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Abstract As Human Body Models are gaining increasingly relevance for the purpose of rating safety
performance, it is essential that they behave consistently. Therefore, an objective method to compare human
body models is needed. In this study a procedure to compare objectively human body kinematics was
developed. Representative generic vehicle models were developed to simulate relevant pedestrian impacts. In a
sensitivity study key boundary conditions influencing the head trajectory and contact time ‐ such as the initial
posture of the human body model or contact settings‐ were determined. Based on that findings a standardised
procedure was developed and applied by propelling four generic vehicles at three impact velocities (30, 40 and
50 km/h) against two human body models (THUMS AM50 v4.02 and GHBMC M50 PS v1.4) in LS‐Dyna.
Trajectories of selected bony landmarks, head contact time and contact forces between the vehicle and the
human body model were compared. Applying the developed procedure, the two human body models showed
very comparable results in terms of trajectories and contact forces which gives the authors confidence in the
robustness of the procedure developed and the models used.
Keywords Euro NCAP, human body models, pedestrian protection, harmonisation, pedestrian simulations,
virtual testing

I. INTRODUCTION
Human Body Models (HBMs) are becoming increasingly important for the assessment of safety measures.
They allow for evaluations of various human shapes and scenarios. Furthermore, they offer consideration of
omnidirectional full body kinematics and analysis of enhanced output measures (e.g. strains).
The Euro NCAP (New Car Assessment Program) assessment of deployable systems (i.e. active bonnets) for
pedestrian protection is the first application of HBMs in a consumer information rating.
Although human models can be used to estimate the injury risk to head, torso and lower extremities, such
virtual injury measures are commonly not accepted by consumer rating programs. Consumers still expect their
actual car to be tested and not a computer model only. On the other hand, some aspects of dynamic deploying
systems can not be assessed with physical dummies as they are not humanlike enough or not available in
various anthropometric sizes. By adopting a hybrid approach, Euro NCAP accepts that both methodologies
could contribute to a robust assessment. The simulations with the pedestrian models are used to derive inputs
for the subsequent physical assessment using conventional headform impactors. The virtual tests show the
variety of scenarios that are addressed by the systems: First, the head impact location and Head Contact Time
(HCT) for several pedestrian sizes is determined to assess if the system is fully deployed at the time of the head
impact for the most critical pedestrian size. Based on that result, the bonnet is impacted with the head
impactors in deployed or undeployed state (location dependent) in the physical test. Second, the for the sensor
system hardest to detect pedestrian size can be determined by means of simulations as alternative to physical
test and for the selection of appropriate test tools. Finally, the bonnet deflection due to the bonnet loading is
derived to prove that the head protection is not compromised by a collapse of the bonnet. These simulations
have to be carried out at varying impact speeds with several sizes of the pedestrian models (6YO, 5th, 50th, 95th).
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Human body modelling for crash simulations is an upcoming new field of expertise, which in recent years has
evolved from purely research to more application based development at the vehicle manufacturer.
Consequently, most vehicle manufacturers have highest confidence in their own in‐house models, which may or
may not be forked from more widely available HBMs. For the application of HBMs in ratings, it is essential that
the results are comparable and reproducible. Currently, Euro NCAP accepts the results generated by various
pedestrian models, as listed in the Technical Bulletin (TB) 13 [1], [2]. This approach, however, has led to an
increasing number of accepted models, number of versions and models available in multiple codes, which
raised the question whether all these alternative models would predict a similar outcome and lead to the same
rating of the deployable system performance.
It is understood that the biofidelity of current HBMs is validated with several full scale and component level
Post Mortem Human Subject (PMHS) tests [3–7]. At the moment, the data sources used for the validations vary
between HBMs, which is shown exemplary in TABLE 1. Previous studies have also shown challenges for the
translation of HBMs to different codes and highlight the importance of a harmonisation of HBMs for virtual
testing [8, 9]. A certification procedure is needed, proving that different HBMs or a single HBM implemented in
different codes behave consistently. However, up to now, no objective standardised comparison method of the
response of various HBMs in multiple codes, i.e. independent of the HBM and FE code, is available.
Furthermore, several studies show that kinematics of HBMs is sensitive to initial conditions like posture or
friction between pedestrian and vehicle [4, 10–15]. But some of these boundary conditions are only prescribed
in broad terms in the current version of the Euro NCAP pedestrian testing protocol [1].
TABLE 1:
EXAMPLES FOR VALIDATION OF THUMS V4 AND GHBMC PEDESTRIAN MODEL [3–7]
Full Body Trajectories
GHBMC Kerrigan et al., 2007 [16]
THUMS Subit et al. 2008, [19]
Schroeder et al., 2008 [20]
Forman at al., 2015 [21, 22]

Knee

Lumbar Spine

Bose et al., 2008 [17]
Bose et al., 2004 [23];
Kajzer et al., 1997 [24]

Rohlmann et al, 2001 [18]
Demetropoulos et al. 1998 [25]

The current study aims to be a first step towards a certification procedure of pedestrian models. Such a
procedure shall ensure that all CAE pedestrian models which can be used for the Euro NCAP rating behave
consistently and lead to comparable results. While it is clear that the introduction of such procedure would
improve the confidence in the results obtained from the vehicle manufacturers, it also avoids that only one type
of HBM in one code would be accepted for virtual testing by Euro NCAP in the future.
A procedure is developed which enables the objective comparison of HBM kinematics for representative
pedestrian loadcases. The protocol summarises and standardises boundary conditions which have to be
considered and consistent to enable a fair comparison between simulation results.
The following research questions were investigated within the current study:
 How can the structural behaviour of a car front be modelled in a representative and very simplified
way?
 Which boundary conditions and simulation settings are affecting the trajectories, head contact time
and contact forces and therefore have to be defined for a proper protocol for pedestrian simulations?
 What is the effect of modified boundary conditions compared to the difference induced by the use of
different HBMs?
 Do simulations with two different HBMs lead to comparable results in terms of kinematics (relevant
for the Euro NCAP assessment of deployable systems), when consistent boundary conditions are
applied?
II. METHODS
A simulation setup for the comparison of HBMs was defined consisting of the following requisites:


Establishment of generic vehicle models representative of contemporary passenger cars
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Definition of nodes for tracking HBM kinematics
Definition of initial HBM posture
Definition of contact settings
Definition of post processing

Within a sensitivity study boundary conditions which affect the HBM kinematics were identified in order to
move ahead with the development of a robust procedure. Subsequently, the standardized procedure as
developed was applied to the two HBMs. The 50th percentile male Total Human Model of Safety (THUMS) v4.02
and the simplified Global Human Body Models Consortium (GHBMC) v1‐4 pedestrian models were used in the
study in LS‐Dyna (Livermore Software Technology Corporation, USA). All simulations were performed with the
LS‐Dyna R7.1.1. (mpp version redhat54_ifort131_sse2_openmpi165).
To comply with the current Euro NCAP protocol [1], the following boundary conditions were applied to all
simulations:
 the heel to heel distance was 310 ± 10 mm
 the head centre of gravity (COG) was aligned with the vehicle centreline
 the struck side leg was facing backwards
 the coefficient of friction between the HBM and the ground was set to 0.3
Representative Generic Vehicle Models
Three dimensional median geometries have been established as a means of deriving representative vehicle
shapes: the vehicle geometries of current European cars were parameterised based on outer shapes provided
by car manufactures or pictures with vehicle dimensions. The vehicle midsection consists of ten Bézier curves
shown in Fig. 1. Start‐ and endpoint and corresponding slope of the tangents are defined for every single curve.
The whole vehicle front was described with 120 parameters. The median value for each parameter was derived
for each vehicle category resulting in representative median vehicle shapes for four different vehicle categories:
Sport Utility Vehicle (SUV), Family Car/Sedan (FC), Roadster (RDS) and Multi‐purpose vehicles and Superminis
(MPV).

Fig. 1: Parameters of Bézier curves defining the vehicle geometry
A modelling approach was chosen, which is easily transferable to other finite element (FE) codes (Radioss,
Pam‐Crash and Abaqus) as simple material models are used. The generic vehicle (GV) model structure is shown
in Fig. 2. It was assumed that the structural response under the loads of a pedestrian impact can be modelled
through an outer shell surface, an interface layer (for modelling the vehicles fascia), and a generic foam, the
foam layer, resting on a rigid skeletal vehicle structure, the bottom layer. The compaction layer emulates hard
structures and works as an end stop, as a contact with the interface layer is defined. The foam is intended to
replicate a variety of unknown base structures, such as for example ribs, collapsible cones, buckling structures
and foams, i.e. structures which absorb energy. It features piecewise‐linear behaviour, defined energy
absorption, negligible expansion under compression and no strain rate dependency. In LS‐Dyna the
Mat_Fu_Chang_Foam with log‐log interpolation was used (with one unloading curve and two equivalent
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loading curves). To prevent any issues associated with spurious modes (hourglassing) and issues with volume‐
locking, the foam layer was assigned selective‐reduced integration (SRI) hexaeder elements. The surface of the
foam was covered by an interface layer, which provides a realistic mass of the contact interface and thus inertial
effects upon impact and realistic structural mechanical characteristics (Young’s modulus, Tangential modulus,
yield stress of steel for the bonnet and plastic for the other parts).

Fig. 2: Layers forming the GV models.
The software LS‐Opt was used to calibrate the material parameters of the foam and the thickness of the
interface layer to a representative structural behaviour.
The target curves for the representative structural behaviour were derived from impactor simulations run
with state of the art FE vehicle models of current European cars, which were validated for pedestrian protection
tests. A rigid cylindrical impactor with a total mass of 5.95 kg (density= 7,89E‐6 kg/mm³, diameter= 120 mm,
height= 400 mm and wall thickness= 5 mm) was propelled against eight locations on the spoiler, bumper,
bonnet lead and bonnet once at the vehicle centreline (CL) and once at the location of the bumper corner (BC),
the definition according to Euro NCAP pedestrian protocol v8.2. No physical tests have been performed. A rigid
impactor was used to avoid deformations of the impactor and therefore simplify the optimization of the
material parameters of the generic vehicle (GV) model. The median force for each deflection step was
calculated at first for each vehicle category. The median mass (median kerb weight of the vehicle and the
additional mass of 150 kg for driver and front passenger as specified in the Euro NCAP pedestrian testing
protocol), as established for each vehicle category, was assigned to the vehicle model. However, the vehicle’s
moments of inertia remain unconsidered, as the vehicles have only one degree of freedom, which is the x‐
direction in the vehicle coordinate system.
Definition of Sensors for Tracking HBM Kinematics
For the evaluation of trajectories, sensors were implemented in the HBMs at selected structural points: The
head centre of gravity (HC), the centre (average of all nodal coordinates) of the vertebrae C1, C7 and T12, the
nodal midpoint of the left and right centre of the acetabulum (AC), the inter‐malleolar point on the right (MR)
and left leg (ML) and the centre of the right (KR) and left patella (KL).
The sensors were connected with the surrounding structure by interpolation constraints (Keyword
*CONSTRAINT_INTERPOLATION in LS‐DYNA), so that the motion of the single node used as sensor depends on
the averaged motion of a set of master (independent) nodes. Comparable approaches are available in all codes:
OTMCO in VPS, RBE3 in RADIOSS and Distributing coupling in Abaqus.
Definition of Initial HBM Posture
Key parameters of the initial posture of the HBM affecting the kinematics in pedestrian simulations were
identified by means of a sensitivity study. THUMS was repositioned by carrying out pre‐simulations. The GHBMC
model was geometrically repositioned by elemance (USA) to match the THUMS position as closely as possible.
Eleven different postures were defined, and each of these is specified in Table AVI in the Appendix. The defined
postures are based on [26], the posture defined by [27, 28] (40% gait cycle) and the position of the pedestrian
target used for the AEB (Autonomous Emergency Breaking) testing [29].
The posture of the arms, torso angle, leg angle, shoe angle and the head angle were slightly varied to analyse
the sensitivity respectively. Only the posture of the arms was varied for the GHBMC. The angles were measured
based on anatomic landmarks taking into account the recommended landmarks for anatomic axis definitions
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from the international society of biomechanics [30, 31]. The femur reference axis was defined as the connection
between the centre of the nodes of the acetabulum and the midpoint (FE_right/left) between Epicondylus
femoralis medialis (FEM) and Epicondylus femoralis lateralis (FEL). The knee flexion angle was measured
between the femur reference axis and the connection between FE_rigth/left and the inter‐malleolar point
(M_right/left), which is located midway between the tip of the medial malleolus (MM) and tip of the lateral
malleolus (LM). The humerus reference axis was defined as the connection between the midpoint (hereafter
called SC_right/left) of the most laterodorsal point of Angulus Acromialis (AA) and the most ventral point of
Processus coracoideus (PC) and the midpoint (HM_right/left of the most caudal point on the lateral epicondyle
(EL) and the most caudal point on medial epicondyle (EM). The Elbow Flexion Angle was defined as the angle
between the humerus reference axis and the connection between HM and the most caudal‐medial point on the
ulnar styloid (US_right/left).
The sensitivity study was carried out using the generic family car with an impact velocity of 40 km/h. To
prove if the conclusions can be transferred to other loadcases selected variations have also been simulated with
the generic SUV model.
Definition of other Simulation Settings
Impact velocities must be in the range relevant for the subsequent Euro NCAP rating which is from 30 to
50 km/h. The sensitivity study was carried out for the impact with the generic family car model at an impact
velocity of 40 km/h. A gravity field was applied in all simulations.
Variations of the contact between the vehicle and the HBMs were performed: For the baseline simulations a
segment‐based contact (SOFT=2, DEPTH=13) with a coefficient of friction (FS and FD) of 0.3 and a viscous
damping coefficient (VDC) of 20% was defined. A variation of the damping coefficient (VDC=0), coefficient of
friction (fric=0.2‐0.5) and a change to the default penalty formulation (SOFT=0, DEPTH=2) was performed.
Furthermore, the effect of pre‐simulations was analysed (until the vertical force between the ground and the
HBM was equal to the HBM’s weight force) and the coefficient of friction between the HBM and the ground
(0.3‐0.9) was investigated.
Definition of Post Processing
The global coordinate system was defined at t0 as the x‐direction parallel to the vehicle longitudinal axis in
driving direction and the z‐direction parallel to the vehicle height axis facing upwards. For the evaluation of the
trajectories the x displacement of the vehicle was subtracted from the x‐coordinates of the sensors (stationary
vehicle view). Contact forces and node histories were output every 0.1 ms. Unfiltered curves were used.
The head contact time (HCT) was defined as the time from the first increase of the bumper contact force (C)
until the first increase of the resultant head acceleration where it reaches its maximum (H). If this was not
clearly identifiable, the contact force between the vehicle and the head was used additionally (first time when
contact force is not zero anymore). An example of the definition of HCT is shown in Fig. 3.

Fig. 3: Determination of Head Contact Time HCT= H‐C.
Application of Final Procedure
Eventually all relevant boundary conditions were fixed and set equally for simulations with THUMS and
GHBMC. Posture 3 was chosen as final reference posture, which is a combination of the leg posture defined in
[26] and a natural arm posture [27]. Both models were impacted with all four different vehicle models at three
different impact velocities and results of the two models were compared.
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III. RESULTS
Representative Generic Vehicle Models
Four representative GV models were developed. Fig. 4 shows the finalised GV models. The midsection of the
vehicle geometries is shown in Fig. 5 and compared to current European vehicles in Fig. A1. The GV was
separated into the deformable areas Spoiler (spl), Bumper (bmp), Grill (grl), Bonnet Lead (ble), Bonnet (bnt). A
rigid surface was used for modelling the windscreen and the roof as these areas were irrelevant for the current
study.

Fig. 4: Generic Vehicle Models.

Fig. 5: Midsection of
vehicle geometries.

Fig. 6: Loadcases at vehicle centerline.

In total, 11 vehicle models from five different car manufacturers were used for deriving the stiffness
corridors. Force‐Deflection curves, as shown in Fig. 7 for the impact at the bumper centreline were discretised
(2.5 mm steps) and separated into loading and unloading curves.
As shown in Fig. 8, differences of the median force deflection curves for differing vehicle categories were
observed to be smaller than differences within one vehicle category. Hence, median curves were derived from
all 11 vehicles (over all categories). Corridors were defined from the minimum force to the maximum force for
each deflection from the responses of all full FE vehicles. One corridor and median curve was established per
load case which can be used for all vehicle categories. It was observed, that roadsters showed less clearance in
the bonnet impacts, which was considered for the modelling of the GV by setting the offset between
compaction layer and interface layer to 68 instead of 99 (which was used for the other geometries). In Fig. 6 the
deformations of the GV, the family car, for all load cases at the vehicle centreline are shown. Fig. 9 shows the
final response of the generic family car model in LS‐DYNA for the impact with the rigid impactor at the bumper
centreline with the final parameters derived from the optimisation. The results of all load cases and all vehicle
geometries together with the corridors and the final parameters are included in the Appendix.

Fig. 7: Force deflection characteristic of Fig. 8: Median Loading Curves for Fig. 9: Response of generic family car
single vehicles for impact simulations at impact at bumper centreline for model in LS‐DYNA compared to
bumper centreline.
single vehicle categories and over corridors and median curve for
all categories.
loading and loading (impact at
bumper centreline).
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Definition of Initial HBM Posture
Fig. 10 shows the repositioned THUMS in all analysed postures. The variation of the arm posture for GHBMC is
shown in Fig. 11. For Postures 1, 2 and 3 only the posture of the arms was varied. Posture 4 has slightly changed
arms and legs. Postures 5, 6, 10 and 11 show a variation of torso and/or neck angle and therefore varying head
positions (HC). For Posture 7 and 8 the sole angle was modified from Posture 2 and 3, respectively. Posture 9
shows the same arm posture as Posture 3, but a slightly modified leg posture.
The maximum difference of the head contact time due to a variation of the initial posture for THUMS was
3.7 ms (Fig. 12). For GHBMC the modification of the arm posture led to a difference in HCT of up to 5.2 ms (Fig.
13).
Within the THUMS simulations, just changing the posture of the arms led to a variation in head contact time
of up to 1.8 ms (when arms were positioned in front of the pedestrian compared to a natural posture). The
angle of the shoes was changed for Postures 7 and 8, which resulted in a higher position of the acetabulum and
the head. The 15 mm higher initial position of HC and AC led to a 1.3 ms higher head contact time for arm
posture 2 and 1.2 ms for arm posture 3. Changing only the x and z position of HC led to a difference in HCT of
1.4 ms. A modification of the torso angle (C7x) resulting in a 13 mm smaller z‐positon of HC did not cause a
difference in HCT when the x‐position of HC remained unchanged (Posture 10 compared to Posture 11).
By contrast, Posture 4 shows the same height of AC and HC as Posture 1, 2 or 3 and only a small modification
of the arm and leg angles, but causes a significantly smaller HCT. A pure modification of the leg posture led to
virtually no difference in HCT (ΔHCT of Pos 9 and Pos 3 is only 0.2 ms).
Differences of the second peak of the contact forces (at about 30 ms) were found when the posture of the
legs was modified (Fig. 15).

Fig. 11: GHBMC initial postures.

144

144

142

142

HCT [ms]

HCT [ms]

Fig. 10: THUMS postures.
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THUMS Initial Postures

Pos2

Pos3

GHBMC Inital Postures

Fig. 12: Influence of initial posture of
THUMS on HCT.

Fig. 14: Influence of initial posture of THUMS on
trajectories
(impact with generic family car model at 40 km/h).

Pos1

Fig. 13: Influence of initial posture of
GHBMC on HCT.

Fig. 15: Influence of initial posture of THUMS on total
contact forces (impact with generic family car model at
40 km/h).
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No great differences in the trajectories were observed due to modifications of the initial posture of the
HBMs as shown in Fig. 14. The position of the arms has negligable effect on the trajectories of the THUMS and
GHBMC, which is shown in Fig. 16. To prove this conclusion, simulations with the generic SUV model at 40 km/h
were performed with THUMS in Posture 1, 2 and 3. No influence of the initial posture on the trajectories was
observed for this loadcase as well (Fig. A2 and A3 in the Appendix).

Fig. 16: Influence of initial arm posture on trajectories
(impact with generic FC model at 40 km/h)

Fig. 17: Influence of initial arm posture on total
contact forces.
(impact with generic FC model at 40 km/h)

The same trend was observed for both HBMs: Posture 1 led to the highest and Posture 2 to the smallest HCT.
Differences in the support provided by the arm were observed leading to a divergence especially in the z
velocity of the head COG. The contact forces are showing some differences as soon as the ellbow is contacting
the bonnet of the vehicle (Fig. 17). The observed contact force between the right arm of THUMS and the bonnet
was only 2 kN for Posture 2 while it was 3.7 kN for Posture 3 and 3.5 kN for Posture 1.
Fig 18 shows the differing angles of the humerus for the simulations with GHBMC with initial Postures 1, 2
and 3 and the corresponding head velocities in the global coordinate system. The difference of the resultant
head impact velocity at the time of head contact was 0.7 m/s and the maximum difference of the resultant
velocity at the same time (140 ms – HCT of Posture 2) was 1.5 m/s .

Fig 18.: Support of humerus for Posture 1 (left) and 3 (right) at 100 ms (FC with 40 km/h, GHBMC).
As the difference between the two models in terms of HCT was smallest for Posture 3 and the posture
represents a natural walking position [27], this posture was used as baseline for the following simulations. Fig.
19 shows THUMS and GHBMC in Posture 3. In the right figure the two models are overlaid, showing that the
postures match very well.
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THUMS GHBMC

Overlay of both HBMs

Fig. 19: Geometrical comparison of THUMS (blue) and GHBMC (red) in Posture 3
Definition of Simulation Settings
The trajectories and head contact time were found to be sensitive to the contact setting (Fig. 20) Changing
the contact algorithm from segment‐based (checks for segment vs. segment) to default (node to segment) lead
to a higher head impact point (58 mm difference in the x‐z plane) and a 2.3 ms higher head contact time. The
node to segment formulation led partly to penetrations of the HBM outer surface into the interface layer of the
GV. Therefore, the segment to segment formulation is preferable. Increasing the friction between the vehicle
and the pedestrian led to a decrease of HCT (Fig. 21) and a lower endpoint of the head trajectory (Fig. 20). A
modfication of the damping coefficient VDC had no effect on HCT or the trajectories.
142

HCT [ms]

141
140
139
138
137
136
baseline penalty

vdc=0

fric=0.2 fric=0.4 fric=0.5

conatct variation

Fig. 20: Sensitivity of Trajectories to modifications of
contact options with THUMS
(impact with generic family car model at 40 km/h).

Fig. 21. Sensitivity of HCT to modifications of
contact options (THUMS impact with generic family
car model at 40 km/h).

Application of Final Procedure
Based on the results of the sensitivity study the following boundary conditions were fixed for the final
procedure (and discussed within Chapter IV):





The HBMs were used in Posture 3
The segment based contact algorithm was used
The coefficient of friction between the vehicle and the HBM was fixed to 0.3
No presimulations were performed

Both HBMs were impacted at 30, 40 and 50 km/h with the four GV models. Contact forces, HCT and
trajectories of the two models were compared. All results are shown in Table AV in the Appendix. The maximum
difference of HCT was 3.5 ms and was observed at the impact with the SUV at 40 km/h. The average difference
in HCT was 1.9 ms (in 7 of the 12 simulations the difference was smaller than 2 ms). The best correlation was
observed for the impacts with the family car (mean ΔHCT=1 ms). The largest difference in terms of trajectories
was observed for the impact with the roadster at 30 km/h (Fig. 22). The distance between the locations of HC of
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the two models was 143 mm. The difference in HCT was 0.6 ms, which was the smallest value in all the
simulations. The contact forces of the two models were very similar for all impact cases. Only very minor
differences of the first peak (leg impact) between the two models have been found. Some differences were
observed for the second peak and the unloading (hip impact at the bonnet leading edge) an example of which is
shown in Fig. 23. Some difference in the timing of the contact of the arms with the bonnet is also shown here.

Fig. 22: Comparison of trajectories of THUMS (blue)
and GHBMC (red) for the impact with the generic
roadster model at 30 km/h.

Fig. 23: Comparison of contact forces of THUMS and
GHBMC for the impact with the generic roadster
model at 30 km/h.

IV. DISCUSSION
Representative Generic Vehicle Models
Approx. 10 years ago in the project APROSYS (Advanced Protection Systems) stiffness corridors for the
bumper, the bonnet leading edge, the bonnet and the windscreen of the European fleet have been derived
from Euro NCAP results. The current study aimed to re‐examine the structural behaviour for the contemporary
European fleet.
Results of eleven full FE vehicle models have been available to gain the force deflection characteristic for the
current study. As the differences between the categories were found to be smaller than the differences within
one category, the median from all 11 vehicles was calculated.
As the difference between the various categories were found to be very small the median from all 11
vehicles was calculated which avoids to use medians which are based on three vehicle models only. The results
of the current study were compared with results and applied stiffnesses from previous studies.
The resulting stiffness values of the current study compared to other studies are shown in Fig.24. While the
stiffness of the bumper matches the green characteristic derived by [32] and the stiffness used by [33],
differences of for the spoiler and the bonnet leading edge are considerable. This might be caused by the
different methodology and design changes over the last 10 years.
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Fig.24: Comparison of representative vehicle stiffness of the current study and studies of [32, 33]
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A very simplified approach for modelling deriving the structural behaviour was used to rule out any influence
by the impactor and to maximize as the robustness and transferability to other codes. For future applications
focusing on injury measures of the HBM instead of pure kinematics the vehicle models should be further
validated by comparing injury measures of HBM simulations with full FE vehicle models impacting HBMs.

Definition of Sensors for Tracking HBM Kinematics
The center of all nodes was chosen as this definition is easily applicable and robust. It was easy to identify
the proposed locations in both HBMs and the location of the sensors was repeatable. Several trials led to very
similar results with differences smaller than the average element size of the HBMS. To check plausibility of this
approach as well as the effect of the mesh size a simple example was used: A sphere with 100 mm radius was
meshed with varying element sizes (20‐2.5mm) and the location of the center of all nodes was compared. The
maximum difference to the center of the surface was 5.4 mm for the 20 mm element size (so ¼ of the element
size and less than 3% of the diameter of the sphere).
Definition of Initial HBM Posture
Several studies indicated that the initial pedestrian stance is affecting the impact kinematics [11, 14, 34]. In
real world a variety of impact scenarios and pre‐crash reactions of the pedestrian [35] can happen. Anyway, the
car manufactures need design targets. Therefore, the definition of position(s) is important to enable the
comparability of virtual testing results. For the future it could be beneficial to perform assessment simulations
in various predefined initial positions to cover more real world scenarios, but for the moment only one positon
was chosen. An open source positioning tool like it was developed within the PIPER (Position and Personalize
Advanced Human Body Models for Injury Prediction) project [36] could be used in the future to further specify
the initial posture, avoid errors, or finally even the positioning procedure.
All postures used within this study are replications of a midstance. This is in accordance with [13] who
propose to use the midstance because it is most representative for pedestrian collisions and represents a
“significant proportion of the normal gait (16‐22%)”.
Within the Euro NCAP pedestrian protocol [1] it is defined that the struck side leg should face backwords.
This stance represents the “worst case”, as [14] shows that head impact velocities and WAD are smaller for
impacts with the struck side leg facing forwards, as this stance tends to cause more lateral displacement of the
pedestrian.
The position of the arms was completely open in the current version of the Euro NCAP pedestrian testing
protocol. Therefore, the initial posture of the arms was highly varying within the simulations performed by the
car manufactures reported to Euro NCAP. Some studies are available showing that the posture of the arms is
affecting the torso and head kinematics [37–40]. The effect is often caused by the comparison of no support of
the arms to the bonnet (wrists tied together or arm gets pinned between the thorax and the vehicle) versus
supporting arms [37]. Within the current study the arms of the HBMs were always supporting on the bonnet.
No effect of the varying arm postures was observed for the variations of the arm postures, but the highest
difference of head contact time between the two HBMs was observed for variation of the arms. It should be
mentioned that the modifications of the arm posture were more extensive than the repositioning of the legs,
when comparing Posture 1 to 2. But also the slight modification between Posture 2 and 3 caused 2 ms
differences in HCT. It was surprising that posture 2 and 3 led to such big differences in HCT although they look
visually alike. The struck side arm of posture 2 was less loaded. It seems that the higher the contact forces
between the arm and the bonnet, the larger the head contact time (when legs and torso are positioned
consistently), as the increasing support of the arm decreases the velocity of the head and torso, which is in
accordance with the findings of [41].
When analysing the trajectories relative to the vehicle they look nearly congruent in the figures. The distance
of the location of HC from the simulations with posture 2 and posture 3 at the time of head impact relative to
the vehicle is 11 mm. In the x‐z‐plane the max. spatial difference between trajectories amounts for 5 mm. At
130 ms the max. difference of the x‐positon of HC can be observed (5.5 mm). The head of posture 2 is 20 mm
lower than of the other postures at that time. Small spatial differences of the location of the head can already
lead to differences in HCT of some milliseconds, as the vehicle is moving with 11 mm/ms.
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It has to be mentioned that the lack of knowledge on the biofidelity of the arm kinematics could be one
limitation. Except from the study of [12], no validation of the arm kinematics on a full scale level has been
performed. In PMHS tests the wrists of the subjects are usually tied together to gain better repeatability [16, 19,
21]. This is proposed to avoid that the arm of the PMHS is being pinned between the thorax and the vehicle
[13].
It was shown that the height of the acetabulum centre was affecting HCT, which is in accordance with the
findings of [15] and [12].
It is remarkable that the difference in HCT between the two HBMs (with consistent postures) was smaller
(0.3‐2.8 ms) than the difference caused by differing initial postures.
Definition of other Simulation Settings
The sensitivity study shows that the friction between the HBM and the vehicle is influencing the kinematics.
A higher coefficient of friction leads to a smaller HCT and to a lower head impact point. To make simulations
comparable it is important to fix the contact settings. In the literature, coefficients of friction up to 0.5 are used
[11, 12]. The friction in real life depends on the clothes worn by the pedestrian and the vehicle surface. For the
procedure, however, the friction has to be harmonised and it was decided to use a coefficient of friction of 0.3,
which is in agreement with several other studies [34, 42–46]. Elliott et al. [46] showed that for MADYMO
models a friction coefficient of 0.3 led to the best correlation with PMHS tests of [19].
The implemented contact algorithms in different codes are varying. It was observed that changing the
penalty formulation causes higher differences in HCT than using the other HBM model. Therefore, consistent
contact formulations have to be applied in other codes.
The impact with the family car at 40 km/h was simulated with and without pre‐simulations for the GHBMC
and THUMS models, for establishing the equilibrium and the ground force. The skin of the pedestrian models
was switched to rigid and gravity was applied until the contact force with the ground equalled the weight force
of the HBM. No significant effect on the kinematics was observed. For studies focusing on injury mechanisms,
e.g. knee ligament rupture, however, it might be important to consider the loading due to the body weight, but
for the kinematics the effect seems to be negligible.
The sensitivity study shows that trajectories are relatively steady, while head impact time is sensitive to
minor changes of the boundary conditions. This is critical, as there have been already simulations reported to
Euro NCAP in which the time needed for the system to fully deploy was practically identical to the head contact
time. Therefore, small tolerances of this output measure would be desirable for the certification of HBMs,
which seems to be challenging based on the results of the current study.
Final Procedure
It has been feasible to apply the developed procedure to the two HBMs without major problems. All load
cases led to plausible results and no obvious unrealistic behaviour of the HBMs or the GV models was observed.
The differences in terms of the response trajectories between the two models became smaller with higher
impact velocities.
Surprisingly, in most cases where significant differences in HCT were found, only small deviations in the
trajectories were observed, i.e., for SUV impact at 40 km/h, the difference in the end position of HCT was
112 mm, which is only 2% of the path length. Even for the simulation with the highest difference at the time of
the head impact, the difference was only 4 % of the path length, which is small compared to the 15% of the
path length corridor proposed in [47].
The knee trajectories showed the biggest differences between the two models. This was also observed when
using an alternative tracking point instead of the centre of the patella (midpoint of lateral and medial femoral
epicondyle). Differences of the knee kinematics might be caused by the anthropometric differences of the two
models (the femur is 25 mm longer in the GHBMC than in the THUMS). As the knee kinematics have little
importance for the assessment of deployable systems, the corridors for this tracking point could be excluded.
Some stability problems and numerical issues (hourglassing) of the models were identified in the study and
needed to be addressed, especially for the impact at 50 km/h (for the GHBMC the element form of the solid
sections of the leg and torso flesh was changed to 2 and in THUMS the material type of the knee ligament tissue
was modified to *MAT_PIECEWISE_LINEAR_PLASTICITY). This might have happened as validations are usually
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performed at an impact velocity of 40 km/h. Hence, the procedure developed could also be applied by HBM
developers to investigate the robustness of the models.
The study focused on only these simulation outputs relevant to the Euro NCAP assessment of deployable
systems only. To date, no loads or injury criteria have been compared, yet the methodology does not exclude
this for future steps. The present procedure is not intended as a validation of the biofidelity of human body
models. It shows solely that the simulations with the two HBMs used in this study lead to comparable results
when standardised and consistent boundary conditions are applied. The consistency in the results of the two
models has strengthened the confidence of the authors in both the human body models and the procedure
they have developed.
Outlook
The GV models are getting translated to the other codes and will be publicly available. As a next step the
procedure will be applied to more models in multiple FE codes. Eventually, corridors and tolerances will be
developed based on that results. A protocol for the certification of pedestrian models will be published, defining
the procedure shown in Fig. 25 in detail, as part of the Euro NCAP Pedestrian test and assessment procedures.
This certification process is very similar to the practice established in physical crash dummies, where different
suppliers are allowed to supply a H‐III dummy, yet everyone must meet agreed certification corridors.

Fig. 25: Final procedure.
Prior to the HBM simulations a check of the GV models should be performed using the rigid impactor to
ensure that the GV models always behave consistently (to avoid compatibility problems with future upcoming
solver versions or very old versions). Within the certification simulations the presented will be applied to
compare the response of the HBM which shall be used for the assessment simulations in the specific
environment with the corridors derived from other HBMs applicable for the virtual testing.
A harmonised protocol for pedestrian simulations like proposed in the current paper will enable a
comparable application of HBMs for virtual testing.
V. CONCLUSIONS
The study summarises the major boundary conditions affecting the HBM kinematics in pedestrian
simulations and the following conclusions have been reached:






The response of the generic vehicle model consisting of foams covered with interface layers was within
the corridors derived from impactor simulations with full FE vehicles
The importance of properly defined and specified boundary conditions for pedestrian impact
simulations in order to gain comparable results was clearly demonstrated.
While trajectories remained largely uninfluenced, the head contact time was sensitive to small changes
of the initial posture.
The posture of the arms, the height of the acetabulum and also the lateral distance between
acetabulum and head COG affects HCT and caused differences of up to 5 ms.
A variation of the friction between the HBM and the vehicle or a modification of the contact algorithm
led to significant differences in terms of trajectories and HCT.
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The differences of HCT between the two HBMs were often smaller than the differences caused by a
variation of boundary conditions.
The differences of the final location of the tracking points between the two models were always higher
than the difference caused by the variation of boundary conditions.
The HCT of the two models was closer when the same boundary conditions were applied.
The differences in the head trajectories of the two HBMs were generally low with a maximum
difference of 4.13% of the path length at HCT.
The simulations with two different state‐of‐the‐art models in LS‐DYNA led to very comparable results
when the proposed procedure was applied.

The paper is listing relevant boundary conditions, which have to be considered when comparing simulation
results with HBMs. A procedure representing all relevant load cases and defining all relevant boundary
conditions was developed and was applied to two HBMs. The standardised procedure presented in the current
paper can be applied to compare kinematics of new, updated or translated HBMs with other models.
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VIII. APPENDIX

Fig. A1. Comparison of vehicle geometries (median versus vehicle shapes of current European fleet).
TABLE AI
GENERIC FAMILYCAR MODEL

Spoiler CL

Spoiler BC
15

Force [kN]

Force [kN]

15
10
5

10
5

0

0
0

20

40

60

80 100 120

0

20

Deflection [mm]

Bumper CL

Bumper BC

5

10
5

0
20

40

60

5
0

80 100 120

0

20

Deflection [mm]

40

60

80 100 120

0

10
5
0

0

20

40

60

80 100 120

Deflection [mm]

80 100 120

15
Force [kN]

Force [kN]

0

60

Bonnet BC

15

5

40

Deflection [mm]

Bonnet CL

15
10

20

Deflection [mm]

Bonnet Leading Edge BC
Force [kN]

10

0
0

80 100 120

15

Force [kN]

10

60

Bonnet Leading Edge CL

15
Force [kN]

Force [kN]

15

40

Deflection [mm]

10
5
0

0

20

40

60

80 100 120

Deflection [mm]

-524-

0

20

40

60

80 100 120

Deflection [mm]

IRC-17-64

IRCOBI Conference 2017

TABLE AII
GENERIC MPV MODEL
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GENERIC ROADSTER MODEL
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GENERIC SUV MODEL
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TABLE AIV
PARAMETER SETS FOR GENERIC VEHICLE MODELS
Parameter
density foam
thickness
interface layer
Thickness of the
wrapping rear
interface layer
Thickness of the
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(impact of THUMS with generic SUV model at 40 km/h)

Simulation

contact forces. (impact of THUMS with generic SUV
model at 40 km/h)

TABLE AV:
RESULTS OF THUMS AND GHBMC SIMULATIONS
Contact Forces
Trajectory

HCT [ms]

FC 30 km/h
173.3
174.9
ΔHCT=1.6

FC 40 km/h
139.0
139.7
ΔHCT=0.7

FC 50 km/h
115.0
115.9
ΔHCT=0.9

MPV 30 km/h
152.5
154.4
ΔHCT=1.9

MPV 40 km/h
121.4
123.2
ΔHCT=1.8

MPV 50 km/h
100.6
102.9
ΔHCT=2.3
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RDS 30 km/h
180.2
180.8
ΔHCT=0.6

RDS 40 km/h
146.2
143.4
ΔHCT=2.8

RDS 50 km/h
121.6
118.9
ΔHCT=2.7

SUV 30 km/h
137.4
136.6
ΔHCT=0.8

SUV 40 km/h
108.8
111.6
ΔHCT=2.8

SUV 50 km/h
92
94.2
ΔHCT=2.2
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C7x

HC_z

HC_x

x‐Position of HC relative to AC

Height of HC relative to the
ground level
x‐Position of C7
relative to AC

W

Left Elbow flexion Angle Left

6

1680

48

137

129

96

U

V

97

216

177

T

PR_x

Right Elbow flexion Angle

Distance between right heel
and AC (X)
Right Upper Arm Angle (Y
with respect to horizontal)
Left Upper Arm Angle (Y with
respect to horizontal)

H

Left Knee flexion Angle

166

103

M

G

87

931

316

K

AC_z

P

Right Knee flexion Angle

Height of AC relative to the
ground level
Right Upper Leg Angle (Y with
respect to horizontal)
Left Upper Leg Angle (Y with
respect to the horizontal)

Heel to heel distance (x)

Pos
1

5

1681

47

151

152

65

106

216

177

166

103

87

931

316

Pos
2

6

1681

48

162

144

70

98

216

177

166

103

87

931

316

Pos
3

20

1681

15

152

177

62

108

239

161

168

109

85

931

313

Pos
4

6

1678

58

151

152

65

106

216

177

166

103

87

931

316

5

1682

42

151

152

65

106

216

177

166

103

87

931

316

5

1696

47

151

152

65

106

216

177

166

103

87

946

326

TABLE AVI
INITIAL POSTURES
THUMS
Pos
Pos
Pos
5
6
7

6

1696

48

162

144

70

98

223

177

166

103

87

946

333

Pos
8

20

1681

15

170

141

74

96

242

162

168

108

85

931

311

Pos
9

46

1678

98

148

145

60

100

216

177

166

103

87

931

316

Pos
10

8

1665

99

151

152

64

106

216

177

166

103

87

931

316

Pos
11

7

1678

41

125

116

85

95

215

177

166

103

87

956

314

Pos
1

7

1678

41

155

152

59

109

215

177

166

103

87

956

314

7

1678

41

166

136

69

98

215

177

166

103

87

956

314

GHBMC
Pos
Pos
2
3
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