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16. Abstract (continued)

should be determined in manikin ejection tests. The Trauma
Assessment Criteria subtask establishes how the dynamic
response measures determined from testing should be interpreted
in terms of injury potential.

Injury Priority Analysis -- It is clear from even a
cursory review of the literature on ejection-related injuries
that spinal column fractures are the dominant and most severe
injuries that result during ejection-seat acceleration. The
central findings of the current study as regards injury types
and rates are

1) Fractures of lower thoracic and upper lumbar
vertebrae, from T1ll to L2, are the dominant
major injuries that occur prior to complete
egress from the aircraft during aircrew
ejection. Such fractures occur in typically 20
percent of all ejections (7 to 47 percent,
depending on the data base examined). Thoraco-
lumbar fractures are most common at T12 and L1.

2) Fractures of the cervical vertebrae are five to
seven times less common than fractures in the
thoraco-lumbar spinal column, but they are
nonetheless important since they are sometimes
fatal and are much more often associated with
permanent, major disability. Cervical
fractures are most common at C2, C5, and Ce6.

3) Fatal head and neck injuries of nonspecific
type may occur with significantly higher rates
(although still small) for through-the-canopy
systems without fragmentation devices than for
jettisoned-canopy systems.

Trauma Assegsment Criteria -- Methods were documented for
relating dynamic response parameters that can be measured with
manikins under experimental conditions to injuries that may be
sustained by an aircrew member in a real-world ejection--
specifically, the types of injuries identified in the Injury
Priority Analysis subtask.

It is certain that a manikin neck that is too simple will
be incapable of predicting all of the types of failure that can
occur in a human neck, and it is of particular importance that
the range of validity of the manikin neck be established by
comparison of results from tests with manikins and cadavers or,
indirectly, by confirmation of proper manikin prediction of
ejection-related injuries seen in operational conditioms.

Various useful criteria are available, and described, for
prediction of thoraco-lumbar spinal fractures. For various
reasons adoption of conservative neck-injury criteria for
trauma assessment in ejection studies is recommended.
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EXECUTIVE SUMMARY

The research reported here was conducted by the University of
Michigan Research Institute (UMTRI) as a subcontractor to Conrad
Technologies, Inc. This study, Aircrew Ejection Injury Analysis
and Trauma Assessment Criteria, is one task of a larger research
effort conducted by Conrad Technologies, Inc., for the Naval Air
Warfare Center (NAWC) under Contract No. N62269-91-C-0225.

The overall goals of the Conrad Technologies research for
NAWC relate to several aspects of increasing the safety of
aircrew of Navy aircraft, both in normal operation of the
aircraft and in emergency situations when it may be necessary to
abandon the aircraft.

A comprehensive literature review was conducted to document
the types of injury that can occur during ejection in emergency
escape from fighter and attack aircraft. On the basis of the
literature an injury priority analysis was performed and criteria
for trauma assessment were documented. The results of this
research are pertinent to the application of an ejection test
manikin in Navy studies of automated escape systems.

The scope of the study was limited to the phases of the
escape sequence that precede complete egress from the aircraft;
i.e.,
aircraft maneuvering
pre-escape positioning of crewmember
ejection boost
helmet impact with the canopy
exposure to a rocket exhaust

Navy and Air Force researchers have reported that in 62 to 84
percent of major-injury cases ejection forces were judged
responsible for primary injuries. Typical corresponding numbers
reported for windblast and parachute opening shock injuries are
28 and 10 percent. Injuries that can occur post-egress were not
studied in this research.

In the Injury Priority Analysis subtask the most important
observational ejection-related injuries are identified. This
establishes the types of injury that are most important to study
and, therefore, the types of dynamic response data that should be
determined in manikin ejection tests. The Trauma Assessment
Criteria subtask establishes how the dynamic response measures
determined from testing should be interpreted in terms of injury
potential.

Injury Priority Analysis -- Despite the certain presence of
some amount of error in existing ejection data bases, as well as
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nonspecificities, which can make interpretations uncertain, it is
clear from even a cursory review of the literature on ejection-
related injuries that spinal column fractures are the dominant
and most severe injuries that result during ejection-seat
acceleration. Regardless of the region of the spinal column
considered--thoracic, lumbar, or cervical--the occurring fracture
injuries are predominantly anterior-lip crush fractures that
result from flexion-compression loading. The central findings of
the current study as regards injury types and rates are

1) Fractures of lower thoracic and upper lumbar
vertebrae, from T1l to L2, are the dominant major
injuries that occur prior to complete egress from
the aircraft during aircrew ejection. Such
fractures occur in typically 20 percent of all
ejections (7 to 47 percent, depending on the
data base examined). Thoraco-lumbar fractures
are most common at T12 and L1.

2) Fractures of the cervical vertebrae are five to
seven times less common than fractures in the
thoraco-lumbar spinal column, but they are
nonetheless important since they are sometimes
fatal and are much more often associated with
permanent, major disability. Cervical fractures
are most common at C2, C5, and Cé6.

3) Fatal head and neck injuries of nonspecific type
may occur with significantly higher rates
(although still small) for through-the-canopy
systems without fragmentation devices than for
jettisoned-canopy systems.

There is virtually no disagreement among the authors of the
reviewed references regarding the most important injury types
seen in ejection data bases, although it is noted here that the
third finding above is based on fewer relevant references.

Numerous parameters were considered for their possible
importance in influencing injury rates. They were type of
aircraft maneuver, crewmember pre-escape positioning, ejection
boost forces, helmet impact with the canopy, aircraft speed,
severity of maneuvers, mission requirements, and crewmember
physiology and anthropometry. Of the parameters that have
bearing on injuries that occur before complete egress, ejection
boost forces and crewmember pre-escape positioning were found to
be of greatest importance. Helmet impact with the canopy may
also be important. Crewmember physiology and anthropometry were
not important factors. Regarding crewmember pre-escape
positioning it is of prime importance for the reduction of
vertebral fracture rates for crewmembers to be seated erectly,
with buttocks, shoulders, and head back; the torso restraint
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should be tight, but not so tight as to force the shoulders down.

Trauma Assessment Criteria -- Methods were documented for
relating dynamic response parameters that can be measured with
manikins under experimental conditions to injuries that may be
sustained by an aircrew member in a real-world ejection--
specifically, the types of injuries identified in the Injury
Priority Analysis subtask, viz., fracture injuries of the
thoraco-lumbar and cervical regions of the spinal column.

Of the techniques that can be used to relate manikin dynamic
responses to the potential for thoraco-lumbar spinal fracture,
two types are most useful: 1) measurement of whole-body response
and 2) measurement of compression loadings along the "spine" of
the manikin. For the whole-body response technique, two
different models are used, viz., the Dynamic Response Index (DRI)
Method and the Acceleration Exposure Limit Method. They
calculate the DRI and the Injury Risk Criterion, respectively.
The models are similar, but the DRI is based on Z-axis response
only while the Injury Risk Criterion is based on independent X-,
Y-, and Z-axis responses. For either of these whole-body
response methods to be useful in a manikin study, the manikin
must have Z-axis spinal impedances that are similar to those of a
human ejectee. Both methods are calibrated for injury-
probability prediction on the basis of observational injury rates
and cadaver tests. The technique that measures compression
loadings along the spine of the manikin requires injury criteria
for compression fracture of human thoraco-lumbar vertebrae. Such
data are available and are documented in the report, together
with means for predicting injury probabilities for associated
maximum loads.

The only technique that appears capable of relating manikin
dynamic responses to the potential for cervical spine fractures
is direct measurement of manikin neck loads--both forces and
moments--for comparison with cadaver neck injury data, which are
given in this report. The mechanisms for vertebral fracture in
the neck, however, are complex, depending not only on the loads
on and ultimate strengths of the vertebrae but also very
sensitively on initial positions and the conditions of loading.
It has been found that nonalignment axially of the head, neck,
and torso can reduce by half the neck compressive loads necessary
to cause cervical fracture. Various authors find that peak
impact force in S-I head impacts and peak compressive neck loads
in quasistatic loading are not good predictors of cervical
injury. One study finds that in S-I impact tests peak head
linear velocity is the best indicator of injury of all response
parameters measured. Of the impact parameters examined in that
study, the integral of the impact force-time curve (the impact
impulse) was the most consistent indicator of cervical injury.

Low values for compressive failure strengths of cervical
vertebrae, typically less than 500 1lb, result from studies of
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quasistatic loading, and large values, greater than 1000 1lb,
result from studies of dynamic loading. As the conditions of
dynamic loading experiments are much more like manikin or aircrew
member ejections than are quasistatic loading conditions, it is
probably appropriate to use the larger ultimate strength data or
the Hodgson-Thomas criteria, which accounts for duration of peak
loading, in interpreting manikin test data.

It is certain that a manikin neck that is too simple will be
incapable of predicting all of the types of failure that can
occur in a human neck, and it is of particular importance that
the range of validity of the manikin neck be established by
comparison of results from tests with manikins and cadavers or,
indirectly, by confirmation of proper manikin prediction of
ejection-related injuries seen in operational conditions.

For various reasons adoption of conservative neck-injury

criteria for trauma assessment in ejection studies is
recommended.
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AIRCREW EJECTION INJURY ANALYSIS

AND TRAUMA ASSESSMENT CRITERIA

1.0 BACKGROUND

The research reported here was conducted by the University of
Michigan Research Institute (UMTRI) as a subcontractor to Conrad
Technologies, Inc. This study, Aircrew Ejection Injury Analysis
and Trauma Assessment Criteria, is one task of a larger research
effort conducted by Conrad Technologies, Inc., for the Naval Air
Warfare Center (NAWC) under Contract No. N62269-91-C-0225.

The overall goals of the Conrad Technologies research for
NAWC relate to several aspects of increasing the safety of
aircrew of Navy aircraft, both in normal operation of the
aircraft and in emergency situations when it may be necessary to
abandon the aircraft.

The specific goals of the research reported here are to
document the types of injury that can occur during emergency
egress from an aircraft by conducting a comprehensive literature
review, and to perform an injury priority analysis and document
criteria for trauma assessment. The results of this research are
pertinent to the application of an ejection test manikin in Navy
studies of automated escape systems.

2.0 APPROACH AND METHODS

Many different kinds of injury occur in association with
aircrew member ejection from fighter and attack aircraft. The
mechanisms of injury are diverse if "ejection" is considered to
include all stages of emergency escape, i.e., from (or before)
the activation of catapult ejection to recovery after landing.
Injuries can result from all of the following elements of the
escape and certainly from other contributing factors as well.

aircraft maneuvering

pre-escape positioning of crewmember
ejection boost

helmet impact with the canopy

exposure to a rocket exhaust

helmet windscoop and other windblast effects
drogue opening shock

parachute opening shock

landing impacts

rescue impacts




The scope of the current study is limited to the phases of
the escape sequence that precede complete egress from the
aircraft, i.e.,

aircraft maneuvering

pre-escape positioning of crewmember
ejection boost

helmet impact with the canopy
exposure to a rocket exhaust

The three subtasks of this study are described in sections
below. They are

Subtask 1 -- Literature Review
Subtask 2 -- Injury Priority Analysis
Subtask 3 -- Trauma Assessment Criteria

Subtask 1, the literature review, is the basis for both
Subtask 2 and Subtask 3. In the Injury Priority Analysis
subtask the most important observational ejection-related
injuries are identified. This establishes the types of injury
that are most important to study and, therefore, the types of
dynamic response data that should be determined in manikin
ejection tests. The Trauma Assessment Criteria subtask
establishes how the dynamic response measures determined from
testing should be interpreted in terms of injury potential.

3.0 LITERATURE REVIEW (Subtask 1)

A literature review was conducted for the purpose of
documenting published information pertinent to the injury
potential of events that can occur during the ejection phase of
emergency escape from fighter and attack aircraft. The goals of
the study are served by examining a large, if not complete,
collection of the pertinent literature. Budgetary constraints,
while making it impossible for an exhaustive compilation of the
pertinent literature to be made, did not prevent the study from
being major in scope. Papers, articles, and reports of the past
ten years are considered of particular value, but all earlier,
pertinent literature that was readily available at UMTRI was also
reviewed.

Four types of references were obtained for review. The
first type is comprised of references that provide statistical
information relevant to incidence of ejection-related injuries of
different sorts. Many of those papers, articles, and reports
also have information regarding mechanisms of injury. These
provide the basis for Table 8 of this report and for the findings
for Subtask 2 (Injury Priority Analysis). The second type of
reference focuses on the relationship between measures of dynamic
response and the potential for injury--i.e., on injury criteria.
These references also often contain (bio)mechanical property data
for the elements of the human body related to particular kinds
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injury. This reference type provides the basis for Table 9 of
this report and for the findings for Subtask 3 (Trauma Assessment
Criteria). The third type of reference is comprised of documents
that are pertinent to both Subtask 2 and Subtask 3. Information
from those references is included in both Table 8 and Table 9.
Finally, a fourth type of reference is comprised of documents
that do not directly address the objectives of either Subtask 2
or Subtask 3, but are nonetheless pertinent to the overall goal
of using ejection test manikins effectively to reduce the
incidence and cost of ejection-related injuries. For the most
part, the included references of this type relate to manikin
design or to interpretation of test results so, in general, they
are included in Table 9 (Subtask 3) but not in Table 8.

Although references of interest were identified, obtained,
and reviewed throughout the course of the study, there were two
primary stages of the procedure. The first stage sought to
identify the injury types of greatest consequence; i.e., the
literature review focused initially most closely on Subtask 2.
The second primary stage of the literature review procedure, for
Subtask 3, then focused on injury criteria for the types of
injury identified in Subtask 2.

3.1 Impact Biomechanics. Much of the existing literature
related to human tolerance to impact injury is relatively recent.
The issue of automotive safety became a strong impetus for
research in the field of impact biomechanics in about 1960,
although some automotive company research, and perhaps a larger
amount of military research in this field, was conducted as early
as the 1930's. Automotive safety research that is related to
design of restraint systems, occupant compartments, and
crashworthy vehicle structures is more intensive now than ever.
Similar military research is conducted for the purpose of
protecting personnel not only in crash environments--the only
situation of relevance in the case of automotive safety research
--but also in high-G operational environments. The library of
the University of Michigan Transportation Research Institute
contains the largest collection in the world of references
related to highway safety research--over 80,000 references in
total and more than 200 journals and periodicals. Since
information from nonclassified military research in the field of
impact biomechanics is very pertinent to automobile occupant
protection research, the UMIRI library contains a large number of
references from Navy, Army, and Air Force research agencies.

3.2 Keyword Stems. The list of keyword stems below was used in
computer searches of the UMTRI library data base. Searching the
title field for these stems identified over one thousand
references, most of which were eliminated as nonpertinent by
reading the title. The references not eliminated on the basis of
their titles were obtained and examined cursorily to determine
the likelihood of their relevance to the study. Only a small
percentage of these references was eliminated since in most cases
the title was sufficiently descriptive of general content that
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nonpertinent references had already been eliminated. The
references thus identified were supplemented by pertinent papers,
articles, and reports found by examining all available AGARD
reports and issues of Aviation, Space, and Environmental
Medicine, which are available, but not completely indexed, in the
UMTRI library data base. Most such references survived close
review to be included in the final list of references. During
compilation and analysis additional relevant documents were
identified from the references of the documents under review.
Some of these, too, were obtained and reviewed. All references
obtained and reviewed by the process described here are in the
List of References at the end of this report!.

Table 1. KEYWORD STEMS FOR TITLES SEARCH

aircrew eject neck
axial emergency pilot
burn escape position
canopy Gz rocket
capsule helmet seat
catapult impact skull
cervical injury spinal
compression intervertebral spine
crew jettison thoraco
criteria joint tolerance
disc ligament trauma
disk lumbar vertebra
egress manikin

Tthe Last item of each entry in the List of References is the UMTRI reference number, which has the form
"UMTRI-nnnnn." Several references that were important to include in the list but are not available have
"(unavailable)" in place of the UMTRI reference number. (Most of those are references cited in
references in Tables 8 and 9.) Other references in the list have no UMTRI reference number but they are
available and were reviewed; these are identified by "(no UMTRI number)." The List of References has
143 entries.



4.0 INJURY PRIORITY ANALYSIS (Subtask 2)

The overall goals of the Injury Priority Analysis subtask
are to identify the most important observational, ejection-related
injury types and to determine the effects of miscellaneous
factors on the likelihood and severity of injuries.

Table 8 describes all papers, articles, and reports reviewed
that are pertinent to Subtask 2. A synopsis of each reference is
given in a "Summary/Comments" section, and the table also includes
notations regarding escape sequence phases of pertinence,
parameters addressed, and injury types addressed. Reference
entries in the table are ordered inversely by date of publication
since, in general, the references of greatest pertinence to the
current state of emergency escape system effectiveness may be
assumed to be the more recent ones.

A summary of the most important findings of Subtask 2 is
given below in Sections 4.1 and 4.2.

4.1 Injury Types and Injury Rates. It is not always possible to
associate injuries in specific ejections to exposures received
during ejection, as opposed to post-ejection or even pre-ejection
events. Further, Guill and Herd (1989a,b,c) suggest that many
ejection-caused injuries, if not of a serious nature, go
unreported by the aircrew member and undiagnosed by the attending
flight physician. Additionally, they state that there is strong
anecdotal evidence that, when coupled with ejection report data,
suggest that a significant proportion of those ejectees
sustaining an "ejection-associated" dynamic response-type neck
injury might well have sustained their injury prior to the
ejection, during the aircraft maneuvers and gyrations preceding
the escape. Despite the certain presence of some amount of error
in the data--possibly large--and also nonspecificities, which can
make interpretations uncertain, it is clear from even a cursory
review of the literature on ejection-related injuries that spinal
column fractures are the dominant and most severe types of
injuries that result during ejection-seat acceleration.

There is virtually no disagreement among the authors of the
reviewed references regarding the most important injury types
seen in ejection data bases, although it is noted here that the
third finding below is based on fewer relevant references. Thus,
the central findings of the current study as regards injury types
and rates are these:

1) Fractures of lower thoracic and upper lumbar vertebrae, from
T1l to L2, are the dominant major injuries that occur prior to
complete egress from the aircraft during aircrew ejection.
Such fractures occur in typically 20 percent of all ejections
(7 to 47 percent, depending on the data base examined).
Thoraco-lumbar fractures are most common at T12 and L1.



2) Fractures of the cervical vertebrae are five to seven times
less common than fractures in the thoraco-lumbar spinal column,
but they are nonetheless important since they are sometimes
fatal and are much more often associated with permanent, major
disability. Cervical fractures are most common at C2, CS5,
and Ce6.

3) Fatal head and neck injuries of nonspecific type may occur
with significantly higher rates for through-the-canopy
systems without fragmentation devices than for jettisoned-
canopy systems.

While not expressing opinions contrary to these conclusions
of the current study in any of their three 1989 papers, Guill and
Herd add cautionary notes beyond those expressed above. They say
(1989c) that determining the cause(s) for an ejectee's injuries
is one of the more important and yet most difficult tasks
associated with an ejection investigation. The authors argue
that careful, detailed investigation (and also general
statistical investigation) of ejection-associated injuries and
circumstances often reveals that the assigned causal factors
either cannot be applicable or are of extremely doubtful
applicability for the specific situations. They argue, too, that
aiding and abetting the selection of incorrect causal factors is
the "strength-in-numbers" type of legitimacy that many factors
have acquired through frequent usage over the years.

4.1.1 Fatal head and neck injuries. Head and neck fatal
injuries related to the ejection procedure, the third item above,
will now be discussed. This "injury type" is more specific with
respect to cause than to type since approximately three-fourths
of fatality injuries are typed as "multiple trauma" for each of
the two types of escape systems--through-the-canopy (without
canopy fragmentation devices) and jettisoned-canopy systems
(Yacavone et al. 1992). Such fatal injuries are addressed by
only four of the references reviewed--and in some cases only
indirectly. Only one reference (Yacavone et al.) does more than
relate fatality rates to the type of ejection system and make
general comments regarding nonspecific kinds of head and neck
injuries. The limited information found in the literature does,
however, seem to show that fatal injuries to the head and/or neck
can often be attributed to head impact with the canopy in
through-the-canopy ejections. Yacavone finds that, compared with
jettisoned-canopy ejections, through-the-canopy ejections result
in fatality more than twice as often--10.7 percent to 4.7
percent. These rates include, however, the multiple-trauma
fatalities that make up 70.3 and 77.7 percent of the fatalities,
respectively. For the approximately 20 percent of fatalities
that were attributed to skull-cervical fracture injuries (nearly
all cervical) for both escape systems (22.2 and 19.4 percent),
Yacavone indicates that there are significantly different causes.
They state that there is a strong statistical association between
fatal injury frequency and through-the-canopy ejections while for
jettisoned-canopy ejections a greater proportion of fatalities
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result from striking part of the aircraft post egress. (Yacavone
suggests use of canopy fragmentation explosive cords as a means
of reducing forces on the aircrew member exiting through the
canopy.) Guill and Herd (1989c) indicate higher rates of
vertebral compression fractures in through-the-canopy ejectees.
Data in Volume II of the Naval Safety Center reference (1981)
show vertebral injury rates for through-the-canopy ejectees that
are nine times as great as for canopy-jettisoned ejectees
(September 1958 through December 1961). It is probably
reasonable to infer from the Guill and Herd data and the Naval
Safety Center data that fatal injury rates, too, are positively
correlated with use of the through-the-canopy escape system.
Contrarily, however, it must be noted that data in Volume IV of
the Naval Safety Center reference, for all U.S. Navy ejections
from January 1969 to December 1979 indicate cervical fracture
rates of about 2 per-cent for both escape systems, i.e., no
significant difference. Voge and Borowsky (1983) state that
fractures and dislocations are the most common head and neck
injury diagnoses in fatal ejections, occurring in 49 percent of
the cases, but they do not associate those injuries with any
specific cause.

If careful examination of all available data confirms a
relationship between through-the-canopy ejections and increased
likelihood of fatal head-neck injuries, the rates will still be
small. Overall fatal-injury rates for fighter and attack
aircraft ejections are less than 10 percent for modern escape
systems and 10.7 percent, according to Yacavone for
through-the-canopy systems (without fragmentation devices).

(See Section 4.1.4 regarding fatality rates.) If 77.7 percent

of those fatalities result from multiple trauma, as indicated by
Yacavone, then no more than 22.3 percent--and probably

much less--can be attributed directly to canopy versus head
forces. This suggests that less than 2.4 of the 10.7 percent
fatality rate for through-the-canopy systems could be attributed
to canopy versus head forces. This is even larger than the 2
percent cervical spine fracture rates found in U.S. Navy ejection
data for the period January 1969 to December 1979 (see Section
4.1.3), so the true rate is surely less than 2 percent and is, in
all likelihood, a fraction of one percent. Still, a fatality rate
of possibly one percent that is attributable to system design is
unacceptably large if relatively simple implementation of canopy
fragmentation explosive cords can significantly reduce the degree
of hazard. (Also, see Chiou et al. (1993) regarding canopy
fragmentation with MDCs, i.e., miniature detonating cords.)

4.1.2 Thoraco-lumbar fractures. Regarding rates of
occurrence of thoraco-lumbar fractures, Visuri and Aho (1992)
indicate a 19 percent occurrence among ejection survivors.
Sandstedt (1989) indicates 18, 27, 21, or 20 percent for various
combinations of sitting posture and flight condition. McCarthy
(1988) determines a rate of 21 percent for survivors in takeoff-
and-landing ejections and a similar result for ejections above
500 feet altitude; major injury rates, including thoraco-lumbar
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fractures, are two and a half times as great as this for non-
takeoff-and-landing ejections below 500 feet. Data for U.S. Navy
ejections that occurred from January 1969 to December 1979 were
analyzed and presented at the 1981 symposium sponsored by the
Naval Safety Center. Volume IV of that reference indicates a
thoraco-lumbar fracture rate of 28 percent in through-the-canopy
ejections but only 7 percent in jettisoned-canopy ejections--

10 percent overall for 1120 ejections. In a somewhat earlier
study by Auffret and Delahaye (1975) spinal fractures were found
to occur in 10 to 47 percent of surviving ejectees depending on
the data base examined; 37 percent of all fractures occurred at
T12 or L1. Rotondo (1975) finds a 36 percent occurrence rate
among survivors of Italian pilot ejections. The distribution of
fractures was nearly uniform over the entire range of occurrence,
from T7 to L4, except for Tl12 and L1, where the rate of
occurrence was nearly four times as great. Nuttall (1971)
identifies T11l to L2 as the part of the spine where fracture is
most likely. Regarding rate of occurrence of spinal fractures,
however, he cites a 1957 study and a 1965 study that determined
that only 2.2 percent and 3.8 percent, respectively, of
ejections cause spinal fractures. Symeonides (1971) indicates an
18 percent spinal fracture rate among surviving ejectees; most
fractures were in the T11l to L2 region. Henzel (1967) indicates
T10 to Ll as the most common location of fractures. Jones (1964)
found that T12 was the most common injury site and that L1 was
the most common lumbar injury site.

Regardless of the region of the spinal column considered- -
thoracic, lumbar, or cervical--the occurring fracture injuries
are predominantly anterior-lip crush fractures that result from
hyperflexion (e.g., Naval Safety Center, Vol. II, 1981; Kazarian
et al. 1979; Kazarian, 1978; Auffret and Delahaye, 1975; Chen,
1973 [simulation]; Ewing et al. 1973 [experimental]; Nuttall,
1971; Shannon, 1971).

4.1.3 Cervical fractures. As stated above, fractures of
the cervical vertebrae are found to be five to seven times less
common than fractures in the thoraco-lumbar spinal column. Guill
and Herd (1989a) indicate a very low rate of cervical fractures
among survivors of U.S. Navy ejections from 1949 to 1968--just 12
in 1764 ejections. For the period 1969 to 1988 they indicate 28
in 1677 ejections--less than 2 percent. Their data in another
paper (1989c), for nonfatal injuries attributed to ejection, show
an occurrence rate that is seven times greater for thoraco-lumbar
fractures than for cervical fractures. Voge and Borowsky (1983)
determined that in nonfatal ejection incidents in which vertebral
fracture(s) occurred, 81 percent of ejectees had thoraco-lumbar
fractures and 13 percent had cervical fractures--a ratio of six
to one. Volume IV of the Naval Safety Center reference mentioned
above indicates a cervical fracture rate of 2 percent in both
through-the-canopy and jettisoned-canopy ejections. The
corresponding rates for thoraco-lumbar fractures are fourteen and
four times as great, with an overall ratio of five to one
relative to cervical fracture rates. Zenobi (1978) states that
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U.S. Navy data from ejections during 1967 to 1974 show that neck
injuries ranging from minor to critical occurred at a rate of
approximately 8 percent. A study by Guill and Herd (1989a)
indicates that, among survivors, cervical sprain or strain is
seven to eleven times as common as cervical fractures, so the
implied cervical fracture rate in the Zenobi study is about one
percent.

Guill and Herd (1989a,b) express the opinion that there is
no single, primary causal factor for serious neck injuries, but
that, rather, the underlying causal factors are many and varied.
They find that neck injuries associated with ejections do not
conform to the patterns expected for any single proposed causal
factor and mechanism that have been advanced to date. They
believe additionally, however, that there is evidence that many
reported neck injuries are the consequence of system malfunction,
e.g., the seat striking the ejectee during parachute opening
following man-seat separation and the entanglement of the ejectee
with the seat prior to parachute opening.

4.1.4 Fatal injuries: general. Approximately three-
quarters of fatal injuries in ejections are the result of

multiple trauma according to Yacavone et al. (1992). Such
injuries result largely from forces other than ones experienced
by the ejectee prior to complete egress from the aircraft so, by
the defined scope of the current study, general fatality
statistics are not relevant here. Nonetheless, a summary of
statistics from the reviewed literature is presented. Fatalities

here are from all causes, ejection related or not. (In general
the reviewed references do not attempt to describe the various
associated factors statistically.) Visuri and Aho (1992) find a

fatality rate of 5.9 percent for a small data base (17 ejections).
Yacavone et al., as discussed in Section 4.1.1, find a rate of
10.7 percent for through-the-canopy ejections and 4.7 percent for
jettisoned-canopy ejections. Guill and Herd (1989c) state a rate
of 15 percent for U.S. Navy ejections from 1949 to 1982.
Sandstedt (1989) data show a rate of 9.8 percent for 92
ejections. McCarthy (1988), in a study of takeoff-and-landing
ejections, finds an overall fatality rate of 13.7 percent and a
rate of 11.5 percent for ejections above 500 feet. Non-takeoff-
and-landing ejections below 500 feet have a 53.7 percent
associated fatality rate. The fatality rate in 1967-1980
ejections studied by Hearon et al. (1981) was 20 percent. In a
study of U.S. Air Force ejections in 1968-1970, Shannon (1971)
determined a fatality rate of 11 percent.

4.1.5 Windblast and parachute opening shock injuries. While
not of direct relevance to the goals of this study as stated, it

is nonetheless important to comment on the prevalence of the
primary injury causations not dealt with--windblast and parachute
opening shock--relative to rates for the major injury types
identified in the study. Windblast injuries are of various
types, including (primarily) limb flail. Parachute opening shock
and ground impact can produce significant +G, forces, although,
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because of different constraints, they produce different injury
patterns. Brinkley and Shaffer (1971) state that ejection boost
acceleration is the primary cause of major injuries related to
ejections--84 percent in a study of F-4 ejections--and that the
second largest cause is post-ejection limb flailing, which
accounts for 12 percent of the total number of major injuries.
In their study they found that only five major injuries resulted
from parachute opening shock in 384 ejections (1.3 percent).
Shannon (1971) determined in a U.S. Air Force study that in 62
percent of major-injury cases, ejection forces were judged
responsible for the primary injuries. Windblast and parachute
opening shock were identified in 28 percent and 10 percent,
respectively, of the cases.

4.2 Effects of Influencing Parameters. Many factors besides
ejection boost forces affect the performance of an ejection

escape system. The influence of various factors on injury rates
is discussed in many of the references that are mentioned in the
previous section and summarized in Table 8. The primary
parameters currently thought to be of possible importance are:
type of aircraft maneuver, crewmember pre-escape positioning,
ejection boost forces, helmet impact with the canopy, aircraft
speed, severity of maneuvers, mission requirements, and
crewmember physiology and anthropometry.

Information from the references that is relevant to these
factors is summarized in the following subsections. Although
much of the most important information is presented below, this
tabulation does not cover all relevant material in the
references. Detail of interest can be found by referencing
Table 8 and consulting the documents. (See Desjardins et al.
(1982) in addition to references mentioned below.)

4.2.1 Type of aircraft maneuver.

Hamdlainen and Vanharanta (1992)
-- High performance maneuvers such as in combat can result
in neck muscle strains as great as 5.9 times strains at
1.0 Gz and 37.9 percent of the maximal voluntary
contraction (MVC). Pilots in the study experienced
severe neck pain at +Gzs of much less than ejection
boost accelerations.

Guill and Herd (1989a,b)

-- A significant proportion of the serious ejection-
associated neck injuries are likely to have been induced
by the inflight maneuvering/gyration forces imposed upon
the aircrew prior to ejection or during ejection. None-
theless, this is not a primary factor in explaining
ejection-related neck injuries.

McCarthy (1988)
-- Fatality and major-injury rates for ejections during
takeoffs and landings are very little different from
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rates for ejections from above 500 feet.

Higgins et al. (1965)

-- High performance maneuvering is detrimental to the
ejection success rate to the extent that it might cause
the aircrew member to be out of position (not erectly
seated) during ejection.

4.2.2 (Crewmember pre-escape positioning.

Freivalds and McCauley (1990)

-- Ejection simulations show that head and neck angles
during catapult boost need to be aligned and vertical to
reduce neck flexion torques. Added helmet mass has
little effect on the likely severity of injury due to the
+G5 acceleration if head and neck position is proper.

Guill and Herd (1989a)

-- Poor body position is not a primary factor in explaining
ejection-related neck injuries.

Naval Safety Center, Vol. II (1981)

-- Most ejection-associated, vertebral-compression fractures
are the result of poor vertebral alignment. Causes
include personal equipment influences, nonstable
ejection platform, inadequate thigh support, poor torso
restraint, forward torso rotation induced by rear-angled
catapult boost acceleration vector, poor seatback
support, and upper torso movement.

-- Equipping ESCAPAC seats with powered inertia reels to
force the ejectee into a torso-back, erectly seated
position prior to ejection boost reduced the rate of
lower thoracic and upper lumbar fractures by a factor of
two and reduced the rate of neck sprain/strain by a
factor of six. It increased the rate of cervical and
midthoracic fractures.

-- The primary negative influence of head-canopy contact in
through-the-canopy ejections may be the inducement of
vertebral misalignment.

Fleming (1979)
-- It is better to use an upper ejection handle than a low
ejection handle because it allows the ejectee to maintain
a more erect seated position.

Kazarian et al. (1979; 1977)

-- Midthoracic fracture rates are much greater when a
powered inertial reel is used. While it reduces lower
thoracic and upper lumbar fractures, it causes pre-
ejection midthoracic hyperflexion by powerfully forcing
the torso back against the seat. These injuries are a
function of seat geometry and harness configuration.
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Kazarian (1978)

-- Upper and midthoracic hyperflexion- and hyperextension
injuries are induced by powered inertial reels.
Individual torso height and restraint system geometry are
factors.

Auffret and Delahaye (1975)

-- The most important factors affecting likelihood of injury
are the posture and position of the pilot at the moment
of ejection. The pilot should be seated erectly and
should be restrained by a harness that does not allow
excessive freedom of movement of the torso (especially in
flexion). The harness should be tight enough to hold the
pilot in position even in high-G maneuvers since abnormal
flight configurations may well exist at the instant of
ejection. The seat pan angle should be such that the
angle between the torso and the thigh is 135 degrees for
proper alignment of the thoracic vertebrae.

Nuttall (1971)

-- An erect posture with the head and buttocks pressed
firmly back into the seat is an important factor in
preventing spinal fractures. Fracture rates can be as
much as 13 times greater for improperly positioned
ejectees.

Shannon (1971)

-- The spinal fracture rate for optimally seated ejectees
(head and buttocks back into the seat) was 4 percent;
the rate for improperly seated ejectees was 31 percent,
i.e., eight times as large.

Symeonides (1971)
-- Tightening the shoulder-buttock belts excessively can
force the shoulders down and cause a preflexed state of
the spine, increasing its vulnerability to +Gg; forces.

Higgins et al. (1965)
-- Proper body position and execution of ejection procedures
reduces spinal fracture rates.

4.2.3 Ejection boost forces. There is much in the
literature regarding the effects of various parameters of the
catapult and ejectee acceleration profiles. These parameters
include peak +G; acceleration, the rate of onset of the
acceleration profile, and velocity at end of stroke. These
parameters will not be addressed here except to say that peak
acceleration magnitudes of 20-25 G, rates of onset of 200-500 G/s,
end-of -stroke velocities of less than 20-60 ft/s (depending on
system), and stroke durations of 230 ms or more are generally
believed to be noninjury producing, provided that the ejectee's
spinal column is properly aligned. Information related to these
factors may be found in Table 9 and in Section 5.0.
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Brinkley and Shaffer (1971)
-- It is important for the catapult acceleration vector to
be aligned with the crew member's vertebral column to
reduce the occurrence of spinal fractures.

Nuttall (1971)

-- The thrust vector of the seat should be parallel to the
spinal column or forward from it to prevent anterior-1lip
compression fractures in the cervical and upper-thoracic
spine.

Shannon (1971)

-- U.S. Air Force data from 1968 to 1970 show that the
major-injury rate for straight ballistic catapult systems
was 12 percent for all nonfatal ejectees; the rate for
rocket-assisted systems was 8 percent.

Higgins et al. (1965)
-- The ejection axis should be parallel to the spinal axis.

4.2.4 Helmet impact with the canopy.

Chiou et al. (1993)

-- Reducing the probability of spinal injury is still the
main concern in escape ejections. Canopy fragmentation
through use of MDCs (miniature detonating cords) is an
effective way to accomplish this for through-the-canopy
ejections.

Yacavone et al. (1992)

-- U.S. Navy ejection data for the period 1977 to 1990 show
that through-the-canopy ejections have higher associated
injury rates than canopy-jettisoned ejections.
Comparative rates are: fatalities, 10.7% vs. 4.7%; one
work day lost, 29.2% vs. 17.4%

Guill and Herd (1989a)
-- Canopy mode is not a primary factor in explaining
ejection-related neck injuries.

Naval Safety Center, Vol. II (1981)
-- Induced vertebral misalignment as well as head-canopy
forces are factors in increased vertebral fracture rates
in through-the-canopy ejections.

Naval Safety Center, Vol. IV (1981)

-- It may be determined from presented U.S. Navy ejection
data for the period 1969 to 1979 that there are in excess
of 2.5 injuries (minor and major) per ejectee in through-
the-canopy ejections. For jettisoned-canopy ejections
the average number of injuries is about 1.2--i.e., about
half the rate for through-the-canopy ejections. There
was no significant difference seen in fracture rates for
the cervical spine.
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Norman et al. (1979)
-- In through-the-canopy ejections a double hit of the head
against the canopy greatly reduced the protection
provided by all types of helmets tested.

4.2.5 Aircraft speed.

Chiou et al. (1993)

-- For all air speeds for which canopy fragmentation was
tested, from 0 to 600 knots, it was found that the
likelihood of injury to aircrew members from sharp edges
of fragments or from impact by pellets of the lead skin
of MDCs is not significant.

Guill and Herd (1989a)
-- Aircraft speed (ejection air speed) is not a primary
factor in explaining ejection-related neck injuries.

McCarthy (1988)

-- Fatality and major-injury rates for ejections during
takeoffs and landings (i.e., relatively low aircraft
speeds) are very little different from rates for all
ejections from above 500 feet (higher aircraft speeds).

Higgins et al. (1965)
-- Fatality is more likely for ejections at aircraft speeds
above 500 kn than at speeds below 500 kn.

4.2.6 Severity of maneuvers.

Hamdldinen and Vanharanta (1992)
-- Under +7.0 Gy in bank maneuvers, neck muscle strains
nearly six times the strains at 1.0 Gz were measured.
One hundred percent of muscular tolerance was reached at
+4.0 Gy in some high-severity maneuvers. Pilots in the
study experienced severe neck pain at +Gzs of much less
than ejection boost accelerations.

Guill and Herd (1989a)

-- Severity of aircraft maneuvers is not a primary factor in
explaining ejection-related neck injuries.

4.2.7 Mission requirements. Mission requirements were not
addressed in specific terms in any of the references reviewed.
Pertinent aspects of mission requirements, however, include:

(1) necessity of high-severity maneuvers in combat (see Section
4.2.6); and (2) mission duration. Mission duration is a factor in
neck fatigue and, therefore, is also a factor in cervical injury
probability if an ejection is required. (See Hamdldinen, 1993,
and Phillips and Petrofsky, 1983, in Table 9.)
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4.2.8 C(Crewmember physiology and anthropometry.

Visuri and Aho (1992)
-- No statistically significant relationships were found
between ejection injury rates and height-weight index or
age of the ejectees.

Guill and Herd (1989a)
-- Ejectee anthropometry and preexisting neck injuries are
not primary factors in explaining ejection-related neck
injuries.

Hearon et al. (1981)
-- Spinal injury rate can be a function of ejectee seated
height if the restraint system does not allow adjustment
of the shoulder harness angle.

Kazarian (1978)
-- Individual torso height may be a factor in midthoracic
injury rates associated with use of powered inertial
reels.

Rotondo (1975)

-- Individual preexisting spinal conditions are probably
factors in the likelihood of spinal injury in an
ejection. These include lumbago, discal prolapse,
arthrosis, ischialgia, kyphotic and scoliotic deviations,
spondylolysis, and spondylolisthesis.

Shannon (1971)
-- No significant differences were found in injury rates for
crewmembers of different weights when other factors, such
as prepositioning, were considered.

Henzel (1967)
-- Many ejection-incurred spinal injuries may result from
unsuspected, congenital spinal weakness.

Higgins et al. (1965)

-- There is no evidence of a relationship between ejectee
height/weight and likelihood of injury. Pilots over 24
years of age are more likely to incur vertebral injury
than younger pilots.
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5.0 TRAUMA ASSESSMENT CRITERIA (Subtask 3)

The overall goal of the Trauma Assessment Criteria subtask
is to develop a basis for relating dynamic response parameters
that can be measured with manikins under experimental conditions
to injuries that may be sustained by an aircrew member in a real-
world ejection. Specifically, data are sought that are pertinent
to assessment of potential for injuries of the types identified
in Subtask 2, viz., fracture injuries of the thoraco-lumbar and
cervical regions of the spinal column.

Table 9 describes all papers, articles, and reports reviewed
that are relevant to Subtask 3. A synopsis of each reference is
given in a "Summary/Comments" section, and the table also
includes notations regarding injury criteria and biomechanical
properties addressed. Reference entries in the table are ordered
inversely by date of publication. '

A summary of the most important findings of Subtask 3 is
given below in Sections 5.1 and 5.2. It is beyond the scope of
the current study to include more than a few graphical
representations of dynamic response data, injury criteria
curves, etc., that are in many of the references and relate to
the objectives of Subtask 3. A written description of such data,
with numerical values, is given here. The relevant references
should be consulted if greater detail is needed.

5.1 Injury Criteria. For the purpose of this study injury
criteria are considered to be relationships between measures of
mechanical loading (or conditions of loading) and the levels of
(or probability of) resulting injury. There are three
fundamentally different types of biomechanical injury criteria in
general use. Since, ultimately, all injuries occur at a cellular
level, the first commonly used type relates stresses and strains
in tissues to tissue injury. Instead of stresses and strains, the
second type considers the gross characteristics of response--
e.g., forces, moments, accelerations, etc.--of elements of the
human body in characterization of injury probability or severity.
The third type considers gross characteristics of dynamic loading
of the human body as a whole.

In general, it is not possible to predict the probability or
severity of major injuries to the living human being by measuring
stresses and strains in tissues, whether in cadavers or in
volunteer subjects. The experimental difficulties involved are
obvious; they relate to measuring tissue stresses and strains, to
assessing degree of injury at a cellular or tissue level, and to
relating tissue-level injury to clinically observed injury--i.e.,
body element-level injury observed or diagnosed for living human
beings. Additionally, however, it is the consensus that tissue-
level injury criteria--even if obtainable--are not, in general,
of practical use in understanding injury mechanisms. Melvin
(1979) states, for example, that because of the complex
structural interactions that can occur between the components of
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the neck, it is necessary to define injury criteria in terms of
forces and moments acting on the neck, rather than the stresses
and strains in the tissues that are actually damaged (e.g., the
spinal cord, laryngeal cartilages, etc.). Apart from such
considerations, as a practical matter it is not possible
currently to construct test manikins capable of accurately
simulating and measuring all of the pertinent tissue-level
stresses and strains that might occur in a living human being in
high-G impacts.

Thus, there are two types of injury criteria considered in
this study. They relate injury to gross measures of response or
loading--forces, moments, accelerations, etc.--of, respectively,
(1) body elements and (2) the human body as a whole. For both
thoraco-lumbar and cervical fractures these two types are
discussed below in subsections 5.1.1.1, "Moment, force, and
dynamic response criteria," and 5.1.1.2, "Ejection seat dynamics
criteria."

5.1.1 Thoraco-lumbar spine fractures. Fracture of
thoraco-lumbar spinal vertebrae, particularly from T1l to L2, is

the most common major injury that occurs in ejections before
complete egress from the aircraft. Useful information about the
effectiveness of an ejection system design can be obtained even
from test manikins that are capable of measuring only whole-body
responses--e.g., thorax center-of-gravity +G, as a function of
time. The corresponding probability of fracture injury can be
estimated by making use of observational injury data together
with operational ejection system parameters. However, for a test
manikin to be discriminating enough to predict specific injuries
and injury mechanisms, it clearly must be capable of measuring
appropriate body-element responses at primary injury sites--e.g.,
compressive anterior- and posterior-lip loads at "T12/L1" of the
manikin.

5.1.1.1 Moment, force, and dynamic response criteria.

Moment and force criteria--No moment-related injury criteria

for the thoraco-lumbar spine were found in references reviewed

in the current study. Numerous researchers (e.g., Stech, 1963;
Payne, 1971; Coltman et al. 1986), however, have found that the
ratio of spinal compressive load to vertebral ultimate failure
load is a good indicator of the potential for spinal injury.

That is, with a reasonable amount of consistency, the probability
of compressive fracture for any vertebra can be predicted from
the compressive load. This assumes two things: first, that a
statistically sufficient amount of compressive strength data are
available from tests with cadaveric preparations for the particu-
lar vertebral level (Cl to L5) or that scaling between levels can
be demonstrated to be valid and, second, that "probability" for a
fracture is adequately defined. As they relate to the current
study, there are minor problems with both of these. First, while
a number of authors present experimental compressive strength
data for vertebrae, most available data are for materials from
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cadavers of age 60 and above whereas most fighter and attack
aircraft pilots are (males) in their 20's and 30's. However,
while compressive strength does vary with biological age (Stech
and Payne, 1963; Henzel, 1967; Payne, 1971), it is nearly
independent of (adult) age for ages less than about 42 years
(Payne, 1971). Data most useful for the current study will be
from authors who use materials from young adult male cadavers (or
properly adjust data from older cadavers). With regard to
defining the probability for fracture, in most studies there are
insufficient cadaveric test data to do more than either define
conservative fracture strengths or median fracture strengths.
Cadaveric test data normally do not permit meaningful definition
of a fracture probability curve as a function of compression
force. Rather, more simply, a conservative ultimate strength
might be defined as the upper limit of compression force values
for which almost all specimens do not fracture. A median
strength might be defined as a value of compression force above
which approximately half of specimens fail. (Alternatively, a
mean, i.e., average, strength might be used.)

These caveats notwithstanding, consistent and useful data
are found in the literature. Four reports and papers reviewed in
the current study include ultimate compressive strength data by
level for thoraco-lumbar vertebrae (mostly Tl to L5). Coltman
et al. (1986) give data from tests of vertebrae from 12
cadavers. The ages ranged from 44 to 63 years (average, 56.25);
eight of the 12 were male. Kazarian and von Gierke (1978) give
data from tests for fast and slow loading rates (0.889 and
0.0000889 m/s), but they do not give information regarding age of
the cadaver(s) from which vertebral specimens were taken or the
number of cadavers used. Data presented by the authors from
other researchers are bracketed by their data for fast and slow
loading rates. Payne (1971) gives compressive strength data for
levels C4 to L1 for one 30-year old male (Messerer, 1880) and for
levels T8 to L5 for ten adult cadavers with an age range of 19
to 46 years and average 32.4 (Geertz, 1946 translation). He also
gives a curve that shows cumulative probability of compressive
failure as a function of load (adjustment of data from Bell et
al. 1967). The data are normalized to L5 and age 42.5 years and
are based on tests of 62 vertebral bodies. Henzel (1967) gives
compressive strength data due to Ruff (1950), Stech (1963), and
Perey (1957) for Tl to L5; all data are for young adult males.

Compressive strength data from these articles and reports
are given in Table 2 below. Since all authors find that in
good approximation the ultimate compressive strengths of thoraco-
lumbar vertebrae increase linearly, by level, from Tl to L5,
their results have been summarized in equation form in the table.
(A1l authors presented their results in tabular and/or graphical
form.) Here, L=1 for Tl1, L=2 for T2, ..., and L=17 for L5.
Since the original data are variously in terms of pounds,
Newtons, and kilograms force, some results have been converted
to pounds for ease in comparison. (Values in the authors'
original units may be found in the respective Table 9 entries.)

19



m
Table 2. THORACO-LUMBAR VERTEBRAL STRENGTH BY LEVEL
m
Vertebral Strength (S) Cadavers
Article / Report  Levels by Level (L) n age

Coltman et al. T1-L5 AVERAGE 12 44-63
(1986) S (1b) 335 + (L-1)*(2015-335)/16
slope = 105 1lb/level
(GREATEST) 1 52
S(lb) = 1193 + (L-1)*(3881-1193)/16
slope = 168 lb/level
(LEAST BOUND) ~5 54-63
S(lb) = 200 + (L-1)*(1400-200)/16

slope = 75 1lb/level
Kazarian and T1-L5 AVERAGE, fast loading ? ?
von Gierke (1978) S(1b) = 719 + (L-1)*(3170-719)/16
slope = 153 1lb/level

T1-L5 AVERAGE, slow loading ? ?

fast = 0.889 m/s S(1b) = 562 + (L-1)*(1439-562)/16
slow = 0.0000889 m/s slope = 55 lb/level
Payne (1971) C4-11 One male cadaver 1 30
S(lb) = 606 + (L+3)*(2205-606)/16
slope = 100 lb/level
T8-L5 Ten adult cadavers 10 19-46
C4-L1, Messerer S(1lb) = 1357 + (L-8)%*(2341-1357)/9
T8-L5, Geertz+ slope = 109 1lb/level
Henzel (1967) T1-T5 AVERAGE ? young adult
S(1b) = 360 + (L-1)*(840-360)/4
slope = 120 1lb/level
T6-T10 AVERAGE
S(1b) = 1000 + (L-6)*(1632-1000)/4
slope = 158 lb/level
T1l1l-L1 AVERAGE
S(1b) = 1700 + (L-11)*(1790-1700)/2
slope = 45 1lb/level
L2-L5 AVERAGE
S(lb) = 1925 + (L-14)*(2366-1925)/3
slope = 147 1lb/level
NOTES:

Vertebral levels
L=1 for T1, L=2 for T2, ..., and L=17 for L5
L=-3 for C4, L=-2 for C5, L=-1 for C6, L=0 for C7

Constants for force units conversion
1 1b = 4.44822 N
1 kgf = 2.2046 1b

Units of original data

Coltman et al. 1b
Kazarian and von Gierke Newtons
Payne kgt
Henzel 1b
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It may be seen in this strength-versus-level table that
there is good general agreement between the slope values from
data from Coltman et al., Kazarian and von Gierke, Henzel, and
Payne (from Messerer and Geertz). Further, load values calculated
from the equations for the various authors are similar. For
example, for T8 (L=8) the following loads are calculated: 1070 1lb
for Coltman et al., "AVERAGE"; 1547 1lb for Coltman et al., "avg
GREATEST+LEAST"; 1369 1lb for Kazarian and von Gierke, "avg
fast+slow"; 1705 1b for Payne, "Messerer"; 1357 1lb for Payne,
"Geertz"; 1200, 1316, 1565, and 1043 1b for Henzel, "AVERAGE".
(The last two values for Henzel are extrapolations to T8.)
Corresponding slope values are, respectively, 105, 122, 104, 100,
109, 120, 158, 45 (T1l to L1 only; Henzel), and 147 lb/level.

Only one reference reviewed in the current study contains
information that describes the probability of vertebral body
fracture as a function of compressive load--viz., Payne (1971).
Payne examines data from Geertz (1946), Perey (1957), and Bell et
al. (1967). The pertinent analysis and results will now be
described.

Payne looks at the relationship between ultimate strength
and vertebral level. For this purpose he finds only the Geertz
data plus three data points from another source to be useful.
Using data from 38 vertebral bodies between T8 and L5 from ten
cadavers (age 19 to 46) he finds the relationship to be linear.
Payne's plotted points and his regression line are shown in
Figure 1. (This is Payne's Figure 19.) Payne does not note the
values of the regression line parameters in his paper, but they
may be calculated to be as follows (using the data in Payne's
Table 2), where S is the ultimate compressive strength and L is
vertebral level from 8 to 17:

S(kgf) = 615.465 + (L-8)*(1061.728-615.465)/9,
where L=8 for T8 and L=17 for L5

slope = 49.585 kgf/level ‘
correlation coefficient = r = 0.8367
standard error of estimate of S on L = 87.444 kgf
standard deviation of S = 159.66 kgf

The above regression line equation is equivalent to the one in
the above table (viz., Payne, T8-L5), where results are expressed
in pounds:

S (1b)
slope

1357 + (L-8)*(2341-1357)/9
109 1lb/level

Payne next determines, from analysis of two sets of data,
that compressive breaking load is independent of age up to about
42 years and that it decreases exponentially above that (Payne,
Fig. 28). 1Indeed, Payne states explicitly that "as a practical
matter, we may neglect the effect of age when considering the
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Figure 1.
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Vertebral failing load,
T8 to L5 (from Payne, 1971)
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problem of aircrew injury in ejection seats." For ages above
42.5 years he determines parameter values for the best-fit
exponential relationship, which he uses to normalize to age 42.5
the data from Bell et al., which are for cadavers of age 26 to
86. Since Bell's data, for 62 thoraco-lumbar vertebrae, are for
compressive stresses instead of compressive loads, Payne uses
vertebral body cross-sectional areas (2.77 in? for L5) to find
equivalent loads and to normalize to L5. The cumulative
probability-of-failure relationship he determines from his
analysis of Bell's data is shown in Figure 2 (Payne's Figure 35).
The plotted data are normalized to age 42.5 and to L5; i.e., they
may be considered valid for ages less than 42.5 years (since he
finds strength to be independent of age less than 42.5) and they
are for L5 specifically although data for a range of ages and for
vertebral levels other than L5 were used to establish the
results. Payne finds that a gamma distribution fits the data
well. He gives the following equation for the best-fit curve for
the probability density function, which has units of probability
per kgf:

a -S/B
S e
p(S) = , a>-1, B>0
o+l
B T'(a+1)

where o = 4.307 and R = 234.07 kgf, and S is the L5 load in units
of kilograms force. The factor I'(-) is the gamma function. This
equation is most conveniently used in a slightly different form:

a -S/B8
(S/B) e
p(S) = , a>-1, B>0,

B T'(a+l)
00

-u o

where T(a+l) = e u du = 26.1428 for a = 4.307.

0

The cumulative probability-of-failure curve of Figure 2 is then
S
P(S) = Jp(u) du ,
0

which can be shown to be
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CUMULATIVE PROBABILITY

OF FAILURE FOR L5

COMPRESSIVE FORCE S
S/8

1 -t «
P(S) = —mm— e t dt , a>-1, B >0
T(a+l)
0

where o, 8, and T (a+l) have the values given above.

Payne does not describe the manner in which his results
might be used to estimate the probability of failure of a
thoraco-lumbar vertebra at a particular level L for a given
maximum (quasistatic) compressive load F measured at that level.
It would seem, however, that the proper procedure is as follows.
Given a level L, where L=8 for T8, 9 for T9, ..., 12 for Ti2, 13
for L1, ..., and 17 for L5, calculate the estimated ultimate
compressive strength, S, from

Sr, (kgf) = 615.465 + (L-8)*slope
where
slope = 49.585 kgf/level

and where loads are in units of kilograms force. This equation
is for the regression line in Figure 1. Since Payne's cumulative
probability-of-failure curve is normalized to L5, we also need
the strength for L5. For L5 (L=17) we have

S17 = 1061.728 kgf
Next, for the measured value of load at level L, i.e., F,

calculate the ratio R of load to the estimated, nominal breaking
strength:

The equivalent load at L5 may then be determined as

Fi5 = R S17

Finally, with S in the above equation for P(S) set to Fyg, the
cumulative probability of failure for loads up to Frs at level 17
(L5) --and, equivalently, F at level L--may be calculated.
Alternatively, the probability may be read directly from Figure 2
for abscissa value Fig.

To illustrate an inverse use of the above procedure we may
note that Figure 2 shows that 25, 50, and 90 percent
probabilities of failure of L5 occur at L5 loads of about 800,
1150, and 2000 kgf, respectively. For T10 (L=10) the nominal
breaking load is found to be Sjg = 714.6 kgf so that the ratio R
is 714.6/1061.728, or 0.673. The 25, 50, and 90 percent
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probabilities of failure of T10 therefore occur at T10 loads of
about 538, 774, and 1346 kgf, respectively:

One additional, and possibly important, caveat must be
expressed regarding prediction of thoraco-lumbar vertebral
fracture. All or almost all ultimate strength data in the
literature for Tl to L5 were determined from experiments with
loading rates that are small in comparison with loading rates
during ejections. Yet there is indication that ultimate
strengths for high loading rates may be significantly larger. As
seen in Table 2, for example, Kazarian and von Gierke get a Ti1-
strength value of 562 1lb for quasistatic loading but 719 1b for a
loading rate of about 1 m/s, i.e., a strength that is larger by
28 percent. A much larger amount of dynamic loading data exists
in the literature for compressive strength of vertebrae in the
cervical spine. Those data exist because of a strong focus in
automotive safety research on neck injuries. Maximum loading
rates studied are usually about 10 m/s. The related literature
is discussed in Section 5.1.2.1. It is seen there that cervical
vertebra strengths can be two to three times as large, and more,
in dynamic loading as in quasistatic loading. (Thoraco-lumbar
vertebra strengths have not received much attention in automotive
safety research because fractures in the thoraco-lumbar region of
the spinal column are relatively rare in automobile accidents.)

Other dynamic response criteria--Three computer simulation
methods of particular note have been used for predicting thoraco-
lumbar spine fracture injuries. The first two methods are
related in that the second was developed as an extension of the
first. The first method calculates a Dynamic Response Index

(DRI). The second method--much more recently developed--is
called the Acceleration Exposure Limit Method; it calculates an
an "injury-risk criterion." The third method that is discussed

below is a three-dimensional, discrete-element, head-spine model
that predicts intervertebral stresses, which are used to
calculate an Injury Potential Function.

The Dynamic Response Index Method (or Spinal Injury Model)
is described in 1971 and 1975 references reviewed in the current
study. Those references are by Brinkley and Shaffer (1971) and
Payne (1975). The general method was first described by Payne
(1962) and the DRI method specifically is introduced and
discussed thoroughly in Stech and Payne (1969). The Acceleration
Exposure Limit Method is described in reviewed 1988 and 1989
references: von Gierke et al. (1988) and Brinkley et al. (1989).
Both models make use of a simple mass-spring-damper system for
predicting gross response of an aircrew member in a system
subjected to short duration acceleration loadings. Injury
prediction by both models is calibrated by observational injury-
level and injury-threshold data from various sources. A primary
difference between the models is that the first, the DRI Method,
considers +Z inputs to a one degree-of-freedom model, while the
second, the Acceleration Exposure Limit Method, considers inputs
and responses in three degrees of freedom, X, Y, and Z.
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The DRI model determines the Z-response of a simple mass-
spring-damper representation of the seated human. It has been
used in relation to ejections and helicopter crashes. The DRI is
the square of the natural frequency of the system (i.e., k/m, the
spinal stiffness k divided by the head-plus-torso mass) multiplied
by the maximum compressive deflection that results from a +2
driving force or acceleration in the simulation and divided by
the acceleration of gravity:

k/m 4 2 f2

DRI= 6max=—5max.
g g

The DRI is thus nondimensional. Brinkley and Shaffer reference
system constants determined by Stech and Payne (1969) from
experimental data--specifically, 0.224 for the damping ratio and
52.9 rad/s for the natural frequency, 2mf. (The mass m and
stiffness k do not occur separately in the equation of motion, but
only as the ratio k/m.) Some of the injury calibration data were
calculated from tests with cadavers and some are from operational
experience (Payne, 1975). The spinal injury rate as a function
of DRI is presented in (only approximate) semilogarithmic form
by Payne (1975). The graph of Payne, from Brinkley and von
Gierke (1973), is included here as Figure 3. (Also see Brinkley
and Shaffer, 1971.) The results in Table 3, below, may be read
from the Figure 3 graph (described as "preliminary" by Payne) for
spinal fracture rate as a function of DRI.

Table 3. DRI vs. SPINAL FRACTURE RATE
DRI Spinal Fracture Rate (%)
13.3 0.2
14.9 1.0
16.8 5.0
19.4 20.0
21.3 50.0

The more recently developed technique called the Acceleration
Exposure Limit Method was introduced by von Gierke et al. (1988)
and is described also by Brinkley et al. (1989). This method
predicts the probability of injury due to combined, but
independent, accelerations in X, Y, and Z axes. Therefore, while
the DRI Method is suitable only for study of injury potential for
+Z inputs, such as in ejections or some helicopter crashes, the
Acceleration Exposure Limit Method has validity also in crashes
with large fore-aft and lateral accelerations. Determined
probabilities are based on acceleration limit values for specific
levels of risk of injury. The acceleration limit values, for
independent plus and minus X, Y, and Z accelerations, are derived
from human impact data bases. In use of the model accelerations
are presumed to have their greatest deleterious effect when
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acting at a specific "critical point." That point is normally
assumed to be the center of mass of the upper torso. Injury
probabilities are estimated from the computed accelerations of
that point.

Since aircrew member responses in X, Y, and Z in this model
are assumed to be independent, the dynamic response accelerations
have exactly the same form as the Dynamic Response Index for +Z
in the DRI Model, i.e.,

(k/m)j 4 T2 sz

DRj = —-— 6j,max = — éj,max ,
g g

but each axis has a different natural frequency and maximum
deflection. In the above equation the subscript "j" represents
X, Y, and Z. Independence of X, Y, and Z responses results from
the mass at the critical point being attached independently by
three axial, spring-damper systems to the aircraft--or, in the
case of ejection studies, to the ejection seat. The ejection
seat, or whatever part of the aircraft is attached to the
critical point, is assigned three linear acceleration components
and an angular velocity. Nondimensional dynamic responses of the
critical point mass are calculated by dividing the X, Y, and Z
accelerations, DR+, by the previously described acceleration
limit values. A %ime-varying injury-risk measure is calculated
as the square root of the sum of the squares of the three
nondimensional accelerations. Thus, where R is the injury-risk
criterion, DRy, DRy, and DRy are the dynamic response
accelerations for the X, Y, and Z axes, and DRy, 1, DRy,1, and
DRy 1, are limit values for each axis,

B = [ (DRx / DRXIL)2 + (DRY / DRYIL)2 + (DRZ / DRZ,L)z ]

Separate values of this measure are calculated for low-,
moderate-, and high-risk limit accelerations. The escape system
occupant is considered to have exceeded a specified injury-risk
level if this injury-risk criterion has a magnitude greater
than one. The limit acceleration Gs used by Brinkley et al.,
which were the best available data at the time of the study
(1989), are given in Table 4 below. (The limit values for the
-Z vector were determined by Brinkley et al. as a part of their
reported research.)
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Table 4. ACCELERATION LIMIT VALUES DRj,L
FOR THE
ACCELERATION EXPOSURE LIMIT METHOD (j=X,Y,2)

Low Risk Limit Accelerations (Gs)

+X = 35 -X = -28
+Y = 14 -Y = -14 (w/o side panels) +Y = +15 with
+Z2 = 15.2 -Z = -13.4 side panels

Moderate Risk Limit Accelerations (Gs)

+X = 40 -X = -35

+Y = 17 -Y = -17 (w/o side panels) +Y = $20 with

+Z = 18.0 -2 = -16.5 _ side panels
High Risk Limit Accelerations (Gs)

+X = 46 -X = -46

+Y = 22 -Y = -22 (w/o side panels) +Y = +30 with

+Z2 = 22.8 -2 = -20.4 side panels

The recent references pertinent to the Acceleration Exposure
Limit Method that were found in the literature search of the
current study indicate that this method is still under evaluation.

A computer simulation model variously called the Head-Spine
Model (HSM) and SAM (for the Structural Analysis of Man) is
described in its first form by Belytschko and Privitzer (1978).
The model is described further by Williams and Belytschko (1981),
Privitzer et al. (1982), Belytschko et al. (1985), von Gierke
et al. (1988), and Privitzer and Kaleps (1989). This model,
which will be called HSM here, is a three-dimensional, discrete
element model used for prediction of the dynamic response of the
head-spine-torso structure to severe impact environments. It
includes representation of the head, torso, pelvis, inter-
vertebral discs, ligaments, muscle, and other connective tissues.
The effects of muscle can be simulated with either a passive
muscle model or a stretch reflex model. HSM is described as
incorporating a data base that contains biomechanical, geometric,
and structural data (Belytschko et al. 1985).

Privitzer et al. (1982) describe estimation of
probabilities of fracture injury at separate levels of the spine
from T1 to L5 by use of an injury criterion calculated by the
Head-Spine Model, called the HSM Injury Function. This quantity
represents the ratio, at each level of the spine, of the peak
computed cortical shell compressive stress (due to combined axial
compression and bending) to the ultimate compressive yield
stress. The report does not give values for the ultimate yield
stresses or a detailed definition of the HSM Injury Function.
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Von Gierke et al. (1988) discuss an Injury Potential
Function, which has a different value at each vertebral level and
is obtained by dividing the maximum predicted stress at each
level by the corresponding vertebral level mean failure stress.
The Injury Potential Function is apparently the same as, or a
refinement of, the HSM Injury Function referenced by Privitzer
et al. (1982). Von Gierke et al. state that the Injury
Potential Function has predicted the observed result of "higher
probability of injury...in the middle thoracic region of the spine
than in the lumbar region" in the case of "very tight torso
restraint." Injury potential (probability) as determined from
the Head-Spine Model is graphed in the paper as a function of
vertebral level for four ejection simulations with peak +Ggs
equal to 14, 16, 18, and 20 G. Von Gierke et al. indicate that
an Injury Potential Function value of 1.0 for any particular
vertebra indicates a 50 percent probability of fracture while a
value of 0.9 indicates a 16 percent probability of fracture.

In a 1989 paper Privitzer and Kaleps describe a Spinal
Injury Function, SIF, calculated by the Head-Spine Model. The
SIF makes use of experimental compressive failure data of human
thoraco-lumbar vertebrae, to predict the probability of injury,
by level, along the thoraco-lumbar spine. The SIF is presumably
a refinement of the HSM Injury Function described earlier by
Privitzer et al. (1982). A Neck Injury Parameter, NIP, is
defined in like manner. SIF and NIP values of 1.0 at any
vertebral level correspond to a 50 percent likelihood of
vertebral body compressive failure due to combined axial
compression and bending at that level. The authors state that
the injury prediction capability of the model has been validated
using operational ejection data, but the validation work is not
described in the paper. The paper does not give values for the
ultimate yield stresses or detailed definitions of SIF or NIP or
the corresponding injury criteria.

5.1.1.2 Ejection geat dynamics criteria. While the
injury prediction methods discussed above in Section 5.1.1.1 are

detailed in that they examine injury probability on a level-by-
level basis along the thoraco-lumbar spine and/or include
computer simulation techniques, another injury prediction method
considers only the gross measures of ejectee response or the
gross dynamic performance specifications of the ejection
catapult, together with observational injury data. Those
observational data are discussed in this section. Injury
considerations in the literature that is relevant to gross
dynamics of ejection systems almost invariably relate to
thoraco-lumbar spinal fractures.

In theory the detailed methods of the former type have the
greater potential for studying injury mechanisms; in practice,
however, they place great demand on proper design of test
manikins and discrete-element simulation programs and on proper
interpretation of experimental and simulation results.
Nonetheless, it may be the case that only such methods as those
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will be found adequate for refining design of ejection systems.
The whole-body, ejection-dynamics criteria discussed in this
section were, for the most part, determined in pre-1980 research
focused on establishing appropriate limit values for gross
dynamic performance characteristics of ejection systems. The DRI
Method and Acceleration Exposure Limit Method of the preceding
section are related to the whole-body, ejection dynamics
discussed here, but since those methods--particularly the
Acceleration Exposure Limit Method--make use of a great deal of
experimental tolerance-to-acceleration data, they should have
continued usefulness for directing and assessing development and
refinement of escape systems.

Various parameters of the gross dynamics of the catapult and
ejectee are discussed in the literature. These include peak +Gy
acceleration, the rate of onset of the acceleration profile, and
velocity at end of stroke. Limit values and injury criteria
estimated by various investigators are given below, but it must
be noted that nearly all data of this sort in the literature
assume a properly postured, properly restrained ejectee. It has
been found by many researchers, as described in Section 4.2.2 and
elsewhere in Section 4, that an erect, head-back posture with
good torso and hip restraint is critical in reducing the rate of
thoraco-lumbar fracture injuries for any ejection system.

A relatively recent reference (Naval Safety Center, 1981)
does note specifically that for ejections in which the spinal column
is properly aligned, an acceleration of +25 G, can be supported
without vertebral fractures. This same reference indicates that
short duration accelerations from "seat slap" may be 40 G or
more in through-the-canopy ejections without concomitant
injury. Rates of onset of +Gz acceleration as large as 500
G/s or more can be tolerated without injury if the ejectee is
properly restrained and sitting erectly on a rigid, stable
seat, according to this reference.

Nuttall (1971) summarizes human tolerances to short-
duration, large-acceleration environments in terms of approximate
values or ranges as follows: +Gg, 20 G; -Gz (for downward
ejection seat), 12 G; 250 G/s rate of onset, upward; 125 G/s rate
of onset, downward; other values, +Gz of 25 G and rate of onset
of 300 G/s. The author notes that accelerations to the required
ejection velocity should be over at least 230 ms. He makes
reference to accidental noninjury-producing exposures of human
subjects to 30-33 +G, at 500 G/s rate of onset in upward ejection
experiments under ideal laboratory conditions.

There is more agreement in the literature on values for
maximum supportable +G, acceleration and rate of onset than for
duration of acceleration (or, almost equivalently, end-of-stroke
velocity). Shannon (1971) cites 25 G as a conservative maximum
limit for +G; and 500 G/s for maximum rate of onset but gives a
range of 100 to 150 ms for duration. Discrepancies in the
literature between cited duration values may be because some
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authors mean to indicate the maximum supportable duration for a
given acceleration while others mean to indicate the minimum
acceptable duration for accelerating the ejectee to the required
ejection velocity.

In early ejection seat testing conducted with volunteer
subjects, Watts et al. (1947a) find that 18 to 21 G was
tolerated repeatedly without injury, but the authors do not reach
a conclusion as to maximum +G, that can be tolerated under
operational conditions. In a second report on their study Watts
et al. (1947b) state that they believe 20 to 22 G to be the
"practical upper limit" for seat ejection experiments with living
human subjects. Catapult acceleration pulse durations were about
300 ms, strokes were 40 to 60 inches, and end-of-stroke
velocities were up to about 60 ft/s. Maximum rates of onset for
acceleration pulses were 150 to 280 G/s. Watts et al. (1947a)
note that German researchers concluded in early work that
fractures in the lumbar region will not occur until accelerations
reach 22 to 25 G.

Table 5 below summarizes noninjury producing, limit
values identified in the literature that was reviewed in the
current study. It should be noted that it is not generally
possible to use an ejection system that is designed with the most
extreme values for all gross dynamics parameters; in general,
tradeoffs are necessary.

Table 5. SUMMARY OF EJECTION SYSTEM DYNAMICS LIMITS FOR
LOW RISK OF INJURY

Maximum Minimum Pulse Maximum Change
Maximum +G, Rate of Onset Duration of Velocity
20-25 G 200-500 G/s 100-230 ms 20-60 ft/s

5.1.2 Cervical gpine fractures. Fractures of C2, C5, and
C6 are the most common major injuries to the neck that occur in
ejections before complete egress from the aircraft. Nearly all
existing injury criteria for the neck have come from automotive
safety-related research even though neck injuries, except for
strains, are relatively uncommon in automobile crashes. The
mechanisms for vertebral fracture in the neck are complex,
depending not only on the loads on and ultimate strengths of the
vertebrae, but also very sensitively on initial positions and the
conditions of loading. For the most part available data will not
be of significant use in ejection system testing with manikins
unless the neck of the manikin models the human neck in
sufficient detail. The adequacy of the manikin neck can be
established only by comparison of results from tests with
manikins and cadavers or, indirectly, by confirmation of proper
manikin prediction of ejection-related injuries seen in operational
conditions.
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5.1.2.1 Moment, force, and dynamic response criteria.
The existing biomechanical injury tolerance data relevant to

ejection-related neck injuries are of two types: (1) bending
moment criteria; (2) neck force criteria, primarily for axial
compression. Bending moment criteria are widely cited in the
literature, but it is important to note here that nearly all
values referenced originate from one particular study (Mertz and
Patrick, 1972). A larger body of independent research relevant
to axial compression injuries of the neck has been reported in
the literature.

An observation by Patrick (1987) has possible importance to
estimation of marginal injury level tolerances for both neck
moments and neck forces (shear and axial). Patrick observes
that, for the neck, cadaveric marginal injury level tolerances
are about double the human subject maximum voluntary levels. The
Mertz-Patrick data in Tables 6 and 7 below are consistent with
this. Gracovetsky et al. (1982) and Helleur et al. (1984) also
consider it reasonable to estimate injury level as a voluntary
tolerance level multiplied by a constant. They address the
question of whole-body acceleration levels rather than forces or
moments in their papers, but they reference their earlier work
that established that weightlifters will not voluntarily execute
a lift that produces lumbar compression forces greater than two-
thirds of ultimate strengths. Their findings would indicate that
Patrick's hypothesis is conservative (i.e., that a factor of one
and a half would be more appropriate than two) except that the
weightlifters may have been more motivated to perform maximally
than Mertz and Patrick's volunteer subjects.

Moment criteria--The study from which nearly all cervical moment-
injury criteria cited in the literature derive was conducted by
Mertz and Patrick (1972). Patrick also summarizes the results of
the study in his 1987 paper. Human volunteers were subjected to
dynamic environments that produced noninjurious neck responses
in extension and flexion. Tests with cadavers were used to
extend the data into the injury region. None of the tests
involved direct impact to the head. Moments and forces at the
occipital condyles were calculated from rigid-body motion
equations by measuring head accelerations and estimating the
inertial and geometrical characteristics of the head. Moment,
shear force, and axial compression force injury criteria are
given in the paper. Torque-deflection loading curves given are
for angulation of the head with respect to the torso. Loading-
unloading curve envelopes are defined for both flexion and
extension. The response envelopes and some of the associated
tolerance limits and injury levels determined by the authors are
shown here in Figures 4 and 5 (Figures 26 and 28 of Mertz and
Patrick, 1972). The moment-related tolerance levels for dynamic
response determined by Mertz and Patrick are summarized here in
Table 6 (from Patrick, 1987).
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Table 6. MERTZ-PATRICK NECK MOMENT TOLERANCES

VOLUNTARY DYNAMIC MOMENT TOLERANCES AT THE OCCIPITAL CONDYLES

Forward flexion (no injury) 65 ft-1b (88 N-m)
Extension (no injury) 22.5 ft-1b (30.5 N-m)
Lateral flexion (no injury) 33.3 ft-1b (45 N-m)

CADAVERIC MARGINAL INJURY LEVEL TOLERANCES
AT THE OCCIPITAL CONDYLES

Forward flexion (no damage) 140 ft-1b (190 N-m)
Extension (no damage) 35 ft-1b (47.5 N-m)
Extension (damage to ligaments) 42 ft-1b (57 N-m)

Mertz and Patrick, 1972; Patrick, 1987

The injury criteria established by Mertz and Patrick are
conservative in that cervical fracture did not occur in any of
the cadaver (or volunteer) tests. The most severe injury that
occurred was ligament damage in cadavers. The mistake should not
be made of assuming no significant injury to living human beings
at moment loadings that did not produce ligament or vertebral
injury in cadavers, since severe strains and neurological damage
can surely occur. Nonetheless, it may be true that the injury
criteria of Mertz and Patrick do not have great relevance in
studies of neck injury resulting from aircrew member ejections.
Studies of neck injury in automobile accidents have consistently
indicated that cervical fractures are rare in the absence of head
impact (e.g., Portnoy et al. 1972; Cheng, 1982; Ommaya, 1984).

It is not clear from the literature review of the current study
that this question has ever been addressed directly in studies of
ejection-related cervical fractures.

Force criteria--Mertz and Patrick also determined voluntary
static tolerance levels for shear and axial forces in the neck.
They report only one dynamic force tolerance value (cadaveric,
anterior-posterior shear force). Their force tolerance levels
are summarized in Table 7.

Mertz and Patrick state that the voluntary static force
tolerances determined in their study (given in the above table)
can be considered lower bounds for marginal injury level forces.
This is certainly true, but a number of studies since the Mertz-
Patrick study (1971-1972) have determined the actual minimum
fracture-producing axial compressive loads to be on the order of
1000 lb or greater--i.e., much larger than the voluntary
tolerance of 250 1lb. Melvin (1979), for example, states that
fracture of cervical vertebrae occurs for compression loads of
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Table 7. MERTZ-PATRICK NECK FORCE TOLERANCES

VOLUNTARY STATIC FORCE TOLERANCES AT THE OCCIPITAL CONDYLES

A-P or P-A shear force 190 1b (845 N)
L-R or R-L shear force 90 1b (400 N)
*Axial compression force 250 1b (1110 N)
*Axial tension force 255 1b (1135 N)

CADAVERIC SUB-INJURY LEVEL RESPONSES
AT THE OCCIPITAL CONDYLES

A-P shear force (no damage) 450 1b (2000 N)

*Mertz and Patrick, 1972; Patrick, 1987

about 1280 1lb. McElhaney et al. (1983) find that in dynamic
compression loading of the full cervical spine burst fractures of
the C5 vertebral body are common and require 1400-1800 lb. Other
experimental studies that suggest large values for ultimate
strengths of cervical vertebrae are discussed below and include
Culver et al. (1978) and Cheng et al. (1982).

On the otherhand, there are also reported experimental
results that are more in accord with the suggestion by Mertz and
Patrick that 250 lb be used as a lower bound for marginal injury
level forces. Those studies are also discussed below. They
include Pintar et al. (1989) and Hodgson and Thomas (1980; 1983).
Additionally, to the degree that it is valid to extrapolate
upper-thoracic vertebral strength data to the cervical spine, the
strength-versus-level data previously presented in equation form
for vertebral levels Tl and below are suggestive that low values
are appropriate (see Table 2 in Section 5.1.1.1). For example,
for C5, i.e., L=-2, it may be appropriate to extrapolate the
T1-L5 data of Coltman et al., "AVERAGE", "GREATEST", and "LEAST
BOUND"; the T1-L5 data of Kazarian and von Gierke, "fast loading"
and "slow loading"; the C4-L1 data of Payne (Messerer); and the
T1-T5 data of Henzel. The respective results, for C5, are:

20 1b, 689 1lb, -25 1lb; 259 1b, 398 1lb; 706 1lb; and 0 1lb.

It is apparent that cervical vertebra compressive strengths
have low values, typically less than 500 lb, under conditions of
quasistatic loading, and that strengths are larger--greater than
1000 1lb--for short-duration, dynamic loading. Experimental
dynamic loadings are usually accomplished by crown (top-of-head)
impacts by padded impactors of mass 10 kg and impact velocities
of 2 to 11 m/s. (Isolated cervical spine preparations are
sometimes loaded dynamically as well.) Since the conditions of
dynamic loading experiments are much more like manikin or aircrew
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member ejections than are quasistatic loadings, it is probably
appropriate to use the larger ultimate strength data (or the
Hodgson-Thomas criteria) in interpreting manikin test data.

Citing data from a study by Culver et al. (1978), the SAE
Information Report SAE J885 JUL86 (Society of Automotive
Engineers, Inc., 1991b) indicates that in cadaver crown-impact
tests peak loads of less than 1560 1lb usually did not produce
neck fractures. In eleven tests the lowest load that produced
vertebral process fractures was 1060 lb. That test also produced
some lateral lip crush of the C5 body. The lowest load that
produced significant crush of any vertebral body (C5) was 1620
l1b. A test with an superior-inferior (S-I) head load of 1990 1b
crushed the C3-4, C4-5, and C5-6 discs, fractured two transverse
processes, and severely crushed the T2 vertebral body. The
authors comment that since the measured forces were dynamic head
loads (for a padded impactor), the corresponding axial
compressive neck loads could be smaller due to head mass inertial
effects. Additional note is made that fractures can occur at on
the order of half these loads if the head, neck, and torso are
not axially aligned. With regard to shear force injuries in the
neck, the authors note that the upper part of the neck (occipital
condyles to C2) is most subject to injury. An implication is
that it is important to measure shear force in the upper neck in
manikin tests. This SAE Information Report does not, however,
give injury criteria data for the neck in shear.

A study is reported by Pintar et al. (1989) in which quasi-
static, compressive loading tests of seven fresh human cadaveric
head-neck complexes were conducted. Six-axis load cells were
placed at the proximal and distal ends of the specimens to
document the gross biomechanical response. The preparations were
loaded axially to failure at a rate of 2 mm/s. At failure the
preparations were deep frozen in the compressed state to preserve
tissue alterations. Failure loads ranged from 1355 N to 3612 N
(305 1b to 812 1lb) for the seven preparations, while deflections
at failure ranged from 9 to 37 mm. Strains at failure ranged
from approximately 0.04 to 0.26 mm/mm. Upper cervical injuries
were observed under compression-extension modes while lower
cervical injuries occurred under compression-flexion modes.

Dynamic impact loading of the neck through direct head
impacts of cadaveric subjects was studied by Hodgson and Thomas
(1980; 1983) with regard to numerous variables. These included
impact location, line of action, energy level, concentrated
versus distributed loading, initial neck curvature, and
protectlve gear. Among the most important findings is that, for

compression loading in general there are too many variables
affecting cervical spine injury to publish suggested tolerance
limits. Nonetheless, the authors do present their "best estimate
of axial compression tolerance for the adult population." An
aspect of their neck-injury criterion that is different from any
others found in the literature is a dependence on duration of
loading over a given force level. (This feature is seen in some
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head and chest injury criteria.) Specifically, for the adult
population, they estimate potential for serious injury for an
axial compression force of 250 pounds or more for a duration of
30 ms or more or for force greater than 850 - 20 x T pounds for T
less than or equal to 30 ms, and no injury otherwise. No
statement is made regarding an anticipated injury site. (The
authors give an upper bound criterion as follows: potential for
serious injury for an axial compression force of 250 pounds or
more for a duration of 36 ms or more or for force greater than
1450 - 33.3 x T pounds for T less than or equal to 36 ms.)

In consideration of this qualified injury criterion
presented by Hodgson and Thomas, Eppinger (1982) chooses to make<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>