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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
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Road vehicles — Anthropomorphic side impact dummy — Lateral
impact response requirements to assess the biofidelity of the
dummy

1 Scd

This Te
assessin
dummieq

The method used by ISO to determine an overall biofidelity rating for a given side impact surrogate has

to this Te

2 Bio

pe

thnical Report describes laboratory test procedures and impact response requirements
g the lateral impact biofidelity of the head, neck, shoulder, thorax, abdomen-and pelvis of
, sSubcomponent test devices, and math models that are used to represent & 50th percentile

chnical Report.

mechanical basis

suitable for

crash test
adult male.
peen added

The impact response requirements presented in this Technical Report are the result of a critical evalugtion of data

selected
following
thorax, a

2.1 Hg

Two late
Hodgsor
Peugeot
Nahum ¢
characte
responsg
given by
because
used sin

2.2 N¢

Three la
(11), ang

from experiments agreed to by experts as being the best'and most up-to-date information av
describes the biomechanical data used to describe~tésponse requirements for the head, nec
bdomen and pelvis.

ad Tests

al head impact tests are defined. Head\Fest 1 is based on the rigid surface cadaver impacts cg
and Thomas (1). Head Test 2 js‘\based on the padded surface cadaver impacts of the
Renault (APR) (2). Padded surface impact tests of Hodgson and Thomas (1), McElhaney

hilable. The
, Shoulder,

nducted by
Association
et al. (3),

t al. (4), Nahum et al. (5), Schneider et al. (6) and Got et al. (7) were not used since either the padding

Fistics were not specified orya given piece of padding was subjected to multiple impacts, g

characteristics. Detailed discussions of the influences of these factors on head acceleratiq
Mertz (8), Mertz et al.((9)'and Mertz (10). The rigid surface impacts of McElhaney et al. (3) we
the impact velocities“were not given for each test. The rigid surface impact data of Got et al.
ce significant skull-fractures were produced.

ck Tests

eral, neck bending tests are defined. Neck Test 1 is based on the human volunteer data of |
thevrequirements are based on the analysis of Wismans et al. (12). Neck Test 2 is based on

hanging its
n data are
re not used
7) were not

Fwing et al.
the human

voluntee

data of Patrick and Chou (13). Neck Test 3 is based on the cadaver tests of the APR (2). Td

evaluate if

the biofidelity requirements are met, the respective sled test environments that were used to obtain the human
volunteer and/or cadaver data must be duplicated.

2.3 Shoulder Tests

Four lateral impact test conditions are defined for the shoulder. Shoulder Test 1 is based on impactor tests
conducted by the APR using unembalmed cadavers (14). Shoulder Test 2 is based on the Ewing et al. (11)
volunteer sled tests. Shoulder Test 3 is based on the cadaver sled tests of Tarriere (30). In both of these sled tests,
the dummy must mimic the shoulder reaction with the rigid vertical side board in order for the kinematics of its
upper thoracic spine to meet the T1 response requirements. Shoulder Test 4 is based on the cadaver sled tests of
Wayne State University (WSU) (15, 16). Shoulder response data from the APR and WSU were normalized to
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represent the response characteristics of a 50th percentile adult male using the method described by Mertz (17).

No adjustm

ents were made to the cadavers’ responses to account for muscle tone.

2.4 Thorax Tests

Six lateral thoracic impact test conditions are defined. Thorax Tests 1 and 2 are based on cadaver impactor tests
conducted by the Highway Safety Research Institute (HSRI) (18) and WSU (19). Thorax Tests 3 and 4 are based
on the cadaver drop tests of the APR (20, 21, 22). Thorax Test 5 is based on cadaver sled tests of the University of
Heidelberg (23). Thorax Test 6 is based on cadaver sled tests of WSU (15, 16). All thoracic data were normalized
to represent the response characteristics of a 50th percentile adult male using either the method described by

Mertz (17)
Thorax Tes
account for
account fo
requiremen

2.5 Abdd

Five lateral
drop tests (
data were

Mertz (17).

2.6 Pelv

or an-extension-of the method developed by Lowne (24). The force versus-time response cor

ts 1 and 2 were constructed around the normalized cadaver curve and then shifted 700 NDu
muscle tone. The force versus time response corridors of Thorax Tests 3 - 6 were not-ad
muscle tone. Cadavers with more than 5 rib fractures were not used in defining. the

ts, except for Thorax Test 5 where results from cadavers with 2, 7 and 9 fractured ribs.were all
men Tests
abdominal impact test conditions are defined. Abdomen Tests 1 and 2 afe\based on the lateral

onducted by the APR (25, 14). Abdomen Tests 3 - 5 are based on cadaver sled tests of WSU
normalized to represent the responses of a 50th percentile adult male using the method des
S Tests

Thirteen lateral pelvic impact test conditions are defined. Pelvis, Tests 1 and 2 are based on impacto

ONSER (2¢
are based

sled tests g
using the m

Note that it
of the nech
response d
account for
define the

timing of th

The respot
pendulum i
on sled tes
describes €

3 Overd

, 27, and 28). Pelvis Tests 3 - 6 are based on free.fall cadaver tests of the APR (29). Pelvis T¢
bn cadaver sled tests of the University of Heidelberg (23). Pelvis Tests 11 - 13 are based on
f WSU (16). All pelvic data were normalized todepresent the responses of a 50th percentile a
ethod described by Mertz (17).

may be difficult to develop a dummy that meets all of the prescribed requirements. For examg
response requirements are based\on the responses of volunteers, while others are base
f a cadaver whose neck fractured In some thoracic requirements, the force has been incr
muscle tone present in the driving population, but absent in flaccid, unembalmed cadaverq
equirements. In conducting the tests, especially the whole body tests, it is important to dup
b impacts to the various body regions in order to meet the requirements.

se requirements areDarranged in terms of the type of tests. Clause 4 requirements are K
mpacts, Clause 5-requirements are based on lateral drop tests, and Clause 6 requirements a
[s. Table 1 lists\the various requirements by body region, gives the corresponding clause nur
ach requirement, and identifies which annex describes how the requirements were derived.

1| biofidelity calculation

idors for
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(16). All
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bSts 7 - 9
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An overall biofidelity rating of the impact responses of any 50th percentile adult male surrogate (dummy or math
model) which is proposed for evaluating side impact collision occupant protection can be calculated using the

following fo

B=

rmula:

ziZLZ,MGUiBi

Zizlz,...G Ui

where

B The overall rating which will have a value between 0 (poorest) and 10 (best).
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Bi The biofidelity rating of each of the six body regions (B, - Head, B, - Neck, B3 - Shoulder, B, - Thorax, Bs -

Abdomen, and Bg - Pelvis).

U; The weighting factor for each body region.

i A subscript which takes on integer values from 1 to 6 to represent specific body regions (i=1 Head, i=2

Neck, i=3 Shoulder, i=4 Thorax, i=5 Abdomen, and i=6 Pelvis).

Values for the body region weighting factors, U;, were determined by averaging the results of a poll of the

ISO/TC22/SC12/WG5 experts and are given in Table S.1 of annex S.

The biofidelity ratings for the six body regions, B;, are calculated using the following formula:

1 2]:12,...m Vij (Zkzlz,...nWiJK Rijk /Zkzlz,...nwivik )
2‘J':J,Z,...m Vij

Vi; |The weighting factor for each test condition for a given body region.

Wi,;{The weighting factor for each response measurement for which @requirement is given.
Rij«|The rating of how well a given response meets its requirement.

i The subscript denoting the body region.

i |The subscript denoting the test condition for a given body region, i.

k |The subscript denoting the response measurement for a given test condition, j, and body region, i.

Values fpr the weighting factors for the variets test conditions, V;;, and response measurements,
determined by averaging the results of a pallrof the ISO/TC22/SC12/WG5 experts and are given in

through $.7 of annex S.
The expgrts agreed on the following(method for assigning values to R;j .

Rijx|= 10 If response meets requirement.

Rijx|=5 If responsgls outside requirement, but lies within one corridor width of the requirement.

Rij«[~ 0 If neither of the above is met.

Using this method, the overall biofidelity rating, B, will have a value between 0 and 10. Five cl3

indicatingla the.degree of biofidelity were established for the overall biofidelity rating. These are,

Wi,j,ka were
Tables S.2

\ssifications

Excellent Biofidelity: 8,6 <B<10,0
Good Biofidelity: 6,5<B<8,6
Fair Biofidelity: 44<B<6,5
Marginal Biofidelity: 26<B<44

Unacceptable Biofidelity: 0,0<B < 2,6

Further, the WG5 experts stipulated that the overall biofidelity value, B, of a side impact dummy (or math model)

had to be greater than 2,6 to be acceptable for assessing side impact occupant protection.
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4 Pendulum impacts
4.1 Shoulder Test 1

4.1.1 Original Data

Researchers of the APR subjected 4 cadavers to lateral impact delivered to the shoulder by the flat end of a 23 kg
rigid cylinder of 150 mm diameter (14). Each cadaver was seated on a horizontal hardwood surface with a vertical
backrest. The impact was delivered laterally to the shoulder. The force of the impactor was recorded. Response

data and normalization procedures are summarized in annex A.

4.1.2 Tes| Setup

A 23 kg rigid, 150 mm diameter cylinder with a flat impact face is required. Seat the dummy_upright with its arm
down and Ilign the axis of the impactor with the center of the shoulder joint, as illustrated in\Figure 1. Impact the
dummy's shoulder laterally with an impact velocity between 4,4 and 4,6 m/s.

4.1.3 Instfumentation

Instrument |the dummy to monitor acceleration of the thoracic spine. Instrument the impactor to mepsure its
acceleration during impact. Filter the acceleration measurements at channel frequency class 1000 Hz, acdording to
the requirgments of SAE Recommended Practice J211. Calculate the~impactor force versus time hjstory by
multiplying pach impactor acceleration value by the impactor mass of 23,4°Kg.

4.1.4 Regponse Requirements

The origingl force versus time histories of the impactor were normalized (see annex A) using the tpchnique
suggested by Mertz (17). The maximum deflection of the shoulder should lie within the bounds given in Table 2 and

the force ve

rsus time history of the impactor should lie within the corridor described in Table 5.

4.2 Thorpx Tests 1 and 2

4.2.1 Oridinal Data

Cadavers were used in two series of impactor tests of the thorax. Lateral impacts were conducted by the HSRI (18)
and oblique lateral impacts were _conducted at WSU for the General Motors Research Laboratories (GMR) (19).
Acceleratiops of the impactorand thorax were recorded in both studies. Response data and nornpalization
procedures|are summarized jnsanhexes B and C for the HSRI and WSU/GMR test series, respectively.

4.2.2 Tes| Setup

A 23 kg rigid, 150-mm diameter cylinder with a flat impact face is required. Seat the dummy upright with its arm

raised so th
the lateral

at theside of its thorax can be impacted. Center the face of the impactor, both vertically and fo

re/aft, on
m/s for

pspect of the thoracic rib structure. Impact the dummy's thorax laterally at a velocity of 4,3

Thorax Test4

4.2.3

Ranaattha imnant ot 8 7 m/c far Tharaw Tact 2
TrepeattHeH PRt O SO RO 5=

Instrumentation

Instrument the dummy with an accelerometer to measure the lateral acceleration of the thorax. Instrument the
impactor to measure its acceleration during impact. Record all measurements according to the requirements of
SAE Recommended Practice J211. Calculate the impactor force versus time history by multiplying each impactor
acceleration value by the impactor mass of 23,4 kg. The impactor force and lateral thoracic spine acceleration must
be filtered using the 100 Hz FIR filter (18) in order to compare to the response corridors.
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4.2.4 Response Requirements

The original impactor force was normalized using an extension of the method described by Mertz (17), as
developed by Lowne (24). The normalization procedure is summarized in annexes B and C for the HSRI and
WSU/GMR impactor forces, respectively. For the HSRI tests, the lateral acceleration of T1 was also normalized as
summarized in annex B. The lateral acceleration of T1 for the WSU/GMR impacts was not available.

For lateral impacts by a 23,4 kg rigid pendulum at 4,3 and 6,7 m/s, the force versus time histories must lie within
the corridors described in Table 6. The thoracic acceleration versus time history for a 4,3 m/s lateral impact by a
23,4 kg rigid pendulum must lie within the corridor described in Table 4. No requirement has been set for the
thoracic acceleration resulting from a 6,7 m/s impact.

4.3 Pdglvis Tests 1 and 2

4.3.1 Qriginal Data
Researchers of ONSER studied the responses of 22 unembalmed cadavers to lateral impacts delivered to the
greater tfochanter (26, 27, 28). Pelvic acceleration was measured by an accelerometer-attached to the [posterior of
the sacrim. The unbelted cadavers were seated without lateral support. The impacts were delivered at various

speeds lyy either a rigid or padded impactor. Accelerations of the impactor werfeomeasured. Data from|these tests
are sumipnarized in annex D.

4.3.2 Tlest Setup
A 17,3 kg, rigid impactor with a spherical segment impact face (R=175 mm, r=60 mm) is required. Seat|the dummy

upright gs illustrated in Figure 2. Impact the greater trochanter region with a velocity of 6 m/s for Pelvis Test 1.
Repeat the impact at a velocity of 10 m/s for Pelvis Test 2.

4.3.3 Igstrumentation
Instrument the dummy to monitor acceleration, 0t "the pelvis. Filter the acceleration measurements|at channel

frequendy class 1000 Hz, according to the. requirements of SAE Recommended Practice J211. Calculate the
impactor|force versus time history by multiplying each impactor acceleration value by the impactor masqg of 17,3 kg.

4.3.4 HResponse Requirements

The peak impactor forces were normalized (see annex D) using the technique suggested by Merfz (17). For
dummy impacts between 6 and-10 m/s, the peak impactor force should lie within the corridor described ih Table 3.

5 Latgral drops

5.1 Head Test1

511 riginnl Data

Hodgson and Thomas (1) conducted a series of non-fracture, cadaver head impact tests. In these tests, the
cadavers were strapped on their sides to a pallet that was free to pivot about one end. The cadaver's head and
neck were allowed to extend over the free end of the pallet. The pallet was rotated upwards to achieve a prescribed
distance between the head and the impact surface. Then the pallet was released producing the desired head
impact. Results from these tests are given in annex E.

5.1.2 Test Setup
A flat, rigid horizontal surface and a “quick-release” mechanism are required. Conduct the test using only the

dummy's head. Position the dummy’s head with a 200 mm space between it and the impact surface. Orient the
head so that its midsagittal plane makes an angle of 35° with the impact surface and its anterior-posterior axis is
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horizontal. The response requirement is for the peak resultant head acceleration of a point on the non-impacted
side of the head. Also record the peak resultant acceleration of the center of gravity of the head.

5.1.3 Instrumentation

Instrument the dummy's head with a triaxial accelerometer located at the center of gravity of the head. Attach a
second triaxial accelerometer, within the head cavity, to the non-impacted side at a point on the transverse axis that
passes through the center of gravity of the head. Filter the accelerations at channel frequency class 1000 Hz,
according to the requirements of SAE Recommended Practice J211.

5.1.4 RegponseRequirement

The peak resultant head acceleration of a point on the non-impacted side of the head should lie within-th¢ bounds
given in Taple 2 for a 200 mm free fall drop onto a flat, rigid surface.

5.2 Head Test 2

5.2.1 Oiriginal Data

The APR (2) conducted a series of lateral head impact tests. Four cadavers were“dropped from a heighf of 1200
mm onto g rigid surface covered by a 5 mm thick rubber pad. Two of these)cadavers received skull fractures.
Results from the remaining two cadavers are given in annex F.

5.2.2 Tes}| Setup

The impacy surface consisting of a flat, rigid surface covered with a 5 mm thick pad of natural rubber {Shore A
Hardness 5 50, Rupture Strength = 14 MPa, Tear Strength = 15 kN/m) is required. Conduct the test using only the
dummy's he¢ad. Position it with a 1200 mm space between;it'and the top of the padded impact surface. Qrient the
head so tpat its midsagittal plane makes an angle~of 10° with the impact surface, thus impagting the
temporal/parietal region.

5.2.3 Instfumentation
Instrument fthe dummy's head with a triaxial ‘accelerometer located at the center of gravity of the head. Filter the

accelerations at channel frequency class~1000 Hz, according to the requirements of SAE Recommended| Practice
J211.

5.2.4 Regponse Requirement

The peak re¢sultant acceleration at the center of gravity of the head should lie within the bounds given in Table 2 for
a 1200 mm|drop onto the-padded surface.

5.3 Thorpx Tests 3 & 4 and Pelvis Tests 3 - 6

53.1 Ol’iuilla: Bata
Unembalmed cadavers were subjected to lateral free falls by researchers of the APR (20, 21 and 22). The
cadavers were dropped from heights of 0,5 or 1 m onto rigid impact surfaces, or from heights of 2 or 3 m onto
padded impact surfaces. The thoracic impact surfaces were instrumented to measure the contact forces for the 1
and 2 m drops only. Triaxial accelerations of T4 were recorded. Rib cage compression was determined from a
high-speed movie of the impact for the 1 and 2m drops only. Pelvic acceleration was measured by an
accelerometer attached to the sacrum. Thoracic response data for the 1 m drop tests onto rigid impact surfaces
and 2 m drop tests onto padded surfaces are summarized in annex G. Pelvic response data for the 0,5, 1, 2 and
3 m drops are given in annex H.
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5.3.2 Test Setup

Two loading surfaces are required to intercept the dummy's thorax and pelvis separately. For the rigid tests, the
thorax loading surface is to be large enough to insure that the shoulder is impacted. For the padded tests, 140 x
140 x 420 mm blocks of open cell urethane foam (APR padding) are to be used. The characteristics of this foam
are described in annex I. A "quick-release" device is required to allow the dummy to drop freely. Suspend the
dummy over the impact surfaces using ropes to support its shoulders, hips, and legs. This is illustrated in Figures 3
and 4 for the rigid and padded impacts, respectively. Position the dummy such that its sagittal plane is horizontal
and its arms are rotated 20° forward of the thoracic spine.

5.3.3

Instrumentation

Instrum

to meas
impacted
measurel

t the thoracic impact surface with inertia-compensated load cells. Instrument the dummy-with
re the lateral acceleration of the thoracic spine, triaxial acceleration of the pelvis, and the defle
ribs relative to the thoracic spine. Filter the impact forces, chest and pelvic accelerations, an
ments at channel frequency class 180 Hz, according to the requirements of SAE'Recommend

ransducers
ction of the
H deflection
ed Practice

J211. Take high-speed movies of the impact event.

5.3.4 Hesponse Requirements
The norn
thoracic
describe
accelera
lie within

nalization procedures are described in annexes G and H for the thoracic and pelvic data, respectively. The
mpact force versus time responses for the 1 m rigid and 2 m padded drops should lie within tihe corridors
 in Table 5. Upper and lower bounds for peak deflection~af the impacted rib and the peak pelvic
ions are given in Table 2. The peak thoracic deflection and{eak pelvic acceleration of the dummy should
these bounds.

5.4 Abdomen Tests 1 and 2

5.4.1 Qriginal Data

Researchers of the APR subjected 11 unembalmedcadavers to lateral free falls onto simulated armres
cadaverg were instrumented to monitor accelerations of T12 and the lateral aspects of their 9th ribs. Th
armrests| were secured to load cells, providing measurements of the force applied to the impacted s
data for these tests were provided by the APR (14) and are presented in annex J.

s (25). The
e simulated
irface. The

5.4.2 Tlest Setup
Df sufficient
ummy from
gittal plane
b simulated
distance (1

A simula
height to|
striking t
horizontd
armrest,
or 2 met

ted armrest, constructed of rigid hardwood, is required. The armrest is 70 mm in width and

protrude 41 mm above the surrounding surface. The length must be sufficient to prevent the d
ne ends. The tep\edges are rounded with a 10 mm radius. Suspend the dummy with its midsg
| and its abdominal region including the "area of the 9th rib" in line with the top surface of th
as illustrated’in Figure 5. Use a “quick-release mechanism” to drop the dummy the prescribed
BrSs).

543 |

nstrumentation

Instrument the dummy to monitor the acceleration of the spine at the level of T12, the acceleration of the impacted
rib, and the deflection of the abdominal region relative to the spine (if such transducers are present). Instrument the
simulated armrest with load cells. Filter the load and acceleration measurements at channel frequency class 180
Hz, according to the requirements of SAE Recommended Practice J211. Determine the abdominal penetration
from high-speed films if it can not be measured directly.

5.4.4 Response Requirements
The original impact forces, and the peak T12 and impacted rib accelerations of the cadavers were normalized (see

annex J) using the technique suggested by Mertz (17). The force versus time history of the dummy should lie within
the corridors described in Table 5. The peak acceleration of the lower spine and the peak impacted rib acceleration
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should lie within the bounds given in Table 2. For both the 1 and 2 m drops, the abdominal penetration should be at
least 41 mm, which is the height that the rigid simulated armrest protrudes above the surrounding surfaces.

6 Sled tests

6.1 Neck Test 1 and Shoulder Test 2

6.1.1 Original Data

Ewing et al. (11) conducted a series of lateral neck bending tests with volunteers. The volunteers we
sled fixture that was mounted sideways to the direction of travel of a HYGE sled. They werg ppsitioned
snugly against a lightly padded wooden board, which restricted upper torso rotation and supportedithe torgo during
sled translation. Both shoulders were restrained by straps. Their pelves were restrained by @\ lap belf and an

upright on

inverted-V
data used fi
K summari:

6.1.2 Tes

Fasten a ri
the directio
torso durin
shoulder. S
its head ho
travel. Sect
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6.1.4 Res

A dummy
requiremen

6.2 Neck

belvis strap that was tied to the lap belt. They held their heads upright prior to sled acceler
br this requirement were taken from an analysis by Wismans et al. (12) of 9 test§-with 9 subjec
res the most important test conditions.

| Setup

hid chair, functionally similar to the one used by Ewing et al. (11), a HYGE sled, facing sid
n of sled travel. Attach a vertical side board to the seat to restrietupper torso rotation and to su
j sled translation. The top of the side board should be 4071650 mm below the top of the

eat the dummy upright with its shoulder and hip against the side board and the anterior-posteri
rizontal. Position the dummy with its midsagittal plane vertical and perpendicular to the directig
re the dummy to the seat with a belt restraint. Subject:the dummy to the sled pulse shown in Fi

umentation

the dummy with triaxial accelerometers_ at the centers of gravity of the head and chest, 3
ter at the base of the neck with its sensitive axis directed laterally, and a six-axis neck transdu
d interface (at the level of the occipital.condyles). In place of the six-axis neck transducer, the
be instrumented with sufficient accelerometers to calculate the reactions at the head to neck

raphic targets to monitor the translation of the center of gravity of the head, lateral head rotat
orizontal translation of the base of the neck. Measure the sled acceleration and record the
placements with onboard-‘cameras. Filter all response data according to the requirements
ded Practice J211.

ponse Requirements

subjected to<the sled test described in subclause 6.1.2 Test Setup should meet the
ts given inTable 2.

Test'2
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S. annex
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er at the
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on, head
required

of SAE
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6.2.1 Original Data

Patrick and Chou (13) conducted a series of volunteer, lateral neck bending tests using their decelerator sled. A
rigid seat with a 15° seat back angle was attached to the sled, sideways to the direction of travel. One side of the
seat had a rigid, vertically-oriented, side support which restricted upper torso rotation and supported the torso
during sled translation. The volunteer was seated in the chair with his shoulder and hip against the side board. A
belt restraint system consisting of cross chest shoulder straps, lap strap, crotch strap and a horizontal chest strap
was used to secure the volunteer to the seat. The sled was accelerated gently over a 60 foot distance and then
abruptly decelerated at a prescribed constant deceleration level with a hydraulic shock absorber. The results of the
most severe test are given in annex L.
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6.2.2 Test Setup

Attach a rigid seat with a 15° seat back angle and a rigid vertical side board (similar to the seat used by Patrick and
Chou 13) to a decelerator sled, sideways to the direction of sled travel. The top of the side board should be within
50 to 75 mm of the top of the dummy's shoulder. Seat the dummy with its shoulder and hip against the side board
and the anterior-posterior axis of its head horizontal. The midsagittal plane of the dummy should be vertical and
perpendicular to the direction of sled travel. Use a restraint system to secure the dummy, including its arms and
legs, to the chair. Accelerate the sled to a velocity of 5,8 m/s without disturbing the dummy's position and then
decelerate to zero velocity at a constant deceleration level of 6,7 G. Variations in sled velocity of 0,2 m/s and
constant deceleration of 0,3 G are permitted. An accelerator type sled can be used if the appropriate sled
kinematics can be obtained.

6.2.3

strumentation

X-axis neck
to the head
re the sled
ccording to

Instrume
transduc
to calcul
accelera
the requi

nt the dummy with a triaxial accelerometer at the center of gravity of the head and-either a si
br at the neck-to-head interface (occipital condylar level), or sufficient accelerometers’attached
ate these reactions. Use photographic targets to monitor the specified head, motion. Measu
ion and record the required dummy motions with onboard cameras. Filter allfesponse data g
rements of SAE Recommended Practice J211.

6.2.4 Hesponse Requirements

a)

A dumni
requirem

y subjected to the sled test described in subclause 6.2.2~Test Setup, should meet th
ents given in Table 2.

response

6.3 Neack Test 3 and Shoulder Test 3

6.3.1 Qriginal Data
Tarriere
responsg
abnorma
responsg
sled test
torsion a

30) conducted four high-G cadaver tests to Obtain data that could be used to define lateral ne
in a test environment of greater severity:\than used for volunteer testing. Unfortunately, each
lity. Tarriere selected one test as being the most appropriate test to use for defining a se
requirements. Based on ratios of'cadaver response compared to volunteer response obtaing
5, the cadaver data for maximum "horizontal and vertical head displacement and peak head
hgles were modified by Tarriereto reflect human response. annex M summarizes the data.

ck bending
test had an
t of high-G
d for low-G
flexion and

6.3.2 Tlest Setup

Fasten

sideways
support the dummy ddring sled translation. The top of the side board should be 40 to 50 mm below th
dummy's

n upright rigid chair,“functionally similar to the one used by Ewing et al. (11), to a HYGE
to the direction of-sled travel. Attach a vertical side board to the seat to restrict upper torso rot

qg

shoulder~Seat the dummy upright, with its shoulder and hip against the side board and t

5led, facing
htion and to
e top of the
ne anterior-

cular to the
+ 0,5 km/h

posterion
direction
with a pu

axis of its\head horizontal. The midsagittal plane of the dummy should be vertical and perpend
of sled-travel. Use a belt restraint to secure the dummy to the seat. Accelerate the sled to 22
Ise that is within the corridor shown in Figure 7.

6.3.3 Instrumentation

Instrument the dummy with a triaxial accelerometer at the center of gravity of the head, a triaxial accelerometer in
the thoracic spine in the region of T1 and a six-axis neck transducer at the head-to-neck interface (occipital
condylar level) or sufficient head accelerometers to calculate these reactions. Use photographic targets to track the
translation of the center of gravity of the head, lateral head rotation, head twist and T1 translation. Measure the
sled acceleration and record the required dummy displacements with onboard cameras. Filter all response data
according to the requirements of SAE Recommended Practice J211.

© 1SO 1999 — All rights reserved


https://standardsiso.com/api/?name=83ec11bd6815928dd23dc49f815fbf69

ISO/TR 9790:1999(E)

6.3.4 Res

ponse Requirements

A dummy subjected to the sled test described in subclause 6.3.2 Test Setup should meet response requirements
given in Table 2.

6.4 Thorax Test 5 and Pelvis Tests 7 - 9

6.4.1 Original Data

Researchers at the Un|verS|ty of He|delberg conducted sled tests using unembalmed cadavers (23). Rigid surface

impacts wef
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a low coefficient of friction to assure that the dummy will translate relative to the sled without rotating.
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The thoraci
by Mertz (1
versus time
the upper g

pact surface force was recorded. Accelerations of T1, T12 and the 4th rib on the impaeted S
horacic response data for the Heidelberg sled tests are summarized in annex N.

leration was measured in all tests and pelvic impact surface force was measured, in some tes
hta from the Heidelberg tests are summarized in annex O.

| Setup

pat with instrumented side panels to an impact sled, facing sideways‘to the direction of sled tr
the thoracic and pelvic impact surfaces are illustrated in Figuret8. The surface of the seat sha

sufficient distance from the side board to assure that the sled is completely stopped prior to im
tests, fasten 140 mm x 140 mm x 420 mm blocks of ARR 0pen cell urethane foam to the side
and pelvis impact surfaces. The padding characteristics are defined in annex I. Conduct
5,8 and 8,9 m/s. Conduct the padded impacts at 8,9 m/s. The tolerances on the sled velocitieg
s.

umentation

the dummy to measure the lateral ;caccelerations of the upper and lower spine, the imp
ng to the 4th rib of an adult male; and the pelvis. Instrument the dummy to measure th
f the impacted ribs relative to the thoracic spine. Use inertia-compensated load transducers to
and pelvic forces independently. Filter the impact forces and accelerations at channel freque
according to the requirements of SAE Recommended Practice J211. For comparison

cal response requirements, the data must be filtered using a 100 Hz FIR filter (18) since the
ignificantly distorted the amplitude and wave form of the cadaver data.

ponse Requirerments

C impact surface force and lateral thoracic accelerations were normalized using the procedure ¢
7). The.normalization procedure is summarized in annex N. For a 6,8 m/s rigid surface impact,

pinenthe peak lateral acceleration of the lower spine, and the peak lateral acceleration of the

ide were

s. Pelvic

hvel. The
uld have
Seat the
pact. For
board to
the rigid
are -0,0

hcted rib
e lateral
measure
cy class
with the
FIR filter

escribed
the force

history-of the dummy must lie within the corridor described in Table 5. The peak lateral accelg¢ration of

mpacted

rib, corresp

nding ta the 4th rib of an adult male _should lie within the bounds gi\/pn in Table 2

The peak pelvic acceleration and pelvic impact surface force were normalized as described in annex O. Data from
tests with similar impact velocities and impact surfaces were grouped and average values of the normalized peak
pelvic acceleration and normalized peak impact force were calculated. These averages were used to define
reasonable upper and lower bounds. The corresponding requirements for peak pelvic acceleration and peak pelvic
impact surface force are given in Table 2.

10
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6.5 Shoulder Test 4, Thorax Test 6, Abdomen Tests 3 - 5, and Pelvis Tests 10 - 13

6.5.1 Original Data

A series
(31, 32).
wall had
was use
instrume

of lateral sled impacts was conducted at WSU and funded by a grant from the Centers for Disease Control
These tests were similar to the sled tests conducted by the University of Heidelberg, except the impact
individual loading surfaces for the shoulder, thorax, abdomen, pelvis and knee; and paper honeycomb
d in the padded tests. Three-dimensional film analysis was performed on 7 of the 17 tests and the
ntation and film data were normalized by Irwin (15, 16) according to the normalization procedure

recommended by Mertz (17). The shoulder and thoracic response data are further described in annex P. The

abdomin
annex R

6.5.2 T
Secure g
coefficie

impact w
dummy 4

6.5.3 In

Instrumé

L respnonse-data are further described-in-annex O and the nelvic respnonse-data are further d i i
al respon are further described-inannexQ and-the pelvic response dataare further described in

est Setup
seat, to an impact sled, sideways to the direction of sled travel. The surface of the'seat should have a low
pt of friction to assure that the dummy will translate relative to the sled without rotating. Jonfigure an

all, as illustrated in Figure 9, and secure it to the sled, perpendicular to the direction of sled traviel. Seat the
It a sufficient distance from the impact wall to assure that the sled is completely stopped prior tq impact.

strumentation

Nt the dummy to measure the lateral accelerations of the upper)and lower spine, the ribs on the impacted

side, ang the pelvis. Instrument the dummy to measure the lateral deflection of the impacted ribs relptive to the

thoracic
knee for
accordin

6.5.4 R

The forc
the proc
padded
The pea

The forc
normaliz
abdomin
time hist

The forc
normaliz
The requ
m/s and
defined i

Spine. Use inertia-compensated load transducers to meastre the shoulder, thoracic, abdominal, pelvic and
ces independently. Filter the impact forces and accelerations at channel frequency clas$ 1000 Hz,
) to the requirements of SAE Recommended Practice.J211.

esponse Requirements

ps of the shoulder plus thoracic impact sutfaces and lateral thoracic accelerations were normalized using

bdure described by Mertz (17). The normalization procedure is summarized in annex P. Fo[ a 8,9 m/s

surface impact, the force versus timevhistory of the dummy must lie within the corridor defined in Table 6.
lateral displacement of T12 shouldlie within the bounds given in Table 2.

s of the abdominal impact surface were normalized using the procedure described by Mertz (17). The
htion procedure is summarized in annex Q. The requirements for the force versus time histpries of the
al impact surface are.defined in Table 5 for the 6,8 m/s rigid impact. The requirements for the fprce versus
pries of the abdominalimpact surface are defined in Table 6 for 8,9 m/s rigid and padded impadgts.

b versus timehistories of the pelvic impact surfaces and peak lateral accelerations of the sacrum were
bd using thésprocedure described by Mertz (17). The normalization procedure is summarized |n annex R.
irements for the force versus time histories of the pelvic impact surface are defined in Table § for the 6,8
3,9 m/sigid impacts. The requirements for the force versus time histories of the pelvic impactjsurface are
h Table 6 for the 8,9 m/s padded impact. The peak lateral accelerations of the sacrum should lie within the

bounds ¢

iven in Table 2.
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Table 1 — Summary of the Biofidelity Requirements, a Brief Test Description, Location of the
Requirements by subclause Number, and the Location of the Original Data by Annex

Biofidelity Test Brief Test Description Subclause  Annex
Head Test 1 200 mm Rigid Drop 5.1 E
Head Test 2 1200 mm Padded Drop 5.2 F
Neck Test 1 7.2 G Sled Test 6.1 K
Neck Test 2 6.7 G Sled Test 6.2 L
Neck [Test 3 12.2 G Sled Test 6.3 M
Shoulder Test 1 Pendulum Impact at 4.5 m/s 4.1 A
Shoulder Tests 2 & 3 7.2 G Sled Test 6.Y K
Shoulder Test 4 WSU Type Sled Test 6.5 P
Thorgx Tests 1 & 2 Pendulum Impacts at 4.3 and 6.7 m/s 4.2 B,C
Thorgx Tests 3 & 4 1 m Rigid and 2 m Padded Drops 5.3 G
Thorgx Test 5 Heidelberg Type Sled Tests 6.4 N
Thorgx Test 6 WSU Type Sled Tests 6.5 P
Abdomen Tests 1 & 2 1 and 2 m Drops onto Rigid Armirest 54 J
AbdoEen Tests3-5 WSU Type Sled Test 6.5 Q
Pelvid Tests 1 & 2 Pendulum Impacts Between 6 and 10 m/s 4.3 D
Pelvid Tests 3- 6 0.5 and 1m Rigid, and 2 and 3 m Padded Drops 5.3 H
Pelvid Tests 7 - 9 Heidelberg Sled Tests 6.4 0]
Pelviq Tests 10 - 13 WSU Sled Tests 6.5 R
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Table 2 — Biomechanical Response Requirements for Various Lateral Impact Conditions

Impact Condition Measurement Units Lower Upper
Bound | Bound
Head Test 1 Peak Resultant Acceleration at a Point on
200 mm Rigid Drop the Non-impacted Side of the Head G 100 150
Head Test 2 Peak Resultant Head Acceleration at the
1200 mm Padded Drop C.G. G 205 277
Neck Test 1 Peak Horizontal Acceleration of T1 G 12 18
7,2 G Sled Impact Peak Horizontal Displacement of T1
Relative to the Sled mm 46 63
Peak Horizontal Displacement of the Head
C.G. Relativeto T1 mm 130 162
Peak Vertical Displacement of the Head
C.G. Relative to T1 mm 64 94
Time of Peak Head Excursion S 0,159 0.175
Peak Lateral Acceleration of the Head G 8 11
Peak Vertical (Downward) Acceleration of
the Head G 8 10
Peak Flexion Angle degrees 44 59
Peak Twist Angle degrees -45 -32
Neck Test 2 Peak Flexion Angle degrees 40 50
6,7 G Sled Impact Peak Bending Moment about A-PAxis at
Occipital Condyles N-m 40 50
Peak Bending Moment about R-L Axis at
Occipital Condyles N-m 20 30
Peak Twist Moment N-m 15 20
Peak Shear Force at©ccipital Condyles N 750 850
Peak Tension Foreg’at Occipital Condyles
N 350 400
Peak P-A Shear Force N 325 375
Peak ResUltant Head Acceleration G 18 24
Neck Test 3 Peak Lateral Acceleration of the Head
12,2 G Sled Impact C.G. G 25 47
RPeak Horizontal Displacement of the Head
€.G. Relative to the Sled mm 185 226
Peak Flexion Angle degrees 62 75
Peak Twist Angle degrees 62 75
Shoulder Test @
4,5 m/s Pendulum.Impact Peak Shoulder Deflection mm 34 41
ShoulderiFest 2 Peak Horizontal Acceleration of T1 G 12 18
7,2 G Sled'Impact Peak Horizontal Displacement of T1
Relative to the Sled mm 46 63
Shoulder Test 3
12:2 G Sled Impact Peak Lateral Acceleration of T1 G 17 23
Thorax Test 3
1,0 m Rigid Drop Peak Deflection of the Impacted Rib mm 26 38
Thorax Test 4
2,0 m Padded Drop Peak Deflection of the Impacted Rib mm 26 40
Thorax Test 5 Peak Lateral Acceleration of the Upper
6,8 m/s Rigid Sled Spine G 82 122
Peak Lateral Acceleration of the Lower
Spine G 71 107
Peak Lateral Acceleration of the Impacted
Rib (corresponding to the 4th rib of adult G 64 100
male)
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Table 2 (continued)

16

Impact Condition Measurement Units Lower Upper
Bound | Bound
Thorax Test 6
8,9 m/s Padded Sled Peak Lateral Displacement of T12 mm 80 108
Abdomen Test 1 Peak Acceleration of the Lower Spine G 29 35
1 m Drop Peak Acceleration of the Impacted Rib G 100 125
Peak Abdomen Penetration mm 41 -
Kbdomen Test 2 Peak Acceteration of the CoOwer Spine G 75 1
2 m Drop Peak Acceleration of the Impacted Rib G 160 400
Peak Abdominal Penetration mm 41 -
Pelvis Test 3
D,5 m Rigid Drop Peak Pelvic Acceleration G 37 15
Pelvis Test 4
|,0 m Rigid Drop Peak Pelvic Acceleration G 63 77
Pelvis Test 5
20 m Padded Drop Peak Pelvic Acceleration G 39 07
Pelvis Test 6
3,0 m Padded Drop Peak Pelvic Acceleration G 48 b8
Pelvis Test 7 Peak Pelvic Force kN 6,4 1.8
6,8 m/s Rigid Sled Peak Pelvic Acceleration G 63 77
Lower | Upper
mpact Condition Measurement Units Bound | Bgund
Pelvis Test 8 Peak Pelvic Force kN 22,4 26.4
8,9 m/s Rigid Sled Peak Pelvic Acceleration G 96 116
Pelvis Test 9 Peak Pelvic Force kN 11,6 13.6
8,9 m/s Padded Sled Peak Pelvic Acceleration G 61 /5
Pelvis Test 10
6,8 m/s Rigid Sled Peak Lateral-Relvic Acceleration G 85 115
Pelvis Test 11
8,9 m/s Rigid Sled Peak Lateral Pelvic Acceleration G 111 151
Pelvis Test 12
8,9 m[s 15 psi Padded Sled | Peak Lateral Pelvic Acceleration G 37 b1
Pelvis Test 13
8,9 m|s 23 psi Padded Sled\_} Peak Lateral Pelvic Acceleration G 65 B9
Table|3 — Coordinates for the Biomechanical Response Requirements for Various Lateral Impact
Conditions
g B Petvis Tests &2
° / D Pendulum Impact
Pendulum
/ Velocity Force
(m/s) (kN)
Velocity
Upper Boundary A 4.5 4.9
Coordinates B 115 11.3
Lower Boundary C 4.5 4.0
Coordinates D 115 9.2
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Table 4 — Coordinates for the Biomechanical Response Requirements for Various Lateral Impact

Conditions
< B Thorax Test 1
2 : 4,3 m/s Pendulum Impact
Upper Spine
/\ Time Lateral Acceleration
A D F C (ms) (G)
Time
Upper A 0 2
Boundary B 15 15
Coordinates C 50 0
Lower D 6 0
Boundary E 15 8
Coordinates F 37 0
Table 5 — Coordinates for the Biomechanical Response Requirements for Various Lateral Impact
Conditions
g B C
5 Shoulder Test 1 Thorax Test'3 Thorax|Test 4
u- / F \ 4,5 m/s Pendulum 1 m Rigid-Drop 2 m Padded Drop
Pendulum Force Thorax Plate Force Thorax
A _/\ D Time (kN) Time (kN) Time | Plhte Force
S G (ms) (ms) (ms) (kN)
Time
Upper A 0 1,6 0 2,0 0 4.0
Boundary B 6 2,8 10 9,0 18 9.0
Coordinates C 26 2,8 31 9,0 50 9.0
D 57 1,0 45 2,0 65 2.0
Lower E 0 0 5 0 0 0
BoundIry F 13 NF 20 4.8 32 4.8
Coordipates G 42 0,6 30 2,0 45 2.0
Thorax Test 5 Abdomen Test 1 Abdomep Test 2
6,8:m/s Rigid Sled 1 m Rigid Drop 2 m Rigld Drop
Thorax Plate Armrest A\rmrest
Time Force Time Force Time Force
{ms) (kN) (ms) (kN) (ms) (kN)
Upper A 0 2 0 1,0 0 1.3
Boundmry B 10 17 13 45 8 6.1
Coordinates C 16 17 19 45 16 6.1
D 50 2,5 38 1,0 38 0.5
Lower E 14 0 2 0 0 0
Boundary F 20 5 17 2,5 13 41
CoordiIates G 30 0 32 0,5 27 0.5
Abdomen Test 3 Pelvic Test 10 Pelvic Test 11
6,8 m/s Rigid Sled 6, m/s Rigid Sled 8,9 m/s Rigid Sled
Abdominal Plate Pelvic Plate Force Pelvic Plate
Time Force Time (kN) Time Force
(ms) (kN) (ms) (ms) (kN)
Upper A 0 0,5 0 1,0 0 4
Boundary B 5 3,5 10 7,5 5 13
Coordinates C 30 3,5 20 7,5 10 13
D 45 1,0 30 3,0 15 7
Lower E 0 0 5 0 2 0
Boundary F 18 2,0 15 55 7.5 10
Coordinates G 38 1,0 30 0 15 4
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Table 6 — Coordinates for the Biomechanical Response Requirements for Various Lateral Impact

Conditions
o B C Shoulder Test 4 Thorax Test 1 Thorax Test 2
s & Thorax Test 6 4.3 m/s Pendulum 6.7 m/s Pendulum
F__G 8.9 m/s Padded Sled
A /_\D Time Shoulder + Time | Pendulum Force | Time Pendulum
E H (ms) Thoracic Plate (ms) (KN) (ms) Force
i Force (KN)
Time (kN)
Upper A 0 2,0 0 1,7 0 1.2
Boundary B 5 9,4 10 3,7 5 5.2
Coordinajes C 30 9,4 30 3,7 25 5.2
D 45 5,0 45 2,0 45 4.5
Lower E 0 0 0 0 0 D
Boundary F 8 6,0 10 1,7 15 3.2
Coordinajes G 30 6,0 30 1,7 25 3.2
H 35 5,0 40 0 45 D
Abdomen Test 4 Abdomen Test 5 Pelvic Test 13
8.9 m/s Rigid Sled 8.9 m/s Padded-Sled 8.9 m/s Padlded
Sled
Time | Abdominal Plate || Time | Abdominal Plate | Time | Pelvi¢ Plate
(ms) Force (ms) Force (ms) Fdrce
(kN) (kN) (KN)
Upper A 0 0,5 0 0,5 0 4.0
Boundary B 2 55 2 55 5 7.0
Coordinajes C 20 55 25 5,5 35 1.0
D 38 2,0 40 2,0 45 3.0
Lower E 0 0 0 0 2 D
Boundary F 5 3,5 10 25 5 3.0
Coordinajes G 20 3,5 20 2,5 30 3.0
H 28 2,0 25 2,0 35 4.0
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Figure 1 — Test Configuration for the.Shoulder Test 1
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Figure 2 — Test Configuration for Pelvis Tests 1 and 2
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Figure 3 — Test Configuration for Thorax Test 3 and Pelvis Tests 3 and 4

Figure 4 — Test Configuration for Thorax Test 4, and Pelvis Tests 5 and 6
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Figure 5 — Test Configuration for Abdomen Tests 1 and 2
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Figure 6 — Sled Pulse for Neck Test 1 and Shoulder Test 2
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Figure 7 —Sled Pulse for Neck Test3 and Shoulder Test 3
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Figure 8 — Impact Surface Configuration for Thorax Test 5 and Pelvis Tests 7 - 9 (23)
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Dimensions in millimetres

203

NN

Key
Shoulder beam
Thorgx beam
Abdomen beam
Pelvis beam
Load|cell 9 places
Knegl beam

S OB~ WN P

Figur¢ 9 — Impact Surface Configuration for Shoulder Test 4, Thorax Test 6, Abdomen Tests 3 - 5 apd
Pelvis Tests 10 - 13 (15)
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Ana

Annex A

lysis of Association PEUGEOT-RENAULT lateral shoulder impact

This annex describes the application of the normalization techniques of Mertz (17) to the lateral shoulder impact
data provided by the Association Peugeot-Renault (14).

Al Origihal Data

Researche

s of the Association Peugeot-Renault subjected 4 cadavers to lateral impacts deliveredto the

by the flat ¢nd of a 23 kg rigid cylinder (D=150 mm). Each cadaver was seated on a hardwood\horizonts

with a vert
suspended
202, and M
Figure A.1.
the shouldg
autopsied f

Table A.1 {
Figure A.1,
given. The
Acceleratio

cal backrest. The cadaver's hands were placed on its lap and the arm on thie impacted

as if supported by an armrest. The impact was delivered laterally to the shoulder<for Tests MS
S 203. The impact for Test MS 204 was delivered at an angle of 15° forward of lateral, as d
The force and acceleration of the impactor, the acceleration of the thoraeic spine and the def

Dr fractures of the ribs, clavicle, or scapula.

rovides a summary of the weights and thoracic depths of the‘cadavers. The impact angle d
the impact velocity and the maximum deflection of the shoulder relative to the thoracic spine
force versus time histories for the loads applied to the cadaver's shoulders are shown in Fi
N versus time histories are not shown since they were not provided.

A.2 Normalized data

The force

ersus time histories of the impactor were digitized. The characteristic features of each cu

represented by approximately 50 points. The areas-under the force versus time histories were calculated

trapezoidal
acceleratio
approximat

|

T
where JOFd
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M =

The averag
multiplying

method of integration and the results’ were given in Table A.1 under the heading of "Impu
h versus time histories and changes’in velocity were not available. The impact velocity was ug
on of the change in velocity. The effective mass was estimated by,

IOIT:dt} /(vo)

| is the area under-the force versus time history and Vj is the impact velocity. The effective n

ody mass for.each cadaver are given in Table A.1.

e percent of body mass is 27,0%. The effective mass of a 50th percentile adult male was ob
ts body 'mass of 76 kg by 27,0%, giving an effective mass of 20,5 kg.

shoulder
| surface
bide was
201, MS
efined in
ection of

br relative to the thoracic spine were measured for each test. Following each test, the cadaver was

efined in
are also
jure A.2.

F've were
Ising the
se." The
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(A1)

nass and

ained by

The mass r

tig R is-defined-as
LA AL § R A AL I

Rm:Ms/Mi

(A.2)

where Mg is the effective mass of the standard subject (50th percentile adult male) and M; is the effective mass of
the i-th subject. For the data discussed here, Equation A.2 becomes,

Ry, = 205 kg/ M

The mass

atios for the cadavers are given in Table A.1.

The stiffness ratio, R, is defined as,

Ry =K

24

s/Ki

(A.3)

(A.4)
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where Kj is the stiffness of the standard subject and K; is the stiffness of the i-th subject. Mertz (17) has shown
that for geometrically similar structures with the same elastic modulus the stiffness is proportional to the

characteristic length. Thus, the stiffness ratio can be expressed as,
Rk = Lg/L (A.5)

The characteristic length for the shoulder was chosen as the depth of the thorax. The thoracic depth of a 50th

percentile male is 236 mm. Using L =236mm, Equation A.5 becomes,

Ry =236 mny/ L (A.6)
The stiffness ratios for the cadavers are given in Table A.1.
The normahzing-factersforforce RtimeR—and-displacement Raregivenby,
2
Re 1(RmRe)" (A7)
2
Re = (Rm/Ri)* (A8)
2
Ry + (Rm/Ri)* (A.9)
The normalizing factors calculated for the cadaver impacts are listed in Table A.1. The force and time fhctors were
used to hormalize the force versus time histories shown in Figure A.2. For a given‘impact, each force value was
multipliedl by its force normalizing factor and each time value was multiplied. oy its time normalizing [factor. The
resulting|normalized force versus time histories are shown in Figure A.3.
A.3 Fofce versus time response requirements
The normalized force versus time histories of the cadaver subjects should map onto a single curve reprgsenting the
responsg of a standard subject. Comparing the normalized force versus time histories of Figure A.3 it i$ noted that
the curve for Test MS 201 has a considerably different shape and impulse value than those of the othgr tests. For
this reaspn, Test MS 201 was considered an outlier and,;was not used in the development of a response corridor.
The remgining three normalized force versus time histaries and a proposed response corridor for a shoylder impact
delivered by a 23 kg rigid cylinder are shown in Eigure A.4. Note that the 15° impact angle used in Test MS 204
had very]little effect on the resulting force versus(time history of the cadaver.
A.4 Maximum deflection response requirement
The maximum shoulder deflections. telative to the thoracic spine for Tests MS 202 and MS 203 were nofmalized by
multiplying these values by their corresponding deflection normalizing factor. The results were averagged, giving a
value of 37,5 mm. Allowing a-plus or minus 10 percent deviation from this value gives a reasonable rangge of 34 to
41 mm f@r the maximum shoulder to thoracic spine response requirement.
Table A.1 — Cadaver'Data, Test conditions, and test results from the shoulder impact tests performed|by
the Association-PREUGEOT-RENAULT (14); and effective mass, characteristic ratios, and normalizinfy
factors for these data
Cadaver Data [Test Conditions Test Results  Effective Mass Chparacteristic Normalizing
| Ratios F4ctors
Test [Body TThoracic Impact | Impact Body mass
Number |Mass| Depth |Angle |Velocity Defl. |mpulse | Mg Mass [Stiffness Force Time Defl.
ko) | mm) | ) | (mis) |[(mm)| (Ns) |(ko)| (%) |Rm| Rk | Ri | Ry | Ry
MS 202 | 52 185 0 4,2 34 74,6 | 17.8 34,2 1.15| 1,28 |1.21|0.95]|0.95
MS 203 | 49 180 0 4,5 37 53,7 11.9 24,3 1.72 1,31 150|1.15]1.15
MS 204 | 56 185 15 4,5 a 82,1 |18.2 32,5 113 | 1,28 |120(094| a
MS 201 | 48 180 0 4,6 37 37,1 8.1 16,9 253 131 [1.82[1.39[1.39
a The deflection data for MS 204 were not available.
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Figure A.1 — Test Configuration for Shoulder Impact Test MS 204
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Figufe A.2 — Force versus time histories of\a-23 kg Rigid Pendulum Used to Impact the Shoulder o
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Figure A.3 — Normalized Force Versus Time Histories of a 23 kg Rigid Pendulum Used to Impact the
Shoulder of Cadavers
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Figure A.4 — Normalized Force Versus Time Histories and Proposed Corridor for a 23 kg Rigid Pendulum

Used to Impact the Shoulder
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Annex B

Analysis of HSRI lateral thoracic impact data

This annex describes the application of the normalization techniques of Mertz (17) to the lateral thoracic impact
data provided by the HSRI (18). Biomechanical impact response requirements based on the normalized HSRI data
and the WSU/GMR data (19) are defined in annex C.

B.1 Origihal Data

A series of
raised so th
was 150 m
time histori
first thorac
Response

significantly
rib fractures

B.2 Nornpalized data

The accele
curves for

(17) that w
be defined

Impact
(Ra),
Thorad

(Ra)T

a) TimeH

where the t
Ry =1
R, =K

cadaver impact tests was conducted by the HSRI (18). The cadavers were seated upright with
at the lateral aspect of the chest could be impacted. The impactor had a flat, rigid impact surfg
m in diameter and its mass was 23,4 kg. The impact velocity was 4,3 m/s. Impactor deceleratig
bs are shown in Figure B.1. The corresponding lateral acceleration versus time-histories of the ¢
c vertebrae are shown in Figure B.2. These curves were obtained using ‘@ 100 Hz Finite
FIR) filter (18). Similar filtering must be done to the dummy data since the FIR filter m
distorted the amplitude and phase of the cadaver data. The mass of @aeh cadaver and the n
are summarized in Table B.1.

Fation versus time histories shown in Figures B.1 and B.2'were normalized to represent chal
50th percentile adult male interacting with a 23,4 kgidmpactor using an extension of Mertz's t
s developed by Lowne (24) for a two mass system:(The normalizing factors for a two mass sy
bs follows:

or Acceleration Factor

L (Ry -Rm)"2(23,4kg+ M, ) 2(23,4kg + Nl ) 2
ic Acceleration Factor

L (Ry /R )2 (23,4kg + M. ) ¥2(23,4kg + Mg )
actor
n/Ri)Y2(23,4kg%E M, )Y (23, 4kg + Mg) V2

horacic massratio, R, and the thoracic stiffness ratio, R,, are defined as;
AS/M C

stKe

one arm
ce which
n versus
adavers'
Impulse
ay have
Lmber of

acteristic
bchnique
stem can

(B.1)

(B.2)

(B.3)

(B.4)
(B.5)

Note in equations B.4 and B.5, M represents the thoracic mass and K represents the thoracic stiffness. The

subscripts i

St

4~"vwooc3xO

30

n the above equations are defined as follows.

Acceleration

iffness

Mass

Impactor
Cadaver
Standard Subject
Time

Thorax
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Mertz (17) has shown that for geometrically similar subjects, the thoracic stiffness ratio is equal to the ratio of
characteristic lengths, or,

Rk =Lg/L¢ (B.6)
Unfortunately, no length dimensions are given for the cadavers. Only their total body masses are given. If we

extend the assumption of geometric similitude to the total body, then an estimate of the thoracic stiffness ratio can
be obtained from the cube root of the body mass, Mg, ratio, or,

Rk =3(Mg)/(Mg), ®.7)

The thorfcic stiffness ratio for each cadaver is given in Table B.1.

The thorcic cadaver mass, M, can be calculated by dividing the thoracic impulse by its changé.in velogity, or,

M {LM papdt] / UT aTdtJ (B.8)

ap |Acceleration versus time history of the impactor
ar [Lateral acceleration versus time history of the thorax
T |Impact duration for AV =V

The effeftive mass of the thorax for each cadaver test is given in Table B.1 as well as the ratio of the effective
mass to [he cadaver's total body mass. The effective mass of the thorax for the standard subject, Mg, gubjected to
a 4,3 m/s pendulum impact is given in annex C as 20,8 kg. The thoracic mass ratio, R,,, was calculated for each
cadaver |test and is given in Table B.1. Using the) values given in Table B.1, the normalizing factgrs given in
Table B.} for the impactor acceleration, (Rj),thoracic acceleration, (Ryy, and time, Ry, were calcpilated from
Equations B.1, B.2 and B.3. The curves of Figures B.1 and B.2 were multiplied by the appropriate fagtors to give
the normalized curves of Figures B.3 and B4, respectively.

The normalized impactor force versusytime curve was obtained from the normalized impactor deceleratipn pulse by
multiplyimg each acceleration valué by the impactor mass (23,4 kg) and dividing by the acceleration of gfavity, or,

T
1l

m
) ap(23,4 kg/ 9,8s2) (B.9)

where Fp represents~the impactor force. The normalized impactor force versus time curves arg shown in
Figure BJ5.

B.3 Response requirements

The average of the normalized cadaver responses is the best estimate of the normalized response of a 50th
percentile male. One response requirement for a side impact test device consists of a corridor around the
normalized T1 lateral acceleration versus time curves. Figure B.6 shows the lateral T1 acceleration versus time
response corridor for the 4,3 m/s lateral impact from a 23,4 kg impactor. The normalized acceleration versus time
history of the side impact dummies should lie within the corridor. The response requirement for the impactor force
is given in annex C.
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Table B.1 — Cadaver Data from the Lateral Thoracic Impact Tests Performed by the HSRI (18); and
Effective Mass, Characteristic Ratios, and Normalizing Factors for These Data

Cadaver Data Effective Mass Characteristic Normalizing Factors
Ratios
Test No. | Body | Number Body mass Impactor | Thorax
Mass | of Rib Me Mass | Stiffness Accel. Accel. [Time
(kg) | Fractures | (ko) (%) Rm Rk (Ra)p RaT Rt
76T062 | 50.1 7 18.3 36.5 1.14 1.15 1.11 0.98 0.97
77T071| 80.7 0 36.0 44.6 0.58 0.98 0.87 151 0.89
7770721 54.0 2 25.9 48.0 0.80 112 1.00 1.25 0.8
LY : : : :
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Figure B.2 — Lateral Acceleration Versus Time\Histories of T1 for Cadavers Subjected to Thoracic Impacts
at 4,3 mfs\From a 23 kg Rigid Pendulum
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Figure B.3 — Normalized Acceleration Versus Time Histories of a 23,4 kg Rigid Pendulum Used to Impag
the Latéral Thorax of Cadavers
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Figure B.5 — Normalized Pendulum Force Versus Time Histories of a 23,4 kg Rigid Pendulum used to
Impact theLateral Thorax of Cadavers
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Figurd B.6 — Normalized Lateral Acceleration\Versus Time Histories of T1 and Proposed Corridor for

TME — ms

23 kg Rigid Pendulum Impact to the Lateral Thorax
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Annex C

Analysis of WSU/GMR oblique lateral thoracic impact data

This annex describes the application of the normalization techniques of Mertz (17) to the oblique lateral thoracic
impact data collected by researchers of Wayne State University (19). Data from these tests were provided by the
General Motors Research Laboratories who funded the studies and performed the data analysis. This annex also
defines the biomechanical impact response requirements based on the normalized WSU/GMR data and the

normalized

C.1 Origi
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IO St £4.0N\ - s D
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nal Data
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were then normalized to represent the characteristic curves for a 50th percentile adult male impacted by & 23,4 kg
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it standard velocities of 4,3 ahd*6,7 m/s (19). The curves were normalized using an extension ¢
17) that was developed by'‘Lowne (24) for a two mass system. The normalizing factors for a t
be defined as follows;

Impactor Force Factor, Rf

o /Vo )Ry R} (23,4kg+ M ) V2 (23,4kg + Mg) 2

the standard impact velocity and V., is the cadaver impact velocity.

actor, 'Ry

f Mertz's
WO mass

(C.1)

Ry

(R

/R k)1/2 (234kg+ |'v'|c)1/2 (234kg+ iviS)7y2

The subscripts used in the previous equations are defined as

~nwooc 33X~
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The characteristic ratios for mass, R,,, and the thoracic stiffness, R, are defined respectively as;
Rm=Ms/M, (C.3)

Ry = Ks/K¢ (C.4)

In the equations above, M represents the effective mass of the thorax and K represents the thoracic stiffness. For
geometrically similar structures with the same elastic modulus, the stiffness is proportional to the characteristic
length (17). The characteristic length chosen was the chest breadth. The chest breadth of the 50th percentile adult
male is 349 mm. The thoracic stiffness ratio was calculated using,

Ry =349 mmy/ | (C.5)

where L|[is the chest breadth of the cadaver whose data is being analyzed. The thoracic stiffness_ratio for each
cadaver |s given in Table C.1.

The cadaver's thoracic mass, M, can be calculated by dividing the thoracic impulse by its ghange in velocity, or,

M {LM papdt] / UT aTdtJ (C.6)

ap [Acceleration versus time history of the impactor
ar |Resultant of the lateral and longitudinal components of the accéleration versus time history of T8
T |Impact duration for AV =V

The effegtive mass of the thorax and the ratio of the effective mass to the cadaver's body mass for egch cadaver
are given in Table C.1. The averages of the ratios aré 0,274 for the 4,3 m/s impacts and 0,200 for the 6,7 m/s
impacts.|The thoracic mass for the standard subject impacted at 4,3 m/s and 6,7 m/s were obtained by multiplying
the body|mass of the 50th percentile adult male by.the appropriate average ratio, or,

Mg ¥ (0,274) (76 kg) = 20,8 kg for the 4,3.fofs impacts (C.7)
Ms ¥ (0,200) (76 kg) = 15,2 kg for the 6,7 m/s impacts (C.8)

The thorpcic mass ratio, Ry, was calculated for each cadaver test and is given in Table C.1. Using| the values
given in rable C.1, the normalizing factors for impactor force, Ry, and time, Ry, were calculated from equations C.1
and C.2,|respectively. The resulting normalizing factors are given in Table C.1.

The forcg versus time histeries were normalized for cadaver size and initial impactor velocity by multiplying each
value of force by Rf and-€ach value of time by R; for that cadaver. Figures C.3 and C.4 show the normglized force
versus tilne curves.forthe 4,3 and 6,7 m/s oblique lateral impacts, respectively.

C.3 Cgmparison of lateral and oblique lateral test results

Three lateral impact tests were conducted with initial impactor velocities near 6,7 m/s (34). The cadaver data and
test conditions for these tests are given in Table C.2. These tests were normalized as described in clause C.2
Normalized Data, using a standard effective mass of the thorax equal to 15,2 kg. The effective thoracic masses of
the cadavers and the resulting normalizing factors are given in Table C.2. Figure C.5 shows the normalized force
versus time histories of the lateral and oblique lateral impacts at 6,7 m/s.

The normalized force versus time histories for the lateral and oblique lateral impacts are similar. The peak
normalized force values for the lateral impacts lie within the range of normalized peak values for the oblique lateral
impacts. The pulse durations of the two test conditions are also similar. Therefore, the normalized force versus time
histories for the 4,3 and 6,7 m/s oblique lateral impacts can be used to set impact response requirements for
dummies subjected to pure lateral impacts at 4,3 and 6,7 m/s, respectively.
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C.4 Comparison of oblique lateral results to HSRI lateral results

Figure C.6 shows the normalized force versus time histories of the HSRI lateral and the WSU/GMR oblique lateral
impacts at 4,3 m/s. The peak normalized force values for the HSRI lateral impacts lie within the range of
normalized peak values for the WSU/GMR oblique lateral impacts. However, the pulse durations of the HSRI lateral
impacts are considerably shorter than the WSU/GMR results.
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Table C.1|— Cadaver Data ang Fest Conditions from the Oblique Lateral Thoracic Impact Tests Performed
by WSU (19); and Effeetive’ Mass, Characteristic Ratios, and Normalizing Factors for These Data
Cadaver Data Test Effective Mass Characteristic Ratios Normalizing
Conditions Factprs
Test| Body | Chest/ | No. of Rib | Impactor Body mass Impactor
No. | Mags |Breadth | Fractures Velocity Me Mass | stiff. | Velocity | Force ||Time
(kd) (mm) L R (m/s) (kg) (%) Rm Rk ViV Rf Rt
17| 70,3 300 0 0 5,50 16,7 23,8 1,247 | 1,163 | 0,782 | 0,897 | 0,986
29 | 53,1 285 0 0 5,20 18,9 35,6 1,103 | 1,225 | 0,827 | 0,940 | 0,928
36 | 67,6 305 0 0 4,00 16,4 24,2 1,271 | 1,144 | 1,075 | 1,230 | 1,000
40 | 75,8 335 0 2 3,62 19,2 25,4 1,085 | 1,042 | 1,188 | 1,240 | 1,002
41| 75,8 335 0 0 3,80 21,3 28,1 0,979 | 1,042 | 1,132 | 1,150 | 0,975
4 | 69,9 280 7 0 5,99 10,1 14,5 1,504 | 1,246 1,119 1,427 | 1,023
5 | 56,3 290 3 0 6,48 9,3 16,6 1,631 ]1,203 | 1,034 | 1,333 | 1,072
7 | 56,3 270 5 1 6,73 12,9 23,0 1,175 1,293 | 0,996 | 1,191 | 0,925
9 | 61,7 280 2 3 6,71 15,6 25,3 0,972 | 1,246 | 0,999 | 1,105 | 0,888
11| 76,2 295 5 0 6,71 15,7 20,6 0,967 | 1,183 | 0,999 | 1,075 | 0,910
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Table C.2 — Cadaver Data and Test Conditions from the Lateral Thoracic Impact Tests Performed by WSU
(34); and Effective Mass, Characteristic Ratios, and Normalizing Factors for These Data

Cadaver Data Test Effective Mass | Characteristic Ratios  Normalizing
Conditions Factors
Test| Body | Chest | No.ofRib | Impactor Body mass Impactor
No.| Mass |Breadth | Fractures Velocity Me Mass| Stiff. | Velocity |Force |Time
(kg) (mm) L R (m/s) (kg) (%) Rm Rk VgV Rf Rt
47a| 70,3 350 14 2 6,48 14,9 211 1,020( 0,997 1,034 1,039 | 1,007
52a] 92,1 320 7 5 6,44 19,8 21,5 0,768] 1,091 1,040 1,007 | 0,888
58 | 166,7 270 8 5 6,50 13,2 19,7 1,152| 1,293 1,031 1,225[| 0,919
@ Thgse cadavers were subjected to an impact at 4,3 m/s on the right side of the thorax, followed by an impactjat 6,7 m/s|
on the |eft side of the thorax. The number of rib fractures given here represents the total after both impacis:

_ | g | § Legend
_ 17 5.5 m/s
| 29 52m/s
l l l l 36 4.0 m/s
' 40 36m/s
: E E 41 3.8 m/s

PENDULUM FORCE — kN

B T T T

off I

TIME — ms

Figure C.1 — Force versus time histories of a 23,4 rigid pendulum used to impact the oblique lateral thorax
of cadavers at 4,3 m/s
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FORCE — kN

.................................................

0 : i i i i
0 10 20 30 40 50 60
TIME — 18

Figure C.2|— Force versus time histories of a 23,4 rigid pendulum used to impact the oblique lateral thora:
of cadavers'at 6,7 m/s
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] Legend
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Figure|C.3 — Normalized force versus time histeries of a 23,4 rigid pendulum used to impact the obligu

lateralthorax of cadavers at 4,3 m/s
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Figure C}4 — Normalized force versus time histories'of a 23,4 rigid pendulum used to impact the oblique

lateral thorax-ef cadavers at 6,7 m/s
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4 — Oblique Lateral
5 — Oblique Lateral

7 — Qblique Lateral
9 — Oblique Lateral

47 — Lateral

FORCE — kN

o M !
v — LAICTUl

58 — Lateral

i ;
20 30 40 50 )
TME — ms

Figurg C.5 — Normalized Force Versus TimeHistories of a 23,4 kg Rigid Pendulum Used to Impact the

Lateral or Oblique:Lateral Thorax of Cadavers at 6,7 m/s
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° . 17 — Oblique Lateral
] 29 — Oblique Lateral
3 36 — Oblique Lateral
4 40 — Oblique Lgteral

. 41 — Oblique Laterdl
] 76T062 — Lateral

76701 —Lateral

PENDULUM FORCE — kN

Figure G

(¢ ]

.6 — Normalized Force Versus Time Histories of a 23,4 kg Rigid Pendulum Used to Impact the
Lateral or Oblique Latétal Thorax of Cadavers at 4,3 m/s
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- { | 17— Oblique Lateral
29 — Oblique Lateral
. 36 — Oblique Lateral
4 ) 40 — Oblique Lateral
. 41 — Oblique Lateral

] 771071 — Lateral

) £ R F7F074—Lateral—

PENDULUM FORCH — kN

y /8 A

pOo

TIME — ms

Figure 4.7 — Normalized Force Versus Time Histaries and Proposed Corridor for a 23,4 kg Rigid Pendyilum
Impact to the Lateral Thorax at 4,3 m/s
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PENDUI UM FORCE — kN

TIME — ms

Figure C.8 — Normalized Force Versus Time Histories’and Proposed Corridor for a 23,4 kg Rigid Pendulum
Impact to the Lateral Thorax at 6,7 m/s
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Annex D

Analysis of onser lateral pelvic impact data

This annex describes the application of the normalization techniques of Mertz (17) to the lateral pelvic impact data

provided

by ONSER (26, 27 and 28).

D.1 Original Data

Researchers of ONSER studied the responses of 22 unembalmed cadavers to lateral impacts_deliviered to the
greater tfochanter. Pelvic strains were measured by 3 strain gages on the internal face of the ileal wing aind 1 strain
gage on the ileo-pubic ramus (28). Pelvic acceleration was measured by an accelerometer attached to the posterior
of the sgcrum. The cadavers were seated without lateral support, as shown in Figure DA-Lateral impacts were
delivered at known speeds by a 17,3 kg rigid or padded impactor. The impact surface 6Dthe rigid impgactor was a
segment| of a sphere (R=175 mm, r=60 mm). The padded surface was a polydrethane block. Forces and
accelerajions of the impactor were measured. Each cadaver was impacted at ‘inereasing speeds [until pelvic
fracture yvas diagnosed by X-ray or external examination (27).
The mags and height of cadavers struck by the rigid impactor are summarized in Table D.1. The impgct velocity,
peck for¢e, and impulse of the first impact to each cadaver are also giveh) Only results where data |for the first
impact were given and the cadavers had acceptable bone condition were analyzed.
D.2 Ndrmalized data
For the dase where the impulse direction is horizontal, Mertz (17) defines the effective mass of the pelvis as,
T
Mg J.th (AV) (D.1)
0
s

where Icht is the impulse and AV is the change-in velocity. The impact velocity was used as an estimate of the
change ip velocity since data were not available to calculate it. The effective mass of the pelvis and thel ratio of the
effective|mass to the total body mass:;for the first impact of each cadaver are given in Table D.1. The average
percent ¢f body mass is 19,1%,
The effegtive mass of a 50th~percentile adult male was obtained by multiplying its body mass of 76 kg by 19,1%,
giving an effective mass.of 14,5 kg for the pelvis.
The mass ratio, Ryp,\as defined by Mertz (17) is,

Rm E Mg/My (D.2)
where M is"the effective mass of the standard subject and M; is the effective mass of the i-th subject. For the data
discussed here, Equation D.2 becomes,

Rp, =14.5kg/ M; (D.3)
The mass ratios for the cadavers are given in Table D.1.

The stiffness ratio, Ry, is defined as,
Ry = Ks/K;j (D.4)

where Kg is the stiffness of the standard subject and K; is the stiffness of the i-th subject. Mertz (17) has shown
that for geometrically similar structures with the same elastic modulus, the stiffness is proportional to the
characteristic length. For such structures the stiffness ratio can be expressed as,
Ry =Ls/L;

where Lg and L are characteristic lengths of the standard and i-th subjects, respectively.

© 1SO 1999 — All rights reserved
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A characteristic length of the pelvis was not available. The standing height was used as the characteristic length.
The standing height of each cadaver is given in Table D.1. This measurement is 1,74 m for the 50th percentile

adult male.

Using this value, Equation D.5 can be written as,

Rk =174 m/ Li

The stiffness ratios for the cadavers are given in Table D.1.

The normal

izing factor for force as defined by Mertz (17) is,

2
Ry = (R R )

(D.6)

(D.7)

The force |I|ormalizing factors for the cadaver impacts are given in Table D.1. The normalized peak_for

obtained by
forces are ¢

D.3 Peak

The force 1
percentile g
number |.1

Linear regr
peak force
0,71, is give

F =07

where F ig
reasonable
impact velo
for impacts
peak impagd

Response
were availg

multiplying the measured peak forces by their force normalizing factors. The resulting ngsmali

iven in Table D.1. A plot of normalized peak force versus impact velocity is shown in Figure D.2.

impactor force response requirements

ormalizing factors map the peak impact forces of the cadaver subjects ©nto the peak forces
dult male. The normalizing factors do not correct for the variability of the impact surface mate
appears to be an outlier and was not used in the selection of a response corridor.

bssion analysis was performed to determine the relationship between impact velocity and ng
for the rigid impactor data given in Table D.1. The computed relationship, with a sample corr
N by,

1+0,83V

the normalized peak force and V is the impact velocity. A response corridor was drawn
deviation from the impact velocity and peak ¢force relationship. Figure D.3 shows the scatts

Ces were
ved peak

bf a 50th
rial. Test

rmalized
plation of

(D.8)

to allow
br plot of

Ccity versus the normalized peak force, the relationship given by Equation D.8, and the response corridor

delivered by a 17,3 kg rigid impactor. Fef_ dummy impacts between 6 m/s and 10 m/s, the nd
tor force should lie within the corridor skiown in Figure D.3.

equirements are not proposed for tests with a padded impactor because the results of the fir
ble for only one cadaver subject.

rmalized

5t impact

Table D.1 + Cadaver Data, Test(Conditions and Test Results of the ONSER Lateral Pelvic Impact Tests (R6,
27, 28)| and Characteristic.Ratios, Normalizing Factors, and Normalized Test Results for These Data
Cadaver Data | Test Conditions Test Results Effective Mass Chparacteristic Normalizing | [Norm.
Ratios Factors Results
Test |Body [HeightNmpact | Impact |Peak |Impulse | Mg | Body [Mass| Stiff- Force Peak
No. |Masgs Velocity | Surface [Force Mass ness Force
kd) |«m) | (m/s) (kN) | (Ns) | (kg) | (%) |Rm Rk Ry (kN)
Al | 5§ 1,67 5,83 Rigid | 4,17 63 10,8 18,6 |[1,34| 1,04 1,18 4,92
Bl 70 154 5,83 Rigid [ 5,10 71 12,2 17,4 1,19 1,13 1,16 5,92
Ci1| 78 | 1,73 7,11 Rigid |5,62| 113 |[159| 204 |091| 1,01 0,96 5,40
D1 | 52 | 1,60 6,94 Rigid | 4,41 88 11,3| 242 |1,28| 1,09 1,18 5,20
El1 | 60 | 1,56 7,00 Rigid | 5,52 88 12,6 21,0 [1,15| 1,12 1,13 6,24
F1 | 55 | 1,52 7,86 Rigid | 5,61 89 11,3| 205 |1,28| 1,14 1,21 6,79
H1 | 86 | 1,75 7,08 Rigid | 6,62 82 11,6 135 |1,25| 0,99 1,11 7,35
11 63 | 1,81 7,08 Rigid |10,21| 77 10,9 17,3 |[1,33| 0,96 1,13 11,54
Jl | 63 | 1,77 7,08 Rigid | 7,73 79 11,2 17,8 [1,29| 0,98 1,12 8,66
K1 | 55 | 1,71 6,94 Rigid | 5,52 73 105 19,1 (1,38 1,02 1,19 6,57
L1 | 8 | 1,75 8,25 Rigd |8,33| 118 |143| 16,8 |1,01| 0,99 1,00 8,33
R1 | 82 | 1,80 | 10,14 Rigid |9,44| 163 |16,1| 19,6 0,9 0,97 0,93 8,78
Z1 | 58 | 167 | 12,64 |[Padded|[7,36| 158 [125| 216 [1,16| 1,04 1,10 8,10
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Figure D.1 — Test Configuration for'the Pelvic Impact Test
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1 | Legend - ©
{ | o RIGID MPACTOR
|| o PADDED MPACTOR

NORMALIZED PEAK FORCE — kN

IMPACT VEEOCITY — my/s

Figure D.2|— Peak Normalized Force Versus Impact.Velocity from the Lateral Pelvic Impacts with a 17,3 kg
Pendulum
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NORMALIZED PEAK FORCE — kN

IMPACRWELOCITY — m/s

10 12 4

Figure [).3 — Response Corridor for the Peak korce Versus Impact Velocity for Lateral Pelvic Impacts \yvith

a 17,3 kg Pendulum
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Annex E

Analysis of HODGSON and THOMAS lateral head impact data

This annex describes the lateral head impact data of Hodgson and Thomas (1) and the biomechanical impact
response requirements based on the data.

E.1 Original data

Hodgson

d Thomas (1) conducted a series of non-fracture, cadaver head impact tests. In.these t

psts, the

cadavers were strapped on their sides to a pallet that was free to pivot about one end. The cadaver's jead and

neck were
distance bqg
impact. Rig
are the ca
resultant ag

E.2 Resy

Figure E.1
head impa
mass is dire
drawn as irj
on these d
non-impact
surface. Th

Table

llowed to extend over the free end of the pallet. The pallet was rotated upwards t6'\achieve a p
rtween the head and the impact surface. Then the pallet was released producing the desi
d surface impact data for seven embalmed cadavers are summarized in Table E.1. Listed in ]
Haver identifications, the head impact velocities, the equivalent free-fall\drop heights and
celerations measured on the side of the head opposite the impact site.

onse requirement

s a plot of the Hodgson and Thomas (1) data in terms, ofythe peak resultant head acceleratid
t velocity. For a linear spring-mass system dropped @nto a rigid surface, the peak accelerati
bctly proportional to the impact velocity. Assuming the*head responds in a similar fashion, a cor
dicated by the lines shown in Figure E.1. Note that all the data points lie within the boundarie
hta, a reasonable response requirement is that’the peak resultant head acceleration of a poi
bd side of the head should be between 100%and 150 G for a 200 mm free fall drop onto a
s drop height will produce an impact velogcity of 2 m/s.

escribed
ed head
able E.1
he peak

n versus
bn of the
fidor was
s. Based
nt on the
flat, rigid

54

E.1 — Summary of the Rigid Surface Lateral Head Impact Data of Hodgson and Thomas (1)
Cadaver Impact Equivalent Peak Resultant Acceleration at a
ID Velocity Free Fall point on the Non-impacted Side
Drop Height of the Head
(m/s)
(mm) (G)
2864 1,92 188 107
2953 1,74 154 108
3030 1,92 188 135
3042 1,92 188 118
3083 1,92 188 96
3116 1,65 139 121
3184 1,74 154 101

© ISO 1999 — All righ

ts reserved


https://standardsiso.com/api/?name=83ec11bd6815928dd23dc49f815fbf69

200

ISO/TR 9790:1999(E)

Figure H

PEAK RESULTANT HEAD ACQELERATION — G

0 0.5 1 1.5 2 25

IMPAGFVELOCITY — my/s

.1 — Peak resultant head acceleration:fesponses for rigid surface lateral impacts compared to

corridor

the
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Annex F

Analysis of Association PEUGEOT-RENAULT lateral head impact data

This annex describes the lateral head impact data of the APR (2) and the biomechanical impact response

requiremen

ts based on the data.

F.10rigin

The APR (3
a cadaver
dropped frg
characteris

Shore

Ruptur]

— Tear §
Two of the
cadavers v
acceleratio
channel frqg
padded sur
produced a

F.2Respd

The averagd

the averagé¢ gives a range of 205 G to 277 G for a 1200 mm drop onto the padded surface.

bl data

) conducted a series of lateral head impact tests involving five cadavers. The first test involved
00 mm onto a rigid impact surface. No data were given for this test. The remaining-four caday
m a height of 1200 mm onto a rigid surface covered by a 5 mm thick rubber_pad’ with the
ics:

A Hardness = 50

P Strength = 14 Mpa

frength = 15 KN/m

cadavers received skull fractures. Table F.1 gives the peak resultant head accelerations fo

dropping
ers were
following

the two

vithout skull fractures. Sufficient accelerometers (3-3:3" combination) were used to calc
 of the center of gravity of the head which are given(n Table F.1. All acceleration data were
quency class 1000 Hz, according to the requirements of SAE Recommended Practice J!
face data are compared to the rigid surface datatoef annex E in Figure F.1. The padding that v
bout a 20% reduction in peak head acceleration:-

nse requirement

e of the peak resultant head accelerations given in Table F.1 is 241 G.Allowing a + 15 % devia

Table F.1 — Summary of the padded surface lateral head impact data of the APR (2)

!

late the
ltered at
P11. The
vas used

tion from

56

Cadaver Impact Drop Peak Resultant Acceleration at the
ID velocity Height Center of Gravity of the Head
(m/s) (mm) (G)
4,85 1200 230
4 4,85 1200 253
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PEAK RESULTANT HEAD ACCELERATION — G

2 3 4 5
IMPACTVELOCITY — my/s

Figure F.1 — Peak resultant head acceleration.responses for rigid and padded surface lateral impact
compared to-the corridor for the padded impact

[2)
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Annex G

Analysis of Association PEUGEOT-RENAULT lateral thoracic impact data

This annex describes the application of the normalization techniques of Mertz (17) to the lateral thoracic impact
data collected by researchers of the Association Peugeot-Renault (20, 21, 22). Biomechanical impact response

requiremen

ts are defined, based on the normalized data.

G.1 Origihal Data

Researche
of either 1
drops. The
pad), or a k
are not ava
pelvic imp3
impact surf

Some of th
shown in H
forward sug
shown in F
cage comp

Table G.1

impacts. Th
arm involvsg
time histori

G.2 Norn

The techni
response ¢
impact con
force versu

The effectiv
versus time
from initial

Ladt =

s of the Association Peugeot-Renault subjected unembalmed cadavers to lateral free fals fron
or 2 m. The thoracic and pelvic impact surfaces were rigid for the 1 m drops and-padded fo
padding used for the thoracic impact surface was either a block of polyurethane, (referred to
lock of phenespan embedded in polyurethane. Characteristics of the phenespan/polyurethane
ilable. These data were not included in the analysis. Figures G.1, G.2 and¢G.,3 show the tho
ct surfaces for two rigid impact configurations and the APR padded tests, respectively. The
hces were instrumented with load cells to measure the impact force.

e 1 m drops were conducted with the cadavers' arms rotated forward and upward. This config
igure G.1. The remaining 1 m drops and all of the 2 m drops.were conducted with the arm
h that an angle of 20° was formed between the upper arm and’/the thoracic spine. This arm p
gures G.2 and G.3. A triaxial accelerometer was screwed\to T4 to measure thoracic accelerd
ession was measured from high speed movies of the impact.

ummarizes the drop height, impact surface, arm*pesition and cadaver data for the rigid and
e lateral thoracic force versus time histories for.the 1 m rigid impacts without arm involvement
ment are shown, respectively, in Figures G.4:and G.5. Figure G.6 gives the lateral thoracic forg
s for the 2 m drops onto the APR padded surfaces.

nalized data

haracteristics of a 50th percentile adult male. If the normalization procedure was exact, then
figuration, every normalized cadaver curve would map onto a single curve. This curve wou
5 time history of the standard size subject.

e thoracic mass.was calculated from the lateral thoracic acceleration versus time histories and
histories of the\thoracic impact surface. The duration of the impact, t, was chosen as the perig
contact untikthe change in velocity equaled the initial velocity, or the t for which,

\o

where a is thelateral acceleration of the thorax and Vq, is the initial impact velocity.

N heights
the 2 m
as APR
padding
acic and
thoracic

Iration is
5 rotated
osition is
ition. Rib

padded
and with
e versus

lue described by Mertz (17).Wwas used to normalize the force versus time histories to reprgsent the

for each
d be the

the force
d of time

(G.1)

The effective mass of the thorax, Mg, was calculated from the following equation,

e |

Lth]/(rg+ Vo)

(G.2)

where F is the thoracic impact surface force and g is the acceleration of gravity. The effective thoracic masses for
the 1 m rigid and 2 m padded drop tests are given in Table G.1. An effective thoracic mass of 38 kg was chosen for
the standard subject. This is 50% of the total body mass of a 50th percentile adult male and is within the range of
the percent body mass for the effective masses of the cadavers.
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The mass ratio, R,,, was calculated from the following equation,

R =38 kg/ M, (G.3)
The mass ratios for the APR cadaver drop tests are given in Table G.1.
The stiffness ratio, Ry, is defined as,

Ry = Kg/K; (G.4)

where Kj is the stiffness of the standard subject and K; is the stiffness of the i-th subject. Mertz (17) has shown

that for
characte
data. Fo
was calc

Ry

where L
are give

The norn
Mertz (11

Ry

Ry

Rx

The cha
normaliz
factor an
versus fti
obtained
normaliz

G.3 Eli

Table G.
requirem
was cho
thorax.

F236mny/ L

£ (Rm/R)Y?

Fistic length. The thoracic depth was the characteristic length chosen for the normalization
the 50th percentile adult male, this length is 236 mm. The characteristic ratio for the thaoracic s
Llated by,

s the chest depth of the cadaver whose data were to be normalized. The stiffhess ratios for th
in Table G.1.

halizing factors for force, R¢, time, Ry, and displacement, R, , were €alculated from the equatio

7,
i (Rm R« )]/2

(R /Ri)¥?

racteristic ratios and normalizing factors-for the APR cadaver impacts are given in Tab
bd force versus time histories were-gbtained by multiplying each value of force by its force
d each value of time by its time normalizing factor. Figures G.7, G.8 and G.9 give the norm

by multiplying the peak measured deflection by the deflection normalizing factor for that c3
bd peak rib deflections for-the)1 m rigid and 2 m padded drops are given in Table G.1.

mination of massively damaged cadavers

1l gives the number of rib fractures sustained by each cadaver used in the APR drop tests. Th
ents were_established from cadavers which sustained less than 6 fractures to the ribs. This
sen arbitrarily. If this cutoff level were set lower, too little data remained to define the respo

geometrnically simifar_structures with the same elastic modulus, the stifness 1S proporiignal to the

pf the APR
iffness, R,

(G.5)

e cadavers

ns given by

(G.6)
(G.7)

(G.8)

e G.1. The
nhormalizing
blized force

Ime histories for the various test conditions. The normalized peak rib deflection for each c@daver was

daver. The

e response
cutoff level
hses of the

G.4 Response requirements

The best estimate of the response of the 50th percentile male to the APR impact conditions is the average of the
normalized cadaver responses for each impact configuration. Response requirements for the side impact test
device consist of corridors constructed around the normalized cadaver force versus time histories and ranges for
the normalized peak rib deflections.

Normalized Force Versus Time Corridors - The normalized force versus time histories for the 1 m rigid drops are
shown in Figure G.10. Figure G.10 also shows the corridor for the history of thoracic force versus time for the 1 m
drop onto a rigid surface. It should be noted that the corridor is in good agreement with one developed using linear
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regression analysis on the same data (33). The normalized force versus time history of any side impact dummy
should lie within the corridor for a drop of 1 m onto a rigid impact surface.

Figure G.11 shows the normalized force versus time histories and the corridor for the force versus time history for
the 2 m drop onto APR padded surfaces. The normalized force versus time history for the side impact dummy
should lie within this corridor for a drop of 2 m onto APR padding.

Normalized Peak Deflection - Cadavers with multiple rib fractures were not used to define the normalized rib

deflection requirements. Only test 155, a 1 m rigid drop, and test 122, a 2 m padded drop produced no rib fractures.
These cadavers experienced normalized rib to spine deflections of 32 and 33 mm, respectively. Because of the
sparsity of the data, a deviation of +20% was chosen. This gives a normalized rib to spine deflection requirement of

26 to 38 m

Table G.

h for the 1 m rigid impact and 26 to 40 mm for the 2 m padded drop.

| — Cadaver Data, Test Conditions and Test Results of the APR Lateral Drop Tests (20, 21, 22

and Effective Mass, Characteristic Ratios, Normalizing Factors, and Normalized Test,Results
for These Data
Cadgver Data Test Conditions Test Effective Charagter- Normalizing Norm.
Results Mass istic Ratios Factors Results
Test|Body |Chest [No. of | Drop | Impact | Impact Arm Peak | Mg | Body [Mass | Stiff. Force [Time Defl| |Peak
No. [ Mass |Depth | Rib [Height[Velocity | Surface | Posi- Rib Mass Rib
= tion Defl. Defl.
X
(kg) [(mm) (m) (m/s) (mm) | (kg)|. (%) Rm Rk R¢ R¢ R (mm)
104 (59 400 |14 1 4,4 rigid up 52 21,8137 1,74 [1,18 (1,43 |1,21 |1,2L |63
105 [54 400 |13 1 4,4 rigid up 66 25,9 |48 1,47 1,18 (1,32 |1,12 [1,1p (74
111 |53 410 1 4,4 rigid 20° fwd [30 26,0 |49 1,46 [1,12 (1,28 |1,14 |[1,14 (34
155 (69 400 1 4,4 rigid 20° fwd [34 36,6 |53 1,04 [1,18 (1,11 [0,94 0,94 32
120 (70 430 |13 2 6,3 IAPR pad [20° fwd)[79 52,5 (75 0,72 |1,03 0,86 10,84 [0,8f1 |66
121 (75 430 2 6,3 APR pad [20°fwd {44 58,2 [78 0,65 |1,03 0,82 10,79 [0,7P |35
122 45 160 |0 2 6,3 IAPR pad™ [20° fwd [36 30,7 |68 1,24 [1,48 (1,35 [0,92 1[0,9p (33
60 © 1SO 1999 — All rights reserved
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Figure| G.1 — Lateral Thoracic Impact Test Configuration for the 1 m Drop onto a Rigid Surface Withoj
Armylnvolvement
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Figure G.

P — Lateral Thoracic Impact Test Configuration for the-1'm Drop onto a Rigid Surface With Arm

Involvement

Figure G.3 — Lateral Thoracic Impact Test Configuration for the 2 m Drop onto an APR Padded Surface

62

With Arm Involvement
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Figure (.7 — Normalized Lateral Thoracic Impact Surface Force Versus Time Histories for Cadavers
Subjected to 1 m Drops onto-a-Rigid Surface Without Arm Involvement
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Annex H

Analysis of Association Peugeot-Renault lateral pelvic impact data

This annex describes the application of the normalization techniques of Mertz (17) to the lateral pelvic impact data

collected

by researchers of the Association Peugeot-Renault (29).

H.1 Or|

Researc
surfaces
the thors
foam. Th
autopsie

Table H.

drop height, impact surface configuration, and pelvic acceleration are also givenfor each test.

H.2 NG

The forc
mass rat}

Rm

where 7
subject.

The stiffpess ratio can be defined (17) in terms of characteristic lengths for geometrically similar structu

same elg
Ry
Using thg
Ry

where 23
in Table

T I-s/l-i

+236 mmy/ L

ginal Data

ners of the APR subjected 26 unembalmed cadavers to lateral free falls onto either rigid“or pad
Accelerometers were attached to T4 and the sacrum. The impact surfaces were positioned to
x and pelvis, as shown in Figures H.1 and H.2. The padded, pelvic impact surfaces were p
e cadavers were dropped from heights ranging from 0,5 to 3,0 m. Following.each test, the ¢
j for thoracic and pelvic fractures.

|l summarizes the body mass and thoracic depths of the cadavers forcthe’rigid and padded in

rmalized data

P versus time and acceleration versus time histories were not available for these data. Conse
0, Ry, was calculated using the total body mass or,

b kg is the total body mass of the 50th ‘percentile adult male and M; is the total body mass
'he mass ratios for the cadavers are.given in Table H.1.

stic modulus, or,

e thoracic depth as the characteristic length, Equation H.2 becomes,

6 mm is\the thoracic depth for a 50th percentile adult male. The stiffness ratios for the cadave
H.1.

ded impact
impact with
blyurethane
hdaver was

hpacts. The

juently, the

(H.1)

of the i-th

res with the

(H.2)

(H.3)

S are given

The nor

1a|i7ing factor for acceleration, IQW is defined as;

Ra=

(Ri/Rm)*?

(H.4)

The acceleration normalizing factors for the cadaver impacts are listed in Table H.1. For each test, the peak pelvic
acceleration was multiplied by its normalizing factor, and the resulting normalized peak pelvic accelerations are
given in Table H.1.
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H.3 Peak acceleration response requirements

The acceleration normalizing factors adjust the peak pelvic acceleration values of the available subjects to a
standard cadaver subject. The data in Table H.1 were grouped by impact surface stiffness and drop height.
Average normalized peak accelerations were calculated and are given in Table H.2. Tests 101 and 105 were not
included in the analysis since these peak pelvic accelerations appear to be outliers. Consequently, the peak
normalized pelvic acceleration bounds for the 2,0 m drop onto APR pad were based on a single test. Upper and
lower bounds for the peak normalized dummy pelvis accelerations for each impact configuration are given in
Table H.2 as well.

Table H.y—Cadaver Data, Test conditions, and Test Results irom the APR Lateral Drop 1ests (29); an
Characteristic Ratios, Normalizing Factors and Normalized Test Results for These Data
Cadaver Data Test Conditions Test Character. | Normalizing"{Normalized
Results Ratios Factors Results
Test | Bedy |Thoracic | Drop Impact Pk. Pelvic Stiff- Pk. Pelvic
No. | Mpss | Depth |Height | Config. Surface Accel. |Mass| ness Accel. Adcel.
(kg) | (mm) | (m) (©) Rm | Rk Ra G)
118 | 49 200 0,5 Bb rigid 62 155 1,18 0,87 b4
119 | 41 200 0,5 Bb rigid 34 1,85 | 4,18 0,80 D7
104 b9 200 1,0 Aa rigid 55 1,29 1,18 0,96 b3
105 b4 200 1,0 Aa rigid 153 141 | 1,18 0,91 139
111 b3 210 1,0 Ab rigid 89 1,43 1,12 0,88 /8
155 69 200 1,0 Ab rigid 75 1,10 | 1,18 1,04 /8
156 b7 170 1,0 Ab rigid 69 1,33] 1,39 1,02 /0
100 b6 180 2,0 Fb APR pad 44 1,36 | 1,31 0,98 13
101 b2 200 2,0 Fb APR pad 110 146| 1,18 0,90 D9
102 b3 210 3,0 Eb APR pad 62 1,43 | 0,87 0,78 18
107 | 42 170 3,0 Eb APRPR pad 77 1,81 0,91 0,71 b5
108 50 190 3,0 Eb ARR pad 74 152 0,87 0,76 b6
120 10 230 2,0 Cb |improved pad 2 37 1,09 | 1,08 0,97 B6
121 5 230 2,0 Chb improved pad 32 1,01 | 1,03 1,01 B2
122 45 160 2,0 Cb improved pad 34 1,69 | 1,48 0,94 B2
128 50 200 2,0 Bb improved pad 48 152 1,18 0,88 12
129 | 44 210 2,0 Db improved pad 48 1,73 | 1,12 0,80 B8
131 45 210 2,0 Db improved pad 50 1,69 1,12 0,81 11
132 44 200 2,0 Db improved pad 60 1,73] 1,18 0,83 b0
133 61 230 2,0 Db improved pad 84 1,25 1,03 0,91 /6
@ A description of the/characteristics of the "improved pad" is not available. These data will not be used in |defining
performang¢e requirements.
Table H2—Peltvic Response Requirementsfor the taterat Petvic Brop-Tests Determined-from-the
Response Data of Tarriere et al. (29)
Test Conditions Average of the Peak Response Requirements for
Normalized Pelvic Peak Pelvic Acceleration
Drop Height (m) |Impact Surface Accelerations Lower Bound Upper Bound
(G) (G) (G)
0,5 rigid 41 37 45
1,0 rigid 70 63 77
2,0 APR pad 43 39 47
3,0 APR pad 53 48 58
72 © 1SO 1999 — All rights reserved
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Figute H.1 — Lateral Pelvic Impact Test Configuration for the*0,5 and 1 m Drops onto Rigid Surface

1°Z)

Figure H.2 — Lateral Thoracic Impact Test Configuration for the 2 and 3 m Drops onto an APR Padded
Surfaces
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Annex |

Characteristics of APR padding

The APR padding is a rectangular parallelepiped with dimensions of 140 mm x 140 mm x 420 mm. It is made of
polyurethane open cell foam with a density range of 135 to 150 g/l. Quasi-static (100 mm/min) loading rate) force
versus deflection tests were conducted on two blocks. Figure I.1 depicts the resulting force versus deflection
curves. The average static crush pressure was 51 kPa.
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.
Force applied by flat plate covering total surface
£
640 1S
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8
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400 +

144 g/I
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Figure 1.1 — Force Versus Compression Curves of APR Blocks
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Annex J

Analysis of Association Peugeot-Renault — Lateral abdominal impact data

This annex describes the application of the normalization techniques of Mertz (17) to the lateral abdominal impact

data collected by researchers of the Association Peugeot-Renault (14).

J.10riginal Data

Researchers of the APR subjected 11 unembalmed cadavers to lateral free falls onto simulated art]

cadaverg were positioned such that their right sides would impact the armrest at the level of their 9th ri
involvement of their livers. Their right arms were raised so as not to impact the ‘armrest. Following ed
cadaver was autopsied for rib fractures and injuries to the liver.

Table J.1 provides a summary of the weights of the cadavers and their abdominal widths measured at
the 9th njb. Also given are the total armrest height and type of suppgrting material used for each tes
versus tine histories for the load applied to the cadavers' abdomens hy the simulated armrest are show
J.2 throygh J.5. The peak acceleration values of T12 and the 9th-rib on the impacted side are given i
Note that complete data necessary for the calculation of normalizing factors were available for only
cadaverg that were tested. The acceleration versus time histofies for the 9th rib were available for only
cadavers.

J.2Normalized data

The forge versus time histories of the armrest-and the lateral acceleration versus time histories o

digitized [for nine subjects. (Plots for the remaining two subjects were not available.) The characteristic
each curye were represented by 50 to 100 points.
The effeg¢tive mass of the abdomen, as_defined by Mertz (17), was calculated by,
T
Mg UOth} /(Tg+ AV)
where J.O:dt is the area under the force versus time history, T is the pulse duration, g is the acceleratig
and AV is the change it velocity during the impact which was obtained by integrating the time history o

acceleration of 1127 The areas under the curves were calculated using the trapezoidal method of inte

the resulfs.are given in Table J.2 under the headings of "Impulse" and "Change in Velocity." The effect

hrests (25).
avers were
ood impact
ith rounded
ess of the
nitially, the
reJ.1. The
DS ensuring
ch test, the

the level of
. The force
n in Figures
 Table J.2.
D of the 11
8 of these

f T12 were
features of

3.1)

n of gravity
f the lateral
gration and

ve mass of

the abdomen and percent of body mass for each cadaver are also given in Table J.2. The average percent of body

mass was 21,6%

The effective mass of a 50th percentile adult male was obtained by multiplying its body mass of 76 kg by 21,6%

giving an effective mass of 16,4 kg.

The mass ratio, Ry, is defined as,
Rm = Mg/M;

3.2)

where Mg is the effective mass of the standard subject and M; is the effective mass of the i-th subject. For the data

discussed here, Equation J.2 becomes,
Rm =16,4kg/Mg
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The mass ratios for the cadavers are given in Table J.2.
The stiffness ratio, Ry, is defined as,

Ry = Ks/Ki (J.4)
where Kg is the stiffness of the standard subject and K; is the stiffness of the i-th subject.

Mertz (17) has shown that for geometrically similar structures with the same elastic modulus, the stiffness is
proportional to a characteristic length. This implies that the stiffness ratio can be expressed in terms of
characteristic lengths, or,

Ry =L (J.5)

= Hs/ti
The charagqteristic length for the abdomen was chosen as the abdominal depth at the level of the\9th|rib. This
measurement, for each test subject, is listed in Table J.1. The abdominal depth of a 50th percentile ‘adult nale was
not available. A linear relationship was assumed between the body mass and the abdominal depth for thg cadaver
subjects. The computed relationship, with a sample correlation of 0,84, is given by,

L=9,4+0,20 M (3.6)

where L is| the abdominal depth and M is the total body mass. For a 76 kg, 50th percentile adult 1
calculated ¢lepth is 250 mm. This value is used as the characteristic length Lg in EgUation J.5, or,

nale, the

Ry =250 mmy L 3.7

The stiffnegs ratios for the cadavers are given in Table J.2.

The normalizing factors for force, R¢, acceleration, Ry, and time, Ry, ate defined by Mertz (17) as,

R Re)*? (3.8)

Ri/Rm) (3.9)

Rm/ Ri) Y (3.10)

The force,
were used
values givel
each force
force versu
obtained b

hcceleration and time normalizing factors for each cadaver impact are listed in Table J.2. Thes
0 normalize the force versus time histories shown in Figures J.2 through J.5 and the peak acd
n in Table J.2. For a given impact, the normalized force versus time history was obtained by m
value by its force normalizing factor and each time value by its time normalizing factor. The ng
S time histories are showr/in Figures J.6 through J.9. The peak normalized acceleration val
y multiplying each acceleration value by its acceleration normalizing factor. The normaliZ

e factors
eleration
ultiplying
rmalized
les were
ed peak

acceleration values for T12 and the 9th rib on the impacted side are given in Table J.2.

J.3Force|versus time.corridors

Mertz (17)
average th

Hescribed' the use of response corridors to facilitate the design of crash test dummies. He prgposed to
b normalized force versus time histories and define a response corridor containing the average curve.
Unfortunatgly;,-average impact response curves cannot be obtained from the normalized APR data since|replicate
tests were not conducted. AS an alternate approach, 1t was decided 1o define corridors that contain the normalized
force versus time histories for different armrest heights, but with the same drop height. Such corridors for the 1 and
2 m rigid armrest tests are shown in Figures J.10 and J.11, respectively. It is proposed that these corridors be used
to assess normalized dummy force versus time histories for a 41 mm rigid armrest. No corridors are proposed for
the padded surface impacts because the material properties were not defined.

J.4Peak T12 acceleration requirements

Ranges for the peak accelerations are proposed. The average magnitude of the peak normalized acceleration for a
1 m free fall onto a rigid surface is 32 G. The proposed range, allowing for a +10% deviation from the average peak
normalized acceleration, is 29 to 35 G for a 1 m free fall of the dummy onto a 41 mm rigid armrest. The average
maghnitude of the peak normalized acceleration for a 2 m free fall onto a rigid surface is 83 G. The proposed range,
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allowing for a £10% deviation from the average peak normalized acceleration, is 75 to 91 G, for a 2 m free fall of a
dummy onto a 41 mm rigid armrest. Response requirements are not proposed for free falls onto padded impact
surfaces because the material properties of the padding were not available.

J.5Peak acceleration requirements of the near side rib

Ranges for the peak acceleration are proposed for the 1 and 2 m free falls onto rigid impact surfaces. The average
magnitude of the acceleration peak for a 1 m drop onto a rigid armrest is 113 G. The proposed range, allowing for a
+10% deviation from the average peak normalized acceleration, is 100 to 125 G for a 1 m free fall of a dummy onto
a 41 mm rigid armrest. The peak normalized acceleration of the normalized 2 m free fall onto a rigid surface was
180 G. The proposed range, allowing for a +10% deviation from the average peak normalized acceleration, is 160

to 200 G
falls onta

J.6Abd

Abdomin

armrest)
with the
least as
the crus

T3

Table J.2 — Test\Results from the APR Lateral Abdominal Drop Tests (14); and Effective Mass,

pminal penetration

for a 2 m free fall of a dummy onto a 41 mm rigid armrest. Response requirements are not-gi
padded impact surfaces because the material properties of the padding were not available.

al penetration is defined as the vertical displacement of the thoracic spine (that’portion direc
relative to the top surface of the armrest measured from the time of first contact of the abdom
op surface of the armrest. For all the 1 m and 2 m rigid armrest impacts, thé abdominal penetrg
jreat as the height of the armrest. Abdominal penetration for the padded armrest impacts is unk
of the armrest was not measured.

ble J.1 — Cadaver Data and Test Conditions from the APR Lateral Abdominal Drop Tests (14)

ven for free

tly over the

nal surface

tion was as
nown since

Cadaver Data

Test Conditions

Test Body Abdominal Drop Supporting Armrest
No. Mass Depth Height Material Height
(kg) (mm) (m) (mm)
205 32 135 1 hardwood 31
219 52 185 1 hardwood 41
206 82 240 1 hardwood 51
215 53 205 2 hardwood 31
216 49 207 2 hardwood 51
210 71 263 1 polystyrene 51
211 43 185 1 phenespan 53
212 45 210 1 polystyrene 55
213 77 245 2 polystyrene 55

Characteristic Ratios, and Normalizing Factors for These Data

Test Results Effective Mass (haracteristic Normalizing Normalized
Ratios Factors Results
Test [|Peak '| Peak |Impulse |[Change Me Body | Mass | Stiff- [Time Force |Accel. |Peak Peak
No. [LT12 Rib in mass ness T12 Rib
Accel. |Accel. Velocity Accel. | Accel.
(G) | (G) | (Ns) | (m/s) | (kg) %) | Rm | Rk | Rt | R | Ra | (6) | (G
205 |35 111 29,9 4,7 6,36 19,9 258 (1,85 (1,18 (2,18 (0,85 |30 94
219 |28 123 52,3 4,4 11,89 |22,9 1,38 |1,35 |1,01 (1,36 (0,99 |28 122
206 |33 108 1074 |51 21,02 25,6 0,78 1,04 10,87 [0,90 |1,15 |38 124
215 |78 - 98,9 6,4 15,55 |29,3 1,05 |1,22 (0,93 (1,13 1,08 (84 -
216 |87 194 77,6 6,6 11,82 [24,1 1,39 [1,21 |1,07(1,30(0,93 |81 180
210 |49 137 77,2 5,0 15,56 |21,9 1,05 |0,95 |[1,05|1,00|0,95 |47 130
211 |38 98 52,3 6,3 8,30 19,3 198 |135 (1,21 |1,63|0,83 |32 81
212 |31 131 41,4 54 7,70 17,1 2,13 1,19 1,34 (1,59 |0,75 |23 98
213 |68 159 91,3 8,5 10,75 [14,0 153 1,02 |1,22|125]0,82 |56 130
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Figure J.1 — Lateral Abdominal impact testyeonfiguration
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Figure|J.2 — Lateral abdominal impact surface.force versus time histories for cadavers subjected to 1

draps onto a rigid surface
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Figure J.3 — Lateral Abdominal impact surface foree versus time histories for cadavers subjected to 2 m
drops.onto a rigid surface
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Figure J.9 — Lateral Abdominal impact surface foree versus time histories for cadavers subjected to 2 m
drops-onto a crushable surface
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Legend
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IMPACTED SURFACE FQRCE — kN

Figure J.6 — Normalized Abdominal impact sutface force versus time histories for cadavers subjected

TIME — ms

1 m.drops onto a rigid surface
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Legend

BMS215

O MS216

Figure J.7|— Normalized Abdominal impact surface force versus time histories for cadavers subjected to

TME — ms

2 m drops onto a rigid surface
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Legend
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Figure J.8 — Normalized Abdominal impact sutface force versus time histories for cadavers subjected

TME — ms

1 m drops onto a crushable surface

to
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. Legend
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Figure J.9— Normalized Abdominal impact surface force versus time histories for cadavers subjected to
2 m drops onto a crushable surface
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8
. Legend
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Figure JJ10 — Normalized Abdominal impact suiface force versus time histories and corridor for 1 m drd

onto a rigid surface
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Figure J.11

" 60
TME — ms

— Normalized Abdominal impact surface force versus time histories and corridor for 2 m dropg
ONto a rigid surface
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Annex K

Analysis of EWING — Lateral neck bending and shoulder displacement data

This annex describes the lateral neck bending response data of Ewing et al. (11) and the biomechanical impact
response requirements based on the data.

K.1 Or

Ewing et
voluntee
were poy
the torso
by a lap
accelera

The datg
Table K.
with stan

Figure K
The max

Figure K
mm and

Figure K
here. In
that all t

ginal data

al. (11) conducted a series of volunteer, lateral neck bending tests using their HYGE.acce
s were seated upright on the HYGE sled fixture, but facing sideways to the direction.of sled

itioned snugly against a lightly padded wooden board which restricted upper torso, rotation an
during sled translation. Both shoulders were restrained by straps. The volunteers’ pelves werg
belt and an inverted V-pelvis strap which was tied to the lap belt. They held theirheads upright

ions.

used for this requirement were taken from an analysis by Wismans etal. (12) of 9 tests with
| summarizes the most important test conditions. The mean sled,acceleration versus time histo
dard deviation) for these tests are depicted in Figure K.1.

2 presents the mean T1 horizontal acceleration versus titne history together with the standar
mum value of this mean acceleration is 15 G.

the mean vertical (upward) displacement is 17 mi.

4 presents the trajectories of the center of gravity of the head relative to T1. Rotations of T1 ar

pther words, the X- and Z-axis in Figure K4 are parallel to the laboratory horizontal and vertica
fajectories have been shifted such_that they coincide initially. Peak horizontal and vertical

displacements of the center of gravity of thé head are summarized in Table K.2. The mean values for th

and vert
maximury

Mean va
COMpOoNH

Table K.
vertical)
measure)
flexion a

cal (downward) displacements are 146 and 79 mm, respectively. Table K.2 also includes
N head excursion. The mean value for this time is 0,167 s.

lues for the acceleration*versus time history of the head center of gravity are shown in Figu
nts in the local head-coordinate system (x + forward, y + left, and z + upward) are given.

P presents thesmaximum angle of head flexion (i.e. the angle between head inferior-superi
And the maximum angle of head twist (i.e. the rotation about inferior-superior axis) for each tes
ments, it is assumed that the T1 target does not rotate. The mean values for these rotations a
nd -38,6°for twist.

|

erator. The
avel. They
supported
e restrained
brior to sled

9 subjects.
Iy (together

 deviation.

3 presents the trajectories of the T1 origin relative to the sled. The mean horizontal displacgment is 55

e neglected
| axis. Note
downward)
e horizontal
the time of

re K.5. The

pr axis and
L. For these
re 51,8° for

K.2 Response requirements

The average of the volunteers’ responses is the best estimate of the response of an average subject. Response

requirem

ents are summarized in Table K.3.
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Table K.1 — Summary of Test Conditions from the Lateral Neck Bending Tests of Ewing et al. (11)

Test No. Subject Peak Sled Rate of Sled Velocity
Acceleration Onset (m/s)
G) (Gls)
LX4125 H00133 7.2 164 7,02
LX4126 H00134 7,1 167 6,90
LX4129 H00138 7,2 162 6,92
LX4130 H00140 7,1 161 6,89
43 HO6435 3 164 694
LX4133 H00139 7,2 165 6,91
LX4134 H00141 7,1 161 6,85
LX4135 H00142 7,2 161 6,87
LX4153 H00136 7,1 157 6,86
Mean 7.2 162 6,91
Standard Deviation 0,1 3 0,05

Table K.2 4+ Peak Displacements of the Center of Gravity of the Head with Respeet to T1, Time of Maximym
Excursions|and the Maximum Angles of Flexion and Twist from the Lateral Ne¢k Bending Tests of Ewing €t
al. (11)
Test Subject X max Time of X max Z max Flexion a Twist a
Number (mm) (s) (mm) (degrees) (degrees)

Ljx4125 H00133 137 0,174 68 52,3 -26,4

LjX4126 H00134 129 0,166 72 49,5 -39,8

LX4129 H00138 168 0,172 100 57,3 -38,2

LjX4130 H00140 155 0,166 79 41,7 -40,2

L}x4131 H00135 122 0,168 61 41,7 -35,6

Ljx4133 H00139 134 0,148 70 67,6 -33,2

LX4134 H00141 158 0,170 106 51,6 -42.8

Ljx4135 H00142 152 0,177 80 52,2 -42,3

LjX4153 H00136 157 0,166 76 52,3 -49,3

Mean 146 0,167 79 51,8 -38,6

Standard Deviation 16 0,008 15 7,8 6,5

a|T1 is assumed/mnotto rotate

90

Table K.3 — Neck Response Requirements for the Lateral Neck Bending Test Determined from the
Response Data of Ewing et al. (11), as Analyzed by Wismans et al. (12)

Measurement Units Lower Upper
P aruadl PAow
Peak Horizontal Acceleration of T1 G 12 18
Peak Horizontal Displacement of T1 Relative to the Sled mm 46 63
Peak Horizontal Displacement of the Head C,G, Relative to T1 mm 130 162
Peak Vertical Displacement of the Head C,G, Relative to T1 mm 64 94
Time of Peak Head Excursion S 0,159 0,175
Peak Lateral Acceleration of the Head G 8 11
Peak Vertical (Downward) Acceleration of the Head G 8 10
Peak Flexion Angle degrees | 44 59
Peak Twist Angle degrees | -45 -32

© 1SO 1999 — All rights reserved


https://standardsiso.com/api/?name=83ec11bd6815928dd23dc49f815fbf69

ISO/TR 9790:1999(E)

L~

ACCELERATION —|m/sec?

/

—-80

—

0.00

0.05 0.10 0.15
TIME-— sec

Figure K.1 — Mean Sled Acc€leration Versus Time History
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Figure K.2 — Mean Horizontal T1 Aceeleration Versus Time History
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Figure K.3 — T1 Origin Trajectories with Respect to the Sled
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Figure K.4 — Head Center of Gravity Trajectories with Respectto T1 (T1 rotations are neglected)
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Annex L

Analysis of Patrick and Chou — Lateral neck bending response data

This annex describes the lateral neck bending response data of Patrick and Chou (13) and the biomechanical
impact response requirements based on the data.

L.10rig

inal data

Patrick and Chou (13) conducted a series of volunteer, lateral neck bending tests using their decelerafor sled, the

WHAM I|I. A rigid seat with a 15° seat back angle was attached to the sled, sideways to the direction of|travel. One
side of the seat had a rigid, vertically oriented, side support which restricted upper torso rotation and supported the
torso dufing sled translation. The volunteer was seated in the chair with his shoulder-and hip against the side
board. A belt restraint system consisting of cross chest shoulder straps, lap strap/cfotch strap and @& horizontal
chest strpp was used to secure the volunteer to the seat. The sled was accelerated\gently over a 60 fgot distance
and then| abruptly decelerated at a prescribed constant deceleration level with achydraulic shock absorbeér.
The datd from the most severe test, SAE 156, were used to specify the dumimy response requirement. |In that test,
the sled|velocity was 5,8 m/s and its constant deceleration level was6,7 G. Figure L.1 shows the|volunteer's
internal peck bending moment calculated about the anterior-posteriorvaxis, lying in the midsagittal glane of the
head, at|the level of the occipital condyles, as a function of the angular displacement of the head relgative to the
torso. THe other test results are given in Table L.1.
L.2Response requirements
The response requirements were based on the results of the single, severe test and are given in Table L}.1.
Table [..1 — Neck Response Data fram the Lateral Neck Bending Tests of Patrick and Chou (13) and|the
Neck Response Requirements Based on These Data
Measurement (Units) Test Lower Upper|
SAE156 Bound Bound

Peak Flexion Angle (degrees) 43,2 40 50

Peak Bending-Moment about A-P Axis at Occipital

Condyles (Nm) 45,2 40 50

Peak. Bending Moment about R-L Axis at Occipital | 26,2

Condyles (N-m) 20 30

Peak Twist vtorment(N-m) 74 15 26

Peak Shear Force at Occipital Condyles (N) 794 750 850

Peak Tension Force at Occipital Condyles (N) 387 350 400

Peak P-A Shear Force (N) 351 325 375

Peak Resultant Head Acceleration (G) 21 18 24
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LATERAL NECK BENDING MOMENT — Nm

Figure L.1
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HEAD ANGULAR DISPLACEMENT RELATIVE TO TORSO — DEG.

— Lateral Neck Bending Moment Measured at the Occipital Condyles as a Function of the Head
Angular Displacement Relative to the-Jjorso for Human Volunteer KJD, Test SAE 156
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Annex M

Analysis of TARRIERE lateral neck bending response data

This annex describes the lateral neck bending response data of Tarriere (30) and the biomechanical impact
response requirements based on the data.

M.1 Orf

Tarriere
bending
kinemati
cadaver'
The cad
Tarriere
requirem
the cadal
were mg
respectiy

M.2 Re

The resy
corridor 1

ginal data

30) conducted four high G-level cadaver tests to obtain data that could be used to.define
Fesponse in a test environment of greater severity than used for volunteer testing. Assummary
s and cadaver responses is given in Table M.1. Unfortunately, each test had -an abnor
5 neck was fractured in Test MS 249. The cadaver was not initially against the.side board in Té
bver's humerus was fractured in Test MS 360. The shoulder straps were fot fastened in Te
selected Test MS 249 as being the most appropriate test to use for defining a set of high-
ents. Based on ratios of cadaver response compared to volunteer response obtained for low-C
ver data for maximum horizontal and vertical head displacement and. peak head flexion and tor
dified by Tarriere to reflect human response. These values were)205,8 mm, 102,9 mm, 8
ely. No corrections were made to the accelerations of the head-or, T1.

sponse requirements

onse requirements were based on the results ofthe single, severe test and are given in Tab
or the sled pulse is shown in Figure M.1.

Table M.1 — Results of the High G:Llevel Lateral Neck Bending Sled Tests of Tarriere (30)

ateral neck
of the sled
mality. The
st MS 297.
st MS 361.
5 response
sled tests,
sion angles
b,6°, 68,6°,

e M.2. The

Test Number
Measurement (Units) MS 249 MS 297 | MS 361 | Mp 360
Peak Sled Deceleration (G) 12,2 14,2 14,0 14,6
Initigl Sled Velocity (m/s) 6,08 6,19 6,25 8,61
Peak Horizontal Accelération of T1 (G) 20 44 315 344
Peak Horizontal Aceeleration of Head C.G, (G) 36 17,3 8,2 9.,
Hedd LateraldFlexion (degrees) 78 36 59 78
Peak Head.Torsion (degrees) 42 30 70 1092
Peak®orizontal Displacement of Head C.G, Relative to the | 294 445 260 415
SledHary)
Peak Vertical Displacement of Head C.G, Relative to the | 79 78 64 110
Sled (mm)
(Pe;’:ﬂ; Horizontal Velocity of Head C.G, Relative to the Sled | 4,3 53 4,8 57
m/s
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Table M.2 — Modified Neck Response Data from the Lateral Neck Bending Tests of Tarriere (30) and the
Neck Response Requirements Based on These Data

98

Measurement (Units) MS 249 Lower | Upper
Bound | Bound
Peak Lateral Acceleration of T1 (G) 20 17 23
Peak Lateral Acceleration of the Head C.G. (G) 36 25 47
Peak Horizontal Displacement of the Head C.G. Relative to | 206 a 185 226
the Sled (mm)
Peak Flexion Angle (degrees) 68,62 62 75
Pepk Twist Angle (degrees) 68,6 62 75
a Modified by Tarriere
Time/\ms
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Figure M.1 — Corridor for the Sled Acceleration
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Annex N

Analysis of University of Heidelberg — Lateral Thoracic impact data

This annex describes the application of the normalization techniques of Mertz (17) to the lateral thoracic impact
data collected by researchers of the University of Heidelberg (23) and the definition of biomechanical impact

response requirements based on the normalized data.

N.1 Or|

A series
cadavers
thoracic

Each ca
cadavers
side pan
of suffici

ginal Data

of cadaver sled tests was conducted at the University of Heidelberg for the NHTSA (23). The u
nd pelvic impact surfaces were instrumented to measure the contact forces.

laver was seated on a low-friction bench that was mounted sideways te-the direction of sled

b| was stopped prior to the cadaver striking it. For the 6,8 m/s rigid surface impact tests, the sidg
bnt height to allow the cadaver's head to strike it. For the 8,9 m/stests, the impact surface w

nembalmed

were each instrumented with accelerometers on T1, T12 and the 4th rib on/the impacted side. The

travel. The

were positioned 1 m from a vertical side panel and slid into it upon rapid,sled deceleration. In @ll tests, the

b panel was
ps 540 mm

high, mejasured from the seat pan. Each padded impact consisted of a-¥40 mm high padded block at|the level of
the seat pan and a similar block at the top of the impact surface.

Table N.JL summarizes the cadaver data and test conditionsfor the Heidelberg lateral sled tests| Table N.2
summariges the peak lateral accelerations of T1, T12 and the 4th rib on the impacted side. The Ipads of the
thoracic jmpact surface are shown in Figures N.1, N.2, and-N.3 for the 6,8 m/s rigid, 8,9 m/s rigid gnd 8,9 m/s
padded fests, respectively. The accelerations and loadstwere filtered using a 100 Hz Finite Impulsg Response
(FIR) filtgr (18).

N.2 Ndrmalized data

The technique described by Mertz (17) wasused to normalize the force versus time histories and the pgak thoracic

accelera

procedure was exact, then for each(mpact configuration, every normalized cadaver curve would map o

ions to represent the response characteristics of a 50th percentile adult male. If the ngrmalization

nto a single

responsg curve. This curve would(be the force versus time history of a 50th percentile adult male.
The effegtive thoracic mass; Mg, for each cadaver was calculated from the following equation,
M T:dt V, N.1
e F| [ Fat| /Vo (N.D)
where J.O:dt is the impulse, V( is the impact velocity and T is the pulse duration corresponding to a velocity change
of Vo.

The effective thoracic masses for the cadavers subjected to the 6,8 m/s rigid, 8,9 m/s rigid and 8,9 m/s padded
impacts are given in Table N.2. An effective thoracic mass of 38 kg was chosen for a 50th percentile adult male.
This is 50% of the total body mass of a 50th percentile adult male and is within the range of percent body mass for
the cadavers.

The characteristic ratio for the effective thoracic mass, Ry, is defined as,

R = 38kg/Mg (N.2)
The calculated mass ratios are given in Table N.2.
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The stiffness ratio, Ry, is defined as,

Rk =Kg/K; (N.3)
where Kg is the stiffness of the standard subject and K; is the stiffness of the i-th subject. Mertz (17) has shown
that for geometrically similar structures with the same elastic modulus, the stiffness is proportional to the
characteristic length. The thoracic depth was the characteristic length chosen for the normalization of these data.
For a 50th percentile adult male, this length is 236 mm. The characteristic ratio for the thoracic stiffness, Ry, was

calculated by,
Rk =236 mm/L|

(N.4)

where L is
are given ir

The norma
Mertz (17),

Rf = (R

The charad
versus time
value of tin
histories fo
acceleratio
lateral acce
acceleratio

N.3 Inclu

Table N.1 g
fractures. T
the results
based on o
than the reg

N.4 Resy

The normal
the 50th pe
the normali

he chest depth of the cadaver whose data were to be normalized. The stiffness ratios for thie
Table N.2.

izing factors for force, R¢, acceleration, R,, and time, Ry, were calculated from the-equations

2
mRk)]/

ak/Rm)]/2
m/Rk)l/2

teristic ratios and normalizing factors for each cadaver are given in Table N.2. The normaliz
histories were obtained by multiplying each value of ferce by its force normalizing factor 4
ne by its time normalizing factor. Figures N.4, N.5 andoN.6 show the normalized force ver
the 6,8 m/s rigid, 8,9 m/s rigid, and 8,9 m/s padded impacts, respectively. The normalized pe
s of T1, T12 and the 4th rib on the impacted side were obtained by multiplying the respec
leration values by the acceleration normalizingtfactor for that cadaver. The normalized pe
s are given in Table N.2.

sion of massively damaged cadavers

ives the number of ribs fractured for each cadaver. Note that each fractured rib may have ons
he response requirements were established from all cadavers subjected to the 6,8 m/s rigid
of cadavers sustaining 6-or-more rib fractures were eliminated, than the response corridor
ne cadaver (H-82-015)-that appeared to be quite stiff. If the results of this stiff cadaver were ¢
ponse corridor would_be based only on cadavers sustaining massive damage to the rib cage.

onse requirements

ized cadaver response for each impact configuration is the best estimate of the normalized res
rcentile~adult male. Response requirements for the side impact test device consist of a corridg
zed, cadaver force versus time history and ranges for the peak normalized lateral acceleratio

cadavers

given by

(N.5)
(N.6)
(N.7)

ed force
ind each
sus time
bk lateral
ive peak
k lateral

or more
mpact. If
vould be
xcluded,

ponse of
r around
s of T1,

T12 and th

A¥a il . H +acl 1l
SUT 1T UTT U1T |||||Jachu SIUT.

Figure N.7 shows the force versus time response corridors for the 6,8 m/s rigid impact. This corridor was
constructed around the normalized cadaver curves which are also shown. The normalized force versus time curves
of the side impact dummies should lie within the corridor.

Due to the sparsity of the data, deviations of +20% of the peak normalized accelerations were used to define
requirements for peak lateral accelerations of T1, T12 and the 4th rib on the impacted side. The proposed range for
the peak normalized lateral acceleration of T1 is 82 to 122 G. The proposed range for the peak normalized lateral
acceleration of T12 is 71 to 107 G. The proposed range for the peak normalized lateral acceleration of the
impacted rib is 64 to 100 G. The corresponding normalized peak lateral accelerations of any side impact dummy
should lie within their corresponding ranges.
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Table N.1 — Cadaver Data and Test Conditions from the Lateral Sled Tests Performed by the University of
Heidelberg (23)

Cadaver Data Test Conditions
Chest Number Impact Impact
Test No. Age Sex Mass He|ght Depth of Ribs Velocity Surface
(kg) (m) (mm) Fractured | (m/s)
H-82-015 | 18 M 69 1,82 190 2 6,8 rigid
H-82-018 | 28 F 85 1,81 240 9 6,8 rigid
H-82-019 | 47 F 67 1,65 210 7 6,8 rigid
H-82-014 | 22 F 61 1,78 200 12 8,9 rigid
H-82-016 | 21 M 50 1,87 200 8 8,9 rigid
H-82-021 | 48 M 99 1,80 260 13 8,9 paddedl
H-82-022 | 50 M 77 1,67 220 15 8,9 paddel
Table N.2 — Test Results from the Lateral Sled Tests Performed by the University of Heidelberg (23); and
Effectiye Mass, Characteristic Ratios, Normalizing Factors, and Normalized. Test Results for These Data
Test Results Effective Mass Character. Normalizing Normalized Test
Ratios Factors Results
TestNo. | T1 T12 | Rib4 | Mg |Body mass |Mass| Stiff, [Force|Accel |Time | T1 T12| | Rib 4
Accel. | Accel. | Accel. (kg) (%) Rm |“Rk | Rf | Rg | Rt [Accel. |Accel |Accel.
G) | 6 | (G G) | ©O)]] (G
H-82-0L5 (92 98 81 36 52,2 1,06 1,24 [1,15 |1,08 (0,92 |99 106 87
H-82-0[18 [84 71 62 42 49,4 0,90 (0,98 (0,94 (1,04 |0,96 |87 74 64
H-82-019 (116 85 93 37 [65,2 1,03 1,12 |1,07 (1,04 0,96 [121 88 97
H-82-014 (127 189 168 33 54,1 1,15 |1,18 (1,26 [1,01 0,99 (128 191 170
H-82-016 |45 135 169 30 600 1,27 |1,18 [1,22 0,96 (1,04 |43 130 162
H-82-0P1 (61 74 55 50 (50,5 0,76 (0,91 (0,83 (1,09 |0,91 |66 81 60
H-82-0p2 |84 109 104 47, +161,0 0,81 (1,07 0,93 [1,15 |0,87 (97 125 120
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Figure NJ1 — Thoracic Impact Surface Force\Versus Time Histories for Cadavers Subjected to a 6,8 m/s
Rigid Wall Impact
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Figure[N.2 — Thoracic Impact Surface Force-Versus Time Histories for Cadavers Subjected to a 8,9 m/s
Rigid Wall Impact
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Figure NJ3 — Thoracic Impact Surface Force\Versus Time Histories for Cadavers Subjected to a 8,9 m/s
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Figure N4 — Normalized Thoracic Impact Surface Force Versus Time Histories for Cadavers Subjected to a
6,8 m/s Rigid Wall Impact
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Figure N.5 i— Normalized Thoracic Impact Suyface’Force Versus Time Histories for Cadavers Subjected tgq a
8,9m/s Rigid Wall Impact
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Figure N|6 — Normalized Thoracic Impact Surface Force Versus Time Histories for Cadavers Subjected to a
8,9\m/s APR Padded Wall Impact
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Figure N} 7 — Normalized Thoracic Impact Surface Force Versus Time History and Proposed Response
Corridor for'a 6,8 m/s Rigid Wall Impact
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Annex O

Analysis of University of Heidelberg — Lateral pelvic impact data

This annex describes the application of the normalization techniques of Mertz (17) to the lateral pelvic impact data
collected in two studies at the University of Heidelberg (23). Data from these tests were provided by NHTSA who

funded thfe—studies:

0.1 Or

In the firs
at eithe
instrume

Following each test, the cadaver was autopsied for injuries.

Each ca
cadavers
tests, the
panel wg
540 mm
level of t
mm thick
summari
material

In the se
either a
mass wg
Table O.

In both s
data sing

0.2 Nd

The forg
Conseqy

ginal Data

t study, researchers of the University of Heidelberg subjected 10 unembalmed, cadavers to late
6,8 m/s into a rigid surface, or 8,9 m/s into either rigid or padded_surfaces. Each ca
hted with 24 accelerometers, three of which provided triaxial acceleration measurements of

laver was seated on a low-friction bench that was mounted sideways to the direction of sled
were positioned 1 m from a vertical side panel and slid into it.pon rapid deceleration of thg
side panel was stopped prior to the cadaver striking it. Forthé-6,8 m/s rigid surface impact tes
s of sufficient height to allow the cadaver's head to strike\it, For the 8,9 m/s tests, the impact s
high, measured from the seat pan. Each padded impacétconsisted of a 140 mm high padded

Ne seat pan and a similar block at the top of the impact;surface. Two of the padded impact tes
blocks of open cell urethane and two tests used 89 mm thick blocks of fiberglass matrix pad
res the mass and standing heights of the cadavers for these tests. The impact velocity, imp
and peak pelvic acceleration are also given foreach cadaver subject.

cond study, cadavers were subjected. to either 6,8 m/s impacts into a rigid wall, or 8,9 m/s i
igid or padded wall. The results of eme*cadaver were not used in this study because the cad

P for this test series.

tudies, the data were filtered using a 100 Hz FIR filter (23). Similar filtering must be done to
e the FIR filter may have ‘significantly distorted the amplitude and phase of the cadaver data.

rmalized data

e versuS. time and acceleration versus time histories were not available for the Heide
ently,.the'mass ratio, Ry, was calculated using the total body mass, or,

ral impacts
\[daver was
the pelvis.

travel. The
sled. In all
ts, the side
urface was
pblock at the
s used 140
. Table O.1
act surface

mpacts into
pver's body

s not reported. The cadaver data test conditions, peak pelvic accelerations and peak forces are given in

the dummy

Iberg data.

Rm

(0.1)

where 76 kg is the total body mass of the 50th percentile adult male and M; is the total body mass of the i-th

cadaver

subject. The mass ratios are listed in Tables O.1 and O.2.

The characteristic dimension used to calculate the stiffness ratios was standing height since Kallieris et al. (23) did
not report any pelvic dimensions. Stiffness ratios were calculated using the following equation,

Rk = 174m/|_|

(0.2)

where 1,74 m is the standing height of the 50th percentile adult male and L; is the standing height of the i-th

cadaver

subject. The stiffness ratios for the cadavers are given in Tables 0.1 and O.2.
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The normalizing factors for force, R¢, and acceleration, R,, were calculated from the equations given by Mertz (17),

2
Rf = (RmRk)]/

Ra = (Rk/Rm)]/2

(0.3)

(0.4)

The acceleration normalizing factors along with the normalized peak pelvic accelerations for the first set of the
cadaver impacts are listed in Table O.1. The force and acceleration normalizing factors for the second set of
cadaver impacts are listed in Table O.2, along with the normalized peak pelvic accelerations and normalized peak
impact forces.

0.3 Com

The results
similar test
was not ve
determined

0.4 Resy

To define 1]
pelvic acce|
bounds are
padding da|
used in the
not used si

parison of normalized test results from both series

of the two studies were considerably different. There is also considerable variation within g

y effective. It is suspected that the use of total body mass in the mass ratie, instead of effect
by impulse-momentum analysis is responsible for these large variations.

onse requirements

bsponse requirements, the 6,8 m/s rigid surface data were.grouped and the average normali
eration and average normalized peak impact force were calculated. These values along with
given in Table O.3. The same type of analysis was_dene to the 8,9 m/s rigid data and the 8,9
a, and their proposed bounds are given in Table O'3: The acceleration data for Test H-82-021
analysis of the APR padding data because it appears to be an outlier. The fiberglass padding
ce there were only two tests conducted using'this material.

roups of

conditions for each test series. The implication of these observations is that‘the normalizatiop method

Ve mass

red peak
broposed
m/s APR
were not
Hata was

Table 0.1 + Cadaver Data, Test Conditions, and Test Results from the Lateral Sled Tests Performed by the
University pf Heidelberg (23); and CharacteristiCc Ratios, Normalizing Factors, and Normalized Test Results
for These Data
Cadaver Data Test Conditions Test Characteristic [Normal- {Normalized
Results Ratios izing Test
Factors | Results
Test{No. | Body | Standing | Impact Impact Peak | Mass | Stiff- | Accel. |Peak Pejvic
Mass A\ Height | Velocity Surface Pelvic ness Accel
Accel.

(ka) (m) (m/s) (G) Rm Ry Ra G)
H-80-Q11 » \|89 1,80 6,8 rigid 419 0,85 0,97 1,07 52
H-80-314~ " |84 1,69 6,8 rigid 63 0,90 (1,03 |1,07 67
H-80-017 /0 1,75 0,3 rigid I5}s4 1,09 0,99 0,95 555}
H-80-024 |65 1,76 3,9 rigid 108 1,17 (0,99 0,92 99
H-80-002 |65 1,65 3,9 rigid 38 1,17 (1,05 0,95 33
H-80-004 |80 1,65 3,9 rigid 95 0,95 (1,05 (1,05 99
H-80-018 |61 1,66 3,9 APR pad |72 1,25 (1,05 0,92 66
H-80-020 |67 1,67 3,9 APR pad |54 1,13 1,04 [0,96 52
H-80-021 |63 1,80 8,9 fiberglass (34 1,21 (0,97 10,90 31
H-80-023 |82 1,59 8,9 fiberglass |69 0,93 [1,09 (1,08 75

110
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Table 0.2 — Cadaver Data, Test Conditions, and Test Results from the Lateral Sled Tests Performed by the
University of Heidelberg (23); and Characteristic Ratios, Normalizing Factors, and Normalized Test Results

for These Data

Cadaver Data | Test Conditions  Test Results Characteristic Normalizing Normalized
Ratios Factors Test Results
Test No. |Body |Standing | Impact | Impact | Peak | Peak | Mass | Stiff- | Force |Accel. | Peak | Peak
Mass| Height |Velocity | Surface | Force |Accel. ness Force |Accel.
(kg) | (m) (m/s) kN) | (G) | Rm | Rk Ry Ra | N) | (G)
H-82-015 169 11 90 5.8 rigid 5 33 110 1124 1117 108 |53 38
H-82-Oléll 85 2,40 6,8 rigid 10,2 (110 0,89 10,98 10,93 (1,05 |95 116
H-82-019 |67 (2,10 6,8 rigid 5,8 44 1,13 (1,12 (1,12 |1,00 »6,5 44
H-82-014 |61 (2,00 8,9 rigid 22,0 [154 1,25 [1,18 (1,21 0,90 ° 26,6/ (149
H-82-016¢ |50 (2,00 8,9 rigid 16,6 (114 1,52 [1,18 (1,34 0,88 [22,2| (100
H-82-021 99 (2,60 8,9 APR pad [15,3 [136 0,77 0,91 0,84~ (1,09 12,9 [148
H-82-022 |77 (2,20 8,9 APR pad 11,9 |86 0,99 |1,07 1,03 (1,04 |12,3] (85
Table O Data

of the University of Heidelberg (23)

3 — Pelvic Response Requirements for the Lateral Sled Tests\Determined from the Response

Test Conditions Normalized Peak Pelvic Normalized Peak Impact
Acceleration (G) Force (kN)
Impact Impact Average Lower: Upper Average | Lower Upper
Velocity Surface Bound Bound Bound | Bound
(m/s)
6,8 rigid 70 63 77 7,1 6,4 7.8
8,9 rigid 106 96 116 24,4 22,4 26,4
8,9 APR pad 68 61 75 12,6 11,6 13,6
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Analysi

Annex P

s of Wayne State University — Lateral shoulder and thoracic impact
data

This annex describes the lateral shoulder and thoracic impact data collected by researchers of Wayne State
University (WSU) and analyzed by Irwin (16).

P.1 Original Data

A series of [ateral sled impacts was conducted at WSU and funded by a grant from the Centers for/Biseasg Control
(31). Thesgq tests were similar to the sled tests conducted at the University of Heidelberg, except-the impact wall
was configlired as shown in Figure P.1, and paper honeycomb was used in the padded tests:“Three-di

film analysi

(15, 16), agcording to the normalization procedure recommended by Mertz (17). The reémaining 10 tests
analyzed in this manner because the film calibration information was insufficient for three>dimensional film

Table P.1 gummarizes the cadaver data and test conditions for the WSU lateral sled/tests. The sums of thg
the should¢gr and thoracic impact surfaces are shown in Figures P.2 and P.3for the rigid and padded
respectively. Note that the loads of the shoulder and thorax beams were/summed to minimize the effe
cadaver's ghoulder height on the load distribution between the two beams. 'Peak lateral accelerations of

was performed on 7 of the 17 tests and the instrumentation and film data wete normalized

ensional
by Irwin
were not
pnalysis.

loads of
impacts,
ct of the
T1, T12

and the impacted shoulder are given in Table P.2. Peak lateral displacements of T1, T5, the sternum, and|the non-
impacted shoulder and ribs are also given in Table P.2.
P.2 Normalized data
The technique described by Mertz (17) was used by Irwin((15, 16) to normalize the force versus time histpries and
the peak thoracic accelerations and displacements to estimate the response characteristics of a 50th gercentile
adult male.
The effectiye shoulder plus thoracic mass, Mg;\for each cadaver was calculated from the impulse of the [shoulder
beam load,|Fg, plus thorax beam load, F;, as shown below.
T
Me :[ [0 (Fs + Ft)dt} /v0 (P.1)

T
where JO (F

s +F¢)dt is the impulse, V is the impact velocity and T is the pulse duration corresponding to @ velocity

change of Y.
Table P.3 gives theleffective mass and the percent of the total body mass for the shoulder and thoray of each
subject. The average percent of body mass for the tests analyzed here was 31,2%, which would yield an|effective
mass of 24|kg-for'the 76 kg total body weight of a 50th percentile adult male.
The characteristic ratio for the effective thoracic mass, Ry, 15 defined as,

Rmn = 24kg/Mg (P.2)
The calculated mass ratios are given in Table P.3.
The stiffness ratio, Ry, is defined as,

Ry =Kg/K; (P.3)

where Kg is the stiffness of the standard subject and K; is the stiffness of the i-th subject. Mertz (17) has shown
that for geometrically similar structures with the same elastic modulus, the stiffness is proportional to the
characteristic length. The chest depth was the characteristic length chosen for the normalization of these data. For
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a 50th percentile adult male, this length is 236 mm. The characteristic ratio for the thoracic stiffness, Ry, was

calculate

d by,

Rk = 236mm/|_|

(P.4)

where L is the chest depth of the cadaver whose data were to be normalized. The stiffness ratios for the cadavers
are given in Table P.3.

The normalizing factors for force, R¢, acceleration, Ry, deflection, Ry, and time, Ry, were calculated from the
equations given by Mertz (17),

R¢ =

(RuRi )"

(P.5)

The cha
versus ti
value of
the rigid
the impal
normaliz

:(Rk/Rm)]/2

:(Rm/Rk)]/2

I (Rm/Rk)]/2

acteristic ratios and normalizing factors for each cadaver are given in Table P.3. The norm
me histories were obtained by multiplying each value of force by its force normalizing factg
ime by its time normalizing factor. Figures P.3 and P.4 show the normalized force versus time
and padded impacts, respectively. The normalized peak lateral accelerations of T1, T12 and th

(P.6)
(P.7)
(P.8)
hlized force
r and each

nistories for
e 4th rib on

cted side were obtained by multiplying the respective peak lateral acceleration values by the acceleration

ng factor for that cadaver. Similarly, the normalized peak |ateral displacements were d

btained by

multiplying the respective peak lateral displacement values by the displacement normalizing factor for that cadaver.

The normalized peak lateral accelerations and displacements are given in Table P.4.

P.3 Elimination of massively damaged cadavers

Table P.1 gives the number of rib fractures sustained.by,each cadaver used in the WSU sled tests. TH
requirements were established from cadavers which-sustained less than 6 fractures to the ribs. This
was chopen arbitrarily. If this cutoff level were set.ower, too little data remained to define the respo
thorax. The WSU tests remaining are SIC 10, SIE 15 and SIC 17. The response requirements for the s
thorax are set on the results of these 3 tests.anly.

e response
cutoff level
hses of the
noulder and

P.4 R4gsponse requirements

The norn
the 50th
the norm

nalized cadaver response. for each impact configuration is the best estimate of the normalized
percentile adult male.(Response requirements for the side impact test device consist of a corr
alized time history ofthe shoulder plus thorax force.

esponse of
dor around

orridor was
fime curves

Figure P
construc
of the sid

5 shows the farce versus time response requirement for the 8,9 m/s padded impact. This
ed around the normalized cadaver curves which are also shown. The normalized force versus
e impact.duimies should lie within the corridor.

Table P.
The ave

1 indicates a wide spread in the peak lateral accelerations of T1, T12 and the 4th rib on the impacted side.

203 G, but none of the peak values of the 3 tests lie within a +15% bound of the average. Therefore, no
requirements on accelerations are proposed based on these test data.

The displacement data for the 3 remaining tests are sparse, as indicated in Table P.4. No requirements are
proposed for the lateral displacement of the non-impacted shoulder since SIC 15 and SIC 17 both sustained
separation of the impacted acromion, and the displacements of the non-impacted clavicle are included in the
cadavers' responses, but irrelevant to the performance of a side impact dummy. A response requirement of 80 to
108 mm is proposed for the peak lateral displacement of T12. This represents a spread of £15% of the average
normalized displacement of T12. No response requirements are proposed for the lateral displacements of the
sternum and the non-impacted ribs, since considerable variability exists in these results.
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Table P.1 — Cadaver Data and Test Conditions from the Lateral Sled Tests Performed by WSU (31 and 15)

Cadaver Data Test Conditions
Test No. Pad Compression Rating Sled
No. |Age[Sex |Mass |Chest | Of | Thick- of Paper Honeycomb Pad Velocity
Depth | Rib | ness (psi)
(kg) | (mm) | Fx | (mm) | Shoulder | Thorax | Abdomen | Pelvis | Knee | (m/s)

SIC07 66 M [74,8 [240 16 |0 a a a a a 6,7
SIC04 69 M 57,6 [210 22 |0 a a a a a 9,1
SIC 10 [60_M__162.1 190 5 152 15 15 15 15 15 38
SIC 14 |72 M [65,3 |190 18 102 15 15 15 23 23 9,4
SIC15 43 |F 68,9 [210 0 102 23 15 15 23 23 3,9
SIC16 B8 |F [56,7 (155 26 |76 23 16 16 23 23 8,9
SIC17 B5 M (93,0 [210 2 152 23 15 15 23 23 8,9
@ Paper|Honeycomb padding was not used in these rigid impacts.

Table P.2 — Test Results from the Lateral Sled Tests Performed by"\WSU (31 and 15)

Peak Lateral Accel. Peak Lateral Displacement
(G) (mm)
Test || T1 | T12 |Impacted | T1 | T12 | Upper Lower Non- Non- Nont
No. Shoulder Sternum | Sternum | impacted impacted impacted
Shoulder Rib 6 Rib 8

SIC 07|[76 [p1  [275 97 |74 a 86 98 a 151
SIC 04(|84 84 324 93 [82 a a 121 a 145
SIC 10(j55 [134 [105 a 85 |72 76 106 a 178
SIC 14(|83 142 (104 113 |100 |85 92 125 135 208
SIC 15(|93 |6 347 a a 127 95 130 a a
SIC 16(57 [90  [205 109 98 ~ |89 38 138 a a
SIC 17|51 |77 142 a 104 |a a 120 120 139
@ These data could not be determined from film analysis.

Table P.B — Effective Mass; Characteristic Ratios and Normalizing Factors from the Lateral Sled Tests
Performed by WSU (15 and 16)

Effective Mass Characteristic Ratios Normalizing Factors

Tes| No. Me Body mass Stiffness Mass Time Defl. | Accel. | Forcg

(ka) (%) Rk Rm Rt Ry Ra R¢
SIC 07 24,3 32,5 0,98 0,99 1,01 1,01 0,99 0,98
SIC 04 15,6 21,7 1,12 1,54 1,17 1,17 0,85 1,31
SIC 10 16,4 26,3 1,24 1,47 1,09 1,09 0,92 1,35
SIC 14 26,5 48,0 1,24 0,90 0,85 0,85 1,17 1,06
SIC 15 22,5 32,7 1,12 1,07 0,98 0,98 1,02 1,09
SIC 16 13,1 23,0 1,52 1,84 1,10 1,10 0,91 1,67
SIC 17 26,8 28,8 1,12 0,90 0,90 0,90 1,12 1,00
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Table P.4 — Normalized Test Results from the Lateral Sled Tests Performed by WSU (31 and 15)

Peak Normalized Peak Normalized Lateral Displacement
Lateral Accel. (G) (mm)
Test Non- Non- Non-
No. T1 | T12 |Impacted | T1 | T12 | Upper Lower impacted | impacted | impacted
Shoulder Sternum | Sternum | Shoulder Rib 6 Rib 8
SICO07 [75 [0 272 98 |75 87 99 153
SIC04 [72 |71 275 109 (96 a a 141 170
SIC 10 151 123 197 a 93 |78 23 115 194
SIC 14 |97 166 (122 96 (85 (72 78 106 115 177
SIC 1595 57 [354 a a 125 93 127 a a
SIC 16 [52 |82 187 120 (108 |98 97 152 a a
SIC 17 57 |86 [159 a 94 a a 108 108 125
a These data could not be determined from film analysis.
S
N
Key
1 Shoulderbeam
2  Thorgx beam
3 Abdomen beam
4 Pelvis beam
5 Load cell 9 places
6 Knee beam

Figure P.1 — Impact Wall Configuration for the Lateral Sled Impacts
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