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Abstract

A series of human volunteer experiments has been conducted
to measure the inertial response of the head and the first
thoracic vertebra (T]) to +Gy whole body impact acce leration;
that is, acceleration applied to the subject from right fo left.
The 12=inch HYGE ® accelerator, instrumentation system and
procedures were identicai to those used for measuring the
response to ~Gx impact acceleration, previously reported,

Three categories of sled acceleration profile were used:
high onset, leng duration from 2G to 7.5G with end stroke sled
velocity limit of 6.5 meters/sec; low onset, long duration with
the same peak acceleration and velocity fimits; and high onset,
short duration from 5G o 11G. Comparison time profiles of
angular acceleration, anguler velocity and finear resultant
acceleration at the head anatomical origin and herizontal
linear acceleration at the Ty origin are presented at selected
peck sled acceleration levels for 5 subjects of various anthropo=
metric dimensions,
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50 ~Gy IMPACT ACCELERATION

Statisticai and anaiytical mogeiing erforts from this date
base are compared with similar efforts for previousty reported
~Gx experiments,

MEIS, ET AL, CONDUCTED a number of human exposures to
-Gy acceleration using @ vertical drop tower on which a rigid
sehicle was mounted and executed a series of drops using «
‘non-extensible chest and pelvic harness in the sitting position”
'n which vecror direction wos changeda by rotating and then
re—affixing the vehicle + 1, larrumentation wos not mounted
an the man. eavy rorso restraint included = conteured couch
in some experiments and ¢ vest in others, A full-coverage
“eimet was worn for ail tests, but after o few inifial tests, wes
fied fo the vehicle so that no helmet dynamic response relafive
to the chair was possible, although it ailowed a limited hecd
response refative to the helmet, !n this condition of rigid
restrainf, sixteen exposures using a contfoured couch in the

~Gy vector, reaching as high as 21,5 =Gy with a refe of onset
of 1190 G/sec with fotal duration of 37 ms and a velocity change
of 6,04 m/sec, showed that no structural tolerance {imit was
reached.,

Using an omnidirectional vehicle on 6 volunteers with
similar heavy restroints, seck venicuiar acceleration of
<3.1 =Gy, with rate of onset of 980 G/sec and total time
duration of 63 ms, with a velocity change of 7,79 m/sec aiso
showed that no structurel, physiological or neurephysiological
tolerance limit wos attained (1),

Jonntag, in a series of experiments oa individuals with
neavy {ap and torso restraints, but without head-neck restraint,
gave voiunteers {ateral impuct accelerations of 9 to 10 =Gy
:sled) without injury (2), The seat was insrrumented and no
= Gx o = Gz cccelerations were produced., ™o man-mounted
accelerometers were used,

Stapp and Taylor used human volunteers instrumented with
a single triaxial accelerometer mounted on the chest in a series
of exposures fo laferal acceleration up to 24 - Gy without
vofuntary tolerance limits being reached (3), However, in
these runs the subjects wore o Mercury asironaut helmet on a
neck ring atfached to a nvion vest and held by o strap passing
rhrough the crotch, In addition, side panels were extended on
2ach side of the head-rest (4),

Zaborowski conducted experiments on human volunteers in
the {ateral vecror 1=Gy} with unrestrained head end neck (5).

“Mumbers in narentheses designate References ar end of papar,
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in these experiments, fne subjeci, while restrained in a sear

py fap belt and shoulder harness, was accelerated in the +Gy
vector until a constant velocity was attained, then was decelsrated
by o programmable broking system in the -Gv vector, Inertinl
instrumenteation econsisted cof a triaxial scceierometer strapped
fightly io rhe stermnum and ¢ friaxial pack of acceleromerers
strapped over the right temporal region of the head, Five series
of runs were scheduled with 20 tests occomplished ot 4G, 20

at 65, 25 ot 8G, 20 ot 105G ond 2 ot 12G levels., Time duration
for these exposures ranged from 220 ms for 4G to aporoximately
50 ms af 12G. (Table 1)

These experiments ceased when o subject suffered a marked
decrease in blood pressure and heart rote following o 12G run,
Approximately one minute post run, the subject fainted in his
seat and his blood pressure could not be detected, Puise rate was
measured at 20-30 beats/min, Within 5 minutes of being laid
down in o supine position. the subject fully recovered but com-
plained of impingement of the left shoulder strap on the left
side of the neck (5),

Several points can be made obout these experiments:

a, Sled velocity change was relatively constant, §

b, From the data presented, it is difficult to separate '
the effects of changes in peak sled acceieration from those of
changes in sled rare of onset.

<. The head-mounted instrumentation system was inade~
quare fo measure anguiar acceierarion or velocity,

d. Sled peak acceleration was emplified on the head
presumabiy at the right temporal cttachment location by a facter
of roughly 2:1 throughout oll sled acceleration fevels. However,
there was no attempt fo transfer these dafa to a standardized head
anatomical coordinate system,

A previous study by Zaborowski used lop belt restraint only
{6}, The vector direction wos =Gy induced os noted previously,
The sear was an ejection seat with ¢ podded resfraint plate
applied to the left side at o 30 percent angle from the vertical,
in order to prevent loteral motion of the rorso pevond this cngle,
which was believed fo be the maximun angie ¢iiowable of |ateral
spinal flexion without injury, Subject=mountec instrumenteation
was THE Some @5 NOTea PrevioJssl) ,

MNaone of the oforementioned studies vrovide the input-output
date required for precise mathematicel modeling or design and/ar
validation of a dummy,
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PURPOSE

The Naval Aerospace Medical Research Loboratory Detach-
ment (NAMRL Detachment), New Crleans, Louvisiana, is con-
ducting a continuing program to determine the dynamic response
of volunteer subjects to impact acceleration (7, 8, 9, 10). The
effect of duration and onset of ~Gx acceleration runs has been
reported (11).

The specific purpose of this paper is fo present the effect
of sled profile parameters (peak sied acceleration, onset and
duration) on the dynamic response of the head and neck for +Gy
acceleration profiles and to compare these results with the similar
study for the =Gx data base.

METHODS

EXPERIMENTAL DESIGN = Five human volunteer subjects*
were exposed to +Gy sled acceleration profiles with peak sied
accelerations from 2 40 11G in 1 G increments, The sled accelerc-
tion profile is characterized by the peak sled acceleration, the
rate of onset during the rising portion of the acceleration profile
and the duration of time spent at acceleration teveis above 75
percent of peak sled acceleration. Each subject was run with
a sled profile characterized by o high rate of onset and fong
duration (HOLD), a high rate of onset ond short duration (HOSD)
and a low rate of onset and long duration (LOLD). More
specifically, the HOLD condition from 2 to 7G, the HOSD con-
dition from 5 to 11G and LOLD condition from 3 to 7G were
exomined in this study,

SLED ACCELERATION PROFILES ~ A Bendix HYGE @
pheumatically driven ,3048m diameter acceierator was used to
accelerate an approximately 1.2m by 3.7m sled of 1669 kg mass
which was rail mounted on fweive Delrin AF @ pucks, The
acceleration stroke s limited to 1.52m and sled mounted brokes
were not used, The effective drag is about .2G and the sled
was ollowed to coast fo a stop. Total rail length is 213m. The
subject was restrained in a nominally upright position by shoulder
strazz, o lap belt and an inverted V pelvis strop tied to the
lap selt. A loose safety belt around the chest was aiso

~ Anthropemefric data on the five subjects used in
the srudy had been measured but was not available o
the rime of this writing,
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C.L.EWING.ET AL. 3ol

orthogonal right hand tried. All coordinate systems used in this
study are right handed where X, Y and Z oxes are taken in that
order, The sled ccceleration is in the =X laboratory direction,
The orientation of the subject on the sled is such that the sled
acceleration is in the +Y anatomical direction, The determination
and definition of both the head and neck anatomical coordimte
systems are described in Reference 5,

The dependent variables presented in this report are named
and defined as follows:

a. RHACXS - Resvitent Angular Velocity - isthe
resultant of the head angular velocity about the head anatomical
X and Z axes, The component of angular velocity about the
anatomical Y exis {pitching of the head) is not significant for
these +Y impact acceleration runs,

b, QHACXS - Resulfant Angular Acceieration - is
the resultant of the head angular acceleration about the head ana-
tomical X and 7 axes. The component of angular acceleration
about the anatomical Y axis is not significant for these +Y impact
accelerafion runs.

c. AAOXOS - Resultant Linear Acceleration = is the
magnitude of the head linear acceleration ct the origin of the
heod onatomical coordinate system relative to tne laboretory
reference coordinate system.

d. ANXXOS - Horizontal acceleration at Ty is the
acceleration component of the Ty anafomical coordinate system
origin relative to the [aboratory reference coordinate system
along the +X axis of the iaboratory reference coordinate system,

e, ACXXOS - Sled acceleration is the acceleration
of the sted along the X component of the laborafory coordinate
system, The |aboratory Y anc Z components of acceleration are
negligibie. All of the recorded data are relative to a zero time
established as 40 mifliseconds prior to sled first motion as determined
from the sled acceleration profile.

: RANGLE - Direction of anguiar veiocity vector is
defined as the arc tangent of the component of head anguler
velocity about the head anatomical £ axis divided by the head
angular velocity about the head anatomical X axis. The com-
ponent of head angular velocity about the head anatomical Y
axis is not significant for these Y impact runs.

The time on all plots is relative fo o time (date processing
sime zero = DPTZ) established as 40 milliseconds prior fo first
motion of the sled. First motion of the sled is determined by the
best straight line fit to the rising portion of the sled accelerafion




hl Ly IMPACT ACCELERATION

orofile between 20 and 50 percent of peak sled acceleration. ihe
axtropolation of this line to ifs intercept with the time axis
astablishes time of first motion,

This stuay is directed foward the evaiuation of the average
affects of onset and durafion over subjects, The subjects were
nooled to obtain average profiles of parameters of interest as well
25 for purposes of subsequent regression anaivsis on peak values of
interest, The average profile for each variable of interest was
calculated for each experimental condition and comparison plots
of these average profiles are shown for a peak sied acceleration
tevel of 7G in Figures 3-6. The comparisen af other G levels
was calculated and would have indicated similer results.

The average profile for each condition was obtained by
averaging across subjects using first motion as determined from the
sled profile to align the profiles of the subjects. The variations
in fime af which peak values of head and T1 response measurements
occurred were small enough across subjects so that the average pro=
‘Hles were an excellent summary of the repficarions.

Takle 111 shows the average standard deviation between
orofiles averaged in a time window from 80 to 250 miiliseconds.

In this study, the relationship of head peek angular accelera-
ton, head peak angular veiocity, head peak resuitant acceferation
and Ty peak horizontal acceleration to sled onset, duration and
seak acceleration were of particular interest.

For each variable of interest, the peaks were read manually
from the variable profile. The first positive major peak was used
for the paramerers of hecd anguiar ccceleration, anguiar veiocity
and resvitant linear acceleration. These first pecks were ordinarily
‘ound to be the largest for these runs with the excention that the
anguiar acceleration for one subject was characterized by two
veaks of almost equal value.

An unambiguous first peak was found to be more difficult to
define for the horizontal linear acceleration at 71, The first peck
was aiways negative and was usually followed by a relatively
sharp decrease in magnitude followed by o series of lesser peaks.
The first peak was selected as the peak value as fong os the decrease
subseguent to it was of sufficient magnitude, However, if the
decrease was minor and the continuing part of the curve fit in well

'ih its antecedenr, rhe second peak was seiected,

The pedk values of the parameters of inrerest were regressea
on the three parameters defining the sied profile. A stepwise,
muifiple linear regression analysis was used in which parameters
were eliminared on the basis of an F test if found to be not signi-
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ficant at the 5 percent level,
In addition, regression of head kinematic varidbles on peak
horizontal finear acceleration at the Ty anaromical origin was
also obtained. Previous attempts to define equivalent onset and
duration parameters for the horizontal acceleration at Ty were
only partially successful and were not attempted in this study.

RESULTS

The 7G average profifes for horizontal aceeleration at the Ty
anatomical origin (ANXXQOS), resultant head anguiar acceleration
(QHACXS), resultant head angular velocity (RHACXS) and
resuitant linear acceleration of the head (AAQXOS) are presented
in Figures 3 through 6, Eoch figure shows the comparison of the
average profile for the three conditions defined by onset and
duration. The profile for each condition was determined by
averaging over the sublects. The variability across subjects was X
evaluated by calculating the average root mean square error in
a time window from 80 to 250 milliseconds, Table Il shows this .
error for each variable condition and G level, This fime window -
for the evaluation of the average standord deviafion was selected
to include the region of interest for all of the output variables
without including regions that would have misteadingly reduced
the variability
Observation of Figure 3 indicates that the profile struciure
for horizontal acceleration at Ty is very similar for each of the :
conditions, Corresponding peaks can be found for each condition
and it is possible that we are observing the impulse response of the
restraint torso dynamic system, As fo be expected, the latency
for the first peak of the LOLD condition is larger when compared
fo the HOLD or HOSD condition. The delay in the first peak for
the LOLD condition relative *o that for the HOSD and HOLD
condition can be observed in the plots for oll the variables (Figures
3 through 6). The magnitude of the HOLD condition is greatest,
with litHe difference between the HOSD and LOLD conditions.
The magnitude of the head angular acceleration for the HOLD
condition is greatest with little difference between the HCSD and
LOLD condition. The magnitude of the second peaks {maximum
angular deceleration) is a targe percentoge of the magnitude of
the first peak ond on individual runs is often os great as the first
peak, This effect seems to be subject dependent and is most pro=
nounced for one particuiar subject who was quite short and muscular.
Semiquantitatively, the mognitude of the peak head angular
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deceleration (second peak) relative to the peak heod angulor
acceleration (first peak) is greater for +Gy runs than for ~Gx runs,

The peak angular velocity for HOLD is the greatest, with the
LOLD condition a fairly close second and the HOSD condition
significantly less than either of the previous conditions, The
resuttant head linear acceleration, Figure 6, is a bimodal curve
and very similar in structure, independent of onset duration condition,
There is little difference in the magnitude of the first peak for
HOLD and LOLD conditions, but both are significantly greater
than the corresponding peak for the HOSD condition,

Allowing for the fact that in this study resultant head angular
acceleration and velocity wre presented, instead of the single
component of the =Gx study, the profiles for +Gy are very similar
to those for ~Gx (11),

In Table 1ll, the small error in the sled acceleration variable
indicates the excellent control of sled parameters, For oil variables,
the error increases with G level, but in terms of peak values
for that variable is not appreciable, The error for the HOLD
and LOLD condition is approximately the same in each of the
profiles. The significantly lower error in the HOSD condition
may be somewhat misleading because the time window from
80 1o 250 mitliseconds for this condition is too large and extends
into a region where there is little output and consequently
indicates smoll differences across subjects,

In Table 1l the average values and standard deviations fo-
sied profile parameters and peaks of kinematic output variables
of interest are shown af each G level for each condition. The
standard deviation in sled profile parameters is in general small
in relation to the averoge value of the porameters at any G
level for any condition, The end stroke velocity was limited to
approximately 6,5 m/sec and hence the duration for tong duration
runs varied from 144 seconds at 3G to .090 seconds for 7G runs,
The duration for the LOLD runs was significantly less than for
the HOLD tuns at all G levels, The duration for the HOSD con=
dition decreased with G level varying from ,0935 to ,028 seconds
and is much less than either of the tong duration conditions,

The rate of onset increases with G level and is the most
varioble sied parametrer, The onset for the low onset condition
(LOLD) is significantly less than that for the high onset conditions
and in general is less variable across subjeets,

All of the output variables (last four entries of Table 1i) have
significant varicbility across subjects compared to the average
peck value,
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Figures 7 through 9 are plots of the average peak values
for the output variables of Table I, Each plot has the average
velue for each condifion plotted versus peak sled acceleration
in {a) and peak horizontal acceleration ot Ty in (b} of Figures
7 through 9, Superimposed on these plots for comparison are
the average peak values for the ~Gx acceleration vector {(m.
The dashed line on eqch curve is the regression line obtained
from pooling Gy data for oli subjects and conditions in the
peak sled acceleration range from 2 to 8G, Datqg beyond
this point was not used in the regression because many of the
curves appeared to require non-linear regression models,
Comparing the peak head angular acceleration versys sled

acceleration (Figure 7a) for the +Gy with the ~Gx runs, the
frend appears about the seme but the level is much higher with

¢ +Gy runs independent of sied onset and durafion, On the
other hand, in Figure 7b, the peak head angular acceleration
is plotted versus the T1 peak horizontal acceleration and the
difference between the Gy and -Gx vectors is much less
apparent, The higher head angular accelerations seen in the

Gy study are undoubtedly the result of higher acceleration at
T for the same sled acceleration, The coupling of sled forces 2
to the upper torso of the subject through the lightly padded %
rigid board contact with the subject's right shoulder, as weil as 4

for this increased T linear acceleration in the +Gy runs. Figure
10 compares the T1 horizontal acceleration versus peak sled
acceleration for the Gy and «Gx data base and clearly
illustrates the increase in the peak Ty linear acceleration with
the +Gy runs independent of sied onset/duration condition

The instrumentation mount at Ty is a pressure molded mount
applied by a strap system designed to compress the skin over the
prominence of the spinous process of the first thoracic vertebrgl
body, Relative motion between the mount and the vertebral
body is possible, The redundant measurement system on the
mount used for validation of Instrumentafion cannot be used to
resolve the question of the extent of relative motion between the
mount and the vertebral body,

However, the restraint of the subject for these +Gy experiments
is such as to limit torso motion and hence changes in the geometry
of the torso in the Ty mount region, Observation of the photography
does not indicate motion of the mount relative to the torso but this
does not preclude the existence of high frequency acceleration
spikes,
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The most convincing arguments that the ccceleration ohserved
at Ty is that of the vertebral body and not artifact is the similarity
in profile at T across subjects and the orderly change in the time
delay of peak acceleration ot Ty with peak acceleration at the
sied, In addition, the ratio of peak acceleration at Tq to that
of the sled is approximately the some at all G levels.

Finally, a similarity for +Gy and -Gx data in the regression
of the head angular acceleration on peak accelerafions at T1
in the presence of artifactual Ty data seems unlikely, since the
angular acceleration data was derived from accelerometer data
from the mouth mount and is independent of the Ty measurement
system,

Restricting the discussion to the +Gy data base, it also
appears from Figure 7b that ol the significant effects of sled
onset and duration on peak heod angular acceleration can be
explained by changes in the peak horizontal acceleration at Ty,

Figure 8a is a plot of peck heod angular velocity versus
peak sled acceleration. Comparing the +Gy and =Gx data, it
is observed that the +Gy has a greater angular velocity than the
~Gx data independent of condition. Once again, when peak
angular velocity is plotted versus peak Tt horizontal acceleration
(Figure 8b), the difference between the two acceleration vectors
is much diminished. For the HOLD and LOLD condition, the
difference is undetectable, whereas the short duration condition
(HOSD) appears to have less angular velocity for both the Gy
and the~Gx runs,

The major determinant of peak angular velocity for the +Gy
data base is the peck Ty horizontal acceleration with a lesser
effect due to duration,

Figures 9a and Figure 9b are the plots of the resultant head
linear acceleration at the anatomical origin versus peck sied
acceleration and peck Ty horizontal acceleration respectively,
For this variable, the peak resultant head linear acceleration
viewed as a function of Tt acceleration reveals that all sled
onset/duration conditions far the =Gx runs are in reasonably
good agreement with those for HOLD and LOLD +Gy runs,
However, the HOSD +Gy runs have a significantly lower magni-
‘ude than those of the other two conditions indicating that in this
variable there is o larger effect of duration in the +Gy runs than
in the =Gx runs.

In Table IV, the coefficients obtained from regression of the
dependent variables of interest on the parameters defining the
sled acceleration profile for the +Gy data base are presented,
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If one compares these coefficients with those for the =Gx runs
(11, there is good agreement in the coefficients for onset and
duration but the coefficient on peak sled acceleration is
approximately twice the value for 4Gy as for =Gx, The
explanation for this is found in the regression coefficient relating
peak T1 linear acceleration to peak sled acceleration, This
coefficient is twice the value for the <Gy runs compared to

the =Gx runs,

Zor the ~Gx acceleration vector the only significant com-
ponent of angular acceleration and angular velocity is around
an axis which is normal to the mid=sagittal plane. In contrast
to this, analysis of the +Gy data indicates that although the head
angular velocity was negligible around the anatomicel Y axis (pitch),
the component around the anatomical X and Z axes (roll and yow
respecfively) were both significant, Therefore, the resultant
angular acceleration and angular velocity around these two axes
have been used in this 4Gy study, The similarity in the shape of
the components of angular velocity around the anatomical X and
7 axes suggested that perhaps the direction of the angular velocity
remained constant during most of the angular travel of the head.

Figure 11 is a plot of the direction of the angular velocity
in the head anatomy superimposed on the resultant angular velocity.
As can be seen from this figure, the angle that the angular velocity
vector makes with the head anatomy is constant over the time
where the angular velocify is appreciable, Although this figure
is for o particular run in the study, it is indicative of most of the
rons in the study independent of conditions or G level.

The angular velocity vector is in the mid=sagittal plane
between the +X and =Z anatomical axes and makes an angle of
approximately 0.6 radians with the +X axis. Table V shows
the angle for five subjects at 5 and 7G for the HOLD condition,
The angle is approximately constant across subjects and G levels
and is consistent in both value and variability with a direction
approximately normal to a neck line for the neck=-up/chin-up
(NUCU) initial condition {10).

These results fogether with observation of photographic data
have reinforced the idea that for these +Gy runs the head rofates
around a direction fixed in the laboratory and oriented approximately
normal to the neck line defined between the T1 anatomical origin
and the head anatomical origin.

Figures la through 1d show the orientation of the subject’s
head and neck during a Gy acceleration run, The successive
times selected are first motion of the sled, peak head anguliar
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Table V

- Direction of Angular Velocity Vector

{HOLD Condition)

w level 50 7G
. Run Rengle Run Rangte
Subject Number Radians Number Radians
1581 .56 1594 .56
HO65 1600 .58
1618 .62
1635 .60 1921 .58
HO75
1827 .70
HO77 1633 .55 1922 .68
1797 .48 1926 .46
MO78
1824 .50
1798 .54 1924 .54
HO79
1825 .60
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acceleration, peak head angular velocity and peak head angular
displacement, The head appears fo rotate as described around
a direction fixed in the laboratory until near maximum angular
deflection where the yowing component increases relative to the
roll angular velocity,

The above result has far reaching implicetions regarding
the degrees of freedom required in a head/neck model for the +Gy
data base, A model with a hinge between the head and neck link
oriented as described above and located to best fit the displacement
data of the head relative to Ty should be effective in representing
the +Gy data base over much of the angular travel of the head.
Future experiments are planned to determine the change in orientation
of the hinge as a function of head and neck initial position for the
4Gy acceleration vector,

CONCLUSIONS

1. The increased head angular acceleration in the 4Gy
runs relative to the =Gx runs is due to the increased peak accelera-
tion ot Ty for the same sled acceleration. This increased Ty linear
acceleration is undoubtedly due to the different restraint employed
with the +Gy runs,

2, With either 4Gy or =Gx runs, the first peak value of Ty
horizontal acceleration determines the peak angular acceleration
of the heod.

3. Head angular acceleration can be predicted from the
combined effects of peak sled acceleration and duration. However,
this conclusion is strictly limited to the specific restraint and
utilization of the restraint by the staff conducting the experiments,

4, The pattern of the time profites for the output variables
for 4Gy runs. is similar to that for the ~Gx data base, However,
the relative magnitude of the angular deceleration peak (second
peak) to the acceleration peak (first peck) is greater for +Gy than
for =Gx runs,

5, The heod angular velocity for the long duration conditions
(HOLD and LOLDY} is not «a significantly different function of the
peak Ty horizontal linear acceleration for the +Gy and =Gx data
bases, The head anguiar velocity for the short duration condition
(HOSD) is less for both 4Gy and ~Gx data bases. The major
determinant on peak head angular velocity in both the +Gy and
the =Gx studies is the peak T1 horizontal acceleration with a
secondary effect dve to duration,

6. The head linear resuitant acceleration is upproximately
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the same function of peak Ty linear acceleration for conditions
HOLD and LOLD in both +Gy and =Gx runs. The head tinear
acceleration is significantly less for the short duration condition
{HOSD) with the effect of duration more pronounced in the Gy
than in the =Gx runs,

7. For the +Gy runs, the heed rotates around on axis with a
fixed orientation in the mid-sagittal plane approximately normal to
the neck iine defined as a line between the T| anatomical origin
and the head anatomical origin. The variation of this axis orien-
tation with subject initial condition will be developed in future
experimental studies, Incorporating this constraint into a +Gy
head/neck model should greatly simplify modeling efforts,
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