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ABSTRACT

Objective: Rear-impact electronic cases were reviewed for serious injury to rear-seated children
and adults to identify mechanisms of injury and consider priorities, countermeasures and safety
concepts.

Methods: 1997-2015 NASS-CDS and 2017-2020 CISS electronic cases were analyzed for serious
injury (MAIS 3-+F) to rear-seated children 0-14 yo (years old) and adults 15+ yo in rear impacts.
Results: 31 children and 43 adults were identified with serious injury. 86.0% of child injury was
related to intrusion of rear structures with injury by direct force (55.3%), compression into front
interior (27.5%) or acceleration into impact (3.2%). 14.0% of injury was not related to intrusion
with front-seatback rotation (12.3%) or direct force (1.7%). Only 45.1 + 17.6% of injured children
were properly restrained. 68.0% of adult injury was related to intrusion of rear structures with
injury by direct force (46.2%), compression into front interior (15.3%) and acceleration into impact
(6.4%). 21.6% of injury was not related to intrusion with front seatback rotation (2.5%) or direct
force (19.1%). 10.4% was from ejection and ground impact without seatbelt use. Only 17.8 + 7.5%
of injured adults were restrained.

Priorities, countermeasure and concepts were considered to improve occupant protection in rear
impacts: 1) new rear impact test with the IIHS high-hood barrier offset to the rear at 55 mph to
reduce rear-seat intrusion, 2) stepped-up campaigns for proper child seat selection and use, par-
ticularly for infants and toddlers <2 yo and adult use of seatbelts in rear seats, 3) adoption of
FMVSS 201L to reduce head injury risks of children impacting the rear interior below the beltline,
4) improved front seats by shifting restraining forces from the seatback to the cushion frame with
an anti-ramping guide that retains the pelvis on the seat and reduces seatback rotation, 5)
changes in front seatbelts to provide early restraint of occupant movement by a rear-impact pre-
tensioner that moves the lap-belt anchors and gives a favorable angle for early lap-belt restraint
or a rear wrap-around lap belt so the occupant moves into the belt in a rear impact, 6) implemen-
tation of kinematic controls on front-occupant movement that reduces ramping in severe rear
impacts, 7) guarding the area around rear-seated child with an after-market ring structure that
maintains space around the child and blocks rearward rotation of the front seatback and 8)-25)
recommendations.

Conclusions: The primary mechanism for injury to rear-seated children and adults is intrusion,
often without appropriate occupant restraint. There are priorities to improve protection by reduc-
ing intrusion, guarding the area around children, shifting front-occupant loads to the cushion
frame and improving occupant restraints.
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Introduction
Managing risk sensibly

In the 1980s, the federal government based policies on man-
aging health risks sensibly (Morrall 1986). NHTSA devel-
oped HARM as a metric to manage crash injury risks and
prioritized safety improvements in vehicles. Malliaris et al.
(1982) combined the incidence of injury with the cost for
different injury severities to estimate the HARM caused by
motor-vehicle crashes. They identified the sources of the
injury by body region and contact source from the field
accident data in the 1979-80 National Accident Sampling
System (NASS) and listed priorities for safety improvements.

Table Al in the Appendix re-orders columns from Table 6
in Malliaris et al (1982) to show priorities for HARM reduc-
Overall, 6.3% of HARM
occurred to rear-seat passengers with 68.3% to drivers and

tion to rear-seat passengers.

25.4% for right-front passengers. For rear occupants, 4.0%
of HARM identified a contact source on the interior of the
vehicle. 1.3% of HARM ranked in the top 25 sources of
HARM for all occupants. The leading sources were the front
seatback (0.44%, rank 22), window frames (0.29%, rank 21)
and side interior (0.19%, rank 3) for rear-seat occupants.
50.5% of rear-seat HARM was to the head-face, 38.9% to
the abdomen and 6.9% to the chest.
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Malliaris et al. (1985) expanded the original analysis of
HARM using 1980-83 NASS and other field data. They pro-
vided in-depth analysis of field accident injuries in the US
and listed priorities for safety improvements. They further
identified sources of the injury HARM by body region.
Table A2 in the Appendix re-orders columns from Table 10
in Malliaris et al. (1985) to show priorities for HARM
reduction to other-seat passengers than the driver and right-
front passenger. Overall, 12.0% of HARM occurred to other
passengers with 9.0% prioritized by source and body region.
The leading sources were the front seatback (2.91%) and
lower side interior (2.88%). 39.3% of HARM was to the
head, 26.6% to the abdomen and 20.0% to the chest-back of
other passengers.

In the 1980s, the government and industry setup safety
development based on HARM and the Haddon matrix,
which provided frameworks for injury prevention (Haddon
et al. 1964; Haddon 1972; Williams 1999). Automotive man-
ufacturers started safety initiatives. For example, GM started
VSIP (vehicle safety improvement program) to systematically
address safety improvements in a sensible manner based on
HARM reductions (Wilson 1983). One initiative involved
improving fuel systems for vehicles in severe rear impacts to
reduce the risk of fire. The FMVSS 301 barrier impact was
increased to 35 mph from 30 mph in the standard by several
manufacturers. The increased speed represented a 36%
increase in kinetic energy of the crash.

Managing risk sensibly was the basis for industry support
for federal programs for injury prevention (NAS 1985;
Viano 1989a,b, 1990). NHTSA continued to provide safety
priorities based on the incidence and severity of injury to
motor-vehicle occupants and other accident conditions as
part of cost-effective regulation. Efforts to protect rear-seat
occupants should be based on how they are injured in field
accidents, including the sources of HARM.

2003 field data

Parenteau and Viano (2003a,b) studied injuries to rear-seat
occupants using field accidents collected by NHTSA. The
1991-1999 NASS-CDS provided information on crashes,
occupants and injuries. In Part I, Parenteau and Viano
(2003a) studied adults and teenagers in rear seats. The field
injury data and the literature identified priorities for adults
and teenagers in rear seats, including: 1) load-limiting belts
with cinching and good restraint geometry, 2) EA material
for the seatback, side interior and B-pillar, 3) reduced con-
tact velocity with seatback, side interior and B-pillar, 4)
improved containment with inflatable side curtains and
laminated side glass and 5) technologies, such as inflatable
belts. In Part II, Parenteau and Viano (2003b) studied chil-
dren 4-12years old and toddlers-infants 0-3 years old in rear
seats. The data was separated because of the use of infant,
child and booster seats involved different injury mechanisms
and tolerances.

Table A3 in the Appendix shows children 4-12 yo (years
old) seriously injured in the rear seats (Parenteau and Viano
2003b). The children were most often injured in front

impacts (48%), followed by side impacts (23%) and rollovers
(21%). Only 5.5% of rear-seated children were seriously
injured in rear impacts. The risk of serious injury to rear-
seated children was highest in rollovers (3.7%) followed by
front (1.4%) and side (1.2%) impacts. The risk for rear-
seated children in rear impacts was 0.58%, the lowest among
crash types. The priorities suggested by the data were to
improve the proper use of belt restraints and child seats
used in rear seats and to improve the energy absorption
characteristics of the front and side interior around rear
children. Injuries to rear-seated children in rear impacts did
not emerge in the list of high-priority HARM to children.

The distribution of serious injuries was assessed for
belted and unbelted child occupants 4-12 in frontal impacts.
Head and upper extremities were the body regions with
most frequent serious injuries (AIS 3+). The seatback, head
restraint, B-pillar and interior surfaces were common injury
sources. Various mitigating actions were proposed to reduce
injuries. Foremost was the application of FMVSS 201 to the
seatback and interior surfaces below the beltline, which
would address the contact areas engaged by belted and
unbelted children. Other areas included using EA (energy
absorbing) material on the back of front seats, B-pillar and
interior surfaces below the beltline, improved cinching the
occupant to the child seat, reducing contact velocity with
side interior and B-pillar and using EA material for side
structures above the beltline, such as side curtains.

Three-quarters (74%) of infants and children 0-3years
old exposed to towaway crashes were in rear seats as com-
pared to 22% in the front passenger seat and 4% in other
positions. The risk for serious injury was 1.1% in rear seats
and 1.2% in front seats. The risk was statistically similar
(p<0.10). Unbelted 0-3year old children had 5.8 times
greater risk of serious injury than those restrained in a child
seat. There were too few cases of vehicle crashes with air-
bags available to assess relative risk differences between
front and rear seats for 0-3year old children. Based on the
most frequent injuries by restraint use and crash type, a ser-
ies of safety areas were identified to improve protection for
young children and others in the rear seats.

2008 field data

Viano and Parenteau (2008a) studied the fatality risk of 0-7
yo children in rear seats. Tables A4 and A5 show that rear-
seated children had the highest risk of fatality in rollovers
(1.26%) followed by side impacts (0.39%). The risk varied by
the principal direction of force (PDOF) of the collision. The
paper showed that a left rear-seated child had the highest
risk in 7 o’clock impacts at 2.74% followed by 4 o’clock
impacts at 2.48%. The risk was 0.44% in 6 o’clock impacts.
Overall, children 0-7 were safest in the center rear seat
(0.27%) followed by the left rear (0.29%) and right rear
(0.32%). There was a higher risk in the right-rear seat
because of intersection crashes with the vehicle turning left
in front of oncoming traffic.

Viano and Parenteau (2008b) analyzed all cases of serious
injury to children 0-7 yo in rear seats in rear impacts to
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identify priorities for safety improvements. Individual rear-
impact cases were reviewed to better understand injury
mechanisms of children in rear seats. The cases were
obtained from the 1997-2005 NASS-CDS electronic database.
Rear impact cases were chosen based on serious-to-fatal
injury (MAIS 3+4F). There were 19 injured children
involved in 16 rear impacts (see Table A4). Thirteen injuries
(13 or 68.4%) were associated with > 30.5cm (>12”) intru-
sion of their seating area, which pushed the child forward.
Since intrusion occurred early during the collision forces
and vehicle acceleration, it occurred before much rearward
rotation of the front seats. This meant the child was pushed
forward into an upright front seat. There was only one child
(5.3%) who was injured by rearward rotation of the front
seatback.

The study concluded that stiffening front seats was not a
reasonable approach to improving safety of rear-seated chil-
dren. Limiting head excursion and shielding the upper body
from forces on the child seemed more appropriate. The idea
of a ring structure integrated with the child seat was dis-
cussed for the most severe crashes where the rear-seated
child was injured by intrusion pushing them forward into
the front seatback, B-pillar or front component or directly
injuring them. Viano and Parenteau (2008b) included a dis-
cussion of protecting the space around the child with a ring
structure that was compatible with child seats to improve
the safety of rear-seated children in severe rear crashes.
Other studies of field accidents explored the role of the
principal direction of force (PDOF) and seating position on
injury risks for rear and front occupants (Viano and
Parenteau 2008c).

2016 field data

At NHTSA’s request, Viano and Parenteau (2016a) updated
the earlier analysis of seriously injured rear-seated children
in rear impacts and provided the information to NHTSA on
6-3-16. The 8-year update identified 24 children (5 plus the
original 19) who were seriously injured in 21 rear impacts
(5 plus the original 16), see Table A4. The new electronic
cases were added to the original dataset. Seventy-one percent
(71%, 17 of 24) of the electronic cases in the 1997-2013
NASS-CDS involved intrusion pushing the child forward
into the back of the front seat, the B-pillar or other front
structures. The conclusions of the original analysis remain
unchanged and were strengthened by the additional cases.
The five new cases were very severe rear impacts with delta
V of 40.2-59.7 km/h (25-37 mph). They involved substantial
intrusion of the rear seating area.

The safety improvement of adding a front shield around
the child seats was restated. The approach would provide
room protecting the child if intrusion pushed them forward
into the front seatback or the front seatback rotated rear-
ward preventing the front occupant or seatback contacting
the child. The authors cautioned that stiffening front seats,
such as with ABTS seats, may increase injury risks for rear-
seated children because of the more frequent frontal crashes
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where children need a yielding front seatback even when
belted in the rear seat.

Public attention to rear-seated children in rear impacts

On 3-9-16, Mr. Clarence M Ditlow from the Center for
Auto Safety petitioned NHTSA to address the protection of
children seated in the second row in rear crashes (Ditlow,
2016). The petition urged NHTSA to “take action to protect
children riding in the rear seats of vehicles from the risk of
being killed or severely injured when struck by a ‘collapsing’
front seatback in a rear-end crash.”

On 5-25-16, Senators E] Markey and R Blumenthal sent
letters of inquiry to automotive manufacturers on the same
issue (Markey and Blumenthal 2016). The petition and
inquiry refer to industry “efforts to protect passengers
against the threat of front seatback failures.” It focused on
second-row occupants, particularly children in rear impacts.

On 6-23-16, the Alliance of Automobile Manufacturers
responded to the Senator’s letter (AAM 2016). They raised
concerns for raising seatback strength beyond current stand-
ards. They noted that automakers design and engineer their
vehicles to achieve the best overall occupant protection.

NHTSA'’s reply

On 1-13-17, Administrator Rosekind from NHTSA replied
to the Senator’s letter and petition (Rosekind 2017). He said
that NHTSA is obligated to consider the potential benefits,
as well as the drawbacks. For example, a standard that pre-
scribes a stronger seatback structure to prevent large seat-
back deformation in high-speed rear impacts, without
consideration of how this will contribute to the potential for
whiplash injury in frequent low-speed rear crashes, may not
optimize overall injury protection. Through multiple proj-
ects, including crash test dummy testing and research,
NHTSA is working toward reducing the occurrence of rear-
impact crashes, as well as mitigating their severity. NHTSA
also continues to work toward reducing the occurrence of
rear crashes as well as mitigating their severity. The
Agency’s encouragement of industry to voluntarily adopt
Automatic Emergency Braking (AEB) technology as stand-
ard equipment by 2022 will move us closer to that goal.

Neither NHTSA nor the Senators identified the underly-
ing mechanisms that were the basis for child injury in rear
seats in rear impacts. Both focused on a “solution” of fur-
ther strengthening front seats or AEB without a clear
description of the mechanisms of injury to children. The
main point is what are the sensible means of improving
safety that address the underlying mechanisms of injury to
children in rear seats in rear impacts based on HARM. The
Senators focused on front seatback strength. NHTSA replied
that more research was being conducted and that automatic
braking technology reduced rear impacts. They did not
define what proportion of child injury was related to their
“solutions” or how much benefit-disbenefit may occur with
their “solutions.”
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NHTSA and others raised the problem of tradeoffs.
However, one tradeoff is not whiplash in front occupants
for serious injury to rear children. The tradeoff is for serious
injury to front-seat occupants for serious injury to rear-seat
children. Viano and Parenteau (2008d) studied serious
injury in low-speed rear impacts and found up to 20%
occurred in crashes with less than 24.1km/h (15mph) delta
V. The injuries involved older occupant, many with spinal
disorders that were injured by forces on their chest extend-
ing the thoracic spine in an upright seat (Viano 2011; Viano
et al. 2019a). The tradeoff involved different risks for serious
injury in front and rear seats.

2020 field data

Parenteau and Viano (2020) updated earlier analyses of
rear-seated children 0-7 years old in rear crashes using 1997-
2015 NASS-CDS with 1994+ model year vehicles. Table A6
shows the distribution and risk of serious-to-fatally (MAIS
3+ F) injury to rear-seated children in the rear. The greatest
number of rear-seated children were injured in frontal
(39.6%) and side (20.5%) impacts. The highest risk for ser-
ious injury was in rollovers (1.72% + 0.36%) followed by
rear crashes (0.75% =+ 0.56%). Individual rear and frontal
impact cases were reviewed to better understand injury
mechanisms of children in rear seats.

There were 15 injured children involved in 14 rear
impacts with electronic cases in NASS-CDS (Tables A4 and
A6). Seven of the cases were new and not previously
included in the 2008 study. The analysis of the 15 children
indicated that half were associated with significant intrusion
>30.5cm (>127) into their seating area, pushing the child
forward. The case review indicated that the front seat
remained in its pre-crash position or was pushed forward in
7 out of 11 cases. The front seatback rotated rearward in 4
of 11 cases. Two involved a severe-to-fatal injury (AIS 4+)
where the child was pushed forward due to significant
intrusion.

Parenteau et al. (2021a) determined occupant demo-
graphics and injury by body region and crash severity in
rear crashes. Rear crashes accounted for 8.7% of exposed
and 5.4% of serious-to-fatally injured rear-seat occupants.
On average, rear-seat occupants were 14.3 +1.5years old,
weighed 44.7 £ 2.6 kg and were 130.3 4.1 cm tall. They con-
cluded that the height and weight of a 10year old and 5"
Hybrid III represented the average rear-seat occupant
involved in rear crashes based on NASS-CDS. Crash tests
with 30-37km/h a delta V represented the typical collision
causing serious-to-fatal injury. Parenteau and Viano (2021)
also analyzed interior impacts in rear crashes.

2022 FARS

Parenteau et al. (2022) analyzed 1990-2019 FARS for ond
row children 0-15years old in front, side and rear impacts
to study fatality trends by model year (MY) and calendar
year (CY) with 1980-2020 MY vehicles. 1990-2015 POLK
determined exposure of registered vehicles to estimate

fatality rates. The data was analyzed by MY of the vehicle
and CY of the crash. The results showed that nearly half of
fatally injured 2™ row children in rear-crashes in the 2011-
19 CY were in older vehicles with MY > 10years old. From
2010-19, 59% =+ 7% of children fatally injured in rear
impacts were in vehicles 10 or more years old.

Senate inquiry

On 11-15-22, Senators Markey et al. (2022) sent a letter to
Ann Carlson, Administrator of NHTSA, about the agencies
progress in implementing the traffic safety initiatives laid
out on the Infrastructure Investment and Jobs Act’s (IIJA).
The act requires NHTSA action on the FMVSS 207 seatback
standard, child safety and eight other initiatives including
the new car assessment (NCAP) program of crash tests. It
asked for a written update by 12-15-22.

Objective

This study further analyzed field data on serious injury
(MAIS3 +F) to rear-seated children (0-14 yo, year old) and
adults (15+ yo) in rear impacts. All individual electronic
cases in NASS-CDS and CISS were evaluated for restraint
use, body region injured, mechanism of injury and crash
characteristics. The analysis provides a basis for proposing a
series of countermeasures and “thought-starters” to improve
occupant protection in rear seats in rear impacts based on
managing risks sensibly.

Methods

Analysis of 1997-2015 NASS-CDS and 2017-2020 CISS
field data

For complete details on the data analysis methods defining
rear-seated occupants in rear impacts refer to Parenteau and
Viano (2022¢) and Viano and Parenteau (2008a,b, 2016a).
The data on children 0-14 yo and adults 15+ yo was ana-
lyzed separately. Only light vehicles with 1994+ MY were
included. Rear impacts were defined as towaway vehicles
with rear impact location (GAD1="B’). Rear-seated occu-
pants were identified by SEATPOS 21, 22, 23 for the ond
row. Injury severity of each occupant was assessed using the
Maximum Abbreviated Injury Scale score (MAIS) and the
“TREATMNT” and “INJSEV” variable. Fatality was defined
as TREATMNT = 1 since it means that the occupant was
fatally injured and not transported to the hospital or the
police injury severity INJSEV = 4, which represents a fatal-
ity according to police ratings. Exposed occupants were
defined as MAIS 0-6 or a fatality using the notation MAIS
0+ F. Serious-to-fatally injured occupants were MAIS 3-6 or
fatality with notation MAIS 3 +F. Weighted data provides
estimates for the exposure and injury to rear-seated
occupants.

Individual NASS-CDS and CISS cases were downloaded
from NHTSA (www.nhtsa.gov) involving serious injury
(MAIS 3+F) to rear-seated children and adults in rear
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crashes. The crash circumstances, occupant age, height and
weight, injury type, severity and injury source were summar-
ized, and photographs of the vehicle and interior were
reviewed. Intrusion at the occupant location (second row
left, middle or right) and front seatback rotation was identi-
fied using the accident investigator’s coding (seatback prior
and post inclination) and review of photographs.

Priorities, countermeasures and “thought-starter”
concepts

Based on the mechanisms of injury to rear-seated children
and adults in rear impacts, priorities, countermeasure and
“thought-starter” concepts are proposed to improve the pro-
tection of occupants in rear impacts. The priorities, counter-
measures and concepts include crash testing, public
education campaigns, laws and regulations and new safety
concepts to improve protection of children and adults in
rear impacts with existing and future vehicles.

Results
2022 field data and electronic case reviews

Table 1 summarizes the mechanisms of injury and restraint
use with seriously injured (MAIS 3 + F), rear-seated children
and adults in rear impacts from Parenteau and Viano
(2022a). The electronic cases identified 31 children (0-14 yo)
and 43 adults (15+) seriously injured in rear impacts using
1994-2015 NASS-CDS and 2017-2020 CISS field data for
19944+ model year (MY) vehicles. The child injury cases are
summarized in Table Bl in the Appendix and the adult
injury cases in Table B2. The mechanisms of injury were
determined by review of the photographs of the vehicle and
interior and analysis of crash characteristics. Restraint use
was based on the field investigator’s determination of seat-
belt use or misuse and child seat use or misuse in the crash.
Overall, the risk for serious injury for 2™ row occupants
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was 0.93% + 0.36% in rear crashes. It was 0.76% + 0.39%
for children and 1.22% * 0.40% for adults.

On mechanisms of injury, Table 1 shows that 86.0% of
children (0-14 yo) and 67.9% of adult (15+ yo) serious
injury was related to intrusion based on weighted counts. In
most cases, the direct force of intrusion caused serious
injury in 55.3% of children and 15.3% of adults. A tractor-
trailer impacted the rear of the vehicle in 30.2 (1.1%)
weighted count (2 cases) with children and 218 (8.0%)
weighted count (3 cases) with adults. Tractor-trailer impacts
caused extreme intrusion (Parenteau and Viano 2022b). The
intrusion was sufficient to compress the occupant against
the front seat or accelerate the occupant with impact on
frontal components. Intrusion was not a factor in 14.0% of
children and 21.6% of adult serious injury. The front seat or
occupant moved rearward injuring 12.3% of children and
2.5% of adults.

On restraint use, Table 1 shows that only 17.8+7.5% of
adults were restrained by seatbelts when seriously injured.
There were 9 cases weighted to 473 count that were ejected
from the vehicle. This was 17.4% of the cases with adults
and resulted in serious injury in 10.4% of the cases by
ground contact. For children, restraint use was only
45.1+17.6% and there were several cases of improper child
seat or misuse of restraint in children <2 yo. While restraint
use was at 81.8+4.6% in adults and 82.7+3.9% in children
exposed to towaway crashes, the restraint use was signifi-
cantly lower in serious-injury crashes.

Table 2 shows the body regions seriously injured in rear-
seated occupants in rear impacts. On average, there were
3.18 serious injuries (AIS 3+) when a child was seriously
injured (MAIS 3 +F). The head (73.0%) was the most fre-
quently injured body region in children. The thorax and
abdomen (51.0%) were the most frequently injured body
region in adults, followed by the head (26.5%).

Table 3 shows the number of impacts in the collision
sequence with serious injury to rear-seated occupants in rear
impacts. For children (0-14 yo), 69.1% of the crashes
involved two or more impacts in the accident based on the

Table 1. Mechanisms of injury in rear-seated children and adults in rear impacts (modified from Parenteau and Viano 2022c).

MAIS 3 +F injury to 2™ row occupants

Children (0-14 yo)

Adults (15+ yo)

Rear impact injury mechanisms Unwgt® Wgt %Wgt Unwgt® Wgt %Wgt
Intrusion
Direct force 10 1,473 55.3% 20 1,256 46.2%
Compress into front interior 15 732 27.5% 5 417 15.3%
Accelerate into impact 2 85 3.2% 3 174 6.4%
Not Intrusion
Direct force, accel into impact 1 45 1.7% 10 519 19.1%
Front seat rearward 3 326 12.3% 1 68 2.5%
Ejec'(ionb
Ground 4 282 10.4%
Total 31 2,661 100% 43 2,716 100%
Restraint Use (%)
Injured & Exposed % se % se
MAIS 3+F 45.1% 17.6% 17.8% 7.5%
MAIS 0+ F 82.7% 3.9% 81.8% 4.6%

aSome of the groups have sample size <10 unwgt count.

P9 unwgt cases (473, 17.4% wgt cases) with ejected, unbelted adult, 4 with ground-related injury.
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Table 2. Most seriously injured body regions for rear-seated children and
adults in rear impacts (modified from Parenteau and Viano 2022c).

MAIS 3 +F injury

Rear impacts Children Adults

2" Row occupants Wat % Wgt %

Body Region AIS 3+

Wat injury count 8,472 6,595

Body region % %
Head 73.0% 26.5%
Thorax 10.5% 33.0%
Abdomen 1.5% 18.1%
LX 7.6% 12.3%
Other 7.4% 10.1%

Total 100% 100%

AIS 3+ per MAIS 3 +F

Ratio 3.18 243

Table 3. Crash characteristics with serious injury in rear-seated children and
adults in rear impacts (based on data from Parenteau and Viano 2022c).

MAIS 3 +F injury to 2" row occupants
Children (0-14 yo)

Adults (15+ yo)

Rear impact
crashes Unwgt? Wgt %Wgt Unwgt? Wgt %Wgt
# Impacts
1 1 821 30.9% 20 1,456 53.6%
2 14 1,562 58.7% 15 852 31.4%
3 6 278 10.4% 5 238 8.8%
4 1 57 2.1%
5 2 114 4.2%
Total 31 2,661 100% 43 2,716 100%
# Occupants
1° 1 9% 3.5% 0 0 0.0%
2 4 262 9.9% 5 281 10.3%
3 8 1,543 58.0% 16 977 36.0%
4 8 437 16.4% 12 927 34.1%
5 10 325 12.2% 9 483 17.8%
6 1 48 1.8%
Total 31 2,661 100% 43 2,716 100%

2Some of the groups have sample size <10 unwgt count.
PDriver outside vehicle when struck in the rear.

weighted data. For adults, 46.1% involved two or more
impacts. The occupancy of the vehicle ranged up to 6 in the
rear-impact collisions. For children, the majority (58.0%)
involved three occupants in the vehicle with 28.6% having 4
or more occupants. There was one case with a sole rear
child in a stopped vehicle, where the driver had exited the
vehicle before it was struck in the rear. For adults, there
were three (36.0%) or four (34.1%) occupants in the vehicle
with 53.7% having 4 or more occupants.

Priorities, countermeasures and concepts
Crashworthiness test to reduce intrusion

Figure 1 shows the cumulative risk for severe injury (MAIS
4+4F) of adults (154 yo) in rear impacts from Viano and
Parenteau (2022a). The analysis involved 22 years of data in
the 1994-2015 NASS-CDS. The cumulative severe injury is
separated for restrained and unrestrained occupants. The
data is provided in Table A7 in the Appendix. The 50" per-
centile crash severity is about 40km/h (25mph) for
restrained and about 24km/h (15mph) for unrestrained
occupants. For restrained occupants, 24.7% of severe injury

301 barrier
30 mph, 4,000 Ib

301R barrier
3,0151b

100%

90%
80% 1
70% r
60% 1
50% 1
40%

1IHS barrier
A 55 mph, 4,180 1b

30%
e 1994-2015 NASS-CDS
Rear Impact, All Adults
®— Restrained
—e— Unrestrained

20% 1

Cumulative % of Severe Injury (MAIS 4+F)

10% r

0% " . . . . . . . . ;
0 <10 10-15 15-20 20-25 25-30 30-35 35-40 40-45 >45mph
0 <16 16-24 24-32 32-40 40-48 48-56 56-64 64-72 >72km/h

Rear Impact Delta V

Figure 1. Cumulative % of severe injury (MAIS 4+ F) in rear impacts with dif-
ferent rear-impact barrier crashes (based on data in Viano and Parenteau
2022a).

occurred in collisions with delta V greater than 72km/h
(45mph). Equally important was that 19.9% of severely
injured occupants were in collisions with < 24km/h
(15mph). The occupants injured in low-speed rear impacts
tend to be older and with spinal degeneration, so the man-
agement of intrusion needs to consider controlling force
with sufficient space for older occupants (Viano and
Parenteau 2008d; Viano 2011; Viano et al. 2019a; Parenteau
et al. 2020a,b).

Table 4 shows rear-impact crash tests and energy transfer
with the delta V of the struck vehicle calculated by conser-
vation of momentum based on the mass of the barrier strik-
ing and four different masses 1,364, 1,591, 1,818 and
2,045kg (3,000, 3,500, 4,000 and 4,5001b) of the struck-
vehicle. The calculations included a 0.10 coefficient of resti-
tution (Viano et al. 2008).

The original FMVSS 301 involved a 48 km/h (30 mph) rear
impact by an 1,818kg (4,0001b) barrier. This results in 25.0-
30.3km/h (15.5-18.9 mph) delta V. The revision to the standard
increased the energy of the collision. FMVSS 301 R involves an
80.5km/h (50 mph) impact by a 1,368kg (3,0151b) deformable
barrier offset to the rear of the struck vehicle. The delta V is
35.5-44.3 km/h (22.0-27.5 mph) for the range of vehicle weights.
There was a significant improvement in safety with the intro-
duction of FMVSS 301 R (Viano and Parenteau 2016b).

Figure 1 shows the effect of an NCAP or consumer infor-
mation test using the ITHS high-hooded deformable barrier
impacting offset to the rear of a vehicle at 88.5km/h
(55mph). The IIHS barrier weighs 1,900kg (4,1801b) and
would result in a delta V of 46.9-56.7 km/h (29.1-35.2 mph)
in the struck vehicle. The test would increase the need for
management of collision forces by rear structures at and
above the frame rails and suspension of the vehicle. It would
reduce intrusion of the rear seatback. The current FMVSS
301R barrier has the profile of a passenger vehicle. It
involves the side-impact barrier in FMVSS 214, which is
lowered 50 mm (2”) for rear-impact tests of a vehicle. A
large fraction of striking vehicles is SUVs, trucks and trac-
tor-trailers with high front profiles that can over-ride rear
structures and deform rear seatbacks.
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Table 4. Rear impact tests and energy transfer.
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Barrier Velocity ratio Struck vehicle Mass (kg) Energy ratio
. 1,364 1,591 1,818 2,045
Crash Test Mass (kg) Velocity (km/h) KE (J) v 301 v 301R v 301 v 301R
Delta V* (km/h)
Original 301 1,818 483 163,480 1.00 0.65 303 283 26.6 25.0 1.00 0.42
1,818 56.3 222,515 1.36 0.65 354 33.0 31.0 29.2 1.85 0.42
Revised 301R 1,368 80.5 341,673 2.83 1.00 443 40.9 38.0 355 8.03 1.00
1,368 88.5 413,425 2.53 1.21 48.8 45.0 41.8 39.0 6.40 1.46
IIHS high-hood 1,900 80.5 474,546 2.90 1.39 51.5 48.2 45.2 426 8.43 1.93
1,900 88.5 574,201 3.51 1.68 56.7 53.0 49.7 46.9 12.3 2.82

?Bases on Conservation of Momentum with e =0.10 (Viano et al. 2008).

The NCAP or consumer information test with the ITHS
barrier and the current FMVSS 301 R should start measuring
vehicle dynamics in the struck vehicle and determining rear-
seat intrusion that should become a routine part of the test
report. No dynamic data on cg (center of gravity) acceleration,
yaw or pitch is collected on the struck vehicle in FMVSS
301 R, no post-test displacement of the rear seat is provided
and no CDR readout of the crash is collected from the vehicle
black box. This is a tremendous loss of information.

Tractor-trailer impacts

Viano and Parenteau (2022b) determined the type of strik-
ing vehicle or object associated with serious injury to at least
one occupant in the vehicle struck in the rear. The highest
risk for serious injury was an impact by a tractor-trailer at
2.71%. The average risk was 0.33%, so the relative risk was
8.2 times for impacts by tractor-trailer. The study concluded
that collision mitigation was necessary by automatic emer-
gency braking of tractor-trailers, since the amount of energy
in the collision was not manageable by deformation of the
struck vehicle. Table 1 shows a large fraction of rear-seat
occupant injury related to intrusion. Tractor-trailer impacts
were the cause in two cases (1.1%) with children and three
cases (8.0%) with adults. In addition to automatic braking
on tractor-trails and large vehicles, the technology should be
standard equipment on all light vehicles.

Compatibility

The case review found serious injury by intrusion of the
rear seat. In many cases, the striking vehicle over-rode rear
structures loading above the frame rails, under-rode rear
structures with floor deformation or obliquely loaded the
rear at an angle. While engagement of the rails occurred in
many cases, the structures above the rails deformed intrud-
ing the rear seatback forward. Analysis of vehicle-to-vehicle
collisions shows that when intrusion occurs, it attains the
speed of the front of the colliding vehicle while the struck
vehicle center of gravity (cg) has a gradual increase in vel-
ocity up through the delta V (Parenteau et al. 2020a,b). The
intrusion occurs early without much movement of the
vehicle or occupants. It involves direct, high-speed loading
of the occupant adjacent to the intrusion and vehicle

deformation. The compatibility of front and rear structures
remains important to minimize rear-seat intrusion, because
rear impacts often involve offset, over-ride or under-ride
and PDOF that is not colinear.

Public education, proper use of seatbelts and child
seats, warnings

Rear-seated adults used seatbelts only 17.8+7.5% of the
time when seriously injured (MAIS 3+ F) in rear impacts.
The use rate was 81.8 +4.6% for adults exposed to tow-away
crashes (Table 1). The very low use rate in serious injury
crashes needs to be addressed. A multi-pronged approach
should include public education about the importance of
restraint use in all seating positions, warning alerts when
rear-seated occupants are not buckled, improved access and
convenience of belts in rear seats and state laws requiring
adults to use seatbelts in rear seats.

Only 45.1+17.6% of rear-seated children were restrained
when seriously injured (MAIS 3+F) in rear impacts. The
use rate was 82.7+3.9% for children exposed to tow-away
crashes (Table 1). Seven out 14 children up to 2 yo (17.2%
of the weighted sample) were either in the wrong child
safety seat or improperly restrained. Proper restraint use is
important in infants and toddlers. Public education needs to
reinforce the correct choice of child seat and the proper
installation of the seat in the vehicle and child in the seat.
The campaigns should emphasize areas of low socioeco-
nomic status (SES). Children 3-5 yo were in the proper child
seat and were restrained. Older children were frequently
unrestrained or the investigator could not determine
restraint use. Improving proper restraint use by children is
important. Public education, state laws and other efforts
need to address the improper choice of child seat, improper
or nonuse of restraints for young children in rear seats.

Older vehicles

Figure 2 shows the cumulative age of vehicles with serious
injury (MAIS 3+F) to rear-seated children and adults in
rear impacts. It also includes the cumulative age of vehicles
in the 2020 FARS. FARS shows that more than half of
vehicles involved in fatal crashes are over 10years old. In
2010, NASS-CDS and CISS stopped in-depth investigation
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of vehicles over 10years old (NHTSA 2010a). The child
injuries in rear impacts follows the age of vehicles in FARS
until the vehicles are 8years old and then it jumps to over
70% because there are only a few vehicles over 10 yo in the
sample. NASS-CDS and CISS distort the understanding of
field accidents by not investigating a sample of all vehicles
in use on US roads. The adult rear crashes follow a similar
trend in vehicle age. Older vehicles are an important part of
crash injuries in the US. The older vehicles are often driven
by those with lower SES. These occupants have lower
restraint use and higher misuse of child safety seats.

NASS-CDS stopped coding information on vehicles more
than 10years old in 2010. The current CISS includes only
newer vehicles, excluding vehicles over 10years old from in-
depth investigation. This deprives researchers of an important
stratum of traffic injuries. While FARS maintains information
on all vehicle years, there is no in-depth analysis of the crash
or injuries. NHTSA should rescind their decision and should
again have investigators analyze all vehicle ages in CISS.
Parenteau et al. (2022) showed the importance of older
vehicles in an analysis of child deaths in 1990-2019 FARS.
The fatal crash data showed that 59 + 7% of child deaths from
2010-2019 were in vehicles over 10 years old. Only 21 + 9% of
child deaths were in vehicles less 5 years old.

A curve was fit to the percent involvement (I) in fatal
crashes by vehicle age from 1-20 yo (years old) in the 2020
FARS (Figure 2). There was a linear increase in vehicle age
involved in fatal crashes with I=4.48+1.50%/yr, R> =
0.9992 up to about 20 yo vehicles and then a tail-off with
older vehicles. Less than half of fatal crashes involve vehicles
up to 10 yo, similar to Parenteau et al. (2022).

Interior head impacts

FMVSS 201 was modified in 1995 with a phase-in of new
requirements in FMVSS 201U from 1999-2003 (NHTSA
1995a,b,c). A “free motion” headform impact at 24km/h
(15 mph) was required on the upper interior above the belt-
line for front, side and rear interior locations. The Head
Injury Criterion HIC(d) was defined using the triaxial acceler-
ation of the head limiting it to 1000 for any 36 ms duration.
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Figure 2. Cumulative % of vehicles with serious injury (MAIS 3+F) to rear-

seated occupants and vehicle age in the 2020 FARS (MAIS 3 + F data based on
Parenteau and Viano 2022c¢).

Table 2 shows that 73.0% of serious injury to children
involves a head impact. The sources are the front seatback,
side interior and B-pillar area below the beltline. The add-
ition of a FMVSS 201 L for areas below the beltline in the
rear interior would lower injury risks for children. The test
should involve a 6 yo Hybrid III headform with scaled
requirements following the FMVSS 201U procedures with
specified impact locations and angles on the rear interior
below the beltline. This recommendation was first made in
2003 (Parenteau and Viano 2003b).

Ejection

FMVSS 226 addresses ejection mitigation to reduce partial
and complete ejection of vehicle occupants through side
windows in crashes, particularly rollover crashes. The final
rule phased-in requirements starting in September 1, 2013.
The regulation involves a body-form impact. It limits the
distance beyond the plane of a window for impacts at four
locations and two time intervals following deployment of a
side curtain.

The standard is particularly important for unbelted, rear-
seat adults in rear impacts shown in Table 1. Only
17.8+7.5% of rear-seated adults were restrained in the sam-
ple of serious injury (MAIS 3 +F). 17.4% of the weighted
adult count were ejected from the vehicle with 10.4% experi-
encing injury on ground contact. It would be useful to ana-
lyze the 74 rear impacts with 31 children and 43 adults to
determine if the ejection mitigation technology would have
deployed and been effective in the accidents. If not, the trig-
gering logic should include rear impacts above a threshold
severity. With 73.0% head injuries in children and 26.5%
head injuries in adults, the deployment of side curtains
needs to occur in severe rear impacts; otherwise, the ejection
mitigation technology is not deployed to contain rear occu-
pants in rear impacts.

Front seat strength

Rotation of the front seatback rearward was the source of
serious injury (MAIS 3+F) in 12.3% of children and 2.5%
of adults in 2™ row seats in rear impacts. There has been a
steady increase in the strength of seats with the 2010 revi-
sion to FMVSS 202 that increased the height and reduced
the gap behind the head of front occupants (NHTSA 2010b;
Viano and White 2016). Figure 3 shows the peak moment
and standard deviation of single recliner, dual recliner and
ABTS seats in body block tests by decade of the vehicle MY.
The data updates the chart in Viano and White (2016).
Seats in the 2010 MY decade are dual recliner designs with
an average strength of 3,258 £ 827 Nm (28,830 £7,314 inlb).
There has been a steady increase in strength since the 1970s
along with the transition from single-side to dual recliners.
ABTS seats are used in specialty vehicles without a B-pillar
or vehicles with other design constraints. They are typically
single recliner seats and their strength has declined since the
1990s.
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Figure 3. Peak moment and standard deviation in body block tests of single
recliner, dual recliner and ABTS seats by decade of vehicle MY (updated from
Viano and White 2016).

Viano et al. (2021a) evaluated very strong seats in severe
rear impacts with the 5 female, 50™ male and 95" male
Hybrid III dummy. The seats were dual recliner ABTS designs
either production or modified designs. A production dual
recliner ABTS had a strength of 7,213 Nm (63,827 inlb) in a
body block test. A modified Sebring ABTS with dual recliners
had a strength of 7,598 Nm (67,229 inlb) in a FRED III test.
The body block and FRED II test methods have been
described (Viano and White 2016; Viano et al. 2019b). Dual
recliner ABTS seats remained relatively upright accelerating
the 5™ female forward with forces above tolerance in high-
speed rear impacts. The lower neck Nij and extension
moment, lower neck shear upper neck Nij, upper neck tension
and the HIC;4 were above tolerance with responses up to
245% of IARV. The testing shows the need for ride-down dis-
tance or yielding of the seatback to accelerate smaller occu-
pants forward more gradually with upright seats.

It is possible to design very strong seats, but there is a need
for ride-down distance by compliance of the seatback (Viano
et al. 2021a). However, the seat needs to be low stiffness
(Viano 2003d). This is difficult with limited space in the seat-
back that accommodates a side airbag on the outboard side of
the seat frame, lumbar support mechanisms and suspension-
support structures among other components. This points to a
drawback in the design of very strong conventional and ABTS
seats. All designs support the occupant by loads on the seat-
back in a rear impact with forces and moments acting across
recliners attached to the cushion frame. All of the restraining
loads act across the recliners.

Perimeter frame seats

Pocketing of the occupant into the seatback was a hallmark of
the high retention seat that is widely used today (Viano 2002).
The high retention seat replaced seatback rotation by pocket-
ing to provide yielding or ride-down distance for the occu-
pant. The seats were stronger than earlier models and
included a higher and more forward head restraint to support
the head and neck in rear impacts. The perimeter frame
design used a strong frame structure with an open seatback to
allow pocketing. Any component in the seatback had to be
deformable so the occupant could pocket. The pocketing
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increased retention of the occupant by increase friction forces
to include plowing restraint to reduce ramping.

Most modern seats use dual recliners with a x-tube
between the inboard and outboard recliners. Over time
structures have been added around the x-tube that are stiff
and not deformable by the occupant in a rear impact. These
structures limit pocketing and cause the occupant to ramp
early in rear impacts. This is not a favorable kinematic
because once ramping starts, it is difficult to stop the sliding
up the seatback. It would be beneficial to use a Bowden
cable or flexible connection between the recliners that does
not impede the pelvis pocketing into the seatback.

Seats in use today often have multiple adjustments for
the seat cushion, tracks and seatback. Whatever upgraded
testing occurs, it would be useful to ensure seat performance
over the range of adjustability. FMVSS 209 and 210 need to
be understood as revisions to seatbelts are made to obtain
early restraint in rear impacts. The current geometric
requirements were developed for frontal crash restraint.
There needs to be flexibility to modify seatbelt anchors and
geometry for rear impacts.

Occupant kinematic

NHTSA (2004a) terminated rulemaking on FMVSS 207 seat-
ing systems. They concluded that “improving seating system
performance is more complex than simply increasing the
strength of the seatback. A proper balance in seatback
strength and compatible interaction with head restraints and
seatbelts must be obtained to optimize injury mitigation.
Comprehensive information needed to determine that
proper balance is not available, although there has been
work on pieces of the problem.”

The occupant can ramp up the seatback with increasing
seatback rotation. Ramping is the sliding of the occupant’s
hip, torso, head and neck up the seatback. This displaces
the head above the head restraint increasing extension of
the neck. With sufficient ramping, the occupant contacts the
rear seat or an occupant in the 2™ row. Sled testing has
shown that modern seats provide very low biomechanical
responses in comparison to IARV for testing up to 40 km/h
(25 mph) rear delta V (Viano et al. 2018). As the severity of
the impact increases to higher delta V, the occupant starts
to ramp. There are no kinematic controls to guide the pre-
ferred movement of the occupant in a severe rear impact.

Adomeit and Heger (1975) and Adomeit (1977, 1979)
defined motion sequence criteria for favorable and unfavor-
able occupant kinematics by lap-shoulder belts and seat
restraint in frontal crashes. The criteria guided the develop-
ment of occupant restraints and led to the design of anti-
submarining ramps in the front of the seat cushion, belt
pretensioners and load limiters. The motion sequence crite-
ria for favorable kinematics included the torso leaning for-
ward of vertical to ensure belt loads on the shoulder and no
rearward rotation of the hip as it displaced forward and
downward. This ensured the lap belt did not migrate up
onto the abdomen causing submarining.
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Viano (2022a) extended the motion sequence criteria
(MSC) to control occupant kinematics in rear impacts. Figure
Al in the Appendix shows the criteria, which include 1) lim-
iting the angle of the torso («) rearward of vertical to less
than the critical angle («.) for ramping up the seatback and
2) H-pt displacement rearward and downward, so zp, <
Zupio» Where Zyy,o is the initial height of the H-pt. The lateral
displacement of the occupant is 3) limited to less than the
critical lateral displacement yr;., where the head becomes
unsupported by the head restraint or the chest by the seat-
back. The rear MSC aim to contain the pelvis on the seat and
provide uniform support of the torso, head and neck.

Anti-ramping guide

Figure Al shows favorable kinematics in a rear impact that
may be achieved over a wider range of crash severities by an
anti-ramping guide in the seat cushion frame that directs
the hip rearward and downward. The guide provides a load
path for the lower torso of the occupant to the seat cushion
frame, diverting load from the seatback above the recliners.
This lowers the moment supported by the recliners as loads
on the guide and seat cushion frame restrain the hips, legs
and lower torso. The anti-ramping guide is composed of a
shell contoured to the back and bottom of the pelvis and
deformable brackets attaching the shell to the cushion frame.
The brackets deform allowing the anti-ramping guide to dis-
place along a rearward and downward trajectory. The guide
requires an open seatback frame or deformable components
in the lower seatback that allow the occupant to pocket and
displace with the guide. The displacement provides ride-down
to gradually accelerate the occupant through the rear delta V.

Seat component strength

Figure 3 shows that seats in use today are stronger than earlier
designs. In the 1990s, the average strength of a dual recliner
seats was 1,990 + 541 Nm (17,609 + 4,788 inlb). By 2010s, the
average strength was 3,258 £827Nm (28,830+7,314 inlb).
There was a 63.7% increase in moment strength. With the
increased strength, the seatback remains upright in higher
severity crashes and transfers higher loads to the occupant. This
means higher loads are applied to components of newer seats.

There are several standards for seat components that
have not been revised from the early issuances of FMVSS
standards. It is appropriate to increase the requirements in
the standards to ensure that the head restraint remains on
the seat in rear impacts and is strong enough to support
higher loads from the occupant. This would require revi-
sions to FMVSS 201 and 202. FMVSS 207 was originally
promulgated as a seat anchor standard, but today it is
viewed as a seat strength requirement. The 373 Nm (3,300
inlb) has been surpassed by seats since the 1960s. The stand-
ard should update the requirements for seat anchors to the
vehicle floor, adjusters that change seat position on the
tracks, frame structures and recliners. They need to be
sturdy for the higher forces on the occupant in severe rear
impacts.

The FMVSS 207 standard involves loading an untrimmed
seat on a rigid bedplate. It would be appropriate to upgrade the
test using a fully trimmed seat with some type of body form
that has contours and weight of the seated occupant. Several
quasi-static test methods have been used that ensure the weight
of the occupant on the seat and the shape of the pelvis and
torso during the rear loading. Burnett et al. (2022) reviewed the
available quasistatic methods and provides background on the
evaluation of seats with occupant loading. FRED was a reason-
able test method (Viano et al. 2019b). Whatever test is required
should involve loading the seatback to 70-75 deg rearward of
vertical. Most of the current procedures provide strength data
only from the design seatback angle to about 45-50 deg. Field
accidents show crashes with large seatback rotation, so the
energy management from 50-70 deg should be included in any
required evaluation. Quasistatic testing is important during the
development of a seat and provides the initial evaluation of a
seat design and components for energy management and
deformation modes. This sets the stage for sled and crash test-
ing during the vehicle development.

The raising and moving forward of the head restraint was
one of the requirements for increasing the strength of front
seats (Viano 2002, 2008). The higher height and small gap of
head restraints improved the support of the head and neck
with the seatback more upright in rear impacts. The transition
to higher and more forward head restraints was aided by ITHS
safety ratings for static and dynamic performance of head
restraints in a low-speed rear sled test with the BioRID dummy
(ITHS 2019). NHTSA (2010b) upgraded the requirements of
head restraint on front seats, and rear seats if used. This
required static positioning for the height and gap behind the
head and dynamic performance in a rear sled with the Hybrid
II dummy. The improved position has caused the front of the
head restraint to protrude forward of the seatback with the
reduced gap behind the head. A further revision is needed to
ensure that the head restraint posts and guides in the seatback
are strong enough to maintain the head restraint on the seat in
a severe rear impact. With higher forces on the head restraint
and ramping of front occupants, the head restraint is lifted by
the occupant’s back and shoulders and guide components
break. This can allow the head restraint to pull off the seat.

Seatbelts

Field accident studies have found significant effectiveness of
seatbelts in preventing death and injury in rear crashes
(Strother and James 1987; Evans 1991; Kahane 2000, 2015;
Viano and Parenteau 2010, 2022a). Evans and Frick (1988)
used the double-pair comparison method and found seat-
belts were 49+14% effective in preventing fatal injury in
rear impacts and 22+ 1% effective in preventing driver ejec-
tion. In contrast, sled testing up to 40.2km/h (25mph)
show that modern seats provide essentially all the occupant
restraint with minimal loads in the lap and shoulder belts
until later during rebound (Viano et al. 2012, 2021b). This
indicates that the effectiveness of belts occurs later in the
crash with movement of the occupant that is not seen in
40.2km/h (25mph) sled tests. Front seatbelts need to be
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redesigned to provide restraint of rearward movement of an
occupant early in rear impacts by changes in the lap-belt
angle or other webbing configurations.

Rear-impact pretensioner

Viano (2022b) analyzed the lack of restraint provided by lap-
shoulder belts in rear impacts with and without pretensioning.
The geometry of the lap belt involves and angle (0) up from
the floor as it wraps forward and around the pelvis (Figure
A2). The angle is less than 90deg by design to pull the hips
down into the anti-submarining ramp in a frontal impact. In a
rear impact, the angle cannot provide restraint of the rearward
movement of the occupant until the angle is greater than
90 deg and tension develops in the webbing to resist rearward
movement of the occupant. This is very late in the crash and
helps explain the lack of restraint in rear impacts with or with-
out pretensioning of the seatbelt on 40.2km/h (25mph) tests
(Viano et al. 2012, 2021b).

A different geometry for the lap belt is need to restrain the
occupant early in a rear crash. Viano (2022b) offered thoughts
on ways to provide early restraint by the lap belt. Figure A2
shows a concept that involves a rear-impact pretensioner that
dynamically moves the lap-belt anchor forward and upward
while tightening the belts on the occupant in a rear impact.
The anchor movement with a rear pretensioner provides a
lap-belt angle greater than 0=90deg before the occupant
starts moving rearward in a rear impact. A rear pretensioner
also changes the arc of the lap belt by dynamically moving the
anchor up and forward while tightening the belt early in a
rear impact. With the change in belt geometry, the lap belt
restrains rearward movement of the occupant and pulls the
hip down early in a rear impact into an anti-ramping guide.

Wrap-around lap belt

Another concept for early lap-belt restraint involves a wrap-
around lap belt that has webbing that wraps rearward around
the hips, so the occupant moves into the webbing in a rear
impact. Figure A3 shows extra webbing that wraps rearward
around the back of the occupant’s hip. In a rear impact, the
occupant moves rearward tightening the extra webbing, which
is anchored to the seat frame and resists rearward movement of
the occupant. The extra webbing can be integrated in the seat-
back trim and can be a net with larger area supporting the back
and hips of the occupant in a rear impact. With the extra web-
bing anchored to the seat cushion frame, the restraining loads
are not acting across the seatback recliners. This lowers the
load on the seatback. In a rear impact, the hip moves into the
wrap-around belt, which increases tension in the webbing and
restrains the hip by forces in the webbing anchored to the cush-
ion frame. This is a second approach to getting belt restraint
early in rear impacts and lowering the forces on the seat.

Guarding the area around a rear-seated child

Table 1 shows that 27.5% of serious injury (MAIS 3 +F) to
rear-seated children is by intrusion compressing them
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against the front seat. The mechanism is the cause of 15.3%
of adult injury. Table 1 also shows that rotation of the front
seatback rearward into a child caused 12.3% of serious
injury. It was associated with only 2.5% of adult injury.
Focusing on children, these mechanisms point to a need of
guarding the area around the child, providing room around
them and their child safety seat. The guarding would lower
risk of being compressed into interior components and
would block rotation of the front seat rearward into a child.
Viano and Parenteau (2008b) discussed protecting the space
around the child with a ring structure that was compatible
with child seats to improve the safety of rear-seated children
in severe rear crashes. While there is pressure to increase
the strength of front seats to address rearward rotation of
the seatback, any design change in seats would involve a
lengthy phase-in to future vehicles.

The notion that front seats have to be strengthened to
protect rear-seated children is not supported by the field
data in NASS-CDS and CISS. Stronger seats would require
years to phase into production and would not address the
millions of vehicles on the road today with children riding
in rear seats. Stronger front seats would increase the forces
compressing the child with intrusion pushing them forward.

An important factor is the high fraction of older vehicles
involved in serious-to-fatal injury to rear-seated children. Any
design change in seat strength would require decades to transi-
tion into vehicles on the road. Parenteau et al. (2022) found
59% + 7% of child fatalities in rear impacts was in vehicles 10
or more years old. There is a need to consider countermeasures
that work in existing vehicles on the road, as well as improving
future vehicles and risk-disbenefit if stiffness increases.

Wrap-around shield or ring structure

One safety approach is to guard the area around the child
by a ring structure that prevents the child from being
crushed by intrusion pushing them into front seats or the
front seat or occupant moving rearward into the child. The
ring structure would fit existing and future vehicles with
front seats of any type or strength. It would be an after-mar-
ket component. The ring structure can be used when there
is a child in the rear seat and can be stowed if there isn’t a
child in the vehicle. It can be moved from vehicle to vehicle.

One possible concept is a ring structure or wrap-around
shield shown in Figure A4. It can be used in existing and
future vehicles with the consent of parents. It would provide
wrap-around protection for a rear-seated child in rear impacts
and other crashes. The primary mechanism for serious injury
to rear-seated children is intrusion in rear impacts that dir-
ectly injure the child or compress them into front compo-
nents. Another mechanism is the front seatback rotating
rearward into the child and child seat. The ring structure
would block rearward rotation of the front seatback. It would
accommodate existing child seats and would be compatible
with rear seats of vehicles on the road today. The ring struc-
ture attaches to the LATCH anchors in the rear seat and
shares the anchor with the tethers for the child seat NHTSA
2003, 2004b).
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Figure A4 (side view) shows the wrap-around ring brac-
ing against the front seat and providing protected space in
front of the child and child seat. The ring structure provides
space so the child is not crushed between the rear seat intru-
sion and front interior. It also provides a brace to limit the
rearward rotation of the front seatback. This would prevent
the front seatback from rotating rearward into the child by
supporting the seatback and limiting its rearward rotation to
an angle not sufficient to contact the child or allow the front
occupant to ramp up the seatback. This would prevent the
front-seatback or front-occupant contacting the child in the
rear seat. Another purpose would be to prevent crushing
loads on a rear-seated child when intrusion of the rear seat-
back occurs in a crash. The ring is strong enough to main-
tain a perimeter around the child as they are pushed forward
into the front seat. The ring is strong enough to push the
front seatback forward with severe rear intrusion maintaining
survival space around the child. Both purposes are to reduce
the risk of serious injury to rear-seated children by maintain-
ing survival space around the child in rear impacts.

Figure A4 (top view) shows the wrap-around ring with
protected space around the child and child seat. The ring
structure fits around the child, rear-facing child seat, for-
ward-facing child seat, convertible child seat or booster seat
with a gap around the seated child. The ring structure has
ample strength to resist collapse when the forces of a crash
displace it into the front seatback or the front seat rotates
rearward toward the child. The ring structure attaches to the
LATCH anchors at the bight of the rear seat and is braced
against the front seatback by telescoping forward to main-
tain a stable position with space around the child in a crash.

The front of the ring extends forward to meet the front seat-
back. The extension accommodates different rear-seat packag-
ing and the track and comfort adjustments of the front seat.
The ring structure can be connected to the front seat at the
head restraint in the seatback or by another fixing to the front
seat. The connection adds stability to the position of the ring
or shield. The ring can have an arm that extends up the rear
seatback to further stabilize it in use and during a crash. While
many details of concept need to be evaluated, the approach is
offered as a “thought-starter” for what is possible for use in
existing vehicles to improve safety of rear-seat children with
high usage of rear seats (Viano and Parenteau 2021).

Discussion
Crashworthiness test to reduce intrusion

FMVSS 301 assesses fuel system integrity. It originally con-
sisted of a 48.3km/h (30 mph) rear impact test with an
1,818kg (4,0001b) rigid barrier (Table 4). FMVSS 301 R
involves a more severe offset impact using a lighter deform-
able barrier (ODB) weighing 1,368 kg (3,0151b) and a higher
test speed of 80.5km/h (50 mph) with 70% offset (NHTSA
2003). FMVSS 301R has 2.83-times more kinetic energy
than the original standard and the offset loading of the rear
structures caused more vehicle deformation on the struck
side. The phased-in of FMVSS 301 R started September 1,
2006 with a required production percentage of 40%, 70%,

and 100% by MY. Vehicles manufactured after September 1,
2008 (2009 MY) had to comply.

FMVSS 301 R reduced the risk of fatal injury. Viano and
Parenteau (2016b) analyzed FARS and NASS-CDS data for
light vehicles involving non-rollover, rear impacts. The data
was analyzed by model year (MY) groups: 1996-2001, 2002-
2007 and 2008+ to represent the years prior to, during the
phase-in and post-revision phase-in of FMVSS 301. The fatal-
ity risk was 20.6% in the 1996-2001, 17.3% in the 2002-2007
and 15.0% in the 2008+ MY vehicles using FARS with the ini-
tial crash direction variable IMPACT1) to the rear. There was
a 27.1% reduction in risk with 20084+ MY vehicles manufac-
tured after the revision to FMVSS 301. The NASS-CDS ana-
lysis showed that the risk for severe-fatal injury (MAIS 4 + F)
was 0.27 £0.05% for 1996-2001, 0.30% + 0.13% for 2002-2007
and 0.08 £0.04% for 20084+ MY year vehicles. There was a
70.2% reduction in the risk for severe injury with 20084+ MY
vehicles. The revision to FMVSS 301 has reduced the risk of
fatal and severe injury in 2008+ MY vehicles. Rear structures
have improved in comparison to the earlier models tested by
NHTSA (Parenteau et al. 2020a,b). It is not possible to parse
the effects of other design changes in seats and restraint sys-
tems that also increased safety over the study years.

NHTSA improved occupant protection with FMVSS
301 R. The rear structures of vehicles were strengthened for
FMVSS 301 R reducing intrusion of the rear occupant com-
partment in severe rear impacts. This has preserved space in
rear seats increasing the severity of rear crashes where intru-
sion pushes the rear-seat forward. Parenteau and Viano
(2020, 2022¢) found intrusion remained the primary source
of serious injury in rear impacts, even as rear structures
have improved, so further improvements are needed.

A rear NCAP or Consumer test is proposed that would
have higher impact energy and a higher front profile of the
deformable barrier than in FMVSS 301 R. It could use the
ITHS high-hood barrier that weighs 1,900kg (4,1801b)
impacting the rear of a vehicle at 88.5km/h (55mph). The
front profile of the barrier is higher than FMVSS 301 R and
better represents a truck or SUV (ITHS 2020). Many field acci-
dents also involve over-ride, which engage different structures
on the struck vehicle than engaged with FMVSS 301 R. The
test would involve 2.80-times more energy than with FMVSS
301R test and would have 12.3-times the energy as the ori-
ginal FMVSS 301 (Table 4). The combination of high front
profile and energy would load rear structures and lead to a
reduction in intrusion in vehicles that comply. The test should
involve four, instrumented crash test dummies, such as two
adults in the front seats and two children in 2™ row seats, a 3
yo Hybrid III in a forward-facing child seat behind the driver
and a 6 yo either in the vehicle lap-shoulder belts or on a
booster seat behind the right-front passenger.

Next generation high retention seats

High retention seats were developed in the 1990s to a target
energy transfer of 2,000] (1,475 ftlb) in a quasistatic seat test
(QST), which represented the 50t Hybrid III in a 31.4km/h
(19.5 mph) rear delta V. That crash severity was the average
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of 10 GM passenger cars in a due-care 35mph rear FMVSS
301 impact (Viano 2002). The final design was tested to
15.4km/h (22 mph) with an unbelted occupant, which repre-
sented 2,708 (1,996 ftlb) energy transfer to a 50t Hybrid III
dummy. The energy transfer capability of 19 high retention
seat was 3,229 + 6517 (2,374 + 480 ftlb) with seatback rotation
up to 60deg in Appendix QST from Viano (2002, 2003a,c).
One goal of high retention seats was to retain an unbelted
Hybrid IIT on the seat in crashes up to 30.6km/h (19 mph).
Pocketing the pelvis into the seatback improved retention.
The high retention seat retained the belted Hybrid III on the
seat with seatback angles of 65-70 deg (Viano 2002). The seat
also included a higher and more forward head restraint to
ensure support of the head and neck.

High retention seats were first introduced in the 1997
Pontiac Grand Prix and 1997 Chevrolet Malibu, among
others. They have been found effective in preventing fatal
injury in rear crashes. GM converted its fleet to high retention
seats from 1997-2002. Starting in 1999, there was a migration
by the industry to high retention seat designs. Most manufac-
turers have adopted them today. Viano (2003b) analyzed
1991-2000 FARS data to assess the safety performance trends
in the first four years of high retention seats in preventing
fatalities. The 1991-2000 FARS analysis showed that high-
retention seats reduced the odds of fatal injury by 30.4%
(0.9%-51.1%, p < 0.05) when compared to baseline seats.

Viano and Parenteau (2015a) updated the analysis by add-
ing 8 years of FARS data. The fatality risk was 16.6% in high
retention seats and 27.1% in baseline seats. The reduction in
odds for fatal injury was 46.3% (39.3-52.4 CI) with high reten-
tion seats. The reduction was statistically significant with
2=9.982, p <0.0001. Viano and Parenteau (2015b) repeated
the 2014 study using 2001-2008 NASS-CDS and found that the
odds for fatality were 46.8% (39.8%-53.0%, 95% confidence
interval, z=10.001, p <0.0001) lower with high retention
seats. They also found a trend for lower serious injury.

Anti-ramping guide

A next generation high retention seat should include load
paths to the seat cushion frame during restraint of an occu-
pant in rear impacts. This would lower forces and moments
acting on the recliners and lower seatback rotation. One
concept is to include an anti-ramping guide that supports
the pelvis and is attached the seat cushion frame by deform-
able brackets. The anti-ramping guide provides a load path
the to the seat cushion diverting forces that normally act
across the recliners. The guide would direct the motion of
the pelvis rearward and downward to better support the
head and neck by the head restraint and reduce ramping.
The idea of further strengthening recliners in the seat does
not provide an approach to control motion of the hip.

Motion sequence criteria

The benefits of anti-submarining ramp in the front of the
seat are well known in frontal crashes. A similar concept
such as the anti-ramping guide is needed to control hip
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motion in rear impacts. The use of motion sequence criteria
(MSC) would help during the development and validation
of seats in rear impact testing. It will lead to seat designs
with more favorable occupant kinematics and less ramping
in high-speed rear impacts.

Changes to front seats need to consider front-occupant
protection

Any changes to front seats need to consider two new
injury mechanisms that have appeared with the introduc-
tion of stronger front seats over the past 20years (Viano
2011; Viano and White 2016; Viano et al. 2019a). New
injury mechanisms have emerged in field accidents with
seats that remain upright in rear impacts. One mechanism
is hyper-extension around the upright seatback frame caus-
ing fracture-dislocation of the thoracic spine. Viano (2011)
identified four cases of the upper body hyper-extending
rearward around the frame of the seatback. The fractures
were very severe and often involved complete transection
of the thoracic spine. The thoracic spine (T-spine)
extended around the frame of the seatback, which concen-
trated forces on the spine, acted as a fulcrum and caused
hyper-extension fracture-dislocations.

Another mechanism is spinal fracture of occupants who
remain in the seat and experiences forces on the chest that
extend the spine and exceed their tolerance. Viano et al.
(2019a) identified extension fractures of the thoracic spine
with the occupant remaining in the seat during a rear
impact. The head, neck and shoulder moved rearward load-
ing the upper seatback and head restraint as the occupant
was accelerated forward. The forces on the spine were suffi-
cient to try and extend the thoracic spine. In an occupant
with DISH and other calcifications of the spine, the spine
tried to extend but fractured near the apex of the thoracic
kyphosis. The two mechanisms of injury involved older
occupants with spinal disorders. The spinal fractures
occurred in low-to-moderate speed rear impacts and were
related to the lower tolerance of older occupants. Increasing
the strength of front seats needs to consider the downside
risks by stiffening front seats. It would increase the stiffness
of the seat and increase forces on the occupant accelerating
them up through the delta V, when lowering the stiffness is
needed.

The T-spine injuries occur in low-speed rear impacts. In
contrast, the intrusion mechanism injuries occur in high-
speed impacts. The exposures are very different. Table A7
shows the exposure and severe injury in rear impacts by
delta V. For belted occupants, 88.8% of exposure to towaway
crashes occurs for delta V <32km/h (20 mph). In contrast,
only 0.36% of exposure occurs for crashes with > 64km/h
(40 mph). For severe injury (MAIS 4+ F) to belted occu-
pants, 21.7% of exposure involves crashes with delta
V < 32km/h (20 mph) and 26.2% occurs for crashes with >
64km/h (40mph). The mechanisms of injury are different
in very low- and very high-speed rear impacts (Viano and
Parenteau 2008d). There are other downsides with ABTS
(White et al. 2019).
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Seatbelt restraint early in rear impacts

Sled testing up to 40.3km/h (25mph) delta V showed no
early lap-belt restraint of the rearward movement of the
occupant with or without pretensioning. Viano et al. (2012)
reported on two rear sled tests with a 2008 F-150 buck and
driver seat. The first test (H31208) involved the production
lap-shoulder belts and the second test (H31209) involved
buckle pretensioning at 20 ms. Except for a spike in lap-belt
load with pretensioning, the belts provided essentially no
restraint of the rearward movement of the dummy. Viano
et al. (2021b) next reported on three rear sled tests with a
2016 Ford Escape buck and driver seat. The first test
(H41148) involved the production lap-shoulder belts, the
second test (H41149) involved retractor and anchor preten-
sioning at 60ms and the third test (H41150) involved
retractor pretensioning at 60 ms. Again, except for spikes in
seatbelt load with pretensioning, the belts provided essen-
tially no restraint of the rearward movement of the dummy.

Rear-impact pretensioner

Viano (2022b) analyzed the lack of restraint by seatbelts
with and without pretensioning and determined the lack of
restraint was due to an unfavorable angle of the lap belt.
Figure A2 shows that with the lap-belt angle less than
90deg, there is no direction of force to restrain rearward
movement of the occupant. The angle must to be >90deg
for a component of load in the belt to resist rearward move-
ment. The rearward restraint increases with angles >90 deg
and lap belt load. A rear impact pretensioner was designed
to dynamically move the lap-belt anchors forward and
upward to give a lap belt angle >90 deg before the occupant
starts moving rearward. With this orientation, tension in the
lap belt resists rearward movement of the occupant.

Wrap-around lap belt

Figure A3 shows extra webbing that wraps rearward around
the occupant’s hip. In a rear impact, the occupant moves
rearward tightening the wrap-around webbing, which is
anchored to the seat frame and resists rearward movement
of the occupant. With the webbing anchored to the seat
cushion frame, the restraining loads are not acting across
the seatback recliners lowering loads on the seatback and
providing early restraining forces on the occupant.

Interior head impacts below the beltline

FMVSS 201 originally addressed head impacts with the
instrument panel, seatback, glove box, sunvisor and armrest
(NHTSA 1992; Kahane and Tarbet 2006). FMVSS 201 was
upgraded in 1995 (NHTSA final rule 1995a,b,c) to include
locations for head contact with the vehicle’s front, side, rear
and upper interior above the beltline. FMVSS 201 U involved
more impact locations on the front, side and rear of the inter-
ior above the beltline. The standard involved a 24.1km/h
(15mph) impact with an instrumented headform based on

the Hybrid IIT that was called FMH (free motion headform).
The head response requirements were also modified. The ori-
ginal requirement was an 80g limit for 3 ms head acceler-
ation. In the revised requirement, the Head Injury Criterion
HIC(d) was limited to 1000 for any 36 ms period. FMVSS
201U phased-in from 1999 to 2003 model year with 10% for
1999 MY, 25% for 2000 MY, 40% for 2001 MY, 70% for 2002
MY, 100% for 2003 MY. The revision was modified to include
a pole impact test option for vehicles equipped with head air-
bags, generally curtain airbags. The test consisted of a
29.0km/h (18 mph) right-angled impact with a 25.4cm (10”)
diameter pole. If chosen, the vehicle must be tested with an
undeployed airbag. In return, the vehicle could meet the
interior impact requirements with the free motion headform
at a lower impact speed of 19.3km/h (12mph) for areas
within 2” (50 mm) of the curtain airbag coverage.

Table 2 shows that 73.0% of serious injury to children
involves a head impact. The sources are the front seatback,
side interior and B-pillar area below the beltline. An exten-
sion of FMVSS 201U is proposed to address area of rear
seats below the beltline. A FMVSS 201L would involve a 6
yo Hybrid III headform with scaled requirements following
the FMVSS 201 U procedures with specified impact locations
and angles on the rear interior below the beltline. This rec-
ommendation was first made in 2003 (Parenteau and Viano
2003b). The standard would lower head injury risks for chil-
dren in areas of the rear interior not covered by a standard.
FMVSS 201L would improve padding for interior surfaces
struck by rear-seated children. This would include areas
below the beltline in rear seat areas. Arbogast et al. (2012)
tested the back of front seats because they were a likely con-
tact for rear-seated children in frontal impacts.

Guarding the space around the child
Universal attachments for child seats, ISOFix and LATCH

In 1972, the Federal standard for child seat tethering involved
a static pull test specified in FMVSS 213. In 1981, FMVSS
213-80 was revised and included a sled test that specified an
81.3 cm (32”) limit on forward excursion of the child dummy
with or without a tether when the forward-facing child seat
was subjected to a 48.3km/h (30 mph) test. In 1985, the
standard was revised so child seats had to pass the sled test
without a tether. As a result, top tethers became less prevalent
until the mid-1990s when field data on the benefits of child
seats with tethers prompted renewed interest.

In the 1990s, ISO (International Standards Organization)
developed a universal child restraint anchorage system that
allowed child seats to install in vehicles without seatbelts. It
was called ISOFix and involved two bars in the seat bight
and rigid lower anchors on the child seat. ISOFix continued
to evolve with flexible lower anchors on the child seat.
NHTSA mandated that top tether anchors must be in place
in new cars and top tether straps must be on all front-facing
child seats starting with 80% after 9-1-99 and 100% after 9-
1-00. A top tether prevented the child seat from tipping for-
ward in a frontal crash and reduced the movement of a
child’s head.
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NHTSA issued FMVSS 225 (the LATCH standard) that
required lower anchors be phased-in on 20% of vehicles
after 9-1-00, 50% after 9-1-01 and 100% after 9-1-02
(NHTSA 2003, 2004b). LATCH required hooks for the
attachment of lower tethers on child seats. LATCH was a
variation of ISOFix in the U.S. It made the installation of
child seats easier by standardizing the attachments to the
vehicle and eliminating incompatibilities with vehicle seat-
belt systems. The LATCH anchors became a structural point
on the vehicle.

Wrap-around ring

The NASS-CDS and CISS cases show there is benefit in
guarding the space around the rear-seated child if there is
intrusion-related or non-intrusion-related injury. A ring of
protection would prevent the front seat from rotating rear-
ward allowing the front occupant or seat to impact a rear-
seated child. The concept of a ring structure around the
child is an after-market device that fits the LATCH system
and braces against the back of the seatback in front. Most
vehicles have two or three rear seating positions and the
right-front passenger seat with LATCH attachments. The
child sits in the rear of the vehicle and is protected by the
ring structure, which minimizes the collapse of space around
the child.

The ring structure works with existing and future vehicles
irrespective of the strength or design of the front seat. Since
the field data shows that injured rear-seated children are
pushed into relatively upright front seats, further strengthen-
ing of the front seat would make a stiffer barrier that the
child is pushed into and would increase injury risks, rather
than decrease them for this mechanism of injury.

The ring structure is an after-market product that is vol-
untarily used by parents if there is concern for injury to
children in rear seats in rear impacts. The ring structure
limits front seatback rotation and stiffens the front seat. The
stiffening increases the risk for injury to the front occupant,
who uses the system to protect their children riding in rear
seats. Parents who use the ring structure or ring do so with
the understanding that there is an increase in risk for their
injury as the safety of their rear child is improved. The par-
ent makes the decision to protect their children over their
own safety.

The parent would accept a higher risk of intrusion forces
on the ring deforming the front seat forward for the benefit
of their child’s safety riding in a rear seat. The ring structure
attaches to the vehicle LATCH system and wraps around
the child. The ring can be detached and stored in the trunk
of the vehicle when there is not a rear-seated child in the
vehicle. The ring is used only when it benefits the safety of
a rear-seated child and is not installed in the rear seat when
there is no child in the seat.

Phase-in of countermeasures

An after-market safety countermeasure, such as the wrap
around ring, can be phased into use much quicker than a
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vehicle design change. Foremost, the ring can be used in
existing vehicles because it fits vehicles in use today. The
older vehicles have seats with lower strength, so need the
protection of a ring around the child more than modern
seats that are stronger. An aftermarket product has a differ-
ent phase-in than a technology in new vehicles. For
example, the age of vehicles in use can be roughly consid-
ered new to 20 years old. There is about an equal number of
vehicles up to 6years old and then a linear decrease as the
vehicle age increases based on exposure data, which has a
newer vehicle age profile than serious-injury and fatal
crashes (Figure 2). This was approximated in Figure A5
with 7.69% of the fleet per year up to 6years old and then a
decrease with 5.13% of the fleet 10years old, 2.56% of the
fleet 15years old to 0.00% 20 years old.

If the countermeasure involves a change in the vehicle,
the phase-in occurs with the production and sale of new
vehicles. Figure A6 shows the penetration of the counter-
measure in the fleet assuming the phase-in to new vehicles
is 25% in 2025, 50% in 2026 and 100% in 2027. By 2027,
only 13.5% of the fleet has the change. By 2030, only 36.5%
has the change. If the countermeasure is an after-market
product, the phase-in can be assumed 25% in 2025 for all
existing vehicles with rear-seated children, 50% in 2026 and
100% in 2027. The penetration of the countermeasure in
relevant vehicles is complete within three years, assuming a
motivated public buying the safety feature for their rear-
seated children or incentives to make the component
available.

Figure A6 shows the gap in penetration with the slower
penetration of a vehicle change compared to an after-market
component. By 2027, 86.5% of vehicles in use do not have a
countermeasure. By 2030, 63.5% of vehicles in the fleet still
do not have the change. The fleet is 90% converted only
after 16years of phase-in of a vehicle change. In contrast,
the after-market component is available in all relevant
vehicles, if the parent or caregiver is motivated to use the
countermeasure.

Priorities, countermeasures and concepts

Approaches are proposed to improve the safety of rear
seated children and adults and front-seated occupants in
rear impacts:

1. NCAP or consumer rear impact test with the 1,900 kg
(4,1801b) ITHS high-hood, offset deformable barrier
(ODB) at 88.5km/h (55mph) to reduce rear-seat
intrusion and assess occupant kinematics,

2. stepped-up public campaigns for proper child seat
selection and use, particularly for infants and toddlers
<2 yo and for adult use of seatbelts in rear seats with
focus on different SES,

3. adoption of FMVSS 201L to reduce child head injury
risks with impact on the rear- and side-interior below
the beltline,

4. improved design of front seats by shifting restraining
forces from the seatback to the cushion frame with an
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10.

11.

12.

13.

14.

15.

16.

17.

18.

anti-ramping guide that retains the pelvis on the seat
and reduces seatback rotation,

changes in front seatbelts to provide early restraint of
front-occupant movement by a rear-impact preten-
sioner that moves the lap-belt anchors and gives a
favorable angle for early lap-belt restraint of rearward
movement or a wrap-around the rear of the hip lap
belt so the occupant’s pelvis moves into a belt in rear
impacts,

use of kinematic controls in Motion Sequence Criteria
(MSC) to ensure movement of front occupants that
reduces ramping in severe, rear-impacts,

guarding the area around rear-seated child with an
after-market ring structure that maintains space
around the child and blocks rearward rotation of the
front seatback, if the parent or guardian approves,
automatic emergency braking on tractor-trailers, heavy
trucks and light vehicles to reduce the severity of rear
impacts,

improved compatibility of the rear- and front-struc-
tures of vehicles to control crush and intrusion in rear
impacts that are offset, oblique PDOF and involve
over-ride or under-ride,

upgrading the requirements in FMVSS 202, 201 and
207 to recognize higher forces on the seat in modern
vehicles with integrity of adjusters in a range of posi-
tions, anchors to the floor and head restraints,

FMVSS 202 (NHTSA 2010b) led to the front of the
head restraint protruding forward of the seatback to
reduce the gap behind the occupant’s head. A revision
is needed to ensure attachments are strong enough to
maintain the head restraint on the seat and minimize
component breakage,

FMVSS 207 needs revision to ensure modern seats
maintain the adjusted position as they deform rear-
ward and there is no separation of components in the
load-path supporting the seatback and head restraint.
A device like FRED is reasonable for assessing energy
management and deformation modes before sled and
crash testing,

upgrade FMVSS 209, 210 and 207 to allow changes in
lap-belt systems that provide earlier occupant restraint
in rear impacts,

upgrading FMVSS 213 to address the performance of
rear-facing, front-facing and booster child seats in rear
impacts,

ensure that seat anchors, tracks, adjusters and frames
withstand the forces of occupant load in an NCAP or
consumer test at 88.5km/h (55mph) with a 1,900 kg
(4,1801b) offset deformable barrier (ODB),

better understanding of older vehicle crashes, occupant
restraint misuse and improper transport of children,
since >50% of fatal crashes involve vehicles >10 yo,
reinstating the investigation of vehicles over 10 years
old in CISS, so the safety community has information
on this stratum of accidents, other than FARS,
NHTSA collecting dynamic data on cg (center of grav-
ity) acceleration, yaw and pitch of the struck vehicle in

19.

20.

21.

22.

23.

24,

25.

FMVSS 301R tests and the NCAP or Consumer crash
test to include vehicle dynamics, post-test displacement
of rear seats and structures and the CDR readout from
the vehicle black box,

requirement that vehicle manufacturers trigger side
curtains and airbags in severe rear impacts for ejection
mitigation and to prevent head injuries because of the
high fraction of unrestrained occupants in rear seats,
NHTSA implementing a translator to convert injury
data in earlier years of NASS-CDS from AIS 90, AIS
98, AIS 05, AIS 08 to AIS 15 and any future version of
injury coding used by the Agency. It is inappropriate
to direct the safety community to stop using older
data. The full years of data are important to tracking
safety progress and quantifying changes. There is an
attitude to ignore the past, just because the injury cod-
ing is not identical and only newer vehicles are
investigated,

add warnings and reminders of unlatched seatbelts
with rear adults and older children to increase seat-
belt use,

by using motion sequence criteria that ensure the
occupant pockets in the seatback, the seatback needs
to remove stiff components that cause early ramping.
Once ramping starts, it is hard to stop the sliding.
Replace the x-tube with another connection between
the recliners, such as a Bowden cable, or ensure the x-
tube can deform rearward without causing ramping,
NHTSA and IIHS make rear testing available to
researchers with complete data including vehicle
dynamics, dummy responses, interior deformation and
high-speed video with timing, so product performance
can be analyzed,

NHTSA should reinstate HARM as a metric they use
to measure progress and update priorities for sensible
means to improve crash safety. They should tie the
annual crash statistics to changes in HARM so there is
an objective view of progress and needs. They should
develop a complimentary metric for crash avoidance,
countering the notion that strengthening front seats is
the “solution” to protect rear-seat children. NHTSA is
aware that safety is more than seat strength (NHTSA
2004a). They should not let loud voices interfere with
their conducting the needed steps to understand how
children are injured in rear impacts and identifying
sensible ways to improve safety.
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Appendix

Rank
% HARM

Contact

Front Seat Backs
Window Frames
Mirrors
Side Interior Surface
Side Interior Surface
Roof Edges
Window Glass
Side Interior Surface
Windshield
Instrument Panel
Instrument Panel
Floor

Steering Assembly
Steering Assembly
A-Pillars
Instrument Panel
Steering Assembly
Instrument Panel
Instrument Panel
Roof
Arm Rests
Glove Compo Area
Steering Assembly
Glove Compo Area
Roof Edges

All the Above

All Other Interior Contacts

All Non-Contact
All Exterior Contacts

All

Body Region

Abdomen
Head & Face
Head & Face

Chest

Abdomen
Head & Face
Head & Face

Lower Extremities
Head & Face
Head & Face

Upper Extremities

Lower Extremities

Chest
Abdomen
Head & Face
Lower Extremities
Head & Face
Chest
Abdomen
Head & Face
Abdomen
Abdomen
Upper Extremities
Chest
Neck

HARM
%

0.760
0.770
1.080
4.940
2.360
3.020
0.790
0.710
4.680
1.650
1.400
0.690

11.900
9.410
4.040
3.430
3.130
2.060
1.850
1.800
1.250
1.230
1.160
0.840
0.570

65.520
14.740
7.910
11.830

100

Driver

0.280
0.420
0.610
3.520
1.680
2.320
0.590
0.390
2.990
0.460
0.810
0.290

11.840
9.320
2.940
2.640
3.100
0.410
0.660
1.330
0.730
0.050
1.110
0.020
0.430

48.940
7.830
5.220
6.280

68.27

Front
Passenger

0.040
0.070
0.240
1.330
0.610
0.640
0.140
0.290
1.670
1.170
0.580
0.390

0.060
0.090
1.100
0.790
0.030
1.650
1.190
0.470
0.520
1.180
0.050
0.810
0.140

15.250
4.280
2.080
3.810

2542

Table Al: Sources of HARM to rear-seat passengers (re-ordered Table 6 from Malliaris et al. 1982).

Rear
Passenger

0.440
0.290
0.230
0.090
0.070
0.060
0.050
0.030
0.020
0.010
0.010
0.010

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

1.310
2.670
0.610
1.730

6.32



Table A2: Sources of HARM to other passengers (re-ordered Table 10 from Malliaris et al. 1985).

Injury Source

Seat Backs
Seat Backs
Exterior
Lower Side Interior
Lower Side Interior
Upper Side interior
Lower Side Interior
A-pillar
Windshield
Instrum panel
Header & Side Rail
Lower Side Interior
Instrum panel
Windshield
Noncontact
Other interior
Lower Side Interior
Instrum panel
Noncontact
Roof
Roof
Instrum panel
Steering System
Steering System
Steering System
Steering System
Windshield

Seat Backs
Lower Side Interior
Exterior
Instrum panel
Upper Side interior
Other interior
Windshield
A-pillar
Noncontact
Header & Side Rail
Roof
Steering System

Body Region

Abdomen
Chest & Back
Head
Head
Abdomen
Head
Chest & Back
Head
Head
Pelvis & LE
Head
Pelvis & LE
Face
Face
Neck
Pelvis & LE
Shoulder & UE
Shoulder & UE
Chest & Back
Head
Neck
Chest & Back
Chest & Back
Shoulder & UE
Face
Abdomen
Neck

All
All
All
All
All
All
All
All
All
All
All
All

HARM
%

17
16
43
17
3.0
20
33
3.6
53
7.3
3.9
19
12
3.9
2.9
20
14
18
19
18
17
2.3
12.7
16
2.6
6.1
17

48
11.6
6.2
14.4
2.8
4.7
11.3
45
6.2
45
3.9
253

Crash Sewerity Upto mph

20

34.8
24.1
59.1
30.3
224
27.1
423
94
50.6
531
46.4
65.0

62.3
415
574

10.2
14.1
53.7
40.2
12.4
51

339

34.1
62.0

29.6
20.2
51.7
13.9

211

30

66.2
65.5
65.2
86.3
67.7
54.4
67.5
316
80.5
65.9
68.7
737

813
73.3
60.7

317
42.0
73.8
58.1
429
60.9

76.2

57.6
68.7

60.5
66.2
732
39.9

474

HARM % of Row

Driver
40
0.7
18.3
70.0
66.2 32.0
66.6 46.7
87.2 56.1
89.3 50.8
72.0 51.9
64.4 68.3
78.8 69.7
36.8 83.7
834 56.6
70.6 317
79.8 61.2
74.0 74.3
78.1
82.7 70.4
78.7 404
60.8 83.1
76.1
80.1
331 8.9
76.2 99.2
80.1 98.1
62.8 99.6
735 100.0
9.4 79.2
11.2
77.9 49.2
73.1
64.7 47.8
86.4 56.9
64.8
76.6 67.2
70.4 48.1
735 74.9
443 82.9
76.9
74.6 9.3

RF Pass

0.1
51
7.1
13.8
30.3
13.7
36.9
38.1
25.8
26.3
9.6
351
56.0
35.1
20.8
16.3
227
545
12.3
19.7
16.8
89.0
0.6
0.6
0.3
0.0
20.8

34
288
7.9
45.7
14.8
210
28.6
42.7
19.3
10.9
18.3
0.5

Others

99.2
76.6
22.9
54.2
23.0
30.2
12.3
10.0
5.9
4.0
6.7
8.3
12.3
3.7
49
5.6
6.9
5.1
46
42
31
21
0.2
13
0.1
0.0
0.0
total

85.4
22.0
191
6.5
28.3
14.2
42
9.2
5.8
6.2
4.8
0.2
total

Others
Harm

1.686%
1.226%
0.985%
0.921%
0.690%
0.604%
0.406%
0.360%
0.313%
0.292%
0.261%
0.158%
0.148%
0.144%
0.142%
0.112%
0.097%
0.092%
0.087%
0.076%
0.053%
0.048%
0.025%
0.021%
0.003%
0.000%
0.000%
8.949%

4.099%
2.552%
1.184%
0.936%
0.792%
0.667%
0.475%
0.414%
0.360%
0.279%
0.187%
0.051%
11.996%



Table A3: 4-12 year old annual serious injury in crashes with 1991-99 NASS-CDS (Parenteau, Viano 2003b).

4-12 years old General Area of Damage

Front Side Rear Rollower Other/Unk Total
Exposed
Front seat 39,749 12,712 10,477 3,518 3,568 70,023
Rear seat 43,160 24,376 12,186 7,450 12,238 99,413
All 82,910 37,088 22,664 10,968 15,806 169,436

Serious injury (MAIS 3+)

Front seat 620 137 0 116 11 884
Rear seat 621 300 71 272 32 1,296
All 1,240 438 71 388 43 2,180

Serious injury in rear seats
distribution 47.9% 23.1% 5.5% 21.0% 2.5% 100.0%
risk 1.44% 1.23% 0.58% 3.65% 0.26% 1.30%

Table A4: Mechanisms for 0-7 yo serious injury in rear seats in rear impacts.

Rear-Seated Children 0-7 Years Old

Serious Injury (MAIS 3+F) 2008 2016 2020
SAE Update SAE

Publication 2008-01-1850 to NHTSA 2020-01-1215

NASS-CDS years 1997-2005 1997-2013* 1997-2015

MY vehicles 1990+ 1990+ 1994+

# crashes 16 21 14

# children 19 24 15

Mechanism of injury

Intrusion 13 (68.4%) 17 (70.8%) 7 (50.0%)
Pillars-interior 5 (26.3%) 6 (25.0%) 6 (42.9%)
Front seatback 1(5.3%) 1 (4.2%) 1(7.1%)
Unknown - - 1

total 19 (100%) 24 (100%) 14 (100%)**

*adding to 1997-2005 NASS-CDS data
**percent of known cases.



Table A5: 0-7 year old fatalities in crashes with 1996-2005 NASS-CDS (Viano, Parenteau 2008a).

0-7 years old General Area of Damage

Front Side Rear Rollover  Other/Unk Total
Exposed NASS-CDS
Front seat 116,948 67,907 55,451 34,861 9,704 284,870
Rear seat 671,616 271,563 128,104 90,576 84,598 1,246,458
Fatal FARS
Front seat 755 320 30 386 26 1,517
Rear seat 1,081 1,055 327 1,137 102 3,702
Fatality Risks
Front seat 0.65% 0.47% 0.05% 1.11% 0.27% 0.53%
Rear seat 0.16% 0.39% 0.26% 1.26% 0.12% 0.30%

Distribution-exposure
front 41.1% 23.8% 19.5% 12.2% 3.4% 100%
rear 53.9% 21.8% 10.3% 7.3% 6.8% 100%

Distribution death

front 49.8% 21.1% 2.0% 25.4% 1.7% 100%
rear 29.2% 28.5% 8.8% 30.7% 2.8% 100%

Table A6: 0-7 year old serious injury in crashes with 1997-2015 NASS-CDS (Viano, Parenteau 2020).

0-7 years old General Area of Damage

Rear seat Frontal Side Rear Rollower Other/Unk Total
Exposed 966,042 473,525 205,654 94,739 450,788 2,190,748
(MAIS 0+F)

Serious injury 3,720 2,570 1,539 1,634 3,097 12,560
(MAIS 3+F)

Risk MAIS 3+F 0.39% 0.54% 0.75% 1.72% 0.69% 0.57%
Distribution

exposure 44.1% 21.6% 9.4% 4.3% 20.6% 100%
serious injury 29.6% 20.5% 12.3% 13.0% 24.7% 100%



Restrained
MAIS 0+F
MAIS 4+F

se

risk
risk se

Unrestrained
MAIS 0+F
MAIS 4+F

se

risk
risk se

Table A7: Severe injury (MAIS4+F) in 22 years of rear impacts in 1994-2015 NASS-CDS
(based on Viano, Parenteau 2020).

<10
<16

489,410
0
0

0.000%
0.000%

41,200
50
50

0.122%
0.105%

10-15
16-24

734,365
537
351

0.073%
0.051%

45,699
68
59

0.150%
0.113%

*Unwgt count >10.

Risk MAIS 4+F for all non-ejected 15+ yo occupants by delta vV

15-20
24-32

290,128
48
48

0.017%
0.016%

29,059
889
594

3.058%
2.307%

20-25
32-40

111,101
92
64

0.083%
0.057%

12,209
19
13

0.156%
0.119%

25-30
40-48

58,289
739
598

1.27%
0.963%

8,507
30
24

0.348%
0.372%

30-35*
48-56

11,868
427
243

3.60%
1.81%

1,154
108
54

9.35%
5.55%

35-40
56-64

4,389
147
73

3.34%
1.71%

699
24
24

3.42%
4.07%

40-45
64-72

3,485
38
38

1.10%
1.42%

583
166
94

28.5%
11.6%

>45 mph
>72 km/h

2,601
667
205

25.6%
12.8%

94
68

72.8%
25.2%

Total
w/o unk

1,705,636
2,696
588

0.158%
0.037%

139,204
1,422
613

1.02%
0.440%

Total/yr

77,529
123
27

0.158%
0.037%

6,327
65
14

1.021%



¥ H-point

anti-ramping
guide \

N \ ¢

Figure Al: Favorable kinematics with an anti-ramping guide in the cushion frame (Viano 2022) .



shorter arc

initial anchor

® =71 deg © =128 deg

Figure A2: Change in arc of the lap belt by dynamically moving the anchor up and forward
with a rear pretensioner that moves the anchor and tightens the belts (Viano 2022b).



wrap-around

\ anchor

o \ o

initial
anchor

Figure A3: Wrap around lap belt.




! -
Wrap-around

ring anchors

Figure A4: top (side view) wrap-around ring bracing against the front seat and

bottom (top view) wrap-around ring with space around the child and child seat.
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Figure A6: Percent phase-in with after-market component and new vehicles.
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Table B1: NASS-CDS and CISS Electronic Cases of Seriously Injured Children in Rear Impacts.
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