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Transfer of Posture and Kinematics from
Pre-Crash Madymo HBM to In-Crash VIVA+ Simulations for Holistic Vehicle Safety Analyses

Desiree Kofler, Niklas Fahse, Felix Ressi, Jorg Fehr, Corina Klug

Abstract Active human body models (HBMs) enable the investigation of a collision as a single continuous
sequence covering the pre- and in-crash phases. However, their computational cost makes them less suited for
large parameter spaces. This study presents an approach for transferring information from multi-body (MB) to
finite element (FE) HBMs, while preserving kinetic energy at to.

A common basis between the MB and FE HBM was established by matching anthropometries, initial poses,
and landmarks. To preserve kinetic energy at collision, landmark kinematics, including velocities, were applied.
The influence on in-crash kinematics and injury risk was evaluated against only positioning landmark coordinates.

Three options were compared: (A) the landmarks were pulled to their static target positions using spring
elements and nodal velocities were set to zero; (B) based on the positioning method (A), body segment velocities
were set to the corresponding values; and (C) the motion of the landmarks was directly prescribed based on
velocity data from their respective MB-HBM counterparts.

Occupant kinematics were successfully transferred to the FE HBM model. The results highlight that, depending
on the pre-crash scenario, omitting velocities can lead to substantial differences in in-crash kinematics and injury
risk metrics. Hence, no clear trend across scenarios could be identified.

Keywords Finite element simulation, Human body models, Multi-body simulation, Occupant protection, Pre-
crash kinematics.

I. INTRODUCTION

The importance of considering human behaviour in pre-crash manoeuvres when it comes to finite element
(FE) simulation using human body models (HBMs) has been highlighted by various studies. Braking or evasive
manoeuvres influence the occupant’s state at the time of crash (to), such as position, posture and relative
velocities [1]. Deviations in these initial conditions affect the occupant behaviour during the crash, which may
lead to different injury outcomes [2-9].

There are three groups of methods for considering the pre-crash movement of the occupant for in-crash
simulations. The first group models both the pre- and in-crash phases into a single simulation [8][10]. The main
benefit of this method is the seamless transition between the pre- and the in-crash phases, ensuring that
conditions such as relative velocities and material strains established during pre-crash movement are preserved.
However, realistic prediction of occupant behaviour in the pre-crash phase requires the application of HBMs with
active muscle control (A-HBMs). Whether the braking or evasive manoeuvre is initiated by the driver or by active
safety systems, the pre-crash phase can last several seconds. A-HBMs are computationally expensive, so applying
them to simulations over such a long period is computationally very demanding [3].

Efforts have been made to introduce simplified and fast A-HBMs to reduce the processing time of pre-crash
simulations [5]. The simplification of such models comes at the expense of their ability to reproduce the injury
mechanisms in the in-crash phase. Therefore, the second group of methods uses two separate simulations for
the pre- and the in-crash phases. Active but simplified HBMs are used to predict the pre-crash behaviour of the
occupant, while detailed HBMs facilitate injury assessment during the in-crash phase [1-2][4-5][7]. This method
necessitates the transfer of the state at the end of the pre-crash phase to the initial state of the in-crash phase.
The accuracy of the replicated initial occupant conditions depends on the amount and type of information
transferred. This transfer of the posture can be managed by simply replacing the nodal coordinates with special
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morphing tools [1], which require the HBMs used in the pre-crash and the in-crash phases to share the same node
IDs. An alternative can be to position the in-crash HBM via a dedicated pre-simulation to the desired position.
Velocities can be transferred by applying additional initial velocities to individual body regions of the positioned
model prior to the crash [11]. But the separation between pre- and in-crash simulations lacks the transfer of initial
strains in soft tissue and ligaments of the HBM [4]. Additionally, the positioning procedure and velocity transfer
must be performed separately for each pre-crash scenario.

The third group applies a short HBM positioning phase prior to the in-crash phase in the same simulation run
to mimic diverse pre-crash scenarios as well as the preservation of initial strain conditions. Guiding the HBM in a
marionette-like fashion to the desired target position is a commonly used method [7]. The replication of the to
kinematics is enhanced by additionally applying initial velocities to the HBM after the pre-crash phase [12].

In summary, common methods already replicate the HBM posture, initial strains and velocities in different
combinations. To the authors’ knowledge, no investigation has been conducted to analyse the effect of
considering the occupant’s movement throughout the entire pre-crash phase rather than focusing solely on the
final position. Therefore, this study investigates an approach that focuses on the transfer of the pre-crash posture
based on velocity-dependent landmark kinematics. The HBM positioning is done in a shortened pre-crash phase
and is based on an adapted marionette method that controls the movement in a velocity-based rather than a
displacement-based manner. This study tests the hypothesis that positioning the HBM by applying
time-dependent velocities to anatomical landmarks will yield a more accurate representation of the posture after
the pre-crash phase than conventional displacement-based approaches. The magnitude of this potential
improvement in posture fidelity remains to be quantified.

To investigate this matter, a new approach was developed, combining multi-body (MB) and FE simulation. MB
models operate with simplified models that focus on kinematics and kinetics, making them ideal for long-duration
phases. In-crash phases, where detailed loads and injury metrics are of interest, are commonly evaluated using
more complex FE models. A tool to transfer the pre-crash posture and kinematics derived from MB simulation to
FE simulations was introduced. The effect of the new approach is determined by comparing the in-crash
kinematics and injury metrics with those obtained using existing methods.

Il. METHODS

A brief description of the general approach of the method is provided, followed by a detailed description of
each subsection. Fig. 1 shows the method, which combines MB simulations (blue) and FE simulations (red) with
the developed posture and kinematics transfer tool (yellow).
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Fig. 1. Posture and kinematics transfer combining multi-body and FE simulations.

Pre-crash vehicle trajectories reconstructed using PC-Crash [13] based on accident cases from the CEDATU
[14] and GIDAS [15] databases served as input for the MB simulations. In-crash FE simulations were conducted
considering the pre-crash phase determined in the MB simulations. The posture and kinematics transfer links the
two simulation tools and processes the pre-crash data from MB to be applied in the FE simulation according to
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the three different options, (A), (B) and (C). The tool involves handling and transmitting data from the MB model
to the FE model, as well as preparing the FE input decks in the correct format. The comparison of the in-crash
behaviour of all options facilitated the evaluation of the influence of the corresponding positioning method.

Multi-Body Simulations

Multi-body pre-crash simulations were conducted using Simcenter Madymo R2020.1. The simulations were
conducted using the Madymo 50™ percentile male Active Human Model (AHM-50M), representing a 50th
percentile male, parameterised from the RAMSIS database, with facet-based contact definitions in seated
configuration (“h_act50fc_sitting”, Madymo R7.8). The model represents a detailed multi-body occupant model
including articulated spinal segments, deformable thorax representation, ellipsoid and facet contact interfaces,
and Hill-type active muscle controllers for human body dynamics. To ensure consistency with the environment of
the subsequent in-crash FE simulations and to reflect automated driving use cases, a passenger-side occupant
configuration was implemented. For this purpose, the driver-side OSCCAR model [8] was transformed into a
passenger model by mirroring the seat and load application points, mirroring the relevant FE nodes of the belt
anchorage system, and defining a new belt-positioning procedure in Madymo to obtain a realistic belt routing
over the passenger-side A-HBM.

The A-HBM was visually adjusted to match the posture of the HBM VIVA+ 50M used for the FE simulations. It
comprises 190 bodies (182 rigid, 8 flexible) and 52 joints, based on a facet-based multi-body formulation with
rigid surface FE technology, and includes detailed musculature with 68 pairs of neck muscles. The posture
stabilisation system comprises a set of reflex controllers designed to reproduce human neuromuscular responses
over a range of control bandwidths. Active neuromuscular control was enabled for the neck, spine, shoulders,
elbows, hips, and knees using the built-in Madymo active control framework. The controller architecture
incorporates reaction-time-based feedback control, muscle activation dynamics, co-contraction functionality, and
local body reference tracking for head stabilization relative to the upper thoracic spine (T1 reference body). The
controllers actuate the musculature of the head and neck, upper extremities, and lower extremities, while spinal
stabilisation is represented using distributed torque actuators along the vertebral joints. Joint posture is regulated
using PID-based feedback controllers, and neck muscle co-contraction is included to reproduce realistic pre-
impact occupant kinematics. In the present study, a reaction time of 100 ms was applied and all regional activation
controllers were enabled.

The Madymo Active Human Model (AHM-50M) employed in this study has previously been evaluated for low-
severity occupant motion and pre-crash kinematics using volunteer-based experimental conditions reported in
the literature and within the Madymo model documentation [16]. The posture stabilisation system incorporates
neuromuscular reflex controllers intended to reproduce characteristic human responses such as head
stabilisation, bracing, and postural control during vehicle manoeuvres.

Validation of active human body models remains an active research field and includes investigations on control
strategies, muscle activation behaviour, and inter-subject human variability using volunteer sled tests, real-
vehicle experiments, and driver-in-the-loop simulator studies. Within the present research project, dedicated
validation activities are currently being conducted using a novel low-g sled-test setup [17] with rotated occupant
configurations to investigate active occupant behaviour during pre-crash manoeuvres.

A recent study by Diederich et al. [18] demonstrated the validation and calibration of Active Human Models
using volunteer-based kinematic corridors obtained from OM4IS and UMTRI experiments under pre-crash
manoeuvres. In this context, the AHM parameters were optimised using multi-objective optimisation and CORA-
based correlation methods to reproduce occupant kinematics in rotated seating configurations and different
restraint conditions [18].

Nevertheless, the focus of the present work is not the development or validation of the A-HBM itself. Instead,
this study investigates the transfer of pre-crash occupant states into in-crash simulations and evaluates the
influence of active pre-crash occupant motion on subsequent crash loading and injury prediction workflows. For
this purpose, the A-HBM is considered a validated biomechanical reference framework for representing active
occupant behaviour under pre-crash loading conditions.

Central to the simulation is the synthesis of realistic vehicle acceleration inputs, which dictate the boundary
conditions for the occupant model. Here, Macaulay functions — piecewise linear functions capable of activating
terms at specified times — were utilised to generate parametric acceleration pulses that replicate typical pre-crash
events. These functions allow for the concise definition of discontinuous or time-varying loads, making them ideal
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for modelling the abrupt onset of braking or steering inputs. From the CEDATU reconstructions, multi-axis
acceleration pulses were clustered using k-means clustering to identify representative pre-crash motion patterns.
One cluster characterised by strongly coupled longitudinal and lateral accelerations was selected as
representative. Acceleration pulses reconstructed from GIDAS UTYP 141 [3] (run-off-road accident) were
subsequently compared with the centroid of this representative cluster. Such pulses form the baseline of our
approach. Two generic pulse types were synthesised to represent pre-crash scenarios: (i) a pure braking pulse,
characterised by rapid deceleration to simulate emergency braking on straight rural or highway segments,
referred to as scenario Brake; and (ii) a combined braking and steering pulse, which introduces a lateral
acceleration component to mimic evasive manoeuvres, referred to as scenario Brake & Steer. These pulses
correspond to scenarios identified by the clustering of accidents on curved rural roads and highway entry or exit
ramps, which can generate coupled longitudinal-lateral vehicle accelerations. The braking pulse typically features
a step from zero to a peak deceleration of 12 m/s? followed by a sustained plateau, while the combined pulse
overlays a step-like lateral acceleration of 6 m/s? to simulate steering-induced yaw. These synthesised pulses
serve as the primary inputs for the vehicle dynamics model, ensuring that the simulated pre-crash motions are
both realistic and reproducible, and are plotted in Fig. 2 in the upper row (black).
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Fig. 2. Vehicle movement in MB pre-crash simulation for the scenarios Brake and Brake & Steer (top) and
vehicle movement in FE pre- and in-crash simulation (bottom).

To translate the longitudinal and lateral accelerations into a full six-degree-of-freedom vehicle motion, a
unicycle model was employed [19]. This simplified kinematic model approximates the vehicle as a single rigid
body moving in the plane, with its heading angle 1 (t) determined by the ratio of lateral acceleration a,,(¢) to the
ay(t)

EX0)

The yaw angle 1 (t) is then obtained through numerical integration of the yaw rate over time. This approach
ensures that the vehicle’s rotational motion is consistently coupled with its translational dynamics, providing a
physically coherent input for the multi-body occupant model. The unicycle model’s simplicity and computational
efficiency make it particularly suitable for pre-crash simulations, where the focus is on capturing the essential
dynamics of vehicle motion without the complexity of full vehicle dynamics models.

The workflow for preparing the MB models is shown in Fig. 3.

longitudinal velocity v, (t), yielding the yaw rate (t) =
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Fig. 3. Flowchart illustrating the adaption of the original Madymo driver model to the passenger side model
used in the FE simulations.

The pre-crash simulations were based on the original driver-side Madymo configuration derived from the
highly parameterised generic multibody vehicle interior model developed within the OSCCAR project together
with the Simcenter Madymo frontal passenger application model. In the original setup, the ATDs were replaced
by the Active Human Body Model (A-HBM).

Since the original Madymo configuration was not directly compatible with the finite element Generic Vehicle
Interior (GVI) environment used for the subsequent in-crash simulations, several adaptation steps were required.
In particular, differences in coordinate systems, unit systems, restraint definitions, and initial occupant positions
between the multibody and finite element environments had to be resolved to ensure a consistent transfer of
the occupant state.

The occupant model was transferred from the driver side to the passenger side by mirroring and adapting the
seat environment, restraint anchor locations, and associated coordinate systems. As no dedicated passenger-side
belt mesh was available in the original model, the existing driver-side belt mesh was geometrically mirrored and
integrated into an updated XML restraint-definition file for the passenger-side configuration.

Subsequently, the belt anchor definitions and belt-routing parameters were adapted, and the Madymo belt-
fitting tool was used to obtain anatomically realistic belt routing over the thorax and pelvis of the A-HBM.
Following the automatic belt-fitting process, manual posture refinements were performed, including adjustments
of the upper extremities, lower extremities, and shoulder posture, as well as the removal of local penetrations
between occupant, seat, and restraint components. A comparison of the resulting belt routing in the multibody
and finite element environments is provided in the Appendix (Figs. C8, C9), showing front and side views with the
belt anchor locations highlighted.

The belt-fitting procedure was completed prior to the dynamic pre-crash simulation. During the subsequent
pre-crash phase, reconstructed GIDAS acceleration pulses were applied to the vehicle interior reference frame
rather than directly to the occupant model. This approach ensures physically consistent inertial interaction
between occupant, restraint system, and vehicle environment during the manoeuvre. Direct acceleration of the
occupant model without corresponding vehicle and restraint motion would not reproduce realistic belt
interaction and relative occupant-to-interior kinematics.

Throughout the pre-crash simulation, the restraint system remained fully coupled to the occupant model. The
belt anchor locations were fixed relative to the vehicle structure, while belt forces, belt tension development, and
occupant kinematics evolved dynamically due to the relative motion between occupant and vehicle interior.
Consequently, belt preload at crash initiation emerged naturally from the simulated pre-crash occupant motion
and restraint interaction rather than from predefined initial conditions.

After completion of the pre-crash phase, the full occupant kinematics, joint states, and associated coordinate
systems were extracted and transferred consistently to the finite element in-crash simulation environment. The
primary objective of this workflow was not the exact replication of local belt stresses between the multibody and
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finite element environments, but rather the transfer of a physically plausible pre-crash occupant state into the
subsequent high-fidelity in-crash simulation for injury prediction assessment.

The simulation produces continuous three-dimensional trajectories and velocities for the anatomical
landmarks —including the head centre, sternum, T8 vertebra, and bilateral hip centres — as well as for eight body
regions, such as the head-neck complex, thorax, pelvis, and limbs. The anatomical landmarks and body region
definitions are derived from the detailed FE HBM used for subsequent in-crash analysis. All joint positions were
automatically extracted from input and output files by parsing both HDF5 result files and simulation input files.
The workflow is shown in Fig. 4.

Landmark metadata
json

calculate once

Visually adjust Madymo AHBM
to match VIVA+ 50M seated “body": "Head_CoG"

"landmark_node_id": 1090010,
EXtraCt COOFd SYS "viva_coord_sys_name": "HE_Head_CoG_Local",
"madymo_coord sys name": "Head"
Madymo landmark positions

VIVA+ 50M seated Calculate

Madymo "body": "Head_CoG"
landmark "madymo_coord_sys_name"

. “landmark_local_coor
Extract coord. sys. and positions -4.0285187;1.5723491;56. 648926
landmark positions

Madymo pre-crash sim. Extracted Kinematics once per pre-crash

Landmark positions over time

A ‘ Calculate
landmark
i\ » positions

over time

Node_ID,Landmark,coord_x (mm), CoV

coord_y (mm),coord_z (mm)
1090010, Head_CoG, 46235.652344,
19304.595703, 958.118713

3591600, Radius_right, 46626.574219
19110.896484, 707.667725
3091600, Radius_left, 46621.535156,
19497.300781, 702.942627

Fig. 4. Workflow of the positioning of the MB model and the extraction of the kinematics for the subsequent
FE simulation.

This integrated workflow bridges the gap between pre-crash vehicle dynamics and in-crash occupant response,
enabling a comprehensive assessment of occupant movement. The use of Macaulay functions for pulse synthesis
ensures that the acceleration inputs are both flexible and precise, while the unicycle model provides a robust
method for converting these inputs into realistic vehicle motions.

Posture and Kinematics Transfer

Python scripts were developed to read the CSV files obtained from the MB simulation, apply calculation routines,
and write input decks in LS-Dyna format. The effects of considering the HBM behaviour during the pre-crash phase
on the in-crash response were determined by comparing three different methods. Fig. 5 illustrates the working
principles of the three approaches.

For all three options, a single continuous simulation was set up with no dynamic relaxation applied. Options
(A) and (B) do not take pre-crash kinematics into account, focusing solely on the HBM posture at to. To achieve
the desired HBM posture, the landmarks were moved to the target coordinates in a marionette-like fashion. The
positioning beams were released at the transition to the in-crash phase, allowing the landmarks to move freely.
Option (A) differs from option (B) in that the HBM velocities were set to zero at the onset of the load; in option
(B), each body region was initialised with an initial translational velocity prior to the crash. In both approaches,
the velocity application for the in-crash-phase was performed using the *INITIAL_VELOCITY_GENERATION and
*INITIAL_VELOCITY_GENERATION_START_TIME keywords.

Option (C) considers the entire path that the landmarks follow during the pre-crash phase. The landmarks
were given translational and rotational velocity-based motion control in a shortened pre-crash phase to move
the HBM to the desired posture and position. This phase lasts 250 ms, regardless of the length of the input pre-
crash pulse. To achieve the correct target HBM posture, the velocities must be scaled by the inverse of the scale
factor applied to the time channel.



IRC-26-39 IRCOBI conference 2026

™ Vs N
Pre-Crash [ > In-Crash
‘a N
< || Landmarks moved % Positioning beams detached from HBM
ape ) . Landmarks released
S || Tension applied to M freel
Z S| positioning beams % Option A: HBM velocities set to zero SRS
o Option B: Application of initial velocities to body regions J
N %
. e
o
= Ic.iar?:n;arlfshmoved % Prescribed velocity removed from landmarks, but j Landmarks released
'8 ol e. e . actual relative landmark velocities preserved Move freely
8— prescribed velocity
J
S
Vehicle constrained Vehicle moving
Not moving In-crash pulse applied
N Ve

Fig. 5. Posture and kinematics transfer for options (A), (B) and (C).

As this would result in velocities that are too high at to, scaling was only applied to 99% of the original MB pre-
crash duration, which is 623.7 ms. The velocities then drop to a normal level within the final 1% of the pre-crash
phase, which is 6.3 ms. This method benefits from decreased pre-crash simulation time in conjunction with
correct nodal velocities of the entire HBM at to. To prevent the HBM soft tissue from deforming due to inertia
induced by high velocities, damping was applied during the pre-crash phase. The damping factor was linearly
reduced to zero within the final 5% of the pre-crash duration and remained at zero throughout the in-crash phase.

The outcomes of positioning options (A) and (B) are unaffected by the length of the pre-crash phase. All that
is required is sufficient time for the positioning beams to fully contract. Nevertheless, the same damping was
applied to options (A) and (B) as well. The vehicle movement is the same for all three options: stationary in the
pre-crash phase and moving according to the crash pulse in the in-crash phase.

In summary, the following logic was applied for options (A) and (B):
e Positioning phase: 250 ms
o No vehicle movement
o Positioning of HBM landmarks using positioning beams (marionette method)
o Damping applied (linearly reduced to zero within the final 12.5 ms)
e At transition point:
o Positioning beams released
o Option (A): all velocities set to zero
o Option (B): initial translational velocities applied to body regions based on MB simulation
e In-crash (150 ms):
o Vehicle movement (based on crash pulse)
o No damping

For option (C), the logic was slightly different:

e Positioning phase: 250 ms
o No vehicle movement
o Positioning of HBM using velocity-based motion control for each landmark (translational &

rotational)

o Scaled velocities applied (to shorten pre-crash phase duration) for 99% of positioning phase
o Prescribed velocities reduced to normal level in the final 1% of positioning phase
o Damping applied (linearly reduced to zero within the final 12.5 ms)

e At transition point: landmarks are allowed to move freely (end of velocity-based motion control)

e In-crash (150 ms):
o Vehicle movement (based on crash pulse)
o No damping
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Finite Element Simulation

The influence of different positioning methods was evaluated using simulations with a parametric FE vehicle
model developed by Boyle et al. [20]. The generic vehicle (GVI) can be morphed to various vehicle geometries,
whereby selected vehicle geometries have been calibrated against US NCAP tests. The GVI morphed and
calibrated for the Toyota RAV4 was chosen and adapted to be compatible with the content of the LS-Dyna file
generated from the posture transfer tool. Furthermore, the GVI was reduced to only contain essential equipment
for the simulation of the passenger side. The removal of seat, belt and airbags on the driver side helped to
decrease the simulation time. The model includes a parameterised definition of a generic crash pulse [21]. The
parameters replicating the crash pulse of the full-width frontal US NCAP test with a Toyota RAV4 are provided in
the model and were adopted to represent the in-crash pulse for both pre-crash scenarios. The consequential
vehicle movement is shown in Fig. 2 in red. The parameters forming the in-crash pulse are provided in TABLE Al
in the Appendix.

The seated model of VIVA+ v2.0.1 50M [22-23] was positioned with the hands on the thighs via a separate
positioning pre-simulation. No adaptations to the posture were done besides the positioning of the upper
extremities. The passenger seat was moved to the mid/mid position of the Toyota RAV4 and deformed to match
the geometry of the seated HBM. An initial foam reference geometry was implemented to reproduce the pre-
stressed seat foam. The 3-point belt included in the GVI was fitted.

Fifteen landmarks were used to move the HBM to the desired position for all three positioning options. An
additional node was introduced for each landmark and constrained to the part of the respective bone. The
connection between the nodes and the corresponding parts was realised using fixation beams, as shown for the
head centre of gravity (CoG) in Fig. 6 (left). These rigid beams are only active during the pre-crash phase and are
deleted when the in-crash pulse begins.

Fixation beams for one landmark covering multiple bones were installed for the thorax. To avoid local
deformation of the sternum, the landmark sternum mid was connected to the sternum but also to the most
anterior part of each cortical rib (see Fig. 6 right). The landmark on the T8 centre was also constrained additionally
to all other thoracic vertebrae to prevent potential relative movement of the T8 vertebra with respect to the

adjoining vertebrae.
Fixation beams to skull leatlop beams to P Fixation beams to ribs
thoracic vertebrae - \

Head CoG T8 centre

Sternum mid

Fig. 6. Fixation beams connecting landmark head CoG to the skull (left) and extended fixation beams for
thoracic landmarks (right).

Positioning options (A) and (B) use positioning beams to move the landmarks to their target position, as shown
in Fig. 7 (left). Each beam connects a landmark node with a node located at the corresponding target coordinates.
The target nodes were rigidly fixed to the vehicle. By applying a tension force on each beam, the landmark is
dragged to the target node position. Since the fixation beams are deleted when the crash pulse is applied, the
positioning beams are detached from the HBM and do not influence the HBM'’s behaviour during the in-crash
phase.
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Options (A) and (B) differ from the time of onset of the crash pulse. The initial velocity of the HBM is set to
zero in option (A), whereas initial velocities are applied for each body region in option (B). The body regions divide
the HBM into head, neck, thorax, left and right upper arm, left and right lower arm including the hand, pelvis, left
and right upper leg, left and right lower leg, and left and right foot. The initial translational velocities at the centre
of gravity of each body region were derived from the MB simulation and applied to the part sets forming the body
regions for the VIVA+ model.

Instead of focusing only on the target position at the onset of the crash pulse, option (C) aims to include the
entire pre-crash motion derived from the MB simulation. Hence, a small rigid part was directly attached to each
landmark, shown in Fig. 7 (right). The motion of the rigid parts can be controlled independently via prescribed
motion in translational and rotational degrees-of-freedom. The landmark velocities derived from the MB
simulation were directly applied to the corresponding rigid part to move the HBM along the same path as
calculated in the MB pre-crash simulation. The deletion of the fixation beams at t, releases the HBM from the
guided rigid parts.

All FE simulations were performed using ANSYS LS-Dyna R12.2 (revision 217-gfcd6dde0c9) mpp single
precision on a high-performance cluster running Debian GNU/Linux 12.14 and OpenMPI 4.1.4.

Evaluation of pre-crash kinematics and injury response

The results of the in-crash simulations were assessed using the open-source data-processing tool Dynasaur
v1.3.53 [24]. In afirst step, the final pose of the HBM after the pre-crash phase was compared for all three options.
A measure of the accuracy with which the target coordinates were reached was defined as the resultant of the
differences in all three axes between the target position from the MB simulation and the actual position reached
in the FE simulation.

The second step incorporated the comparison of the in-crash behaviour across all three options. The overlay
of in-crash trajectories of the landmarks gives insights into the influence of the applied positioning method. The
findings drawn from the trajectory comparison were supported by the evaluation of the selected injury metrics.
The following injury metrics were calculated for the in-crash phase only:

e Head injury criterion (HIC);

e The AIS2+ head injury risk based on HIC;s [25];

e Diffuse Axonal Multi-Axial General Evaluation (DAMAGE) MPS [26];

e DAMAGE AIS1, DAMAGE AIS2 and DAMAGE AIS4+ [27];

e Maximum principal strains and 95" percentile strains in ribs and cortical bones.

lll. RESULTS

The pre-crash kinematics and injury response is compared for all three options in the following section. The
findings are discussed based on a selection of results. The full set of results for both pre-crash scenarios are
provided in the appendix.
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Comparison of passenger pre-crash kinematics and posture at t,

The pre-crash displacements of all landmarks measured in the FE simulation were compared to the input from
the MB simulation. Comparisons of all landmarks are shown in the Appendix, in Fig. B3 and Fig. B4 for the Brake
& Steer scenario and in Fig. C3 and Fig. C4 for the Brake scenario. The comparison is discussed in detail by hand
of the head CoG for the Brake & Steer scenario for options (A) and (B) in Fig. 8 (top) and option (C) in Fig. 8
(bottom). The shown trajectories represent the displacements relative to the vehicle.

Displacement of head CoG
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Fig. 8. Displacements of head CoG (relative to the vehicle) for options (A) and (B) (top) and option (C)
(bottom) for scenario Brake & Steer.

Options (A) and (B) demonstrated a path-independent movement to the target position and reproduced the
target Head CoG coordinates with a deviation of 0.082 mm. As option (A) and (B) only differ from the onset of the
in-crash phase, the same landmark displacement is recorded in the pre-crash phase. As a result, the trajectories
obtained with options (A) and (B) lie on top of each other and are visually indistinguishable in the plot. In contrast,
the landmark followed the path of the pre-crash movement in option (C), where a small cumulative deviation is
evident. The difference in the target position was 1.425 mm, which was the highest observed difference among
all landmarks in option (C). The highest difference in option (A) and (B) was 1.317 mm, which occurred at the left
radius. The deviations of all landmarks for the scenario Brake & Steer and Brake are listed in Table Bl and Table Cl
in the Appendix.

Comparison of in-crash behaviour between all positioning options

The effect of the positioning method on the in-crash behaviour and injury response of the HBM was identified by
comparing the landmark trajectories and injury metrics for all three options. Fig. 9 illustrates the trajectories, for
example for the head CoG, sternum and left radius, for the Brake & Steer scenario.

The pre-crash phase trajectories are given in dashed lines and the in-crash phase trajectories in solid lines,
coloured according to the corresponding option. The initial position is indicated with a black dot, while the
positions after the pre-crash phase are indicated with an x.

A comparable in-crash movement of the head CoG was observed for options (B) and (C), whereas option (A)
showed a different track. In contrast, the radius left trajectory was comparable between options (A) and (B) and
deviated more in option (C). The sternum followed a different trajectory in all three options. As for the examples
given, no clear trend was observed in the comparison of the remaining landmarks in both scenarios. Comparisons
of the trajectories of all landmarks for the Brake & Steer and Brake scenarios are shown in Fig. B5 and Fig. C5 in
the Appendix, respectively.
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e initial landmark position
x Landmark position at t,
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— Option (B)

Option (C)

Fig. 9. Trajectories of landmarks in pre- and in-crash phases of scenario Brake & Steer for options (A), (B) and

(C).

The injury criteria HIC, HIC AIS2+, DAMAGE MPS, DAMAGE AIS1, DAMAGE AIS2 and DAMAGE AlS4+ are listed
in TABLE | for all options of both pre-crash scenarios, as well as the baseline simulation with no pre-crash (PC)
phase. The relative deviation in respect to option (A) of each pre-crash scenario is noted in parentheses. No clear
trend could be observed in the comparison of the HIC values and HIC-based AIS2+ injury risks. Nevertheless, two
different trends for DAMAGE were observed for both pre-crash scenarios. For the Brake & Steer scenario,
increasing values were observed in option (C), but option (B) showed the highest DAMAGE values for the Brake
scenario.

TABLE |
INJURY CRITERIA FOR THE BASELINE (NO PRE-CRASH) AND BOTH PRE-CRASH SCENARIOS
Brake & Steer Brake
No PC  Option (A) Option (B) Option (C) Option (A)  Option (B) Option (C)
HIC 385.0 290.5 282.9 (-2.6%) 350.8 (20.8%) 298.4 289.6 (-2.9%) 270.8 (-9.2%)
HIC AIS2+ 0.116 0.064 0.060 (-6.0%) 0.096 (51.6%) 0.068 0.063 (-6.7%)  0.054 (-20.4%)
DAMAGE MPS 0.602 0.554 0.551 (-0.5%) 0.616 (11.2%) 0.568 0.600 (5.6%) 0.569 (0.2%)
DAMAGE AIS1 0.955 0.978 0.976 (-0.2%)  0.997 (1.9%) 0.985 0.995 (1.0%) 0.985 (0.0%)
DAMAGE AIS2 0.933 0.861 0.857 (-0.5%) 0.947 (10.0%) 0.886 0.930 (5.0%) 0.887 (0.1%)
DAMAGE AlS4+  0.450 0.307 0.300 (-2.3%) 0.494 (60.9%) 0.346 0.442 (27.7%) 0.347 (0.3%)

The loading on the thorax during the in-crash phase of the Brake & Steer scenario was evaluated by analysing
the rib strains, as illustrated in Fig. 10. The 95th percentile strain of each rib is coloured according to the evaluated
option, with the maximum principal strains (MPS) overlaid in grey. The corresponding illustrations for the Brake
scenario can be found in Fig. C6 in the Appendix.

The highest 95 percentile stain values were observed in the ribs R1 to R4, L1 and L5 to L8. When L1 is
excluded, the strain distribution can be correlated with the loadings induced by the belt routing. The analysis of
the MPS values did not show such a consensus, since high MPS values occurred in multiple ribs on both sides.
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95th percentile and maximum principal strains
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Fig. 10. The 95 percentile and maximum principal strains in the in-crash phase of scenario Brake & Steer for
options (A), (B) and (C). Please note that the legend is positioned in the centre between the bar charts.

A similar illustration for cortical bone strains is shown in Fig. 11. Increased strains were observed for the right
and left radius, the sternum and the right ulna. The corresponding illustrations for the Brake scenario can be
found in Fig. C7 in the Appendix.
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Fig. 11. Strains in cortical bones in the in-crash phase of scenario Brake & Steer for options (A), (B) and (C).

Comparison computational cost between all positioning options

To determine the approximate efficiency of the approaches analysed in the present study, their computational
wall times (i.e., the time a simulation takes from start to termination) are listed in TABLE Il. The wall times in
TABLE Il are based on simulations of the scenario Brake. However, upon investigation, the wall times for the
scenario Brake & Steer were found to be practically identical (differences below 1%).

In addition to the three options (A), (B), and (C), a baseline simulation without pre-crash phase was also
performed. This simulation had a wall time of 7 hours and 8 minutes. All three approaches had comparable wall
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times ranging from 17 hours and 35 minutes to 17 hours and 43 minutes, representing an increase of about 150%
compared to the in-crash-only simulation.

Since the VIVA+ HBM used in the present study is not an active HBM designed for simulating long duration
pre-crash manoeuvres, no direct comparison simulation spanning both pre- and in-crash phase was performed.

TABLE Il
COMPUTATIONAL COST FOR ALL APPROACHES COMPARED TO THE BASELINE WITHOUT PRE-CRASH PHASE

Phase duration [ms]

Approach Wall time [h] Relative Increase
Pre-crash In-crash
No pre-crash 0 150 7.14 0%
Option (A) 250 150 17.71 148%
Option (B) 250 150 17.82 150%
Option (C) 250 150 17.58 146%
Full FE HBM (estimate) 630 150 34.17 379%

However, to provide an estimate, the wall time equivalent of 1 ms of simulation time (during the pre-crash
phase) was determined. Using this time ratio of 155 s per ms, the pre-crash duration of 630 ms and the wall time
of the baseline simulation, the wall time of a simulation using a theoretical VIVA+ active HBM was approximated
at 34 hours and 10 minutes.

IV. DISCUSSION

The pre-crash phase of two generic pre-crash manoeuvres was simulated with MB using an A-HBM. The pre-
crash behaviour of the occupant in both scenarios was determined and transferred to the FE simulation via three
different approaches, enabling the HBM posture at to and the injury outcome to be compared. The pre-crash
posture determined from MB simulations could be reproduced in the FE simulation to a certain degree of accuracy
with all three options. Although no clear trend was observed, an effect on the in-crash trajectories and injury
outcome was demonstrated.

Limitations

The results need to be interpreted in view of certain limitations that are applicable to this study. First, the
influence of the positioning method was analysed based on two generic pre-crash scenarios combined with the
same in-crash pulse. While the extent to which the observed effects are directly transferrable to other pre-crash
scenarios was beyond the scope of the present study, the general approach can be applied to any pre-crash
motion.

Although care was taken to ensure consistent occupant positioning, restraint routing, and coordinate-system
transformation between the multibody and finite element environments, residual discrepancies in belt
representation, contact formulation, and local tissue interaction cannot be completely excluded. These effects
may influence belt preload, local deformation states, and subsequent occupant kinematics at crash initiation.
However, the purpose of the workflow is not to exactly replicate belt stresses between MB and FE models, but to
transfer a physically plausible pre-crash occupant state into the subsequent high-fidelity in-crash environment.

Furthermore, the simulations were conducted using a 50" percentile male HBM. Investigations including other
anthropometries or sexes may lead to different occupant behaviour, as shown by [28]. Therefore, the significance
of the results is limited to the prescribed boundary conditions and the selected anthropometry.

Computational cost

One common advantage of all three presented approaches is their reduced computational cost compared to
using a detailed FE HBM during the pre-crash phase. While future studies could investigate if even shorter
positioning phases are feasible, this was not the focus of the present study. Nevertheless, the wall time
comparison showed that even for the relatively short pre-crash time of 630 ms, which was considered in this
study, all three approaches reduce the wall time by about 50%. This reduction is in line with the respective
reduction in simulation time.
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Similarly, when comparing the estimated wall time of a simulation with a theoretical VIVA+ active HBM to the
wall times of the three approaches, the wall time ratio (1.92-1.94) and simulation time ratio (1.95) follow almost
a perfect 1:1 relationship. In essence, this means that the computational cost benefits would increase for
increased pre-crash durations.

Differences in landmark positions at to

The target positions of the landmarks after the pre-crash phase were reproduced with minor deviations in all
three options. Investigations into the cause of the deviations in positioning options (A) and (B) revealed that some
positioning beams had not fully compressed during the pre-crash phase. This behaviour was observed for the
landmarks on both knees, the left heel and the left radius. Specifically, remaining beam length when comparing
the MB and FE target positions, the deviations decreased to a maximum of 0.776 mm for scenario Brake & Steer
and 0.523 mm for scenario Brake. These incomplete beam compressions indicate that the available pre-crash
duration may not be sufficient to achieve a fully converged HBM positioning state or that the beam forces would
need to be increased for these landmarks. Given the small magnitude (below 1 mm) of these deviations however,
it seems unlikely that the observed response differences originate from residual positioning effects rather than
solely from the investigated positioning methodology.

Landmarks positioned with option (C) follow the exact velocity path gained from MB simulations. Nonetheless,
a difference increasing over time is observed, indicating a cumulative error. Upon further investigation it was
determined that this increasing difference can be attributed to the inherently different behaviour of the MB and
FE models. While the geometries were aligned in the initial state, a difference in response during the dynamic
positioning phase is to be expected. Yet, the maximum observed difference across all landmarks and options is
less than 1.5 mm. When compared to the distance covered by each landmark, the relative deviation is less than
3.3%. Only for the left radius, the relative deviation is 23%. When considering the covered distance of only 5.56
mm, the difference of 1.317 mm is relatively high. However, as with the residual differences observed in the
positioning beams used in options (A) and (B), it seems unlikely that positioning differences below 2 mm would
have a meaningful effect on overall in-crash kinematics, on subsequent injury criteria values or injury risks.

Influence of the positioning option

Despite observing differences in in-crash kinematics and injury criteria when comparing the three options for
both scenarios, no clear trend could be established. Whether the in-crash trajectory of a landmark differs
between all options or is comparable within some options remains inconclusive. The loadings induced by the belt
are reflected by the strains measured in the ribs, however, no clear statement on the influence on the positioning
method can be made. Increased strains were observed in the right radius in the pre-crash scenario Brake & Steer,
which can be attributed to the different load path due to the lateral movement in the pre-crash phase.
Investigating strain values from all cortical bones, no clear trend between the options was observed. Although a
trend was observed in the DAMAGE values, the direction of the trend differed between the two scenarios. For
the Brake scenario, option (B) shows the highest DAMAGE values, whereas option (C) shows the highest DAMAGE
values for the Brake & Steer scenario. As DAMAGE uses rotational head kinematics to estimate the maximum
strain in the brain, option (C) seems favourable as it preserves these kinematics most accurately. The increased
DAMAGE values observed with option (B) compared to option (C) in the Brake scenario, could also be the result
of the A-HBMs pre-crash motion actively reducing the head rotation prior to head-airbag interaction and, as a
result, the head rotational dynamics responsible for increased DAMAGE values, i.e., and brain strains.

In terms of injury criteria, the baseline simulation, which did not consider any pre-crash motion, yielded
comparable results to all three approaches. This is to be expected to a certain degree, considering that the same
crash loads were applied and the position differences and relative velocities where below 60 mm and 0.6 m/s
respectively. However, it can safely be assumed that a more noticeable effect would be observed with pre-crash
scenarios resulting in higher forward displacements and higher relative velocities at to. The limited forward
displacements and relative velocities observed in both investigated scenarios can be attributed to two
circumstances:

First, the length of the pre-crash pulse, and therefore the time at which the in-crash pulse begins, was
determined based on the moment at which the HBM’s relative velocity to the vehicle was at its maximum for the
certain pulse. This definition was intended to enhance the demonstrated effect of applying time-history-based
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prescribed velocities in the pre-crash phase. The negative impact was that the absolute forward displacement
decreased compared to if the pre-crash manoeuvre had been continued for longer before the crash occurred.

Second, since the pre-crash simulations were conducted with an A-HBM counteracting forward deflections via
muscle control, relative velocities did not exceed 0.6 m/s at to, which also limited the HBM’s deflection. The effect
of different levels of muscle activity in the pre-crash phase on the applied positioning options remains to be
determined.

Benefits of the developed approach

Commonly used HBM positioning methods focus on replicating the posture and/or initial velocities at to.
Landmarks are dragged along a direct trajectory to the desired target position. In contrast, this novel approach
guides landmarks along the same path as that determined in the pre-crash simulation. Furthermore, although the
computational cost benefits are preserved and the same landmark positions are reached as with conventional
methods, different injury outcomes are observed due to the different to kinematics. When limited effects are
observed, it is assumed that the novel approach generates a more accurate representation of HBM conditions at
to. This is of particular interest when considering complex pre-crash manoeuvres involving not only constant
steering and braking pulses, but also diverse lateral accelerations.

V. CONCLUSION

A novel approach to transfer the posture and kinematics from pre-crash to in-crash simulation was developed.
The in-crash trajectories and injury metrics from the novel positioning method were compared to those from
commonly used approaches and the effects were highlighted. Although no clear trend between the options
applied could be identified, influences on the injury outcome could be demonstrated. The benefit of representing
the tokinematics more accurately with the novel approach may take on even greater significance in complex pre-
crash characteristics.
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VIil. APPENDIX
Appendix A: In-crash pulse data
TABLE Al
PARAMETER FOR IN-CRASH PULSE
DV (delta v in km/h) 61
DUR (pulse duration in ms) 90
PDOF_H (principal direction of force — horizontal in degrees) 0.01
PDOF_V (principal direction of force — vertical in degrees) 0.01
EV1 (Eigenvalue 1) -0.9720
EV2 (Eigenvalue 2) -0.7300
EV3 (Eigenvalue 3) -0.0509
EV4 (Eigenvalue 4) 0.0000
EV6 (Eigenvalue 6) -0.0480
Yaw (angular velocity in (deg./ms) 0.0000
Pitch (angular velocity in (deg./ms) 0.0000

Roll (angular velocity in (deg./ms) 0.0000
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Appendix B: Simulations results — Pre-crash phase — Scenario Brake & Steer

Displacement of landmarks Displacement of landmarks
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Fig. B1. Comparison of pre-crash landmark coordinates between MB and FE for option (A) and option (B) for
scenario Brake & Steer in the side and front view.
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Fig. B2. Comparison of pre-crash landmark coordinates between MB and FE for option (C) for scenario
Brake & Steer in the side and front view.
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DisPIacement of landmarks - Option (A) and Option (B)S
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Fig. B3. Comparison of pre-crash landmark displacement between MB and FE for option (A) and option (B) for

scenario Brake & Steer for individual landmarks.
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Displacement of landmarks - Option (C)
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Fig. B4. Comparison of pre-crash landmark displacement between MB and FE for option (C) for scenario Brake
& Steer for individual landmarks.
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TABLE BI
DEVIATIONS OF LANDMARKS BETWEEN MB AND FE AT To FOR SCENARIO BRAKE & STEER
Landmark Deviations in options (A) and (B)  Deviations in option (C)
[mm] [mm]
Left ASIS 0.115 0.477
Right ASIS 0.066 0.564
Head CoG 0.082 1.425
Left Heel 0.055 0.500
Right Heel 0.049 0.253
Left Humerus 0.799 1.215
Right Humerus 0.018 0.786
Left Ischium 0.044 0.502
Right Ischium 0.054 0.541
Left Knee 1.087 0.550
Right Knee 0.330 0.793
Left Radius 1.317 0.038
Right Radius 0.076 0.023
Sternum 0.113 0.702

o
¢

*. b3 !

e initial landmark position J'Jé

x Landmark position at t,

--- Trajectory in pre-crash phase s ‘ﬁ 2“%

— Trajectory in in-crash phase %ﬁ

— Option (A) i A% 18 )é ‘
— Option (B) e— = .

— Option (C) ,N

Fig. B5. Trajectories of landmarks in pre- and in-crash phases of scenario Brake & Steer for options (A), (B) and

(©).
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Appendix C: Simulations results — Pre-crash phase — Scenario Brake
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Fig. C1. Comparison of pre-crash landmark coordinates between MB and FE for option (A) and option (B) for
scenario Brake in the side and front view.
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Fig. C2. Comparison of pre-crash landmark coordinates between MB and FE for option (C) for scenario Brake
in the side and front view.
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Fig. C3. Comparison of pre-crash landmark displacement between MB and FE for option (A) and option (B) for

scenario Brake for individual landmarks.
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Displacement of landmarks - Option (C)
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Fig. C4. Comparison of pre-crash landmark displacement between MB and FE for option (C) for scenario Brake

for individual landmarks.
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TABLE Cl
DEVIATIONS IN MM OF LANDMARKS BETWEEN MB AND FE AT T FOR SCENARIO BRAKE
Landmark Deviations in options (A) and (B)  Deviations in option (C)
[mm] [mm]
Left ASIS 0.086 0.543
Right ASIS 0.073 0.548
Head CoG 0.030 1.060
Left Heel 0.056 0.283
Right Heel 0.044 0.295
Left Humerus 0.114 0.215
Right Humerus 0.059 0.255
Left Ischium 0.067 0.531
Right Ischium 0.055 0.533
Left Knee 0.137 0.610
Right Knee 0.071 0.616
Left Radius 1.019 0.022
Right Radius 0.085 0.021
Sternum 0.071 0.409

-

e initial landmark position /f;

x Landmark position at t,

--- Tra!ectory !n Pre-crash phase o -ﬂ Vi
— Trajectory in in-crash phase VLS S

— Option (A) oy —

— Option (B) R s
Option (C) '—%—%\7

Fig. C5. Trajectories of landmarks in pre- and in-crash phases of scenario Brake for options (A), (B) and (C).
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Fig. C6. Rib 95™ percentile and maximum principal strains during the in-crash phase of scenario Brake for

options (A), (B) and (C).
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Fig. C7. Cortical bone 95 percentile and maximum principal strains during the in-crash phase of scenario

Brake for options (A), (B) and (C).
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FE Model

MB Model

Fig. C8. MB and FE model overlapped at H-Point.

Fig. C9. Front view of MB and FE Model.
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