NBDL -86R006

GUIDELINES FOR SAFE HUMAN EXPERIMENTAL EXPOSURE
TO IMPACT ACCELERATION

Marc S. Weiss
Leonard S. Lustick

Naval Biodynamics Laboratory
Box 29407
New Orleans, LA 70189-0407

AD-A169 347

- ‘.‘ -'-‘
_— 0.;_ \
Approved for public release; distribution is unlimited. 3jﬁf§

Prepared for

Naval Medical Research and Development Command
Bethesda, MD 20014

OTIC AILE Copy

. Lo . L U S F T S e . L - ) : ..' .‘
. . . - . . - R ) RN e . I T, [ . . . . . . . .
e T T e TN N e T . ) L Lo
" . D I N A R A o e S e e e e R A S U
| VOO VS TR AN SO S ALY, A NPT Y SRR TS P WA ORGP TR P B I, G Y




R Ei A : ISR e B okl e A i
UNCLASSIFIED ) o
ZECURITY CLASSIFICATION OF THIS PAGE ) )
g =
REPORT DOCUMENTATION PAGE
1a. REPORT SECURITY CLASSIFICATION 1b. RESTRICTIVE MARKINGS
UNCLASSIFIED
“2a. SECURITY CLASSIFICATION AUTHORITY 3 DISTRIBUTION/ AVAILABILITY OF REPORT
APPROVED FOR PUBLIC RELEASE.
26 DECLASSIFICATION / DOWNGRADING SCHEDULE ’
DISTRIBUTION IS UNLIMITED. k-
14 PERFORMING ORGANIZATION REPORT NUMBER(S) S MONITORING ORGANIZATION REPORT NUMBER(S) A
:NBDL -86R006 .
6a. NAME OF PERFORMING ORGANIZATION 6b OFFICE SYMBOL [ 7a. NAME OF MONITORING ORGANIZATION e
(If applicable)

NAVAL BIODYNAMICS LABORATORY

6¢ ADDRESS (City. State, and ZIP Code) 7b  ADDRESS (City, State, and ZIP Code)

P.0. BOXx 29407 .‘_-_:. ':1-
'NEW ORLEANS, LA 70189-0407 B
' 8a. NAME OF FUNDING 7 SPONSORING 8b. OFFICE SYMBOL | 9 PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER P*

ORGANIZATION {If applicable) .
NAVAL MEDICAL RE EARCH & S
DEVELOPMENT COMM LI
8c. ADDRESS (City. State, and ZIPCode) 10 SOURCE OF FUNDING NUMBERS AR
\) ﬂ PROGRAM PROJECT TASK WORK UNIT . :
NAVAL MEDICAL COMMAND ELEMENT NO. |NO. NO. ACCESSION NO.
NATIONAL CAPITOL REGION 63706N MO0 7 MO097
RETHESOA . MD 20814-38R0 97011 5001 S
11 TiTLE (Include Secunty Classification) E
J‘ an >
4 .
: GUIDELINES FOR SAFEYEXPERIMENTAL EXPOSURE TO IMPACT ACCELERATION ‘.
(12 PERSONAL AUTHOR(S) o
__WETSS, MARC S & LUSTICK, I EONARD S el
13a TYPE OF REPORT 13b TIME COVERED 14 DATE OF REPORT (Year, Month, Day) |'S. PAGE COUNT IS AN
FROM __TO 28 N
16 SUPPLEMENTARY NOTATION
17 COSATI CODES 18 SUBJECT TERMS (Continue on reverse if necessary and identify by block number) - _____
FIELD GROUP SUB-GROUP Rt
[ Q2 HUMAN SUBJECTS; IMPACT; SAFETY
19 ABSTRACT (Continue on reverse if necessary and identify by block number)
SEE BACK
1
b
20 DISTRIBUTION ' AVAILABILITY OF ABSTRACT 21 ABSTRACT SECURITY CLASSIFICATION
EJunclassifleD UNUMITED [ SAME AS RPT Ol oric users UNCLASSIFIED
22a NAME OF RESPONSIBLE iNDIVIDUAL 22b TELEPHONE (Include Area Code) | 22¢ OFFICE SYMBOL
LM HERRON, COR, MSC, USN (504) 202-4570Q NBDL (1
DD FORM 1473, 8amaR 83 APR edition may be used unti| exhausted

SECURITY CLASSIFICATION OF THIS PAGE
All other editions are obsolete " -




A A D A P A A A Mg tiald PN « - DA b LAY T s

a
S

v
o L
e

f
S v e
LY

SECURITY CLASSIFICATION OF THIS PAGE

<,

.,,
Yy
G

7

'

. Summary .

L
4025
ey
(XXi

- “The objective of the human volunteer impact experiments at the Naval

N Biodynamics Laboratory (NBDL) is to provide a quality data base for modeling

. human dynamic and phsyiological responses to impact, and for establishing the
relationship between dynamic response parameters and injury. To achieve this
objective, the human volunteer impact experiments must be conducted at levels
of impact that may produce discomfort but are safe inasmuch as the experiments
A have an acceptably low probability of producing any permanent or irreversible
- injury. These safe levels of impact are derived from one or more of the

; following sources: 1) exposures employed in previous NBDL research with human
subjects; 2) human exposure data from other research sources; 3) exposures
using human surrogates/human cadavers; and, 4) mathematical modeling techni-
ques. LT e

RCAT AN U FURRTIRN
Based on a review of these sources, the Tollowing limits are suggested to R
the Committee fér the Protection of Human Subjects as safe guideline These L
are recommended limits for torso-restrained NBDL volunteers, where the freely RN
moving head and neck are the anatomical segments most at risk.

®
\
o SLED ACCELERATION SLED END STROKE
p DIRECTION  PEAK (Gs) DURATION (MS)  VELOCITY (M/S)
: -X 15.6 100 18
- +X 6.0 100
+Y 7.2 80 6.3
+Y 11.3 28 3.5
+7 12.5 90 12
) -1 8 80
: -2 9 20
) -X+Y 10 100 9.0
-X+Y 13 27 3.8

Except for the -7 and +X directions, these recommended limits are no
greater than the maximum exposures already experienced by NBDL subjects. No
A injuries have been sustained at these levels. Greater exposures have been
. reported (e.g., for the -X direction) without injury. These are not absolute
Timits, but recommended guidelines which should be exceeded only with substan-
tial justificaticn from injury modeling, and then only in 1 G increments sub-
ject to wmonicur .4 of critcial dynamic parameters including torques, forces,
linear and angular acceleration and velocity. It should also be noted that
although an experimental protocol recommends a given maximum exposure level,
the monitoring of critical dynamic and physiological parameters or severity
indicators may dictate that the experiment be halted at some lower level than
originally planned.
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GUIDELINES FOR SAFE HUMAN EXPERIMENTAL EXPOSURE TO IMPACT ACCELERATION e
Summary .

The objective of the human volunteer impact experiments at the Naval
Biodynamnics Laboratory (NBDL) is to provide a quality data base for modeling
human dynamnic and phsyiological responses to impact, and for establishing the
relationship between dynamic response parameters and injury. To achieve this
objective, the human volunteer impact experiments must be conducted at levels
of impact that may produce discomfort but are safe inasmuch as the experiments
have an acceptably low probability of producing any permanent or irreversible
injury. These safe levels of impact are derived from one or more of the
following sources: 1) exposures employed in previous NBDL research with human
subjects; 2) human exposure data from other research sources; 3) exposures
using human surrogates/human cadavers; and, 4) mathematical modeling techni-
ques.

3ased on a review of these sources, the following limits are suggested to
the Committee for the Protection of Human Subjects as safe guidelines. These
are recommended Timits for torso-restrained NBDL volunteers, where the freely
moving head and neck are the anatomical segments most at risk.

SLED ACCELERATION SLED END STROKE
DIRECTION PEAK (Gs) DURATION (MS)  VELOCITY (M/S)
-X 15.6 100 18
+X 6.0 100
+Y 7.2 80 6.3
+Y 11.3 28 3.5
+Z 12.5 90 12
-7 8 80
-7 9 20
-X+Y 10 100 9.0
-X+Y 13 27 3.8

Except for the -Z and +X directions, these recommended 1imits are no
greater than the maximum exposures already experienced by NBDL subjects. No
injuries have been sustained at these levels. Greater exposures have been
reported (e.g., for the -X direction) without injury. These are not absolute
Timits, but recommended guidelines which should be exceeded only with substan-
tial justification from injury modeling, and then only in 1 G increments sub-
ject to monitoring of critcial dynamnic parameters inciuding torques, forces,
1inear and angular acceleration and velocity. It should also be noted that
although an experimental protocol reconmends a given maximum exposure level,
the monitoring of critical dynamic and physiological parameters or severity
indicators may dictate that the experiment be halted at some lower level than
originally planned.
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GUIDELINES FOR SAFE HUMAN EXPERIMENTAL EXPOSURE TO IMPACT ACCELERATION ff:%:

1. Introduction. e
— A

The objective of the Naval Biodynamics Laboratory (NBDL) human volunteer 5,-,;
impact experiments is to provide a quality data base to be used for modeling PR
human dynamic and physiological responses to impact and to establish the G?:;
relationship between dynamic response parameters and injury. This information fjﬁi

will be used by military and commercial designers of emergency and protective
equipment to develop and evaluate improved life-protecting systems for
short-term (impact) acceleration exposures. This improved protection should
significantly decrease the morbidity and the mortality associated with these
exposures.

The human volunteer impact acceleration experiments must be conducted at
levels of impact that may produce discomfort but have an acceptablely low -
probability of producing any permanent or nonreversible injury. Injurious s
levels of human impact and their correlation with dynamic response parameters R
must be inferred from experiments with human surrogates or from accident
epidemiology data. The candidate human surrcogates or analogs are human
cadavers, animals with morphology similar to humans, and mathematical models.

Each of these surrogates may provide valuable and complementary information o
concerning injury mechanisms and their correlation with human dynamic response e
data. hy
At NBDL, we are conducting animal and human experiments as part of an fi*i}
overall experimental design shown in Figure 1. This figure also shows RO
surrogate data, obtained from non-NBDL sources, together with mathematical é“"
modeling efforts and accident epidemiology, as additional inputs to the effort ™

aimed at identifying injurious dynamic response parameters.

- .
.

’

'

2. Planning Human Acceleration Experiments at NBDL.

A. Selecting Peak Sied Acceleration.

Any human experimental impact protocol starts with the least severe level
of impact exposure. The impact level is then usually igcreased during
subsequent runs, with the exception of reltiability runs and runs that need to
be redone because of faulty data. These reliability and make-up runs may be
conducted out of order (i.e., a higher impact level may precede exposure at a
Tower level). Prior to impact exposure, voluntary motion experiments are
conducted in wnich each subject is requested to pitch, roll and yaw his** head
as fast as possible. During these voluntary movements, the sane measurements
are nade as in impact experiments, and the derived kinematic variables allow el
assessnent of the response that can be produced by the subject's muscles. Co

* A run consists of a single data acquisition event (usually involving
exposure to impact) and is assigned a run number. An experiment usually
involves many runs. Reliability runs are runs that are repeated with the same
subject and impact level to test for within subject measurement reproduci-
bility.

**The masculine term is used because only male subjects participate in impact e
experiments at N3DL.
2




GUIDELINES FOR SAFE HUMAN EXPERIMENTAL EXPOSURE TO IMPACT ACCELERATION

This maximum voluntary motion defines the non-stressful response envelope for
each subject. For new experimental protocols, the impact levels (i.e, peak
sled acceleration) are incremented by only 1 G, beginning with the lowest
G-level and ending with the most severe impact. For protocols that replicate
previous experiments in which the biodynamic responses were found to be

) nonstressful, an increment of 2 Gs between impact levels may be employed. For
N runs which exceed this known nonstressful threshold level, impact levels are
again incremented by 1 G. The G-level at which most experimental protocols
start is 3 Gs, which is within the voluntary motion range and therefore is
known not to be stressful. There are a few exceptional cases in which the
lowest level has been 2 Gs. This level was used to evaluate the restraint
system and/or the instrumentation. The maximum impact level is <olarted as

3 the minimal level required to obtain the necessary data (see seczicn 2.B.
below).

LA R 4

B. Evaluation of Experimental Severity and Risk.

The single most important consideration in these experiments is to conduct
the required human impact runs in a manner which minimizes the risk of any
permanent or nonreversible injury to the subject, while at the same time e
providing valid information required to ineet program objectives. In order to S asa
obtain valid and meaningful data, some acceptable risk of injury to the human -~
subjects must be defined. The intention at NBDL is not to expose human T
volunteers to impact levels that have high risk of producing injuries or that
compromi se the future health and well-being of the subjects. This policy
contrasts with operational conditions, where tolerance levels for crash
survival may permit injury levels which are not acceptable for human :
experiments conducted in a laboratory. Examples of unacceptable injuries are ; —
any fractures of bones, dislocation of vertebral bodies, subluxation of e
vertebral bodies, herniation of discs or fracture of disc endplates, avulsion
of ligaments, disruption of blood vessels, internal viscera or supporting
ligaments that result in any chronic impairment of health, and any functional RGN
injury. However, experiments may produce minor injuries such as muscle R
soreness, nonchronic tissue strains, external fascia abrasions and contusions
due to restraint interfaces with the subject, short-duration mild headaches, R
brief periods of brachycardia (i.e., a few complexes) or tachycardia occurring RO
immediately after the impact exposure but which progressively return to norma! .
rates, other anomalies or arrythmias in the EKG complex not considered
medically significant and which return to normal in a brief period, and brief
"stunning” or mild concussion similar to that observed in sports activities
and which are free of residual medical effects.

The remainder of this section presents tolerance levels and severity
indices that have been correlated with injury and explains how the scientific
and medical staff at NBDL use these data to determine the maximum acceptable
impact severity for an experimental protocol.

The severity of an abrupt acceleration exposure is a complicated function
of the duration and magnitude of the acceleration protfile, the direction of
the acceleration vector relative to the anatomical axes, and the restraint of
the human subject. For simple, unimodal acceleration profiles, severity is a

i function of one or more of the following variables:

3
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aalafln S'

(1) Direction of acceleration relative to the anatomy;
(2) Peak acceleration level of profile;

(3) Rate of onset of the acceleration profile (how rapidly it rises to
peak acceleration);

TN

(4) Duration or dwell {the length of time the acceleration remains above a
high percentage of the peak profile acceleration);

(5) Rate of offset (how rapidly the acceleration profile drops off after
the peak acceleration level);

a4

(6) The posture and manner in which the subject is restrained; and,
(7) The static and dynamic tension of the restraint prior to impact.

The use of these variables t define tolerance levels requires that the human AR
subject be restrained in a onsistent and repeatable fashion. R

An alternate definition of tolerance levels evaluates the response of a
mathematical model to the input acceleration and expresses the severity and
tolerance levels in terms of response variables of the model {(i.e., Dynamic
Response Indicator, DRI). Other tolerance levels may be expressed in terms of
measured response parameters on an analog model (i.e., manikin), or more
directly expressed in terms of severity indicators derived from measured
response variables on the human.

[

f Regardless of the definition of severity or level of acceleration,
- acceptable levels of exposure are obtained from one or more of the following
sources.

(1) Exposures empioyed in previous research with human subjects. g

1f it can be demonstrated that the severity of the planned protocol is ._C_

less or no more severe than the results from an existing NBDL experimental :}:»“:
: database, then the medical and injury-related experience from this database is VO
considered sufficient to justify the risk involved in the recommnended exposure '
level. The most severe exposures conducted at NBDL for each acceleration ~—-
vector are nrecented in Table 1. B

1f human experimental data from other laboratories are available, and
the exposures, restraints, number of subjects, and related injury experiences
are sufficiently documented, then these data can be used to justify the
maximum exposures recommended in the NBDL protocol, provided that the e
recommended NBDL exposures are less severe than those documented exposures at e
which unacceptable injuries occurred. L

N e e T
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GUIDELINES FOR SAFE HUMAN EXPERIMENTAL EXPOSURE TO IMPACT ACCELERATION
(2) Human exposure data from non-experimental sources.

If injury statistics are available from accident epidemiology or
operational events {e.g., aircraft ejections) for which exposure and injury
» data are suitably defined, then these data can serve as sources for defining
acceptable levels of human exposure in an NBDL experimental protocol.

(3) Work conducted on human surrogates/human cadavers.

If available animal/cadaver injury data can be scaled to human
tolerance levels for injury in a rational manner and verified by comparison
with human accident data, then these data may also serve as sources of useful
information in defining acceptable levels of exposure for NBDL human impact
experiments.

(4) Mathematical modeling techniques.

Available statistical regression models can be used to extrapolate
exposure limits from existing experimental data and these extrapolated limits
can be compared with other sources of information (e.g., accident epidemiol-
ogy). Validated mathematical models also can be used to predict dynamic -
response parameters for experimental conditions not yet initiated (i.e., -
combinations of vectors, restraint perturbation., and acceleration profile e
perturbations). .

1f, in addition to the four sources described above, published human S
tolerance levels for non-injurious exposures to acceleration are to be used, i
it is important to know how these recommended levels were generated, as well £ —
as their limitations. The biodynamic effects of deviations in the planned ‘
experiment from the conditions under which these tolerance levels were
determined originally, must be accounted for in the selection of the maximum
exposure level.

It is noteworthy that although an experimental protocol may recommend a
" given maximum exposure level, the on-site experimental monitoring of critical
. dynamic and physiological variables or severity indicators (e.g., EKG, evoked e
. potentials) may dictate that the experiment be halted at some lower level than R
that originally planned. W

Guidelines for determining safe maximum levels of impact exposure, based
on the above sources, are presented in Section 3.

3. Guidelines to the Commi ttee for Lhe Protection of Human Subjects (CPHS).

The reference section (pages 26-28) includes references to impact data
obtained at NBDL and elsewhere, compilations of recommended tolerance levels,
and cadaver data that can be used by the CPHS to verify and judge independent-
ly the maximum cxposures recommended in an experimental protocol. These
references, together with the Committee's collective knowledge of the experi-
mental areld and sound judgement, are the basis for evaluating risk of injury.
The following discussion reviews the information forwm source listed in the
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reference section. These sources are referenced in the text by parenthetical A?EH:
numbers corresponding to the number provided in the reference section. This b
review is limited to the body segments at highest risk in current NBDL impact MR
experiments (i.e., the head, cervical spine, spine other than cervical, ?:fif:
thorax, pelvis, and internal viscera). SO
O
A. Data from previous human research. ﬂiﬁf

As stated previously, experimental data collected from past experiments at
NBDL, together with observed medical effects, provide a basis for recommending
other experiments which do not exceed these previous impact levels. Tables
1-4 and Figures 2-5 present summaries of the results from the most severe runs
conducted at NBDL. Table 1 lists the parameters describing the sled acceler- >
ation profiles for these runs. The number of subjects, initial conditions, )
and restraints are also defined in this table. Table 2 presents parameters e
related to injury tolerance levels derived from measurements made on human R
bodv seaments durina these runs. Toraues and forces at the occipital condyles
in the head anatomical coordinate system and head injury criteria (HIC) are
shown for cases involving the most severe G levels used at NBDL.

T ATV VTEEEER Ty ey Y VY W VIR S aTeT oW v Ry YV WV R VAT

Plots of the torque and force components and resultant magnitudes,
together with the HIC, are presented for a -X exposure in Figures 2-5. These
same plots are available or can be readily obtained for any acceleration
exposure in the NBDL data base. Reference (9) recommends tolerance levels
defined in termms of these injury-related parameters, as well as the equivalent
torque (moment) at the occipital condyles, and the forces at the condyles, for
use in assessing the risk of neck injury (i.e., injury to the cervical spine).
This reference also discusses the rationale for selecting the Gadd Severity
Index (GSI) or the HIC as indicators of risk of concussion during direct
impact.

’
3
.

Table 3 was constructed using NBDL data (6), and shows the peak angular
acceleration, angular velocity, and linear acceleration for representative
NBDL maximum severity exposures in the -X and +Y directions. These data are
used to define tolerance levels for concussion based on angular acceleration
and angular velocity (i.e., shear failures). In addition, the linear
relationship between intercranial pressure and peak acceleration (7) suggests
that acceleration and duration may be Letter indicators of injury than the GSI
or HIC since those Tatter indicators are computed using acceleration raised to
a powe .

The peak seat pan loading and the belt loads for the +Z runs at NBDL are
shown in Table 4 for the most severe exposures in this direction. These data
can be used to evaluate potential injury to the pelvis, spine and thorax for
runs in this direction.

The medical findings in the NBDL impact exposure data can be summarized as
follows.

............ . P * - <" - Py . - . 0 ) “\ . - . - - . N -
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GUIDELINES FOR SAFE HUMAN EXPERIMENTAL EXPUSURE TO IMPACT ACCELERATION

(1) Several instances of fainting, resulting from restraint and
psychological stress, have occurred before and after impact. These fainting
episodes were not correlated with the level of impact exposure (i.e., the
episodes varied randomly across impact levels). One case of restraint-induced
cardiac asystole for a duration of 8 to 9 seconds occured just prior to impact
(i.e., the asystole occured prior to activation of the impact system). In all
these cases, the run was immediately aborted, the subject removed from the
sled, and immediate medical attention was provided. Recovery was uneventful
in all instances.

(2) Headache is the most common finding immediately after impact, and is
related to exposure severity in both the -X and +Y directions. The headaches
can be severe for up to one minute, and gradually diminish with no sequalae.

(3) It was common to have muscular myalgia on the side of the neck
opposite head motion for exposure in the +Y direction. This condition is
related to the maximum head angle relative to the neck angle, and can be
controlled by 1imiting the endstroke velocity of the sled as the G-level is
increased. These neck problems have not been observed in the -X direction.
There was a case in the -X+Y direction in which a subject had a sore neck that
persisted for two weeks. The subject recovered but was disqualified from the
programn. Subsequent medical examinations as part of the long-term follow-up
program* revealed no sequalae in this subject.

(4) Several cardiac findings are summarized in reference (34) for the -X
and +Y directions. For the most part, these findings were medically
insignificant. One serious cardiac finding occurred in one subject run in the
+Z direction, and was characterized by two premature ventricular contraction
(PVC) complexes in succession, followed by a normal complex, and then followed
by another PVC prior to returning to normmal. This condition can be a
forerunner of ventricular tachycardia and was considered potentially
dangerous. This subject was disqualified from the program with no sequalae.
It is interesting to note that other researchers have produced this same type
of anomaly during centrifuge exposures (28).

(5) One subject had pain radiating to his 1eft arm after a +Y exposure.
This condition was diagnosed as a stretched brachial plexus and the subject
recovered with no sequalae.

(6) One subject was disqualified from the progran after a +7 exposure
that resulted in pain in the ischium. This subject recovered with no
sequalae.

These medical findings are generally descriptive of the type of medical
events observed. This information exists for each run in the NBDL data base
and can be mnade available to the CPHS to support risk assessments of proposed
experimental protocols.

* The subject is brought back after a period of three years and given the same
medical examination that was given at entrance and discharge from the program.
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GUIDELINES FOR SAFE HUMAN EXPERIMENTAL EXPOSURE TO IMPACT ACCELERATION

Some additional +Y impact data from non-NBDL experiments are available
(27). In most of these experiments, the head and neck were restrained and the
subjects were exposed to high G-levels (20-30 Gs) without injury. In one
series of experiments, human subjects were exposed to +Y impact levels of 12 G
with upper torso restraint and to 9 Gs without upper torso restraint. Head
and neck restraints were not used for either of these exposures. Although no
permanent physiological effects were noted in these experiments, physical
complaints (such as neck stiffness) occurred after most runs above 6 Gs.
Therefore, with the torso restrained, head angular deflection should be
considered potentially hazardous from a medical standpoint.

For the unrestrained head and neck, the data collected At NBDL best
describe the allowable tolerance levels for the +Y direction. For the
noncervical spine in a well-restrained human subject, these tolerance levelcs
are much lower than the levels at which injury may occur.

B. Tolerance levels - Head.

Many injury criteria have been developed which relate the acceleration
profile of the head to survivable head injury. With regard to the effects of
linear acceleration, most of these criteria were originally derived from the
Wayne State Tolerance Curve (WSTC), published in 1962 (35), and reproduced in
Figure 8. The WSTC uses linear skull fracture as the criterion for injury and
as such is of limited value in assessing the effect of indirect impact to the
head as encountered in the experiments at NBDL. The direct impact injury
assessment is based on average acceleration and pulse duration. The maximum
risk defined by the area below the WSTC is cerebral concussion without
permanent aftereffects, while the area above the WSTC is considered to be
potentially hazardous and life-threatening. An excellent discussion
describing the supporting model and definitions of many of these head
injury-related criteria is available (8). Two commonly used criteria, the
Gadd Severity Index (GSI) and the Head Injury Critericn (HIC) (detailed in
(9)) are presented in these guidelines to evaluate the medical effects of
Vinear acceleration. A discussion of the origin and important limitations of
these particular indices also is available (10, 11). These criteria for head
injury are presented below in terms of index {GSI or HIC), index tolerance
level, and references.

{1} Linear dccelerations.

(a) Direct impact

Tolerance
Index level Reference
GS1 < 1000 (9)
HIC < 1000 (9)

(b) Indirect impact

Tolerance
Index Tevel Reference
GST < 1500 (17}

(c) Reference (9) notes that an HIC greater than 1000 only implies a
concussion hazard for pulse widths (durations) of less than 15 msec.

8
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Angular acceleration and velocity have been incorporated in a model of
head injury based on shear stress (13,14). The tolerance criteria developed
from this model were supported by rhesus and squirrel imonkey experiments and
scaled to humans using brain mass ratios and the shear failure model. Limiting
values were determined for angular acceleration and velocity which predicted a
50% probability of concussion (without direct impact to the head) in humans
having a brain mass of 1.3 kg. Though the scaling of the model to humans has
not been validated, these values suggest possible tolerance levels.

(2) Angular acceleration and velocity.

Tolerance
Index level Reference
Angular acceleration < 1800 rad/sec2 (15,16)
Angular velocity < 50 rad/sec (15,16)

In the sled runs at NBD!, the maximum HIC number observed is 1¢ss than 200
(see Table 2), and it is doubtful that these experiments woulu result in an
HIC number representing a potential hazard without first having serious neck
muscle problems or a severe chin strike on the chest. The usefulness of these
criteria at NBDL is for impact in which the head returns to the headrest
(e.g., +Z exposures using the horizontal sled). A more pertinent concern with
regard to concussion in the NBDL experiments involves exceeding angular
acceleration tolerance levels. Angular velocity can be controlled by changing
the sled maximum or endstroke velocity. Angular acceleration, however, is
controlled mainly by peak sled acceleration and can only be significantly
varied by changing the initial head and neck position.

From Table 3, the NBDL average maximum peak angular acceleration for the
-15 Gx runs was 1800 rad/secz, which is the level projected for 50%
probability for concussion. Wwe do not intend to exceed this G-level or
angular acceleration until we have convincing evidence from our own rhesus
experiments that it is safe to exceed these levels. The scaling solution from
rhesus to humans is particularly straightforward in this situation since the
tolerance level was derived using rhesus data (13,14). Colonel Stapp's run on
the rocket sled in excess of 40 Gs would indicate that the 1imit of -15 Gx is
extremely conservative.

The tolerance Tevcls derived for the head were determined from
anterior-posterior direct impact and X indirect impact experiments. For the
Y direction, the shear model and tolerance ievels may be different. NBDL
data on the unrestrained head and neck indicate that neck-related problems
precede head injury, and therefore neck-related problems would be the limiting
factor in adefining maximum impact exposures.

C. Tolerance levels - Cervical Spine and Neck.
The human head has a mass of approximately 4.5 kg with an internal brain

mass of approximately 1.3 kg. Tne occipital condyles at the base of the skull
located on each side of the foramen magnum rest on the superior facets of the
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GUIDELINES FOR SAFE HUMAN EXPERIMENTAL EXPOSURE TO IMPACT ACCELERATION

atlas, with the head load transmitted through the cervical spine, thoracic
spine, and lumbar spine to the pelvis.

The tolerance limits for the neck are provided in reference (9), and are
expressed in terms of the equivalent torque at the occipital condyles and the
shear and axial forces at the condyles. The equivalent torque at the condyles
is the torque that the neck produces on the head that is consistent with the
mass distribution properties of the head (mass, moment of inertia tensor,
center of gravity location), the location of the head/neck joint (condyles},
and the observed kinematic motion of the head. Unfortunately, the equivalent
torgue is sensitive to the location of the head center of gravity relative to
the condyles, and this location should be defined as well as the corresponding
torque thresholds. The force components are robust and not sensitive to
geometric configuration factors. The recommended tolerance levels come from

static tests on living human volunteers, and dynamic tests on human volunteers
and human cadavers.

These tolerance levels were originally discussed in reference (17), and
the recommendations in reference (9) are consistent with this original
reference and are summarized below.

(1) Neck flexion.

(a) Maximum equivalent moment and neck shear force from living human SRR

dynamic experiments. il
Tolerance e

Parameter Level Reference T
Equivalent moment < 88.2 Newton-Meters (N-M) §2D) T
Shear force at condyles < 787 Newtons (N) (9) R

(b) Meximum equivalent moment and shear force determined from dynamic
cadaver experiments without producing ligamentous or bone damage. The
levels are based on cadaver responses with the chin in contact with the

chest. :;;;y:
Tolerance W
Parameter Level Reference el
EquivaTent moment < T9Z N-M (9] N
Shear force at condyles < 1944 N (9) Ny

(2) Neck extension.

{a) Tolerance levels determined from noninjurious living human
dynamic tests.

Tolerance
Parameter Level Reference -
EquivaTent moment at condyles < 30.5 N-M (9) AN
Neck shear force at condyles < 231 N (9) DN
Neck axial force < 249 N (9) ii"
{(b) Tolerance levels determined from dynamic tests on human cadavers. Sk
Tolerance R
Parameter Level Reference o
Equivalent moment at condyles < AT N-M (9)

10
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GUIDELINES FOR SAFE HUMAN EXPERIMENTAL EXPOSURE TO IMPACT ACCELERATION

It is impcrtant to note that reference (9) does not give accelerations, but
reference (22) ir1i-a*tes that a 6 G peak acceleration of .12 sec. duration may
be the limit of volun ary human tolerance for unrestrained neck extension.

{3; Lateral flexion.
{a) Tolerance determined from dynamic tests on living human volunteers.

Tolerance
Parameter Level Reference
Equivalent moment at condyles < 45.2 N-M (9)
Shear force at condyles <792 N (9)

(4) Neck axial and transverse tolerance levels.

(a) Shear force and axial forces determined from static tests on living
human volunteers.

Tolerance
" , Parameter Level Reference
- Shear forces:
5 Anterior-posterior < 845 N (9)
. Posterior-anterior < 845 N (9)
Left to right/right to left < 400 N (9)
E Axial forces:
- Tension < 1134 N (9)
; Compression <1112 N (9)

{b) Axial failure loads determined from dynamic tests on intact human
cadaver cervical spines.

Tolerance
Parameter Level Reference
Tension < 2450 N (18)

(c) Compression failures on isolated human cadaver cervical spines
using dynamic tests.

Tolerance
Parameter Level Reference
Compression <1779 N (18)

The tolerance levels for living human voluntees are defined and developed only
for minimum risk injury. The tolerance levels developed from human cadaver

experiments do not exclude the possibility of muscle damage at a lower
acceleration level.

D. Tolerance levels - Whole Body.

For the purpose of these guidelines, the torso is considered to be all the
elements of the human anatomy excluding the limbs and the head and neck, and
represents approximately 60% of body weight. The torso is important to impact
experimentation because it contains and protects many of the vital organs of
the body. For a seated and restrained subject, exterior surfaces of the torso
are cften the places where external forces are first coupled to the body. The
major load-bearing element of the torso is the bony skeleton (pelvis, spinal DA

11
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GUIDELINES FOR SAFE HUMAN EXPERIMENTAL EXPOSURE TO IMPACT ACCELERATION

column (sacrum-T1)), the bony rib cage, and the shoulder girdle {scapula and
clavicle). The elements of the bony, skeletal structure are rigid bodies that
articulate with each other, allowing considerable changes in the body
configuration. The transmission of forces between the elements of the bouny
structure of the torso is accompiished through a profuse system cf soft
connective tissue and fascia (ligaments, discs, and muscles). External
loadings of torso elements are transmitted through the skin and external
fascia of the torso, and the interface or joint articulations and connective
tissue between the neck and torso and the between the limbs and torso. The
bony structure of the torso protects critical elements of the viscera. These
elements interact dynamically with the soft tissue and bony structure of the
torso, thereby changing the loading on elements of the torso and changing the
mass distribution of the torso.

In general, the greater the area of the torso over which the load is
distributed, the greater the tolerance level. In this section, whole-body
(torso) tolerance levels are presented for -X, +X, Y, +Z direction
accelerations. It should be noted that the head and neck are assumed
constrained at these tolerance levels.

In the experiments at NBDL, loads are transmitted to a seated subject from
the acceleration device seat through the seat back and the seat pan, and the
shoulder and lap belts to the surfaces and anatomical structures of the torso.
For exposures in the -X direction, loads are mainly transmitted through the
shoulder and lap belts to the anterior thorax and pelvis, respectively. For
the +X direction, loads are transmitted through the seat back to the thoracic
spine and shoulder complex, posterior pelvis, and lumbar spine. For the +Z
direction, loads are transmitted from the seat pan through the fatty tissue of
the buttocks to the ischial tuberosities of the pelvis and through the sacrum
and spinal vertebral bodies, and to a lesser extent through the shoulder belts
to the shoulder girdle and anterior surface of the thorax. 1In the -Z
direction, loads are transmitted through belts on the femur and lap to the
pelvis, and then by way of the sacrum to the rest of the spine. If shoulder
belt restraint is used during -Z exposures, forces may be transmitted to the
subject through the shoulder girdle complex and thorax. In the +Y direction,
forces are mainly transmitted to the thorax through the shoulder girdle (which
is in contact with a sideboard restraint). The shoulder belts and lap belt
may also transmit loads to the subject during +Y exposures.

The Federsl Motor Vehicle Safety Standard {FMVSS 208; reference (9))
specifies as acceptable any anterior-posterior (A-P) acceleration pulse which
does not exceed 60 Gs for a cumulative time period of more than 3 msec. A
Previously, FMVSS 208 had specified a GSI of less than 1000 as acceptable. NS
Acceleration is measured at the center of gravity of the dummy thorax
(presumably, part 572). Reference (19) reports measurements made on a
professional high diver who performed sixteen dives from heights between 27-57
feet. For each dive, he executed a 3/4 turn and landed on his back supine on
a three-foot thick mattress. Sagittal accelerations were recorded from a SO
point on the sternum and on the forehead. From these data and a review of the R

literature it was determined that a healthy, adult male can voluntarily 5
withstand posterior-anterior (P-A) chest decelerations of 50 Gs for pulse -
12 o
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GUIDELINES FOR SAFE HUMAN EXPERIMENTAL EXPOSURE TO IMPACT ACCELERATION

durations of less than 100 msec. A chest acceleration tolerance level of
60 Gs measured at the center of the chest is recommended for both P-A and A-P
accelerations of 100 msec or less.

As a result of cadaver studies (20), serious questions have been raised as
to the suitability of using sternal or spinal GSI acceleration measurements as
indicators of possible thorax injury. Data from 18 unembalmed cadavers
exposed to blunt thoracic impact indicated that G-levels/severity indicies at
the sternum did not correlate with the Abbreviated Injury Scale (AIS) for
injury. According to this analysis, a mild exposure (AIS <3) would have
produced G-levels/severity indicies at the sternum much in excess of the
recomnended 60 G/1000 GSI tolerance levels, whereas the same values measured
at the spine would have indicated an extremely severe exposure. Normalized
chest deflections (i.e., the ratio of penetration to chest depth) correlate
well with AIS ratings for blunt, midsternal, A-P thoracic impacts. Although
the spinal severity index shows a moderate correlation with AIS rating
(injury severity), this index is believed to be too strongly dependent on
restraint to be useful.

Injuries to laboratory surrogates (unembalmed fresh cadavers) run on a
sled with acceleration profiles calculated to simulate car impacts during
actual front-end collisions (both direct and off-axis) were compared with
actual injury statistics (21). One of the conclusions from these data was
that the cadaver was a poor human surrogate for testing 3-point restraint
belts in front end collisions because the cadavers, unlike living humans,
showed evidence of severe thoracic and cervical injuries including multiple
rib fractures, and fractures of the sternum, clavical and cervical vertebrae.
The data for living humans was obtained from accident records.

The seated subjects in the NBDL experiments are restrained by an inverted
V-type lap belt consisting of a crotch strap and two shoulder belts. Reference
(9) notes that a shoulder belt tension load of 1300 1bs. is a more appropriate
tolerance level than the blunt object impact severity discussed above. This
1300 1bs. limit compares to an allowable combined shoulder belt load of 1800
1bs. as determined from noninjurious human experiments. The disadvantage of
using shoulder belt load as a tolerance measure is its sensitivity to
geonetry.

Making geometric assumptions based on a standard 50th percentile man,” an
1800-1b. combined 1oad on the belts would result from a configuration in which
the shoulder belt height was 65 cm above the seat pan and the sled accelera-
tion was 29 Gs. Since non-NBDL human experiments have beer run at G-levels in
excess of 29 Gs in the same directions and with similar restraints as used at
NBDL, it is predicted that this load on the torso in the -X direction is an
acceptable tolerance level. For the +X direction where the load is trans-
ferred to the subject over a wide area of the seat back, a somewhat higher
tolerance level would be acceptable. The acceptability of a tolerance level

*Exc1uding the mass of the legs and pelvis, the upper torso mass in the stan-
dard 50th percentile man is 40.4 kg with a center of gravity 47 cm above the
seat pan.

13
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of 30 Gs for both -X and +X experiments is reinforced by data in reference
(23), which presents fully restrained human whole-body impact tolerance limits
of 45 Gs in the -X direction based on a 250 G/sec onset rate and less than .1
second duration, and tolerance limits of 83 Gs in the +X direction for
durations less than .04 sec.

Stapp and Taylor (24) exposed human volunteers to sled accelerations up to
24 +Gy without voluntary tolerance limits being reached. In these experi-
ments, head and neck motions were restrained by side panels. Therefore,
for the +Y direction, a torso tolerance level of 24 Gs in a well-restrained
subject seems appropriate. With the head and neck unrestrained (as in the
experiments at NBDL), neck motion would 1imit impact exposures to much less
than the torso tolerance levels discussed previously (see Table 1). The
impact tolerance levels recommended under reference (23) for the +Z and -7
directions are 20 Gs and 15 Gs respectively for acceleration pulse durations
of less than .1 second.

Recommended human tolerance levels for whole-body impact accelerations in
the -X, +X, +Z and -Z directions can be also presented as a function of
acceleration pulse duration (25). Plots of these tolerance levels are
presented in Figures 6 and 7. These figures indicate the limits of
noninjurious voluntary human impact exposures. For the +X runs, the head was
prevented from rotating backwards, thereby avoiding the whiplash-type of neck
injury. These curves provide a tolerance level for the torso under restraint
conditions similar to the experiments conducted at NBDL and, with the
exception of +X exposures, these exposures are tolerated by the head and neck
as well.

The torso tolerance levels discussed in this section are summarized in the
table below. The peak sled accelerations, maximum allowable duration of the
acceleration pulses, and the reference from which the tolerance level was
obtained are indicated in this table. For the +Y and +X directions, the head
and neck were constrained and the tolerance levels presented are for the torso
only. Experiments at NBDL, with the possible exception of those in the +Z
direction, would be limited by the risk of injury to the head and neck rather
than by torso limitations.

(1) Wholebody tolerance levels.

-------- ACCELERATION ---------

DIRECTION PEAK_ (SLED)  _DURATION REFERENCE

S a6 T <1 MSEC 25
-X 45G <.1 MSEC 23
+X 34G <.1 MSEC 25
+X 83G <.04 MSEC 23
+Z 20G <,1 MSEC 25
+Z 20G <.1 MSEC 23
-7 G <.l MSEC 25
-7 15G <.1 MSEC 23
+Y 24G 24
-Y 23.16G <.063 SEC 26

14
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TABLE 1. MOST SEVERE NBDL SLED PROFILE PARAMETERS

(g ¢ &' | st anl gl

----- SLED ACCELERATION ----- |ENDSTROKE
- DIRECTION| PEAK | ONSET |DURATION|VELOCITY | NO. OF |RESTRAINT REMARKS ~ |EYEBALL
CANATM )L G | G/SEC | MSEC | MW/SEC ISUBJECTS® MOT ION
=X | 15.9 | 1522 99 18 i3 1 HOLD, NUCU EBO
!
X 15.6 | 484 93 18 17 1 HOLD, NUCY EBO
-X 15.5 | 2129 25 4.2 11 1 HOSD ,NUCU EBO
—_ “'-——,r.- = T ==
+Y 7.2 | 693 78 6.3 20 2 HOLD, NUCU EBR
Y 7.2 |. 162 66 6.5 29 2 LOLD, NUCU EBR
+Y 11.3 | 1433 28 3.5 20 2 HOSD, NUCU EBR
XY 7.1 | 784 105 8.9 13 2 HOLD,NUCU | EBOR
X+Y 9.1 | 899 87 9.0 5 2 HOLD,, NUEU EBOR
~X+Y 11.4 | 342 101 14.8 3 2 LOLD, NUCU EBOR
XY 9.2 | 235 74 2.0 19 2 LOLD, NUCU EBOR
X+ 13 1987 27 3.8 16 2 HOSD, NUCU EBOR
e T e s e e :‘:-_—.-ﬁ——_—-v—':::: — === =fTT==
+7 12.5 | 1070 91 11.9 3 HOLD, NUCU EBF
8 g-CHEST TO BACK
HORTZONTAL SLED
. +7 10.5 | 853 101 11.6 3 HOLD,, NUCU EBF
: R D R g~CHEST_TO BACK N
*NOT DIFFERENT SUBJECTS FOR EACH COMBINATION OF DIRECTION AND SLED ACCELERATION/VELOCITY -

PARAMETERS.

RESTRAINT:

. 1. SEATED UPRIGHT, SHOULDER AND LAP BELTS, INVERTED V PELVIC STRAP ATTACHED TO LAP BELT .
" 2. LIKE (1) WITH PADDED SIDFBOARD AGAINST RIGHT SHOULDER. - :'7'
‘ 3. SUBJECT ON BACK WITH HEAD ON HEADREST, RESTRAINT LIKE (1).

REMARKS, EYEBALL MOTION:

= HOLD = HIGH ONSET-LONG DURATION
EBR = EYEBALLS RIGHT HOSD = HIGH ONSET-SHORT DURATION
EBOR = EYEBALLS OUT AND RIGHT LOLD = LOW ONSET-LONG DURATION K
| EBF = EYEBALLS FOOTWARD NUCU = NECK UP, CHIN UP ;;,},3
: 15 SRR
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GUIDELINES FOR SAFE HUMAN EXPERIMENTAL EXPOSURE TO IMPACT ACCELERATION

TABLE 3

PEAK RESULTANT VALUES OF HEAD KINEMATIC VARIABLES
DETERMINED FROM AVERAGE PROFILES

(AGARD CONFERENCE PROCEEDINGS-CP-253)

| ANGULUAR ACCEL.JANGULAR VELOCITY|LINEAR ACCELERATION| PEAK SLED ~

ACCEL. | RAD/SECZ | RAD/SEC I M/SEC2 | ACCELERATION
OIRECTION IHOLDTHOSDILOLD{HOLDTHOSD TLOLD [HOLD } HOSD 1 LOLD | G-LEVEL

| I | | |

-X 118001160011600] 351 I

I I | ! |

|

|

|

245 15

7

I 1 o
+Y 110301 8601 900|
I | |

|
I I
| I
[ |
78 | 123 |
| I

TABLE 4

AVERAGE SHOULDER BELT AND SEAT PAN LOADS +Z DIRECTION
(ACCELERATION VECTOR CHEST TO BACK IN THESE EXPERIMENTS)

AVERAGE |
BELT LOAD|
__N::: T:‘

SEAT PAN
LOAD
N _

.
ATICN | ESV |
MSEC___ | M/SEC |
-

I

I

I

|

|

f

I

|

11.8 13600 635

11. 580

11.9 345

I
|
I
I
I
I
|
I
I
I

I
I
I
I
I
!
I
I
L

1

o
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Escapes for Calendar Year 1983. R
2. Deviopment of Aerospace Escape Systems, James W. Brinkley, Air University it
Review, vol XIX, no. 5, pp 34-49, July - Aug., 1968. lxzi}
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3. Personnel Protection Concepts for Advanced Escape System Design, James W.
Brinkley, AFARML Aerospace Medical Panel Symposium on Human Factors
Considerations in High Performance Aircraft, Willaimsburg, VA Apr -May, 1984.
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4. Automobile Related Injuries, Components, Trends, Prevention. JAMA
249(23):3216-22, 1983.

5. Evidence for the Utilization of Dynamic Prelaod in Impact Injury
Prevention, B. F. Hearon et al. In: Impact Injury Caused by Linear
Acceleration: Mechanisms, Prevention and Cost. AGARD Conference Proc. 322,
April, 1982.

6. Multiaxis Dynamic Response of the Human Head and Neck to Impact
Acceleration, C. L. Ewing et al. 1In: Models and Analogues for the Evaluation
of Human Biodynamic Response Performance and Protection. AGARD Conference
Proc. CP-322, Nov. 1978.

7. Mechanisms of Head Impact Injury and Modification by Helmet Protection, A.
M. Nahum, C. Ward. In: Impact Injury Caused by Linear Acceleration:
Mechanisms, Prevention and Cost. AGARD Conference Proc. 322, April, 1982.

8. Biomechanics Aspect of Head Injury, J. H. McElhaney et al. In: Human
Impact Response, Measurement and Simulation. Plenum Press 1973.

9. Human Tolerance to Impact Conditions as Related to Motor Vehicle Design.
SAE Information Report SAE J885Apr80, 1980.

10. A Review of the Severity Index, J. Versace, Fifteenth Stapp Car Crash
Conference, 1971.

11. Internal Head Injury Assessment, W. R. S. Fan, Fifteenth Stapp Car Crash
Conference, 1971.

12. Tolerable Severity Index in Whole-Head Nommechanical Impact, C. W. Gadd,
Fifteenth Stapp Car Crash Conference, 1971.

13. Comparative Tolerance for Cerebral Concussion by Head Impact and Whiplash
Injury in Primates, A. K. Ommaya, International Automobile Safety Conference
Compendium, SAE, NY 1970.

14. Tolerance for Cerebral Concussion from Head Impact and Whiplash in
Primates, Ommaya, A. K., Hirsch, A. E., J. Biomech. 4:13-21, 1971.

15. Crash Survival Design Guide, NTIS AD-733 358, Oct. 1971.
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16. Inflatable Body and Head Restraint System (IBAHRS): Dynamic Gy Crash
Simulation Test Program, L. Domzalski, NADC-84140-60, June 1984.

17. Strergth and Response of the Human Neck, Mertz, H. J., Patrick, L. M.,
Fifteenth Stapp Car Crash Conference, Nov. 1971.

18. Head and Spine Injuries, Sances Jr., A., et al. In: Impact Injury Caused
by Linear Acceleration: Mechanisms, Prevention and Cost. AGARD Conference
Proc. 322, April, 1982.

19. Thoracic Tolerance to Whole-Body Deceleration, Mertz, H. J., Gadd, C.
W., Fifteenth Stapp Car Crash Conference, Nov. 1971.

20. Cadaver Skeletal Response to Blunt Thoracic Impact, Nahum, A. M., et al.,
Nineteanth Stapp Car Crash Conference, 1975.

21. Three-Point Belt Induced Injuries: A Comparison Between Laboratory
Surrogates and Real World Accident Victims, Cromack, J. R, Ziperman, H.,
Nineteenth Stapp Car Crash Confernece, 1975. '

22. Michigan Injury Criteria Hypothesis and Restraint System Effectiveness
Index, Robbins, D. H., Roberts, V.L., Fifteenth Stapp Car Crash Conference,
1971.

23. Acceleration and Vibration. 1In: U. S. Naval Flight Surgeon's Manual,
Second Edition, 1978.

24. Space Cabin Landing Impact Vector Effects on Human Physiology, Stapp,
J. P., Taylor, E. R., J. Aerosp. Med. 35(12):1117-32, 19¢€4.

25. Bioastronautics Data Book, NASA SP-3006:5-4-10, 1964.

26. Human Response to Several Impact Acceleration Orientations and Patterns,
Weis, E. B. et al., J. Aerosp. Med. 34(12):1122-9, 1963.

27. Dynamic Response of Human and Primate Head and Neck to + Gy Impact
Acceleration, Ewing, C. L. et al., Final Report, DOT-HS-4-00852, Jan., 1977.

28. Coincident Loss of Consciousness and Ventricular Tachycardia During +G
Stress, Whinnery, J. E., Laughlin M. H., Aviat. Space Environ. Med. 51:827-31,

(8) 1980.

29. Development of Crashworthy Passenger Seats for General-Aviation Aircraft,
Reilly, M. J., Janner, A. E., NASA 159100, Aug. 1979.

30. Compendium of Human Responses to the Aerospace Enviromment, Vol. II,
NASA CR-1205(11):7-190-221, Nov. 1968.

31. Experimental Spinal Trauma Studies in the Human and Monkey Cadaver,
Myklebust, J. et al., Twenty-Seventh Stapp Car Crash Conference, Nov. 1983.
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32. Investigation of the Kinematics of Whiplash, Mertz, H.J., Patrick, L.M.,
Eleventh Stapp Car Crash Conference, 1967.

33. Biomechanics of Head Injury, Goldsmith, W. In: Biomechanics: Its
Foundations and Objectives. Y.C. Fung, et al. eds., Prentice-Hall, 1972.

34. Transient Intraventricular Conduction Defects Observed During Experimental
Impact in Human Subjects, Majewski, P.L., et al. In: Models and Analogues for
the Evaluation of Human Biodynamic Response, Performance and Protection.
AGARD Conference Proceedings CP-253, 1978. S

. 35. Protection of the Head and Neck in Sports, Gurdjian, E.S., Lissner, H.R.,
S and Patrick, L.M., JAMA, 182:509-512, 1962.
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