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Evaluating Injuries in Cyclist—Car Accidents using
Conventional Dummies and Human Body Models

Stefano Tomassi, Alessandro Scattina, Daniel Holder, J6rg Fehr

Abstract The study aimed to develop a workflow to simulate and analyse injury patterns in cyclist-to-car crash
scenarios. The workflow is used to understand if initial analyses developed with conventional anthropometric
test devices (ATDs) are enough to realistically assess injuries, or whether virtual simulations with human body
models (HBMs) are required. Finite element models, combined with multi-body simulations, were implemented
in MADYMO to study a lateral-frontal bicycle-car crash scenario. State-of-the-art ATD and HBM, both passive and
active, were used to predict injury responses. To demonstrate broader applicability, the workflow was also used
for early-stage safety-device evaluation. A simple deformable foam padding concept was introduced in virtual
simulation and assessed for its ability to reduce tibial loading, illustrating the method’s relevance for protective-
system design. Virtual simulations showed that ATD and HBM have substantially different injury metrics and
impact kinematics. Findings indicate that ATDs alone cannot capture key biomechanical behaviours relevant to
common accident scenarios. Active HBMs enhance biofidelity, particularly in head and neck kinematics, and
provide a more biofidelic basis for assessing injuries in vulnerable road users scenarios. The main insight of the
research is that HBMs offer substantial benefits for evaluating cyclists’ accident scenarios if compared with ATDs.

Keywords Active Human Body Model, Anthropometric Test Devices (ATDs), Cyclist, Finite Element Models,
Positioning,

I. INTRODUCTION

In the European Union, cycling is the only means of transportation for which road fatalities have not decreased
in recent years. Since 2010, approximately 2,000 cyclists per year have had fatal accidents on roads, contributing
to almost 10% of all road fatalities in Europe [1]. Single bicycle crashes are the most frequent type of accident,
but account on average only for the 17% of cyclists’ fatalities [2]. Higher fatality rate occurs in cyclist to car
crashes. Databases enriched through the years with real accident data show that the most common accidents
between a cyclist and a car are bicycle side crashes [3-4]. In the type approval process of passenger vehicles, the
protection of Vulnerable Road Users (VRUs), such as cyclists and pedestrians, is evaluated through impact tests
using head and leg forms that strike the hood and bumper, respectively [5]. Despite the growing interest in
evaluating the safety of cyclists, few studies attempt to assess injuries in cycling accident scenarios through
physical tests, without a unified choice on the type of test performed [6-10]. Related works in VRU injury
evaluation are based on virtual testing, specifically using finite elements methods (FEM) to reconstruct accidents
stored in health databases or through experimental campaigns [11-13]. One proposed FEM tool is MADYMO,
which has been widely used to evaluate the kinematics of bicycle accidents [6][14]. Despite MADYMO being still
used by many car manufacturers, there are few recent works that use it for accidents analysis [15]. In virtual
testing, Anthropometric Test Devices (ATDs) and Human Body Models (HBMs) are used to assess the injury criteria
[13][16-18]. A sub-category of HBMs is composed of Active HBMs (AHBMs), in which muscular elements activate
and impose a reaction force when a stimulus is provided [19]. Since a HBM realistically replicates the human body,
it is expected to have different injuries values and impact kinematics for a specific injury scenario compared with
an ATD [18][20]. Furthermore, AHBMs provide a more biofidelic response to impact if compared with passive
HBMs [21-22]. Despite the comparison between ATDs and HBMs in occupants of passenger cars has been widely
treated, at the best of author knowledge there is no work of this type in cyclists’ accidents. Following part of what
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[18] did for the analysis of injuries in a powered two-wheeler (PTW) crash scenario, the same workflow was
applied here to a cyclist impact with a passenger car. The purpose of this work is to explore a methodology to
achieve two research objectives.

1. Implement avirtual testing scenario to evaluate the performance of a safety device to reduce injury risks.
2. Evaluate differences in safety assessment outcomes when using ATDs and HBMs in cycling accidents.

The first research objective integrates safety-device performance evaluation into an early phase of product
development [18]. The purpose of this approach is to emphasise the safety of VRUs in the vehicle development
phase of transportation vehicles. The second objective research focuses on AHBMs to evaluate how muscular
activation can influence the injury scores and the impact kinematics for an injury scenario. Previous work focused
on differences between Passive HBMs (PHBMs) and AHBMs [20], while the focus of this work is to compare ATDs
with HBMs in a cyclist accident. This paper presents quantitative differences in impact kinematics between the
two models, quantitative differences in injury scores between the two models, and the effects of implementing
a safety device.

Il. METHODS

The components in the simulation environment were modelled using a combined Finite Element (FE) and Multi-
Body (MB) strategy, following the methodology described in [6]. In particular, the car and the bicycle were
modelled as kinematic chains of rigid bodies. This approach allowed computational efficiency, which was
important given the focus of the study, that was the evaluation of injury scores and the comparison of ATDs and
HBMs. Moreover, this simulation framework is intended to be used between the concept and the development
stage described in [23] and briefly synthesised in Fig. 1.
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Fig. 1. Simplification of Reichelt [23] workflow and placement of the work in the product development process;
between the early stage and concept stage, from Milestone (MS) 1 to Milestone 4.

The primary goal of the simulation was to understand whether a new safety device could introduce benefits in
VRU protection and, if so, to what extent. For this reason, the main modelling efforts were focused on HBM and
on the safety device. The simulation was developed in the MADYMO software environment, where proprietary
ATDs and AHBMs are already included in the software library. As there is no standardized scenario for a bicycle
crash, the motorcycle standard 1SO013232-1 was selected, as it is the closest standardized scenario to the side
bicycle crash, as described in [24] and depicted in Fig. 2.
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Fig. 2. 1SO 132232:2005-1 scenario.

Passenger car and bicycle multi-body model

The passenger car used in this study is a Volkswagen Golf Series Il model based on the models presented in [12]
and depicted in Fig. 3. It has an overall mass of 1154 kg and the multi-body chain is composed of five bodies: the
body of the car and four revolute joints that couple the four wheels with the body. The bicycle model has an
overall mass of 28 kg and is composed of five rigid bodies connected through four revolute joints: the frame, the
pedals, the two wheels and the handlebar. The mass and the inertial data of the bicycle are that of an E-bike
proposed in [25]. A schematic of the multi-body chains of the bicycle is presented in Fig. 3.

handlebar

@

front wheel

Fig. 3. Multi-body model of the bicycle and of the passenger car

Anthropometric Test Device and Active Human Body Model
The ATD used for this simulation was a Hybrid Il 50th percentile male [26]. The reasons for using a Hybrid Ill
instead of a Motorcyclist ATD (MATD) to represent a two-wheeler rider are the following:

1. The MATD is suited for integral helmets, rather than bicycle helmets [26].

2. Most of the physical tests used a Hybrid dummy (Il or Ill) [7][9-10].

3. There is no MATD dummy available in LS-Dyna code at the best of author knowledge for future

evaluations.

4. There is no variability in gender and percentile for a MATD [26].
The model included pre-defined load cell sensors to capture the required signals for injury criteria evaluation. The
ATD was also modelled as a chain of rigid bodies, where the joints followed the physiological nature of the body
joints. The HBM also represents a 50th percentile male (even though it has slightly different anthropometric data
compared with the ATD) developed by MADYMO. Muscular activation was controlled by regulating an activation
function for six muscle groups: neck, shoulder, spine, elbow, hip and knee. Each group contained the muscles
elements that control the joint reference positions imposed by the user. The internal dynamics of the muscle
replicate the physiological phenomena of muscular activation, including the reaction time and the neural delay.
A schematic of the muscular control scheme is presented in Fig. 4, highlighting the input that the user must insert.
The target signal represents the reference joint position over time, which the muscles track by activating
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according to a PID control law that governs their dynamics. The initial activation is the percentage of maximum
voluntary contraction (%MVC) that the muscles participating in the control of that degree-of-freedom have. For
the sake of simplicity, it was set to 30% MVC for every muscle of the body, taking as reference [27]. This value
does not replicate the actual %MVC of a cyclist, but during the crash phase a braced posture of the person is
suggested to enhance more biofidelity [22]. The reaction time was set by default to 150 ms; it affects the muscular
dynamics in response to an external perturbation that changes the joint position. The HBM was implemented in
simulations both as AHBM and as PHBM: to set the HBM as passive, it is just needed to set the activation function
to a null value for all the six groups.

user input
target reaction initial
signal time activation

/ Y \

selscl error neural actuation muscle
delay recruitment

Fig. 4. Muscular activation scheme in MADYMO.

\ TABLE |
’_.D MODEL DATA OF ATD AND HBM
5 ’ ATD Data HBM
) ) 884 Sitting height (mm) 920
£ &z
N 175  Standing height (cm) 176
78 Weight (kg) 75.3
43.6k Elements 45.7k
Fig. 5. ATD model. Fig. 6. HBM model.

A comparison between the anthropometric data of the two models is shown in Table |, while Fig. 5 and Fig. 6
show the ATD and the HBM FE model implemented and positioned in the initial position of the simulations. Both
models wear an urban type of helmet. The helmet was modelled with three parts: an exterior shell, discretized
with shell elements, to contact with the vehicle, a core in polymeric foam whose function is to absorb the impact
energy, discretized with 3D elements, and an interiors shell, modelled with shell elements, to contact with the
head [28].To connect the helmet with the chin straps, seatbelt elements are used, and the chin strap is in contact
with the chin [28]. The positioning of both ATD and HBM was performed through the MADYMO graphical user
interface, which allows modifications of joint angles and visualise them in the pre-processing phase. In particular,
the ATD and the PHBM were set immediately in the desired position on the bicycle. Once gravity is applied, the
ATD and the PHBM entered in contact with the saddle through the pelvic area, the handlebar with the hands and
the pedals with the feet. For the AHBM, the positioning has been performed by positioning in an initial desired
state all the joints, applying muscular activation iteratively to the shoulder, knee and neck muscles joints. To make
possible the action of the muscles force, the bicycle is fixed and the joints of the MB chain are constrained,
otherwise the force would have moved the handlebar and the pedals. For the AHBM, the hands grip the handlebar
to provide a better reaction force that stabilise the AHBM on the bicycle. Once the positioning phase and the
crash happen, the contacts between the hands with the handlebar and the feet with the pedals are switched off.
This is mainly intended because the fingers joints of the HBM are locked. If the contact was not disabled, the
hands would have been stuck on the handlebar, leading to unproper kinematics of the HBM.
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Impact-absorber model

The safety device used to reduce injury scores is an impact absorber made of polyurethane (PU) foam. The
viscoelastic PU foam exhibits pronounced strain-rate dependent behaviour, remaining compliant under quasi-
static loading while providing efficient energy dissipation and reduced peak forces under impact conditions. Its
multi-impact capability and high specific energy absorption rate enable sustained protective performance
without structural degradation, making it well-suited for repeated loading scenarios in injury biomechanics
applications. A characterisation test of a PU foam for safety applications is described in [29]. The foam used in
this work was the same as that used in [29]. The stress strain curves in strain rate dependency and quasi static
condition are depicted in Fig. 9 and Fig.10. However, some limitations on the material modelling for this
simulation should be considered and a final evaluation with FE simulation or real-world tests should be
performed. Furthermore, the material modelling in [29] was defined for LS-DYNA solver, while model ran on
MADYMO solver. For this reason, a larger amount of work would have been necessary to correlate with the
physical drop-tower tests presented in [29]. Once the material had been tested in a virtual drop-tower test to
check the energy-absorption performance, the specimen was enlarged in dimensions to cover a larger portion of
the tibia. The specimen used for the drop test had dimensions of 80x80x20 mm. To cover a wider portion of the
tibia, the dimensions were changed to 240x200x30 mm. Figure 7 shows the FE model of the virtual drop-tower
test. Figure 8 shows the impact phase of the safety device with the leg. For this simulation, it was decided to place
the padding foam in the region of first impact with the car, which in this case is the tibia. The reason for placing
the protective device to the tibia is to reduce the effectiveness variability of the foam due to the different
kinematics that might occur in ATD and HBMs.

specimen

Fig. 7. FE model of the virtual drop test. Fig. 8. Position of the foam during the impact phase.

stress in MPa
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—
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Fig. 9. strain rate dependent characterization of
the PU foam. Fig. 10. Static stress-strain curve of the PU foam.
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Injury criteria

Both the ATD and the HBM developed in Madymo have standard output keywords that allowed to collect relevant
data to assess injury criteria. Injuries for ATD and HBM were quantitatively compared using the injury scores,
which are listed by body region in Table Il [30].

TABLE Il
BIOMECHANICAL LIMITS FOR THE INJURY CRITERIA USED FOR COMPARISON
Body region Criterion Abbreviation Limit
Head Head Injury Criterion HIC(36) 1000
Resultant head acceleration A3ms 80 g over 3 ms
Neck Neck tensile force F tens 3300 N
Neck compression force F2,compr 4000 N
Neck shear forces Fshear 3100 N
Neck rearward moment My, rwd 57 Nm
Neck forward moment My, fwd 190 Nm
Neck injury criterion Nijj 1
Thorax Resultant thorax acceleration Amax 60g
Chest deflection ThCC 75 mm
Viscous Criterion VCrax 1m/s
Pelvis Resultant pelvis acceleration Amax 60g
Femur Femur axial force | F2] max 10000 N
Tibia Upper tibia index UTI 1.3
Lower tibia index LTI 1.3

Computational resources

The simulations were performed on a workstation with an Intel Core i9-14900KF CPU, with a clock frequency of
6 GHz. The simulations were executed in shared-memory parallel processing (SMP), exploiting 12 of the 32 cores
available for the CPU.

lll. RESULTS

Six simulations are analysed in this section: ATD, PHBM, AHBM with and without foam. In this way, three
research questions are investigated:
1. Which are the advantage of using a protective device in a cyclist accident.
2. Which are the difference in impact kinematics and injury assessments between an ATD and a HBM
3. How does the muscular activation changes impact kinematic and injury assessment in a HBM.

Fig. 11. Instants of impact of the tibia with the car (left) and with the bicycle (right).
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ATD without safety device

The results obtained for the ATD-only simulation showed severe injuries in the head, neck and tibia regions, as
can be seen in Table Ill. As can be seen from Fig. 11, the tibia was particularly loaded in the two impacts: the first
one with the bumper of the car, and the second one with the frame of the bicycle. These impacts led to an
impulsive peak of force exerted on the tibia.

When the head entered in contact with the hood, a spike of shear force and bending moment appeared. The
frame on top view of the impact and the relevant plots are presented in Fig. 12. When the impact between the
head and the hood occurred, as can be seen in Fig. 13, the alignment of the neck was such that the force exerted
on the neck was mainly a shear force. A peak of shear force was visible for the ATD scenario at the impact instant
between the head and the hood. The whole results of the different injury scores are presented in Table Ill. The
injury indexes are defined as the ratio between the injury score and the limit for that injury criteria.
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Fig. 12. Top view of head—hood impact instant and shear forces and bending moment of the neck.

Fig. 13. Instant of the impact of the head with the hood (130 ms after the impact).

Introduction of impact absorber

The foam device was introduced with the primary purpose of reducing the peak force exerted on the tibia and
reducing the loading rate by spreading the force over a wider range. As can be seen from Fig. 13, the loading rate
and the peak force reduction were achieved by reducing the peak force and extending it over a longer time
interval. The consequence is a reduction in the injury scores obtained for this scenario compared with the ATD
without any safety device. As can be seen in Table lll, the injury criteria related to the lower limb area (tibia and
femur) were reduced, supporting the use of the safety device to decrease injury criteria.
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Fig. 14. Comparison between the force exerted on the tibia of the ATD with and without the safety device.

Impact kinematics and injury assessment

The use of the HBM showed changes in impact dynamics of the cyclist with the car. In Fig. 15, the trajectory of
ATD, PHBM and AHBM heads are depicted quantitively. As can be seen, the head of the HBM covered a larger
distance than that of the ATD because of the higher rebound in lateral bending. The main difference in impact
kinematics between the AHBM and the PHBM was especially in the neck. The muscle activation of the AHBM
provided less rotation of the neck in the vertical axis. At impact time, the AHBM was exposed to minor lateral
whiplash effect if compared to the PHBM. The yaw angle time evolution, normalized with respect to the maximum
yaw angle, is plotted in Fig. 16. In Fig. 17 the instant of time 200 ms after the impact is shown, where the difference
in lateral rotation of the head is evident. The large values of head rotation in the PHBM simulation led the
simulation to fail before the desired simulation time. In Fig. 18 the different kinematics of the ATD and the HBM
during the crash are presented.

TABLE Il
INJURY INDEX OBTAINED FOR THE DIFFERENT SIMULATIONS. THE VALUES OUTSIDE OF THE
PARENTHESIS ARE THE INJURY INDEXES OBTAINED WITHOUT ANY PROTECTIVE DEVICE. THE
VALUES INSIDE THE PARENTHESIS ARE THE INJURY INDEXES OBTAINED WITH THE PROTECTIVE

DEVICE
Body region  Criterion Injury index
ATD PHBM AHBM
Head HIC(36) 4.64 (2.71) 3.74 (3.77) 2.55(2.51)
a3ms 6.63(1.77) 1.94 (2.49) 0.63 (0.65)
Neck Ftens 0.85 (0.67) 0.65 (0.75) 0.33(0.26)
F.,compr 0.02 (0.02) 0.01 (0.01) 0.03 (0.03)
Fshear 1.95 (0.65) 0.29 (0.19) 0.34 (0.21)
My, rwd 0.65 (0.71) 0.08 (0.08) 0.08 (0.06)
My, fwd 1.10 (1.83) 0.13(0.11) 0.50 (0.50)
N 1.68 (1.26) 0.47 (0.27) 0.16 (0.12)
Thorax Amax 0.75 (1.00) 1.52 (1.32) 1.36(1.10)
ThCC 0.08 (0.06) 0.55 (0.50) 0.30(0.27)
VCrnax 0.005 (0.003) 0.63 (0.62) 0.50 (0.54)
Pelvis Amax 0.78 (0.63) 0.91 (0.86) 0.96 (1.03)
Femur | F2 | max 0.48 (0.32) 0.79 (0.82) 0.60 (0.69)
Tibia uTI 6.10 (4.59) 0.99 (1.02) 1.16 (1.10)

LTI 7.56 (9.1) 2.28 (2.16) 1.32 (1.22)
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Fig. 15. Head trajectories for the three models during the crash phase
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Fig. 16. Time evolution of normalized yaw angle of the head along whole simulation time (left) and after the
impact phase (right).
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Fig. 17. Top view of AHBM (left) and PHBM (right) head rotation 200 ms after the impact.
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Fig. 18. Impact kinematics in time evolution for the ATD (in blue), PHBM (in red) and AHBM (in green).

Computational resources

The computational cost of the simulations was a non-negligible point to consider for this simulation framework.
The usage of Madymo and the human models present in its library provided a faster evaluation of the scenario
through the combined MB-FE methodology if compared to equivalent scenarios computed with other FE solvers.
An insight of differences in computational resources is shown at Table lll. For the ATD and foam scenario, the
simulated time was 550 ms. For the AHBM, the simulated time was 850 ms. In the simulations performed in [6]
the simulated time was 300 ms.
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TABLE IV
CPU USAGE FOR SIMULATIONS AND COMPARISON WITH [18]

Simulation — simulation type  Number of elements  Number of CPUs Simulation Computational

Time Time
ATD — without foam 101.4 k—whole model 12 CPUs (SMP) 550 ms 47 min
ATD- with foam 106.5 k—whole model 12 CPUs (SMP) 550 ms 1h 11 min
HBM -without foam 98.4 k— whole model 16 CPUs (SMP) 850 ms 41 min
HBM — with foam 103.5 k—whole model 16 CPUs (SMP) 850 ms 1 h 8 min
Maier — combined MB/FE Not defined 16 CPUs (SMP) 300 ms 36 min
model
Maier — Full FE model 377 k — motorcycle 16 CPUs (MPP) 300 ms 59 h

only

IV. DISCUSSION

Many works implemented different HBMs, such as the THUMSv4, SAFER HBM and VIVA+ [8][13][22]. At the
best of authors’ knowledge, this is the only study that implemented the MADYMO FE HBM model in a cyclist
crash. The validity of the model has been proved through validation tests [26]. In previous works the effect of
pedalling position on injury criteria were analysed [31-32]. However, for this work the pedalling position is not
studied, as the comparison between the different human models was performed under the same boundary
conditions. The introduction of the safety device provided, a reduction of force and injury criteria associated with
the body region to which the safety device was applied. However, this effect was more visible for the ATD. A
possible explanation of the variability of effectiveness might be the position of the foam in the ATD, which was
placed very close to the force sensing node. Another point is that the Hybrid Ill model is not designed for side
impact, leading to an unrealistic force to the tibia. Even more than the result itself, it is noteworthy that
introducing the safety device in the model took very little time. Thus, whenever the physical and geometrical
properties of a safety device are known, its integration into the model is rapid, as is the simulation time required.
These considerations were also stated in [18], but it is interesting how the workflow to evaluate motorcycle safety
was extended/transferred to a first use in bicycle safety evaluation. No validation of the drop tower test for the
protective device with Madymo solver was performed in this study, but the same parameters found in [29] were
used. A suggestion for future work is to verify through virtual drop test the goodness of validation also on Madymo
software. Another possibility is the solvers coupling, which combines LS-Dyna and Madymo solver to optimize the
structural and multi-body solution. The HBM showed notable differences in injury scores compared with the ATD,
providing more biofidelic responses. Besides the modelling details and the anthropometric data, the main reasons
for this were the different impact kinematics of the two models due to the different mechanical body properties
and the positions of sensors. A main difference between the kinematics of the ATD and HBM was the head
trajectory. This difference might be related to the different neck stiffness between the ATD and the HBM, which
consequently led to different injury index. This difference in neck stiffness is mainly driven by the purpose of the
Hybrid 1ll, which was developed for frontal impact crashes, and might not represent in a biofidelic way the
response out of his load range and conditions. The introduction of active muscular elements (especially in the
neck and spine area) did not change the general kinematic in a drastic way in the leg and thorax area. However,
the muscular activation of the neck was needed to not have unrealistic bending of the neck, as can be seen in
Fig.17. Nonetheless, the %MVC values were not precise for every muscular group, due to the fact that in the
MADYMO solver it is possible to tune only muscle groups, rather than the activation value of every single muscle.

For this reason, it would be interesting to pursue in the future a more detailed study of more precise %MVC
values with different AHBMs. The present approach could also be extended to other VRUs, such as electric scooter
riders, who face similar collision dynamics with passenger vehicles but exhibit different posture and impact
kinematics compared to cyclists. Overall, the study shows that it is worthwhile to analyse the crash of a VRU, such
as a cyclist, using HBM and that this approach might be useful for future design choices in passenger cars to
improve vehicle safety. Most of the previous work implemented either whole MB models or full FE models [6][32].
The use of a combined MB/FE approach allowed to reduce the computational costs of the simulation, yet being
able to provide a detailed analysis of the injury criteria and the kinematics of the impact. The adoption of a
deformable MB model, instead of a rigid body car might be beneficial to the overall biofidelity of impact
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kinematics [33]. A model with less complex details, led to smaller computational time. This reflects a purpose of
the study: how to rapidly explore a design of experiment (DOE) to assess the performance of different passive
safety devices.

V. CONCLUSION

This study proposed a combined MB/FE approach for the evaluation of passive safety devices to be
implemented in VRU injury scenarios. The study was conducted with both ATD and HBM in a standardised
scenario, to establish differences in impact kinematics and how they could change the injury scores compared to
passive models. The passive safety device used in this study was an energy-absorber cushion made of PU foam,
placed in the region of first impact between the car and the cyclist. The results obtained from the study show that
the use of the HBM is noteworthy, not only because of quantitative changes in injury scores, but also because of
the significant changes in body trajectories. The HBM can be placed on the bicycle through muscular activation,
but some expedients should be taken to permit the HBM to follow the reference position. This does not exclude
the possibility that more complex human models might allow pure positioning with only muscular activation. The
safety device caused significant changes to the injury scores for the affected body regions (lower leg for this
scenario). This approach is scalable to any safety device of interest, paving the way for faster evaluation of
innovative design choices prior to the product development stage. Another advantage of this approach is the
compromise between the level of modeling details and the computational cost of the simulations.
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