in vehicle or bicycle geometry, as well as possibly missing documentation of minor
injuries (<=AIS2+) in GIDAS in more severe accidents.

Based on the aim of ATTENTION and due to time and resource constraints, the alternative approach of
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modelling individual bicycles corresponding to the bicycle of each GIDAS case was not considered in this study.
The approach of using a mean representative posture and corresponding bicycle for multiple GIDAS cases was
further chosen to test how well this setup can reproduce relevant aspects of the vehicle-to-VRU collision. Due to
the very good agreement of the data, this approach could also be applicable to other accident cases involving
cyclists. The approach taken in this study is very similar to the approach of the Euro NCAP CATS project [35],
where a mean bicycle and cyclist based on European data were developed and applied. Nevertheless, it would be
an interesting aspect to investigate the effect of different bicycles types, crossbar heights and cyclist positions in
future sensitivity studies in comparison with accident data.

For the pelvis, the MPS95 matched the GIDAS information very well, while MPS99 overestimated the AlIS2+
injury risk in all cases. For the head, CSDM AIS2+ injury risk best matched the AIS2 TBI of GIDAS, while BrIC
overpredicted the injury risk in all cases.

In the selected cases, the most frequent injuries of the injury distribution extracted from comparable GIDAS
accident data are covered (A-Fig. 7), except for upper extremity injuries. Based on the good match of HBM
simulations with the GIDAS cases, the simulations were also able to reflect the general tendencies shown in A-
Fig. 7. To the best knowledge of the authors, there is currently no reliable probabilistic injury criterion available
for upper extremity injuries for HBM applications. Therefore, at least based on probabilistic injury assessment,
no comparison to GIDAS would have been possible. Only deterministic methods could currently be used for
cortical bone fractures in the upper extremities. As no upper extremity injuries were documented in the selected
GIDAS, deterministic injury prediction was not analysed for this body region in this study, as described in further
detail in the Appendix.

In this study, three collisions were analysed. Based on the small sample size, a determination of trends is not
possible. Further, certain factors such as the collision angle might not have been considered in the comparable
literature, although they can have an influence on the simulation outcome. Considering this limitation, certain
trends observed in this study will be compared with available literature from accident data analysis in the
following.

The frontal collision scenarios with crossing cyclists (left to right) presented in this study are also one of the
most common accidents in the Swedish Traffic Accident Data Acquisition (STRADA) database, suggesting that the
data presented in this study might be equally relevant for other European countries [50].

Based on bicycle accident data, an increase in injury risk can be related to an increase in collision velocity and
VRU age [51]. Between the cases 1170987 and 1050918, and between 1170987 and 30090880, an increase in
collision velocity led to an increase in injury risk based on GIDAS case data. Further, between the cases 1170987
and 1050918, an increase in age led to an increase in injury risk. Based on GIDAS case data, 1170987 had the
lowest overall injury risk, while 1170987 was only slightly smaller than 30090880. In the simulations, the same
trend was observed with a higher difference between 1050918 and 30090880 due to the additional leg fracture
prediction for 30090880.

Previous studies have shown that leg injuries mainly result from bumper contact, chest injuries from hood or
windshield contact and head injuries from windshield, A-pillar, front edge of the roof or ground contact [34].
These trends could also be observed in the simulation data and the respective GIDAS documentation of this study.
It should be mentioned that ground impacts were not considered in the numerical part of this study, but only the
primary collision with the vehicle. Regarding secondary collisions, for case 1170987 a graze on the forehead due
to ground impact and for case 30090880, a TBI I° due to ground impact were documented in GIDAS, matching the
previously mentioned findings of other studies. Only head injuries due to front edge of the roof and A-pillar
contact were not observed in our study, neither for GIDAS nor for the simulation. This can be directly linked to
the selected parameter combination, which would not lead to roof or A-pillar impacts for the types and
dimensions of bicycles, vehicles and VRUs involved in the selected GIDAS cases and the corresponding
simulations. Therefore, the data from GIDAS and the simulations match the trends very well [34] for the selected
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cases for all injury inducing contact pairs. As shown in previous studies, the majority of cyclists sustain minor
injuries with a severity of MAIS1 (Maximum Abbreviated Injury Scale) [34]. The majority of injuries reported in
GIDAS and predicted via simulations were AIS1 or AIS2 injuries. With regard to AIS itemised injuries, the most
commonly injured body regions (AIS1 and AIS2: head, lower and upper extremities) [34] match those of the
selected individual GIDAS cases, except for the upper extremity injuries. The latter could not be analysed based
on probabilistic injury assessment due to unavailable injury criteria for HBM applications for this body region.

Although the simulation data matches the GIDAS data very well, some uncertainties regarding this comparison
remain. On the one hand, the data from the GIDAS accidents might be incomplete or might contain errors to a
certain degree. Further, video data is not available in GIDAS, which excludes the possibility of a direct comparison
of simulation video data with GIDAS. On the other hand, the model prediction can be the reason for the
divergence. This is due to the numerical approximation of the solution by the application of the FE method itself,
but also due to necessary simplifications and limitations in the modelling approach, e.g., missing windshield
wipers based on the open-source vehicle model, or the averaged bicycle model instead of remodelled versions of
each GIDAS bicycle. For the selected GIDAS cases, the crossbar was different from the FE model (A-Fig. 4) and
partly also the bicycle type (e.g. mountain bike instead of trekking bike as FE model). Further, as only a passive
HBM was used without muscle activation, the stabilising effect of musculature as well as the motion generating
aspect are missing in this collision simulation setup. Due to the comparison with accident data, instead of PMHSs,
the muscle system would probably play a critical role in the behaviour of the cyclist during a collision and would
allow for the additional assessment of muscle strain injury severity [52]. In this study, car-to-cyclist collisions were
analysed with an initial car velocity at the time of collision ranging from 30 to 47 km/h. For these collisions the
passive THUMS performed quite well. For lower collision velocity collision, it can be assumed that the stabilising
effect of the muscular system might play an even more important role. Therefore, further improvement of the
simulation results could be obtained by implementing a muscle system in future numerical studies on VRU-
vehicle-collisions in comparison to accident data to also achieve biofidelic kinematics and injury predictions in
low velocity collision.

Despite these limitations, the models performed very well and led to plausible kinematic behaviour and
predicted injuries comparable to the GIDAS accident cases.

V. CONCLUSIONS

In this study, we compared the results of FE collision simulations with single collision cases from the GIDAS
accident database. Each model was selected or modelled based on its averaged counterpart in GIDAS. Concluding
from the presented data, FE collision simulation using state-of-the-art human body models can be used to
replicate accident cases regarding kinematics, collision points, contact pairs and for most of the sustained injuries.
Despite minor differences, e.g. in the exact collision point of body parts and car components or an
underestimation of the probabilistic tibia fracture prediction in one case, the data from simulation and reality are
essentially very comparable. Thus, FE reconstructions of documented vehicle-to-VRU accidents can increase trust
in collision simulations, where a validation is not possible due to a lack of PMHS-validation data. Certain
limitations of this study are given and could partly be addressed by considering active musculature in FE accident
reconstructions of VRU-vehicle collisions in future studies in this field.
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VIIl. APPENDIX

The whole-body kinematics from simulation is shown over time for each case in A-Fig. 1 to A-Fig. 3.

A-Fig. 1. Whole-body kinematics over time from simulation data for case 1050918.

A-Fig. 2. Whole-body kinematics over time from simulation data for case 1170986.

A-Fig. 3. Whole-body kinematics over time from simulation data for case 30090880.

In A-Fig. 4 a comparison between the bicycle FE model and the three bicycles of the GIDAS cases is shown.

A-Fig. 4. Comparison of the bicycle FE model and the bicycles of each GIDAS case.
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In A-Fig. 5, the comparison of individual collision points of specific body parts with vehicle components between
GIDAS and the FE simulation is shown.

A-Fig. 5. Collision points of the cyclist and the vehicle in accident data and in the collision simulations regarding
the documented body regions. English translations were added in blue based on the original image file from
GIDAS.

In A-Fig. 6, the documented injury-inducing GIDAS contact pairs and the corresponding resultant force data
from simulation are compared for each accident case. For each individual injury, a vehicle component was
assigned as the primary contact partner in the GIDAS documentation.
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A-Fig. 6. Contact pairs in GIDAS compared with resultant contact forces between THUMS body parts and vehicle
components.
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Data on injury distributions from the GIDAS database are shown in A-Fig. 7, which was created based on
accident data that fulfilled certain criteria, such as the type of collision (A), as well as the vehicle dimensions and
body sizes in comparison to the respective FE models of this study (B).

A-Fig. 7. Injury distribution of two GIDAS datasets. A) GIDAS database filtered mainly by frontal collisions;
B) Further filtering based on A regarding cases where the vehicle sizes match those of the Toyota Camry FE model
and where the body sizes match those of the THUMS.

In Table A-l to Table A-lll, details regarding sustained injuries (GIDAS) and predicted injuries (HBM) are
presented. Regarding deterministic injury prediction, the following bones were considered if multiple bones were
relevant for a body region. For the ribs, all left and right ribs were considered with one maximum MPS value per
rib. Based on this data, the maximum values as well as the 2" and 3" highest values of all ribs were calculated.
For the lumbar spine, the L1 to L5 were considered. For the pelvis, the sacrum and all hipbones were considered.
For the ankle, the talus and calcaneus were considered. For the foot, all cortical bones in the foot (except talus
and calcaneus) were considered. For the other bones, individual cortical bone data could be used, e.g., right
femur. Data on cortical bones are listed, for which an injury was documented in at least one of the three GIDAS
cases. Grazes and bruises are generally documented as AIS1 injuries in GIDAS. For the evaluation of the
probabilistic femur and tibia fracture criteria, the resultant moment (Mgesuitant) [44] and the Revised Tibia Index
(RTI) [45] were applied.
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TABLE A-l
SUSTAINED AND PREDICTED INJURIES FOR GIDAS CASE 1050918
GIDAS Probabilistic prediction Deterministic prediction
Region Injury Injury Injury value Injury risk Region Max MPS Threshold
criterion
Head Traumatic CSDM 0.35 AIS1+=100 %, - - -
brain injury AIS2+=72.9 %
I° (TBS, AlS3+=41.7 %
AlS2) AlS4+=31.2 %
AlIS5+=29.5 %
Head
laceration BriC 1.29 AIS1+=100 %,
(AIS1) AIS2+=99.9 %
AIS3+=88.2 %
AIS4+=70.3 %
AIS5+=66.2 %
Thorax - Forman AIS1+=10.3 % Ribs Max=1.27 % 1.5%
AIS2+=0.5 % Maxzng=1.12 %
AIS3+=0.0 % Maxsrg=1.06 %
Lumbar - - - - Max=0.75 % 1.5%
spine
Pelvis - Quartile Q95=0.19 % AlS2+_45=1.5% Max=0.42 % 1.0%
value of MPS AlS2+_65=4.4 %
distribution
Q99=1.35% AlS2+_45=67.6 %
AIS2+_65=80.2 %
Deflection 0.63 mm AlIS2+=0.47 %
R Thigh - Mgesuttant 3.59 % 1.5%
Mid-femur 135.3 Nm AIS3+=0.1%
Mid-thigh 122.5Nm AlIS3+=0.02 %
Dist-femur 150.6 Nm AlIS3+=0.6 %
Dist-thigh 145.1 Nm AlIS3+=0.19 %
L Thigh - MResultant 0.48 % 15%
Mid-femur 78.8 Nm AlIS3+=0.0 %
Mid-thigh 91.1Nm AIS3+=0.0 %
Dist-femur 72.9 Nm AlS3+=0.01 %
Dist-thigh 84.8 Nm AlS3+=0.01 %
R Knee - - - - 2.7 % 1.5%
L Knee - - - - 0.28 % 15%
R Leg - RTI Tib:1.15% 15%
Proximal 0.45 AlS2+=1.31% Fib:0.98 %
Distal 0.21 AlS2+=0.06 %
MResuItant
Mid-Leg 1159 Nm AlS2+=0.25 %
LLleg Tibia & RTI Tib:2.22 % 15%
fibula Proximal 0.51 AIS2+=2.09 % Fib:1.28 %
Fracture Distal 0.76 AlS2+=10.53 %
(AIS2)
MResuItant
Mid-Leg 159.85 Nm AlS2+=1.53 %
R Ankle - - - - Max=0.72 % 1.5%
L Ankle - - - - Max=0.81 % 1.5%
R Foot - - - - Max=0.53 % 15%
L Foot - - - - Max=0.62 % 1.5%
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TABLE A-lI
SUSTAINED AND PREDICTED INJURIES FOR GIDAS CASE 1170986
GIDAS Probabilistic prediction Deterministic prediction
Region Injury Injury Injury value Injury risk Region Max MPS Threshold
criterion
Head TBSI° CSDM 0.28 AIS1+=100 %, - - -
(AIS2) AIS2+=57.8 %
AIS3+=30.0 %
Graze AlS4+=21.9%
forehead AIS5+=20.6 %
(AIS1)
BrIC 1.17 AIS1+=100 %,
AlS2+=99.9 %
AIS3+=79.9 %
AlS4+=59.8 %
AlIS5+=55.8 %
Thorax - Forman AIS1+=10.3 % Ribs Max=1.37 % 15%
AlS2+=0.4 % Max2nq=1.03 %
AIS3+=0.0 % Maxsr4=0.80 %
Lumbar 2 minimally dislocated bony fragments of the - Max=0.49 % 15%
spine anterior edge of the L5 vertebra (AlS2)
Pelvis - Quartile Q95=0.26 % AlS2+_45=7.0% Max=0.40 % 1.0%
value of MPS AIS2+_65=15.6 %
distribution
Q99=1.49 % AlS2+_45=75.0 %
AIS2+_65=85.7 %
Deflection 0.79 mm AlIS2+=0.97
R Thigh - Mgesultant 5.84 % 1.5%
Mid-femur 106.2 Nm AIS3+=0.02 %
Mid-thigh 99.6 Nm AIS3+=0.01 %
Dist-femur 97.1 Nm AlIS3+=0.04 %
Dist-thigh 91.1 Nm AIS3+=0.01 %
L Thigh - MResultant 0.61% 1.5%
Mid-femur 153.6 Nm AlS3+=0.22 %
Mid-thigh 150.3 Nm AIS3+=0.08 %
Dist-femur 148.8 Nm AIS3+=0.56 %
Dist-thigh 143.1 Nm AlIS3+=0.18 %
R Knee Graze - - - 4.08 % 15%
L Knee Graze - - - 0.71% 15%
R Leg Graze RTI Tib:1.24 % 15%
Proximal 0.51 AlS2+=2.12 % Fib:0.74 %
Distal 0.27 AIS2+=0.17 %
MResuItant
Mid-Leg 82.1 Nm AIS2+=0.03 %
LLeg Bruise RTI Tib:3.54 % 15%
Proximal 0.44 AIS2+=1.15% Fib:2.37 %
Distal 0.74 AlS2+=9.38 %
MResuItant
Mid-Leg 191.25 Nm AlS2+=4.18 %
R Ankle - - - - Max=1.10 % 1.5%
L Ankle Graze - - - Max=0.61 % 15%
R Foot - - - - Max=0.63 % 1.5%
L Foot Graze - - - Max=0.60 % 1.5%
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TABLE A-llI
SUSTAINED AND PREDICTED INJURIES FOR GIDAS CASE 30090880
GIDAS Probabilistic prediction Deterministic prediction
Region Injury Injury Injury value Injury risk Region Max MPS Threshold
criterion
Head TBS I° CSDM 0.39 AlS1+=100 %, - - -
(AIS2) AIS2+=80.2 %
AIS3+=48.8 %
Bruise (Os AlS4+=37.2 %
ugale, AIS1) AlS5+=35.1 %
Parietal wound
head, L (AIS1) BriC 1.34 AIS1+=100 %,
Nasal bone AlS2+=99.9 %
fracture (AIS1) AlIS3+=90.7 %
AlS4+=74.1 %
AlIS5+=70.1 %
Thorax Fracture Forman AIS1+=29.4 % Ribs Max=1.83 % 1.5%
L8, L9 AlS2+=2.5% Maxzng=1.04 %
(AIS2) AIS3+=0.1 % Maxs;¢=0.85 %
Lumbar - - - - Max=1.33 % 1.5%
spine
Pelvis Bruise Quartile Q95=0.36 % AlS2+_45=22.0% Max=1.20 % 1.0%
(AIS1) value of MPS AIS2+_65=37.9 %
distribution
Q99=1.9% AlS2+_45=88.5 %
AIS2+_65=94.4 %
Deflection 0.79 mm AlS2+=0.99 %
R Thigh - Mgesuttant 6.51% 1.5%
Mid-femur 182.2 Nm AlIS3+=0.63 %
Mid-thigh 175.1 Nm AlIS3+=0.20 %
Dist-femur 171.3 Nm AlS3+=1.86 %
Dist-thigh 179.4 Nm AlIS3+=0.73 %
L Thigh - MResultant 0.75% 15%
Mid-femur 171.3 Nm AlS3+=0.43 %
Mid-thigh 189.4 Nm AIS3+=0.33 %
Dist-femur 159.6 Nm AIS3+=0.87 %
Dist-thigh 170.66 Nm AlS3+=0.53 %
R Knee - - - - 3.64% 1.5%
L Knee - - - - 0.5% 15%
R Leg - RTI Tib:1.10 % 15%
Proximal 0.53 AlS2+=2.58 % Fib:1.13 %
Distal 0.51 AlS2+=2.16 %
MResuItant
Mid-Leg 136.4 Nm AIS2+=0.62 %
LLeg RTI Tib:5.38 % 1.5%
Proximal 0.43 AlS2+=1.12 % Fib:2.96 %
Distal 1.08 AlS2+=36.23 %
MResuItant
Mid-Leg 228.1 Nm AIS2+=10.99 %
R Ankle - - - - Max=1.65 % 1.5%
L Ankle - - - - Max=1.66 % 1.5%
R Foot - - - - Max=0.58 % 15%
L Foot - - - - Max=0.57 % 1.5%
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Additional data on the validation of the windshield model is provided in A-Fig. 8.

A-Fig. 8. Comparison of the three different positions (A) centre [25, 27], B) corner [28] and C) side [25, 27]) of a
standard EEVC headform impactor [33] impacting the windshield. In reference [28] the acceleration values are
given as products of a scalar for the corner load case.
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