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ABSTRACT-The new FMVSS 208, 213, 225 regulations include automatic suppression of airbags to prevent low-risk
airbag deployment and the use of child seats with a rigid-bar anchor system. The regulations mean that children must sit
in the rear seat, but do not include other specific safety measures for their protection. In the rear, restraint equipment
consists of three-point shoulder/lap belts for the outside seats and a static two-point lap belt in the middle, with no
additional devices such as pretensioners or load limiters; this is far from optimal for children. This study investigated
injury rates using a 3-year-old-child dummy. ECE R44 sled tests used a booster, a speed of 48 km/h, and a 26- to 32-g
rectangular deceleration pulse. While seated on a booster, the dummies were restrained by an adult shoulder/lap three-
point belt. HIC_15 msec, Chest G and Nij were somewhat lower with an emergency locking retractor (ELR)M+
pretensioner+load limiter than with only an ELR or with ELR+pretensioner. However, the current seat-belt system results
in injury rates that exceed the limit for OOP performance under the new FMVSS 208 regulations.

KEY WORDS : Emergency locking retractor (ELR), Child restraint system (CRS)

1. INTRODUCTION

The National Highway Traffic Safety Administration
(NHTSA) concluded that child restraint systems (CRSs)
could reduce infant mortality rates by up to 71%, and
were the most effective safety measure, if properly used.
Nevertheless, in America, where CRSs are built in, about
230 children under the age of six years die annually, and
66,000 are injured. The NHTSA study on child-seat
mountings and CRS standards for children found that 230
deaths and 875 injuries in the accidents studied could
have been prevented if the CRS had been worn correctly
(NHTSA, 1998).

The final economic assessment, related to FMVSS
Nos. 213 and 225, issued in February 1999, was that
adoption of child seats with rigid-bar anchor systems and
tethers was desirable, so the revised FMVSS Nos. 213
and 225 were adopted in September 1999, but boosters
were excluded (NHTSA, 1999).

In May 2000, FMVSS No. 208 was revised, with the
intention of decreasing the risk of injury from airbags, to
stipulate that the injury regulation criteria for “Out of
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Position (OOP)”, shown in Table 1, should be achieved in
low-risk airbag deployment tests through automatic sup-
pression of the airbag, with rear seat positioning and the
rear seat belt as the means of restraint for child seats or
infant carriers.

However, the current FMVSS No. 213 requires that
CRSs are tested using a 30-mph sled test, with injury
limits of a Head Injury Criteria (HIC) value of 1,000 and
60 g on the chest with forward movement of the head and
knees. HIC and Chest G values are the same as those of
50th-percentile adult dummies prior to the revision of
FMVSS No. 208, so the effectiveness of the measures
has been questioned, since they are not based on bio-
mechanical data (Janssen et al., 1993; Rattenbury and
Gloyns, 1993).

The results of an NHTSA study of how to reduce HIC
values in side impacts and the performance of boosters
were announced in November 2001, but no changes were
made to protect children seated on boosters in the event
of a frontal collision. Therefore, this study compared the
revised FMVSS No. 208 regulations for HIC values in a
30-mph sled test, using a booster and child dummy, to
examine the effects on restraint performance of changes
in the positioning of the seat belt attachment according to
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Table 1. FMVSS 208 occupant protection performance requirements.

50th% HIII 5th% HIII 6 year HIII 3 year HIII
FRM FRM FRM FRM

Dynamic Dynamic OOP 064 010)
HIC 7005, 7005, 7005 7005 5705,
Neck: N; method (Linear Combination of Moment/Axial Forces)
N; 1.0 1.0 1.0 1.0 1.0
Nj critical values
Tension (N) 6,806 4,287 3,880 2,800 2,120
Compression (N) 6,160 3,880 3,880 2,800 2,120
Flexion (N-m) 310 155 155 93 68
Extension (N-m) 135 67 61 37 27
Peak tension (N) 4,170 2,620 2,070 1,490 1,130
Peak compression (N) 4,000 2,520 2,520 1,820 1,380
Chest acceleration (3 msec) 60g 60g 60g 60g 55¢g
Chest deflection (mm) 63 52 52 40 34
Femur load (N) 10,000 6,805 6,805 N/A N/A

the specifications for emergency locking retractors (ELRs)
(Henderson et al., 1997; Czernakowski and Bell, 1997).

Recently, some advanced seats were introduced to
improve ride comfort (Yoo et al., 2005; Yoo et al., 2006),
but injury performance should be examined with the
various restraint systems.

The study used a child dummy to evaluate passenger
restraint performance, using a pretensioner and load limiter
adapted to an optimal seat belt path, which was decided
by experiment, and considered improvements that might
reduce injury rates.

2. SLED TEST

2.1. Summary of the Test

The sled test was executed to verify seat belt performance
for children, while excluding the effects of performance
differences of the vehicle seat belts. The test conditions
followed ECE R44 regulations, and a Hybrid III 3-year-
old dummy was used (Anderson, 1991).

2.2. Specification of the Seat Belt
The tests were performed using three different seat-belt
configurations: ELR, ELR+pretensioner, and ELR+pre-

Figure 1. Seat belt assembly with pretensioner.

tensioner+load limiter. Figure 1 shows the seat belt con-
figuration with a pretensioner. The pretensioner specifi-
cations were a shoulder belt load of less than 2,500 N for
twelve seconds and rewind of more than 120 mm in a
static state without slackening with respect to a seated
50th-percentile adult dummy. Load limiter transformation
section of 150 mm under 4,500 N and an extension rate
of 7% for the seat-belt webbing were adopted. The seat-
belt anchor points were positioned according to the
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Figure 2. ECE R44 universal sled buck.
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Figure 3. Method of booster use.
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Figure 4. ECE R44 curve of trolley’s deceleration.

coordinates of a small car.

2.3. Sled Test Conditions

As a test jig, a universal sled buck was used as indicated
in ECE R44, and a separate jig was added so as to mount
the booster (Figure 2). The booster was a High Back 02-
442 made by Costco Company, one of the child seats
listed in Advanced Regulations-FMVSS208 Final Rule
Appendix A, which came into effect in May 2000. The
booster is provided with a child harness belt for children
weighing 10~8 kg; however, since the 3-year-old-child
dummy weighed 16 kg, the test was performed using an
adult seat belt, as shown in Figure 3 (Pincemaille ez al.,
1993).

Figure 4 shows a half sine graph for an ECE R44
frontal collision at a speed of 30 mph with the crash pulse
in the sled test. Figure 5 is a photograph of the dummy
before the sled test.

2.4. Test Results

The test was performed three times using seat belts
adopting ELR, ELR+pretensioner, and ELR-+preten-
sioner+load limiter to obtain basic data and evaluate the
model. The results are presented in Table 2, in which HIC

Table 2. Sled test results (TTE: 11 msec).

Sasaddl

Figure 5. Test set-up for ECE R44 30-mph frontal sled
test using a dummy 3-year-old.

Lower Anchor

Figure 6. 3-year-old-child dummy sled test model.

and Chest G values exceed regulation values; the tension
load and the compression load applied to the neck are
compared. The HIC and regulation values following the
OOP standardization of New FMVSS208 are not a
suitable reference for a dynamic crash event but are of
value in understanding the HIC of the dummy.

It was found that most OOP injury standards were
exceeded. In the case of Ny, newly added to FMVSS 208,
the dummy 3-year-old was subject to the complex load of

Test mode
Injury type Limit
ELR ELR+P/T *ELR+P/T+L/L
HIC_15 msec 570 975.82 592.22 782.80
Chest G 55 68.64 56.93 71.07
Neck tension (N) 1,130 1,977.48 1,875.06 1,873.43
Neck compression (N) 1,380 665.88 429.69 632.27
N 1.0 1.31 0.97 1.12
N 1.0 1.47 1.29 1.53
Neck Ner 1.0 0.32 0.25 0.27
Neg 1.0 0.38 0.07 0.34

*Pretensioner TTF: 15 msec
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Figure 7. Movement of the dummy 3-year-old at 80 msec
in the 30-mph sled test.

“tension-flexion” and “tension-extension”, and some
problems were detected in N and N HIC and Chest G
values at 15 msec were lower when ELR+pretensioner
was applied.

3. FINITE ELEMENT MODEL

The finite element model for the parametric study using
the data for the dummy and the sled test conditions was
made by coupling PAM-CRASH, an explicit code and
Madymo. The universal buck, seat belt, and booster were
modeled using PAM-CRASH, and the dummy 3-year-old
was modeled using the Hybrid III Dummy from the
Madymo dummy database (Hoffmann et al., 1990; PSI,
2000; TNO, 1999).

As shown in Figure 4, acceleration was applied to the
child dummy and booster, and corrected using the weight
ratio of the physical parts of the Madymo dummy model
to compensate for the weight difference between the test
and the Madymo dummies. In Figure 6, the booster and
the universal buck are defined as a robust body. The
contact conditions between the dummy and the booster
given by the load-parameter curve are shown.

Comparison and verification of the test and the FE
model used the ELR specification. Figure 7 shows a
comparison of the movement of the dummy 3-year-old in
the sled test in (a) with the analysis model in (b) at 80
msec. Figures 8 and 9 show the profile of the head and
chest resultant accelerations for the 3-year-old dummy.
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Figure 8. Model correlation — 3-year-old child dummy
(head resultant acceleration).
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Figure 9. Model correlation — 3-year-old child dummy
(chest resultant acceleration).
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Figure 10. D-ring location.

Table 3. D-ring-location coordinate table (ref. H-point,
unit: mm).

Parameter X Y Z Remarks
1 173.25 212.10 517.70
2 301.00 240.00 572.00
3 428.75 267.90 626.30

4. OPTIMIZATION OF SEAT BELT ROUTING

4.1. Design Parameters

Most rear seat belts use only an ELR, and the anchor
points that determine the path of the seat belt are located
with reference to an adult. Therefore, the seat-belt anchor
point was selected as a parameter to study. In particular,
the effect of the position of the D-ring on injury to the
dummy was examined.
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Table 4. Matrix experiment and simulation results (for a 3-year-old child).

No X Y Z HIC Chest G Ng N:e Ner Nee  Neck ten. Neck comp. 1C
1 Xl Y1l Z1 1,003.9 5831 161 127 026 027 2,.850.59 506.81 3,912.80
2 Xt Y2 72 1,2386 6046 1.82 124 023 035 3,250.74 463.76 4,549.80
3 Xt Y3 Z3 1,3019 6264 1.84 145 0.19 039 3,170.86 479.72 4,535.40
4 X2 Y1 Z2 1,025.3 5801 1.68 146 026 154 292020 519.98 4,003.51
5 X2 Y2 Z3 1,1341 6205 173 162 024 147 326516 474.62 4,461.31
6 X2 Y3 Z1 967.2 5620 1.71 141 025 144 292880 524.25 3,952.20
7 X3 Y! 73 1,1048 6355 170 1.67 021 190 3,099.6! 484.41 4,267.96
8 X3 Y2 7ZI 1,0165 6058 1.67 156 025 183 3,01440 518.98 4,091.48
9 X3 Y3 Z2 1,073.6 6267 167 167 023 187 317642 499.06 4,312.69
Test result 97580 6864 131 147 032 038 1,87343 632.27
Table 5. Results of D-ring location optimization for the 4500 IC Average Level = 4,232,017
dummy 3-year-old. .
Results _ . R
. - g &
Injury type Limit Initial Optimized 2 -
model  model ) 1 ¥ 3
HIC 15 msec 570 9758 1301.9 9275 s X
Chest G 55 686 626 57.3 &Y
Neck tension (N) 1,1301,873.43,170.9 2,781.39 3900 b o 7
arameter variation
Neck compression (N) 1380 632.3 479.7 533.30 )
y Figure 11. Graph of average IC values of 3-year-old
N 10131 184 1.49 according to anchor location.
Neck N 1.0 147 145 0.81
Ner 10032 019 030 D-ring. IC values were reduced near the center of Y2 of
Nee 10038 039 0.75 the Y-coordinate. In the case of the Z-coordinate, 1C

The seat-belt anchor-points are shown in Table 3,
where coordinates are relative to the reference H-Point
following the ECE R44 test conditions to give three
parameter coordinates in the X, Y, and Z axes. For the
purposes of the parameter study, each coordinate was
arranged as indicated in Table 4 using an orthogonal
arrangement table with a three-level L3(34) based on the
experimental planning method.

The injury criteria (IC) introduced for the adoption of
the experimental planning method were combined, as
follows:

IC=HIC_15 msec+Chest G+Neck Tension Load

The sled test and the analysis model described above
used the combination X1, Y3 and Z3 in Table 3.

4.2. Parameteric Study Results

A rear seat belt with only an ELR was adopted. Changes
in IC values with different D-ring positions were identi-
fied by examining the parameters based on the ortho-
gonal arrangement in Table 4, as shown in Figure 11. The
X2 position corresponding to the dummy’s mid-position
with respect to the X-axis was selected as optimal for the

values decreased as the path of the seat belt approached
the shoulder of the dummy. Table 5 shows the test results
for the initial and optimized models.

5. STUDY TO IMPROVE IC VALUES

To further improve IC values, in case they were still too
high even after optimizing the seat belt path, the effects
of a pretensioner and a load limiter were reviewed. The
pretensioner adopted was the same as used in the test, and
the load limit was specified as 4,000 N, 3,000 N, and
2,000 N, to reflect a child’s weight.

Table 6 shows the effect on IC I-value improvement IC
values were improved more at 13 msec than at 11 msec,
and the results at 15 msec were little different from those
at 13 msec. Table 7 shows results with operating loads of
2,000 N, 3,000 N and 4,000 N when the TTF of the
pretensioner was set at 15 msec. The HIC was 645.9, at
4,000 N and 466.7 at 2,000 N, which meet the OOP
regulation criterion of 570.

Chest G was a little lower at 3000 N and increased
again at 2,000 N, closely approaching the regulation
criteria. Neck tension was reduced slightly with adoption
of a pretensioner, but was still more than double the
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Table 6. Comparison of the pretensioner TTF for a
dummy 3-year-old.

Pretensioner Time to Fire
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Injury type  Limit (TTF)

11 msec 13 msec 15 msec

HIC_15 msec 570 6645 525.9 5238
Chest G 55 55.29 51.67 51.67
Neck tension 1,130 2,686.69 2,429.88 2,326.50
Neck compression 1,380 868.11 557.53 559.10

Nie 1.0 1.59 1.45 1.39

Npe 1.0 073 074 089

Neck N, 10 025 028 033

Neg 1.0 142 098 062

Figure 13. Chest resultant acceleration - 3-year-old child
dummy.
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Table 7. Comparison of the load limit levels with a
pretensioner for a dummy 3-year-old.
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Figure 12. Head resultant acceleration — 3-year-old child
dummy.

regulation criteria. Tables 6 and 7 show higher IC values
with adoption of load limits of 3,000 N or 4,000 N than
with a pretensioner alone. This is because the shoulder
belt load does not increase by the load necessary for the
load limiter to operate. On the contrary, when a load limit
of 2,000 N was adopted, a better reduction in injury was
evident.

Figures 12 and 13 show the acceleration of the head
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Figure 15. Neck load Fz — 3-year-old child dummy.
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Figure 16. Neck moment My — 3-year-old child dummy.

and the chest, respectively. Figures 14, 15 and 16 are
graphs of the loads and the moments used for the
calculation of Nij. Figures 17 and 18 show the uniform
load section that occurs with a load limiter.
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Figure 17. Shoulder belt load — 3-year-old child dummy.
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Figure 18. Lap belt load — 3-year-old child dummy.

6. CONCLUSIONS

This study evaluated child safety in a crash situation with
conventional passenger protection equipment. The results
are as follows:

(1) The sled test executed with a booster and a 3-year-old
child dummy adopted the OOP standardization of the
revised FMVSS 208 regulation. Use of an ELR,
ELR+Pretensioner, and ELR+Pretensioner+Load
Limiter did not meet the OOP regulations for the
child dummy. The neck load of the child dummy
wearing the seat belt was identified as a composite
load of “tension-flexion” and “tension-extension”.

(2) The study showed how the seat belt path could be
improved with respect to the child dummy, adopting
an experimental planning method related to optimi-
zation of the position of the seat belt D-ring with the
ELR specification, using a verified FE model. Name-
ly, IC values decrease as the D-ring anchor point
approaches the shoulder area from the Y-coordinate
to the Z-coordinate. However, the results did not
meet the OOP HIC_15 msec, Chest G, Neck Tension,
NTF and NTE regulations for a 3-year-old dummy.

(3) Analysis of the use of a pretensioner and load limiter
as IC reduction countermeasures showed them to be
effective in reducing HIC and Chest G values. The
greatest improvement was in the extension load
generated in the neck region of the child dummy and

the NTF and NTE, but it was difficult to meet the
OOP regulation criteria with the load characteristics
of the dummy and the seat belt.

(4) The study identified a better reduction in IC values
with a load limit of 2,000 N. However, as this might
be detrimental to the restraint capability of the seat
belt for an adult, adoption of multi-level load limiters
that allow limits of 2,000 N and 4,000 N will be
required.
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