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1 INTRODUCTION

The annex [1] describes data manufacturers provide to Technical Services with regard to detailed information relevant to the deployment of the active pedestrian protection system. Based on the evidence provided by the vehicle manufacturer, the Technical Service will decide whether subsystem testing for head impact assessment is conducted in either the static deployed or static undeployed position of the Deployable Pedestrian Protection System or if dynamic tests are required.

HBM compliance must be demonstrated by the vehicle manufacturer in accordance with the procedure in this document.

1.1 Limitations

As mentioned in the preamble of UN-GTR No.9, the qualification procedure described in this text is simplified and therefore limited to the purpose of pedestrian Head Impact Time (HIT) and Wrap Around Distance (WAD) calculation and is not suited to qualify for injury assessment in this or any other crashworthiness regulation. Only measures relevant for these outputs are included in the certification procedure (Klug et al. 2021[footnoteRef:1]) and have been determined within sensitivity studies and round robin simulations (Klug et al. 2017, Klug et al. 2019[footnoteRef:2]). [1: 
 Klug, Corina; Ellway, James (2021): Euro NCAP TB 024 - Pedestrian Human Model Certification v3.0.1.]  [2:  Klug, Corina; Feist, Florian; Raffler, Marco; Sinz, Wolfgang; Petit, Philippe; Ellway, James; van Ratingen, Michiel (2017): Development of a Procedure to Compare Kinematics of Human Body Models for Pedestrian Simulations. In: 2017 IRCOBI Conference Proceedings.
Klug, Corina; Feist, Florian; Schneider, Bernd; Sinz, Wolfgang; Ellway, James; van Ratingen, Michiel (2019): Development of a Certification Procedure for Numerical Pedestrian Models. In: The 26th ESV Conference Proceedings. International Technical Conference on the Enhanced Safety of Vehicles. ] 


1.2 Definitions

Throughout this document, the following definitions are used:

· A Human Body Model (HBM) is understood as a virtual geometric and mechanical representation of the human body, considering the human anatomy. The procedure described in this document refers to HBMs used for the simulation of pedestrian impacts.
· Generic Vehicle (GV) Models are generic replications of car fronts representing three categories: Family Cars (FC), Roadsters (RDS), Sports Utility Vehicles (SUV). The GVs are available on the UNECE website [tbd]. The vehicle models provide representative shapes for the selected vehicle categories as well as median structural response upon pedestrian impact in terms of force- deflection characteristics and are modelled to be robust and transferable to all considered explicit Finite Element (FE) codes.	Comment by Besch, Alexander, Dr. (EKKB/4): Andre: Is it planned to updated the generic vehicles models regularly? Related to new solver version? Also update regarding state-of-the-art modelling technology (element size, formulation) to ensure compatibility with current HBMs?	Comment by Buenger, Benjamin (I/ET-B1): The procedure of any storing and updating of the GVs needs to be worked out.	Comment by Besch, Alexander, Dr. (EKKB/4): Include link here for the GVs








· HBM vs. GV simulation: A computer simulation providing evidence that the specific Human Body Model simulation is comparable with reference simulations and shows consistent results – in particular referring to HIT and WAD. The reference simulations are based on models which have been validated by comparing their simulation response with PMHS tests[footnoteRef:3]. Another purpose is to make sure that models give comparable results with varying hardware or software environments when applied for a specific purpose. [3:  Reference: Wu, T., Kim, T., Bollapragada, V., Poulard, D., Chen, H., Panzer, M.B., Forman, J.L., Crandall, J.R. and Pipkorn, B. (2017), “Evaluation of biofidelity of THUMS pedestrian model under a whole-body impact conditions with a generic sedan buck”, Traffic Injury Prevention, Vol. 18 No. 1, 148-154. doi: 10.1080/15389588.2017.1318435    Chen, H., Poulard, D., Forman, J., Crandall, J. and Panzer, M.B. (2018), “Evaluation of geometrically personalized THUMS pedestrian model response against sedan-pedestrian PMHS impact test data”, Traffic Injury Prevention, pp. 542–548. doi: 10.1080/15389588.2018.1450979     1. Grindle D, Pak W, Guleyupoglu B, et al. A detailed finite element model of a mid-sized male for the investigation of traffic pedestrian accidents. Proceedings of the Institution of Mechanical Engineers, Part H: Journal of Engineering in Medicine. 2021;235(3):300-313. doi:10.1177/0954411920976223] 

· HIT-Determination simulation: A computer simulation for determination of HIT over WAD in the DPPS vehicle model for deriving the test conditions for the assessment of deployable systems as specified in the Annex [1].



[bookmark: _bookmark0]

1.3 General Requirements

The pedestrian Human Body Model that is certified is the very same model as used for HIT-Determination simulations. This applies to:

· Version of the Human Body Model;
· Node-Position of every single node of the Human Body Model;
· If applicable:
· identical initial element stresses/strains;
· identical initial contact penetrations/contact forces;
· Identical material cards (including fracture mode), contact cards, control cards and constraints.

Furthermore, it is important that all simulations (certification and HIT-Determination) are performed with consistent settings. This applies to:

· Solver-Version;
· Solver-Platform (SMP, MPP);
· Solver-Precision (Single, Double Precision);
· Time-step settings (relating to initial and dynamic mass scaling);
· Contact settings (between Human Body Model and Vehicle);
· Control settings which are affecting the pedestrian model.
· The time step used for simulations.




2 PEDESTRIAN HBM CERTIFICATION PROCEDURE

2.1 HBM Pre-processing

Shoes

The HBM may be fitted with a pair of shoes, featuring a sole thickness (at the heels) of 20 to 30 mm.

Output Parameters

The HBM must be equipped with “sensors” and other output definitions, which allow tracking the trajectories of selected body parts. The center specifies the center of all nodes; i.e. the node with averaged coordinates. The “sensors” have to be located as specified in Annex B and constrained to the surrounding structures so that the movement of the surrounding nodes is averaged and applied to the sensor node.

Positioning

The car manufacturer has the freedom to choose a positioning tool. Positioning can be achieved through pre-simulation (pulling/pushing the limbs of the HBM to the desired position) or by re- meshing/morphing. The target posture of the AM 50 model is specified within Table 1.

All other model sizes have to meet the required initial posture defined in Table 2.





[bookmark: _bookmark1]Table 1
Initial Posture AM 50.
	Abbrev.
	Measure
	Ref. Value
	Tolerance (+/-)
	Angle Definition

	Px
	Heel to heel distance Longitudinal
	310 mm
	5.0%
	[image: ]

	Py
	Heel to heel distance lateral
	185 mm
	15.0%
	

	ACz6
	Height of AC relative to the ground level
	949 mm
	2.0%
	

	K
	Right Upper Leg Angle (around Y w.r.t. horizontal)
	89°
	5°
	

	
L
	Left Upper Leg Angle (around Y w.r.t. the horizontal)
	
106°
	
5°
	

	G
	Right Knee flexion Angle (Y)
	164°
	5°
	

	H
	Left Knee flexion Angle (Y)
	175°
	5°
	

	Ty
	Right Upper Arm Angle (Y
w.r.t. horizontal)
	98°
	5°
	

	Uy
	Left Upper Arm Angle (Y
w.r.t. horizontal)
	70°
	5°
	

	Tx
	Right Upper Arm Angle (X
w.r.t. horizontal)
	100°
	10°
	

	Ux
	Left Upper Arm Angle (X
w.r.t. horizontal)
	100°
	10°
	

	V
	Right Elbow flexion Angle
	140°
	5°
	

	W
	Left Elbow flexion Angle Left
	160°
	10°
	

	HCx
	x-Position of HC relative to AC
	44 mm
	15 mm
	

	HCz7
	Height of HC relative to the ground level
	1686 mm
	1.5%
	

	M
	Total weight
	
	5%
	



The angles should be measured using the reference axis as defined in Annex A. The reference measures for the other sizes of models are listed in Table 2.




[bookmark: _bookmark2]Table 2
[bookmark: _bookmark3]Reference Posture of other pedestrian sizes.
	
Abbrev.
	
Unit
	Reference
	Reference
	Reference
	Tolerance

	
	
	6YO
	AF05
	AM95
	

	Px
	mm
	199
	243
	340
	5.0%

	Py
	mm
	152
	164
	265
	15.0%

	ACz
	mm
	613
	831
	1043
	2.0%

	K
	°
	89°
	89°
	89°
	5°

	L
	°
	106°
	106°
	106°
	5°

	G
	°
	164°
	164°
	164°
	5°

	H
	°
	175°
	175°
	175°
	5°

	Ty
	°
	98°
	98°
	98°
	5°

	Uy
	°
	70°
	70°
	70°
	5°

	Tx
	°
	100°
	100°
	100°
	10°

	Ux
	°
	100°
	100°
	100°
	10°

	V
	°
	140°
	140°
	140°
	5°

	W
	°
	160°
	160°
	160°
	10°

	HCx
	mm
	6.5
	27
	16
	15 mm

	HCz
	mm
	1100
	1468
	1836
	1.5%

	M
	kg
	22.8
	
	
	5%




The right side in viewing/walking direction of the HBM is defined as the struck side. The z-direction is defined as the vertical axis, positive in inferior direction. The local HBM x-axis is the frontal axis, facing anterior. (Both shoe soles should ideally contact the ground – if ACz cannot be achieved with ground contact, a z-offset of the model is permitted).

None of the limbs, i.e. arms/legs shall be artificially connected, tied or constrained to each other (e.g. wrists tied) The HBM should be exposed to a vertical acceleration field constituting the gravitational loading, both, in certification and assessment simulation.



2.2 Impact Simulations

Six simulations should be carried out in total. The HBM must be impacted by all provided generic vehicle models at three different impact velocities (30 km/h, 40 km/h and 50 km/h). The simulation time must be higher than the expected Head Impact Time. 

The static and dynamic coefficient of friction between the car and the HBM should be set to 0.3.

The Head Center of Gravity (CoG) of the HBM must be positioned in line with the vehicle centerline (y=0 in the global coordinate system).

All control settings (including timestep) have to be consistent between the certification and assessment simulations. The same also accounts for fracture modes in the HBM. If they are activated in the certification, they have to be activated in the assessment too.


2.3 Output requirements

It should be confirmed that the following outputs have been generated from each simulation:
Time history curves of:

· x and z coordinate of HC and AC in the global coordinate system
· x displacement of vehicle COG in the global coordinate system
· Resultant acceleration of HC
· Contact forces (between vehicle and HBM leg, vehicle and HBM head and total contact force)
· Total hourglass and internal energies of the total setup
· Mass increase, 
 all plotted every 0.1ms.

Furthermore, animations of the simulation should be generated with an output interval of 1ms.


2.4 Quality Checks

The following Quality Checks shall be performed:

· Contact force (between HBM and vehicle) is zero at simulation start.
· Total energy remains constant within a 15% tolerance.
· Hourglass energy ≤ 10% of the total energy.
· Artificial mass increase is less than 3%.
[bookmark: _bookmark5]

2.5 [bookmark: _bookmark6]Calculation of Head Impact Time

Contact time is defined as the first timestep where the contact force is not 0 anymore.
The Head Impact Time (HIT) is defined as the difference between contact time of the vehicle to struck-side leg and the contact time of the vehicle to head.

If this method is for any reason not applicable, an appropriate alternative method should be applied and documented.



2.6 Reference Results for Certification Simulations

From the certification simulations with the generic vehicle models, HIT values and the location of AC and HC at the time of the head impact should be compared with the references in Table XX.
The trajectories are measured relative to the generic vehicle model, which means that from the measured x coordinates HCx and ACx in the global coordinate system, the x-displacement of the generic vehicle has to be subtracted. 

AM50

Table 3
	GV Type
	Velocity [km/h]
	HIT [ms]
	ACx [mm]
	ACz [mm]
	HCx [mm]
	HCz [mm]	Comment by Besch, Alexander, Dr. (EKKB/4): Values from reference models after harmonized validation

	
	
	Min
	Max
	Min
	Max
	Min
	Max
	Min
	Max
	Min
	Max

	FCR
	30
	
	
	
	
	
	
	
	
	
	

	
	40
	
	
	
	
	
	
	
	
	
	

	
	50
	
	
	
	
	
	
	
	
	
	

	RDS
	30
	
	
	
	
	
	
	
	
	
	

	
	40
	
	
	
	
	
	
	
	
	
	

	
	50
	
	
	
	
	
	
	
	
	
	

	SUV
	30
	
	
	
	
	
	
	
	
	
	

	
	40
	
	
	
	
	
	
	
	
	
	

	
	50
	
	
	
	
	
	
	
	
	
	




6YO

Table 4
	GV Type
	Velocity [km/h]
	HIT [ms]
	ACx [mm]
	ACz [mm]
	HCx [mm]
	HCz [mm]

	
	
	Min
	Max
	Min
	Max
	Min
	Max
	Min
	Max
	Min
	Max

	FCR
	30
	
	
	
	
	
	
	
	
	
	

	
	40
	
	
	
	
	
	
	
	
	
	

	
	50
	
	
	
	
	
	
	
	
	
	

	RDS
	30
	
	
	
	
	
	
	
	
	
	

	
	40
	
	
	
	
	
	
	
	
	
	

	
	50
	
	
	
	
	
	
	
	
	
	

	SUV
	30
	
	
	
	
	
	
	
	
	
	

	
	40
	
	
	
	
	
	
	
	
	
	

	
	50
	
	
	
	
	
	
	
	
	
	




AF05

Table 5
	GV Type
	Velocity [km/h]
	HIT [ms]
	ACx [mm]
	ACz [mm]
	HCx [mm]
	HCz [mm]

	
	
	Min
	Max
	Min
	Max
	Min
	Max
	Min
	Max
	Min
	Max

	SUV
	30
	
	
	
	
	
	
	
	
	
	

	
	40
	
	
	
	
	
	
	
	
	
	

	
	50
	
	
	
	
	
	
	
	
	
	




AM95

The AM 95 does not need to be certified specifically. Only derivates from the respective AM 50 models should be used as AM95 and therefore the AM95 only has to meet the positioning requirements and no specific certification simulations need to be performed. 



3 Documentation of Certification Simulations

3.1 General

The following information should be provided:

· Date of report
· Name of car manufacturer 
· Type and release version of software (FE-software package name, revision and version)
· Name and version of Human Body Model
· Version of Generic Vehicle models applied

3.2 Quality Checks

For all simulations Table XX should be filled in 

Table 6
	Verification evaluation criteria
	Allowed
	Observed
	Pass?

	Contact force between HBM and vehicle at simulation start
	0
	
	Y/N

	Change in total energy throughout simulation
	≤15%
	
	Y/N

	Amount of hourglass energy relative to total energy
	≤10%
	
	Y/N

	Artificial mass increase relative to total mass of the setup
	≤3%
	
	Y/N



3.3 Initial Posture of Pedestrian Model


The following table has to be filled in for all statures using the references from Table 1 and 2.























Table 7
	
Abbrev.
	
Unit
	Measured Value (for Stature …)
	Deviation to Reference
	Tolerance
	Pass?

	Px
	mm
	
	
	5.0%
	Y/N

	Py
	mm
	
	
	15.0%
	

	ACz
	mm
	
	
	2.0%
	

	K
	°
	
	
	5°
	

	L
	°
	
	
	5°
	

	G
	°
	
	
	5°
	

	H
	°
	
	
	5°
	

	Ty
	°
	
	
	5°
	

	Uy
	°
	
	
	5°
	

	Tx
	°
	
	
	10°
	

	Ux
	°
	
	
	10°
	

	V
	°
	
	
	5°
	

	W
	°
	
	
	10°
	

	HCx
	mm
	
	
	15 mm
	

	HCz
	mm
	
	
	1.5%
	

	Total weight
	kg
	
	
	5%
	




3.4 Simulation setup

Table 8
	Checklist for simulation settings
	Requirements
	Pass?

	Coefficient of friction between GV and Human Body Model
	0.3
	Y/N

	Time step is consistent between certification and assessment simulations
	
	Y/N

	Head center of gravity is positioned at vehicle centerline
	Y=0 mm
	Y/N




















3.5 Results of Certification Simulations

The following table has to be filled in for all statures using the references from table 3-5.

Table 9
	GV Type
	Velocity [km/h]
	HIT [ms]
	ACx [mm]
	ACz [mm]
	HCx [mm]
	HCz [mm]

	
	
	Measured
	Pass?
	Measured
	Pass?
	Measured
	Pass?
	Measured
	Pass?
	Measured
	Pass?

	FCR
	30
	
	
	
	
	
	
	
	
	
	

	
	40
	
	
	
	
	
	
	
	
	
	

	
	50
	
	
	
	
	
	
	
	
	
	

	RDS
	30
	
	
	
	
	
	
	
	
	
	

	
	40
	
	
	
	
	
	
	
	
	
	

	
	50
	
	
	
	
	
	
	
	
	
	

	SUV
	30
	
	
	
	
	
	
	
	
	
	

	
	40
	
	
	
	
	
	
	
	
	
	

	
	50
	
	
	
	
	
	
	
	
	
	



For each simulation, the following diagrams should be provided:

· ACz and HCz as a function of time
· ACx and HCx as a function of time
· HCz as a function of HCx and ACz as a function of ACx
· Total Contact Force as a function of time
· Total, kinetic, internal and hourglass energy as a function of time

Images showing the front view and side view of the pedestrian, at t0 and at the time of head impact should be added to the report. 




4 Documentation of HIT-Determination Simulation

4.1 General

The following information should be provided:

· Date of report
· Name of car manufacturer 
· Type and release version of software (FE-software package name, revision and version)
· Name and version of Human Body Model
· Specification of car


4.2 Consistency with Certification Simulations

Table 10
	Checklist for simulation settings
	Consistent between Certification and Assessment Simulation?

	Identical Human Body Model for 6YO 
	Y/N

	Identical Human Body Model for AF05
	Y/N

	Identical Human Body Model for AM50
	Y/N

	Identical Human Body Model for AM95 (only posture)
	Y/N

	Solver Version
	Y/N

	Timestep
	Y/N

	All other control settings.
	Y/N




4.3 Quality Criteria

Table 11
	Verification evaluation criteria
	Allowed
	Observed
	Pass?

	Contact force between HBM and vehicle at simulation start
	0
	
	Y/N

	Change in total energy throughout simulation
	≤15%
	
	Y/N

	Amount of hourglass energy relative to total energy
	≤10%
	
	Y/N

	Artificial mass increase relative to total mass of the setup
	≤3%
	
	Y/N




4.4 Results of Assessment Simulations

Table 12

	HBM
	HIT [ms]
	WAD [mm]

	6YO
	
	

	AF05
	
	

	AM50
	
	

	AM95
	
	



For each simulation, the following diagrams should be provided:

· ACz and HCz as a function of time
· ACx and HCx as a function of time
· HCz as a function of HCx and ACz as a function of ACx
· Total Contact Force as a function of time
· Total, kinetic, internal and hourglass energy as a function of time

Images showing the front view and side view of the pedestrian, at t0 and at the time of head impact should be added to the report. 



ANNEX A: REFERENCE SYSTEMS


Global Coordinate System

The global coordinate system is defined as shown in Figure A.1:

· X direction is the driving direction of the vehicle (longitudinal axis) and X=0 at the foremost point of the vehicle at t=0.
· Y direction is the vehicle lateral axis with Y=0 at the vehicle centerline.
· Z direction is parallel to the vehicle height axis facing upwards, Z=0 at the ground level.

[bookmark: _bookmark9][image: ]Figure A.1: Global Coordinate System

Note: All Generic Vehicle models are already positioned correctly – no transformation of the vehicle is required

HBM Reference Axis

The HBM reference coordinate system is defined as: The x-axis of the local HBM is defined in the sagittal plane, oriented in the anterior direction. The y-axis is the one defined in the coronal plane, pointing to the right of the HBM and the z-direction is defined as the cross product of the aforementioned axis, this being the vertical axis oriented in the inferior direction.

All axis describing the initial posture with the corresponding landmarks are shown in Figure A.2 (small capital r stands for right and l for left side of the body)





HBM with skeleton

HC
SCl	SCr
HMl
HMr
USl
AC
x
z
Fr
Fl
Mr
Ml









USr











right	left
[bookmark: _bookmark10]Figure A.2: HBM Reference Axis for angle definitions


· Centre of gravity of the head (hereafter called HC) is defined as the mass center of all parts of skull, scalp, face, brain, intracranial space, scalp. It should be connected to all nodes of inner cranium for the dynamic output described in Appendix B.  
· AC is defined as the geometric centre of the right and left acetabulum and should be determined according to this procedure:
Determine at first the centre of all nodes within the concave surface: select the sharp edge where the bone changes curvature as boundary and select all nodes inside like shown in Figure A.3. This has to be done at the left and the right side of the Acetabulum. The midpoint of the left and right acetabulum centre is AC and should be connected to all nodes of the right and left acetabulum.

[image: ]	[image: ]

Figure A.3: Definition of Acetabulum Centre

· The Upper Leg Angle is defined as the angle around Y between the femur reference axis and the horizontal.
· The femur reference axis is defined as the connection between the centre of the nodes of the acetabulum and the midpoint (F) between Epicondylus femoralis medialis (FEM) and Epicondylus femoralis lateralis (FEL). If FEM and FEL are not clearly identifiable the approach shown in Figure A.3 can be used.
· The femur has to be positioned such that the lateral and medial epicondyle are overlaying as much as possible. Create a cylinder from the contour of femoral condyle. The points of intersection of the longitudinal cylinder axis and the outer surface of the bone should be used as FEM and FEL which should be placed with an offset normal to the view plane. 


F

[bookmark: _bookmark11]Figure A.4: Construction of FEL and FEM

· The Knee Flexion Angle should be measured between the femur reference axis and the connection between the midpoint of the femoral epicondyles and the inter-malleolar point (M) located midway between the tip of the medial malleolus (MM) and tip of the lateral malleolus (LM).
[image: ]Figure A.5: The right inter-malleolar point (MR) located midway between MM and LM

· The Upper Arm Angle is defined as angle around the Y axis between the horizontal plane and the humerus reference axis. The humerus reference axis is defined as the connection between the midpoint (SC) of AA (the most laterodorsal point of the Angulus Acromialis) and PC (the most ventral point of processus coracoideus) and the midpoint (HBM) of EL (the most caudal-lateral point on lateral epicondyle) and EM (the most caudal-medial point on medial epicondyle).

· The Elbow Flexion Angle is defined as angle between the humerus reference axis and the connection between the midpoint of EM and EL and the most caudal-medial point on the ulnar styloid (US).


	
[image: ]
	


[image: ]
	[image: ]



Figure A.5: Anatomic Landmarks of upper extremities

· The Heel to Heel distance is defined as the distance between the centre of all nodes of the right and the left calcaneus. If this cannot be determined, the distance between the most posterior node of the left heel to the most posterior node of the right heel of the shoe sole is used.



HBM without skeleton

Wherever the landmarks described in the previous section cannot be identified in an HBM, points according to the definition in Table XX should be used. 

	HBM with full skeleton
	Humanoid Model

	HC
	Center of gravity of the body/bodies representing the full head moving with the head

	Scl/SCr
	Geometric center of shoulder joint connecting the Thorax with the body representing the upper arm

	HMl/HMr
	Geometric center of elbow joint connecting the body representing the upper arm with the body representing the lower arm 

	USl/USr
	Geometric center of wrist joint connecting the body representing the hand with the body representing the lower arm (on the posterior side / side of the pinkie)

	AC
	Geometric center of hip joint connecting the body representing the pelvis with the body representing the upper leg

	Fr/Fl
	Geometric center of knee joint connecting the body representing the upper leg with the body representing the lower leg

	Mr / Ml
	Geometric center of ankle joint connecting the body representing the foot with the body representing the lower leg bones








ANNEX B: HUMAN BODY MODEL OUTPUT

[bookmark: _bookmark12]Node histories must be outputted at HC and AC. Outputs must be in the global coordinate system, with the x-direction parallel to the vehicle longitudinal axis in driving direction and the z- direction parallel to the vehicle height axis facing upwards. The sensor shall be constrained to the structure, which was used for the definition of the geometric centre (at least 10 nodes of the cortical bone for HBMs with skeleton and all related bodies for HBMs without skeleton).
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