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A KINEMATIC MODEL FOR PREDICTING THE EFFECTS GF HELMET MOUNTED SYHTEMS'
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SUMMARY.

A siatintics) study was made wming hemd Rinematic
responun data from a set of 79 human -X impast
accelevation tests condycted at the Naval Blodynam-
ics Labotatory. PFive vuluntesr’ subjects were
teuted successively in three sonfigurations: (s} no
helmet, (b) haelmet only, ad (c) helmet with
weighty. The peak accelaration levels ranged from
34 to 10¢, Three kinematic responees, the X and 2
ecomponents of the linear ncceleration and the Y axis
angular acceleration, were snalysed, These accelur~
ation ocurves ware fitted with polynomial splines
uning least squares technigues. The titted peaks
and times to peak were then regresned against sled
acueleration, initial head orientation and head/neck
anthropomstric parameters, Statistical measureas of
goodnexa of fit wers highly significant, The
regresnion equations wers umsed to simulate the
effacta of varying i{ndividual parametera (such as
wu)l head masn, peak sled acdeleration, neck length,
sto)s

The resulte domonstrats an analytical approach for
extrapolating human head/neck kinematios to levels
and types of exposute whers injury would be
expeated.  Future applloations of this modeling
technique include analysin of the effucty of maws
distribution parametsrs on head/neck dynamio
redponue to +Z vertical impact avceleration.

LIST OF $YMBOLS

AAX  X-component of head linear lncu?utlon in
the slad coordinate aystem (m/wec’)

AAZ  Z-vomponent of head lihear nocaliernuon in
the sled coordinate syatem {(m/nec’)

poP  duration of peak sled acculerstion (mmec)

FSV  endatroke aled velocity (m/sec)

M total head mass. Includes head, mouth
instrumentation, and helmet configuration
maks (Kg)

HO halmat only configuration

HW helmet with welghts vonfiguration

IDAX initial X-vomponent of head linear displace~
maent in the aled coordinate syntem (m)

1DAZ Initla]l Z-oomponent of head linear displace-
ment in the sled ovordinate aystem (m)

INT  Intercept of a rogression line

IPHB  initial head angular displacement about
Y-nxis of haad anatomioal coordinate system
{rad}

NC neck ciroumference (em)

NL nack length {cm)

Nl no helmet configuration

PSA  pesk sled accoloration (m/uncz)

U the terpretations ad opition [0 Lhln work are the uibbone' ud do ot
asceararily reflect the policr aad 1iews of ke Darey or olher dosaranenl aguacian,

P oroluter oobjecle vere teceaiied, evaluated, and emploged fn accordaace vith
procedures spactlied i (be Depatanrt of deborse Diewrting JHNY and Broratary of
e Bary Taatenobion 900,03 oeriun, Yhoow dnotraction seed or axcend pranaiiing
aatlonal g Iataraations] standueds for the protection of hemun nabjasts.

b2+ 24 049

QHB head angular acoeleration about V~Axh5 of hoad
anatomical coordinate aystem (rnd/no,)
ROO rate of sled acceleration onset (m/msec’}

INTRODUCTION

Current aviator helmet devalupments, which ‘neorpo~
rate a varieaty of helmet mounted protective and
weaponn related systems {noluding night vision
gogglen, may compromine alroraw safety, Am part of
a long=-term program ta develop oriteria for protect-
ing aircrew from the potentially harmful effecty of
impaat accelaration, tho Naval Biodynamics Laborato-
ry (NAVBIODYNUAB) ia studying human head and
nack responae to whole=body acceleration to develop
predictive models for neck injury,

The regrsasion model reported hare can be uaed to
wimulate the effeots of changes In accelavation
profile, mass distribution properties of the head,
and varying neck mornhology on human head/neck
kinematicn, Such models allow study of the individ-
ual effects of varying parameters (such as head
masn} whowe experimental messuromant might com-
promise the safety of the voluntsers and would
require excensive amounts of data, [h particular,
this paper describes a predictlve regressjon model
for unhalmated and helmeted human hend kinematios
for the -X veotor direction,

METHODOLOGY.

(1) Databane; Tho duts used In this analysls wers
obtained from 79 -Gx impaoct accoleration expori-
ments involving flve human remearch volunteers
{HRVa) [Tabla 1).

Table 1, Teat Matrix of Peal Hled Acceleration
by Helmet Configuration

Hubject I

Conditions

wise | wien | nien | nira | wivs
NH 3g i 1 2 1 1
HO 3y 1 1 1 i 1
HW g 1 1 1 1 1
NH O 1 | ] 1 1
HO B¢ 1" 1 1 1 1
KW By 1 1 1 1 1
NH 7g¢ 1 1 1 i 1
HO g 3 1 1 1
HW Tyg - 1 1 -~ 1
NH 8y 1 2 1 1 1
HO 8y 1 ] 2 - 1
HW 8y - 2 2 - -
NH g ] 1 1 1 1
HO 9 1 1 [ - 1
HW 8¢ - - - - -
NH 10’ 3 3 2 "I!ﬂl'l? k
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All  experiments ware gconducted at the
NAVBIODYNLAB, The experimental and instrumenta=-
tion details have been extenasively raported elsa~
whera [1-6], The HRVs ware instrumented to
meaxure head and nack displacement and linear and
angular acceleration, They were meated with full
torso rastraint and the head and neck weare allowed
Lo move fresly, Hach volunteer was tested succes-
sivaly in threa configurations: (a) nu mass addition;
(b) helmet and weight-carrier: {c} hailmst, weight~
ourrier, and two pairs of .313 kg weights mountad
symmetrically, mid-sagittally high in fronts A
progreaaion of inoreasing siad avcelorations from 3g
to 10g waa vompleted for sach configuration,

Figure 1 {llustrates typioal acceleration time traces
for 8¢ to 104, The identified parameters include
peak sled acaeleration (PSA), endstroke mled veloci~
ty (E8V), rate of acceleration onset {RO0), and
duration of peak acosleration (DOP) [Table R).

£
i

vcetuntion fuffs)

L -
0.00 0.04 0.8 ik 0.18 U.20 0.4 O
Time (ssdwnas)

Flgure 1. Typloal aled aqceleration pro-
fllen,

Table 8, Range of 8led Acaosleration Parameters

Varlable Units Range
PSA m/sec! 28,0 = 7
B8V m/ae0 88 - 13,8
ROO m/aed! 519 - 4670
DOP LT 128 - 104.2

The selectsd initial position paramsters are the
initial head linear displacements IDAX and IDAZ and
the initial head angular displacement IPHB [Table 3],
These positions are measured with respect to the
origin of the sled coordinate system. All teats were
run it the nominal neck-up, ohin-up (NUCU) cundi-
tion with IPHB expected o be clowe to sero radians,
Within~subject ranges for the position pavameters
ware much harrower than the overall range of
variation,

Table 3. Hange of Initial Head Linesr and
Angular Displacements

Variable Units Range
1DAX meters | -1.332 -~ -}.243
1DAZ meters 1,803 - 1.t87

{PHB radlans -349 - -.085

‘The idantified head/neck anthropometry paramsters
are head mass, neck length, and neck circumfer-
ence. Head length and ciroumfersnce are messured
as indicated in Pigures 3 and 3. Neack circumfer-
ance is measurad as in Figure 4. However, nerk
length is computed as the difference between (T1-
top of head) and head height as indicated in
Figures 8 and 6,

Flgure 0.

T \

Head mass for the un-ipstrumented HRVE wers
estimated using the formula [8):

HM = 21618 HC - .12184 HL - 6.6018

where!
HM = head mauss (kg)
HO = head circumference (cm)
HL = head length (om)

The measuremetnta for each RV are listed in Table




i

RV

Table 4, Selected Head and Neck Anthropometric
Data on Fiva Voluntaer Subjects

Subject, Head Heond Head l‘nn
l.fnnh Clreum. wkl
ch) (c-)
H108 20.1 68,5 4,172
H188 21,1 58.9 4.569
H169 19.8 87.0 4,350
H172 10,6 67,8 4,811
H174 19.8 58,8 4,300

Bubjeut [ 7-1/To H Neok eck
oA |l | i | ol

H168 27,3 13.4 13.4 38,3
Hi8 28,4 13,9 13,8 39,0

H189 28,7 13,8 13.8 a0
H172 R7.9 13,8 18.1 38.9
-N178 27.0 12,4 4.9 37.2

The added head mass for esch wubject for each
conflguration is shown in Table 8. The added mass
in the unhalmsted cuse conuists of the mouth mount,
Teplate and connacting atraps, The whifts in the X
and Z componentn of tha center-of-gravity {oc.g)
ate With respect to the ol taken from cadaver
data [11), The shift in the Y component of the o
in negligible, due to the lateral symmaetry of the
total head masa.

Table B, Added Head Mans and Bhift in o for

Esch Hubject for Ench Conflguration
{ LY n W i I
Inbjoe (h[ o (lc-.’ﬂ 0 of {tl.l{l 1! ol |‘l. ft
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(4) Analysis. To smooth the data, the head linoar
and aagular ascceleration curves (AAX, AAZ, and
GHB) were fitted with polynomial splines using least
nquares tachniquea {7, 8, 8], For each curve, the
times to peak and peak amplitudea for the firut flve
poaks were determined from the (fitted curve
[Figure 7).
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ﬂluu ¥, Fhe tive ohowsn peaka for QNE,

Thess computed valuss were then regressed against
the four aled pavameters (PBA, E8V, ROO, DOP), the
initial head orientation in the X-2 plane (IDAX, IDAZ,
IPHB) and several functiona of thres anthropometric
parameters (head mass, neck length, nsck oiroum-
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tecence) to obtain a prediction model for peak
values for each curve. BSeveral SAS® regramion
programs (STEPWISE, RSQUARE, REG) were used In
the parameter salectlon process. A simulation
model was developed by adding appropriate normal-
1y distributed errora tv the prediction model, The
pradicted curvea mre obtained ty fitting the pre-
dicted peak values with cubic wpllnea. Eatimated
upper and lawer confidence bands forr each curve
woere gehoratad by simulating the predicted curve
100 times and determining th: upper and lowar
boundaries.

RESVLTA

The regresmion models for the peak valyse and
times to pesk for the three Kkinematic parameters
are listed in Appendix I. Figurss 8 - 10 {llustrate
the autimated confidence bands for the three
kinematic ourves for test LX6480, Pgures 11 - 13
{llustrate the effect of varying only the sccelervation
profile paramaters, PSA and N8V were the parane-
ters perturbied in the msimulations since they were
the sole acceleration prefile parameters appearing in
the various regrassion models. As expected, peak
magnitudes inorease and timas to peak decresse
with Inoreased PHA and EBV for all thres kinemstic
reuponuss,

Figures 14 ~ 18 {llustrate the effect on AAZ of
varying added head masa from 0.0 kg to 3.0 kg at
8g and 168 respectively. Pigures 18 - 17 iljustrate
the anme effect on angular acosleration, QHB, There
in no statistioaily signifivant effeat on AAX due to
head mass, Thrse effects are amall Tholdncrnlu
in pefk head scoeleration i{s only 7 m/a' and 80
rad/s’ for each additional kg of added masm. The
witeots of the input scveleration (PSA) are much
greater than these small effects as {llustrated in
Figures 18 - 21,

Figure 18 shows that & 1g inorease In PSA almost
cancels Lthe affuot of & 3 ki inurease in added mass.
Those opposing effests are {llustrared in Mgure 19
which shows that s 84 inorease {n PSA cancels the
opposing effect of & 1 kg addition to head mases
Thene affects for head linear acceleration also hold
true for andular acceleration (Figures 20 - #1),

Regurding neck anthropometry, peak magnitudes of
head acvosleration decrease with inoreasing neck
airoumference and inareasing neck length, Because
of the narrow range of neck anthropometry repre-
nented by the five subjects; no genersl conclusjons
can be drawn. However, thess two neck anthropom-
etry parameters do contribute significantly to th1
predictive model adding from 6 to 10 percent of R
in some casnas [10],

S g intint, Tac., /SN, Beleane .01
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RIAQUARION_AND QONQLUNIONNE

The results of this study provide an analytioal ap=-
proach to extrapolating helmetsd human volunteer
head/neck kinematics to levels where injury might
be expectad, A single analytis model describes both
helmeted and unhelmsted kinemation with total head
mass being the wole head inevtial parsmetar re-
quired: Based on this model, added head mans
reduces peak head linear and angulay acceleration
fcv ~ar. This reduces the increass in the estimated
forces and torquea at the oaoipital condyles (8) due
to this sdded mmas: Analysis of thewe interscting
effacts requires more detailed modelw,

Future models will inor rporate all the various head
inertial paramsters (center of gravity, moments,
eto,) among the indepandent regression variables,
The infiuence of nwok anthropometry on head
Kinematics will aleo be incorporated, using a greater
range of data.

The basis for this mods! developmant is the 42
vartioal helmetad teat aerlen presently underway at
NAVBIODYNLAB., Twelve subjects are buing teated
under nine differsnt mass sddition treatments at
levels ranging from ) to 8g's. The range of accel-
eration profile, head mass distribution, and neck
snthropometry paramsters aoversd by thia series
will yield a definitive regression made] for human
+L helmetad head kinemation. This medel can be
used to snalytically validaie anthropomorphio mani-
kine; to check biumechanioa! models of human re-
sponse to +2 !mpact socelaration with various helmet
mounted devices, and to help establish tolersnce
limita for inertial loading due to such eystems,
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APPENDIX I' Regression Tablas

S T A IR AGMOTIAR AN MY LT N L e 2 e

AAR TABLE
Nt | pea | mwav i nc NL L N
PL| a4z4| -282 | -46981 | 3384003 | -8169788
P2 ~1.84 | 7.04
val -178 186
pa | -proeal - s1aee7 | -4823008 | 11008403
| -70
Nt | psa | Esv | No | wL [ wut] owd
T1] 838 20000 | «1348 | 114 ] 830 ] ~19¢0
T8 08 =,0031 2
r3 ] onl -0004 2671
Y] =007 _as s
] -.0001 | 5638 58] a4
AAR TARLE :
Nt [mav] oax [teun [um | wo | wo | wu
il -186] -8l 'Lu 401
P -al -e8l 29 17
pa| -1as0] -8 o8] el 4 23047 | 80838
P4 8] -u1 -7 -1ose [ 7168
el 1] -
ive | pea | esv | ioax 1 ieWs ] kM [ ML
L =.0003 =.0998 | 0848
T2 | 1789 =0048
3 | 1838 =003
T4 111300 [ -.0039 | 0806 387
o) 0188 | 1.3838
QHB TABLE
INT_| PBA [m8v] 10ax | ioar jieHn| uM [ No NL NL! AL
PL[Bo0188 ]| 13 ~4383 -58 | 4481 |-13776381 | o3087eee | -ansaasses
Pa| -3a8a| -14] 68 1948 T
P3| -2814 -10] -] uer] teo] @
P4| 1200 -8 984 18| a0
P8 | -1628 ) 17| 191
INT | wsy | 1pax [ waz | uM | wo | wif
T | ssee| -.0033] -.0909 | ~.1048
78 | 2034 -.0088 3
3 | 2487 [ -~.0088
T4 -.0081 8828 | 16
8 [ 1046 | -.0049 0201 18
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