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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out
through ISO technical committees. Each member body interested in a subject for which a technical
committee has been established has the right to be represented on that committee. International
organizations, governmental and non-governmental, in liaison with ISO, also take part in the work.
ISO collaborates closely with the International Electrotechnical Commission (IEC) on all matters of
electrotechnical standardization.

The procgdures used to develop this document and those intended for its further maintenance~are
described|in the ISO/IEC Directives, Part 1. In particular, the different approval criteria needed-for the
different {ypes of ISO documents should be noted. This document was drafted in accordance with the
editorial fules of the ISO/IEC Directives, Part 2 (see www.iso.org/directives).

Attention|is drawn to the possibility that some of the elements of this document mayybe the subjecf of
patent rights. ISO shall not be held responsible for identifying any or all such patent rights. Detailq of
any patenf rights identified during the development of the document will be in the.Introduction andjor
on the IS( list of patent declarations received (see www.iso.org/patents).

Any trade name used in this document is information given for the conveniénce of users and does pot
constitutqg an endorsement.

For an exyplanation of the voluntary nature of standards, the ¢ieaning of ISO specific terms gnd
expressiohs related to conformity assessment, as well as information about ISO's adherence|to
the Worl$ Trade Organization (WTO) principles in the Technical Barriers to Trade (TBT), see
www.iso.prg/iso/foreword.html.

This document was prepared by Technical CommitteeISO/TC 22, Road vehicles, Subcommittee SC B6,
Safety and impact testing.

Any feedback or questions on this document should be directed to the user’s national standards body. A
complete |isting of these bodies can be found at'www.iso.org/members.html.
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Introduction

:2023(E)

This document has been prepared on the basis of the existing injury probability functions (IPFs) to be
used with the advanced pedestrian legform impactor (aPLI) standard build level B (SBL-B). The purpose
of this document is to document the IPFs for the aPLI in a form suitable and intended for worldwide
harmonized use.

In 2014, development of the aPLI hardware and associated IPFs started, with the aim of defining
a globally accepted next-generation pedestrian legform impactor with enhanced biofidelity and
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TECHNICAL SPECIFICATION ISO/TS 20459:2023(E)

Road vehicles — Injury risk functions for advanced
pedestrian legform impactor (aPLI)

' : 5% 3 Y 3 et e thigh, leg
anfl knee intended to be used with the advanced pedestrian legform impactor (aPLI), a-stapdardized
peflestrian legform impactor with an upper mass for pedestrian subsystem testing of‘road vehicles.
They are applicable to impact tests using the aPLI at 11,1 m/s involving:

—| vehicles of category M1, except vehicles with a maximum mass above 2 500 kg anid which afe derived
from N1 category vehicles and where the driver’s position, the R-point, is either forward df the front
axle or longitudinally rearwards of the front axle transverse centreline by a maximum of {{ 100 mm;

— | vehicles of category N1, except where the driver’s position, the R-pdint; is either forward df the front
axle or longitudinally rearwards of the front axle transverse centfeline by maximum of 1 100 mm;

— | impacts to the bumper test area defined by References [1] and{2];

— | pedestrian subsystem tests involving use of a legformfor the purpose of evaluating cpmpliance
with vehicle safety standards.
2 | Normative references

Thre are no normative references in this do¢ument.

3 | Terms and definitions
For the purposes of this document, the following terms and definitions apply.
IS) and [EC maintain terminology databases for use in standardization at the following addregsses:

—| ISO Online browsingplatform: available at https://www.iso.org/obp

— | IEC Electropediaiavailable at https://www.electropedia.org/

3.1
adplt
person whois sixteen years old or older

3.7
advanced pedestrian legform impactor
aPLI

modified pedestrian legform impactor which incorporates a mass representing the inertial effect of
the upper part of a pedestrian body to enhance biofidelity and injury assessment capability (3.10) of
conventional pedestrian legforms

3.3

biofidelity

aspect of the advanced pedestrian legform impactor (aPLI) (3.2) capability to represent the impact
response of human subjects

©1S0 2023 - All rights reserved 1
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3.4
BLE height
bonnet leading edge height

height of the geometric trace of the upper most points of contact between a straight edge and the front-

end of the car

3.5
bumper test area
test area of the legform to bumper impact test

3.6

bumper system

componenjt installed at the hip joint inside the upper mass composed of the bumper, the bumperummount

and the compression surface, designed to apply a force on the upper part of the femur in adduction
enhance ifjury assessment capability (3.10) of the advanced pedestrian legform impactor (aPLl) (3.2)

3.7

EE methqgd

energy-equivalent method

method of developing injury probability functions (IPFs) (3.11) for the advanced pedestrian legfol
impactor (aPLI) (3.2) by transferring human injury values to those of an aPL{using the absorbed enet

3.8
high-bumper car
car with a lower bumper reference line height (3.14) of 425 mm or.mare

3.9
hip joint
uniaxial joint that allows abduction and adduction and cennects the upper mass with the lower limb

3.10
injury assessment capability

to

gy

aspect of the advanced pedestrian legform impactor (aPLI) (3.2) capability to produce peak injury val{fies

that correlate with those obtained from hunmar body model impact simulations

3.11
IPF
injury propbability function

function which defines the relationship between a peak value of an injury metric and probability
injury forja specific load case

3.12
ISO metric
objective |rating mrefric used in this document to verify time histories of sensor output agai
experimentally ex’*computationally produced target time histories as detailed in ISO/TS 18571:2014

3.13

of

nst

car with a lower bumper reference line height (3.14) less than 425 mm

3.14
LBRL height
lower bumper reference line height

height of the geometric trace of the lowermost points of contact between a straight edge and the

bumper, measured from the ground

3.15
low-pass filter
filter which permits only low-frequency (100 Hz or less) oscillations

2 © IS0 2023 - All rights reserved
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3.16

paired test method

method of developing injury probability functions (IPFs) (3.11) by correlating human injury occurrence
in a specific impact configuration with the injury value measured by an ATD subjected to the same
impact as detailed in ISO/TR 12350:2013

3.17

subsystem test
test to evaluate safety performance of cars where subsystem impactors representing individual
body regions of a pedestrian are propelled into a front end of a stationary car, in impact conditions
re =

transfer function

lingar regression function between human injury values predicted by human body’models and advanced

pedlestrian legform impactor (aPLI) (3.2) injury values
3.19
TFmethod
trgnsfer-function method
mdthod of developing injury probability functions (IPFs) (3.11) fer the advanced pedestridn legform
impactor (aPLI) (3.2) by converting human IPFs to those of{the aPLI using correspondinyg transfer
functions (3.18)
4 | Symbols and abbreviated terms
4.1 Symbols
See¢ Table 1.
Table: 12— Symbols and their meanings
Symbol Meaning
Cscale Parameter determined for the Weibull distribution for human IPFs
CShape Parameter determined for the Weibull distribution for human IPFs
C510pe Slope of the transfer function
on Parameter determined for the Log-Normal distribution for human IPFs
Cs Parameter determined for the Log-Normal distribution for human IPFs
Craq Correction factor determined to adjust to the real-world accident data
Crar Correction factor determined to adjust to the real-world accident data
F IPF for human
G Transfer function
Thuman Injury metric for human
LpL Injury metric for the aPLI
P Injury probability of human
Pagj Adjusted injury probability for the MCL
X3PLI Value of the injury metric for the aPLI
Xhuman Value of the injury metric for human

©1S0 2023 - All rights reserved 3
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4.2 Abbreviated terms

See Table 2.
Table 2 — Abbreviated terms and their meanings
Abbreviation Meaning
ACL Anterior Cruciate Ligament
aPLI advanced Pedestrian Legform Impactor
Afb AnthrepemetrieTestDeviee
BLE Bonnet Leading Edge
BEM Bending Moment
BP Bumper
EE Energy Equivalent
EEVC European Enhanced Vehicle-safety Committee
FE Finite Element
HBM Human Body Model
IPF Injury Probability Function
LBRL Lower Bumper Reference Line
MCL Medial Collateral Ligament
PCL Posterior Cruciate Ligament
PNIHS Post Mortem Human Subjects
REM Real Car Model
SEM Simplified Car Model
$P Spoiler
S[CP Subsystem Test Procedure
TF Transfer Function
TG Task Group
5 [IPFs|for the aPLI
5.1 General
The IPFs gpecified in this document are to be used with the aPLI for the thigh, leg and knee to predict
the probapility of injuties to pedestrians when involved in real-world car-pedestrian accidents. The
IPFs provjide a statistically derived relationship between the maximum values of injury metiics
obtained from astest conducted using the aPLI by following the subsystem test procedure (STP), gnd
the probapility‘of injury to a corresponding body region of a pedestrian when subjected to load cages
representptive of the majority of real-world accidents.

The specific load case represented by the subsystem legform test is described below:

— pedestriansize and weight: 175,1 cmand 76,7 kg representing a 50th percentile adult male (Reference

[31);
— impact speed: 11,1 m/s;
— impact direction: lateral-to-medial direction to a pedestrian lower limb;
— lower-limb posture: upright (vertical to the ground) with the knee fully extended;

— impact height: sole of the foot positioned 25 mm above the ground to represent a shoe sole height.

4 © IS0 2023 - All rights reserved
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First, human IPFs were determined using human biomechanical data available from the literature. Data
obtained by the experiments conducted under the loading conditions equivalent to those specified in
the STP were referred to. The statistical method used to derive human IPFs follows that recommended
by ISO/TS 18506 with the covariates of pedestrian size, weight and age. The pedestrian size and weight
were determined from those specified in STP. The age was set at 60 years old that corresponds to the
average age of the subjects of the biomechanical data as this choice was found to provide the most
reasonable set of assumptions when the IPFs were fitted to the accident data. The recommended
method estimates parameters of any one of the Weibull, Log-Normal or Log-Logistic distribution
(choose the one that best fits to data) with survival analysis method. In this document, one of the three
distributions (Weibull distribution, Log-Normal distribution or Log-Logistic distribution) is used to

de

ar¢ presented below.

The injury probability when the Weibull distribution is applied following Formula (1);

C
C XX Shape
P=1—expi— Slope aPLI
CScale
wHere
P is the injury probability of human;

Cscale is the parameter determined for the Weibull distpibution for human IPFs;
Cshape  is the parameter determined for the Weihulbdistribution for human IPFs;

Cslope is the slope of the transfer function (TE);

Ine human IPFs tor each of the injury metrics. The formulae of the aPLI IPFs for these dis

tributions

1)

(2)

XapLI is the value of the injury metric forthe aPLI.
The injury probability when the Log-Normal distribution is applied following Formula (2):
2
C XX =(Int-C
p- 1 j Slope *XaPLI lex ( u ) de
Cy~2m 70 t 2¢,°
where
P is the injury probability of human;
Cy is the,parameter determined for the Log-Normal distribution for human IPFs;
Cs isthe parameter determined for the Log-Normal distribution for human IPFs;
Csiope  is the slope of the TF;
XIpLI is the value of the injury metric for the aPLI.
The injury probability when the Log-Logistic distribution is applied following Formula (3):
1
= _1
1+ CSlope XXaPLI |Cshape
exp(CScale )
where
P is the injury probability of human;

©lI

Cscale is the parameter determined for the Log-Logistic distribution for human IPFs;

SO 2023 - All rights reserved
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Cshape is the parameter determined for the Log-Logistic distribution for human IPFs;
Csiope  is the slope of the TF;

X4pLI is the value of the injury metric for the aPLI.

For each of the thigh, leg and knee, IPFs for a human body are then transferred to those of the aPLI using
a TF, which is a linear function between the maximum values of a human and aPLI injury metrics. Due
to the lack of biomechanical data, the TFs were determined from the results of computational impact
simulations using FE human body models (HBMs) and aPLI FE models in loading conditions specified
in the STBBetattsof thetummam P Fsfrommwhich P s for theaPEarederivedcamrbe foumdm A2 For
the deteripination of TFs, see A.2.4 for more details.

As the IPHs converted from human IPFs using TFs are for the specific load case defined in the,STP, the
number of injuries calculated from each of the injury probabilities predicted by the IPFs wére’compared
with that pf real-world accidents. The IPFs for the knee and the leg were compensated fer\the real-woyrld
observatipns for the injury metrics showing a significant inconsistency with accidentdata. Detailq of
the compgnsation to real-world accidents can be found in Annex B.

Supplemental information related to the TFs and IPFs for human is provided in)Annex C and Annex D,
respectively.

5.2 Thigh

The IPF fgr the thigh defines probability of femur shaft fracturé.to a pedestrian subjected to the lgad
cases representative of the majority of real-world accidentstas a function of maximum value of the
femur berjding moment measured by the aPLI.

Figure 1 gresents the IPF for the thigh. The injury probability function is shown in a solid line, with the
95 % confidence interval shown in dotted lines. The-h@rizontal axis represents the maximum valug of
the femur] bending moment measured by the aPLl, and the vertical axis represents the probability of
injury.

The IPF far the thigh is given by Formula (4);

C
C XX Shape
P=1lexpl- Slope aPLI (4)
CScale
where
P is the injur'y probability for the femur shaft of human;

Cscale is the'parameter determined for the Weibull distribution for the human IPF for the femjur
shaft'as described in A.2.3.4.1;

Cshapel C-is the parameter determined for the Weibull distribution for the human IPF for the femlur
shiaftas described IM A 2941,

Cslope is the slope of the TF for the thigh as described in A.2.4.4.1;
XapLI is the femur BM measured by the aPLI in Nm.

The parameters needed to define the IPF (Cscy1e, Cspape and Cgope ) for the function are described in
Table 3.

6 © IS0 2023 - All rights reserved
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Figure 1 — IPF for the-femur shaft
Table 3 — Parameters of IPF for the femur shaft
CScale CShape CSlope
571 11,0 1,04
5.3 Leg

2023(E)

The IPF for the leg defines-probability of tibia shaft fracture to a pedestrian subjected to the specific

log

tibja bending momentmeasured by the aPLI.

Fid
95
of
inj

Th

d cases representatiye 0fthe majority of real-world accidents as a function of maximum v

ure 2 presentsthe IPF for the leg. The injury probability function is shown in a solid ling

Lhe tibia bending moment measured by the aPLI, and the vertical axis represents the pro
1ry.

e IPE. for the leg is given by the Formula (5):

hlue of the

, with the

% confidence-interval shown in dotted lines. The horizontal axis represents the maxinfum value

bability of

Csh
CSlope X XaPLI ] ape

P=1-exp<-
P [ CScale

where

©lI

P is the injury probability for the tibia shaft of human;

(5)

Cscale is the parameter determined for the Weibull distribution for the human IPF for the tibia

shaft as described in B.3.3;
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Cshape  is the parameter determined for the Weibull distribution for the human IPF for the tibia
shaft as described in B.3.3;

Cslope is the slope of the TF for the leg as described in A.2.4.4.2;
XapLI is the tibia BM measured by the aPLI in Nm.

The parameters needed to define the IPF (Cgcy1e» Cshape and Cgjope ) for the function are described in
Table 4.
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Y fdrobability of tibia shaftfracture
aPLI IPF for tibia shaft
— == 95 % confidencefinterval
Figure 2 — IPF for the tibia shaft
Table 4 — Parameters of IPF for the tibia shaft
CScale CShape CSlope
446 3,32 0,881
5.4 Knee

The IPF for the knee defines probability of complete failure of the MCL to a pedestrian subjected to the
specific load cases representative of the majority of real-world accidents as a function of maximum
value of MCL elongation measured by the aPLI.

8 © IS0 2023 - All rights reserved
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Figure 3 presents the IPF for the knee. The injury probability function is shown in a solid line, with the
95 % confidence interval shown in dotted lines. The horizontal axis represents the maximum value of
the MCL elongation measured by the aPLI, and the vertical axis represents the probability of injury.

The IPF for the knee is given by Formula (6):

2
1 Cslope*XapL1*CTA1%CTAZ 1 - (ln t—- Cu )
i Lo Int=6)

P= CsV2m 0 t 2¢,2 a ©)
where
P is the injury probability for the MCL of human;
on is the parameter determined for the Log-Normal distribution for human)IPFs fof the MCL
as described in A.2.3.4.3;
Cs is the parameter determined for the Log-Normal distribution for Human IPFs fof the MCL

as described in A.2.3.4.3;
Cslope is the slope of the TF for the knee as described in A.2.4.4:3;

Cra1 is the correction factor for lower-limb posture and impact angle determined to fadjust to
the real-world accident data as described in B.3:2.2.4;

Cra2 is the correction factor for muscle tone determined to adjust to the real-world afcident
data as described in B.3.2.3;

XapLI is the MCL elongation measured by the-aPLI in mm.

The parameters needed to define the IPF (C;5€%,Csjope ,CTa1 and Crp 5 ) for the function are(described
in Jfable 5.

©1S0 2023 - All rights reserved 9
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Figure 3 — IPF for the MCL complete rupture
Table 5 — Parameters of IPF for the MCL complete rupture
(wu C(; CSlope CTAI CTAZ
334 0,291 1,14 0,72 0,90
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Annex A
(informative)

Rationale regarding background and methodology to develop IPFs
for the aPLI

A.Il Historical background

A.1.1 General

Alt
reg
inj
inj

hough lower extremity injuries are not life-threatening, they are frequent and potentially
ulting in a substantial cost to the victims and society. The importancé-ef preventing th
iries is illustrated by the United Nation (UN) regulations that aimi te mitigate lower
iries to pedestrians hit by the front-end of cars (See References [1]-and [2]).

disabling,
is type of
extremity

The UN regulations initially implemented the EEVC pedestrian legform impactor that simply consists
of [rigid long bones and a deformable knee joint. In order to improve injury assessment capability, a

nev impactor called the Flexible Pedestrian Legform Impactor (FlexPLI) has been deve
implemented in the phase-2 of Reference [1].

Deppite a number of improvements of its capability_relative to the EEVC impactor, the FI
la
the FlexPLI, including but not limited to the lackof tpper body representation, the aPLI with

mdss attached to the top of the conventional pedestrian legform to compensate for the lack of]

bofy has been developed. In November 2014, two ISO projects were initiated to develop

Specification (TSs) for "Road vehicles - Medified pedestrian legform impactor for tests of hig

ve
im
pa

icles" and "Road vehicles - Injury:criteria and risk curves for a modified pedestria

ticipants from research institutes, dummy and instruments manufacturers, governmen

s representation of the influence of the upperypart of the body. To address technical is

pactor for use with high bumper-vehicles”, and the aPLI task group (TG) was established

oped and

bxPLI still
sues with
the upper
the upper
Technical
h bumper
h legform
by active
(s and car

md
of
ph

nufacturers. The aPLI TG has\conducted extensive CAE studies to identify optimized spegifications
he aPLI by utilizing HBMS, SCMs and aPLI prototype models. Based on the specifications identified, a
ysical version of aPLI SBL/A was fabricated and subjected to international round robin testling.

Th
did
pr

e aPLI TG also dedicated to their effort to discuss a methodology to develop IPFs. During the
cussion, two different methods were proposed and it was difficult to choose one of the two
posed methods’because both have pros and cons. A new idea taken to facilitate the dism{ssion was
to |[develop ‘virtual IPFs’ by using parametric human body models (HBMs) with the variability in the
mdterial preperty of a human body incorporated. The results of this analysis along with spme other
copsideration resulted in a decision of applying a TF to convert IPFs for human to those for the aPLI.

Du]‘e £o the lack of sufficient biomechanical data, it was necessary to determine TFs based on the
results of computer simulations using HBMs to take various load cases into consideration. Multiple
HBMs with extensive validation were used to avoid potential bias in case one single HBM is employed.
The specifications of the latest version of the aPLI hardware with the bumper system installed at the
hip joint as defined in ISO/TS 20458 were represented by FE models and used in the analyses. Real
car models (RCMs) were also used to accurately represent geometric and stiffness characteristics

of car front-end structures. The use of multiple different HBMs, RCMs and impact locations allowed
determination of robust [PFs.

In the course of the discussion at the aPLI TG, a question was raised as to real-world relevance of the
[PFs determined in this international effort. The most important decision made by the aPLI TG was that
IPFs shall predict the probability of injury to a pedestrian involved in a real car accident, not necessarily
to a pedestrian hit by a car in a load case specified in the STP. This approach would require adjustment
of IPFs to match field observations, if the load case specified by the STP does not represent real-world
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accidents. Among the three body regions (thigh, knee and leg) for which injury values are measured
by the aPLI, a preliminary study done by the aPLI TG revealed that a significant discrepancy in the
prediction of the probability of injury is seen specifically with the MCL elongation, due to the upright
lower limb position and fully extended knee specified in the STP, and the lack of consideration of the
influence of muscle tone. For this reason, the aPLI TG decided to adjust aPLI IPFs to match real-world
observations in such a way that injury metrics obtained from an aPLI car test are converted to the
probability of injury in real-world accidents.

IPFs for human that represent the load case specified in the STP were initially developed because
the biomechanical data available in the literature are from experimental studies that used boundary
condition i i ; i > he
IPFs for the aPLI that predict the probability of injury in the load case specified in the STP. The number
of injurieq estimated from the probability of injury predicted by these I[PFs was compared to that 6f the
accidents for each of the injury metrics for the aPLI. Whenever a significant ineonsiste
with the field observation was identified, factors responsible for the discrepancy werérinvestiga
using literature review, HBMs and multiple car models. Based on the results of the investigation, the
IPFs for the knee and leg were adjusted to the real-world accident data as described.in Annex B. The
adjusted IPFs were further modified to better match the field observations as needéd.

A.1.2 Need for standardized IPFs for the aPLI

Due to thq lack of the upper body, the legform test in the pedestrian STP allows assessment of knee gnd
leg regionis only, necessitating a different test procedure for the thigh fegion with a different impacfor
and a test|protocol. The lack of biofidelity of the upper legform requirés a modified legform with upper
body representation. In addition, a large approach angle of a high-bumper car results in significantly
different finematics of a legform, leading to a need for a different'test procedure specifically defined [for
such cars pnd inconsistency of the bumper test.

For these| reasons, new car assessment programs have been interested in introducing a modifjed
legform tgst capable of replacing the upper legform tests and enhancing injury assessment. In ordei to
avoid unreasonable increase of the cost to car manufacturer, and therefore to customers, of developing
different ¢ar structures and/or protection systems to comply with different requirements, a globdlly
accepted pnd harmonized test tool is crucial for future upgrade of a test procedure for consumer
informatipn and regulatory testing. Accutrate prediction of injury probability in real-world accidents
from the tlest results using such an advanced test tool is also vital to take the best advantage of the tgol.

A.1.3 Benefits and economic impact of standardized IPFs for the aPLI

Robustnegs of IPFs is crucidl-to determine injury assessment reference values (IARVs) suitable [for
globally harmonized use. When investigating correlation between human and aPLI impact responseg to
develop IRFs based on Biomechanical data, this requires consideration of various shapes and stiffngss
distributipns of front€nds of cars, along with multiple different HBMs that have been well validated
against bipmechanicgl data. An international effort provided by the experts of the aPLI TG has allowed
incorporation of<various impact configurations from a variety of combinations of cars in differgnt
markets

With rega its; i fertifi i ‘ial
to determine reasonable IARVs for future regulations and/or new car assessment programs. It is
also crucial that the IPFs predict the probability of injury in a load case representative of real-world
accidents, not necessarily the load case specified in a test procedure in case it is not representative.
Determination of reasonable IARVs would ensure effectiveness of pedestrian safety measures of cars
in real-world accidents, and eliminate potentially wasteful and misleading efforts of car manufacturers
needed to develop cars to comply with the requirements imposed by unreasonable [ARVs. This also
reduces costs to consumers, along with the reduction of social costs due to injuries to pedestrian lower
limbs.
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A.1.4 Survey and general differences from previous IPFs

The IARVs for the FlexPLI have been determined for References [1] and [2] by the informal group on
UN GTR No.9 Phase-2 under the UN working party on passive safety (GRSP). Due to the lack of globally
accepted IPFs for the FlexPLI, the discussion to determine IARVs has been a big challenge, involving
proposals from different rationale and concepts. In such a situation, both technical and political
discussions were mixed up, making it difficult to clarify benefits in a consistent manner. This has led to
a strong need for a globally accepted and scientifically valid IPFs for the aPLI, which is anticipated to be

used in future regulatory and consumer information testing.
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The enhancement in the statistical method and the robustness.6f TFs, along with the adjustnﬂent of the

[PKs to real-world accident data, would lead to more accuratevprediction of the probability of injury to

a gedestrian lower limb when involved in a car-pedestrian accident, and consequently contribute to

fufther improvement in pedestrian safety performanceof cars in a global market.

A.1.5 Summary of development process of IPFs for the aPLI

The following summarizes some of the mileStones in the aPLI project, in order to degcribe the

intlernational development and consensus process.

—| June 2015: The aPLI TG was established by ISO TC 22/SC 36/WG 5 and WG 6.

—| November 2017: At the 6th aPLI' TG meeting, it was recognized by aPLI TG members that the paired
test method (ISO/TR 12350:2013)[4l is not applicable to develop IPFs for the aPLI because of the lack
of sufficient biomechapical data, and two alternatives, the TF method and the EE method gs detailed

May 2018: The idead of a virtual paired test was proposed by some of aPLI TG members
aPLI TG meeting’to evaluate the two methods to develop IPFs for the aPLI.

June 2019;~The aPLI TG decided at its 9th meeting in London to use the TF method baj;
results‘of the virtual paired test and the comparison of the number of biomechanical dat:
for each of the two methods.

in Annex A.2.2.2.2 and‘Annex A.2.2.2.3, respectively, were proposed by some of aPLI TG fnembers.

at the 7th

ed on the
 available

June to December 2020: Due to the pandemic situation of COVID-19, aPLI TG activity w

Fas put on

hold, and official discussions on the development of IPFs for human and TFs have been suspended.

February 2021: The aPLI TG activity was restarted and it was endorsed to adjust the IP

Fs to real-

world accident data. A draft version of ISO/TS 20459 was submitted to the aPLI TG for review.

again.

August 2021: The aPLI TG activity was officially restarted.

March to August 2021: Due to continued pandemic of COVID-19, aPLI TG activity was put on hold

— March 2022: A modified draft version of ISO/TS 20459 incorporating the IPFs for the aPLI was
accepted by the aPLI TG and submitted to ISO TC22/SC36/WG6 for their review.
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— May 2022: The draft version of ISO/TS 20459 was further modified based on the comments from
WG6 and was approved by WG6. The document was immediately subjected to a ballot of ISO TC22/
SC36.

— July 2022: The proposed ISO/TS 20459 was approved by ISO TC22/SC36 with some requests for
modification.

Organizationally, at every stage, the aPLI TG attempted to include all interested parties involved in
the pedestrian safety field worldwide. In particular, 28 aPLI TG web meetings were held in between
face-to-face meetings to facilitate discussions and consensus development by all participants. All the
developmnnf activities were conducted at the expense of participating parties Collaborative CAE
studies tg develop TFs were conducted by contributors from Germany, France, the United States-gnd
Japan.

A.2 Methodology to develop IPFs for the aPLI

A.2.1 General

Any assedsment of car safety performance shall provide information relevant to the probability| of
injury sugtained by the victims involved in real-world car accidents, not inJaboratory car crash tests.
In general, testing and assessment protocols are designed to provide such information. In the casg of
the assesgment of safety performance against pedestrian lower limb/injury, the aPLI TG recognized
a large dipcrepancy between the two load cases, specifically withthe MCL elongation. Once IPFs for
the aPLI ¢onsistent with the STP are developed, the relevance of the IPFs against accident data shall
be evaluated. The IPFs shall be adjusted to represent injury probability in real-world accidents when
inconsistgncy is found to be significant.

[PFs for the aPLI were developed by the following steps. First, human biomechanical data were collected
to develop IPFs for the aPLI. The results of the experifents performed under the conditions similaif to
the load case specified in the STP were used. The conditions included regions of the lower limb, specijfic
injuries r¢produced, relevant injury metrics to*predict such injuries, and specific load cases such|as
the loadirlg rate, loading direction and lowerdimb posture. Second, a methodology to develop IPFs for
the aPLI in a load case specified in the STP-was determined. This step was one of the most challeng|ng
one amonjg all the steps employed. Due-to the lack of sufficient biomechanical data available, it was
impossiblg to use the method defined-by ISO for the WorldSID dummy (paired test method described
in ISO/TR12350), and an alternative/method needed to be defined. As a result of intensive discussjon
by aPLI TG members, it was eyentually decided to use the TF method. Third, IPFs for the aPLI wgre
developed by using the TF method. In the TF method, IPFs for human are initially developed, and then
converted to those of theaREl in the load case specified by the STP by applying TFs obtained frpm
a regressjon analysis of maximum values of injury metrics between aPLI and human. Finally, the
relevance|of the IPFs was assessed against accident data and the IPFs were adjusted to better represent
real-world accident-data whenever needed.

More detdils with regard to the methodology to develop IPFs for the aPLI can be found in the follow|ng
sections.

A.2.2 Determination of methodology to develop IPFs for the aPLI in a load case specified
in the STP as functions of aPLI injury metrics

A.2.2.1 General

The paired test method used by ISO to derive IPFs for WorldSID (ISO/TR 12350) relates injury
occurrence to human bodies to injury values from the dummy by performing paired (human and
dummy) tests in the same impact configuration. In case of a pedestrian, however, full-scale impact test
data using human subjects are scarce, and therefore an alternative methodology to develop IPFs for the
aPLI needed to be determined. This resulted in proposals of two alternative methods at the aPLI TG
(TF method and EE method), and an extensive study was conducted to make a final decision. As both
methods involve pros and cons, a new idea of investigating virtual IPFs was proposed that virtually
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generates biomechanical data using parametric HBMs that incorporate variability of material property
of human tissues to allow comparison of IPFs from the two proposed methods against those determined
by the paired test method. The results of this investigation along with the difference of the number of
data that can be used in each of the two proposed methods resulted in the choice of the TF method at
the aPLI TG.

A.2.2.2 Virtual IPF

A.2.2.2.1 Parametric HBM

t test data

property
BMs with
terized by

Dule to the lack of a sufficient number of full-scale pedestrian impact test data, full-scale impad
using human subjects were virtually generated by incorporating variability of the materia
of human tissues in a validated HBM (References [7], [8] and [9]) to create paramietric H

diffferent material property. Since the material property of human tissue is generally) charac
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nstitutive equation that describes the relationship between the stress and the“strain, th

an, upper and lower limits) were set for each, resulting in a total of nine parametric HBMs.
it the major contributors to the lower limb injury metrics (femur and tibia bending mon
L elongation) are the material property of the cortical bones of the femur, tibia and fibula, 3
it of the four major knee ligaments (anterior cruciate ligament (ACL), posterior cruciatg
L), lateral collateral ligament (LCL) and MCL) and the knee joint capsule, the same materia
s used for the flesh, skin and other bones and ligaments for all pf'the nine HBMs.

e nine parametric HBMs were determined by means )of the following procedure

terial property is the same between the tibia and the fibula, and among the four knee liga
owing values were obtained from the literature for the cortical bones of the femur and t
Il as the four knee ligaments:

Young's modulus, ultimate stress and ultingate strain:
— femur: mean and 90 % confidenceGntervall10l;

— tibia: mean and 90 % confiderce intervalll0l;

— knee ligament: meanl[19];

Ratio of yield stress to.ultimate stress:

— tibiallll];

— knee liganifent: mean[10],

ng the values(of the material parameters obtained above, nine stress-strain curves were d
means ofthe following steps. First, for all the material parameters of the femur, the tib
lla, exeept the yield stress, the mean and the upper and lower limits were determined from
1 90 % confidence interval obtained from the literature listed above. As a 90 % confidend
st available from the literature for the knee ligaments, a 90 % confidence interval norn

ree levels
Assuming
lent (BM),
ilong with
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Initially,

mechanical data were investigated for each of the varied material parameters. Assuminjg that the

ments, the
he tibia as

btermined
a and the
the mean
e interval
halized by

mean obtained for the femur was appiied to each of the Young s modulus, uttimate stress and ultimate
strain to estimate the 90 % confidence interval of the corresponding material parameter. Second, nine
failure points were determined from the mean and the upper and lower limbs of the ultimate stress
and the ultimate strain. Since the data for the ultimate stress and the ultimate strain show bell-shaped
distribution, it was assumed that the combinations of the maximum and the minimum values of the
ultimate stress/strain are unrealistic. By eliminating these extreme combinations, the nine failure
points were distributed on a diamond shape and its centroid, with the mean and the upper and lower
limits of the ultimate stress/strain represented by its diagonal lines as shown in Figures A.1 through
A.3. Third, the nine failure points were assigned to each of the mean and the upper and lower limits
of the Young’s modulus determined above. Reference [11] shows that a large Young's modulus for the
tibia is associated with a large ultimate stress and a small ultimate strain due to trade-off between
brittleness and ductility. This nature was assumed to apply to other tissues as well. For this reason,
the nine failure points were grouped into three, each containing three points, in such a way that the
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corresponding points from the three groups are aligned in a downward slope (groups of black, white
and grey squares: see Figures A.1 through A.3). Each of the three groups of the three failure points was
assigned to each of the three values of the Young’s modulus by following the trend described above.
Finally, the slope of the plastic region in the stress-strain curve was determined for each of the nine
failure points. References [11] and [10] show that the ratio of the yield stress to the ultimate stress is
constant for the cortical bone of the tibia as well as the knee ligaments (tibia: 0,82, knee ligaments: 0,82).
The same ratio as that of the tibia was applied to the femur due to the lack of available information. In
Reference [12] it is found that the stiffness of the toe region, up to 5 % strain, of the stress-strain curve
of the knee ligaments is approximately half of that of the subsequent elastic region. This finding was
reflected in the stress-strain curves determined for the knee ligaments (see Figure A.3).

The thigh} the leg and the knee of the nine parametric HBMs sufficiently represented the varjability
of the PMHS responses in a 3-point bending test of the thigh [131114] and the leg 1311151114], and 4“pdint
bending tgst for the kneell€l, as shown in Figure A.4 through Figure A.6, respectively. Bipmechani
data needed for the TF method, EE method and paired test method were virtually geherated using
these HBNIs, and each of the three methods was applied to calculate IPFs for the thigh,deg'and knee.
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Figure A.1 — Stress-strain curves of the cortical bone of the femur for the nine parametric
HBMs
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Figure A.2 — Stress-strain curves of the cortical bone of the tibia for the nine parametric HBMs
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Figure A.3 — Stress-strain curves of the knee ligaments for the nine parametric HBMs
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Figure A.4 — Comparison of BM-displacement curves for 3-point bending of the thigh between
the nine parametric HBMs and PMHSs
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Figure A.5 — Comparison of BM-displacement curves for 3-point bending of the leg between the

nine parametric HBMs and PMHSs
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Figure A.6 — Comparison of BM-knee valgus angle curves for 4-point bending of the knee
between the nine parametric HBMs and PMHSs

A.2.2.2.2 Transfer-function (TF) method

Due to the lack of sufficient full-scale pedestrian impact test data using human subjects, the TF method
initially develops an IPF for humans based on biomechanical data using isolated lower limb segments,
such as the thigh, the leg and the knee. Therefore, the IPF for humans represents failure tolerance of
each individual lower limb segment. Next, a TF is determined for each lower limb segment by calculating
a regression function between the maximum values of the corresponding injury metric for human
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and the aPLI, when subjected to the same impacts. Impacts are delivered to a full-body pedestrian
along with the full assembly of the aPLI to determine the function in a full-scale impact configuration
to accurately represent the regression function under the load case specified in the STP. The lack of
sufficient full-scale pedestrian impact test data requires the use of HBMs as opposed to actual human
subjects. Since the use of computational modelling would make it possible to incorporate a number of
different impact conditions with different types of cars at an affordable cost, injury values for the aPLI
are also obtained from its computational model. IPFs for the aPLI are then developed by converting
human IPFs to those of the aPLI using corresponding TFs. Figure A.7 shows a flow to develop [PFs for

the aPLI using the TF method.
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stvirtuatPFsfor hrummamrweredevetoped-byapplying the T method-tothe—virtuat-bion
fa generated by the parametric HBMs. Nine sets of the thigh, the leg and the knee were-isol
nine parametric HBMs. The thigh and the leg were subjected to lateral-to-medial mid-spa

failure of the MCL. The maximum values of the BM were recorded for the thigh and'the leg
ximum value of the knee valgus angle was obtained for the knee. Using the witre data for ¢
ver limb components, virtual IPFs for human were developed by treating the data as ex3
ure and applying the Weibull survival analysis.

xt, TF was determined for each the thigh, the leg and the knee using one of the nine p
Ms that represents mean material property. The aPLI model developed in a pevious stu
o used. Since the aPLI does not represent failure of the tisstes for repeatability, reprqg
1 durability, the maximum value of an injury metric measured during an impact from

feed the injury limits when an excessive load is applied) For this reason, failure represe
HBM, except the fibula, was inactivated to correlate the maximum values of the injury me

not underestimate loadings to the tibia, for which’the injury metric is set for the aPLI.
Ms developed[lZ] were used to represent various:load cases, with each of the 18 SCMs rej
h-bumper and low-bumper cars. The aPLI madel and the HBM were hit by each of the 3

del in the lateral-to-medial direction at an impact speed of 11,1 m/s. As the bottom o
responds to the sole of a bare foot, the impact height of the aPLI model was set at 25 mm

same as that of the aPLI, and the.mass of the shoe is combined with the foot model repres
pe of the bare foot, the impaet height of the HBM was also set at 25 mm above the ground

such that the line connegting the centre of the hip joint and the ankle joint of the struck-
b is vertical to the ground, and the same line on the non-struck side is rotated 20° forward

echanical
ated from
h dynamic
s bending
while the
ach of the
ct data at

arametric
ly[17] was
ducibility
h car may
ntation of
trics with
hted so as
Thirty-six
resenting
6 SCMs in
1 the aPLI
f the aPLI
above the
he HBM is
enting the
as shown
HBM was
side lower
about the

hip joint, as shown in‘Figure A.9.

Injury metrics ofthe HBM and the aPLI model were measured at the locations illustrated in Figure A.10.
The measurement locations on the femur and the tibia are labelled femur-1 through femur-3 gnd tibia-1
through tihias4, respectively, in the ascending order from the location closest to the knee|joint. The
mgximummvalues of the injury metrics for the thigh, the leg and the knee were recorded anfl used for
regression analysis to develop virtual TFs. The BM was used as the injury metric for the fempir and the
tibjid-of the HBM and the aPLI model. In terms of the knee injury metric, the PMHS componept tests to
be used to develop the IPF for humans measure the knee valgus angle, rather than the elongation of
the MCL, due to the need for the use of intact knees to ensure biofidelic response measurements. As
the aPLI is capable of directly measuring elongation of the MCL, a transfer function was determined
between the knee valgus angle of the HBM and the MCL elongation of the aPLI model. The femur BM and
the tibia BM of the HBM were measured about the x-axis of the local coordinate system defined for each
of the cross sections of the bones and affixed to the nodes comprising the solid elements that define
the cross sections. The x-axis of all cross sections was initially oriented anteroposteriorly as shown in
Figure A.10 in conformity to the BM measurement of the aPLI and FlexPLI.

The BM on the femur and the tibia/fibula of the HBM was measured by the section moment defined
by the elements closest to the measurement locations of the aPLI. For the leg, the summation of the
section moment on the tibia and the fibula was used for the assessment because these two bones are
represented by a single bone core installed in the leg of the aPLI. The knee valgus angle was measured
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by the local coordinate system defined at the knee-joint centre. The two nodes at the origin of the
coordinate system were rigidly attached to the node on the femoral condyle and the tibial plateau with
the closest proximity to these nodes to measure the angle of the tibia relative to the femur.

The femur BM and the tibia BM of the aPLI FE model were obtained by measuring the strain of the
elements on the bone core closest to the measurement location of the aPLI hardware unit and converting
it to bending moment using the sensitivity determined in a 3-point bending simulation of the bone core.
The MCL elongation was directly measured by the elongation of the bar element simulating the MCL of

the aPLI h

The virtu

ardware.

ro

intercept
model. In
and the lg
(three anc
knee was
exception
angle for {

Finally, th
metrics fd
were dete

P=F

where
P
F

G

1 humar

Liprg

rmined using Formula (A.1):
(human ) = F(G(IaPLI ))

is the IPF for human;

is the transfer function;

is the probability of injury of human;

is the injury metric for humahn;

is the injury metric for the*aPLI.

Step1:
at failu

test datafSeeFigure A.7 b))

Obtain maximum vaue,of PMHS injury metric
e (IMp) based onjindividual PMHS component

Step

p: Develop Human IPF using IMp¢and injured
nformation of PMHS (see Figure A.7 c))

!

Step 3:

Develop aPLIIPF by converting Human IPF by

1. TEs for the fhigh and the ]ng were. dnvn]npnd as linear rngrnccinn functions with =z

determined between the maximum values of the BM obtained from the HBM and thea
accordance with the STP, the maximum value of the BM was determined, for each thelth
g, by the maximum of the maximum values obtained from multiple measurement locati
| four locations on the femur and the tibia, similar to those of the aPLI). The virtual TF for
developed by applying the same methodology as that used for the thigh and theTeg, with
that the regression function was determined between different injury metrics (knee valg
he HBM and the MCL elongation for the aPLI model).

A

Y1

[

PLI
gh
ns
he
he
Fus

e virtual IPFs for the aPLI were developed by applying the TFs determined above to the injyry
r the HBM that define the virtual IPFs for human. Specifically, the/virtual IPFs for the a

PLI

1)

using transfer function (see Figure A.7 c) and A.7 d))

END
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a) Flow chart for TF method

X

b) Schematic image of PMHS failure test and

data
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e) Schematic image of conversion

PMHS input (e.g. deflection)
PMHS injury metric

aPLI injury metric

human injury probability
Injured.

Maximum value of PMHS injury metric at failure (IM).
Human IPE.

Car models.

11,1 m/s.

aPLI model.

HBM.

TF (regression line).
Conversion by using TF.
aPLI IPF.

Figure'A:7 — Development flow of IPF for human by means of the TF method
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1 SCM
2 aPLI FE model
3 HBM
4 11,1m/s
5 kneejpint

6  groundl level

H; 5191:[11
H, 25m

Figure A.8 — Setting of impact height of the HBM and the aPLI model

it 11
; |
7 2 2 \
O) EE ok 3- 1
4 47
a) Struck-side view h) Back view
Key
1  hip-joint centre
2 struck side of vertical lower limb
3 ankle-joint centre
4  line connecting the centre of the hip joint and the ankle joint
5 20°
6  non-struck side of straight lower limb
7  ankle-joint centre

Figure A.9 — Lower-limb posture of the HBM
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BM measurement location (femur-2) .\Q)$
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knee joint \{‘\O
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14| MCL elongafién
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H,—34mm

Hy 214 mm

Hg 294 mm

H,; 374 mm

Figure A.10 — Measurement locations of the HBM and the aPLI model

A.2.2.2.3 Energy equivalent (EE) method

The assumption behind the EE method is that the deformation energy is the predictor of tissue failure.
Given this assumption, injury occurrence is related to the aPLI injury value at the same deformation
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energy as that absorbed by a human body up to the tissue failure. Component tests are used to establish

this relationship due to the lack of sufficient full-scale pedestrian impact test data. For each individ

ual

human subject, a lower limb segment is subjected to a component test, such as a dynamic 3-point or

4-point test, and the deformation energy is calculated up to failure of the tissue. The same compon
test is performed using the corresponding aPLI segment, and the injury value at the same deformat

ent
ion

energy is recorded. This develops a list of aPLI injury values corresponding to tissue failure of all the
human subjects involved in the analysis. IPFs are determined by interpreting these injury values as

those at failure. Figure A.11 shows a flow to develop IPFs for the aPLI using the EE method.

First, using the virtual biomechanical data generated by the parametric HBMs for the TF method as

describedri

calculated for each of the nine parametric HBMs. The deformation energy up to failure was caleulated

by integrdting the applied force in the 3-point bending simulation (thigh and leg) and the kneg‘mom

/as

ent

in the 4-point bending simulation (knee) with respect to the displacement of the indenter(thigh gnd

leg) and the knee valgus angle (knee), respectively, from the initiation of the loading up to'the initiat
of the failfire predicted by the HBM.

on

Second, each part of the lower limb (thigh, leg and knee) of the aPLI model was jselated, and dynarpic

3-point bgnding simulation and dynamic 4-point bending simulation were performed with the thigh/|
and the knee, respectively, using the same boundary and loading conditions-as-those used for the H
simulatiops. By applying the same methodology as that described above for the HBMs, the funct
defining the relationship between the injury value and the deformation energy was determined for
aPLI model for each of the injury metrics. For each combination of the nine parametric HBMs and

leg
BM

on
he
he

injury megrics, the aPLI injury value corresponding to the failure of the human tissue was determinjed

by giving the deformation energy at failure obtained from the HBM to the function described above.

Finally, the resulting set of the nine aPLI injury values fop,each of the injury metrics was used

to

determing virtual IPF for the aPLI using the EE method*by applying the Weibull survival analysig to

each of thg datasets and treating the data as exact.
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Step 1: Estimate absorbed energy of PMHS (E) 5
based on individual PMHS component test data = #
l — ——— !

Step 2: Obtain a value of aPLI injury metric
when the E,¢(E,¢) is applied (IM)

Y1
| e
Step 3: Develop aPLI IPF using IM,¢ and injury *
information of PMHS
] -
END | X
a) Flow chart for EE method b) Schematic image of RMHS failure test and
data
T 7
‘ TexXX
e S [ = =
8 O j
C Ei ) C g 2 ) +——e
[ | [ |
Y2 0
Y2
a
/C
./
X
c) Schematic image of aPLI loading test and data d) Schematic image of aPLI IPF
Key
X | PMHS input (e.g. deflection)
Y1| PMHS injury metric
Y2| aPLI injury metric
Z | human injury probability
Injured.
b | Estimated absorbed energy of PMHS (Epp)-
¢ | Applied energy to aPLI (E,¢ = E ).
d | AvalueofaPLI injury metric when the E¢is applied (IM,g).
¢ | aPLIMPE

Figure A.11 — Development flow of IPF for human by means of the EE method

A.2.2.2.4 Paired test method

The paired test method (ISO/TR 12350) was used to derive IPFs for WorldSID, where full-scale human
subjects and a full-scale dummy are subjected to an impact in the same loading condition, and IPFs for
the dummy are derived by correlating occurrence of injuries to the human subjects and the maximum
values of injury metrics for the specific body regions where the injuries occurred. Figure A.12 shows a
flow to develop IPFs for the aPLI using the paired method.

First, the parametric HBMs and the aPLI model were subjected to impacts from SCMs. In order to develop
reliable IPFs using the paired test method, the HBM impact simulations needed to provide data both
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with injury and without injury, preferably with an even distribution, to a specific tissue (femur, tibia and
MCL) to be assessed. Due to different tolerances and loading mechanisms of the tissues, different sets of
nine SCMs needed to be used to obtain such data for the different tissues. The nine SCMs for the femur
and the tibia were selected from the 36 SCMs[1Z] or 20 SCMs specified in A.2.4.2.2, while three modified
SCMs as specified in Figure A.13, Figure A.14, Table A.2 and Table A.3 needed to be used, in addition to
the six SCMs chosen from the set of 36 SCMs, to deliver impacts with no injury to the MCL. For the same
reason, five impact speeds, with specific levels being different among different tissues, were also used.
For each combination of the lower limb region and the impact speed, the combination of the nine SCMs
and the nine parametric HBMs was randomly determined to reduce the number of simulation runs
while maintaining evenly distributed probability of tissue failure. This resulted in 45 simulation runs
for each of the Tower [imb regions. The simulation matrix is shown in lable A.T. In the table, the initial
capital letfter of the impact simulation case identifier denotes the specific lower limb region (T: thigh} L:
leg, K: knge) for which an IPF was calculated using the data. The simplified car model identifier;startjng
from either ‘sedan’ or ‘SUV’ are those selected from the set of 36 SCMs, while the identifier“startjng
from ‘Car]denotes the three modified SCMs specifically used for the knee. In addition, thehuman bady
model ideptifier corresponds to that described in A.2.2.2.1. The impact simulation setup; except imppct
speed, is the same as described in A.2.2.2.2. The aPLI model was subjected to impacts/in all of the 135
load cased listed in Table A.1.

Next, the maximum values of the injury metrics of the aPLI model were linKed“with the occurrence of
injury (with/without injury) predicted by the corresponding HBM impact simulations. Since the aPLI
does not gimulate failure of tissues and injury values may read beyond’the tolerance of the tissyes,
aPLI injurly values corresponding to ‘injury’ and ‘no injury’ were treated as left censored data and right
censored Hata, respectively. The virtual IPFs for the aPLI using the' paired method were developed|by
means of the Weibull survival analysis.
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Key
X | ATD injury metrics (e.g. force)
Y | human injury probability
1 | PMHS test
2 | ATD test
A | load case (A)
B | load case (B)
C | load case (C)
D | load case (D)
a | Intact.
b | Injury.
¢ | Avalue of ATD injury metric observed in load case (A).
d | Awvalue of ATD injury metricobserved in load case (B).
e | Avalue of ATD injury metric observed in load case (C).
f | Avalue of ATD injury-metric observed in load case (D).
Figure A.12'~— Development Flow of IPF for human by means of the paired test method
Table A.1 — HBM impact simulation matrix for the virtual paired test method
Cpse)| S SCM HBM | Case | S SCM HBM | Case | S SCM HBM
T-1 | 30 J-SDN-13 HBM-3 | L-1 | 30 | Sedan12 | HBM-3 | K1 | 10 | Car-PC | HBM-3
T-2 | 30 Suvo9 HBM-9 | L-2 | 30 | SUV11 HBM-9 | K-2 | 10 | Sedan08 | HBM-9
T-3 | 30 SuV11 HBM-4 | L-3 | 30 | SUVO01 HBM-4 | K-3 | 10 | Sedanl18 | HBM-4
T-4 | 30 | J-LoBP-SUV-09 | HBM-8 | L-4 | 30 | Sedanl17 | HBM-8 | K-4 | 10 | Car-PA | HBM-8
T-5 | 30 J-SDN-10 HBM-2 | L-5 | 30 | Sedan05 | HBM-2 | K-5 | 10 | Sedan07 | HBM-2
Key
Case impact simulation case identifier
S impact speed [km/h]
SCM simplified car model identifier
HBM human body model identifier
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Table A.1 (continued)

Case | S SCM HBM | Case | S SCM HBM | Case | S SCM HBM
T-6 | 30 J-SDN-02 HBM-7 L-6 | 30 | Sedan08 | HBM-7 K-6 | 10 Car-PB HBM-7
T-7 | 30 Sedan12 HBM-1 L-7 | 30 Suvoz HBM-1 K-7 | 10 | Sedan06 | HBM-1
T-8 | 30 SUV05 HBM-5 L-8 | 30 Suvo4 HBM-5 K-8 | 10 | Sedan10 | HBM-5
T-9 | 30 J-SDN-14 HBM-6 | L-9 | 30 SuUV15 HBM-6 | K-9 | 10 | Sedanll | HBM-6
T-10 | 40 J-SDN-02 HBM-3 | L-10 | 40 | Sedan08 | HBM-3 | K-10 | 20 Car-PB HBM-3

T-11 | 40 J-SDN-14 HBM-1 | L-11 | 40 SUV15 HBM-1 | K-11 | 20 | Sedanll | HBM-1

T-12 | 4P SUvo9 HBM-2 | L-12 | 40 SUVv11 HBM-2 | K-12 | 20 | Sedan08 | HBM{2

T-13 | 4P Sedan12 HBM-8 | L-13 | 40 Suvoz HBM-8 | K-13 | 20 | Sedan0O6 | (HBM38
T-14 | 4D SUVo05 HBM-7 | L-14 | 40 SUV04 HBM-7 | K-14 | 20 | Sedanl®0y |"HBM{7

T-15 | 4p | J-LoBP-SUV-09 | HBM-6 | L-15 | 40 | Sedanl17 | HBM-6 | K-15 | 20 CartPA HBM{6
T-16 | 4P SUV11 HBM-5 | L-16 | 40 Suvo1 HBM-5 | K-16 | 20 | Sedan18 | HBM{5
T-17 | 4D J-SDN-13 HBM-9 | L-17 | 40 | Sedan12 | HBM-9 | K-17 | 20 Car-PC HBM{9

T-18 | 4P J-SDN-10 HBM-4 | L-18 | 40 | Sedan05 | HBM-4 | K-18 {20 | Sedan07 | HBM+4
T-19 | 5p Sedan12 HBM-3 | L-19 | 50 Suvoz HBM-3 | K-197} 30 | Sedan06 | HBM{3

T-20 | 5p Suvo9 HBM-5 | L-20 | 50 Suv11 HBM-5 | K520 | 30 | Sedan08 | HBM{5

T-21 | 5p J-SDN-02 HBM-9 | L-21 | 50 | Sedan08 | HBM:9«\ K-21 | 30 Car-PB HBM{9

T-22 | 5p J-SDN-14 HBM-8 | L-22 | 50 SUV15 HBM-8 | K-22 | 30 | Sedan11l | HBM{8

T-23 | 5p | J-LoBP-SUV-09 | HBM-4 | L-23 | 50 | Sedan17 |¢HBM-4 | K-23 | 30 Car-PA HBM{4

T-24 | 5p Suv11 HBM-7 | L-24 | 50 Suvol HBM-7 | K-24 | 30 | Sedan18 | HBM{7

T-25 | 5p J-SDN-10 HBM-2 | L-25 | 50 | Sedan05 | HBM-2 | K-25 | 30 | Sedan07 | HBM{2

T-26 | 5p J-SDN-13 HBM-1 | L-26 | 50 | Sédan12 | HBM-1 | K-26 | 30 Car-PC HBMi1

T-27 | 5p SUVo05 HBM-6 | L-27 | 50 SUVvV04 HBM-6 | K-27 | 30 | Sedan10 | HBM{6

T-28 | 6 Suv11 HBM-6 | L-28 60 Suvo1 HBM-6 | K-28 | 40 | Sedan18 | HBM{6

T-29 | 6p Sedan12 HBM-4 | L-293{760 Suvoz2 HBM-4 | K-29 | 40 | Sedan06 | HBM{4

T-30 | 6D J-SDN-13 HBM-9 | L-30 | 60 | Sedan12 | HBM-9 | K-30 | 40 Car-PC HBM{9

T-31 | 6D J-SDN-14 HBM-35L-31 | 60 SUV15 HBM-3 | K-31 | 40 | Sedan11l | HBM{3

T-32 | 6P | J-LoBP-SUV-09 | HBM;7 | L-32 | 60 | Sedanl7 | HBM-7 | K-32 | 40 Car-PA HBM{7

T-33 | 6p SUvo9 HBM-2 | L-33 | 60 Suv11 HBM-2 | K-33 | 40 | Sedan08 | HBM{2

T-34 | 6D SUV05 HBM-1 | L-34 | 60 Suvo4 HBM-1 | K-34 | 40 | Sedan10 | HBM{1

T-35 | 6 J-SDN-02 HBM-8 | L-35 | 60 | Sedan08 | HBM-8 | K-35 | 40 Car-PB HBM{8

T-36 | 6D J-SDN-10 HBM-5 | L-36 | 60 | Sedan05 | HBM-5 | K-36 | 40 | Sedan07 | HBM{5

T-37 | 7p | J-LoBR-SUV-09 | HBM-2 | L-37 | 70 | Sedanl7 | HBM-2 | K-37 | 50 Car-PA HBM{2

T-38 | 7P Sedan12 HBM-1 | L-38 | 70 Suvoz HBM-1 | K-38 | 50 | Sedan06 | HBM{1

T-39 | 7D SUV05 HBM-8 | L-39 | 70 Suvo4 HBM-8 | K-39 | 50 | Sedan10 | HBM{8

T-40 | 70 J-SDN-10 HBM-3 | L-40 | 70 | Sedan05 | HBM-3 | K-40 | 50 | Sedan07 | HBM-3

T-41 | 70 J-SDN-13 HBM-7 | L-41 | 70 | Sedan12 | HBM-7 | K-41 | 50 Car-PC HBM-7

T-42 | 70 J-SDN-02 HBM-4 | L-42 | 70 | Sedan08 | HBM-4 | K-42 | 50 Car-PB HBM-4

T-43 | 70 J-SDN-14 HBM-9 | L-43 | 70 SUV15 HBM-9 | K-43 | 50 | Sedan11l | HBM-9

T-44 | 70 Suvo9 HBM-5 | L-44 | 70 Suv11 HBM-5 | K-44 | 50 | Sedan08 | HBM-5

Key

Case impact simulation case identifier

S impact speed [km/h]

SCM simplified car model identifier

HBM human body model identifier
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Table A.1 (continued)
Case | S SCM HBM | Case | S SCM HBM | Case | S SCM HBM
T-45 | 70 Suv11l HBM-6 | L-45 | 70 SUVo1 HBM-6 | K-45 | 50 | Sedan18 | HBM-6
Key
Case impact simulation case identifier
S impact speed [km/h]
SCM simplified car model identifier
HBM human body model identifier
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Figure A.13 — Geometrﬁ%dditional SCMs (car-PA, car-PB and car-PC) to develop a virtual IPF
O * for the knee by using the pared test method
N
OoF
1
S !
12 ‘
§ SPS  _ -+
&?‘ 10 - --"
o 8 -
6 B
s BP
4 y S
4
2 |
/,
0
0 20 40 60 80 100 120 D

© IS0 2023 - All rights reserved

a) Bumper and spoiler stiffness

33


https://standardsiso.com/api/?name=0768d5d0e63dd278844caa7b44bec67f

ISO/TS 20459:2023(E)

-

1— <--»

2—»() <>

b) Direction of deflection

Key
bumper
speiler
forjce [kN]
D deflection [mm]
BPS bumper stiffness curve specified for car-PA, car-PB and car-PC
SPS speiler stiffness curve specified for car-PA, car-PB and car-PC
Figure A.14 — Stiffness curves specified for the bumper and spoiler ofthe three SCMs (car-PA,
car-PB, car-PC)
Table A.2 — Tabulated geometry data of three SCMs'(car-PA, car-PB, car-PC)
Dimensions in millimeters
SCM ID
H1 H2 H3 L1 L2
(ar-PA 700 440 250 200 -30
Gar-PB 700 430 250 200 -35
(ar-PC 700 450 250 200 -20
Key 900
1 bonnet leading edge (BLE) 800 L1
2 bumper (BP) 700 N
3 spoiler (SP) Egg - ;
H1 BLE height 400 ]
H2 bumper ceptre-height 3007k o 3
H3 spoiler.centre height igg Hei
9l bonnetlead 0 -
-200 0 200
2 SPRléad
Table A{3-=- Tabulated stiffness data specified for bumper and spoiler of three SCMs (car-PAj,
car-PB, car-PC)
Bumper Spoiler
D F D F
0,0 0 0,0 0
Key
D deflection [mm]
F  force [kN]
BP bumper stiffness curve specified for car-PA, car-PB and car-PC
SP spoiler stiffness curve specified for car-PA, car-PB and car-PC
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Table A.3 (continued)

Bumper Spoiler
D F D F
5,6 1,5 5,6 2,9
18,9 2,9 18,9 5,6
106,6 6,5 106,6 11,2
150,0 40,0 150,0 40,0
Key
D deflection [mm]
F  force [kN]
BP bumper stiffness curve specified for car-PA, car-PB and car-PC

SP spoiler stiffness curve specified for car-PA, car-PB and car-PC

.2.3 Assessment of methods
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Figure A.15 through Figure A.17'shows the comparison of the virtual IPFs for the aPLI dey
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TF
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us
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thod) as described in A.2.2.2, and the IPFs determined using the TF method and the EE me
pared against the IPFs calculated using the paired test method to identify the method
vides the IPFs that better represent those from the paired test method.

e use of the EE method described in A.2.3.2.3 séquires calculation of the deformation en

biomechanical data, while the TF method regquires only the maximum values of the inju
described in A.2.2.2.2. For this reason, the availability of sufficient data from that literatur
hlysed.

.2.3.1 Assessment against virtual paired test method

ng the TF method, EE method and paired test method. The virtual IPFs developed by us

paired test method-were 12,1 %, 1,0 % and 0,5 % for the TF method, and 23,1 %, 21,0 %

method is recommended as an alternative method to the paired test method recommende

te that the reliability of the conclusion depends on the validity of the baseline and parame
ed in this.analysis. See Tables A.5 and A.6 for the parameters of virtual aPLI IPF for the MCI
pture\and for the femus shaft (Weibull distribution).

to the lack of suitable and sufficient biomechanical data, an alternative methodology t
thTIPFs for the aPLI to the paired test method described in ISO/TR~12350 needed to be ¢
ordler to select one of the proposed methodologies (TF method or EE-method), biomechanical
tually generated to develop IPFs using the three methods (TF method, EE method and p

thod better represent those of the paired test method than that developed using the EE mg
‘malized errors of the.injury value at 50 % probability of injury relative to the IPF develd

the EE method, forthe thigh, the leg and the knee, respectively. These results indicate that]
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P
1 — N ‘
0,9 o /] b
~ /
0,8 / 7
/ 7
v / /\
TF
0,5 7 yd
0,4 / .4
L2/
03 cl /
0,2 \\ /4
" J%
0 I
0 200 400 600 800 1000 X
Key
X  aPLI f¢gmur BM [Nm]
P probability of femur shaft fracture
TF virtua] aPLI IPF for femur shaft fracture developed by using TF method
EE virtua] aPLI IPF for femur shaft fracture developed by using EF method
PA virtua] aPLI IPF for femur shaft fracture developed by using paired test method
CI 95 % qonfidence interval
Figure A|15 — Virtual aPLI IPFs for the femur shaft fracture developed by using the TF methqd,
EE method and paired test method
Table A.4 — Parameters of virutal' aPLI IPF for the femur shaft (Wibull distribution)
Deveopment method Cscale Cshape
TR 711 3,35
EE 470 4,99
Paired 618 4,39
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0,9

0,8

0,7

0,6

0,5

0,4

CI_

0,3

0,2

0,1

Key
aPLI MCL elongation [mm]

P | probability of MCL complete rupture

TF| virtual aPLI IPF for MCL complete rupture developed by using T'F method
EE| virtual aPLI IPF for MCL complete rupture developed by using EE method

10 1

5

20

PA| virtual aPLI IPF for MCL complete rupture developed by using paired test method

CI | 95 % confidence interval

method, EE nmiethod and paired test method

25 X

Figure A.16 — Virtual aPLI IPFs for the MCL complete rupture developed by using t

he TF

Table A.5 — Parameters of virtual aPLI IPF for the MCL complete rupture (Weibull distribution)

Development method Cscale Cscale
TF 12,0 4,27

EE 10,9 5,45

Paired 12,1 3,90
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0,4
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0,2

N

=

0,1

aPLI tijpia BM [Nm]

probability of tibia shaft fracture

aPLI IPF for tibia shaft fracture developed by using TF method

aPLI IPF for tibia shaft fracture developed by using EE method

aPLI IPF for tibia shaft fracture developed by using pained test method

virtua
virtua
virtua
95 % (

Tablle A.6 — Parameters of virtual'aPLI IPF for the femur shaft (Weibull distribution)

2.3.2

onfidence interval

.17 — Virtual aPLI IPFs for the tibia shaft fracture developed by using the TF method

200 400 600 800 1000 X

-

EE method and paired test method

Development Method Cscale Cshape
FE 525 3,90
EE 406 5,92
Paired 540 3,24

Assessment of number of biomechanical data

avail

bility

ilae dta is signfiaty allr for those wit diagrar;s.

bummarizes the availability of maximum values of injury metrics used for the TF method, gnd
of diagrams (BM - indenter displacement for the thigh/leg, BM - valgus angle for
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Table A.7 — Availability of maximum values of injury metrics and diagrams from the literature

Number of tests
Body region Reference Maximum value of .
injury metrics Diagram
Kerrigan et al. (2003a) 4 1
Kerrigan et al. (2004) 6 6
Thigh Funk et al. (2004) 15 0
Ivarsson et al. (2009) 10 10
Total 35 17
Nyquist et al. (1985) 9 0
Kerrigan et al. (2003a) 4 1
Leg Kerrigan et al. (2003b) 6 0
Kerrigan et al. (2004) 4 4
Total 23 5
Kajzer et al. (1997) 0
Kajzer et al. (1999) 0
Knee Bose et al. (2004) 8
Bose etal. (2008) 0
Total 28 8

A.2.2.3.3 Conclusions

Bapked on the results of A.2.2.3.1 and A.2.2.3.2 discussed at the 9th aPLI TG meeting in London, the aPLI
TG decided to use the TF method.

A.2.3 Development of IPFs for human

A.2.3.1 General

Bigmechanical data consistent.with the load case under which the subsystem test is perfomed with
th¢ aPLI were taken from thelliterature. In terms of the anthropometry, the height and the| weight of
human subjects were used-as covariates in the statistical prediction modelling to control [for a 50th
pefcentile male represented by the aPLLI3] In addition, the age was also controlled for the average
age of all the subjeets used in the experiments from which human biomechanical data wer¢ obtained
(s€e Annex A.2.3¢3)-Only the past studies where these anthropometric parameters are specjfied were
referenced. Data'were collected from the studies that dynamically tested the isolated thigh and|/or the leg
(femur and/er(tibia/fibula surrounded by the flesh and the skin) in the lateral-medial 3-poinft bending,
anfl the studies that dynamically tested the intact knee in valgus bending. In addition, the injury metrics
specified’in the scope of the IPFs (femur and tibia BM, knee valgus angle; see Annex A.2.3.3]1) needed
to e measured by the studles The statlstlcal procedure described in ISO/TS 18506 was enllployed to

es LdUllbll DLdLlDLlLdl P1 CulLLlUll lllUuClb

A.2.3.2 Statistical prediction modelling

In the statistical prediction modelling, survival analysis was used to determine the injury probability
function, with the height, the weight and the age of a subject defined as covariates.

With regard to data censoring, injury and intact (no injury) data were treated as exact and right
censored data, respectively. In cases where a low-pass filter was applied, data were treated as right
censored data due to attenuation of the maximum values. Data for the femur and the tibia obtained from
the experiments using the specimens without the flesh were treated as right censored data considering
the reduction of the maximum values due to the lack of load distribution provided by the flesh[14],
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Within the three distributions recommended by ISO/TS 18506, one of the three distributions (Weibull
distribution, Log-Normal distribution and Log-Logistic distribution; best fit to data) is used to define
human IPFs for each of the injury metrics based on the score of Akaike’s information criterion (AIC).
The smallest score of the AIC means the best fit to data. The formulae of the human IPFs for these
distributions are presented below.

The injury probability when the Weibull distribution is applied [Formula (A.2)]:

CShape
le—exp{—(—xh“ma“ ) } (A.2)
Scale
J
where
P is the injury probability of human;
Cscale is the parameter determined for the Weibull distribution for human IPFs;
CShapa is the parameter determined for the Weibull distribution for human1PFs;
Cslope is the slope of the transfer function (TF);

Xhumah is the value of the injury metric for human.

The injury probability when the Log-Normal distribution is applied-[Eormula (A.3)]:

P=— 1 *human 1exp M dt (A.3)
CiN2m’o t 2¢,°
where
P is the injury probability of humans
on is the parameter determined\for the Log-Normal distribution for human IPFs;
Co is the parameter determined for the Log-Normal distribution for human IPFs;

Cslope is the slope of the TF;

Xhumah is the value ofhe’ injury metric for human.
The injury probability when the Log-Logistic distribution is applied [Formula (A.4)]:
1

P= 1 (A4)
1 +( Xhuman ]CShape
exp(CScale )
where
P is the injury probability of human;
Cscale is the parameter determined for the Log-Logistic distribution for human IPFs;
CShape is the parameter determined for the Log-Logistic distribution for human IPFs;

Cslope is the slope of the TF;

Xhuman is the value of the injury metric for human.
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A.2.3.3 Biomechanical data

A.2.3.3.1 Data collection

:2023(E)

Human biomechanical data obtained from past experimental studies were collected from the literature.
The following inclusion criteria were set to generate IPFs for human consistent with the conditions and
the load case specified by the STP under which aPLI car tests are performed:
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copsequences of the injuryl22l. Failure ofithe ACL and PCL were not included because isolaf
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regions of the lower limb: thigh, leg and knee;

A faormyie ch ot Cro by il chofr fro b o AMCIL coranlatra
TT o€

SPCTITICTI U ICS T CpT oo e ohTToIIToT TITT OTTrpretc

injury metrics: thigh BM, tibia BM and knee valgus angle;
loading rate: equivalent to a 11,1 m/s car-pedestrian collision;

loading direction: lateral-to-medial, anterior-to-posterior and posterior-to=danterior for
and lateral-to-medial for the leg and the knee;

lower-limb posture: fully-extended knee.

ferior-to-posterior loading direction were also accepted for thethigh because the bending
the thigh is not sensitive to the loading direction due to the circular cross-sectional sh
horal shaft(23]),

e IPFs for the aPLI shall be developed for the thigh, legyand knee that comprises a human |
which the aPLI measures injury values.

mur shaft fracture, tibia shaft facture and MCL complete rupture were selected because
primary injuries to the three lower limb régions specified (References [8] and [24]). Alt
cessarily frequent compared to bone fractures, MCL failure was included considering

these ligaments is rare in pedestriatraccidentsl26] and is typically accompanied by MCL
hding moment was used as an injury metric for femur fracture and tibia fracture becaug
ment was found to be the best predictor of those injuries in car-pedestrian impact
ngation was chosen because failure of ligaments was found to be solely determined by th
ain[281.[29], Due to the lack of biomechanical data for MCL elongation, the knee valgus angle
describe the IPF for thethuman knee as the knee valgus angle determines the elongation ¢
ateral bending of theknhee that occurs in a lateral impact specified in the STP.

e load case for-which IPFs for human are to be developed followed that specified by thg
ding rate of@coemponent shall be equivalent to the impact speed of 11,1 m/s. The impact
1l be the lateral-to-medial direction to a pedestrian lower limb, and the knee shall be fully
represent.the load case specified in the STP.

rupture;

the thigh

hddition to the lateral-to-medial loading direction (STP loading dixection), posterior-to-anfterior and

tolerance
hpe of the

ower limb

these are
hough not
long-term
ed failure
failurellel,
e bending
51271, MCL
e ultimate
was used
f the MCL

STP. The
direction
extended,

prder‘to eliminate outliers, the dfbetas statistics defined in ISO/TS 18506 with the cut-

)

were applied to identify overly influential observations in the collected biomechanical data.

f value of

A.2.3.3.2 Thigh

Table A.8 shows the collected biomechanical data for the thigh available from literature (see References
[13], [14], 18] and [19]).

Potential overly influential PMHS test data (ID: 1-1, 1-4, 1-7, 1-8, 1-10, 1-13) were identified using the
dfbetas statistics (Dfbetas > 0,3) as specified in ISO/TS 18506. IPFs with the identified data excluded
one by one from the dataset were developed as shown in D.1.1. This resulted in the range of the injury
values at the 50 % probability of injury being average +4,0 %, compared to the range of confidence
intervals of £8,6 %. As the influence of the identified data was found to be not significant, all the PMHS
data were used to develop the IPF.
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Table A.8 — Biomechanical data for the thigh

Body
BM
Reference ID | Age | Gender | mass | Stature Flesh Loading Test Injury Censoring | POI
(YO) [kg] [cm] direction | type [Nm] | occurrence
Kerrigan etal. (2003) | 1-1 55 M 85,0 172,7 Without LM D-3PB | 632,5 Yes RC Yes
Kerriganetal. (2003) | 1-2 | 59 F 79,0 167,6 | Without LM D-3PB | 362,3 Yes RC No
Kerrigan etal. (2003) | 1-3 54 F 50,0 162,6 Without LM D-3PB | 340,0 Yes RC No
Kerrigan etal. (2003) | 1-4 | 54 F 50,0 162,6 With LM D-3PB | 376,7 Yes EX Yes
Kerrigan et ad (')nnA) 1.5 66 M 7989 1829 \A\Lith LM D.3PRB S48 0 Yes EX No
Kerrigan et 4l. (2004) | 1-6 | 69 M 81,6 170,2 With LM D-3PB | 568,0 Yes EX  ~ 0
Kerrigan et 41. (2004) | 1-7 | 65 M 118,8 | 172,7 With LM D-3PB | 640,0 Yes EAQ Y ves
Kerrigan et 3l. (2004) | 1-8 | 54 M 87,5 190,5 With LM D-3PB | 424,0 Yes . O@XV Yes
Kerrigan et 4l. (2004) | 1-9 69 M 83,9 172,7 With LM D-3PB | 488,0 Yes \“OTEX No
Kerrigan et4l. (2004) |(1-10| 54 M 1179 188,0 With LM D-3PB | 685,0 Yes QQ EX Yes
Funk et al|(2004) 1-11| 67 M 64,0 188,0 Without PA D-3PB | 355,0 /@) v RC o
Funk et al|(2004) 1-12| 59 M 108,0 182,9 | Without PA D-3PB | 593,0 A<\Ke.s' RC No
Funk et al|(2004) 1-13| 40 M 70,0 180,3 Without PA D-3PB 605,&\ Yes RC Yes
Funk et al|(2004) 1-14| 55 M 64,0 167,6 | Without PA D-3PB | 363, S Yes RC No
Funk et al.[(2004) 1-15( 70 M 73,0 167,6 | Without PA D-3PB, | @‘3,0 Yes RC 0
Funk et al|(2004) 1-16| 69 M 92,0 162,6 | Without PA D;(l’g‘< 460,0 Yes RC No
Funketal|2004) [117]| 51 M | 1240 | 1880 | Without PA | DI3PB | 5990 Yes RC o
Funketal|(2004) |1-18] 66 M 950 | 1829 | Without PA. \D-3PB | 373,0 Yes RC No
Funk etal|(2004) 1-19| 67 M 64,0 188,0 | Without LM, ~ | p-3pB 435,0 Yes RC No
Funk etal|(2004) 1-20| 59 M 108,0 182,9 Without . \‘S{)\/l D-3PB | 497,0 Yes RC No
Funk et al|(2004) 1-21| 40 M 70,0 180,3 Witllop.x)\‘\* LM D-3PB | 528,0 Yes RC No
Funk et al|(2004) 1-22| 55 M 64,0 167,6 Wlﬂ@\u‘fl LM D-3PB | 389,0 Yes RC No
Funk et al|(2004) 1-23| 70 M 73,0 167,6 @hout LM D-3PB | 356,0 Yes RC No
Funk et al|(2004) 1-24| 69 M 92,0 16‘2,?\#' Without LM D-3PB | 419,0 Yes RC o
Funk et al|(2004) 1-25| 51 M 124,0 (I‘B?})v Without LM D-3PB | 543,0 Yes RC No
N
Ivarsson et 4l. (2009) [1-26| 52 F 4-5,(2\ - 162,6 Without AP D-3PB | 120,0 Yes RC )
Ivarsson et4l. (2009) |1-27| 52 Fo| a%00] 1626 | without PA D-3PB | 147,0 Yes RC No
Ivarsson et 4l. (2009) [1-28| 63 M ('}84,0 180,3 Without PA D-3PB | 422,0 Yes RC o
N
Ivarsson et 4l. (2009) [1-29| 62 h 4 90,7 170,2 Without AP D-3PB | 364,0 Yes RC No
Ivarsson et 4l. (2009) [1-30| 62 \%V 90,7 170,2 Without AP D-3PB | 440,0 Yes RC o
Ivarsson et4l. (2009) [131] 45-40) M 681 | 1753 | Without PA D-3PB | 238,0 Yes RC No
Ivarsson etdl. (2009) |1-32 Q& M 68,1 175,3 | Without AP D-3PB | 381,0 Yes RC No
Ivarsson et 4l. (2009) 1,33\\ ‘9 M 79,4 184,0 Without PA D-3PB | 433,0 Yes RC No
Ivarsson et 4l. (2009 51 M 54,9 175,0 Without AP D-3PB | 343,0 Yes RC No
Ivarsson et 4l. (ZJQ 1-35| 57 F 108,9 165,0 Without PA D-3PB | 193,0 Yes RC No
Key % N
YO years-old
M male
F female
LM lateral to medial
AP anterior to posterior
PA posterior to anterior
D-3PB dynamic 3-point bending test
RC right censored
EX exact
POI potential overly influential observation
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A2.33.3 Leg

Table A.9 shows the collected biomechanical data for the leg available from literature (see References
[20], [13], [15] and [14]).

Potential overly influential PMHS test data (ID: 2-13, 2-18 through 2-23) were identified using the
dfbetas statistics (Dfbetas > 0,3) as specified in ISO/TS 18506. IPFs with the identified data excluded
one by one from the dataset were developed as shown in D.1.2. This resulted in the range of the injury
values at the 50 % probability of injury being average +5,3 %, compared to the range of confidence
intervals of £9,5 %. As the influence of the identified data was found to be not significant, all the PMHS

datawere used to-developthe [P
Table A.9 — Biomechanical data for the leg
Body
BM
Reference ID | Age | Gender | mass | Stature | Flesh Loading Test Injury Censoring | POI
(YO) [kg] [cm] direction | type [Nm] | occurrence
Nyquist et al. (1985) 2-1 54 M 68,0 182,0 With LM D-3PB | 395,0 Yes RC No
Nyquist et al. (1985) 2-2 64 M 82,0 177,0 With LM D-3PB | \287,0 Yes RC No
Nyquist etal. (1985) | 2-3| 58 M 73,0 | 174,0 With LM D-3PB)| 224,0 Yes RC No
Nyquistetal. (1985) |2-4| 56 M 79,0 176,0 With LM D3PB | 237,0 Yes RC No
yquistetal. (1985) |2-5| 57 M 99,0 178,0 With LM D-3PB | 349,0 Yes RHC No
Nyquistetal. (1985) |2-6| 57 M 45,0 187,0 With LM D-3PB | 264,0 Yes RC No
yquistetal. (1985) | 2-7| 57 M 84,0 178,0 With LM D-3PB | 431,0 Yes RHC No
Nyquist etal. (1985) |2-8| 57 F 75,0 163,0 With LM D-3PB | 254,0 Yes RC No
yquistetal. (1985) |2-9| 51 F 68,0 163,0 With LM D-3PB | 274,0 Yes HC No
Kdrrigan etal. (2003a) |2-10| 63 M 78,5 175,3 Without LM D-3PB | 333,8 Yes RC No
Kdrrigan etal. (2003a) [2-11| 60 M 73,0 175,3<)| Without LM D-3PB | 251,7 Yes HC No
Kdrrigan etal. (2003a) |2-12| 44 M 72,6 170,2 Without LM D-3PB | 301,5 Yes RC No
Kdrrigan etal. (2003a) |2-13| 44 M 72,6 170,2 With LM D-3PB | 416,5 Yes X Yes
Kgrrigan etal. (2003b) |2-14| 54 M 88,0 190,5 With LM D-3PB | 463,0 Yes BX No
Kgrrigan etal. (2003b) |2-15| 54 M 88,0 190,5 With LM D-3PB | 485,0 Yes BX No
Kdrrigan etal. (2003b) |2-16| 68 M 51,0 165,1 With LM D-3PB | 290,0 Yes BX No
Kgrrigan etal. (2003b) |2-17| 68 M 51,0 165,1 With LM D-3PB | 309,0 Yes BX No
Kdrrigan etal. (2003b) |2-18| 65 F 60,0 172,7 With LM D-3PB | 416,0 Yes BX Yes
Kgrrigan etal. (2003b) |2-194~ %5 M 65,0 177,8 With LM D-3PB | 306,0 Yes BX Yes
Kgrrigan etal. (2004) |220% 66 M 79,8 182,9 With LM D-3PB | 277,0 Yes X Yes
Ke¢rrigan etal. (2004)\[2-21| 69 M 81,6 170,2 With LM D-3PB | 433,0 Yes BX Yes
Kg¢rrigan etal. (2004) |2-22| 62 M 60,8 182,9 With LM D-3PB | 259,0 Yes X Yes
Kerrigan etal\(2004) |2-23| 54 M 1179 188,0 With LM D-3PB | 482,0 Yes BX Yes
Key
M male
F fermate
LM lateral to medial
D-3PB dynamic 3-point bending test
RC right censored
EX exact
POI potential overly influential observation

A.2.3.3.4 Knee

Table A.10 shows the collected biomechanical data for the MCL available from literature (see References
[ﬂ]l [Q]! ﬁ] and [E])'
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Potential overly influential PMHS test data (ID: 3-3, 3-9, 3-11, 3-21, 3-25) were identified using the
dfbetas statistics (Dfbetas > 0,3) as specified in ISO/TS 18506. IPFs with the identified data excluded
one by one from the dataset were developed as shown in D.1.3. This resulted in the range of the injury
values at the 50 % probability of injury being average +6,3 %, compared to the range of confidence
intervals of +41,7 %. As the influence of the identified data was found to be not significant, all the PMHS
data were used to develop the IPF.

Table A.10 — Biomechanical data for the MCL

Reference D Age Gender Body mass | Stature | Test VA Injury Censoring | pOI
(YO) [kg] [cm] type [°] | occurrence

Kajteretal. (1997) | 3-1 36 M 104 192 D-2BP | 19,5 No RC No.
Kajteretal. (1997) | 3-2 69 M 85 170 D-2BP | 14,4 Yes EX No
Kajgeretal. (1997) | 3-3 68 M 96 178 D-2BP | 14,7 Yes EX Yes
Kajteretal. (1997) | 3-4 35 M 75 177 D-2BP | 219 No RE No
Kajteretal. (1997) | 3-5 35 F 67 161 D-2BP | 15,5 No RC No
Kajteretal. (1997) | 3-6 59 M 66 170 D-2BP | 14,8 No RC No
Kajteretal. (1997) | 3-7 44 M 70 168 D-2BP | 10,0 No RC No
Kajteretal. (1997) | 3-8 63 M 80 177 D-2BP | 12,6 No RC No
Kajgeretal. (1997) | 3-9 68 M 94 165 D-2BP | 20,4 No RC Yes
Kajter etal. (1999) | 3-10 72 F 73 159 D-2BP | 12,3 No RC No
Kajgeretal. (1999) | 3-11 83 F 53 160 D-2BP (10,2 Yes EX Yes
Kajteretal. (1999) | 3-12 42 F 56 163 D-2BP\ 14,3 No RC No
Bope etal. (2004) | 3-13 69 M 81,8 170,0 D-4PB | 12,3 No RC No
Bofe etal. (2004) | 3-14 66 M 65,9 166,5,\ 'D-4PB | 21,2 No RC No
Bofe etal. (2004) | 3-15 65 M 78,2 1778 D-4PB | 18,2 No RC No
Bofe etal. (2004) | 3-16 78 M 65,0 178,0 D-4PB | 14,3 No RC No
Bofe etal. (2004) | 3-17 78 M 65,0 178,0 D-4PB | 19,7 Yes EX No
Bope etal. (2004) | 3-18 65 M 782 177,8 D-4PB | 18,8 No RC No
Bofe etal. (2004) | 3-19 54 M 112,7 177,8 D-4PB | 21,4 No EX No
Bofe etal. (2004) | 3-20 70 M 79,5 178,0 D-4PB | 16,3 No RC No
Boje etal. (2008) | 3-21 80 E 65,3 156,5 | D-4PB | 16,2 No RC Yes
Bofe etal. (2008) | 3-22 79 F 46,3 160,5 | D-4PB | 18,0 Yes EX No
Bofe etal. (2008) | 3-23 79 M 73,5 172,5 | D-4PB | 15,6 Yes EX No
Boje etal. (2008) | 3-24 |79 M 73,5 172,5 | D-4PB | 14,0 No RC No
Bofe etal. (2008) | 3.25 67 F 79,8 166,3 | D-4PB | 10,5 Yes EX Yes
Bofe etal. (2008) {3:26 | 67 F 79,8 166,3 | D-4PB | 14,1 Yes EX No
Boge etal. (2008) \(| 3-27 57 F 49,9 168,3 | D-4PB | 21,5 No RC No
Bofe etal. (2008) | 3-28 66 M 79,8 182,0 | D-4PB | 17,5 No RC No

Key

M male

F female

D-2PB dynamic knee 2-point bending test

D-4PB dynamic 4-point bending test

VA knee valgus angle measured at maximum bending moment

RC right censored

EX exact

POI potential overly influential observation
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A.2.3.4 Results

A.2.3.4.1 Thigh

The human IPF for the thigh defines probability of femur shaft fracture to a pedestrian subjected to

the specific load case represented by the STP as a function of maximum value of femur BM
human.

applied to

Figure A.18 presents the human IPF for the thigh. The injury probability function is shown in a solid line,
maximum

with the 95 % confidence interval shown in dotted lines. The horizontal axis represents the
vajueof the fermur BMapy ST e Ve N . — :

bIVI dpplied 0 T CDTC

Fo
an
thg

" the thigh, the AIC scores for the three candidates of the distribution function (Weibully’L
1 Log-logistic) were 98,8, 102,5 and 101,0, respectively. The Weibull distribution functio
best fit to the data was used to determine the human IPF.

Thle human IPF for the thigh is given by Formula (A.5):

(&
P=1-exp{- Yhuman e
CScale
where
P is the injury probability for the femur shaft ofliuman;
Cscale is the parameter determined for the WeibuH distribution for the human IPF for
shaft;
Cshape  is the parameter determined for the"Weibull distribution for the human IPF for
shaft;
Xhuman 1S the thigh/femur BM for human in Nm.

The parameters needed to define the-human IPF (Cgc,e and Cgpype ) for the function are de
Table A.11.

h showing

(A.5)

he femur

he femur

scribed in
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X Human femur BM [Nm]
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A Human IPF for femur shaft in STP condition
C 95 % confidence interval
O dbserved data
Figure A.18 — Human IPF for the femur shaft
Table A.11 — Parameters of human IPF for the femur shaft
CScale CShape
571 11,1

A.2.3.4.2 | Leg

The humgn IPF fop-the leg defines probability of tibia shaft fracture to a pedestrian subjected to the
specific load caseréepresented by the STP as a function of maximum value of tibia BM applied to humpn.

Figure A.19presents the human IPF for the leg. The injury probability function is shown in a solid line,
with the QMMQWWMWML&WM@Em

value of the tibia BM applied to human, and the vertical axis represents the probability of injury.

For the leg, the AIC scores for the three candidates of the distribution function (Weibull, Log-Normal
and Log-logistic) were 137,2, 137,3 and 138,0, respectively. The Weibull distribution function showing
the best fit to the data was used to determine the human IPF.

The human IPF for the leg is given by Formula (A.6):

CShape
le—exp{—(m) } (A.6)

Scale
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where
P is the injury probability for the tibia shaft of human;
Cscale is the parameter determined for the Weibull distribution for the human IPF for the tibia
shaft;
Cshape  is the parameter determined for the Weibull distribution for the human IPF for the tibia
shaft;
thalaa/eilia DN £o L oo 100 N

Av2 1c na
Thuman TS CHCTCE 7 CroTa DIVE TUT IO tr I1L INTILY

The parameters needed to define the human IPF (Cgcye and Cgpgap ) for the function areldefscribed in
Table A.12.

Y
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Key
X human tibia BM\Nm]
Y probabiligyof tibia shaft fracture
A human\IPF for tibia shaft in STP condition
C 95 % confidence interval
O observed data

Figure A.19 — Human IPF for the tibia shaft

Table A.12 — Parameters of human IPF for the tibia shaft

CScale CShape
424 8,45

A.2.3.4.3 Knee

The human IPF for the knee defines probability of MCL failure to a pedestrian subjected to the specific
load case represented by the STP as a function of maximum value of knee valgus angle applied to human.
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Figure A.20 presents the human IPF for the knee. The injury probability function is shown in a solid line,
with the 95 % confidence interval shown in dotted lines. The horizontal axis represents the maximum
value of the knee valgus angle applied to human, and the vertical axis represents the probability of

injury.

For the MCL, the AIC scores for the three candidates of the distribution function (Weibull, Log-Normal
and Log-logistic) were 70,2, 69,7 and 70,0 respectively. The Log-Normal distribution function showing
the best fit to the data was used to determine the human IPF.

The human IPF for the knee is given by Formula (A.7):

P 1 xh"manlexp —(ln t_cu)Z N >
ci~N2mlo t 2C,°
where
P is the injury probability for the MCL of human;
Cy is the parameter determined for the Log-Normal distribution for'human IPFs for the M
Cy is the parameter determined for the Log-Normal distributiofi for human IPFs for the M

Xhumah 1S the knee valgus angle for human in degrees.

The pararpeters needed to define the human IPF (€, and () for the function are described in Table A13

Y
1

0,9
0,8
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N .
CL;

CL;

human knee valgus angle [°]

MCL complete rupture

human IPF for MCL complete rupture

95 % confidence interval
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Figure A.20 — Human IPF for the MCL complete rupture

Key

X

Y probability of
A
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Table A.13 — Parameters of human IPF for the MCL complete rupture

Cll Co
3,34 0,291

A.2.4 Development of TFs

A.2.4.1 General

:2023(E)

TheTEsforthe rhigh’ ng and knee were determined hy the correlation between the maximum values of
injury metrics from aPLI models and HBMs. Based on the load case described in the STP, imypacts were
delivered by RCMs laterally at 11,1 m/s. Linear regression functions with the intercept setatfzero were
determined from the impact simulation results to define the TFs.

A.2.4.2 FE model

A.2.4.2.1 aPLImodel

aPLI models well validated against aPLI hardware were used. MultiplexaPLI models were used because
impact simulations needed to be performed by some different institutions to ensure honbiased
didtribution of the geometric and stiffness characteristics of the\front-ends of the RCMs to|represent
a global fleet. Each of the aPLI models was validated against aPLI full assembly certificqtion tests
as|defined in ISO/TS 20458. Validations were performedun two impact conditions defingd: impact
teqt at knee and below knee. The time history plots of all\injury metrics up to 40 ms were compared
between aPLI models and the test results. In order to evaluate the phase, magnitude and shiape of the
wave profiles of the time histories of the injury metries using the ISO metric, all the test results used to
determine the aPLI full assembly certification corridors as defined in ISO/TS 20458 were averaged and
subjected to the comparison. The ISO metric as@défined in ISO/TS 18571:2014 was calculated for each of
th¢ aPLI models. As shown in Table A.14, all-ef'the ISO scores for overall rating were greater{than 0,75
forjall aPLI models and injury metrics.

All the time history plots for the aPLil“models used in this analysis (aPLI model (A) through (F)) are
sh¢own in C.1.

Table A.14 — aPLI model((A'through F) validation results indicated by the score of ISQ) metric
by| comparing time history plots of aPLI measurements with those of hardware in full-assembly
impact test (at/below knee)

Score of ISO metric

Mdasurements | aPLMnodel (A) aPLI model (B) aPLI model (C) aPLI model (D) aPLI model (E) aPL] model (F)

BK AK BK AK BK AK BK AK BK AK BK AK
Fefur-3 0,88 0,82 0,79 0,76 0,80 0,60 0,86 0,81 0,58 | 0,65 0,7 0,80
Feur-2 0,80 0,86 0,82 0,85 0,77 0,72 0,82 088 | 064 | 078 0,69 0,86
Fefér) 0,77 0,80 0,81 0,83 0,78 0,87 0,76 0,72 0,71 0,81 0,79 0,80
Tibia-1 0,86 0,85 0,81 0,79 0,85 0,81 0,84 0,84 0,72 0,83 0,82 0,87
Tibia-2 0,83 0,82 0,78 0,80 0,86 0,81 0,84 0,78 075 | 080 0,78 0,87
Tibia-3 0,76 0,79 0,73 0,77 0,78 0,79 0,75 0,73 067 | 077 0,72 0,84
Tibia-4 0,67 0,75 0,69 0,75 0,69 0,77 0,62 0,67 0,60 | 077 0,68 0,80
ACL 0,83 0,83 0,77 0,72 0,70 0,81 0,87 0,82 069 | 086 0,64 0,79
PCL 0,87 0,87 0,80 0,86 0,86 0,84 092 0,90 0,85 | 0,89 0,82 0,83
MCL 0,87 0,88 0,84 0,93 0,90 0,85 0,87 0,90 0,85 0,90 0,87 0,85
Overall rating 0,82 0,79 0,79 0,81 0,76 0,79
Key
BK full-assembly certification test (below knee)
AK full-assembly certification test (at knee)
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A.2.4.2.2 HBM

The following four human full-body models representing anthropometry of a 50th percentile of adult
male are used:

— HBM-A, the model developed by References [7], [8] and [9];
— HBM-B, the model developed by Reference [31];

— HBM-(C, a modified version of the model developed by Reference [32];

— HBMmevmmmwmmm‘ﬁ?}—
HBM-A and HBM-B are used by the aPLI TG Japanese delegation, and the HBM-C is used by the(Gernjan

delegation. HBM-D was developed by a global consortium, and it is used among French,.the United
States and Japanese delegations. The results of HBM impact simulations were shared at the-aPLI TG gnd
combined|to define an HBM dataset.

Similar mjodelling approaches were used to develop the lower limb of these fourHBMs. The femur,
the tibia gnd the fibula are divided into an outer cortical layer and an inner trabecular layer modelled
with a shgll and/or solid elements. Each of the four major knee ligaments-(ACL, PCL, MCL and L(CL)
are modelled using solid or shell elements, and the meniscus are modelled ¥sing solid elements. The
flesh surrpunding the bony structure is modelled with solid elements ang the skin covering the flgsh
is modelldd using shell elements. More details can be found in the corresponding references descrihed
above.

In order fo confirm that the impact response data obtained.from these four HBMs are reasonaply
distributed, without any significant bias for specific HBM(s), latéral impact simulations at 11,1 m/s were
conducted using each of the four HBMs at the bumper angles of 0° and +40°. Impacts were delivefed
from twenty SCMs to represent a number of different loading conditions. Cars on the global market are
representpd by cars in the following four categories:

— Japangse sedan (] sedan);

— low-bumper Japanese SUV (] low-bumperSUV);
— high-bumper Japanese SUV (] highsbumper SUV);
— Amerjcan SUV and pick-up truck{US SUV).

The SCMq represent a car front*end with discrete rigid components for BLE, grille, BP and SP that
translate |n the opposite direetion of car travel with specified non-linear spring characteristics, except
for BLE of ] sedan, ] low=humper SUV and part of ] high-bumper SUV modelled using shell elemerts.
A translatfional degreé/of’freedom in the vertical direction was also added specifically to the BLE of
part of | high-bumper’SUV and US SUV. Such specific modelling strategy is needed because BLE of such
cars tendg to be.subjected to a combined longitudinal and vertical force due to contact with the lower
limb of a pedestrian. SP is modelled only for low-bumper cars. Grille is not modelled for ] sedan, J 1d
bumper SU¥-and part of ] high-bumper SUV with a relatively small vertical dimension of the gri
In contra hre—grile-ef partefJhigh-bumperSHY- 6 Hsire-two-rigid-eompe
relatively large vertical dimension and a stiffness distribution of the grille. The combinations of the
geometric and stiffness characteristics of the SCMs representing the four categories were determined
through a collaborative effort of international experts at the aPLI TG in such a way that peak values of
aPLIinjury metrics are widely and evenly distributed as much as possible, resulting in 6 ] sedan SCMs, 6
] low-bumper SUV SCMs, 4 ] high-bumper SUV SCMs and 4 US SUV SCMs (20 SCMs in total).

y = O 2 v v C C CIrol

The schematics of the geometric and stiffness characteristics of the twenty SCMs are presented in
Figure A.21 through Figure A.24 and Figure A.25 through Figure A.30, respectively. The tabulated data
of the geometric and stiffness characteristics of the SCMs are provided at:

https://standards.iso.org/iso/ts/20459/ed-1/en
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Figure A.31 through Figure A.39 show plots of peak values of injury metrics (thigh BM, MCL elongation
and leg BM) predicted by the four HBMs againstlower bumper reference line height of each of the twenty
SCMs. The experts of the aPLI TG recognized that the data are reasonably distributed, considering a
large variability of human impact responses. It was decided by the aPLI TG members to use these four
models to develop TFs for the aPLI.

1 | J-SDN-02

2 | J-SDN-06

3 | J-SDN-07

4 | J-SDN-11

5 | J-SDN-13

6 | J-SDN-16

7 | ground level
H1| 500 mm

H2[ 1000 mm

NOTE Grid size is 100 mm*<-100 mm.

Figure A.21 — Geometry of the six ] sedan SCMs
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g O+ 0 a9
T
< 7
1 2 3 4 5 6
Key
1 J-LoBR-SUV-02
2 ]-LoBH-SUV-04
3 J-LoBH-SUV-05
4 J-LoBH-SUV-09
5 J-LoBH-SUV-13
6 J-LoBH-SUV-15
7  ground level
H1 500 mim
H2 1000 mm
NOTE Grid size is 100 mm x 100 mm.
Figure A.22 — Geometry of the six ] low-bumper SUV SCMs
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Key
1 | J-HiBP-01aH
2 | J-HiBP-01cH
3 | J-HiBP-02
4 | J-HiBP-04
5 | ground level
H1| 500 mm
H2| 1000 mm

NOTE Grid size is 100 mm x 100 mm.

Figure A.23 — Geometry of the four ] high-bumper SUV SCMs
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Key
1  US-LSPV-02S
2 US-SUy-01S
3 US-SUY-02H
4 US-TR}02S
5 ground level
H1 500 mjm
H2 1000 mm
NOTE Grid size is 100 mm x 100 mm.
Figure A.24 — Geometry of four US SUV SCMs
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Key
1 bumper
2 spoiler
D deflection [mm]
F force [kN]
BP[la bumper stiffness curve specified for JSBNO2 and JSDN11
BP[lb bumper stiffness curve specified fordSDN06 and JSDN13
BP[lc bumper stiffness curve specified for JSDNO7 and JSDN16
SPla spoiler stiffness curve specifiedfor JSDN07, JSDN13 and JSDN16
SP1b spoiler SP stiffness curve'specified for JSDN0O2 and JSDN11
SP1c spoiler SP stiffness curve'specified for JSDN06
Higure A.25 — Force-deflection curves specified for the bumper and spoiler of the six ] sedan
SCMs
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a) Bumper stiffness b) Spoiler stiffness
55

© IS0 2023 - All rights reserved


https://standardsiso.com/api/?name=0768d5d0e63dd278844caa7b44bec67f

ISO/TS 20459:2023(E)
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2 ] «»

c) Direction of deflection

Key
1 bumper
2 speiler
D deflection [mm]
F forjce [kN]
BP2a  bumper stiffness curve specified for J-LoBP-SUV-02
BP2b  bumper stiffness curve specified for JLoBP-SUV-04, ]-LoBP-SUV-05, J-LoBP-SUV-13 and J-LoBP-SUV-15
BP2c  bumper stiffness curve specified for J-LoBP-SUV-09
SP2a  sp¢iler stiffness curve specified for J-LoBP-SUV-04 and ]-LoBP-SUV-13
SP2b  spéiler stiffness curve specified for J-LoBP-SUV-02 and ]J-LoBP-SUVZ05
SP2c  spgiler stiffness curve specified for J-LoBP-SUV-09 and J-LoBP-SUV-15
Figure[A.26 — Force-deflection curves specified for the bumper and spoiler of the six ] low-
bumper SUY SCMs
F F
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c) Upper grill stiffness d) Lower grill stiffness
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Key

1 upper grille

2 lower grille

3 BLE

D deflection [mm]

F force [kN]

BLE3a/UGR3a/ stiffness curve specified for J-HiBP-01aH and JHiBPO1cH
LGR3a

BLE3b/BLE3d stiffness curve specified for J-HiBP-02

BLE3c stiffness curve specified for J-HiBP-04

(v) stiffness curve specified for y-direction

(2) stiffness curve specified for z-direction

Figure A.27 — Force-deflection curves specified for the BLE and grille of the four ] high-bumper

SUV SCMs
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c) Direction of deflection

Key

1 bumper

2 spoiler

D deflection [mm]
F force [kN]

BP3a/SP3q stiffness curve specified for ]-HiBP-01aH and JHiBP-01cH
BP3b/SP34 stiffness curve specified for J-HiBP-02
BP3c/SP3Y stiffness curve specified for J-HiBP-04

.28 — Force-deflection'curves specified for the bumper and spoiler of the four J high-

Figure /
bumper SUV SCMs
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a) BLE stiffness (y) b) BLE stiffness (z)
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) Grill stiffness
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d) Direction of deflection

BLE

grille

force [kN]
deflection [mm]

BLE4a/BLE4e/GF4a stiffness curve specified-for US-LSUV-02S
BLE4b/BLE4f/GF4a stiffness curve specified for US-SUV-01S
BLE4c/BLE4g/GF4b stiffness curve specified for US-SUV-02H
BLE4d/BLE4h/GR4a stiffness ¢tnye specified for US-TR-02S

() stiffness_curve specified for y-direction
(z) stiffness curve specified for z-direction
Figure A.29 —Force-deflection curves specified for the BLE and grille of the four US SUV SCMs
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c) Direction of deflection

Key

1 bumper

2 spoiler

F force [kN]

D deflection [mm]

BP4a/SP44 stiffness curve specified for US-LSUV-02S
BP4b/SP4h stiffness curve specified for US-SUV-01S
BP4c/SP4d stiffness curve specified for US-SUV-02H
BP4d/SP4q stiffness curve specified for US-TR-02S

Figure A.30 — Force-deflection curves specified for'the bumper and spoiler of the four US SUV
SCMs
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Key
X twenty SCMs in ascending order of the average peak value of the thigh BM of the four HBMs from|left to right
Y peak value of the femur BM of the four HBMs [Nm]
O HBM-A
A HBM-B
O HBM-C
& HBM-D
Figure A.31 — Peak values of the thigh BM predicted by the four HBMs in impacts wjth the

twenty SCMs (bumper angle: 0°)
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X twenty SCMs in ascending order of the average peak value of the thigh BM of the.four HBMs from left to
right
Y pepk value of the femur BM of the four HBMs [Nm]
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Figurd A.32 — Peak values of the thigh BM predicted by the four HBMs in impacts with the

twenty SCMs (bumper angle: +40°)
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X twenty SCMs in ascending order of the average peak value of the thigh BM of the four HBMs from left to
right
Y peak value of the femur BM of the four HBMs [Nm]
(@) HBM-A
A HBM-B
O HBM-C
O HBM-D

Figure A.33 — Peak values of the thigh BMpredicted by the four HBMs in impacts wjth the
twenty SCMs (bumper angle: -40°)
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X twenty SCMs in ascending order of average peak value of the knee valgus angle of\thre four HBMs from l¢ft
to fight
Y pepk value of the knee valgus angle of four HBMs [°]
O HHM-A
A HHM-B
O HHM-C
<& HHM-D

Figure A{34 — Peak values of the knee valgus angle-predicted by the four HBMs in impacts with
the twenty SCMs (bumper angle: 0°)
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X twenty SCMs in ascending order of average peak value of the knee valgus angle of the four HBME from left
to right
Y peak value of the knee valgus angle of four HBMs [°]
O HBM-A
A HBM-B
O HBM-C
<& HBM-D

Figure A.35 — Peak values of the knee valgusiangle predicted by the four HBMs in imppcts with

the twenty SCMs (bumper angle: +40°)
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X twenty SCMs in ascending order of average peak value of the knee valgus angle of\thre four HBMs from l¢ft
to right
Y pepk value of the knee valgus angle of four HBMs [°]
(@) HHM-A
A HHM-B
| HHM-C
<& HHM-D

Figure A{36 — Peak values of the knee valgus angle-predicted by the four HBMs in impacts with
the twenty SCMs (bumper angle: -40°)
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X twenty SCMs in ascending order of the average peak value of the tibia BM\of the four HBMs from left to
right
Y peak value of the tibia BM of the four HBMs [Nm]
O HBM-A
A HBM-B
O HBM-C
<& HBM-D

Figure A.37 — Peak values of the leg BM predicted by the four HBMs in impacts with the twenty
SCMs (bumper angle: 0°)
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X twpnty SCMs in ascending order of the average peak value of the tibia BM of the four'lHBMs from left to
right
Y pefk value of the tibia BM of the four HBMs [Nm]
O HHM-A
A HHM-B
| HHM-C
<& HHM-D
Figure A{38 — Peak values of the leg BM predicted by the four HBMs in impacts with the twen
SCMs (bumper angle: +40°)
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X twenty SCMs in ascending order of the average peak value of the tibia BM of the four HBMs from left to
right
Y peak value of the tibia BM of the four HBMs [Nm]
O HBM-A
A HBM-B
| HBM-C
<& HBM-D

Figure A.39 — Peak values of the leg BM predicted by the four HBMs in impacts with the twenty

68

SCMs (bumper angle: -40°)
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A.2.4.2.3 RCM

In order to represent a variety of different combinations of geometric and stiffness characteristics of
car front-ends in the global fleet, 94 different RCMs developed by different car manufacturers were
used in this analysis. The RCMs were classified into nine categories (Type A-1 through Type F-1 (lower
bumper reference line (LBRL) height is less than 425 mm) and Type D-2 through Type F-2 (LBRL height
is 425 mm or more) as shown in Table A.15, based on the realistic combination of the BLE height and the
LBRL height, as defined in References [1] and [2] to ensure that the distribution of the characteristics is
not biased.

Onlytimited—information—about—each—-of the RCMs was—availabledueto—confidentiality—Table A.16

J
presents the BLE height and the LBRL height of the 94 RCMs.

Table A.15 — Nine categories of the RCM based on the combination of the BLE-height and LBRL

height
Category of BLE height LBRL height Number of
RCM RCM

Type A-1 |Lessthan 600 mm less than425 mm 2
Type B-1 |600 mm or more but less than 700 mm less than 425 mm 13
Type C-1 |700 mm or more but less than 800 mm less,than 425 mm 26
Type D-1 |800 mm or more but less than 900 mm less than 425 mm 20
Type E-1 {900 mm or more but less than 1 000 mm less than 425 mm 18
Type F-1 |1 000 mm or more less than 425 mm 9
Type D-2 |800 mm or more but less than 900 mm 425 mm or more 1
Type E-2  |900 mm or more but less than 1 000 mymt 425 mm or more 1
Type F-2 |1 000 mm or more 425 mm or more 4

NQTE aPLI TG did not identify any cars with a combination of the BLE height being less than 800 mm and [}BRL height

be|ng 425 mm or more.

Table A.16 — BLE height and LBRL height information of 94 RCMs

BLEH | LBRLH BLEH | LBRLH BLEH | LBRLH BLEH | LBRLH
RCM ID RCM ID RCM ID RCM ID
[mm] [mm] [mm] [mm] [mm] | [mm] [mm] [mm]
CM1-1 | 585 199 RCM2-1 | 817 219 RCM3-1 | 712 219 RCM4-1 | 610 163
CM1-2 | 894 245 RCM2-2 | 880 195 RCM3-2 | 690 221 RCM4-2 | 827 222
CM1-3 | 993 254 RCM2-3 | 998 201 RCM3-3 | 747 222 RCM4-3 | 789 210

R|
R
R
REM1-4 | 756 244 RCM2-4 | 731 214 | RCM3-4 | 704 213 RCM4-4 | 815 229
R
R
R|
R

CM1-5 | 696 244 RCM2-5 1048 | 382 | RCM3-5| 556 185 RCM4-5 | 857 257
CM1-6- [\ 777 241 RCM2-6 | 600 195 | RCM3-6 | 937 382 RCM4-6 | 755 195
CM1-7 | 947 217 RCM2-7 | 680 203 RCM3-7 | 937 356 RCM4-7 | 887 298

CM1=8 720 225 RCM2Z2=-87T—793 250 RCM3=87929 344 RCMA=8T"536 263

RCM1-9 | 885 256 RCM2-9 | 880 314 RCM3-9 | 821 267 RCM4-9 | 1093 265
RCM1-10| 935 234 RCM2-10| 918 302 |RCM3-10| 926 400 |RCM4-10| 1139 363
RCM1-11| 724 240 RCM2-11| 1 054 332 |RCM3-11| 850 250 |RCM4-11| 1127 311
RCM1-12| 657 222 RCM2-12| 949 348 |RCM3-12| 669 214 |RCM4-12| 1141 420
RCM1-13| 714 233 RCM2-13| 852 308 |RCM3-13| 632 200 |RCM4-13| 720 220
RCM1-14| 763 222 RCM2-14| 832 314 |RCM3-14| 784 218 |RCM4-14| 812 246
Key

BLEH  BLE height

LBRLH LBRL height
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Table A.16 (continued)
RCMID BLEH | LBRLH RCMID BLEH | LBRLH RCMID BLEH | LBRLH RCMID BLEH | LBRLH
[mm] | [mm] [mm] | [mm] [mm] | [mm] [mm] | [mm]
RCM1-15| 774 236 RCM2-15| 762 224 |RCM3-15| 962 395 |RCM4-15| 920 368
RCM1-16| 781 237 RCM2-16| 746 228 |RCM3-16| 874 255 |RCM4-16| 937 297
RCM1-17| 868 304 RCM2-17| 604 189 |RCM3-17| 654,4 | 209,8 |RCM4-17| 1049 323
RCM1-18| 903 418 RCM2-18| 618 205 |RCM3-18| 853,5 | 5579 |RCM4-18| 1105 470
RCM1-19| 867 273 RCM2-19| 703 214 |RCM3-19| 811,2 | 2709 |RCM4-19| 1179 470
RCM1-20|| 921 297 RCM2-20| 826 226 |RCM3-20| 600 205,5 |RCM4-20| 756 222
RCM2-21| 1013 226 |RCM3-21| 730 227 |RCM4-21| 740 234
RCM2-22| 1107 485 |RCM3-22| 678 185 |RCM4-22| 736 239
RCM2-23| 752 205 |RCM3-23| 895 313 |RCM4-23| 732 227
RCM2-24| 911 322 |RCM3-24| 995 495
RCM2-25| 1076 457 |RCM3-25| 937 311
RCM2-26| 1 030 330
Key
BLEH  BIE height
LBRLH LBRL height
A.2.4.3 Impact simulation
A.2.4.3.1 | Simulation matrix

Due to limhitation in the HBM available for a car mafufacturer who developed specific RCMs, it was
impossiblg to perform impact simulations in a full’ factorial simulation matrix. Table A.17 throygh

Table A.2

Table A.17 — Matrix of impact simulations (HBM-A)

) show the matrix of impact simulations used to develop TFs. Three impact locations (BP-
centre, BR-right, BP-left) were used for each.of the combinations of the RCM, HBM and aPLI model.

§-ID RCMID | IL | HBM._{ aPLI model S-ID | RCMID | IL | HBM | aPLI model
aPLI model aPLI model
S1-1-C | RCM1-1 | BC-HBM-A (A) S1-1-L | RCM1-1 | BL | HBM-A (4)
aPLI model aPLI model
S1-2-C | RCM1-2\ BC | HBM-A (A) S1-2-L | RCM1-2 | BL | HBM-A (A4)
aPLI model aPLI model
S1-3-C | REM1-3 | BC | HBM-A (A) S1-3-L | RCM1-3 | BL | HBM-A (A4)
aPLI model aPLI model
S1-4-C\|' RCM1-4 | BC | HBM-A (A) S1-4-L | RCM1-4 | BL | HBM-A (A)
dFLI lllUdUI dPLI lllUC‘lC}
S1-5-C | RCM1-5 | BC | HBM-A (A) S1-5-L | RCM1-5 | BL | HBM-A (A4)
aPLI model aPLI model
S1-6-C | RCM1-6 | BC | HBM-A (A) S1-6-L | RCM1-6 | BL | HBM-A (A4)
Key
S-ID simulation ID
IL impact location
BC lateral centre of the bumper test area defined in References [1] and [2]
BR right end of the bumper test area defined in References [1] and [2]
BL left end of the bumper test area defined in References [1] and [2]
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Table A.17 (continued)
S-ID RCMID | IL | HBM | aPLI model S-ID RCMID | IL | HBM | aPLImodel
aPLI model aPLI model
S§1-7-C | RCM1-7 | BC | HBM-A (A) S1-7-L. | RCM1-7 | BL | HBM-A (A)
aPLI model aPLI model
S1-8-C | RCM1-8 | BC | HBM-A (A) S1-8-L | RCM1-8 | BL | HBM-A (A)
aPLI model aPLI model
S§$1-9-C | RCM1-9 | BC | HBM-A (A) S$1-9-L | RCM1-9 | BL | HBM-A (A)
aPLImodel aPLImodel
S$1-10-C | RCM1-10 | BC | HBM-A (A) S1-10-L | RCM1-10 | BL | HBM-A 4
aPLI model aPLI'model
S§1-11-C | RCM1-11 | BC | HBM-A (A) S1-11-L | RCM1-11 | BL | HBM-A (A)
aPLI model aPLI model
S1-12-C | RCM1-12 | BC | HBM-A (A) S1-12-L | RCM1-12 | BL | HBMFA (A)
aPLI model aPLI model
S1-13-C | RCM1-13 | BC | HBM-A (A) S1-13-L | RCM1-13 | BLA HBM-A (A)
aPLI model aPLI model
S§1-14-C | RCM1-14 | BC | HBM-A (A) S1-14-L | RCM1-144BL | HBM-A (A)
aPLI model aPLI model
S§1-15-C | RCM1-15 | BC | HBM-A (A) S1-15-L | REM1-15 | BL | HBM-A (A)
aPLI model aPLI model
S1-16-C | RCM1-16 | BC | HBM-A (A4) S1-16<L$RCM1-16 | BL | HBM-A (A)
aPLI model aPLI model
S1-17-C | RCM1-17 | BC | HBM-A (A4) $1-17-L | RCM1-17 | BL | HBM-A (A)
aPLI model aPLI model
S$1-18-C | RCM1-18 | BC | HBM-A (A) S1-18-L | RCM1-18 | BL | HBM-A (A)
aPLI model aPLI model
S$1-19-C | RCM1-19 | BC | HBM-A A) S$1-19-L | RCM1-19 | BL | HBM-A (A)
aPLI model aPLI model
S1-20-C | RCM1-20 | BC | HBMAA (A4) S1-20-L | RCM1-20 | BL | HBM-A (A)
aPLI model
S1-1-R | RCM1-1 | BR |‘HBM-A (A4)
aPLI model
S1-2-R | RCM1-2~,BR | HBM-A (4)
aPLI model
S1-3-R | RGMi*3 | BR | HBM-A (A4)
aPLI model
S1-4-R>»*RCM1-4 | BR | HBM-A (A4)
aPLI model
S1:5-R | RCM1-5 | BR | HBM-A (A4)
aPLI model
St R+—REMI-6—+BR-HBMA A3
aPLI model
S1-7-R | RCM1-7 | BR | HBM-A (A)
aPLI model
S1-8-R | RCM1-8 | BR | HBM-A (A)
Key
S-ID simulation ID
IL impact location
BC lateral centre of the bumper test area defined in References [1] and [2]
BR right end of the bumper test area defined in References [1] and [2]
BL left end of the bumper test area defined in References [1] and [2]
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Table A.17 (continued)
S-ID RCMID | IL | HBM | aPLI model S-ID | RCMID | IL | HBM | aPLI model
aPLI model
S1-9-R | RCM1-9 | BR | HBM-A (A)
aPLI model
S1-10-R | RCM1-10 | BR | HBM-A (A)
aPLI model
S1-11-R | RCM1-11 | BR | HBM-A (A)
aPLI madel
S1}12-R | RCM1-12 | BR | HBM-A (A)
aPLI model
S1}13-R | RCM1-13 | BR | HBM-A (A)
aPLI model
S1}14-R | RCM1-14 | BR | HBM-A (A)
aPLI model
S1t15-R | RCM1-15 | BR | HBM-A (A)
aPLI model
S116-R | RCM1-16 | BR | HBM-A (A)
aPLI model
S1t17-R | RCM1-17 | BR | HBM-A (A)
aPLI model
S1}18-R | RCM1-18 | BR | HBM-A (A)
aPLI model
S1}19-R | RCM1-19 | BR | HBM-A (A)
aPLI model
S1;20-R | RCM1-20 | BR | HBM-A (A)
Key
S-1b simulation ID
IL impact location
BC lateral centre of the bumper test area defined in References [1] and [2]
BR right end of the bumper test.area defined in References [1] and [2]
BL left end of the bumpertestarea defined in References [1] and [2]
TableA.18 — Matrix of impact simulations (HBM-B)

S-ID RCMID | IL HBM aPLI model S-ID RCM ID IL | HBM aPLI model
S2-1-C RCM2-1 |BC | HBM-B | aPLI model (B) | S2-1-L RCM2-1 BL | HBM-B | aPLI model (EF)
S2-2-C | RCM2-2/BC | HBM-B | aPLI model (B) | S2-2-L RCM2-2 BL | HBM-B | aPLI model (lii)
S2-3-C | RGM2=3 | BC | HBM-B | aPLI model (B) | S2-3-L RCM2-3 BL | HBM-B | aPLI model (]1;)
S2-4-C | RCM2-4 | BC | HBM-B | aPLI model (B) | S2-4-L RCM2-4 BL | HBM-B | aPLI model (EI%)
S2-5-C | RCM2-5 | BC | HBM-B | aPLI model (B) | S2-5-L RCM2-5 BL | HBM-B | aPLI model (B)
S§2-6-C | RCM2-6 | BC | HBM-B | aPLI model (E) | S2-6-L RCM2-6 BL | HBM-B | aPLI model (E)
S2-7-C | RCM2-7 | BC | HBM-B | aPLI model (E) | S2-7-L RCM2-7 BL | HBM-B | aPLI model (E)
S2-8-C | RCM2-8 | BC | HBM-B | aPLI model (E) | S2-8-L RCM2-8 BL | HBM-B | aPLI model (E)

Key

S-ID simulation ID

IL impact location

BC lateral centre of the bumper test area defined in References [1] and [2]
BR right end of the bumper test area defined in References [1] and [2]

BL left end of the bumper test area defined in References [1] and [2]
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S-ID | RCMID | IL | HBM | aPLImodel S-ID RCMID | IL | HBM | aPLImodel
$2-9-C | RCM2-9 | BC | HBM-B | aPLI model (E) | S2-9-L RCM2-9 | BL | HBM-B | aPLImodel (E)
$2-10-C |RCM2-10 | BC | HBM-B | aPLI model (E) | S2-10-L | RCM2-10 | BL | HBM-B | aPLI model (E)
$2-11-C | RCM2-11 | BC | HBM-B | aPLI model (E) | S2-11-L | RCM2-11 | BL | HBM-B | aPLI model (E)
$2-12-C |RCM2-12 | BC | HBM-B | aPLImodel (E) | S2-12-L | RCM2-12 | BL | HBM-B | aPLI model (E)
$2-13-C |RCM2-13 | BC | HBM-B | aPLImodel (E) | S2-13-L | RCM2-13 | BL | HBM-B | aPLI model (E)
S$2-14-C | RCM2-14 | BC | HBM-B | aPLImodel (E) | S2-14-L | RCM2-14 | BL | HBM-B | aPLI model (E)
Sp-15-C | RCM2-15 | BC | HBM-B | aPLI model (E) | S2-15-L | RCM2-15 | BL | HBM-B | aPLkmodel (E)
Sp-16-C | RCM2-16 | BC | HBM-B | aPLI model (E) | S2-16-L | RCM2-16 | BL | HBM-B | @PLI jodel (E)
Sp-17-C | RCM2-17 | BC | HBM-B | aPLImodel (E) | S2-17-L | RCM2-17 | BL | HBMB |“aPLI fnodel (E)
Sp-18-C |RCM2-18 | BC | HBM-B | aPLImodel (C) | S2-18-L | RCM2-18 | BL | HBMHB | aPLImodel (C)
Sp-19-C | RCM2-19 | BC | HBM-B | aPLImodel (C) | S2-19-L | RCM2-19 | BL{)HBM-B | aPLImodel (C)
SP-20-C | RCM2-20 | BC | HBM-B | aPLI model (C) | S2-20-L | RCM2-20 [¢BD)| HBM-B | aPLI fnodel (C)
Sp-21-C |RCM2-21| BC | HBM-B | aPLImodel (C) | S2-21-L | RCM2-21¢™\} BL | HBM-B | aPLI model (C)
Sp-22-C |RCM2-22 | BC | HBM-B | aPLImodel (C) | S2-22-L | RCM2:222) | BL | HBM-B| aPLImodel (C)
Sp-23-C |RCM2-23 | BC | HBM-B | aPLImodel (D) | $2-23-L | RCM2:23 | BL | HBM-B | aPLInodel (D)
Sp-24-C |RCM2-24 | BC | HBM-B | aPLI model (D) | $2-24-L | ~RCM2-24 | BL | HBM-B | aPLI jnodel (D)
Sp-25-C |RCM2-25 | BC | HBM-B | aPLI model (D) | $2-25-L ¥ RcM2-25 | BL | HBM-B | aPLI jnodel (D)
Sp-26-C | RCM2-26 | BC | HBM-B | aPLImodel (D) | S2-26:8"| RCM2-26 | BL | HBM-B | aPLI fnodel (D)

§2-1-R | RCM2-1 | BR | HBM-B | aPLI model (B)
42-2-R | RCM2-2 | BR | HBM-B | aPLI model (B)
42-3-R | RCM2-3 | BR | HBM-B | aPLI model:(B)
42-4-R | RCM2-4 | BR | HBM-B | aPLI model (B)
42-5-R | RCM2-5 | BR | HBM-B | aPLLmodel (B)
42-6-R | RCM2-6 | BR | HBM-B | aPliI'model (E)
§2-7-R | RCM2-7 | BR | HBM-B { aPLI model (E)

2-8-R

RCM2-8 | BR | HBM=B '| aPLI model (E)

2-9-R

RCM2-9 | BR | HBM-B | aPLI model (E)

P-10-R | RCM2-10 | BR | JHBM-B | aPLI model (E)

P-11-R | RCM2-11,+ BR' | HBM-B | aPLI model (E)

P-12-R | RCM2:12)[ BR | HBM-B | aPLI model (E)

P-14-R |"\RCGM2-14 | BR | HBM-B | aPLI model (E)

P-15-R7TRCM2-15 | BR | HBM-B | aPLI model (E)

N
g
S
S
S
SP-13-R | RCM2+:13 | BR | HBM-B | aPLI model (E)
S
S
S

p46-R | RCM2-16 | BR | HBM-B | aPLI model (E)

S2-17-R | RCM2-17 | BR | HBM-B | aPLI model (E)

S2-18-R | RCM2-18 | BR | HBM-B | aPLI model (C)

S2-19-R | RCM2-19 | BR | HBM-B | aPLI model (C)

S2-20-R |RCM2-20 | BR | HBM-B | aPLI model (C)

Key
S-ID
IL
BC
BR
BL

simulation ID

impact location

lateral centre of the bumper test area defined in References [1] and [2]
right end of the bumper test area defined in References [1] and [2]

left end of the bumper test area defined in References [1] and [2]
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Table A.18 (continued)
S-ID RCMID | IL HBM aPLI model S-ID RCM ID IL | HBM aPLI model
S2-21-R |RCM2-21 | BR | HBM-B | aPLI model (C)
S2-22-R | RCM2-22 | BR | HBM-B | aPLI model (C)
S2-23-R | RCM2-23 | BR | HBM-B | aPLI model (D)
S2-24-R | RCM2-24 | BR | HBM-B | aPLI model (D)
S2-25-R | RCM2-25| BR | HBM-B | aPLI model (D)
S2-26-R | RCM2-26 | BR | HBM-B | aPLI model (D)
Key
S-1D simulation ID
IL injpact location
BC lateral centre of the bumper test area defined in References [1] and [2]
BR right end of the bumper test area defined in References [1] and [2]
BL left end of the bumper test area defined in References [1] and [2]
Table A.19 — Matrix of impact simulations (HBM~C)
S-ID RCMID | IL | HBM | aPLI model S-ID | RCMID [ IL~{ HBM | aPLI model
aPLI model aPLI model
S3-1-C | RCM3-1 | BC | HBM-C (F) S3-1-L. | RCM341 | BR | HBM-C (F)
aPLI model aPLI model
S§3-2-C | RCM3-2 | BC | HBM-C (F) S3-2-L. |;RCM3-2 | BR | HBM-C (F)
aPLI model aPLI model
S3-3-C | RCM3-3 | BC | HBM-C (F) S3:8+L | RCM3-3 | BR | HBM-C (F)
aPLI model aPLI model
S3-4-C | RCM3-4 | BC | HBM-C (F) S3-4-L | RCM3-4 | BR | HBM-C (F)
aPLI model aPLI model
S3-5-C | RCM3-5 | BC | HBM-C (Y S3-5-L | RCM3-5 | BR | HBM-C (F)
aPLI'model aPLI model
S3-6-C | RCM3-6 | BC | HBM-C (F) S3-6-L | RCM3-6 | BR | HBM-C (F)
aPLI model aPLI model
S3-7-C | RCM3-7 | BC | HBM-C (F) S3-7-L | RCM3-7 | BR | HBM-C (F)
aPLI model aPLI model
S3-8-C | RCM3-8 | BC\HBM-C (F) S3-8-L | RCM3-8 | BR | HBM-C (F)
aPLI model aPLI model
S$3-9-C | RCM3:9 | BC | HBM-C (F) S3-9-L | RCM3-9 | BR | HBM-C (F)
aPLI model aPLI model
S3110-C¢.RCM3-10 | BC | HBM-C (F) S$3-10-L | RCM3-10 | BR | HBM-C (F)
aPLI model aPLI model
S3k11-C | RCM3-11 | BC | HBM-C (F) S3-11-L |[RCM3-11 | BR | HBM-C (F)
aPLI model aPLI model
S$3-12-C |RCM3-12 | BC | HBM-C (F) S3-12-L.|RCM3-12 | BR | HBM-C (F)
aPLI model aPLI model
S$3-13-C | RCM3-13 | BC | HBM-C (F) S$3-13-L | RCM3-13 | BR | HBM-C (F)
Key
S-1ID simulation ID
IL impact location
BC lateral centre of the bumper test area defined in References [1] and [2]
BR right end of the bumper test area defined in References [1] and [2]
BL left end of the bumper test area defined in References [1] and [2]
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Table A.19 (continued)
S-ID RCMID | IL | HBM | aPLImodel S-ID RCMID | IL | HBM | aPLImodel
aPLI model aPLI model
S3-14-C | RCM3-14 | BC | HBM-C (F) S3-14-L | RCM3-14 | BR | HBM-C (F)
aPLI model aPLI model
$3-15-C | RCM3-15 | BC | HBM-C (F) S$3-15-L | RCM3-15 | BR | HBM-C (F)
aPLI model aPLI model
S§3-16-C | RCM3-16 | BC | HBM-C (F) S$3-16-L | RCM3-16 | BR | HBM-C (F)
aPLI model aPLImodel
S§3-17-C | RCM3-17 | BC | HBM-C (E) S§3-17-L | RCM3-17 | BR | HBM-C (E)
aPLI model aPLI'model
§3-18-C | RCM3-18 | BC | HBM-C (E) S$3-18-L | RCM3-18 | BR | HBM-C (E)
aPLI model aPLI model
S$3-19-C | RCM3-19 | BC | HBM-C (E) S$3-19-L | RCM3-19 | BR | HBM=C (E)
aPLI model aPLI model
S§3-20-C |[RCM3-20 | BC | HBM-C (E) S$3-20-L | RCM3-20 | BR4 HBM-C (E)
aPLI model aPLI model
S§3-21-C | RCM3-21 | BC | HBM-C (E) S$3-21-L | RCM3-214BR | HBM-C (E)
aPLI model aPLI model
S§3-22-C|RCM3-22 | BC | HBM-C (E) S3-22-L |R€M3-22 | BR | HBM-C (E)
aPLI model aPLI model
S§3-23-C |RCM3-23 | BC | HBM-C (E) S$3-23<L+RCM3-23 | BR | HBM-C (E)
aPLI model aPLI model
S§3-24-C |RCM3-24 | BC | HBM-C (E) S3r24-L | RCM3-24 | BR | HBM-C (E)
aPLI model aPLI model
S§3-25-C |[RCM3-25 | BC | HBM-C (E) S3-25-L | RCM3-25 | BR | HBM-C (E)
aPLI model
S3-1-R | RCM3-1 | BR | HBM-C 03]
aPLI model
S3-2-R | RCM3-2 | BR | HBM+C (F)
aPLI model
S3-3-R | RCM3-3 | BR |*HBM-C (F)
aPLI model
S3-4-R | RCM3-4~BR | HBM-C (F)
aPLI model
S3-5-R | RCM3-5 | BR | HBM-C (F)
aPLI model
S3-6-R»*RCM3-6 | BR | HBM-C (F)
aPLI model
S3-7-R | RCM3-7 | BR | HBM-C (F)
aPLI model
S3-8R+REM3-8+BRHHBM-E 5
aPLI model
S3-9-R | RCM3-9 | BR | HBM-C (F)
aPLI model
S$3-10-R | RCM3-10 | BR | HBM-C (F)
Key
S-ID simulation ID
IL impact location
BC lateral centre of the bumper test area defined in References [1] and [2]
BR right end of the bumper test area defined in References [1] and [2]
BL left end of the bumper test area defined in References [1] and [2]
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Table A.19 (continued)

S-ID RCMID | IL | HBM | aPLI model S-ID RCMID | IL | HBM | aPLI model
aPLI model
S3-11-R | RCM3-11 | BR | HBM-C (F)
aPLI model
S3-12-R |RCM3-12 | BR | HBM-C (F)
aPLI model
S3-13-R|RCM3-13 | BR | HBM-C (F)
aPLI madel
S3f14-R | RCM3-14 | BR | HBM-C (F)
aPLI model
S3}15-R | RCM3-15 | BR | HBM-C (F)
aPLI model
S3f16-R | RCM3-16 | BR | HBM-C (F)
aPLI model
S3t17-R | RCM3-17 | BR | HBM-C (E)
aPLI model
S3f18-R | RCM3-18 | BR | HBM-C (E)
aPLI model
S3}19-R | RCM3-19 | BR | HBM-C (E)
aPLI model
S3120-R [ RCM3-20 | BR | HBM-C (E)
aPLI model
S3}21-R | RCM3-21 | BR | HBM-C (E)
aPLI model
S3}22-R |RCM3-22 | BR | HBM-C (E)
aPLI model
S3}23-R |RCM3-23 | BR | HBM-C (E)
aPLI model
S3}24-R | RCM3-24 | BR | HBM-C (E)
aPLI model
S3}25-R [ RCM3-25 | BR | HBM-C (E)
Key
S-1p simulation ID
IL impact location
BC lateral centre)of the bumper test area defined in References [1] and [2]
BR right end.of the bumper test area defined in References [1] and [2]
BL left\end of the bumper test area defined in References [1] and [2]
Table A.20 — Matrix of impact simulations (HBM-D)
S-ID RCMID | IL | HBM | aPLI model S-ID | RCMID | IL | HBM | aPLI model
aPLI model aPLI model
S4-1-C | RCM4-1 | BC | HBM-D (E) S4-1-L | RCM4-1 | BL | HBM-D (E)
Key
S-ID simulation ID
IL impact location
BC lateral centre of the bumper test area defined in References [1] and [2]
BR right end of the bumper test area defined in References [1] and [2]
BL left end of the bumper test area defined in References [1] and [2]
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S-ID RCMID | IL | HBM | aPLI model S-ID RCMID | IL | HBM | aPLI model
aPLI model aPLI model
S4-2-C | RCM4-2 | BC | HBM-D (E) S4-2-L | RCM4-2 | BL | HBM-D (E)
aPLI model aPLI model
S4-3-C | RCM4-3 | BC | HBM-D (E) S4-3-L | RCM4-3 | BL | HBM-D (E)
aPLI model aPLI model
S4-4-C | RCM4-4 | BC | HBM-D (E) S4-4-L | RCM4-4 | BL | HBM-D (E)
aPLI model aPLI model
S4-5-C | RCM4-5 | BC | HBM-D (E) S4-5-L | RCM4-5 | BL | HBM-D (E)
aPLI model aPLI'model
S4-6-C | RCM4-6 | BC | HBM-D (E) S4-6-L | RCM4-6 | BL | HBM-D (E)
aPLI model aPLI model
S4-7-C | RCM4-7 | BC | HBM-D (E) S4-7-L | RCM4-7 | BL | HBM<D (E)
aPLI model aPLI model
S4-8-C | RCM4-8 | BC | HBM-D (E) S4-8-L | RCM4-8 | BLAHBM-D (E)
aPLI model aPLI model
S4-9-C | RCM4-9 | BC | HBM-D (E) S4-9-L | RCM4-9“BL | HBM-D (E)
aPLI model aPLI model
S4-10-C | RCM4-10 | BC | HBM-D (E) S4-10-L | REM4-10 | BL | HBM-D (E)
aPLI model aPLI model
S4-11-C | RCM4-11 | BC | HBM-D (E) S4-11-L+RCM4-11 | BL | HBM-D (E)
aPLI model aPLI model
S4-12-C|RCM4-12 | BC | HBM-D (E) S4-12-L |RCM4-12 | BL | HBM-D (E)
aPLI model aPLI model
S4-13-C | RCM4-13 | BC | HBM-D (E) S4-13-L |RCM4-13 | BL | HBM-D (E)
aPLI model aPLI model
S4-14-C | RCM4-14 | BC | HBM-D (E) S4-14-L | RCM4-14 | BL | HBM-D (E)
aPLI model aPLI model
S4-15-C | RCM4-15 | BC | HBM/D (E) S4-15-L | RCM4-15 | BL | HBM-D (E)
aPLI model aPLI model
S4-16-C | RCM4-16 | BC_|*HBM-D (E) S4-16-L | RCM4-16 | BL | HBM-D (E)
aPLI model aPLI model
S4-17-C | RCM4-17+,BC | HBM-D (E) S4-17-L | RCM4-17 | BL | HBM-D (E)
aPLI model aPLI model
S4-18-C | RCM4-18 | BC | HBM-D (E) S4-18-L | RCM4-18 | BL | HBM-D (E)
aPLI model aPLI model
S4-19-CRCM4-19 | BC | HBM-D (E) S4-19-L | RCM4-19 | BL | HBM-D (E)
aPLI model aPLI model
§4.:20-C | RCM4-20 | BC | HBM-D (E) S4-20-L |[RCM4-20 | BL | HBM-D (E)
aPLI model aPLI model
S424 - REM424-BE-HBM B 3 424+ REM4 2 BE-HBM B £
aPLI model aPLI model
S4-22-C|RCM4-22 | BC | HBM-D (E) S4-22-L |RCM4-22 | BL | HBM-D (E)
aPLI model aPLI model
S4-23-C |RCM4-23 | BC | HBM-D (E) S4-23-L |RCM4-23 | BL | HBM-D (E)
Key
S-ID simulation ID
IL impact location
BC lateral centre of the bumper test area defined in References [1] and [2]
BR right end of the bumper test area defined in References [1] and [2]
BL left end of the bumper test area defined in References [1] and [2]
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Table A.20 (continued)
S-ID RCMID | IL | HBM | aPLImodel S-ID | RCMID | IL | HBM | aPLI model
aPLI model
S4-1-R | RCM4-1 | BR | HBM-D (E)
aPLI model
S4-2-R | RCM4-2 | BR | HBM-D (E)
aPLI model
S4-3-R | RCM4-3 | BR | HBM-D (E)
aPLI model
S4-4-R | RCM4-4 | BR | HBM-D (E)
aPLI model
S4-5-R | RCM4-5 | BR | HBM-D (E)
aPLI model
S4-6-R | RCM4-6 | BR | HBM-D (E)
aPLI model
S4-7-R | RCM4-7 | BR | HBM-D (E)
aPLI model
S4-8-R | RCM4-8 | BR | HBM-D (E)
aPLI model
S4-9-R | RCM4-9 | BR | HBM-D (E)
aPLI model
S4{10-R | RCM4-10 | BR | HBM-D (E)
aPLI model
S4+11-R | RCM4-11 | BR | HBM-D (E)
aPLI model
S4{12-R | RCM4-12 | BR | HBM-D (E)
aPLI model
S4{13-R | RCM4-13 | BR | HBM-D (E)
aPLI model
S4{14-R | RCM4-14 | BR | HBM-D (E)
aPLI model
S4{15-R | RCM4-15 | BR | HBM-D (E)
aPLI model
S4}16-R | RCM4-16 | BR | HBM=D (E)
aPLI model
S4+17-R | RCM4-17 | BR'| HBM-D (E)
aPLI model
S4}18-R | RCM4=18 | BR | HBM-D (E)
aPLI model
S4119-R{TREM4-19 | BR | HBM-D (E)
aPLI model
S420-RREM420- BRHBM P 3
aPLI model
S4-21-R | RCM4-21 | BR | HBM-D (E)
aPLI model
S4-22-R |RCM4-22 | BR | HBM-D (E)
Key
S-1ID simulation ID
IL impact location
BC lateral centre of the bumper test area defined in References [1] and [2]
BR right end of the bumper test area defined in References [1] and [2]
BL left end of the bumper test area defined in References [1] and [2]
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S-ID RCMID | IL | HBM | aPLI model S-ID RCMID | IL | HBM | aPLI model
aPLI model
S4-23-R |RCM4-23 | BR | HBM-D (E)
Key
S-ID simulation ID
IL impact location
BC lateral centre of the bumper test area defined in References [1] and [2]
BR right end of the bumper test area defined in References [1] and [2]
BL left end of the bumper test area defined in References [1] and [2]

A.2.4.3.2 Simulation model setup

All the impact simulations were performed at the impact speed of 11,1 m/s. Impacts were de
th¢ RCMs in the lateral-to-medial direction of either the struck-side lowertimb of an HBM

mqdel. As the bottom of aPLI corresponds to the sole of the barefoot,.the impact height o
maqdels was set at 25 mm above the ground to compensate for the height of the sole of the s

vafiability in the length of the lower limb of the HBMs used, the impact height of the HBMs v
su¢h a way that the height of the knee joint surface coincides withthat of the aPLI models ag
Figure A.40. A gravity field was applied entirely to all models~The lower limb orientation of

representing failure of the tissues were inactivated,except for the fibula, to predict maximur
the¢ femur, tibia and MCL, while maintaining realistic loading conditions of the tibia for wh
mdtrics are set for the aPLI.

The vertical centre line of the femur and tibia bone cores (beams made of glass fiber reinfor(
representing the bending characteristics of the femur and the tibia installed in the femun
segments of the aPLI as shown in Eigure A.43) was positioned vertical to the ground and at {
lodation on the RCM as illustrated in Figure A.44.

In] ry metrics of the HBMs-(femur BM, tibia BM and knee valgus angle) and the aPLI model (Ji
ia BM and MCL elongatlon) were measured by following the same procedure as detailed i
anfl illustrated in Figure-A.45.

The maximum values of the injury metrics for the thigh, leg and knee were recorded and us
regression analysis to develop TFs.
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Figure A.40 — RCM versus HBM and aPLI model impact condition
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Figure A.41 — Definition of the line connecting the centre of the hip joint and the ankle joint of
the HBM
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Figure A.42 — RCM versus:-HBM impact locations

1 2
—

i |

2 perpendicular view to the struck side

Key

1  Struck-side view
3 vertical centre line of the femur and tibia bone cores along the centre of bone core

Figure A.43 — Definition of the vertical centre line of the femur and tibia bone cores for the
aPLI
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NOTE This is the top view.

Figure A.44 — RCM versus aPLI model impact locations
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Figure A.45 — Measurement location of the peak value of injury metrics

84

© IS0 2023 - All rights reserved


https://standardsiso.com/api/?name=0768d5d0e63dd278844caa7b44bec67f

ISO/TS 20459:2023(E)

A.2.4.4 Results

A.2.4.4.1 Thigh

The TF for the thigh defines the relationship between the maximum values of the femur BM from the
aPLI models and those from the HBMs obtained from the impact simulations.

Figure A.46 presents the TF for the thigh with the individual data points plotted. The horizontal axis
represents the maximum value of the femur BM of the aPLI models, and the vertical axis represents the
maximum value of that of the HBMs. As shown in Figure A.46, the slope of the TF is 1,04. Tabulated data
ar¢providedat:

httlps://standards.iso.org/iso/ts/20459/ed-1/en

The time history plots of all of the three injury metrics of the femur for the aPLI models and|the HBMs
can be found in C.2.
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Figure A.46 — TF for the thigh

A2.4.4.2 Leg

The TF for the leg defines the relationship between the maximum values of the tibia BM from the aPLI
models and those from the HBMs obtained from the impact simulations.

Figure A.47 presents the TF for the leg with the individual data points plotted. The horizontal axis
represents the maximum value of the tibia BM of the aPLI models, and the vertical axis represents the
maximum value of the tibia BM of the HBMs. As shown in Figure A.47, the slope of the TF is 0,881.
Tabulated data are listed provided at:

https://standards.iso.org/iso/ts/20459/ed-1/en
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The time history plots of all of the four injury metrics of the tibia for the aPLI models and the HBMs can
be found in C.2.
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Figure A.47— TF for the leg

A.2.4.4.3 | Knee

The TF for the knee defines the relationship between the maximum values of the MCL elongation frpm
the aPLI rhodels and the maximuin values of the knee valgus angle from the HBMs obtained from the
impact sirpulations.

Figure A48 presents the,TF for the knee with the individual data points plotted. The horizortal
axis reprgsents the maximum value of the MCL elongation of the aPLI models, and the vertical afis
representp the maximmum value of the knee valgus angle of the HBMs. As shown in Figure A.48, the slape
of the TF is 1,14. Tabulated data are provided at:

https://standards.iso.org/iso/ts/20459/ed-1/en

The time history plots of the injury metrics of the knee for the aPLI models and the HBMs can be found
in C.2.
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A.2.5 Development of IPFs for thelaPLI in the load case specified in the STP

A.2.5.1 General

Injury values of human IPFs(in the load case specified in the STP (human IPFs-STP) developgd in A.2.3
ar¢ to be converted to injuryvalues of the aPLI using the TFs determined in A.2.4 to develop IPFs for the
aPLI in the load case specified in the STP (aPLI IPFs-STP). The aPLI IPFs-STP are validated aghinst real-
wdrld accident data(See A.2.6) and are subjected to further theoretical and/or empirical agjustment
(Apnex B).

A.2.5.2 Methodology

Th injury'metric for human in the formula of human IPFs-STP developed in A.2.3 is convertefd by using

Formula (A.8):

Xhuman =~ CSlope X XapLI (A.8)

where

Xpuman 1S the value of the injury metric for human;
Csiope  is the slope of the TF determined for the corresponding injury metric in A.2.4;

XapLI is the value of the injury metric for the aPLI.
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A.2.5.3 Results

A.2.53.1 Thigh

Figure A.49 presents the aPLI IPF-STP for the thigh with the 95 % confidence interval. The injury
probability function is shown in a solid line and the 95 % confidence interval shown in dotted lines.
The horizontal axis represents the femur BM measured by the aPLI, and the vertical axis represents the
probability of injury in the load case specified in the STP.

The aPLI IPF-STP for the thigh is given by Formula (A.9):

C,
C XX Shape
P=1lexpl- Slope aPLI (A .9)
Cscale
where
P is the injury probability for the femur shaft of human;
Cscale is the parameter determined for the Weibull distribution for the human IPF for the
femur shaft as described in A.2.3.4.1;
Cshapp  1s the parameter determined for the Weibull distributien for the human IPF for the
femur shaft as described in A.2.3.4.1;
Cshapp  is the slope of the TF for the thigh as described inA.2.4.4.1;
X,4pLI is the femur BM measured by the aPLI in Nm.
The pararheters needed to define the aPLI IPF-STP for/the femur shaft are described in Table A.21.
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Figure A.49 — aPLI IPF-STP (femur shaft)

Table@.21 — Parameters of the aPLI IPF-STP (femur shaft)
CScale CShape CSlope
571 11,0 1,04
A.2.5.3.2 Leg

Fig ure A 50 presents the aPLI [PF-STP for the leg w1th a 95 % confidence 1nterval The injury probability
horizontal
obability of

1n]ury in the load casespec1f1ed in the STP

The aPLI IPF-STP for the leg is given by Formula (A.10):

C,
C XX Shape
P=1-exp]- _Slope ™ "aPLI (A.10)
CScale
where
P is the injury probability for the tibia shaft of human;
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Cscale is the parameter determined for the Weibull distribution for the human IPF for the tibia
shaft as described in A.2.3.4.2;

Cshape  is the parameter determined for the Weibull distribution for the human IPF for the tibia
shaft as described in A.2.3.4.2;

Csiope  is the slope of the TF for the leg as described in A.2.4.4.2;

XapLI is the tibia BM measured by the aPLI in Nm.
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Figure A.50 — aPLI IPF-STP (tibia shaft)

Table A.22 — Parameters of the aPLI IPF-STP (tibia shaft)

CScale CShape CSlope
424 8,45 0,881

A.2.5.3.3 Knee

Figure A.51 presents the aPLI IPF-STP for the knee with a 95 % confidence interval. The injury
probability function is shown in a solid line and the 95 % confidence interval shown in dotted lines. The
horizontal axis represents the MCL elongation measured by the aPLI, and the vertical axis represents
the probability of injury in the load case specified in the STP.
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The aPLI IPF-STP for the knee is given by Formula (A.11):

1 Csiope*XapLI 1 - (ln t-Cy )2
P= J. —expy—————dt (A.11)
NGY R t 2¢,>
where
P is the injury probability for the MCL of human;
('U isthe parameter determined forthe | ng-Nnr‘m:\] distribution for human IPFEs faor the MCL
as described in A.2.3.4.3;
Cs is the parameter determined for the Log-Normal distribution for human' IPFs fdr the MCL

as described in A.2.3.4.3;
Csiope  1s the slope of the TF for the knee as described in A.2.4.4.3;

XapLI is the MCL elongation measured by the aPLI in mm.

Thle parameters needed to define the aPLI IPF-STP for the MCL are deSeribed in Table A.23.
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Figure A.51 — aPLI IPF-STP (MCL)
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Table A.23 — Parameters of the aPLI IPF-STP (MCL)

Cu Co- CSlope
3,34 0,291 1,14

A.2.6 Validation of the aPLI IPFs-STP

A.2.6.1 General

Validation
crucial to
in the redl-world accidents. At the same time, it is also a challenging work due to essentiallyia
variability in the parameters describing both the load case in the accident and human impact tespot
and tolergnce. For this reason, two groups under the aPLI TG (Group A and B) individually validaf
the aPLI [[PFs-STP developed in A.2.5 with respect to real-world relevance to clarify theneed for
adjustment to the real-world data, and adjusted the IPFs that were found to show dis€repancy from
field data ps detailed in Annex B.

Group A vilidated the aPLI IPFs-STP by comparing the morbidity and the number of injuries predicf
by the aPLI IPFs-STP against those calculated from accident data. In contfast, Group B develope
methodolpgy which is based on the comparison of test data from real cag-aPLI tests with accident d3
Detailed methodology and results of the validation conducted by Group-A and B are described in A.2.|
and A.2.6J3, respectively.

A.2.6.2 Yalidation (Group A)

A.2.6.2.1 | Methodology

First, an qccident database was investigated and the data were filtered to extract specific accide
of interest, and the number of injuries in questioand the morbidity were calculated for this mot]
group. Se¢ond, the morbidity for the corresponding load cases to those of the filtered accident data W
estimated from the aPLI IPFs-STP, and the.number of injuries was estimated using the exposure fr
the accidgnt data. Finally, the observed and predicted number of injuries in the specific load cases
interest were compared to validate thé:aPLI IPFs-STP and clarify the need for further adjustments.

A.2.6.2.1.1 Observed number ofinjuries and morbidity

Group A pised a German pedestrian accident database called the German In-Depth Accident Sty
(GIDAS) database version12/2018 to validate the aPLI [PFs-STP determined in A.2.5. This datab
was chos€n because itcontains detailed pedestrian accident information, including extensive scene g
vehicle ingpection afidtinjury description, comprising one of the most useful databases in terms of b
quantity dnd quality. The following selection criteria was applied to the GIDAS database to filter

cases releyant to-the pedestrian load cases represented by the aPLI STP:

ge
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— pededtrian age of 16 years old and older;

— pedestrians involved in a collision against a single vehicle;

— pedestrians hit while standing, walking or running;

— pedestrians not run over by a vehicle;

— no extreme sideswipes were included, such as a pedestrian being struck by a side mirror;
— pedestrian collision against a forward-driving M1/N1 vehicle;

— frontal collision of the vehicles against the pedestrians;

— impact speed up to 65 km/h;
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— impact angle: 0° and +30° including symmetric angles;
— vehicles with no roll over;
— no sliding of the vehicles/driver loss of control prior to the accident.

The pedestrian subsystem test procedure to be used with an aPLI specifies the impact speed of 40 km/h
(see References [1] and [2]). However, comparison of predicted and observed number of injuries and
morbidity at this specific impact speed would diminish the number of data from the accident database
and thus statistical significance of the validation results. Consequently, it was decided to compare the
number of injuries and the morbidity for the impact speed range of (0-65) km/h by estimating the trend
of the maximum values of aPLI injury metrics against impact speed by means of computatiopal impact
simhulations. The upper limit of the impact speed range was set at 65 km/h because both  ¢bserved and
predicted morbidity were found to be small up to 40 km/h, while the number of accident fases was
foynd to be minimal above 65 km/h. In this speed range, the total number of filtered acciglent cases
comprising the mother group was 1 183.

In forder to compare predicted and observed number of injuries and morbidity for injuries|predicted
by|the aPLI injury metrics, the comparisons were made for femur shaftfracture, tibia shaft fracture
anfl MCL complete failure. The number of injuries was obtained by further filtering the dases with
th¢ pedestrian sustaining the following injuries with the AIS code fAIS 2005 update 2008 [codes[34])
degcribed in Table A.24. The AIS code consists of six digits left of the decimal point (pre-dot|code) and
ong digit right to the decimal point (post-dot code). The initidl digit represents the body region and
8 qorresponds to the lower extremity. The following digit fepresent the type of anatomic structure,
with 4 and 5 corresponding to “organs (including muscles/ligaments)” and “skeletal (includipg joints)”,
regpectively. The post-dot code of 2 and 3 represents mmederate and serious injury, respectively. With
regards to femur and tibia shaft fracture, there were directly corresponding AIS codes as|shown in
Table A.24. On the contrary, due to there being fH0~AIS code which corresponded to complete MCL
rupture directly, the AIS code for collateral ligamént complete rupture was used as shown in Table A.24.
As|the number of injuries was simply counted®y the number of these AIS codes, multiple injuries to a
sirjgle pedestrian were counted for each of the filtered injuries. The morbidity was calculated|by simply
diyiding the number of corresponding injuries with the number of pedestrians in the mother group.
The data were grouped by the representative impact speed with 5 km/h increments by assjgning the
data with the representative impact speed 2,5 km/h.

Table A.24 — AIS codes used for filtering

AIS code (AIS 2005 update 2008 codes)
Injured Body Type of Specific AIS
bodv part ¥ion anatomic anatomic Level deverit
yp g structure structure 1 y
(1 digit) (1 digit) (2 digit) (2 digit) 1 digit)
Femur shaft 8 5 32 any (21, 22,51, 52, 61, 62,71, 72) 3
> any (21,51, 61, 71) 2
Tibia'shaft 8 5 42
any (22,52, 62, 72) 3
Knee ligaments 8 4 04 07 2

A.2.6.2.1.2 Predicted number of injuries and morbidity

The morbidity was estimated for each of the injuries in question from the injury values measured by the
aPLI and the aPLI IPFs-STP. As 87,9 % of vehicles involved in the cases of the mother group were sedans,
the mean of the maximum injury values of aPLI injury metrics were calculated from the round robin test
results for German sedans to represent the injury values at 40 km/h. Due to the lack of experimental
data for other impact speeds, computer simulations were run using a sedan type generic vehicle
modell33] and the aPLI model (A) described in A.2.4.2.1. Simulations were run at the impact speeds up
to 65 km/h, including 40 km/h, at 5 km/h increments. All the injury values were normalised by that at
40 km/h, and the injury values at 40 km/h determined from the experimental data were multiplied by
the normalised injury values to estimate the injury values at the impact speeds other than 40 km/h.
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The morbidity was estimated for each impact speed by applying the estimated aPLI injury values to the
aPLI IPFs-STP. The number of injuries was then predicted for each of the impact speeds by multiplying
the number of pedestrians in the corresponding impact speed range by the estimated morbidity.

Table A.25 — Frequency of car type in the GIDAS database filtered for the current study

Vehicle type Frequency
Very small cars 6,3 %
Sedan 879 %
Smrattcars 20;6%

Lower middle-class
cars 36,3 %

Middle-class cars 24,1 %
Upper middle-class

cars 6,4 %

Upper-class cars 0,4 %

N IAY 2,3%
Sports cars 0,5 %
Mini vans 0,6%
Large vans 2,3%
Passenger car without further information 0,1%

A.2.6.2.1.83 Comparison between observation and prediction

The numMer of injuries and the morbidity were obtained from the accident database, or estimated|by
the aPLI ipjury values, for the impact speeds up to-65'km/h at 5 km/h increments. Due to the smjall
number of injuries in the filtered datasets, the observed and predicted number of injuries for each of
the repregentative impact speed were summed up-to 65 km/h for comparison purposes. The morbidity
was complared as a function of the impact speed to evaluate the trend of the probability of injury oyer
the impacf speed.

A.2.6.2.2 | Results

A.2.6.2.2.1 Observed numberof injuries and morbidity

Table A.2b shows the number of pedestrians in the mother group by the representative spegd.
Figure A.p2 presents the number of injuries by the representative impact speed, along with the
morbidity by the representative impact speed for the thigh (femur fracture), the leg (tibia fracture) gnd
the knee (complete MCL failure). The morbidity tended to get larger as the impact speed goes up.

The total jnumber of injuries was 7, 63 and 11 for the thigh (femur shaft fracture), the leg (tibia shaft
fracture) amd,the knee (complete MCL failure), respectively.

Table A.26 — Number of pedestrians in the mother group by the representative speed

Impact speed (km/h) 0 5 10 15 20 25 30 35 40 | 45 | 50 | 55 | 60 | 65
Number of pedestrians | 6 | 70 | 98 | 131 | 172 | 131 | 152 | 92 | 135 | 89 | 65 | 18 | 20 | 15
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Figure A,52— Number of injury and morbidity by impact speed obtained from the agcident
database
A.2.62.2.2 Predicted number nfinjnripc and mnrhidify

Figure A.53 shows the maximum injury values predicted by the computational impact simulations
using the sedan type generic vehicle model and the aPLI model (A) normalised by the values at 40 km/h
for the thigh (femur shaft fracture), the leg (tibia shaft fracture) and the knee (complete MCL failure).
The injury values tended to get larger as the impact speed goes up, except the femur BM at higher
speeds exhibiting saturation due to the change of the car front shape at the thigh impact area from a
pontoon type to a flat type which causes less bending of the femur as it supports the thigh over a wide
range in the longitudinal direction due to the flat surface. The mean injury values at 40 km/h obtained
from the round robin tests on German sedans were 283 Nm, 233 Nm and 14,8 mm for the thigh (femur
BM), the leg (tibia BM) and the knee (MCL elongation), respectively. Those values were multiplied by
the normalised injury values presented in Figure A.53 to estimate the injury values as functions of the
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impact speed shown in Figure A.54. Figure A.55 shows the estimated morbidity by the impact speed
calculated by applying the injury values shown in Figure A.54 to the aPLI IPFs-STP determined in A.2.5.

The predicted total number of injuries was 1, 4 and 47 for the thigh (femur shaft fracture), the leg (tibia
shaft fracture) and the knee (complete MCL failure), respectively.
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Figure A|53 — Maximum injury values of aPLI by impact speed normalised by those at 40 km}/h
obtained from computational impact simulations
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Figure A.54 — Maximum injury values of aPLI by impact speed €stimated from the compbination
of experimental data and computationalprediction
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Figure A.55 — Predicted morbidity by impact speed

A.2.6.2.2.3 Comparison between observation and prediction

Table A.27 compares the observed and predicted number of injuries for the thigh (femur shaft fracture),
the leg (tibia shaft fracture) and the knee (complete MCL failure). The percentage of the difference of
morbidity between the field observation and the prediction relative to the number of pedestrians in
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the mother group (1 194) was 0,5 %, 5,3 % and 2,4 % for the thigh, the leg and the knee, respectively,
as shown in Table A.28. Due to significantly small number of injuries and the overall morbidity for
the thigh, it was decided not to further consider adjustment to the real-world accident data as the
difference was deemed much less than the variability of human biomechanical data and thus further
modifications are not justified. Since the percentage of the difference of morbidity was 2 % or more for
the leg and the knee, it was decided to adjust the aPLI IPF-STP for these injuries to enhance relevance of
the IPFs to the real-world accidents. It is important to note that the number of leg injury (tibia fracture)
was underestimated, while the number of knee injury (complete MCL failure) was overestimated.

Table A.27 — Comparison between observed and predicted number of injuries

Number of injuries Thigh Leg Knee
Accident data 7 63 11
Prediction 1 3 39

(difference to accident data) (-6) (-60) (+28)

Dimensions in percentages

Table A.28 — Comparison between observed and predicted morbidity

Morbidity Thigh Leg Knee
Accident data 0,6 5,6 09
Prediction 0,1 0,3 3,3

(difference to accident data) (-0,5) (-5,3) (+2,4)

A.2.6.3 Validation (Group B)

A.2.6.3.1 | Methodology

The aim of the developed “cross-check-value? methodology was to cross-check impactor output gnd
potential thresholds with real-life accident.injury data. Based on this a direct comparison betwgen
impactor measurements and accident data should be created without the usage of any PMHS test data
or compufational simulations.

A.2.6.3.1.1 General description

Figure A.36 presents a schematic overview about the “cross-check-value” methodology.

Accident data Impactor / dummy test data
Step.18.Choose accident sample Step 3: Collect impactor / dummy data

Step2: Evaluate injury occurrence Step 4: Calculate measurement distribution

| |

Output: Injury occurrence Output: Measurement distribution

Combine

Impactor / dummy threshold cross-check

Figure A.56 — Schematic overview of “cross-check-value” methodology

In a first step a suitable sample of accident data is needed. These data set shall be representative for the
investigated load case and shall contain detailed information about the accident like vehicle type, vehicle
speed, detailed injury description (preferably AIS codes), etc. To create the sample out of an accident
database it is recommended to use as many filters as necessary to qualify (comparison with impactor/

98 © IS0 2023 - All rights reserved


https://standardsiso.com/api/?name=0768d5d0e63dd278844caa7b44bec67f

ISO/TS 20459:2023(E)

dummy test setup) but as few filters as possible to maintain statistical value and representativeness.
This sample is considered as the 100 % of all injured persons for this specific type of accident.

Next step deals with the evaluation of the injury occurrence within the sample data set. This shall
be done individually for each specific injury and the injury shall be measurable by the investigated
impactor / dummy test. Following it shall be evaluated how many persons within the sample data
sustained the investigated injury. It is not relevant how the injury was caused.

In step three a sufficient (as large as possible) number of impactor / dummy tests shall be conducted or
collected. Itis important to use different type of vehicles (sedan, SUV, sportscars) that are representative

of
ma3

Th
inj

Fir
ass
thd
ass
an
ca

ta should

he accident data cnmp]n with which fhpy are to be r‘nmparnd F‘nrfhnrmnw:’ the test d

tch the boundary conditions of the accident sample as closely as possible.

e task in the fourth step is to calculate the measurement distribution from the impactor da

ally, the accident data and impactor / dummy test data shall be merged. For-this combinati
umption is that the test data represent the accident sample. Furthermore, the methodolo
it a higher impactor measurement means a higher injury risk for réal*humans. Follow
umptions, the injury occurrence can be matched with the test data distribution. To compa
1l accident data sets, the portion above the injury occurrence value ‘'efithe normal distributi
culated. Then the impactor measure value for which the cumulative probability is corresy

fa for each

liry. In most of the cases it is advisable to assume that the variable follows a normial distribution.

pn the key
by implies
ring these
re the test
n shall be
onding to

the occurrence value shall be calculated.

A.2.6.3.1.2 Limitations of the methodology

ication of
curves or

The “cross-check-value” methodology delivers impagtor-specific values which give an ind
injury risk in real-life accidents and can be used tgCross-check impactor-specific injury risk|
thresholds.

Th quality of the cross check depends on:
the capability of the dummy / impactor to capture the real human injury mechanism;
the total number of accidents included, and total number of tests included;

the comparability between-tests and accidents of the tested vehicles, impact speeds, etc.

Th
hu
ne

E cross-check value cahnot be used as a substitute for injury risk functions, because it captures
man diversity onlyindirectly and not complete. Injury risk functions from current methods are still
pded.

The “cross-chegk-value” only serves as a plausibility check against real-life accidental injurieg.

A.2.6.3.2_“Results

Gr
aP

bup B used the methodology described above to “cross-check” the output of real car tests
Jround rohin test with the aPI.I version SRI.-A with the GIDAS data base (version 12/2017

luring the

).

A.2.6.3.2.1 Accident sample

In order to create a suitable sample data set, only completely reconstructed and finally closed cases
in GIDAS were considered. Furthermore, any cases with non-motorized conveyances (e.g. wheelchairs,
stroller, sport equipment) were excluded. This was done to keep out cases which differs too much from
the STP. The main filter used for the resulting cases was “pedestrians hit by a passenger car front that
were standing / walking / running”. It was explicitly decided to not use further filters, e.g. regarding
vehicle speed or model year, pedestrian size or age, or injury causation to keep the sample size as large
and multifaceted as possible.
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The resulting sample size was n = 1 853 pedestrians. This sample is considered as 100 % of all
pedestrians in real-life accidents (with the chosen boundary conditions).

A.2.6.3.2.2 Injury occurrences

According to the second step to create the "cross-check values", the injury occurrences for tibia, MCL
and femur were evaluated within the sample data set. Since the aPLI is only able to measure bone
bending moments and MCL elongations, only the corresponding injuries could be evaluated. Table A.29
shows the evaluation results. It shall be mentioned that for the knee ligament injuries the AIS coding
does not allow distinguishing between MCL and LCL, so here, all knee ligament injuries are included as
a worst-cdse approach.

Table A.29 — Evaluated injury occurrences for tibia, femur and MCL

Injury aPLI measure AlS code Occurrence
Tibia shaft fracture | Tibia bending moment AIS 8532xx.3 52%
Knee ligament injury MCL elongation AIS 8404/5xx.2 1,3%
Femur shaft fracture | Femur bending moment | AIS 8542xx.x 13 %

A.2.6.3.2.8 Testdata

Group B dhose the aPLI round robin test with the aPLI version SBI«A‘as an adequate test set for step
three to ¢valuate the “cross-check-value”. These test set contairis'n= 101 aPLI tests (SBL-A versipn)
against 17 different real car models from the European fleet., The tests were conducted to the vehicle
centre ling as well as the end of bumper test area (defined in Reference [1]). All these vehicles fulfil the
requireménts of Reference [1] regarding testing with the ElexPLI.

A.2.6.3.2.4 Measurement distribution of test data

As described in step four, the measurement distribution from the aPLI tests has been calculated| It
has been pssumed that the variable follows a-normal distribution. The resulting mean values () gnd
standard feviations (o) are shown in Table-A.30.

Table A.30 — Evaluated injury occurrences for tibia, femur and MCL

Max. tibia | Max. femur | Max. MCL
Mean-value (u) 271,7 Nm 373,1 Nm 25,4 mm
stahdard deviation (o) | 69,4 Nm 89,1 Nm 5,8 mm

A.2.6.3.2.p Combination of accident and test data set

Figure A.37 through Figure A.59 shows the results of combination for tibia, MCL and femur values gnd
the resultling™cross-check-values”. For visualization purposes, both the actual impactor test data gnd
the normgl distribution were plotted in one diagram. The “cross-check-value” was fitted-in as a vertifal
dotted line.

A comparison between the “cross-check-values” and the corresponding aPLI IPF-STP for leg, knee
and thigh was made and a high discrepancy between injury risk level determined by the aPLI IPF-STP
and the accident occurrences was observed. Table A.31 lists the “cross-check-values” and the injury
occurrence in comparison to the injury risk determined with the aPLI IPF-STP for tibia, MCL and femur.
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Figure A.57 — “Cross-check-value” methodology results of combination for tibi
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Higure A.58 — “Cross-check-value” methodology results of combination for MCL
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Figure A.59 — “Cross-check-value” methodology results of combination for fempr
Table A.31 — Evaluated injury occurrences for tibia, femur and MCL
Cross-check value | Injury occurrence | Injury risk from
(accident data) aPLI IPF-STP
Femur 571,5 Nm 1,3% >90 %
MCL 38,2 mm 1,3 % >80 %
Tibia 384,7 Nm 52% <20%

A.2.6.3.2.6 Discussion

It shall be taken into account that only preliminary IPF-STPs for the aPLI were available when Group B
conducted this study. Furthermore, all studies dealt with the aPLI version SBL-A. Unfortunately, for the
SBL-B version of the aPLI there are no sufficient test data available to update the study.

Nevertheless, the results led to the conclusion, that the root cause of such high differences between the
accident occurrence and the injury risk level resulting from the aPLI IPF-STP needed to be investigated

further.
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A.2.6.4 Conclusion

The results of the validation of the aPLI IPFs-STP done by Group A demonstrated that the aPLI IPF-STP
for the leg and the knee need to be adjusted due to the significant difference between the observation
and the prediction (5,3 % and 2,4 % for the leg and the knee, respectively). No adjustment will be
applied to the aPLI IPF-STP for the thigh.

The studies of Group B show high discrepancies between the “theoretical” injury risk based on the
aPLI IPF-STP and the “real” injury risk, based on accident data to suffer lower limb injuries, which are
addressed by the aPLI.

Conseque
and the p
the aPLI [

104

htly, both groups decided to analyse the cause of the discrepancy between the accidentd
rediction from the aPLI injury values. The methodology and the results of the adjustiment
PFs-STP to accident data are summarised in Annex B.
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Annex B
(informative)

Adjustment of IPFs for real-world relevance

:2023(E)

Backgroumd

As|stated in A.1.1, IPFs for the aPLI would require adjustment of IPFs to match field observat
loqd case specified by the STP does not represent real-world accidents. The IPFs fox:the Fle
deyeloped to predict injury probability to a pedestrian when the pedestrian is subjected to a

load case specified in the STP. In contrast, car-pedestrian impacts in real-world acciden
ide variety of different load cases. This may result in an inconsistency between the p
of injury predicted from the results of a subsystem test and the frequeney of injury in 1
ac¢idents. However, the real-world relevance of the IPFs for the FlexPLI were not validatg
ac¢ident data. As the STP has been implemented in consumer information tests and regula
caf safety measures to protect pedestrians are developed primarily based on such test resul
is & large discrepancy between the predicted injury probability and actual frequency of inju
saflety measures may not be sufficiently effective due to this bids.

The results of the validation of the real-world relevance ofithe aPLI IPFs-STP described in A.2)
that a significant difference was seen between the number of injuries from the accident da
number of injuries predicted by applying the aPLI injry values to the aPLI IPFs-STP specific3
knge and the leg. Based on the results, adjustment’ef the IPFs to accident data was investigat]
th¢ challenging nature of the work from essentially large variability in the parameters descr
the load case in the accident and human impact response and tolerance, two groups under t}
(Group A and B; see A.2.6.1) individually worked on the adjustment to the real-world data.

Thijis annex describes presumed factofs of reduced real-world relevance of the IPFs (B.2), a
of the IPFs by means of quantifyifigithe influences of such factors using computational HH
simulations (theoretical adjustment, see B.3) and further adjustment of the IPFs, as needed
the predicted number of injuries matches the number of injuries from the accident data
adjustment, see B.4).

B.2 Factors of reduced real-world relevance

B.2.1 General
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psumed-factors responsible for the discrepancy of the observed and predicted number
re investigated by each of the two groups. Group A started by evaluating representat
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wer limb

muscles and the impact direction on the knee lateral bending and the MCL elongation during vehicle-to-

pedestrian impacts.

B.2.2 Presumed factors (Group A)

The load case defined by the STP (References [1] and [2]) includes the impact speed, the pedestrian
height and weight (as represented by the impactors), the impact angle and the posture of the lower limb.
More than 70 % of all pedestrian lower limb injuries occur at the impact speed of 40 km/h and below![3¢l.
The pedestrian height (175,1 cm) and the weight (76,5 kg) represented by the legforms are taken from
the anthropometric data of a 50th percentile adult male (Reference [3]). The impact angle specified
in the STP represents impact of a vehicle's front-end against the lateral aspect of the pedestrian's
lower limb. According to the accident data, impacts delivered to the lower limb of a pedestrian in the
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direction lateral to the pedestrian lower limb +30° accounts for 74 % of accident casesl37]. Based on this
evaluation of the representativeness of the load case against the real-world situation, these conditions
were deemed representative of the accidents. In contrast, the posture of the lower limb with the knee
fully extended and the entire lower limb perpendicular to the ground does not represent any phase of
the gait cycle (Figure B.1). Because of this apparent discrepancy, it was decided to focus on the influence
of the lower-limb posture.

Due to the anatomic structure of the knee (Figure B.2), the MCL is stretched only when the knee is
fully extended, and is relaxed when the knee is flexed[38l. Due to the slack of the MCL with the knee
flexed, and the angle of the entire lower limb relative to the ground, the MCL is less susceptible to knee

bending, g
to the gro

Although
majority ¢
the MCL i
(tibial pla
condyle (]
rotation

In additio
be a facto
IPFs wers
around th|
would be
bones wit

Conseque

the representation of the impact angle with the lateral impact used in the STP represents
s attached to the medial side of the distal femur (femoral condyle) and the \proximal ti

Figure B.3); in the case of the valgus bending of the struck-side lowef-1limb, the radius
rould be the largest in a pure lateral bending.

. In the biomechanical testing from which biomechanical data were obtained and the hum
developed, cadaveric specimens with no muscle tone were used. In contrast, the musg
E knee are active while standing or walking[32] and the stiffpess of the knee in lateral bend
influenced, although the muscle forces would pose minimal influences on the loading to
h much stiffer material properties compared to the MCL.

AAR

a) Sixrepresentative walking posture in a gait cycle

lind. The difference of the angle of the leg may result in different loading to the tibia aswel|.

lar
|

he

f accidents, the loading to the lower limb may be influenced by the impact angle-Specifically,

bia

eau), and the centre of rotation of the knee in lateral bending is the lateral §ide of the femaral

of

h to the influence of the lower-limb posture and the impact angle,the muscle tone may also

an
les

ng
he

htly, Group A quantitatively analysed the effect$©fthe lower-limb posture, the impact angle
and the mjuscle tone to adjust the aPLI IPFs-STP for the lég and the knee.

b) Lower-limb posture represented by the STP

Figure B.1 — Comparison of lower-limb posture between the gait cycle and the STP
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Figure B.2 — Difference of MCL conditionQthe knee posture
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Figure B.3 — Centre of rotation in lateral bending

B.2:3—Presumed factors (Group B)

Presumed factors analysed by Group B were comparable with those of Group A which are described

in B.2.2.

Group B focused on investigating the effect of the lower limb muscles and the impact angle on the knee
valgus angle and MCL elongation based on computer simulation analysis to adjust the aPLI IPFs-STP for

the knee theoretically.
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B.3 Theoretical adjustment

B.3.1 General

Each of the two groups first aimed to quantify the influence of the presumed factors by means of
computational pedestrian impact simulations using HBMs. Next, the aPLI IPFs-STP were adjusted by
reflecting the results of the computational analysis and the adjusted IPFs were evaluated using the
methodology described in A.2.6.2 for Group A and A.2.6.3 for Group B, respectively.

B.3.2 Analysis (Group A)

B.3.2.1 (eneral

In this anplysis, the influence of the lower-limb posture, the impact angle and the musgle’tone were
quantified by means of computational impact simulations using an HBM. The influencésof the musdcle
tone was ¢onsidered only for the knee (complete MCL failure), considering the magnitude of the musdcle
forces and the tolerance of bones in compression.

Impact sinulations using an HBM were performed by varying the lower-limli posture and the imppct
angle to egtimate the sensitivity of these factors. The weighted average of the maximum injury valjies
(tibia BM pnd MCL elongation) were compared with those obtained from‘an impact simulation where
the lower{limb posture and the impact angle comply with the STP to cdlculate the ratio of the weighted
average of the maximum injury values to those with the lower-limb posture specified in the STP defijed
as a correftion factor.

Next, the |nfluence of the muscle tone around the knee joint was taken into consideration. The musdcle
tone appefprs to increase the valgus bending stiffness of thekilee joint and thus reduces MCL elongatjon
in car-pejestrian collisions. Based on this assumption, the increase of the knee valgus bending stiffngss
was estinpated from the literature and a correction¢factor was determined for the influence of the
muscle tohe by the reciprocal of the stiffness increaseratio.

The corregction factors were used to adjust the.aPLI IPFs-STP, and the modified IPFs were validated
against agcident data using the methodology specified in A.2.6.2.1.

B.3.2.2 [mpact simulation

B.3.2.2.1 | Simulation model

The HBM-4, as defined in A.2.4:2.2, and a SCM which mimics a representative car in the GIDAS database
were used in this analysiss A/'SCM as opposed to RCM was used to save computational time. The SCM was
developed in several steps. First, GIDAS database was investigated to determine the representative tar
type. The pame case-s€lection criteria as those applied in B.1 was used to confirm that the most frequent
type of car is a.Sedan (Table A.25). Second, the representative sedan shape was determined frpm
Reference| [35] Figure B.4 shows the representative sedan shape of the mid-section in the longitudipal
vertical plane.~Third, a SCM that comprises the three discrete rigid components for BLE, BP and|SP

was de e orvad o ranracan + thao cadan chana Thaca comanmanante teanclatn 10 tlhn Aot dien ot on
Velepea—teTepresentt—tnet—Seaah—Sape—T e Sse—€€ompoRentsStranSate e o0ppostte—airees

of car travel with specified non-linear spring characteristics, except for the BLE modelled using shell
elements (Figure B.5). This modelling strategy was necessary because BLE tends to be subjected to a
combined longitudinal and vertical force due to contact with the lower limb of a pedestrian in impacts
against sedans. The geometric and stiffness characteristics of the SCM are described in Figure B.6 and
Figure B.7 along with Table B.1, respectively. The SCM was validated by comparing the kinematics and
the time histories of the thigh, leg and knee injury metrics from the HBM-A with the lower-limb posture
representing that specified in the STP between the SCM and an RCM with a similar shape as described
in Figure B.8 and Figure B.9, respectively.
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NOTE 2  z=0 corresponds to the ground.

Figure B.5 — SCM with representative car shape for sedan with simple structures
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Figure B.6 — Geometric characteristics of the SCM
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Figure B.7 — Stiffness characteristics of the SCM

Table B.1 — Stiffness characteristics of the SCM (tabulated data)

BP SP

D F D F
0,0 0,0 0,0 0,0
5,6 2,9 5,6 1,1
18,9 5,6 18,8 2,1
106,6 11,2 106,6 5,2
150,0 40,0 150,0 40,0

Key
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F  force [kN]
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3.2.2.2 Model setup

act with the SCM and an RCM which has comparablé shape with that of representat
(time history plot of injury measures)

e HBM-A defined in A.2.4.2.2 was used .inthis analysis. The baseline lower-limb post;
M-A was set such that the line connecting the centre of the hip joint and the ankle jd
uck-side lower limb is vertical to thé_ground, and the same line on the non-struck side

the HBM-A was varied and six‘\répresentative lower-limb postures (postures A throug
ined to represent a gait cycle of a pedestrian as shown in Figure B.11. Due to the imp

ximum elongation, representative lower-limb postures were determined by dividing th
knee flexion angle ofyapproximately 0° to 60° obtained from Reference [40] at approxir
rements as shown'in Figure B.12. Only 40 % to 90 % of the gait cycle was simulated and
stures at the kne® flexion angle of 20° were assigned to posture F because of the simila
joint angleThe duration of each posture was determined by the middle points of the
gait cyclette the adjacent postures, and the frequency of each of the six lower-limb pos
ermined\proportional to the duration as shown in Table B.2. The element elimination op
M-A representing failure of the tissues were inactivated, except for the fibula, to predict
ds‘on'the femur, tibia and MCL, while maintaining realistic loading conditions of the tibia

ure B.9 — Validation results of the SCM by the comparison of the baseline HBM responses in

ive sedan

ire of the
int of the
is rotated

 forward about the hip joint as.shewn in Figure B.10 (baseline posture). The lower-limb posture

h F) were
brtance of

knee flexion angle that determines the initial slack of the MCL and thus significantly influences its

e range of
hately 20°
other two
Fity of the
bercent of
tures was
ion of the
maximum
for which

inj

Lrymetrics are set for the HBM-A.

Injury metrics for the knee (MCL elongation) and the leg (tibia BM) of the HBM-A were measured at the
location illustrated in Figure A.45. The maximum values of the MCL elongation and the tibia BM were
recorded and used to determine the theoretical correction factors.
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Figure B.10 — Baseline lowi@jmb posture of the HBM
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Key Q~Q
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Figure B.11 — Six representative walking postures in a gait cycle
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knee flexion angle [°], and its polarity is defined in Figure B.13
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lower-limb postures at one third of maximum knee flexion angle in one-gait'cycle
lower-limb postures at two thirds of maximum knee flexion angle inonegait cycle
lower-limb posture at maximum knee flexion angle in one gait cycle

Figure B.12 — Knee flexion angle of the six representative lower-limb postures of the HBM

Figure B.13 — Polarity of the knee flexion angle

Table B.2 — Frequency of the six representative lower-limb postures in a gait cycle

Dimensions in percentages

ID of six representative lower-limb posture | Duration-based frequency
A 32,5
B 11,5
C 8,0
D 11,5
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Table B.2 (continued)

ID of six representative lower-limb posture | Duration-based frequency
E 9,5
F 27,0

Table B.3 shows the impact simulation matrix for the baseline and other six postures of the HBM. The
impact speed was set at 11,1 m/s for all postures. Since the baseline posture was used to represent
the load case specified in the STP, only one impact simulation was performed in the lateral-to-medial
impact direction defined as 0°. The GIDAS database classifies the impact angle at the 30° increment,
and it shoved that the accidents with the impact angle between £30° accounts for approximately thiee
fourths of|all the accidents as shown in Table B.4. For this reason, the impact angle was varied betwgen
+45° at the 15° increments. The mean of the maximum MCL elongation and the maximum tibia) BM at
the impacft angle of 0° and +30° were estimated by the weighted average of the simulation@estlts. The
average maximum MCL elongation and the maximum tibia BM at 0° was calculated from the weighted
average of the simulation results at 0°, +15° and -15° with the weighting factor ,0t0,50, 0,25 gnd
0,25, respectively. The same procedure was also applied to estimate the mean of-the’ maximum MCL
elongation and the maximum tibia BM at +30°.

Table¢ B.3 — Computer simulation matrix for baseline and other six postures of the HBM
Simulation ID | Lower-limb posture Impact angle
Baseline STP 0°
Real-world A through F +45%at 15° increments

NOTE 1 Definition of lower-limb posture is showaiin Table B.11.

NOTE 2 Polarity of impact angle is shown in(Figure B.14.
F

l

Key
A impacf angle [°]

F  fronta] side of pedestfian
R  rear side of pedestrian

Figure B.14 — Polarity of impact angle

Table B.4 — Frequency of the car impact angle from the GIDAS database

) Frequency [%]

Impact angle [°] Each Subtotal
+90 78 )
+60 7.6 -

NOTE 1 For the polarity of impact angle, see Figure B.14.

NOTE 2 Frequency data for 0°, +30°, +60°, -30°, -60° include frequency for impact directions symmetric with respect to
anterior-posterior direction.
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Impact angle [°]

Frequency [%]

Each Subtotal

+30

0

-30

12,3
57,0 74,4
51

-60
-90

1,4 -
1,5 -

N

N(
an

TE1 For the polarity of impact angle, see Figure B.14.

TE 2 Frequency data for 0°, +30°, +60°, -30°, -60° include frequency for impact directions symmetric\with
ferior-posterior direction.
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3.2.2.3 Calculation of the weighted average of the injury values

each of the six representative lower-limb postures illustrated in/Figure B.12, the

ighted average of the maximum MCL elongation and the maximum-tibia BM for the imp
0°, +30° and -30° were calculated using the weighting factors of-0;766, 0,165, 0,069, res
fermined from the frequency of accidents shown in Table B.2 to calculate the values that
six lower-limb postures. The overall weighted average of the Tepresentative values was

th the weighting factor assigned to each of the six lower-limb postures based on the p
the duration represented by the posture in one gait cycles/The factors were determined
15, 0,080, 0,115, 0,095 and 0,270 for the lower-limb:postures A through F, respectively|

ndividual
hct angles
pectively,
represent
ralculated
roportion
as 0,325,
from the

Fation between the middle points to the two adjacent postures. The correction factor of the MCL

ngation and the tibia BM were calculated by dividing the overall weighted average of the
L elongation and the maximum tibia BM by thes-maximum MCL elongation and the maxi
from the impact simulation in the baseline posture and impact angle.

3.2.2.4 Simulation results

Fig
tib)

maximum
mum tibia

maximum

ure B.15 shows the individual weighted average of the maximum MCL elongation and the
ia BM for each of the six lower-limb postures. Apparently, all walking postures in the re

world (A

though F) lead to smaller mak%imum values compared to the baseline posture with the struck-side
lower limb in the upright paSition as specified in the STP. The fact that any of the individual weighted
averages of the maximum MCL elongation and the maximum tibia BM for different lower-lim

in

popture specified in th@ STP is not a representative of various lower-limb postures in a gait c}

As|shown in Table/B.5 and Table B.6, the overall weighted average of the maximum MCL §
anfl the maximim tibia BM for all lower-limb postures was found to be smaller by 29 % and
that of the<baseline posture, respectively. This resulted in the correction factor of 0,72 an
the MCL_€longation and the tibia BM, respectively. However, it was decided not to apply the

fadtorfor the tibia BM because the influence was less than 10 %, which corresponds to only 0
difference between the field observation and the prediction relative to the number of pedestr

gait cycle is smallér)than the value predicted by the baseline model suggests that th

postures
b baseline
cle.

tlongation
8 % than
d 0,90 for
rorrection
5 % of the
ans in the

mother group ( A.2.6.2.2.3) and thus modification to the IPF is not justified.
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Figure B.15 — Weig?@d average of the maximum MCL elongation and tibia BM by lower-limp
Qv posture
Table B vaverall weighted mean of the maximum MCL elongation and correction factor

Lower-limb posture MCL elongation [mm] Correction factor
Baseline 22,3 -
Real-world 16,0 0,72
(A,B,C,D,E, F) (overall weighted mean)

Table B.6 — Overall weighted mean of the maximum tibia BM and correction factor

Lower-limb posture Tibia BM [Nm] Correction factor
Baseline 297 -
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Lower-limb posture Tibia BM [Nm] Correction factor
Real world 255 0,92
(A,B,C,D,E,F) (overall weighted mean)

B.3.2.3 Influence of the muscle tone

In addltlon to the influence of lower-limb posture on MCL elongatlon quantlfled by means of

copsisting of the remaining 2 subjects, showed a 53 % contribution. Thefesults of the group
the¢ majority of the subjects was used and the correction factor was determined as 0,90
re¢iprocal of the contribution to the valgus moment.

B.3.2.4 Modified IPF

Figure B.16 shows the IPF for MCL elongation of the aPLL theoretically adjusted by the two
faqgtors calculated in B.3.2.2.4 (0,72) and B.3.2.3 (0,90).

Thee adjustment needs to be applied to the IPF forJiuman because the adjustment takes diff
walking posture and muscle tone into consideratian, both of which are related to human charg
nof those of the aPLI. However, the TFs that convert injury metrics for human to those of th
linpar functions with zero intercept, the same‘'results are obtained when injury metrics for th
adjusted. The adjusted IPF of MCL elongation for the aPLI was therefore determined by ap
twp correction factors to the aPLI MCl-elongation. The adjusted IPF for the aPLlI is therefore

by|Formula (B.1):

whHere
P is the adjuisted injury probability for the MCL;
F isthefunction that specify the IPF of the MCL for human;
G is the transfer function that converts the MCL elongation of the aPLI to the knee Y

angle of human;

computer
e_joint was

means of
he human
moments,
pwed that
nd group,
involving
from the

rorrection

brences in
cteristics,
e aPLI are
e aPLI are
plying the
expressed

(B.1)

algus

E ic
aPLI L4
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Figure B.16 — Theoretically adjusted aPLI IPF for the MCL

Validation of modified APF

.2.1. As a resultyasShown in Figure B.17, the morbidity estimated using the modified 1Pl
er to the accident data compared to that before the adjustment. In addition, the estimat
Finjuries for‘the knee was significantly reduced from 39 to 2, becoming closer to the accid
Based omthe results, it was decided to conclude the adjustment of the aPLI IPF for the kng

etically adjusted aPLVIPF for the knee determined in B.3.2.4 was validated in accordaince
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Higure B.17 — Comparison of morbidity for the knee béetween the aPLI IPF-STP, theor

adjusted aPLI IPF and.accident data

8.3 Analysis (Group B)

3.3.1 Effect of the lower limb muscles

e biomechanical data used in the study was adapted from peer-reviewed published liter
Jestrian human body model HBM-C'(see A.2.4.2.2) was adjusted by adding all important m
ments) from the pelvis to the toes as described in previous studies[#2l[43] and was positio
sture described in A.2.4.3.2:-To check whether the addition of muscles causes any anom3
y are in a passive state,an HBM with zero activation (passive muscles) was simulated and
th the published experimental results for three types of representative vehicles[44l, For
ematics and contaetferce data, a good agreement between the simulation results and exp
ral44] was observed. Later, muscle activation levels were identified from the literature corr
the equivalentplidse of the gait cyclel#21146], The muscles were individually activated to a

1 the activation remained constant throughout the simulation. For some muscles, activa
re not ayvailable. Such muscles were activated to a very low level (0,05 level). The contac
'h legs«swas activated to simulate real-world conditions.

investigate the effect of active muscles, all simulations were performed using one HBI

mu

btically-

hture. The
uscles (1D
hed in the
lies while
compared
the HBM
erimental
bsponding
fixed level
fion levels
t between

VI without
se models

TIToCer

represent a family car (FCR), a multi-purpose vehicle (MPV), a roadster (RDS) and a sports utility
vehicle (SUV). Revision 2.1 from 07th August 2019 of the GV models was used. The GVs impacted the
standing HBM laterally with a speed of 40 km/h. For all simulations, the MCL elongation and the knee
valgus angle of the struck-side leg were measured.

A comparison of the MCL elongation as well as the knee valgus angle of both simulated HBMs for all
four vehicle categories are shown in Figure B.18 and Figure B.19, respectively. In every case, the MCL
elongation as well as the knee valgus angle were reduced in the active model compared to the model
without muscles. The MCL elongation as well as the knee valgus angle were reduced around 10 % on
average (MCL: 9 %, Knee valgus angle: 11 %).

© IS0 2023 - All rights reserved 121


https://standardsiso.com/api/?name=0768d5d0e63dd278844caa7b44bec67f

ISO/TS 20459:2023(E)

Y Y
30 30
25 ~ 25
B
20 \/*/, 20 B _ Y
A ™

15 15
10 // 10 / A
5

5
0 0
0 10 20 30 40 50 X 0 10 20 30 40 50 X
a) FCR b) MPV
Y Y
30 30
I
25 o 25
B\; / \ B /
20 20 G
. /e
/1 ™A 15 AN
15 / A
10 / 10
5
(e 0
0 10 20 30 40 50 X 0 10 20 30 40 50 X
c) RDS d) SUV
Key
X  time [s]
Y MCL e|longation [mm)]
A muscl¢: activated
B  muscl¢: non-activated
Figure B.18'— MCL elongations for different GVs
Y Y
0
3 B 30 B
25 Tl ] 25 / \
20 Z A\ Y 20 —
A
15 // 15 / A
10 10
5 = //
D
0 / 0 /
0 10 20 30 40 50 X 0 10 20 30 40 50 X
a) FCR b) MPV

122 © IS0 2023 - All rights reserved


https://standardsiso.com/api/?name=0768d5d0e63dd278844caa7b44bec67f

ISO/TS 20459:2023(E)

Y Y

30 5 )5 ;

25 RS —

— 20 S

20 % VT

15 e A 15 /

10 / 10

5 / 5 l/
0 / - A
c) RDS d) Suv
Key
X | time [ms]
Y | knee valgus angle [°]
A | muscle: activated
B | muscle: non-activated
Figure B.19 — Knee valgus angles far different GVs

B.3.3.2 Influence of pedestrian impact direction
Fufthermore, Group B investigated whether the ofientation of the pedestrian at the time |of vehicle
impact influences the knee valgus angle and MCJ elongation. First and foremost, an analysi$ of GIDAS
data was performed to clarify the orientation(of the pedestrian that occurred the most at the time of
impact with a vehicle. The dataset is from December 2020. Only reconstructed cases and acciflent years
frgm 2000 and later were analysed including the following criteria:
— | forward-moving passenger cars'intheir first collision with a pedestrian;
—| only passenger cars with a frontal collision;
— | pedestrian impact to vehicle was the first impact for the pedestrian;
—| nolying/sitting or overrun pedestrians;
—| no impacts ofpedestrians to the side of the passenger cars;
— | only pedestrians without sporting equipment (e.g. skateboard);
— | only passenger cars included with known information on vehicle width and lateral coordinate for

firsticontact point of the pedestrian.
Th ar impacts

the pedestrian with the highest shares being lateral (65,4 %) as shown in Table B.7.

Table B.7 — Pedestrian’s impact location distribution in frontal collisions with passenger cars

(GIDAS)

Impact angle Frequency
-90° + 15° 1,8 %
-60° = 15° 1,3%
-30°+15° 6,1 %

0°+15° 65,4 %
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Table B.7 (continued)

Impact angle Frequency
30°+15° 13,1 %
60° £ 15° 56 %
90° + 15° 6,6 %

After analysing the GIDAS database, the HBM simulations were performed with the same GV models
used in the study of active muscles. The pedestrian human body model HBM-C as described in A.2.4.2.2
was positioned as described above in A.2.4.3.2. Location of the pedestrian knee centre with respect to

the vehicl
-90° to +9
leg. The G
impact di
very plaus

To receive
average M
tolerance

M

ave

where

M

ave.
tion

MGIDA
MGIDA

MGIDA

Remark: T
average o
procedurs

b centre line remained constant while the orientation of the HBM was changed in the rangg
D° with a step size of 15° (see Figure B.20). The straight left leg was defined as the struck-s

was applied to theZayerage of the simulation result at 90° (90° + 2 x 75°).

Vs impacted the standing HBM with a speed of 40 km/h. The validity of the HBM for|anterii
fections (around 90°) is not certain due to a lack of literature data. However, thésesults
ible.

one correction factor for the MCL elongation representing the average field situation,
[CL elongation for each GIDAS impact direction (GIDAS angle 0°, 30%, 60°, ...) includin
pf £15° impact angle was calculated using Formula (B.2):

_ Mgpasangle,-15° * M gipasangle T M GIDAS angle 515°

GIDAS direction = 3 (B
FIDAS direc-1S the average MCL elongation for each GIPDAS impact direction;
Sangle 1S the MCL elongation for a GIDAS.dmpact direction of the specified angle;
S angle, -15°1S the MCL elongation for a GIDAS impact direction with a -15° angle;
S angle, 15° 1S the MCL elongation fer:a GIDAS impact direction with a 15° angle.
aking into account the symmetry, the average MCL elongation at -90° was calculated from
F the simulation results at -90° and 2 x (-75°) (every value weighted by one third). The sa
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Figure B.20 — HBM impact location constellation for vehicle - pedestrian impa

kt, a weighted average MCL elongation of all GIDAS impact directions was calculated. The
s performed according to the determined GIDAS distribution as shown in Table B.7.

ct

weighting

omparison of the MCL elongation as well'as the knee valgus angle of all simulations in t

e various

pact directions are shown in Figure B.21-and Figure B.22, respectively. It can be observed that for all

types of vehicles, the MCL elongation and knee valgus angle were maximum for the impact angle range

be
kn
of
va

Ev
30
kn
talj

ue, all four vehicles were weighted equally.

en though there was alow frequency of accidents with an impact angle of less than -30° or
P, these impact angles have a significant influence on the average reduction of MCL elong
be valgus angle-of’'the knee, because of very low values for these cases. It therefore make
e these impdétangles into account when adjusting the IPFs for real-world relevance.

fween 0° to 15°. Furthermore, th€ impact direction shows a high influence on the MCL elongation and
be valgus angle. Related to the impact orientation of 0°, the MCL elongation is reduced by gn average
hround 16 %, whereas the knee valgus angle reaches a reduction of 23 % on average. For the average

more than
ration and
S sense to
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