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ABSTRACT: Real world motor vehicle collision research of injuries dueto deployment of “first-generation” air bags has been conducted by Trans-
port Canada since 1993. Fifty-three fatal crashes (36 frontal impacts; 17 side collisions) involving 48 drivers and 10 right front passengers were re-
viewed. In the Canadian data, air bag deployment in five of nine low severity frontal crashes (delta-V (AV) < 25 km/h or 15 mph) was linked to
five deaths, four of whom were autopsied (four adults with craniocervica (basal skull and C, fracture with brainstem avulsion; “closed head in-
jury”—no autopsy) or chest trauma (aortic or pulmonary artery tears); one child with atlanto-occipital dislocation). An occupant who is close (“ out-
of-position”) to the air bag at the time of deployment isat risk for injury. In 27 high severity frontal impacts, unusual (e.g., pulmonary “blast” hem-
orrhage in one autopsied case) or isolated potentially survivable injuries (e.g., clinically documented ruptured right atrium; probable flail chest
observed during the autopsy on a decomposed body) localized to the head, neck or chest in three possibly out-of-position drivers pointed to the de-
ployed air bag as a source of injury. In one of 17 side collisions an out-of-position driver sustained a radiographically confirmed C,-C, dislocation

in aminimally intruded vehicle.
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The beneficial and detrimental effects of any motor vehicle re-
straint system can be best assessed by analysis of real-world colli-
sions (1-8). In contrast to simulated surrogate testing, studies of
occupant injuries in such crashes reflect the actual severity of oc-
cupant exposureto collision forces (7). Deaths and seriousinjuries,
which have resulted from air bag deployment, particularly during
low speed impacts, have caused considerable public controversy.

Methods

Transport Canada initiated the Air Cushion Restraint Study
(ACRS) in 1993 to address safety issues surrounding air bag tech-
nology (9-13). Initially, any collision, which resulted in deploy-
ment of an air bag, was studied but this was later changed to cases
in which the occupant associated with the deployment sustained a
“magjor” injury (i.e., at the least was transported to hospital)
(9,11,13). Additional cases of air bag deployment in low severity
crashes leading to injuries were reviewed under the Special Colli-
sion Investigation Programme (9-11).
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The collision investigations were done by eight university-based
accident research teams working across Canada. The research
teamswere established by the Road Safety and Motor Vehicle Reg-
ulation Directorate of Transport Canada, to study motor vehicle
collisions and have been operational for over 25 years. The teams
are comprised of full-time engineers and collision investigators
with consultants hailing from a diverse group of professions in-
cluding medicine, engineering, psychology, and law enforcement.
The University of Western Ontario Accident Research Team isthe
only team with a forensic pathologist as a senior medical consul-
tant.

The collision investigation processinvolved detailed inspections
of vehicles and components, scene inspections, interviewing of
witnesses and reviewing of medical information (e.g., clinical ob-
servations, postmortem reports). The documented information was
used by team and Transport Canada personnel to assess collision
severity and crashworthiness of the air bag-equipped vehicle, re-
construct vehicle dynamics and occupant kinematics and identify
possible injury mechanisms (10,12,13). Information was con-
densed from detailed collision reports into case summaries.

Thedelta-V (AV) isthe changein velocity that occurs during an
impact. The delta-V is a good predictor of crash severity and is
used in this paper to gauge the severity of the collisions. Delta-V
was typically computed by damage analysis methods using the in-
ertial properties of the colliding vehicles, measurements of vehicle
deformation, the principal direction of theimpact force and pre-de-
termined vehicle stiffness values. In some cases, a damage analy-
sis approach was not suitable and other methods were used for
delta-V calculation. When possible, the delta-V was verified using
vehicle pre-impact and post-impact trajectory information
(10,14-18).

Copyright © 2002 by ASTM International, 100 Barr Harbor Drive, PO Box C700, West Conshohocken, PA 19428-2959. 1



2 JOURNAL OF FORENSIC SCIENCES

The collisions reviewed in this paper are not a representative
Canadian sample of fatal collisions in which there has been de-
ployment of a front air cushion restraint. While many of the fatal
cases were randomly sampled from defined geographic areas
within Canada, included in the sample are all known deaths in
Canada up to 1997 in which the air bag was believed to be a magjor
factor in the fatality.

Results

Over 800 crashes have been investigated. A subset of driver and
right front passenger fatalities associated with air bag deployment
was studied. A total of 53 fatal crashes was reviewed involving 48
driver fatalities (41 belted) and 10 right front passengers (7 belted).
Frontal collisions occurred in 36 impacts; 17 were side impacts.

Low Severity Frontal Callisions (Estimated Speed or AV < 25
km/h or 15 mph) = Nine Impacts (Nine Deaths)

Air bag deployment in five impacts was directly related to five
fatalities comprising four adult drivers and one child right front
passenger (Table 1).

In four other low severity impacts, air bag deployment was
merely coincidental to the cause of death. Two drivers drowned. A
36-year-old malerestrained driver wasin aminivan, which hit sev-
eral small trees (AV = 20 km/h or 12.5 mph) before vaulting into
ariver. A car, driven by a42-year-old restrained male, went down
an embankment into a swamp where the front undercarriage im-
pacted the ground. The vehiclethen rolled coming to rest on itsroof
in the water. Another driver sustained a basal skull fracture due to
roof intrusion after his car hit a moose. An unbelted 74-year-old
likely had a cardiac arrest prior to impact causing him to floor the
accelerator pedal and veer off the road striking several objects. Au-
topsy revealed an aortic dissection with extension around the coro-
nary vessels.

Higher Severity Frontal Collisions = 27 Impacts (28 Deaths =
26 Drivers; Two Passengers)

In 16 of the collisions, the impact was offset or angled and in-
volved extensive damage to the left front end. Raking damage
along the left side and significant intrusion were often observed.

Seven caseswerefull-frontal impactswhile four casesinvolved ex-
tensive underride. Twelve trucks, six fixed objects, six passenger
vehicles, two pickup trucks and one bus were struck. Evidence of
steering wheel loading by the driver was apparent in 18 cases.

Not all of the higher severity frontal impacts were unsurvivable.

Case6

A 65-year-old male driver (180 cm or 6 ft; approximately 90 kg
or 200 Ib) sustained multiple rib fractures i.e., a presumed flail
chest. His vehicle (1996 Cadillac Deville) left a highway and trav-
eled across a cornfield. His untethered air bag deployed during
ground impacts prior to amore severeimpact with atree (AV = 34
km/h or 21 mph). He was found beside his car, two weeks after the
collision. Decomposition hindered a conclusive determination of
cause of death at autopsy.

Case7

A 44-year-old restrained male (164 cmor 5ft 6in.; 75 kg or 165
Ib) was the driver of a 1995 Honda Odyssey minivan which wasin
anarrow offset (intrusion on driver’ sside) frontal impact (AV = 47
km/h or 29 mph) with a pickup truck. Pre-impact braking was not
evident.

Thedriver was dead at the scene. There was no evidence of seat-
belt loading implying a slack seatbelt. The driver’s seat was rear-
ward of the middle position but could have been moved when the
driver was extricated. Blood smears were seen on the deployed
tethered air bag. The steering wheel rim had been loaded on the | eft
lower side and there was spoke deformation (Fig. 2). There was
partial shear capsule separation in the steering column.

Among theinjuries seen at autopsy, there were contusions of the
upper chest and neck, which could have been caused by contact
with the air bag, seatbelt, or steering wheel. The cause of death was
extensive bilateral pulmonary hemorrhage from blunt chest
trauma.

Case8

An unrestrained 17-year-old female driver of a 1997 Toyota
4-Runner SUV suffered a ruptured right atrium after a severe full-
frontal impact (AV = 50 km/h or 31 mph) with a concrete bridge

FIG. 1 (Case 1)—58-year-old restrained female driver sustained a pul-
monary artery laceration fromair bag deployment after her vehicle struck
a utility pole sustaining minor damage (AV = 20 knvh or 13 mph).

FIG. 2 (Case 7 )—44-year-old restrained male driver, in a high severity
collision (AV = 47 knvh or 29 mph), had extensive pulmonary hemor-
rhage. Evidence of steering wheel deformation and loading was observed.
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abutment. The vehicle was involved in several minor impacts and
consequently the driver could have been out-of-position at the time
of themagjor collision when her tethered air bag deployed. Steering
column compression due to occupant loading was seen. No autopsy
wasdone. Theinjury was observed during internal cardiac massage
in the hospital emergency department. Initial impact of thedriver's
chest with the deployed air bag likely caused the ruptured atrium.
Because of the severity of the collision, the chest eventually con-
tacted and compressed the steering column through the inflated air

bag.

Side Collisions = 17 Impacts (21 Deaths = 14 drivers,
7 Passenger s)

There was severe occupant compartment intrusion in 16 of the
17 side impacts; however, one case showed minimal occupant
compartment intrusion.

Case9

A 20-year-old restrained woman was driving a 1996 Ford
Ranger XL pickup truck. Itsright front side was struck by the left
front of an oncoming multi-purpose vehicle. The driver’s tethered
air bag deployed. The restrained 21-year-old male passenger had
minor cutaneous contusions. The driver was pronounced dead at
the scene. No autopsy was performed. Her estimated weight was 52
kg (114 Ib.) and her length was 160 cm (5 ft 4 in.). External exam-
ination revealed a hypermobile neck and a forehead laceration. A
radiograph showed C;-C, dislocation (Fig. 3).

Thedriver's seat was fully forward to alow her to reach the foot
pedals, a position confirmed by family members (Fig. 4). The pas-
senger aso noted that the driver could have leaned forward to see
the road. Red smears consistent with lipstick were seen on the air
bag. One of these was at a fold, which indicated that the driver
made contact with the bag when it was partly folded early in the de-
ployment phase. The overall AV was determined to be 44 km/h
(27.5 mph) with alongitudinal AV component of 11 km/h (7 mph).
The steering system was undamaged.

Discussion

An air bag is activated in a vehicle when thereis significant de-
celeration along itslongitudinal axis (9,23-26). Most deployments
occur in full or offset-frontal vehicle-to-vehicle collisions
(5,9-11,26,27). In North America, the threshold range for deploy-
ment of a“first-generation” air bag in afrontal crashis7to 16 mph
(about 11 to 25 km/h) when the impact forceis directed +=30° (i.e.,
10 to 2 o'clock positions) relative to a perpendicular to the vehi-
cle's hood (2,23,24,26-35). A side impact with a sufficient longi-
tudinal component can trigger an air bag and this has been observed
in up to 10% to 20% of various case series (our Case 9)
(9-11,27,36,37). About 1% to 2% of air bags deploy when thereis
an impact to the top or undercarriage of the vehicle (our case 6)
(9-11,38). Inappropriate deployment from impacts other than
frontal can lead to unnecessary injury (25).

Canadian studies have shown that 3/4 of air bag deployments
have happened at low velocity i.e.,, AV = 25 km/h or 15 mph
(9-11,13). At least 1/2 of air bag deployments result in injuries to
drivers and passengers (5,9-11,38,39). Minor cutaneous and soft
tissue injuries, particularly abrasions, comprise 90% to 95% of the
observed trauma and most commonly involve the face and upper
extremities (4-6,9-11,38-41). Patterned and non-patterned cuta-
neous and soft tissueinjuries of the head, neck, chest, and abdomen
aswell asblood, tissue, cosmetic or clothing transfers can help con-

FIG. 3 (Case 9)—20-year-old restrained female driver in vehicle struck
on passenger side. Radiograph showing C;-C, dislocation (arrow).

ha ﬁ __A
FIG. 4 (Case 9)—Driver’s seat adjusted fully forward.

firm occupant contact with an air bag (e.g., cases 1,2,4,5,7,9)
(4,6,13,19-24,38,40,42-52). Although air bag and manual restraint
systems combined have been effective in reducing serious head in-
juriesincluding facial fractures and chest traumaby lessening inte-
rior contacts in moderate to severe crashes, these benefits have
been partly offset by the increased frequency, relative to belted-



only occupants in equivalent crash situations, of the aforemen-
tioned superficia injuries as well as upper extremity fractures oc-
curring in low (< 25 km/h or 15 mph, i.e., at the lower limit of air
bag deployment threshold) and moderate (25-39 km/h or 15-25
mph) severity impacts (5,9-13,23,27,28,31,34,40,41,53). Never-
theless air bags, alone or supplementing a manual restraint, have
reduced driver and right front passenger fatalities particularly in
frontal crashes (10,24,26,31,32,34,40,45,51,53-58). Some studies
have shown or estimated an overall reduction in belted and un-
belted adult occupant fatalities in the order of 10% to 20%
(2,12,20,24,26,31,33-35,53-58). In the United States, as of
November 1999, an estimated 4094 drivers and 768 right-front pas-
sengers had been saved mainly in moderate and severe crashes
(59). Between 1990 and 1997, about 150 lives have been estimated
to be saved in Canada (28). Unfortunately, certain individuals have
been severely or fatally injured from air bag deployment occurring
in low speed impacts during which these occupants would have
been adequately protected by amanual restraint system (e.g., Cases
1-3) (11,13,23).

A motor vehicle occupant who is close to an air bag at the time
of its deployment is at risk for serious injury because of the “ag-
gressive’ nature of the air bag system (7-13,19,23,24,26-31,
37,39,41,44,47,49,60-63). “First generation” isused to describe al
pre-1998 air bag systems and 1998 air bag systems not yet re-
designed (12). The aggressivity of these systems reflects their in-
flation characteristics, which must prevent an occupant from being
pitched far forward by expanding fully within 50 ms after sensing
asufficiently severe crash and which, in the United States, are gov-
erned by the unbelted test requirement of a federal regulation
which specifies the use of a 50th percentile male hybrid [11 dummy
(equivalentto 5ft9in. or 173 cm; 167 Ib or 76 kg) in a48km/h (30
mph) rigid frontal barrier crash (4,9-13,19,20,23,25,29,30,
36,47,51,59,63,64). The velocity of a deployed “first-generation”
air bag can range from 145 km/h to 328 km/h (90 mph to 211 mph)
(4,23,28-30,32,36,43-45,47,50,51,60,65-70). Because of theinte-
grated nature of the North American automotive industry, similar
air bag systems are used in Canada and, although meeting Cana-
dian performance standards, the protection requirements of certain
occupants can be compromised in low severity collisions
(9-13,19,20,23,30,62,71). Based on simulated crashes, the recom-
mended distance between a driver’s chest and the center of the
steering wheel is at least 25 cm (10 in.) which alows for 12.5 cm
(5in.) of forward excursion and “give” in the harness restraint, if
worn, before occupant contact with the air bag occurs
(13,25,26,28,29,31,45,71,72). Head excursion forward can occur
despite the use of arestraint (4,5). Tethered driver air bag maxi-
mum excursion distances are from 30 to 37.5cm (12 to 15in.); un-
tethered air bags range from 42.5 to 50 cm (17 to 20 in.) (29). The
forces exerted by the air bag are greatest in thefirst 8to 12.5cm (3
to5in.) of inflation (28,29). The expanded volume of adriver’sair
bag is 60 L; a passenger’s air bag is 120-150 L (U.S. models)
(8,30).

The pyrotechnic nature of the deployed air bag is associated with
unique and unusual injury mechanisms (e.g., “bag dap” leading to
facial trauma, upper extremity fracturesfromarmflailing or air bag
module impact during a turning maneuver, thermal burns of the
face and arms from the air bag vents) (1,9-13,23,27,30,39,40,43,
48,65,67).

Traumatic rupture of the pulmonary artery, described in Case 1,
isuncommon. Although it has been observed in motor-vehicle-col-
lision-related trauma, most cases are associated with other medi-
astinal or pulmonary hilar injuries(e.g., bronchial laceration) rather
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than being isolated (73,74). Although the main pulmonary arteries
can be torn anywhere along their course, the observation in Case 1
that the left main branch was lacerated raises the possibility that
this site was predisposed because of its proximity to the scarred
remnant of the ductus arteriosus, apotential areaof weaknessin the
aortawhenitisstressed (19,73,74). A chest wall contusion was ob-
served in Case 1 consistent with air bag contact but no rib fractures
were seen in the 58-year-old victim, a finding more likely in a
younger more elastic rib cage (19,35,69,74). The relatively thin
pulmonary artery could have been torn by hydrostatic forces and
barotrauma has been proposed in the causation of cardiac perfora-
tion (e.g., atria rupture, our case 8), heart valve injury and lung
trauma arising from air bag deployment (19,35,42,69). Morgen-
stern et al. described a case of a36-year-old unbelted female driver
who developed bilateral pneumothoraces attributed to the expul-
sion of high-pressure gasesinto her lungs from aruptured deployed
air bag (35).

The “viscoustolerance criterion” seeksto explain the rate-sensi-
tivity-predisposition of soft tissue to injury as a product of com-
pression and deformation velocity (1,64,75,76). At low impact ve-
locity (< 5 m/s or 11 mph), which could be experienced by the
chest of a belted occupant in a frontal crash, the degree of com-
pression determines the risk of injuries (e.g., rib fractures)
(1,64,75,76). Soft tissue tolerance to compression decreases as the
velocity of deformation increases, i.e., the “viscous response”
(1,75,76). In higher speed impacts, the peak viscous responsg, i.e.,
the risk of soft tissue injury can occur before there is maximum
compression (1,7,75,76). Such a situation arises when the air bag
begins to break through the module cover before maximum chest
compression has occurred (“punch-out” phase) (7,61). When the
impact velocity to the body (e.g., chest) exceeds 30 m/s (> 67
mph), rib fractures can be absent yet lung trauma including vari-
ably severe pulmonary hemorrhage can result (35,64,75-77). In-
ternal injuries without concomitant rib fractures are typical of im-
pulsive or “concussive”’ loading with low compression (35,64,77).
A blast generates stress waves and results in significant pressure
differentials at the micro vascular level of an air-blood interface
(e.g., aveali) leading to extravasation of blood (75-77). Lung in-
jury as well as lacerations of the aorta and aortic valve in the ab-
sence of chest wall trauma has been described in explosions (78).
Such injuries have also been described in association with air bag
deployments (our Case 7) (20,66,79-81). Since the forces exerted
on an out-of-position occupant directly over theinflating first gen-
eration air bag happen at high velocity, then the observed injury
patterns can be explained by a viscous mechanism (75).

The interdependence between impact velocity and compression
not only influences the physical integrity of internal anatomic
structures but al so affects their physiologic response to trauma. Fa-
tal blast-induced pulmonary hemorrhage, which can be diffuse or
focal, could signify heart rhythm disturbance (78). Because blast
trauma s rapid and the survival interval short, pathologic changes
may not be evident in the heart (78). The velocity of impact on the
mid-chest is a mgjor factor in the evolution of ventricular fibrilla-
tion and animal studies have shown that hearts subjected to direct
blunt trauma can develop transient and even fatal arrhythmia
(1,64,75,81,82). Commotio cordis has been proposed as an injury
mechanism for motor vehicle occupants situated too close to a de-
ployed air bag (44,60). NHTSA datacites several cases attributable
to this mechanism. For example, a40-year-old maledriver (170 cm
or 5ft8in.; 91 kg or 201 Ib) wasin acollision (AV = 30 km/h or
19 mph) during which the deployed air bag caused a sterna frac-
ture and “sudden heart stoppage” (59).



6 JOURNAL OF FORENSIC SCIENCES

Conclusion

The Canadian case series documented fatalities attributable to
first generation air bag deployment occurring in low velocity
frontal collisions. All of these deaths involved an occupant who
was apparently closeto or “out-of-position” relative to a deploying
air bag. Three were women drivers who were no more than 5 ft 4
in. tall and had their seats positioned forward. An intoxicated male
driver could have been slumped over a steering wheel. A young
right front passenger was improperly restrained and leaning for-
ward at the time of air bag deployment. In crashes of any severity,
unusual or uncommon trauma localized to the head, neck or chest
and substantiated by an accurate postmortem examination raises
the possibility of uniqueinjury mechanisms associated with air bag
deployment (3,21). Thiswas apparent in three high severity frontal
collisions. The fatal injuries (pulmonary “blast” hemorrhage, flail
chest, ruptured right atrium) occurred in drivers who could have
been out-of-position. Air bag deployment injury can occur in im-
pacts other than frontal crashes. An out-of-position driver suffered
aC;-C, dislocation in aside collision.
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