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---> A three dimensional 'discret~e wodel of huiman spine. torso &atd head has
been refined aisd validated by ccmporiuosi with availsbls espertmeztal results.

4ý The model cogisists of a system or- rigid bodies, representing the heod,
vertebrae, and rihs, interconnected by deforwable ele enta.Ž'athich represent
the intervertebral disco, llgev'nts, &nd other eoinrective tissues. Four mnodels

T~.of varying orders of cowpltxity havie been developed, ranging fromt a complex/
modeljwith_252 degrees of freedooto a very simplified viodel with 32 degr..s V

DDf fOAM3 1473h,K.otm -artvsI~
k*utt ?RATO vToPIS Meoe#**



f freedom. The simplified model is able to closely re duce many of theSresponse characteristics of the more complex models iný,GG osdings, andeas
Sof its simplicity and short running time, may be well su--ted for design uso.

i-Experimental results for human subjects suitable for validation of models
Sare primarily-available in the form of impedance curves for vertical harmonic
-- •'.i~i•:ez-fo-tionhso techniques were developed which efficiently obtain Impedance

curves for the model. Comparisons of the impedance curves of the models with
expeimetaly dvelpedcures howgoo ageemnt.bot inthemagnitudes•i ~ and locations of peaks. Fur the•.roe y varying the components of the model

-•:•' ~ ~ ýI exper howntiall d~eveloped cures shW go gemnbt nte•g ue
'. ilt--wE'k-"s•'t~e 0---ePr-m -ekin the impedance curve in the 5 to 7 Uz

range result from a combination of buttock-seat resonance, the flexural
respoese of the spine and visceral resonance.

Analogous head-spine models were developed for the chimpanzee, baboon,
and rhesus monkey. The objective of this development was to provide a scaling
methodology for dynamic response and injury data among these non-human primates
and man. Impedance curves are presented for these models and show significant
differences in character from that of the human spine models.

Model studies are presented for ejection loading and for pre-ejection
alignment by an inertial reel. The influence of various parameters, such as
head position and the restraint system properties, have been studied. It has
been found that although the effects of these parameters on axial forces is
sustained by the spine are quite small, they have significant effects on the
moments sustained by the spine.

For the purpose of facilitating the interpretation of the output of the
model, an injury potential criterion has been developed. This injury criterion
is based on the stresses in the cortical bone of the vertebral body that
result from the combined effects of axial force and moment. By using a
statistical distribution about the mean breaking strength, it has beer. possible
to develop a postprocessing algorithm which predicts the likelihood of
vertebral body failure at different levels of the spine.
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CHLTEIR 1

INTRODUCTION~

In the design of the cockpit, an important constraint is the feasibility of a

safe ejection from the aircraft. ThUs, in the consideration of new designs or

design modifications, their effect on the safety of ejection must be evaluated.

For example, the expected posture of the pilot, pro-ejection alignment, and the

angle of ejection all influence the forces sustained by the spine. Therefore the

designer requires information as to which combination of these parameters will

minimize the possibility of injury. Moreover, it is useful to be able to study

particularly detrimental combinations of parameters, so that the ejection system

and cockpit environment can be designed to minimize injuries even under extreme

circum" ances.

Experimental work on ejection has consisted largely of laboratory tests con-

ducted on human volunteers and animals. These tests are expensive, require

A considerable prepiration, and provide only limited information as to the possibility

of injury. Furthermore, such tests are not often possible witbin the time framework

of the design process. Thus the design of ejection devices has always depended

heavily on the use of analytical models. The most well known of these is the

Dynamic Response Index Model (DRi.), which is essentially a one degree of freedom

lumped mass, spring model of the head-spine-torso. It has been extensively

corrclated with injury data and provides a useful criterion for evaluating the

stfety of a crewman exposed to axial acceleration.

For <ituations where specifications other than the axial response must be con-

sidered, simple models of the DRI type become less attractive, because each para-

meter, stich as curvature of the spine, fe-ward tilt, or asymmetric head mass, would

have to be correlated with injury statistics. For these applications, general

Spurpose simulation models with the capability of treating a wide variety of environ-

9
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ments appear more promising.

Belytschko, et al., (1976, AMRL-TR-76-10) have developed three dimensional

Smodels of the head-neck-spine which treat the individual anatomical elements, such

as vertebrae, intervertebral discs, ligaments and eibb. Xacause the geometry and

physical properties are modeled, specific features of the pilot's anatomy and his

equipment can be treated. Moreover, the mcAels' behavior under forces in any

direction and of any intensity can be studied, so that various environments can

be evaluated.

As a consequence of its generitity, two aspects of the model need attention:

i itscompletenesa leads to considerable computational requirements, and it requires

validation by comparison with experimental :esults.

In order to reduce the computational requirements, the model has been

modularized so that -r,-s components can be simplified. Four models have evolved

and are described in Chapter II. The first three are from AMRL-TR-76-10, although

some data has been modified as the result of validation studies. The fourth model

was developed completely in this study. It is a simplified version of the more

general model of the spine, yet it duplicates most aspects of the more complex

models under vertical excitation, and thus proves ideal for design use.

The raw output of these models are force, mont, displacement, velocity end

ecceleration time histories at the various anatomical elements. For the purpose of

facilitating the interpretation of this output, an injury criterion has been devel-

oped, snd is described in Chapter IV. This injury criterion is based on the

stresses in the cortical bone of the vertebral body. By vaing a statistical dia-

tribution about the mean breaking strength, it has been posuible to develop a Poft-

processor package that gives the likelihood of failure at the levels of tie spine

for each siwulation.

The validation of this model is being approached in two Ways. First, the

10
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impedance of the model to vertical exoitsti nat t, pý i _v e compared to

the experimental measurement 9qn hunma subjectp. To obt#in t,. uJWel impedanýe,*

a •ast Fourier Transform technique has been developed which enables 3he o .Pedance

of any linearized m=del to be found .tocx a single cimtlation. This procedure ia

describ4 -in Chapper III and comparisons of the model, impedance with the expe rimm-

tal results are oresented. By adjusting the damping cf the models in AMRL-TR-76-1G,

it has been possible to duplicate experimental impedance curves very closely.

Furthermore, it has been shown that the major peak in the impedance curve at approx-

• imately 5 Hr aiises Zro" a cimbination of three resonances: the seat-buttocks, the

flexural response ot the spine, and the visceral resonance.

The second approach which has been taken to validate the modeling procedure

consists of studying similar models )f non-humfan primates. Since experimental

results, particular' in high acceleration envircnmants, can more readily be

obtained for animal subjects, this will enable the basic modeling procedures to be

evaluated. In addition, the development of similar models for non-human primatea

will hopefully shed some light on the problems of scaling. These models are

dLacribed in Chapter V. It is of interest to note that even these preliminary1.* models indicate some of the sources of difficulties in scaling between primates;

for example, the lowest frequency of the chimpanzee model .s dominated wre by the

head-neck mode than that of ýhe hu=an body bec&ase of the larger relative mass of

the chimpanzeea head.

S.t; the course of this work, the problem of ejectiou has continuously been

studieA with the •Arrently available mdcWls. The purpoee of these otudies hes bee

to obzain an understandina of what factors play aen important rol in the roponsc

of the model and an assessment of the validity of the mdel. in adiL•ion,

concern has arisen about the influaice of the behaviar of the spine during pre-

ejection alignment by the inert-ial raeel. Several studies have been made of this

r.-/
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tw i nsvith the'i e aned 'stbi Cho odeacr ihtbl nd apte w. T.4ese sudies Include the

effects'of~liead'Oositfion, the restralnt system, and'hazness positions. In Chapter

VII, "ej en!Lion' simulat ions are reported. "These include'results froci models of

cif foree 'levels of complexity, and 'it is'shown that the simplified version of-the

spie odell qu4~ite representative of the response 'in an ejectio evitosozlent

'212



CHAPTER II

SPINE MODELS

In this Chapter the geometrical, stiffness and inertial data of the spine

models are summarized. Four models will be presented:

1. the isolated, ligamentous spine and head (ILS);

2. a two load-path model consisting of the isolated ligamentous spine, the

viscera, and head (ILSV);

3. a complex spine model, which includes the spine, rib cage, viscera and

head (CSM);

4. a simplified spine model uhich uses a minimal number of elements and

masses to represent the spine, viscera, and head (SSM).

The first three models have previously been described by Belytschko, et al..

(1976), but the viscera in these models have been modified extensively on the

basis of impedance studies which are described later.

The fourth model, SSM, is a new madel which is aimed at providing a simple

dosign tool, This model has only 8 nodes, cor-oar.- to 27 nodes for ILSV and 42

- nodes for CSM, respectively. Running time for an 100 msec simulation on an ISK

370/158 is about 10 sec, which is of the order of 1/40 of the computer time for

ILSV and about 1/100 of the computer time for CSM.

The geometries of the models are defined relative to a global coordinate

system; its origin is 4 cm directly above the pelvic mass center. The voaitiv :

axis is oriented sideways (to the left), the y axis is positive towrds the back,

and the z axis is positive vertically up~terd (towards the head). The x-z. y-t,

and x-y planes correspond to the frontal plaue, the agtital ptPiue, nd the.

horizontal plane respectively. Many of the procedures used to detewmne the date

A -ere discussed in detail by Belytschko, et al.. (1976); ve will here coantne

ourselves to alterations of thb data.

S-13



Ii.1 Isolated LigamentouS Spine

The isolated ligamentous spine model consists of the head, the cervical and

thoracolumbar spines, and the pelvis. Figures 2.1 and 2.2 depict the frontal

plane and sagittal plane views respectively. Tie crosses in Fig. 2.2 represen.t

primary nodes, which coincide with the mass centers of the rigid bodies. They

are generally located outside the vertebrae because they represent the mass

centers of entire horizontal torso segments. The vertebrae are considered rigidly

embedded in their respective torso segments. This representation was first

conceived by Orne and Liu (1970).

The geometry of each vertebra is determined by the position of 13 points, or

secondary nodes, representing the centers of the inferior and superior end plates;

the spinous process tip; the left and right transverse process tips; the left and

right/inferior - superior articular facet points; and the left and right/inferior -

asuperior ligaments flava points. Adjacent vertebrae are interconnected through

the secondary nodes by deformable elements representing the connective tissues;

"ligaments and the intervertebral disc. Spring elements with resistance only in

tension are used to represent the ligaments. Although data defining the articular

S i facet planes has been developed, in the thoracolumbar spine the facet joints are

represented by spring elements.

In the cervical spine, each articular facet plane is represented by three

points and the joints are modeled with hydrodyuamic elements. The intervertebral

discs are modeled as short beams. These elements are described in detail by

Belytachko, ot al., (1976). Tables 2.1, 2.2 and 2.3 list the geometries, stiffness

and inertial date for the isolated ligamentous apint. The inertial data is based

on Liu and Wickstrom (1973), the stiffness data primarily on Schultz, et ae

(1973), except that the lumbar disc xial stifthesses are increased to account for

14j
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Table 2.1 Isolated ligamentou~s spine (113) geometric 4ata ts reported
by Belytechko, et al.. (1976).

Coordinates of Vertebral Body Intervertebral

Vertebral Inferior End. Plate. Center .. Height. Disc Height*
Level (CM) (cma)

y (cm) z (CM)

L5 1.800 2.020 2.392 1.859

L4 1.100 .5.700 2.636 1.'354

* L3 1.000 9.550 2.751 1.223

-L2 1.331* 13.450 2.792 -1.173

{Li 2.142 17.150 2.726 0.996

T12 3.003 20.590 2.567 0.822

Til 3.882 23.680 2.433 .0.645

T10 4.594 26.500 .2.298 0.477

T9 4.849 29.240 .2.146 0.460

T8 4.638 31.830 2.073 0.459

T7 4.580 34.300 2.019 0.404

T6 4.250 36.610 1.9910 0.314

T5 3.990 38.850 1.957 0.266

T4 3.690 41.000 1.902 .0.214

T3 3.350 43.150 1850 0.274

T2 2.920 45.260 .1.790 0.306

T1 2.410 47.440 1.648 0.448

C7 1.909 49.420 1.61.2 0.394

C6 1.760 51.448 1.516 0.434

C5 1.460 53.5.16 1.5150.7

C4 1.290 .55.439 1.513 0.417

C" 1.484 57.332 1.511 0.398

C2 1.636 59.239 1.500 0.408

*Indicates disc below vertebral level.

17



Table 2.2 Isolated 1lgamentoue spine (ILS) Stiffness Data from Belytschko, :.

Ot al., (1976).

Axial Torsional Bending Stiffness Shear
Stiffness Stiffness Dyne-cm x 109 Deformation

S9 Sagittal Frontal Parameter @V. eve Dyne/cm x 10 Dyne-cm x 10 Plane Plane

S-LS 1.47 0.90 0.70 1.57 7

LS-L4 1.87 1.10 0.80 1.81 9

L4-L3 2.00 1.20 0.90 2.19 9
L3-L2 2.00 1.20 0.90 2.16 13

L2-L1 2.13 1.20 0.90 2.20 14

Ll-T12 1.80 1.00 0.90 2.27 16

T12-Tll 1.50 0.80 1.00 2.34 30

T11-T1O 1.50 0.70 1.20 2.44 41

T10-T9 1.50 0.70 1.10 1.93 72

T9-TO 1.50 0.60 1.1.0 1.76 78

T8-T7 1.50 0.60 1.00 1.59 66

T7-T6 .1.80 0.60 1.00 1.62 82

T6-T5 1 .90 0.60 1.00 .1.68 ,177

TS-T4 2.10 0.60 1.00 1.81 158

T4-T3 1.50 0.40 0.60 1.22 128

TI-T2 1.20 0.30 0.40 1.04 48

T2-T' 0.70 0.20 0.20 063 34
T1-C7 1.10 0.18 0.20 0.62 45

C'-C6 2.84 0.11 0.11 0.25 45

C6'-C5 1.01 0.07 0.06 0.10 45

C _C4 0.60 0.04 0.04 0.06 45

C4-C3 0.6? 0. 05 0.04 0.05 45
"C3-C2 0.70 0.05 0.04 0.05 45
c2-;M 0.00 ".04 0.04 0.10 45

N 0.14 0.52 0.69 0.69 2

7All ligameat and facet axial stiffness 1.5 x 10, dyve/cm.

~Single r.4 oaliaew uftch ctz b substituce4d for the cervical spine.

1s

<- :-



• : • .. .. ....... .. . . . .. .. . . . . ..... • - ! . • i. / • ;

~•0
V4 -4

* x

P.4 0 C4 0I -4 C ' 0Oý 0) e40 V'Ot
0N m - N -C, Lf)N M 00

41 ~ . I 0 N N N .4 .4 , .-4 C4 .. 4 P-4 P-4 P 4

41

-4n

-4

:0 i - t Lf (' M 00' 0 00 N V IM 00 Iq
N 0M 0 o %0 00 tn N4 m 0 '3 Lf %0 r-.N 4

- -U7 - - -V) -N 4 -NNC0

""0 
N

~~. .: .• . . . . .D .• . .• .O .• .' .• . .v .

D -f 00 t4 - t- - '0 tn -4' t- al r- \ ,z r, 0

0D V5 e% 0 'N tfr '0 N ONti .*Ntn " - t- i

O04 . .-

ci.,

Fri ", .•

0D

C -I

jA
40 V fN N N 4 -4 CO - - \2 .4 ft4 ~ .4

la

'19'

.0"

f) m.m



the body-weight preload as described by Belytschko, et al., (1976).

In many studies reported herein the cervical region of the isolated ligamen-

tous spine has been replaced by a single beam element, the stiffness of which is

given in Table 2.2. The isolated ligamentous spine with the cervical region

represented by a single beam element is the spine model which will be referred to

as the ILS.

The ILS model allows for only one path of force transmission along the torso,

namely the spine. Some investigators (e.g. Weiss and Mohr (1967)) have reported

the observation of a longitudinal wave through the abdomen during excperiments in

which subjects seated in chairs were dropped onto yielding as well as non-yielding

- bases. Because the spine is several orders of magnitude stiffer than the viscera,

it is the primary path of force transmission from the seat to the upper torso and

head. However, the viscera transmits some of the force to the mid and upper

*• torso through the diaphragm and ribs. It is these observations which led to the

development of the two visceral models which will be discussed shortly.

"Another shortcoming of ILS is the low flexural stiffness of the spine model.

Lucas and Bressler (1961) determined frontal plane buckling lads of

662 x 10 to 10 x 10 dynes for an isolated ligamentous spine constrained against

sagittal plane motion. The sagittal and frontal plaue bending stiffnesses are

of the same order, so the sagittal plane curvature uould tend to louer the sagittal

plane buckling loads. Since the spine model stiffonesses are based on the material

constants of the intervertebral discs, it will also buckle wader thes6 loads.

The ejection enviroament produces internal forces several orders of madgkitude

higher than the buckling loads. To Increase the stability of the spine 4%len

subjected to these accelerations it is necessary to increase the beading stiffness

of the model. This is accomplished by incorporating representations of the rib

2I I
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cage and viscera into the spine model.

The effects of the viscera and the rib cage are approximated by a second

* column of beam elements interconnecting the primary nodes from the pelvis to T1.

* •The properties of these beam elements were chosen so that they offer resistance

only in cases of large relative rotation between the ends of an element by using
a cubic moment-curvature relation. As will be seen subsequently, this secondary

column improved the flexural response of the spine, but deformation in the lumbar

region remained quite severe.

[1.2 Isolated Ligamentous Spine with Viscera

The model of the isolated ligamentous spine with a visceral representation will

be referred to as the ILSV. model. In ILSV, vertebra'. levels 711-SI ore separated

into visceral and spinal masses. The subdivision of the torso cross-sections is

based on Eycleshymer and Schoemaker (1970). A typical section and the areas

ascribed to the viscera and spine are sho>m in Fig. 2.3. The spinal and visceral

translational and rotatirniai masses at each vertebral level were computed from

these areas using a uniform density of 1 g/cm 3 and are given ýz TUble 2.4. The

total masses compare well with the data of Liu and fJickstrom (1973).

It ws assumed that the .only mode of force transmissioe through the viscera
FA

is axial. Heoce it mas only n-ecessary to determine t-e axial elostic sad viscous

constants for each elec interconnecting the vigceial mses. An apprwtdzute

fundamental frequency uas compedted for the viscera uoing the results of Coermann,

et al., (1960), uho observed a peak in abdominal wall displccects ioten the

driving frequency was betveea 3 and 4 Mt-. Aesuat C tat cluplacete of the

viscera arc coupled to the abdomiial walt diplocemts, with peaks *ccurring at

the sme frequencies, we can deteraine the fun-d-,tal frequency of the viscera.

For a damping ratio less than 0.707, the fqu•ency ratio 'iich defines the maz"iw

51 :. -. --- - --•.-
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point of the displacement versus excitation frequency curve is

where

02 fundamental natural frequency (Hz)

w/ * excitation frequency (Hz)

9 rm h esls fWis ndMh (1967)0 an approuimate value of 0.5 was

assume that the viscera are essentiolly fixed at the pelvis znd the diaphragm,

tefundamental natural frequency is given by

0/2n TL-(2.2)

where L length of viscaral 11stack"

c longitudinal wave speed through viscera.

The longitudinal wave speed is given by

lJB (2.3)

where B effective bulk- wadulu*s of liscera -torso wall system

pvisceral detsity 1 I m/cM3 .

Lobining Eq9. (2.2) and (2.3),we hav~e

B.(Lohr) 2  (2.4)

With L equal to 31.64 cma (the distance from the p~elvis to TIO) and 10a7,

Eq. (2.4) yields a value of I x 10 2yesc fo hde effective bulk modulus of

£ the~vlace~r -,abdominal wall systcm.

once we have determined B. thes atiffness of a visceral e1lemea is Siven by

24
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AB
k L (2,5)

vhere A is the averaga cross-sectional ares of the element.

The ILSV model is shown in Fig. 2.4. At vertebral level 1L5 to TL1, the visceral

and vertebtal mass are interconnected by horizontal spring elements representing the

'I• interaction between the spine and the viscera, and vertical connecting elements with

linear axial stiffness and cubic bending stiffness were used to connect adjacent

vsceral levels. Since there is no data for the viscera-spine interactiv o, the

stiffnesses of these elements were taken as equal for all levels and identified by

matching whole body impedance as described in Chapter III.

Table 2.4 gives the mass data for the pelvis through T1O of the 7LSV.

Table 2.5 lists the stiffnesses of the visceral elements. The masses for the

remainder of the model and the stiffnesses of the intervertebral discs are given

in Tables 2.2 and 2.3.

11.3 Ligamentous Spine with Ribs and HMdrodynamic Viscera

The complex spine model, which will be referred to as the CSM, includes a

detailed representation of the rib cage, consisting of rib pairs I - 10 and the

sternum. Each rib and the sternum are wodeled as a rigid body. The riba interact

with vertebrae Tl-TIO through the costovartebral and coatotraneverse joints, which

are modeled as sprnig and beam elements respectively. Rib pairs 1 - 7 are connected

to the sternum through the costo-sternal joints which are wodeled .as beam elements.

Rib pairs 8 - 10 art conntected to the adjacent ribs by spriug elements representing

the behavior of the interchondral CarLilage. The actions of the intercostal tissues

are al-o represent"4 by spring elements.

The geometries aud deformation characteristics of the rib cage, as reported by

4!. •Belytschko, at al., (1976), vere based on the emsurements of Schulte, et a,, .(1974),
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ke I.Table 2.5. Isolated ligamentous spine with viscerM

I Vsceal~'~i ~ Area 'ga'" ~ tffie a
Element 2 7cm

....L5-L4 ~ 7.O38 .8 :

L4-L3, .371.35 '. ~93 1.64

L3-L2 425.65 3.87 1.91

L2-L1 468.90 3.65 2.24

LI-T12 472.10 3.37 2.42

T12-Tll 459.20 3.03 2.62

Tll-TlO 459.20 2.79 2.86

All viscera-spine in~terconnecting element stiffnesses. 1.0_ 0 iO dyne/era

-27



and the work of Andriacchi, ea. l7) epciey

The abdominal, viscera are modelq4 by hydrodyaamic elements stacked in ý'eries

5' 2
between the pelvis' and-rib pair 10, An effective bulk modulus of I~ 10 - dynes/cm

was used for thie viqcera. Figures 2.5 an'd 2. 6 depict.-Che frontsa1 and sagit~taJ. plane

. . ~views of the 'ligamenitous spine with rib~s and hycfrodynsmito v:e. a hc-2.6nd....

-2.7 present the inertial and stiffness data as rk~ported by.;Belytschko, ec al., (1976).

The stiffnesses of the spine elements are, identical to. -that given in Table-2.2.

11.4 Simplified S2ine Model

Although the ILSV is the model of primary interest for the impedance Atuzdy in

Chapter III, it is felt that even this model is computationally too time consuming

Co serve as a design tool. Therefore an equivalent simplified model of the ILSVj

was constructed.- This simplified spine model (Fig. 2.7), will here be referred to

as SSM. In this model, the thoracolumbar spine is modeled with three beam elements,

TI T10, TIG U., and L3 -Sl. The lottgitudinal actions of the viscera are

modeled with four sping elements and 3 masses between the pelvis and TIO. The

interaction between the viscera and the spine is modeled with a spring element at

each visceral mass. As with the ILSV, the viscera/spine interaction spring

stiffnesses were adjusted by the impedance studies.

Tables 2.8 and 2.9 list the SSM mass and stiffness dat4. The SSI' translational

mass9 data was computed by sunming the appropriate MIV translational masses. The SSH 1
rotational mass data w,*a compivted using the parallel axes theorem. The SSM stiffness

data was determined from series combinations of the corresponding MY¶~ elements.

28*
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'-4.4,

Table' 2.6,. Complex Spine Model (CSI4) inertial. dtao Be ~tachko, 4.t.410. (1976):ý

Vertebral Mas 2 1;
level Gra:& x 10 Gram-cm x 10 Gratq-cm ý 1~ Grmc 101

-PeWrlsý 16.200 128.000 20.000 19.300

IS .S00 2.783 J1 2.821
IA 1.500 2.748 1.7042.9

L3 1.500 2.809 1. 68 2 2.280
L2 1.500 2.4 ~1.69S . .29

1.500O 2.740 1.569 2.212
M12 1.556 7.002 .1.309 1.919

T11 1.4$3 7.056 -1.230 1.941

T10 1.202 6.028 1.129 1.648

T9 1.267 6.164 1.230 1.716

Tj 8 1.176 .-S.543 1. 208 . 1.670

T 7 1.158 -S.347 1.219. 1.659

T6 1.043 4.425 1.162 1.546

TS 1.025 .3.383 . 1.151 1.490

T4 0.964 S. 138 100.1.354

T3 1.010 -2.878 -1.174 1.422

T2 0.974 2.00? 1. 029 1.230.

Ti 1.209 0.745 0MIS .1.716

C7-C2 1.000 0.700 0.500 11500

Head 5.612 44.786 -,44.044 S..38S

Rib 0.0~74 0. 37-3 .740..074.

Lower
Vicr.1.500 -10. 700 $.501.0

Upr1. SA 10.700 0.S50 1.000
Viscera

I3
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Table 2.8. Simplified spine model (SSM) inertial data

Global Coordinates Translational Rotational Musses
_• (em) l•ass (gramB-tim2 x10

(graams x
Level y z (grams x 10 I I •

Spine Inertial Data

Pelvis 0.0 -4.000 14.880 13.08 20.29 19.38

L3 4.497 10.940 1.660 0.40 0.58 0.28

TlO 1.469 27.640 6.846 5.328 8.560 8.307

Tl 0.857 48.240 5.591 2.773 6.438 7.212

;lead 1.660 66.800 5.612 4.479 4.044 3.385

Visceral Inertial Data

* L5 -3.407 3.190 4.295 1.272 2.985 3.158

12 -5.321 10.940 3.368 1.203 3.484 3.746

LI -3.515 18.460 5.134 2.576 5.598 6.257

Globao coordinates of mass centers. All global. x coordinat~es 0.0

13---
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Table 2.9. Simplified spine model (SSM) stiffness dats

Axial Torsional Bending
.... Element Stiffness , Stiffness Stiffness

dyne/cm x 107 dyne/cm x 108 dyne/cm x 108

Neck 14.40 5.17 . .6.89.

- Tl-TIO 15.40 0.49 0.67

* T1O-L3 34.70 1.87 2.15

L3-S1 56.80 3.50 3.43

T1O-L1 V(1) 0.88

Ll-L3 V 1.03

L3-L5 V 0.83

L5-Pelvis V 0.54

(s) v cera

All viscera-spine interconnecting element stiffnesses - 1.00 x I07 dyne/ea

*44
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MPEDANCE.

11. 1 Rationale and Overview

Driving point impedance can be broadly defined as the ratio of the force at

the driving point to the velocity of the driving point. More specifically,

impedance is the complex ratio of the transforms of the force and velocity. The

quantity of interest to us is the impedance magnitude or the modulus of impedance,

.hich is a function of the excitation frequency. An impcdance(1) plot for a linear

system gives insight int- the frequency content of the system, and the effect of

the damping, stiffnesa and mass associated with different elements of the system.

If a model is to duplicate the dynamic behavior of a physical system, it must

duplicate the impedance of that system. In particular, any model of the human body

must have the same impedance characteristics as that measured for the human body

if any validity is to be ascribed to it.

It is interesting that in spite of the fact that extensive impedance

"m"asurements have been made of the human body and in fact coascitute the largest

available set of experimental data for dynamic response, the impedance of models

such as those of Orne and Liu (1970),snd Prasad and King (1974) vere not compred

to experimental results.

w ¢e r,"ason for this is that tht deermination o 0w th impedance throu&L direct

integratioc is a laborious process, sinee the model has to be excit*,d haacniocally
-,until edy stte response Is obtained at each frequ-ncy rtha the ispedanc isF desired. Ir this investigation, a Fast Fourier Tranaform tecbnique -p dovelopzýd

We will use inpedence, to 0.dulus of impednce for co0venience

U- _ _ _.".-_.-3



through which the impeance over a. frequacy ra.9 of interest can be. determined

from one time histo~y, so tha. o si.glg, ,r suffices to estel.zlqb. the. impedai e,

curve.

The mathematical background of this method and some basics of the concept of

impedance are developed in the next Section. We then review the experimental

literature on impedance of human subjects. The final two .Sections give our results

for the impedance of the SSM and ILSV models described previously. The

models described in Belytschko, et al., (1976) did not match the experimental

impedance satisfactorily, so the alteratiens necessary to match experimental

impedance are described in these sections. In addition, these impedance studies

were used to identify the stiffnesses and damping constants of the elements inter-

connecting the visceia and Yertebrae.

-iI.2 Mathematical Preliminaries

A transfer function for a linear system is the ratio of the transforms of an

input variable and an output variable. --Hence, impedance is a transfer function.

The systems we are considering are stable, that is, they are systems whose naturpl

responses decay with time. The excitations we are considering are such that they

can be represented by exponentials whose frequencies lie along the imaginary axis.

In this case, the impedance is defined by

Z~)I (3. 3)

where an uppercase letter indicates the Fourter transform defined by

•CO

,SL f(t) e dt (3.2)

•i•' f(t) = F(W) ej dw. (3.3)
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"As .An example, csider a simprledamped "oscillator exic*eýiWby+• a uznitstep

velocityl.t its+ support. The equation of motion for this syesem ts

MR + CA + kx2 c + kxl (3.4)

whicb, since A• .and x - t can be written as

M. 2 + c 2 + kx 2  c + kt (3.5)

The solution to (3.5) is

x2 si n t + t (3.6)

where

damping ratio =

natural circular frequency ATk/m

d= damped natural circular frequency

4) 2

The force transmitted to the support is given by

f(t) k(a 2  X1 ) + c(* 2 - - 2  (3.7)

or, using the solution for the step velocity input given by Eq. (3.6),

f(t) = - (1-2i2) sin •dt + 2 & coos dti (3.8)

11-2

The transforms required in Eqs. (3.1) are

F(W) f(t) e dt
I++0 J +a(3.9)

° I) " (jw)2 + 2•+Jw + B

121+• - '77-77

I + 
-w

+++ :... .. ... .. + .... .OW) + ..... +i+i 0:

•+• +.;- •.•+" ;;, :a, ;-.:-: ,•+:,:.•,:.s++-.+•-:•';:+• -+;:,•;•I++••-'• '++: •J +•" " "k "::,:++ -•++ .. -.. ...3 8 . .
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The impedance~ of this system is then given by the ipapitude of the ratio of

Eqs. (3.9) and (3.10),

moý82+ (2pw)
Z(W)= -=.(.)

If we define the frequency ratio r wI, q. (3.11) cain be written aa

r2
Z~r) (3.1-2)

For negligible damping, (p- 0), Z (r' c at r o- 1, wr tixat is,ý th

impedance becomies infinite Lor the undamped system when the drivin~g frequency is

~, >o.curs., further and further to-the right of r' -13 and ithe m~axi== impedance

t As ithervals. Iof degye tidge of freedom. n hysenae rmpizwity cofa e $a ne aiceal

respon ste bl ined by th axciet a ni a is is:oftheibe sntem is threore redt o O1

39
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of the form e n where w now represents a discrete spectrum of frequencies, the

response can be transformed by means of the discrete Fourier transform (DFT) vie

its computer based algorithm, he Fst. Fourier Transf*rm-iF?/T) (Drigam .(1974),

Holmes' (1976)).

The DFT form of the Fourier transform pair in Eqs. (3.2) and (3.3) is
N-i . . .

• ~ ~F(wn) = f(kAt) e-J•n tk -. 3) :.

k 0

N-1

Sf(kAt) F(%) eJ " t'k (3.14)
SnU=3

where At is the sampling interval, i.e. the time step used in the transient

analysis, N the number of steps, and w the nth frequency, which is given by
n

2Wn N~t(3.15)

k- [The impedance of a model is obtained by prescribing a unit step velocity at

the driving point, which in the simulations reported here is either the seat or the

pelvis. The force ti-ce history at the driving point, f(t), and its discrete Fourier

transform are then obtaiined. The transform of the velocity time history is given

by Eq. (3.10), and the ratio of the ma•nitudes of the two transforms, Eq. (3'i), gives

the driving point impedance that is used here; phase angles were not detarmined.

A drawback of this approach is that a numerical solution of a system with a

unit step velocity 4pplied directly to a maass (e.g.ýthe pelvie) does not take into

accouut the mass at which the velocity is applied because the acceleration of the

masss which is a unit impulse analyticallyt Is soro for the discrete systel except

at the-time zero, where it Ls not computed. In other words, the acceleration time

Y hiatory associated with a unit step velocity is An iipulse function, and this

impolse will not appear i the numerical results, Hece- the internal force at the

Mass *will not reflect the presence of the mass.

40



However,, it should be noted that when the system is driven through the mass,

the mass is essentially in parallel to the rest of the system. It is therefore

possible to compute the ,impedance of the entire system by obtaining:,,he Impedance.

of the system without the mass as described above, and then adding to tliiajtbe

impedance of the mass.

This difficulty occurs only when the driving.-point is the pelvic massw However

when the seat is the driving point, the seat-buttocks stiffness dogminate&-the

impedance. Since it is experimentally almost impossible to drive a huima~n being at

the pelvis, the impedance curves which do not include the seat".are physical.ly

unrealizable, but they are indicative of the frequency character of the spine itself.

* In Appendix A, the DFT method used here and the programming details are

* described.

111.3 Sunmay of impedance Literature

in this section we will review the litý,rature on experimentally determined

impedances of human subjects. The papers of major interest are those of Coermann,

et el., (1959-1960) and Vogt, et al,, (1968). Coermann determined the imoedance of

sitting and standing subjects by shake table induced longitudinal vibrations through

a frequency range of I. to 20 H~z. Figure 3.1 shows the median impedance of- .five

sitting subjects repo~zted by Coerrsann. Also showpv is an impedance curve for a one

degree of freedom systemn, Eq. 3.12. with Coermsann's values for the mass,.stiffness,,

and fract~on of critical damping. Figure 3.2 shows the effects of variation in body

postures as determined experimentally by Coermaun. The impedauce of the abdomiinal

viscera was also studied by Coermann by placing the subject in a supine ,Oosition on

I a shake table and subjecting him to luagitudinal harmonic vibrations through a

frequency range of 1 to 1.5 Itz. Motion of the skeleton was suppressed by using metal

brackets at the head, shoulders and feet, to clamp the subject to the tabl.e.

1~41
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Figure 3.1. Comparison of the median of the experimentally measured impedances of
5 sitting subjects (longitudinal vibrations) to a single degree-of-
freedom system with m - 84000 grams, lOir and p 0.312. (Coermann,
et al., (1960)); (1) experimental; (2) computed.

:1 ~W 6
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S4

4. 35 791 1 13 15 1719

*1DRIVING FREQUENCY NOz

%,-igure 3.2. influence of body posw~re oni the mechaniical impedance of a Ihumau subject.;
(1) sittivng relaxed; (2) sitting -erect; (3) stauding erect.
(Coorsaan, et al., (1960)).
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Figure 3.3 shows the variation of abdominal vail displacement wi.th axcitatiou

frequency as measured by Coermann, et al. A resonance in the a i.10inal well dis-

placement was detected between 3 and 4 Hz, so this would indicaeu an impedance peak

at between 4 and 5 Hz. Restricting the mobility of the abdopier resulted in a shift

of the abdominal wall displacement vpeaktq, betwean-..and 7.IHz;;i-

Vogt, et al., (.8)measured the impedance of ten male subjects. The subjects

were seated and loosely restrained. Figure 3.4 shows the r-erage imped ance of

these subjects. An important characteristic of the above experttaental linp&:aces

is the peak which occurs around 5 Rz. A second peak, which is tezrerally considexably

smaller than the first, occurs around 14 Hz. These peaka in thie-impedAncv~acu;ve

indicate the excitation frequencies at which the maximum energy is transfei~re4.to

the body. Coermann suggests that the 5 Hz peak is r.aused by resonant mutiob of the

upper torso in connection with the bendix~g elastici~ty of the pelvis and spine, Iand

that the 14 Hz peak is probably attributablo to 6nither elasti-ity of-the pelyvis.

Vykukal (1968), exposed 4 subjects iaseiupnpotont vertc

acceleration of .+0.4 G in a frequency range from 2k t. 20 Hz, combized with'47

linear acceleration of' 1, 2k, and 4 G. Theri~echanical impedance of each subject was

recorded. He observed that for the hight-r linear accelerations, the stiffness

increased, the damping decreased, zmd tt-. overali impedance increased. The

resonances at higher frequencies become more p-,edtminant in magnitude because of

IEii increased coupling of the boCy systems when subjected uo a hG nioment

Unfortutnately, neither the airection oi the harmwonic oscdlotion vector nor the

direction of the linear ac :eleratiou vector wi~th respect to the subject's longitudinal

axis were'specified.

*Woods (1967), repoi~ted transmissibilities for longitudinal and lateral vibrations

of three subJects in the frequency range of 1 to 10 Hz. Results are also reported

Sfor the effect of random vertical and lateral vibracions. All of the transmissibility

t . 43
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Figure 3.3. Abdominal wall displacem~ent vzersus excitation freq~uency for a humian
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curve- for the sinusoidal, longitudinal oscillations had a peak between 4 to 6 Hz.
A peak in the transmissibility for the sinusoidal, lateral oscillations occured

* at 1.5 Hz. The vertical transmissibility curves were obtained by plotting the ratio

of the accelerations of the shoulder to the accelerabton of the seat and the accel-

eration of the thigh to the acceleration of the seat as a function of the input

frequency. The lateral transmissibility curves were obtained by plotting the ratios

of hip acceleration to the seat acceleration, the knee acceleration to the seat

acceleration, the shoulder acceleration to the seat acceleration, and the head

acceleration to the seat acceleration as a function of the input frequency. All of

these curves had a8peak at 1.5 Hz. It is not clear whether these peaks are a con-

- .. sequence of human body response or the subjects' interaction with the seat and

restraint system.. However, the reported peak in the 4 to 6 Rz range correlates well

with the results reported in Coermann, et al. and Vogt, et al.

It is also worthwhile to consider the impedance characteristics of previous

models. Payne (1972) developed a four degree of freedom model of a seated man.

It consisted of rigid masses representing the head, upper torso, abdominal viscera

and pelvis, interconnected by springs and dampers. A spring and a damper were

included to represent the elastic and viscous properties at the buttocks. Impedance

curves for this model exhibit a peak at 9 H1z and a severe dip in the impedance curve.

at 12 Hz but no second resonance point, so they do not agree well with Vogt, et al.

or Coermann, et il.

The impedance of .Ie -model in ANRL-TR-76-10 vas not given, but modal analyses

were performed. These modal analyses showed that the ligsmented spine, with head

and pelvis but no separate elements for the viscera and buttocks, &ad with only axial

motion allowed, yielded a lowest natural frequency of 17 Uz The mode shape

associated with this fr-.quency is approximately that of a free-free rod. This resulc

indicates that t.l- 5 lz peak in the impedance curve repov.ted experimentally

46

•'r•



represeats a resonance of either the visqera,. ý4.iObqtto1CjW. or. _tho ben4Ap&1, r,,paqs*,

of the spine. The relatively low mass of the viscera woul4 ed pap rue tout .

the sole source of this peak.. It will, beshow~, ýsbseqtteatýy .that -the Ifirst: peak

in the impedance curve depends stroingly on the s;i~ffuess of the buttocks &W4 seat-,

It will also be shown that if the possibility of prametric excitation of the

flexural spine modes is considered, a 5 to 7 H; peak is present in the impedance

* ~curve even without the representation of the buttocks, but its magnitude is smaller

than that found experimentally. Thus, the first resonance peak observed experimep!-

tally appears to arise from several components of the human body: the viscera,

the seat-buttocks, and the bending response, of the spine.

111.4 Impedance Results

impedance curves wer~e obtained for two of the models, the simplified spine

model, SSM, and the isolated ligamentous spine with visceraIISV.. These impedance

studies were used to obtain the stiffnesses ar'd damping constants for the elements

interconnecting the spine and viscera. The atiffaesses were first determined in

the SSb( model by parametric studies.

The damping of these elements was then chosen so that the lowest "lateral

visceral mode" (i.e. motion of the viscera laterall-y relative to the spiae) was

damped by the same amount as the lowest axial visceral made. Based on the stlff-

nesses of the SSM viscera/spine interconnecting elements, initi~al values ior the

ILSV interconnecting elements were chosea. only minor ad ustments were necessairy

to match the experimental impedance.

Prior to applying the F1FT impedance determination method to the spir~e modelks

it was applied to a one degree. of fzeedom model using the mass, damping and frequency

* values used by Coermaun. it al.. (1960) for his one degree of freedom model of a

185 lb man. The numarica~l results are shown in Fig. .3.4 along with the anatyticail

* ~results of Eq. (3.11). The duration of t~ha ,wmcrical simulation of the step

4t.



response here was 1.02 sac, waich involved 256 tiLe *tops of 4 milliseconds. As can

be seen, the results compare very veil.

We will now give some of the results for the SSM modal. The parametric studies

used to determine the spine-viscera connection elements are not reported; the major

emphasis in the following studiee is the origin of the various resonances and the

influence of certain parameters, such as seat-buttocks stiffness, on the impedance.

Figure 3.5 compares the impedance curves for the SSM without buttocks to the

averaged experimentally obtained curve of Vogt, et al. The latter were obtained by

* .vertical shaking of loosely restrained seated subjects, so the buttocks must be

evidenced in the observed impedance. The pelvic mass here is 1.62 x 10 grams

(36 lbs), but the total mass of 5.56 x 10 grams (123 lbs) does not include the

4
upper or lower leg mass. The average mass of Vogt's subjects was 6.94 x 10 grams

(153 lbo) (without the lower legs and feet, which are not included because Lhe

footrest of the experiment was not harmonically excited).

The impedance of the spine without buttocks, as shown in Fig. 3.5, exhibits

peaks at approximately 5.70 Hz and 12.70 Hz respectively, both with and without the

Spelvic mass. In order to more clearly determine whi.h subsystems are causing

these peaks, the impedances of the spine and the viscera are given in Fig. 3.6. The

•;i: axial response of the spine alone has one peak at 10.50 U, while the visceral

column has a peak at approximately 5.37 HR. These agree with the lowest frequencies,

obtained from an axial modal analysis of the spinal column and visceral column with

both ends fixed. The impedance of the spine and viscera combined, though dominated

by the peak at approximately 10.714 H. (again the first fixed-free spine axial mode)

also exhibits the presence of the viscera with the "beginnings of a peak"' at

approxi~taley 5.70 HRz. Thia curve is dboinated by the spine peak because there is

considerably mre mass assoctated with the spine (e.g head, arms, etc.t than with

the viscera. Nevertheless, the visceral contribution to the impedance curve is

-. " i1
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evident.

It is of interest to note that upon dropping the restriction of V'cial motion,

we obtain the curves Fig. 3.j, which have a peak at 12.70 Hz. In thie modal analysis3

results of SSM, the lowest viscera~l mode and the third spine bending mode (in which

most of the energy is transmitted to the lumbar region) were at 5.35 Hzý. The

discrete internal forc~e time history results for the spine element between S1 and

L3 were in fact dominpted by this frequency, This indicA es that the third

bending mode has been parametrically excited. ýA variýAtion'ýof the bending damping

or visceral damping had.~te gteatest offect .,in the region of ;the 5. 70 Hz peak.

These results Lndicate- tlat SSX_ has a--5.,79Hz im~pedance pea detth fis

visceral mode, aad parametric ex-Atation of the third bending mode, even in the

absence of a scat-buttocks representation.

In determining the effects of the buttockg, the buttocks were*'mode]~ed by a

spring and damper between the pelvis centroid and the seat. Payne, 1(1972) gives a

value of 6.55 x 10 7dynes/cm (374 lb/in) for the buttocks' stiffness. Buttocks

stiffneases of 6.55 x 10 7 nd 1.31 x 10 8dynes/cm were used here and half of the up-.

4
per leg mass was added to. the pelvic mass to yield a total SSM mass cf 6.88 x 10

grams (152 lbs), bec~ause in the experiment the upper leg mase was vibrated along

with the upper body.

Figure 1.7 .hows the impedan-ze of SSI4 with these two values of buttocks

stiffness. Both cuirves exhibit ~.peak at 4.30 Hz and a much smaller peak at 9.30 Hz,

with a slight shift to the right for. the stiffez buttocks model. Modal analysis

ShLows that the first axial mode of the buttocks-spine s~eries combination occurs at

4.10 Hz and consists essentially of rigid body motion of the spine relative to the

seat. The 9.30 Hz Desk appears to correspond to a 9.10 Hz mode which consists

primarily of the second visceral mode.

.... .....
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F~rom these results it becomes apparent that an impedance curve obtained by

driving the buttocks is dominated by the ste~atopygic mode. This agrees with the

findings of Payne and Band, (1969), who coimment that the variability in Impedance

measurements of seated human subjects is very likely due to variation~s in buttock

size, muscle tension,,Ond tonus. It follows from this that impeeance measurements

of this type do not iresult, inccurate information' asto resonances of the sub-

systems. However, it is interesting to-obser've that thellshift in Impedance peaks

due to a twefold change in buttocks-atifffness is~notN~sevete.

Although not apparent in b~is resul~ts, Vogt, et~a1.-, (1968), reported that iu

most cases, a peak around 10 Rz'is--also evident. As discussed above, the impedance

curve for the SSM with the buttocks exhibits a small peak around 10 Hz. florever it

cannot be established whether thie peak in Vogt, et &I is causod by the same mechanism

which causes the 10 Hz peak in the SSM curves. Their impedance :also exhibi tsa moill

peak at 14 H%. This peak does not show up in the 3GM curves.

It i cler frm thse esults t` t the SSM model duplicates experimentally

determined impedances very well. It not only replicates the peak Magnif-udes and

the locations of these peaks, but it gives considerable insight into the resonance

mechanisms.

We will now consider the impedanet studies of th~vore complex model, ILSV,

isolated ligamentous spine with viscera, which was described in Section 11.2.

Figure 3.8 shows the impedance curves for the 11SV without buttocks. For comparison,

the experimental curve of Vogt, at al.., (1968) is also shown. The pelvic mass,as

44
* -~~ for the SS14, is 1.62 x 10 13ms(6 Jhe), the total was is 4.98 x 10~ grams

(110 lbs). The total mask does avt tnclide. tkte uppjir Ox lower leg mass, nor the

arm mass, whic-- %.6-re~ da in Lth SSý_Ti ch ipeaanc~is of the ILSV without and

with the pelvic

k.R-
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The impedance exhibits peaks at approximately 6.0 and 13.5 Hz, which agrees

well with the corresponding SSM peaks at approximately 5.7 and 12,7 Hiz. The 13.5

Hz peekc corresponds to the first spine axial mode, 13.17 Hz, obtained in an ILSV

modal analysis with the pelvis iixed. The 6.0 Hiz peak results from a combination

of the first visceral mode and what appears to be a bending mode. The visceral

frequency is 5.5 Hz, and there are three bending modes in the 5-6 Hiz region.

The impedance results for the IISV with buttocks are shown in Fig. 3A9. The

same buttocks stiffness as in the SSM, 6.55 x 0dyneakm, (374 lb/in)-Yas used.

Half of the upper leg mass was added to the pelvC.emass tp yield a total ILSV mpas~

4
of 6.26 x 10 grams (118 Ibs). The iuipad~ace of IISV is'Igven with buttock dampLn4

ratios of 0.3 a)Ad 0.15, esetvy-'-T 48Jzpeak corresponds to the eateatoýpy2!ic

mode (4.4 Hz) and'os in the SS4,' this mode dominates the impedonce curve. A small-.

peak is also observed at approximately 10.0 Hzz, which appears to be associated with

the second visceral mode.

Figures 3.10 and 3.11 c5'upare the SS14 and ILSV impedance curves without and

with buttocks, respectively. Of primary interest is the similarity of the SSM andý:

ILSV curves. This indicates that SSM and ILSV would respond almost identically

for dynamic input with a grequency content of 16 Hz or less..
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CHAPTER IV

INJURY POTENTIAL MODEL

~ iIV.1 Iniury Potential Function for Cylindrical Vertebral Body Model

A simulation with the spine head model yieldq as part of the results,

the normal force aI ndi b~ending moment, M', ti a.U5tQri~,o9 '44c vi eacha

level. ýIn this Chapter, teevaluation ofijrlptnitas a fuebral'

of N andi M will1 be conside-ted. We will cai1l this 4fuc4ion2.the-..nijury Poteptial

Function.

Mathematically, we can express our task as the determination ofl'ý %here

IPF f~lM 1, IN 1, Al ~A2~ 41

in which IPF -injury p~otential function

~IM~ I. =---Ibending moment and normal force magnitudes when

I is maximum in vertebral body j

Alit A2~ parameters representing the failure criteria of

vertebral body J.

Belytschkco, et al., (1976) discussed an approac~h for the preliminary

evaluation of injury potential. They idealized the vertebral body as a

cylindrical shell of radius r and height h (see Fig. 4.1). The shell

consisted of cortical or compact bone with an tiuterior (vertebral core) of

trabecular or soft bone of radius r

For pure axial compression, the stresses in the cortical shell and

vertebral c-re are related by

(N A aA/Ai (4.3)

0. 0I
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2 bo

Figure 4.1. Idealization o~f a Vertebtal body as a cylindrical shell.
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where

f ± .*~~ siresosiujrabecpulgr and 4atcalbn...tvI

£ ,E = Young's modulus in trabecular and cor.ticat.boneP respectively

I N =applied axial force

Ao area of cortical shell--a u(r2
0 ~0±

A, area of vertebral core Inrr

Eqs. (4.2) and (4.3) yield &A~expression for the stress 'in~ the cortical she.l,
E N

0 TEr 2 0 2 2 (4.4)UE.r + E(r -r

From a compression test, we can obtaia. an axial forc,0 N aewhich is the =maiuu

axial force that can be sustained by a vertebra. The corresponding stress,

as given by Eq. (4.4), is then the maximum safe stress for the cortical bone.
maxOnce 00 has been determined, we can use it to obtain Hm= the omftust

which would produce a stress a in the cortical shell. The flewxue
0

formula from simple beam, theory results- in the relationship

4HIr E
0 0

4 4 4.. (4.5)C nL r 4 E (r -r

froms which

ii 0 0 0

For combiued bending and axial loading, 0 is giver~ by the superpos-itice

of Eqs. (4.4) a.id (4.5),

+ (4.7)
r 1(or + Vro r

so N and M. sate±fy the relatioufeh ip
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"+- -1. (4.8)
max max

The above. formulation lends itself directly to an injury potential criterion,

•}ii: "IPI-- ? + aj< 1 (4,9) •,:

Al A2I~jI j jl

where IM I and IN I are as defined in Eq. (4.1), and

j - vertebral level

Ali maximum bending moment in pure bending

A2 maximum compression force in pure compression.
j

Eq. (4.9) was developed by considering the stresses in the vertebral body's

cortical shell. No direct attention was given to the stresses in the vertebral J

core. The elastic modulus of the vertebral core is several orders of magnitude

lower than that of the cortical shell. Hence, the stresses will be several !

orders of magnitude larger in the cortical shell even under pure axial loading.

When we conwidei bending stresses also, this disparity becomes even gieater.

It is this large difference in cortical shell and vertebral core stresses,

particularly under the combined action of bending and axial loading, which

justifies the use of the cortical shell stress as the basis for the injury

potential criteria.

Eq. (4.9) is essentially the same relationship used by Delytschko, et el.,

(1976) in their preliminary evaluation of injury potential. However, rather

than determining the maximum of IPF for the entire time history, they used the
J

individual MaxiUnius of IN I and IN~ I to determine IPF. This leads to largerFI
values of !PF

Before the injury potential ftunction, Eq. (4.9), ecn be put to use, it is

neuessery to obtain values for the vertebral material properties and geomtries.
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IV,.2 Compressive Streitgth of Vertebrae

Payne (1972) examined the work.o2 Geartz (1946) in which the breaking loads

of vertebrae T8 through L5 wire determined fo& subjects varying ir age from

19 to 46. These are reproduced in Table 4.1. Also included in Table 4.1

are three values of breaking streviths .(T, T1.2, Li) determined by Crocker

and Higgins (1966). The average lumbar vertebral. breaking load of the vertebrae

8
listed in this table is 9.28 x 10 dynes (2090 lbs.). Drown, et &1., (1957)

reported an ultimate compressive load varying from 4.45 x 10 to 5.80 x 108

dynes (1000 to 1300 lbs.) 'or 5 lumbar vertebrae taker from three measurements.

Ferey (1957) reports an average value of 5.88 x 10 dynes (1320 lbs.) for the

lumbar vertebral breaking load. Payne, however, comments that Perey's failure

to "true-up" his vertebrae to insure for uniform transmission of the load from

the testing apparatus to the specimen resulted in induced stresses higher than

for pure uniform compression, thus resulting in e lower apparent breaking load.

Rockoff, et al., (1909) determined the maximum non-destructive compressive

strengths (elastic limit) of 50 lumbar vertebrae from the spines of 32 fresh

cadavers. The subjects included both males and females and spanned an

approximate age tauge of 21 Lo 80 years. Rockoff reports that all of the

specimens from subjects of age less than 40 years had strengths greater than

72
800 psi (5.52 x 10 dyne/cm ) while essentially all of the specimens greater

than 40 years had strengths less than 800 psi. If we assume this is the average

strength of the specimens and assuiw a lumbar vertebral body crosii-sectional

area of 16.51 cn' (from Payme), we obrain an average elastic limcr load of

9.11 X 108 dynes (2050 ibs). Rockoff also cmoside-s the relP -:

limit strergth contribution ol the vertebral cortex and the trabecular bone,

and the variatioti of the elastic limit with the ash content or •hysjcal density
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Table 4.1. Breaking loads of vertebrae T8 through L.5
as deteiumined by Geertz," and Crocker and
Higgins, reported by P~ayne

Age Dreakiing Load in Dynes x 106
(Yeara)

ee Tz 8 T9 110 T11 T12 Li L2 0 L -

21 6.3 788.8 9.7 1.

21 ; 7.1j6.8. 8.2 -

36.5 _ =178 17.811.
___j 5.9 V.17.

87,-8 8.lj 8.e
6.9 848.8 . .

7.2 7.8tz - 4.
46 .7.4.i 7..8 8 o

Cracker

and

140 19.5 1.

8 ý,77,3 7 7.8 T7.9j .5 19, .61.
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of the trobecular. bone. He found -.hat the corteo generally contributes 45

to 75% of the- vertebral body -treshng regardless of the ash content of

the trabecular bone.

These sources as well ns several others indicate that the upper limit of

lumbar vertebral breaking strength is approximately 1.0 x 109 dynes (2250 Ibs.).

Although Rockoff reported that his strengths were elastic limit loads, it appears

that the load defliction curves for vertebra- are essvptially linear up to the

point of failure. Since the elastic limit is defined as tha point at which

the load-deflection curve deviates from linearity, it is quite close to the

breaking strength.

.IV.3 Elastic Moduli of the Vertebral Cortex and the Trabecular Bone

Data for the elastic modulus of the vertebral cortex could not be found

in the literature. However, several investigators have reported elastic

moduli of cortical bone from other bones. McElhaney (1966) reported a value

of 1.52 x 10 dyne/cm (2.2 x 106 psi) for the elastic modulus of compact

bone f.:m an embalmed human femur. Evans (1970) reports values of 1.45 x 10
iI_ i11 dye/m 16,6

1.59 x 10 and 1.74 x 10 dyne/c ?(2.1 x 10 , 2.51 x 106 and 2.52 x 106 psi)

for the elastic moduli of comupact bone from a wet embalmed adult femur, tibia,

and fibula reupecti'iy. Yamada (1970) obtained a mean vilue of 1.04 x 10

dyne cm (1.51 x 106 psi) for the elastic modulus of wet femoral compact bone

of people 20 - 39 years of age. He also reports a value of 8.82 x 108 4uefc

(1.28 x 104 psi) for the elastic modulus of wet trabecular bone from human

"lhmbar vertebrae,

MIV4 Vertebral GeCco.tric Propertie.o

Belytschko, et 1., based the eq!uivalpnt raiii of the vertebral bodies

on Lanier's (1939) mean values of the transverse and s&agittal diameters. If

we assume an elliptical vertebral body crocs-section and the travsverse and
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sagittal diameters are given by 2a and 2b (vertebral level J) then the

equivalent radius is r o
J oJ OJ

The value which Belytschko, et al., used for the ve:tebral cortical bone

thickness, 0.3 mm, was based on Kulak (1974). Kulak measured the cortical bone

thickness of sectioned vertebrae by viewing them under a microscope through

a measuring eyepiece, These vertebrae were obtained from the lumbar region

of five s-bjects. The mean value obtained was 0.32 mm. It is possible that

the cortical shell thicknesses of vertebrae in the thoracic region are less

than 0.3 mm, but since these values have not bean reported in the literature

to the authors' knowledge, the assumption of a constant vertebral cortical

shell thickness of 0.3 mm for all vertebral levels will be used.

IV,5 Failure Criteria for the Injury Potential Function

Table 4.2 lists the values of experimental axial compression failure loads

used by Belytschko, et al. They evidently based their values for T8 through

L-5 primarily on the work of Geertz (1946). The values for TI through T7

are ba3ed on the assumption that the vertebral cross-sectional area;

and hence breaking strength, decreases linearly with vertebral level. This

is very close to true for levels T8 throtgh L5.

For the elastic moduli of the vertebral cortex and trabecular bone, they

11 " 8  2
cite values from Evans of 1.5 x 10 and 7.35 x 10 dyne/cm respectively

6 4
(2.18 x 10 and 1.07 x 10 psi) which appear to be in reasonable agreement

with those found by other investigators.

Comparing the parameters(breaking strength, elastic moduli, etc.) whiLh

Belytschko, et al. used in their evaluation of injury pote tial, with those

discussed in the previous section, it is apparent that the failure criteria
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Table 4.2. Maximum axial compresaion for pure cOmprese9" 4A2) and m uxlaum
bending v.-•ent for pure bending (Al) used by Belytschko, et al.,
ivr their treliminary evaluation of injtury potentoa.

Vertebral r A2( 3 ) Al( 2 ) (0o)(4)
Lvl 0 0 max<*7: Level o

L5 2.165 10.29 10.19 2.18

L4 2.203 9.80 9.87 2.03

L3 2.154 9.31 9.18 1.98

L2 2.078 8.82 8.40 1.95

LI 2.019 8.33 7.72 1.91

T12 1.972 7.84 7.11 1.84

TII 1 1.883 7.35 6.37 1.82

TI1 1.7181 6.86 5.64 1.81

T9 1.690 6.37 4.98 1.78

T8 1.619 5.88 4.41 1.73

T7 1.538 5.58 3.98 1.74

T6 11.437 .5.29 3.53 1.78

T5 11.388 4.90 3.16 1.71

T4 1.3233 4.60 2.84 1.69

713 1.271 4.21 2,49 1.62

__2 1.226 3.92 2.24 1.57

TI 1.162 3.T.2 1.96 1.54

(i) Equivalent radius (cm)

8(2) Maximum-bonding woment ior pure compression (dyne/cm x 108)
computed from Eq. 4.6

(3) Experimentally determined comnpressive breaking load (dyne x
from Geertz, reported by Payne

2 9
(4) Maximum vertobral cortex stress (dyne/cm x 10) fr Eq. 4.4
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t(mai, iuu axial compeeaiton load and maximum bending moment) computed from ,these

parameters is acjeptable within the range of accuracy permitted by the available

data. Consequently, the present injury potential study incorporated identical

parameters in the development of the injury potential function described in

Section IV.l.

This injury potential analysis has been incorporated as part of the head

spine simulation program as follows. During each step of the time integration

process, the axial force N and the two moments M and M are obtained for each
y z

vertebral level J. Since the program treats the vertebrae as rigid bodies and

the discs as deformable elements, the axial force and moments are not directly avail-

able, so the vertebral forces at level j are considered as the average of the forces

in the discs above and below the vertebral body; i.e.

M= %½(a + ^

• N ½( + f (4.10)

M (mzi + iZK)

where I and K are the secondary nodes at the top and bottom of the vertebral

body j. Although the local i axes of the disc above and below the vertebral body

may differ slightly in orientation, this has been neglected. The local y and

z directions in each disc correspond to the moments in the frontal and

sagittal planeb, respectively.

The injury po'-ertial fumction is then evaluated for both moments

IN¶ lIM
1PF1  _X .A

;iA 2

+ (4.11)

Ii f either of these values exceeds the previous maximum for level j, it is stored.
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At the end of the simulation, the maxiwlm values of the injury potential

functions encountered are printed out in graphicai form. Since Eq. (4.11)

5 normalizes IPF relative to l'.0' for each vertebral level, thevalues' of'lP'L

indicate the likelihood ofinjury at each' level. 'If I is much smwallier than

1.0 at a lcvel, injury is very unlikely.whereas 'Values of IPF in the neighborhood

of 1.0 or greiter than 1.0 indicate that vertebral' failure is likelya"t that level.

In order to interpret the likelihood of injury in a'statistical sense,

the normal distributions as fit by Payne (1972) to the'data of Geertz, Crocker

and Higgins and Nachemson were used to obtain standard deviations. These lead

to probabilities of failure as shown in Fig. 6.20.

The extension of this post-processor to other modes of motion segment

failure will only involve the development of additional injury potential

functions. Thus, to consider vertebral dislocations, it is only necessary to

develop a function and appropriate injury thresholds associated with

dislocations. As part of the function development, the mechanism of failure

and causative forces must be determined. This procedure is currently under

study under a separate contract by the A1RL.
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CHAPTERV.

PRIMgATE V -S.PIN MODELS

Because of the d4ficulty of obtaining -experimental results for human

subjects, data were obtained and prepared for similar models of primates.

The goal of this effort is to compare the predictions of model simulations

of nonhuman primates with experiments in order to validate the basic modeling

concepts. In addition, it is hoped that such studies will shed further light

on the procedures of scaling results from nonhuman primates to humans.

In this investigation, preliminary model data was prepared for the

following primates:

1. chimpanzee;

2. baboon;

3. rhesus monkey.

We will here describe the sources of this data, how it was processed, and give

some results for the models. In addition, we will list some of the major 4zta

needed to lay a sounder groundwork for these models; it is interesting to

observe that while data is much easier to procure for nonhumans, much less is

Z reported in the literature.

V. I Chimpanzee

Geometric data for the chimpanzee spine was based on Kazarian, et al., (1976),

who provided the vertebral body heights, intervertebral disc heights and

ondplate areas, and figures of a chimpanzee spine. These figures were

digitized to provide the geometric data for the model. Since only the areas'
of endplates were given, a circular cross-section we! assumed and the radius

was computed. The model structure is shown in Fig. 5.1.

The mass data for the chimpanzee was determined on the basis of measurements

reported by Rholes and Fineg (1961), for two groups of chimps: one group
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Figure 5.1. Chimipanzee spine miodel: (a) sagittal pl~ane view (b) frontal. plane viqw
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weighing 20-33 lbs., the other group weighing 38-54 lbs. The goal of this

effort was to obta$n.n4ota for a chimpanzee weighing 100, to .110 lbs., so the,

measurements in Rhot nd-Fineg were used only as a4"ide to eight distribution.

Furthermore, it had. t*-be assumed that weight distribot-1qn Pd9es not change

significantly with Qxge in total body weight.

The procedure u"ed-to determine the model masses is as follows. First

the anatomy of the cbimps was approximated by a set of geometric solids as shown

in Fig. 5.2. The volume-of each geometric figure was then computed using the

3
measurements given i,..Rholes and Fineg, assuming a density of l gram/cm

A total weight was computed for the maximum, minimum, and mean values of these

measurements, and a ratio of the weight of each part of the anatomy to the total

weight. These ratios are given in Table 5.1. As can be seen, except for a

few discrepancies, the proportion between total weight and the weight of a

portion of the anatomy is somewhat independent of the totalweight, so that

these ratios can be'used to e&timate the weight of the anatomical segments.

Next, it was established that for the torso, the ratio of the width of the

torso to the height of the torso is reasonably independent of the total weight.

By using a ratio of width of to height of chest of 1.18 as determined from

the measurements given in Rholes and Fineg, the torsal height of the chimp

for which a skeletal figure was provided by Kazarian (1976) was estimated.

Then using these dimensions and the geometry of the torso as depicted in

Fig. 5.3 (provided by Kazarian (1976)),the weight of the torso segments

from TI to L4 were determined. Also, the total weight of the chimpanzee for

which the skeletal figure was provided was estimated and was found to be Ill lbs.

To determine the mass of each vertebral segment of the torso, it was

necessary to know the cross-sectional area of the torso and the thickness at

each level. The thickness of each level was based on the vertebral body heights

"72
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Upper Torso

,~ L.owerTorso

22(2 22

Head
'Upper'.Arm

. C) 62

4. . Lower Arm
Buttocks

16 64 66

3-21

Hand

41

~~49

Figure 5.2. Idealizations of an~tomical components of chimpanzee into gometric
solids; numbered measur't~entc refer to Rholes and Fineg (IM1).
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Table 5.1 W.Lgiat Ratios

(each number indicates the weight ratio of the

Kanatiomical component to the totalmcjxht.)

Chesit 0.235 Q.2-10 0.ý64 0.227 0.177 0.237 0.228

Lwrtro0.0186 0.142 0.027 0.030 0.064 0.0116 0.029

Red0.0376 0.060 0.0371 0.058 0.092 0.055 0.136

Upram 0.076 0.042 0.079 0.032 0.071 0.0473 0.070

Lwram 0.025 0.022 0.033 0.026 0.022 0.036 0.027

HaFoo (each) 0.014 0.0429 0.003 0.026 0.067 0.015 0.022

Butcs 007 .6 .37008 002..5 .6

RIý

LI4
Ai
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Figure 5..Chirmpanrýýe torso geomotry from Kszarien '1976).



anti intervertebral disc heights-which Wo taken from measurements of the skeletal.

figre Te rea, wa ondfp Figure 52~. From the volume of the torso at

a vertebral level, the mnass. was coniputed by multipl~ying by the density of

3
1 gram/cm

The equations for the moments-of inertia, I, I a,,nd I~ were derived on

the basis of elliptical cross sections. The tesulte were compared with the

masses of the vertebral levels of the human spine used in the Air Force model.

The mas~as of the human spine were between 1.2 to 2 times larger than that for

the chimp. The human anotomy considered in the Air Force model has a total

weight of 169 lbs., which is approximately 1.6 times that of the chimpanzee.

Lhe masses and moments of inertias are given in Table 5.2.

The stiffness data for the intervertebral discs was determined by using

the procedures of Belytschko, et al., (1974) and Schultz, et al., (1974). In

these procedures, it is assumed that the level-to-level variations in inter-

vertebral disc stiffliesses depend directly on the geometries of the inter-

vertebral discs and can be deduced from strength of materials considerations.

Furthermore, since no disc stiftnesses were available for chimpanzees, the

nsaterial properties were assaumd to be identtical to human discs. The axial,

bending and torsional stiffnesses at a level Si are given by

(axial stiffness)j Rý Aj

(bending stiffness) ~ R2  (5.1

(torsional stiffness) mR
i 33

where2

A
Si 1DM

B~ 0 .5 (r4  4)
*J I DU o i

K 2 K (5.2)
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Tabl~e 5.2b. Inertial data for vertebral levels 1.4-TN. for chimpanzee
with viscera model

Visceral miass d!! * L4-Tl1

L4 6.690 1.150 3.215 4.281

L3 8.870 2.042 4.483 6.394

L,2 :0.030 2.581 5,431 7.874

T.1 11.570 3.214 6.785 9.841

N 'T12 1.0.820 2.782 6.340 8.975

Til 8.100 1 1.855 1 4.722 6.515

Vertebral. mass data L4-TI1

L4 2.310 1 0.128 0.239 0.338

L3 2.230. 0.091 0.2617 0.325*

L,2 2.060 0.067 0.292 0.331

Li 1.960 0.063 0.273 0.306

* T12 12.10001 0.717 0.762

*T11 .03 0.055 0.531 0.571

i'nertial data for- torso segments T10OL3 is giw-a in Table 5.2a

(2) 21Trans1at~onall mass grams x 10

(1) 2
*Rot4stional masses about blý4y coordinates X. y, Z gm-cm x
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where ri and r 0re the inside and outside radii of the annulus fibrosis,o0

and IDH is tLe intervertebral diac height. Eqs. (5.2) follow from elementary

strength of materzIls trearm(.nt of t:he stiffness of a dis-. It was assumed

that r, = 0.75 r.o

The geometric factors of the zhimp spine werc based on data prc';,ded by

Kazariao. We assumed that the RV, R?, and R3 for chimpanzees and humans were

the same, i.e. that material properties of the two species are similar. These

constants were then determined in the following tuannar. In Table 1 of Belytschko,

et al,, (1974), geometric data at intervertebral levels L2!L3, T12/LI, TIO/TlI,

and T8/T9 were given. From this data A, KB and KT for those levels were

calculated.

Table 2 of Schultz, et al. gives stiffnesses at T,2,13, T12/L, TlO/T11,

and T8/T9. Ratios wore set up for corresponding quantities -C the correjponding

levels and the constapts RV, R2 and R3 were determined ubing the a:,erege of the

four levels (corresponding values at all four levels deviated little from the

respective averages). The values are

RI = 0.144 x 109 dynes/cm
2

8 2

S2 = 0.746 x 108 dynes/cm2  (5.3)

R3 = 1.27 x 10 8 ynes/cm2

The geometric data (A, KT K B) for the chimp appears in Table 5.3 while the

stiffnesses for che chimp spine model appear in Table 5.4.

It should be noted that there were discrpancies between the tabulated

geometry (used in obtain'ng the stiff,.esses) and the geomtrey of the chimpanzee

skeletal figure. The reasons tor this are:

1) IDH for the giv,'a data is larger than the IDH measured from the chimp's

skeletal figure. There is about a 50% discrepancy.

79

-22•-



* . Table 5.3

Geometries of Chimpanzee Interv~ertebral Discs

2 B 3 T 3
Level IDII(cm' Area(cm ),A r (cm) r (cm) K (C-'M) K (cm)* a0 .

*C3 0.42 2.94 0.97 0.73 0.72 1.43

04 0.42 2.87 0.96 0.72 0.69 1.38

C5 0.42 2.89 0.96 0.72 0.69 1.38

C6 0.43 2.66 0.92 0.69 0.57 1.14

*C7 0.40 2.74 0.93 0.70 0.64 1.27

Tl 0.71 3.10 0.99 0.74 0.47 0.93

T4. 0.73 3.28 1.02 0.77 0.50 1.00

T3 0-.74 3.37 1.04 0.78 0.54 1.08

T4 0.74 3.64 1.08 0.81 0.63 1.26

T5 0.74 3.43 1.04 0.78 0.54 10

T6 0.70 4,8E. 1.24 0.93 1.16 2.31

T 7 0.94 4.31 1.17 0.88 0.68 1,35

TS 0.94 4.22 1.16 0.87 0.66 1.32

T9 0J.95 5.05 1.27 0.95 0.94 1.88

TV) 1.00 5.73 1.35 1.01 1.14 2.28

Til 1.00 5.97 1.38 1.04 1.23 2.46

T1.2 1.20 6.44 1.43 1,07 1.20 2.39

LI 1..30 7.29 1.52 1.14 1.41 2.81

L2 1.40 8.05 1.60 1.20 1.60 3.20

13 1.20 8.10 1.61 1.21 1.92 3.81

*L4 1.4u 9.43 1.73 1.30 2.18 4.36

where IDH, Area are given

A re a KB 1 4 4
r - 21.DH (rr)

0 1121H

r 1 4 4

3
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Table 5.4
Chimpanzee Stiffness Data icr1 2

Intervertebral Discs Elements

Lee~) Axial Isending Torsional Axial

(dyne/em x 10) (dyne-cm/kad X 108 (dyne-cm/rad x 10) (dyne/cm x 10)

C3 0.42 1.07 0.91
C4 0.41 1.03 0.88

C5 0.42 1-03 0.88

C6 0.38 0.85 0.72

C7 0.39 0,.95 0. 81ý

TI. 0.45 0.69 0.60

T2 0.7 0.75 0.64

T3 0.49 0.81 0.69

T4 0.5? 0.94 0.80

T5 0.49 0.81 0.69

T7 0.62 1.01 0.86

T8 0.61 0.98 0.84

T9 0.73 1.40 1,!9

TI11 0.83 1.71 1.45 2.20

T11 0.86 1.84 1.56 1.81

T12 0.93 1.78 1.52 1.55

Ll 1.05 2.10 1.79 1.55

L2 1.16 2.39 2.03 1.29

L3 1.17 2.84 2.44 1.16

L4 1.36 3.25 2.77 0.26

~1Refers to element below designated vertebral level

~Visceral elements are located between the pelvis and 110. Stiffnesses of
7all viscera/spine interconnecting elements 1.0 x 10 dyne/cto

'Though based on data, appears spurious

1 kp 10 dynes

A 81



2) Area for the given data is smaller thau the area measured from the chimp

skeletal figure. There is about a 25% discrepancy.

The chimp stiffnesses in the upper spine are only 0.4 of the human stiffnesses.

However, the chimp data lacks the relative max imu stiffness found in.,huraans

L around Til, but instead increases-continuously to IA., where the stiffneases

are comparable to human intervertebral disc stiffnesses.

The visceral bulk modulus was obtained by using Eqs. (4.5) and (4.6) of

Belytschko, et al., (1976), using a radius of 12 cm as taken from Table 5.2

and a membrane thickness of 0.5 cm. Tae resulting stiffnesses are given .n

Table 5.4.

A modal analysis, an impedance analysis and an ejection analysis cf the

model of a chimpanzee spine were performed with the ligamenitous spine both

with and without viscera. Table 5.5 lists the first six axial natural frequencies

and the first seven sagittal plane natural frequencies for the chimpanzee isolated

ligamentous spine and compares them with the ANRL-TR-76-10 human spine model.

Although a casual comparison indicates that the frequencies of the chimpanzee

spine in the axial mode ere somewhat smaller than those for the model of the

human spine, a comparison of the modes (not given) shows that there is a

significant difference in the nature of the lower modes between the chimpanzee and

the human models. In the chimpanzee, the two lowest axial modes are almost

entirely associated with head movement and involve very little deformation of

the lower thoracic and lumbar regions, whereas in the human spine model the

lowest axial mode involves considerable lower back deformation. Thus the

chtmpanzee axial mode ,orresponding to the first human axial mode of 17 Hz

is 54 Hz. Thus, as expected, the chimpanzee mcdel modes are significantly

higher, Similarly, the first flexural modes of the chimpanzee involve primarily

head-neck motion.
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TABLE 5.5

Comparison of Natural Freg~uencies of

Human Spine Model (HSM),and Chimpaxnzee Spine Model. CM

L Axial Freguenci.es (Hz)

HSMCM

17.09 13.97

32.31 31.81

a51.29 53.96

77.22 77.72

100.74 105.22

124.98 131.91

Sagittal. Plane Frequencies(Hz)

USM CSM Ratio(C )

171.28 0.76 0.59
3.14 2.04 0.65

5.99 3.70 0.62

9.94 5.32 0.54

13.31 7.24 0.54

16.71 8.55 05

1.8.45 10.30 0.56
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'i ', This difference between the chimpanzee and human can be directly related

to the mass distribution. In the chimpanzee, the ratio of head mass to total

mass is quite large compared to the human, whereas the opposite holds for the

pelvic mass. It should be noted that these differences in mass 'in'our model

are based on rather crude data obtained from gross measurements. However,

this difference, while not exactly represented in our model, certainly exists,

and it could shed some light on the difficulties in scaling studies; because

of the differences in mass distributions, the modal character of the human

and chimpanzee are evidently significantly different, thus. precluding any

simple scaling laws.

An ejection simulation was made with the chimpanzee spine - viscera model.

The prescribed acceleration consisted of a peak magnitude of lOg which was

reached in 14 msec, with an onset rate of 714g per second. The lOg magnitude

was maintained at constant value for the remainder of the simulation. The

total duration of the simulation was 40 msec. Figure 5.4 shows the axial force

time histories at T9-TIO and T3-T4.

Impedance curves were obtained for the two column chimpanzee model. These

are shown in Fig. 5.5.

We would again like to stress the large number of extrapolations that were

necessary in obtaining the 100 lb. chimpanzee model. Any additional data

would be of great value. Some suggested data are:

a) axial stiffness at any level for a chimpanzee cadaver motion segment

(it vould be useful to have the size or weight of the chimp corresponding to

this staIffness);

b) any other disc stiffness, e.g. bending;

c) a series of photographs or x-rays of a 100 lb chimp to verify our

size scaling procedures.
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Figure 5.5 Impedance of chimpanzee model with viscera: (1) pelvic mass impedance;
(2) impedance of chimpanzee without pelvic mass; (3) impedance of
chimpanzee with pelvic mass; (4) impedance of chimpanzee with buttocks.

7
Buttock stiffness is 6.55 x 10 dyne/cm.
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VI- Baboon

The geometrical data of the baboon was obtained in the same manner as

that of the chiirpanzee, based on data of Kazarian (1976). The resulting

model geometry is plotted in Fig. 5.6.

Mass data is based on Reynolds (1974), who measured the inertial properties

"of anatomical segments of four frozen cadaver baboons. The baboons ranged in

mass from 10.8 kg to 12.66 kS. It is of interest to observe that the densities

were also measured by Reynolds (p. 73); they ranged from a low of 0.S8 gm/cm3

3
2} in the torso to a high of 1.12 gm/cm in the feet and hands, with an average

of 1.016 gm/cm 3 Thus the density assumptions made in determining the chimpanzee

inertias are quite reasonable: the major sources of error would probably be

the idealizations of anatomical segment volumes and the extrapolations. The

torso percentage of total volume in the baboon is higher than our estimated

percentage for the chimpanzee (53% vs 44%) and the head is lower (8.3% vs 13.2%).

The head mass and moments of inertia were taken directly from the

measurements of Reynolds. Since Reynolds did not segment the torso, the inertial

properties of the torso segments were obtained by using the data of Kazarian

for vertebral body and intervortebral disc heights, a radius of 7.35 cm and

the density given by Reynolds. The inertia data is given in Table 5.6.

Stiffness data was constructed using the measurements of Kazarian (1976),

Eqs. (5.1) and (5.2), and the R factors from huaman motion segments. This

data is given in Table 5.7. No separate visceral column is included.

The impedance of the baboon model is shown in Fig. 5.7. It should be

noted that here reliable mass data is available for the head, yet the model

exhibits a substantially different impedance curve from the human model,

indicating again a potential source of difficulty in scaling.

K
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2ABaE- 5. 6

BOB0W INERTI& DATA

2 3Mtass m Moments of Inertia (gm-cm, x 10)
Level 2gx0)y

Read 9.266 21.990 20.240 9.158

TI 1.989 2.708 2.708 5.373

TZ2.0-41 2.780 2.780 5.513

T3 2.438 3.333 3.333 6.585

T4 2.387 3.262 3.262 6.44-6

T5 2.4.56 3.358 3.3581 6.634

T62.300 3.140 3,140 6.213

V7 2.490 3.406 3.406 6.126

T8 2.508 3.431 3.431 6.774

T92.525 3.455 3.455 6.8.UD

T10 2.560 3.504 3.5-04 6.915

T1I 2.940 4.041 4.041 7.941

T12 3,165 4.363 4.363 8-.594

LI 3.476 4.812 4..81.2 9.38.9

L2 3.857 513M9 .5.369 10.418

W 3.9 S 5.573 . 5.573 10,791

L4 4.583 6.458 6.458 12.370-

*L5 4.566 6.432 6.432 12.333

L6 4.496 .6.325 6.3-25 12.144

LU 4.341 6.091 6,091 11-746

Fe bri 8 16.430 . 37.200 337 .''0-0 5-9.17*1

4.......



S IFFRESSES OF BABOON DISCS

Level(dyne/cm x 10 Thdyn-m/a -1 dnec/dx1

TI 1.0 .56 1.33

T216.0.4 0.36

T32.20 0.45112

T5 2.40 0.9.3 0.384

T6 2.50 0.43 0.37

T8O 2.40 0.43403

T11 2.90 0.34(!2

T12 3.10 0.30 02

Li1 3.00 0.24 02

L2 4.40 0.28 02

L3 4.70 0.72 0.19

5.200.18 0.15

L.5 5.70 0.18 0.15

.165.60 0.22 0.19

Ui 5.90 0.30 0.25

R!'J
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Figtire 5.7. Impedance of balboon: (1) witchout pelvic mass; (2) peivic mass Lucluded

91



V.3 Rhesus Monkey

For tht rhesus monkey, only the me.ýauremants and skeletal figures were

available for data extraction. The geometry of the model is anown in Fig. 5.8.

For the rhesus monkey a total wetght of 21 lbs (9.55 k& mass) was specified, so

the mass distribution data was scaled from the baboon. Stiffness data was obtained

using the s",e procedur- -s for the chimpanzee &nd bab~-on. Inertial and stiffness

data is given itn Tailas 5.8 and 5.9. The impedance of the rhesus monkey Zodel is

also sho'w'-i in 1. 5. 9.

In addition to ;.-ter stiffness deta, which is need4, for all of the primate

models, tspecific inertia data would be ug,ýful for the rhesus monkey.

92



1�

i�.
+ . .�.

:2 . £21

-�

.4
.-..-,. .

-- 4

p �

m
L�.....r7

II

I-i

Li EL

�.0
I E

I,
-4-4

I.
1 (�i� (b)

II 93



Table 5.8. Rhesus monkey inertia data

Hmass m Moments of Inertia (Sn-cm2 x 1

Level ( 2 I-- I--

TiY
iii'.: •Head 6.520 7.465 7.465 7,465

•.-:.T1 0.813 0.683 0.683 1.358

I T2 0.952 0.801 0.801 1.590

0.941 0.792 0.792 1.572A T4 0. 941 0.792 0.792 1.572

T5 0.952 0.801 0.801 1.590

.T6 1941 0. 792 0.7ý2 1.572

.7 1.0W0 0.902 0.902 1.787

TS 1.251 i,059 1.059 2.090

T9 1.241 1.050 1.050 2.072

TIO 1.241 1.050 1.050 2.072
•:i . • Tll1.369 1.1&2 112 ,•

TI2 1.551 A..322 1.322 2. 590

T13 1.636 i.399 1,359 2.733

LI 1.690 1.446 1,446 2,823

12 1.829 1.572 1.572 3.055

:-3 2,,064 1.788 1.788 3.448

-" 2.118 1.936 1.838 3.537

L5 2.139 1,858 1.858 3.573

,L6 2.107 1.828 1.828 3.519

Ui 2. 01 1.739 1. 71,9 3,359

Pelvis 10.490 16 S65 16.865 23.364

94
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Table 5.9. Rhesus monkey stiffness data

Axial Stiffness Bending Torsional

Level (dyne/cmx 10 (dyne-cm/rad x 107/ (dyne-cm/rad. x 10

Neck 0.02 ,2.10 1.70

TI 1.20 .1.50 .. 1.30

T 2 1.10 0.90 " , 0.80

T3 1.10 1.50 1.30

3c T4 1.3G 1.90 1.70•

T5 1.50 2.Z0 1.90

T6 1.70 3.00 2.50

T7 1.60 2.20 1.90

T8 1.30 1.60 1.40

T9 1.70 2.40 2.00

T10 1.90 3.40 2.90

TIll 2.10 4.20 3.60

T12 2.40 3.30 2.80

T13 2.40 3.30 2.80

Li 2.90 4.00 4.10

L2 3.10 5.10 4.30

W L3 3.30 6.00 5.10

L4 3.20 5.50 4.70

L5 4.0 9.10 7.70

1.6 3.150 7.06.00

4.00 9.40 8.00
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CHAPTER VI

SINJJATIONS OF PRE-EJECTION PILOT ALIGNMENT

VI.l Motivation and Method

Mohr, et al., (1969) and Li, et al., (1970), have discussed the importance of

the pre-ejection posture as a factor in modifying a crewman's tolerance to acceler-

ations experienced during ejection from disabled high performance aircraft.

According to Bosee and Payne (1961), the optimal spinal alignment is the normal

seated position, with the vertebral bodies '-located squarely over each other". Any

deviation from this optimal spinal configuration, such as that resulting when a

crewman is slumped forward or sidewards in the seat, would increase the possibility

of injury during ejection.

In this Chapter we will .cnsider Lhe pilot alignment phase of the ejection

sequence and will present a method for analyzing the spinal response to loadings

encountered during alignment.

VI.2 Computer Modeling of Belt and Shoulder

The pre-ejection pilot alignmemt is accomplished via the powered inertia lock

reel wh•ich, when required, activates the rtstraining belt, forcing the crew member

into the eject position (Fig. 6.1). In the pre-ejection alignment models the belt

forces are transmitted to the spine through rigid bodies representing the shoulders

and through the ribs. Based on the work of Eycleshymer and Schoemoker(1970), it

was determined that the sagittal plane cross-sections of the shoulders could beL• approximated as circular segmants.

"The belt forces are transmitted to the sthulder rigid bodies ani the ribs

through points (hich we shall call contact points) which approximate the shape of

the upper torso in planes parallel to the sagittal (yz) plane, 8.13 cm on either

side of the sagittal plane. Fig. 6.2 shows a typical contact point configuration

S..in a plane parallel to the sagittal plane. Contact points I to j + 2 are secondary

i~t:"97
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nodes associated with the shoulder rigid body primary node, called SRB. Contact

points j + 3, to n are secondary nodes associatied vith ribs, Ri to R6, respectively.

Each rib has only one contact point. The inertia lock reel (ILR) and tie down

point (TDP) locations shown in Fig. 6.2 are not drawn to scale.

At each time step, t,, the location of a contact point, J, is given by

•ii ~ xkJ(tk) =xkJ(ti'1) + ukJ(ti.1) (..

where

xlj*, x2 V, x31 are the global coordinates; (x I and x, x2 and y and x3 and

z are used interciangeably)

ukj~,_,) displacements of contact point J comiputed at time step ti_1 .

Next a check is made for contact beL.een the belt and the contact points. Contact

between a posterior contact point (toward the seatback) and the belt is determined

by checking whether contact at that point would introduce any concavz kinks into

the belt. At all times, the position of the inertia lock reel (ILR) is given, so

this is determined by checking the qiign Of the global x component of the crossI i product of the vector from Lhe inertia lock reel to a possible contact point and

. vectoz fiom the inertia lock reel to the nert contact point, as illustrated for

S.Itbct point I in Fig. 6 2, where the condition would 5e

0 0, belt does not contzct point 1
isI x IO(6.2)

> 0, b•lt contacts point I.

Contact betwo en &n aun teror (cheat side) contact po$t arW the belt is similarly

determined so that no concavo kinks exi$ in the t c tberen the chest and the tie

• dow* point. For axample, for contact point n in Fi,6..

0..;•O belt does not contact point n

'i No force is- applied to any poilnt whilch is ,,,ot Ln contact vith the belt, lo lss of

•.."o



contact between the belts end parts of the iuildar and torso is possitle.

The force (in the plane of the contact points)-on a typical contact point, for

example point J ia Fig* 6.2, is determined by

Fj T (PeJJt +ej+IJ (6.4)

where T belt tension. and ej,j and iare 1!lt vectors along the belt as

an eJ+lJar n

shown in Fig. 6.2.

The global components of Fj are then given by

F X
(J-1 + J+l J\

F T (6.5)
FJ \ Lj

F 2 (
where X ,J = j - xj, etc.

Lj distance between contact points J+l and 3.

Ouce the global components of the contact forces have been computed a' the contact

* ~ pointi, they r, - ..- 'formod iULo forces aud moments acting at the primary nodes

* (mass centers) of the shoulder rigid bodies and the ribs.

The resultant force at a shoulder rigid body primary node is given by

where number of contact points defining the shoulder rigid body. The reaultaut

•,".:. • omeat at a shoulder rigid body primary uode I. givma by

wh-re -

0 yI

I 101
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0,.and z are expressed in the body coordinate system of the coordinates of primary

node P, and [XI] is the body to global coordinate system transformation matrix for

the shoulder rigid body primary node P. Since each rib has only one contact point,

the forces and moments at the rib primary nodes are given by Eqs. (6.6) and (6.7)

without the sumawtions.

The belt forces on the contact points, once they are transformed into forces

and moments at the primary nodes of the shoulder rigid bodies, are treated like the

other external forces in the equations of motion. No predictor programming is

included, so the belt model is only suited for explicit Lime integration.

The "rphology of the interconnections of shoulders and opine is rather compli-

cated. Furthermore. data on the various components of the interconnective tissues

are not availsble. Since forces in these interconnectors dhmetelves were not of

interest, they were simplified as much as possible.

The shoulder rigid bodies were connected by beam elements to TI, T2 and T3,(see

Fig. 6.3), and the stiffnesses of the beau. elements were chozen on the basis of a

parameter study. The stiffnesses were varied so that when the shoulders are pulled

back, the spinal displacement would lag behind the shoulder displacememts by a small

amount, but so that no sr.apback or overshoot in the spinal response wa.s observed.

The stiffnesses of these elements and locations of the contact points are given

in Table 6.1.

I• VI.3 Pre-Ejection Pilot Alippment todels

In the following, we will describe how the spine models were prepared for the

siOmUatioA of the pre-ejection alignmwnt runs. Ve will designate theae mdels as

PAM-Y, wher± PAM denotes Pre-ejection Alignment Model and X indicates the initial

forward diaplace~ent of Ti, and Y (if present) indicates an initial lateral displace-
meat. The models, P,2~, I-AH4 and P.A.4-4, were constructed from thai ioolated, liga-

.entovi spine without z rib cage. in NIQ46, the twtire model was Included. PAi2

1024
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Table 6.1. Coordinates of contact points and stiffnesevs of beam elementsconnecting the shoulder rigid bodies to vertebra TI, T2 and T3.

LSRB(1)_ primary node global coordinatres cm):

x - 8.130, y -13.943, z - 42.900

Local coordinates of contact points (C-P)

1 0.0 6.447 2.725

2 0.0 4.221 5.533

3 0.0 0.864 6.946
4 0.0 -2.726 6.448
5 0.0 -5.584 4.222
6 0.0 -6.947 0.865
7 O.G -6.448 -2.725

Global coordinates of left rib p. ,ary nodes and local

coordinates(3) of associated contact pctnt (CP)

-Rib x y z CP z

1 2.556 -16.328 41.569 8 5.574 -2.871 -5.069

2 3.380 -16.355 37.915 9 4.750 -2.245 -5.515

3 4.115 -15.548 34.556 10 4.015 -2.938 -6.374

4 5.121 -14.320 31.4,60 11 3,009 -3,827 -7.033

5 5.548 -14.089 27.768 12 &.782 -3.535 -6.305

& 5.574 -12.958 24.478 13 2.556 -3.960 -6.2-55

Stiffxiesses of beam ele-u-ts between shoulder rigid bodies and TI-T3

Torion I 01( dyc
7

AxialI 5 10 dyne-c=Torsion: x 1 0 yec

~1 . 2I

k I x10 dyae-casrad.

US a left shoulder rigid body

(O..rigin located at LSRF primary node

S3 )Origin locsted at privary node of rib

The right ',and 4iwe configuration is a mirror image of the left side.

It



(Fig. 6.4) was obtained by taking the isolated thoraco-lumbar spine model(Fig. 2.1J

and placing TI 5.08 cm (2 in) forward from its undefrLmed position, which

is approximately 9.3 cm (3.7 in) forward from the seatback. The remaining vertebral

bodies were then positioned so as to obtain a smooth curve for the spine, which is

shown in Fig. 6.4.

PAM4 (Fig. 6.5) was obtained from the normal configuration of the isolated

thoraco-lumbar spine by a static analysis in which TI was displaced forward from

its undeformed position by 10.16 cm. (4 in). The static analysis then determined

the remaining vertebral pos 4 tions by equilibrium. The initial location of Ti is

approximately 14.4 cm (5.7 in) from the seatback.

In PAM4-4 (Figs. 6.6 and 6.7) vertebra TI was displaced 4 inches forward and

4 inches to the left. The initial configuration was obtained in the same manner

as PAM4.

PAM6 (Fig. 6.8) was obtained by taking the complex spine model, CSM (Fig. 2.2)

and rotating it forward about L5 until TI was 15.24 cm. (6 in) foi.jard from its

undefoimed position. This is approximately 19.4 cre (7.7 cm) from the seatback.

YLVA4•. Pre-Ejection Pilot Alignment Studies
4 - -

-. Vi.4.1 Study 1.

In the first study, the shoulder rigid bodies were modeled with 6 contact points

per shoulder, as shown in Fig. 6.9 and 6.10. The shoulders are aligned symmetrically

*.with respect to the seatba.k. The reel is located at approximately the standard

height, 3.4 cm (1.3 in) above zhe acromion. From Eycieshymer and Schoemaker(1970),

. the acromion appears to be approximately 3.2 cm (1.3 in) above the centroid of TI,

S. - while from Pansky and House (1964), the acromion appears to coincide with the bottom

of TV. The scromijn height in the spine models was taken to be the average of these

two values. The tie down points are 8.13 cm (3.2 in) on either side of the pelvic

mass ceiter. The force in each belt was zero initially and increased linearly to

* "105
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IM
2,22-x 10 dynes (500 lbs) in 150 msec, for a combined belt force of0445 x0

dynes (1000 lbs) at 150 msec.

The models PAM2 and PAM4 were used in this study. Figures 6.9 an4 6.10 show

the 0, 50, 100 and 150 msec pilot configurations for PAM2 and PAM4 respectively.

Table 6.2 compares peak axial force and sagittal plane bending moment magnitudes

for the neck and intervertebral discs T3/T4 and L3/L4.

VI,4.2 Study 2.

Study 2 considers a nonsymmetric initial cQnfiguration. PAM4-4 was subjected

to the same pre-ejectioa belt force as that iii Study 1. Figures 6.11 and 6.12

depict the 0, 50, 100 and 150 msec pilot configurations, sagittal and frontal plane

views respectivel;. Two features of the mQdel had adverse effects on-the results:

(1) the orientations of the shoulder rigid bodies were rotated too much initially;

(2) the seatback does not offer any resistance to lateral motion of the spine

becaus~e Coulomb frictional resistance is not modeled.

VI,4.3 Study 3.

Here the effects of changing the location df the reel were studied. Two runs

were made, one with the reel 2.2 cia (0.9 Ln) below the standard height, and one

with the reel 7.2 cm (2.8 in) below the standard height. The model used was PA42

with the mass center of the head shifted slightly closer to the seatback than in

Study 1. iTe tie down point location, belt force time history, and shoulder rigid

bodies orientatimis were the same as in Study 1. Figures 6.13 and 6.14 show the 0,

5.0, 100 and 150 msec pilot configuretions for the reel at 50.8 CM and 45.8 cm

respectivwly.

v.,4.4 Study 4.

Heare the effects oi remo~vl of a portion of the seetback vaa tonsidered. The

-model used was PA.42, The reel height was 0.9 in bolo the tandeat height and the

tie dor. woint location, belt force tiv-2 history and shoulder rigid bodies orien-

" .113.
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tation were the same aip in Study 1, The seatback was "-ut-off" betweeen T5 and T6

so that the head and vertebral bodias Tl-T5 were free. ~fie6. 15 shows the 0, 50,

100 and 150 mse'c.pilot confi~gu'ration-.

1/1.4.5 Stl -

in study 5, PA144 was subjected to the bait force time history shown in Fig. 6.16.

The continuous curve is th3t of A14L retraction test run No. 93 for which che retrac-

tion distance was 6 in. The reel is loc.-zied at the standard height ari the tie down

point location is thk samae aR in the previous studies. The shoulder rigid bodies,

which 4re aligned symmetrically with reipect to the sestback, have been refined to

* more closely approximiate the shape of. the shoulders and are modeled by 7 contact

*points per shouluer rigid '5ci. Although the shi~ie of the shoulder rigid bodies is

approximated zs a rircula'r iegmeat, this shoulder rigid body is more refined than

those u.,ed in the previous sLt.jies a.zd the radiusý was chosen to agree with the

actual physical dimensions. Figlre 6.17 depicts the 0, 50, 100, 150 and 200 msec

pilot configurations. ldble L".3 Jists the peak axial compressive forces and sagittal

plane 'bpnd.ing moments and the approximcts times at which they occur.

VI.4.6 Study 6.

In the final study, the rib cage was included, 9nd belt interactiton with both

the shoulder rigid bodies and the ribs was r~onside~ed to investigate the effects of

belt force trrnbmission through the rib cage. The reel and tie down point locations

were the satae as for study 5. The :belt forc-a time history is again that show, in

Fig. 6.16. Figure 6.18 is a photogroaph of an 'initial pilot configuration used for the

AXPI retraction test run No. 93 for which the retraction distance was 6 in. The

initial pilot configuration used in this study, PA146 (TI 6 in forward from its

norml~ position, 7.7 in forward-from the seatback), 9ppears to-be similz~r to that.

shown in Fig. 6.18. but the photograph only giveh a rough idea of the spine's

initial configuration. Figure 6.19 shows the 0, 50, 100, 150 and 2100 msec pilot
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Table 6.3 Maximum internal forces for
pre-ejection alignment study 5.

M3ximtum Time of Moment Maximum Time of Force
force max. force at moment max. moment at

Level F t(F) I t!() M r(M) t(h)

L5-L4 16.13 128 2 7.90 171 8

L4 15.76 126 5 9.76 142 4

L3 16.18 130 6 10.38 138 to

L2 16.77 130 6 8.23 112 4

Li 16.66 130 5 8.48 110 1

T12 14.13 128 3 7.96 110 !

TI11 13.13 143 6 7.77 169 2

TI10 11.56 143 1 9.34 108 1

T9 10.83 140 4 8.86 185 8

T8 9.74 140 10 9.55 138 9

T7 10.92 138 7 9.48 132 6

T6 11.06 124 8 11.59 198 0

T5 12.41 116 5 13.15 15 3

T4 11.75 .111 9 11.00 108 9

T3 14.01 115 17 17 43 112 11

T2 6.98 114 12 12.91 116 6

T1 4.95 118 7 7.'9 128 5

Neck 8.45 132 32 64.89- 142 5

Forces in dynes x 07

Moments in dyne-cm x 107

'rime in milliseconds
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I-W
configurations, in Study 6, the injury potential function Post Processor (see

Chapter IV) was available; Figure 6.20 gives the injury potential functio for this

study.

VI.5 Discussion of Pre-E action Alig t Studies

Befoe cnsierin anof thepe.~je i tn ý'aisignment studies individually,

some coements on certain aspects of modeling should be made. In all of these

studies, the neck is modeled as a siLngle beam element coninecting the head directly

to Ti . The flexibility of this neck etlient results in exaggerated motions of the

head, leading to excessive rotation of '1. This is~ particularly evident for the

cases with Ti more tharn 2-in forvard frmi .tq normal position (e.g. studies 5 and 6).

The muscles of the neck would distribute the head inertial effects over a larger

part of the torso, thus reducing the moments at Ti. Furthermore, in the earlier

Istudies, the belt forces were transmitted through the shoulder rigid bodies only

to TI, T2 and T3, further iucreaaing. U4.;.:& so these vertebrae.

In the initial studies, the combined belt force was too high, because more

accurate belt force time history data were not yet available. Therefore, rasther

than trying to predict injury potentials for studies 1-4, we concerned ourselves

primarily with the gross effects observed in thesezstudies.

It can be seen from Table 6.2, thAt whtik TI is 4 in.forward (PAZI4), the neck

jaxial force and sagittal plane b,-v~ing momet increase-d about 40% respectively over
jthe 2 in forward initial configuratiou (FMC). The axial forces in the T3-T4 sod

L3-L4 discs were affected very little. ýThe sagittal'plane bending momenta at these

levels increased 587. and 33%j respecti~vely. These increases in oagittal plane

bending gmomnts can be attributed to increaged- iinertial" effects of the head-helmet

mass. Compar-ison of the.150,wsec conifiguration-s of PAIR2 and PA%4 sbvw- that the

utpper thoracic region. of PAH4 exhibits considerably more sagittel plane curvature

f ~than PA)(2.

t . - ~126i .*



90%.Failure.
S- m o am a"- -w am -m - a* -- On

0-5.0% Failure
.1.

z 10% failure

zL 0.8 6

040

0~ 0
0.4 0 "..T 1T9T 5 3T

0 20 6 uy loj . :ý" o

127



*t,,.IThe results of Study 3, which considered the effects o! varying the reel height,,
are presented in Fig%~ 6.13, and 6.14 and Table 6.2. Lowering the reel height from

0.0 in to 2.8 in results in a considerable increase in the internal axial forces

and moments. The vertical component of the resultant force at the shou~der rigid

body centroids increased, causing the crew member to be pushed down thrq~ugý tbe

shoulder rigid bodies as well as back~i to the seat'.

When a portion of the seatback was cut off so that the head and vertebrbl

bodies Tl-T5 do not contact it, .thi forcesladstained by the spine lincre~sed

dramatically. If we compare the results listed in Table 6.2, we find that the peak-.

axial forces in the neck and theML-ýL4;disc are icreased by 637. and 86Z respec-

tively, and the peak sagittal bending moments are increased by 4067. and-207 respec-I

tively when the seatback is "cut-off". The peak mid-thoracic axial forces and

'j. sagittal bending moments are increased also. The 100 msec: pilot configuration,

Fig. 6.15 corresponds approximately to the time of the peak neck sagittal beading

momaent. In this configuration, the upper thoracic region has been pulled back over..

the top of the seatback while the head-helmet mass is still slumped forward.

1 The results of Study 5, depicted in Fig. 6.17, show far less curvatupe~of the

I spine because of the reduced belt force levels. 'This is due to the improved

modeling of the shoulder rigid bodies, as well as the considerably less severe belt

force time history. if we check the internal forces against.the injury criteria

I presented in ANRL-TR-76-l0, it is found that internal force levels in the spine

2(TI-LS) are well below injury levels.

The inart~ial effects of the head-helmet mass are particular~ly evident in the

1.50 and 200 macec pilot configuration of Fig, 6.19 from Study 6. IUcept for large

£oi-rd rotations at TI, the opine spp~rs.aro behavýe quite well. The 100 and M5

mae;. configurations appear to indicate large dow~ward rotatiOU Of the rib cage

relative to the spine. due 0to the increased curvature' of the tboracic region of the
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spine. This 4ifficulty orisea- because thap igQ btructo todw ad rotation

of the rib cage in PAM 6, the inclusionk, of. the, bd9mi~aJ viscera in this model

would limit this downward motion,

It may be of some interest to note that the 150 and,200 msec cpufjiguracionp of

studies 5 and 6 respectively, are very similar in spiý"l alignm.ent except ,for,.Phe

larger forward rotstions at T1 in Study 6. In Study 5, the belt interacted only

with the shoulder while in Study 6, the belt also interacted with rib pairs Rl-R7.

it is observed that in both cases, the spinal configurations when the seat is

contacted are similar. From Table 6.2, it can be seen that including belt inter-

action with the ribs has the effect of reducing ths compressive forces in the

lumbar region, and although the sagittal plane bending moment is somewhat increased

in the lumbar region, it appears to be distributed more uniformly along the spine.

Figure 6.20 depicts the injury potential function, IP!, for Study 6. All the

vertebral bodies (particularly in the lumbar region) are well below the injury leveL.

The vertebral body TI has not been sho;wn because of the unrealistically high

neck moment.

In sut Y:

1) The forces caused by pre-ejection retraction alone are not sufficient to

lead to lower vertebral irnjuries; however it do-es induce curvature of the lower

spine, and the studies of Belytschko, at al., (1976) have shown that increased

*curvature lead-s to increased force l-evels in ejection.

2) The forces and initial'ourvacure are increasa4. as the reel height relative

to the shoulder is decresaed.

3) Isolated spine models can reaaoaably well reproduce the results of the

more complex models.

4) The forcos aud curvatures in the npper spine are strougly affected by the

motion of the neck and spirno, so improved models of the ne~ck are needed to obtain

a capplete picture of' the respwase.'
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CHAPTER VII " ..... ' :

EJECTIONI S1MIJATtIUS
Ii-.

VIIl Introduction and Objectives

In this Chapter we consider the response of the spine models in ejection.

These studies have three objectives:

1) to evaluate the effects of various components of the model, such as the

viscera and seat belt, especially with respect to the force levels in tho spine

and the curvaturel

2) to compare the results of models which have been matched with experimental

impedance data with the previous models in Belytschko, et al., (1976);

3) to compare the results obtainable from models of varying degrees of com-

plexity, such as the simplified spine model, SSM and the complex spine model, CS4,

in ejection simulations.

One of the goals of the second objective was to observe the effects of para--

meters which must be chosen quite arbitrarily in a simulation, such as head

positions. It should be noted that some of these studies were made before our final

viscera data was completed through the impedance studiep.

Except where noted, the acceleration profile used in all of the studies has a

rate of onset of 714 g/sec for 14 msec, and then a constant acceleration of 10 g for

66 msec, for a total duration of 80 msec. After 80 msec, the aicceleration vanishes.

The acceleration vector is perfecliy vertical (40) for all runs. In all cises, the

problems are treated as three dimensional, although a to dimensional representation

would often be adequate. The explicit inteSration scheme was used with a tUme Step

-4
of 10 seconds, thus requiring 800 time steps for a solution duratio, of 80 msec.

VII.2 Isolated Liarmentous Spine M odel

VII.2.1 Unrestraincd Liamensto-us Spine Model

The first two simulations involved the isolated lin tos *ne -wodels
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(ILS •and ILSV from Chapter 11) and considered tbhe effects of the secondary cohum,

which represents the ribs"In the thoracic re8Iop 8• 4 the viscera in the lumbar

region, on the transmission of the acceleration induced forces along the spine.

The seotback wat included, but the restraint system was not. Table 7.1 gives the

peak internal forces for the simulation without and with the secondary colunm;

Fig. 7.1 depicts the initial and 80 msec pilot configurations for the simulation

without the secondary column while Fig. 7.2 depicts the 80 =sec pilot configuration

with the secondary colunr. The initial pilot configuration was the same as in

*• Fig. 7.1.

From Table 7.1 we can see that including the secondai column causes a slight

increase in the axial compressive forces, whitle the sagittal plane badin8 moment

is reduced considerably in the lumbar region and increased slightly in the mid to

upper thoracic region. The secondary colum= is a simplified representation of the

secondary path of force transmission provided by the viscera and ribs. When it is-

absent, the spine and its associated li aments are the only path for. the entire

load. Lucas and Bresler (1961) deonstratcd that the static fruntal plane buckling

load for an isolated ligamentaus spine constrained against sagittal plane motion

- is 2 x 106 to 10 x 106 dynes. The sagittal plane bending stiffness is somewhat

. loer than the fronLal plane bending stiffness due to the sagintal plaue curvaturos.

SThis would indicate a lower static sagittal plaue buckling load. Since the axial

compressive forces transmitted along the spise during an ejection sitaulation are

several orders of magnitude greater thain the frontal plane static buckling load as

determinu. by Lucas and Breslar (1961) onc would expect a response such as

depicted in Fig. 7.2 when .,a secoGdry paPt of load transmuission is not includei.

SOe result that may appear contradictory at first is that the axial load is A

I * reduced when tha secondary coluaw is tot includAe Hwever in the absence of a

secondary colt=n, the vertical acceleration of the head and upper torso are reduced
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Table 7.1 Comparirsou of peak~ internal forces for
ejection ajimulftiong with and without

- a~~econdary coluWn (qoe reatraiznt ~a

L~evel. '-'31 force. mom~ent

e 08 dyne-cm x 10

without with without .- with

L,5 -2.92 -3.41 -23.80 -6.48

IA4 -2.46 -2.76 20.60' 18.76

L.3 -2.34 -2.87 47.60 28.18

L2-2.07 -2.7" 57.87 25.96

*LI -2.03 -2.40 36.45 22.56

T12 -1.9! -2.27 -14.12 15.78

Tll -1.79 -2.~53 -23.43 -17.45

T10 -1.70 -2.28 -35.80 -22.00

T9 -2.06 -1.84 -34.99 -25.02 *
T8 -1.58 -1.95 -25.70 -27.90¶

T7 -1.38 -1.87 -18.91 -25.96

T6 -1.27 -1.47 -9.89 -22.78f

T5 -1.23 -1.25 -3.63 -12.49

T4 -1.17 -1.19 3.10 8.39

T3 -1.02 -1.04" 7.66 10.21

TI -0.80 -0.91 7.29 8.14

Neck -0.86 -0.86 -9.86 -9.98

'IRefers to disc belov designat~ed vertebral level
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i0 
80 me

Figure 7.1. Initial and 80 msec pilot configurations for ejection stiula,~
of 11.8 without secondsory col-um-n and
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considerably in the first '80 useo bets"Use'wka. exoesaivel fle.x±~le apine acts as a"shock" absorber. Thuseiethsendyclu ar± 8 infat part of

the load if the upper torso is constrained, its net effect~ is to increase the azial
load for an unrestraiuned Riimulatiou.

VII,2.2 Effects of Restraint System

To observe the effects of a harness and seatbelt on the response of th6 uLS
model (with the secondary column), an ejectioan was, simulated with the harness miodeled
as tensile springs from the seatback to Ti, T2 and T3 and the seatbelt as a tensile

spin from the seatback to the pelvis. This simulation was run foF 3.200 time steps
for a duration of 320 =nsec. Ta*ble 7.2 lists the peak internal forces-and Figs.. 7.3
and 7.4 depict the 0, 40, 60, 80 and 1201, 160, 240, 320 nasec pilot configurations.

As excpected, the restraint system has ver-y little effect on the axial forces
since it serves primarily to reducs lateral motion. The sagittal. plane bending
moment is almost unchanged in the lumbar re~4on, but is reduced considerabl~ in
the thozacic region (e.g. reductions of 19%, 38% and 517. at T9, T5 ind T1,
respectively during the first 80 msec). The sateLas modeled, appears to have no

observ~able effect ou the rc.;iponse.
f It is noteworthy that some of the peak forces "ccur after the seat acceleration

goes to zero. For convenience, we will refer to the first 8(J msec and the remaining
240 msec of the simulation as AT1 and A 2 , respectively. L~urin-g AT2 the axial. forces
become p~oaitive, indicating that a tensile w~ie is induced by the seat L-Cceleration
dropping off to zero. The peak sagittal plane bending moment magnitudes at levels

- La, T6 to Ti and the neck occux during ý, F~or T6 to T3, these values, are an
~~vrae q~- apprr---'.aly 100 greater than ute respective peak~s during Tepak
neck momznt during ATis approxiwstely 4.6 times that duig1T If we tk ha2  VuigA1.tk htill T1 tb bC &Lven approximatel~y by the average of the moments in the TI-Ta

disc ant the neck, this viould yield values of 4.92 x 10~ and 16.98 X 10 dyne-cm
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sioulation of ILS m~odel with secotvdary colum

Ax~we~dyuse-,M X 10
Level('). Axia Force ~

dynes xl 10

L5 -3.41 -8.34 -4.82 ~ ,.4

L4I -2.75 18.77

L3-2.87 *80 . .,.

-2.63 . 2.3*
ill -2.29 22.54 .

T12 -2.25 18.27

11-2.52 '-17.26 - ,..*

T10. -!225 ~.2-03 ", ,.

T9 -1.80 -20.36 --

T 8 -1.76 -18.23

T7 -1.75 -15ý55

T6 -1.37 .5.70 12.61

T5 -1.29 7.70 12.71 -

T4 -1.15 6.60 i2.81

T3 -0.83 -3.72 -8.-55

T2 -1.17 -5.43 -6.94

T1 -1.15 -3.64 -5.49
Veck -1.05 6.20 28.46

(1)Refars to disc bel~ow designe'oed vertebral, love-I
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f~iT ifdk.A~ r-"pec-.valy, _Or nioras o5~~ '

Ai ,ebbing thesiereiults' 4ith* the i'jujiy c~1ttrLOW'Indicatio 'ujtý,~tbgt~ W.

ýAcombined 'i~ent`#ttd xia fortce itressisd f tor o~e levels 4ic -&s abowj ~ieo

the fa i~uk vle'V Wi! di the' enitije '.duration,'a 'tI 'the, 'oub~lt fijr

quite high. It must be kept in mind however, that in,,this mnuel the neck' is 'modled -

* as a single beam element betW~enithe;head -And. TI an&: zoasalders neitfez't the: effects v

of the soft tissues nor the m~uscles$ wahich would most likelY serve tn reduce the:

magnittide of the neck moment transmitted to T1. The modeling of the harness by

springs c)onnected 'directly to Ti-, 2'T~And T3 also fails tO accotunt for the much lenss'

severe distribution o~f resti~ining forces tbrough'th 0. udr n rbcg n

* associated soft tissues. A larger amount of dftpin&, ta the i.-ode1 would also lover

the'forcet levels during &T2 . This bimulation demonstrates that the introduction

of a restraining system decreases the flexural re.3ponse of the Isolated Ligamentous

Spine duxifig ejection, and perwits-the pilot to re~main upright. The larger duration

time allowed for observance of longitudinal1 and flexurea1 frequencies of 13 -and 10 1*Z

respectively.

VII.2.3 Increased Lutbar Stiffness

I BelYtschko et al., (1976) not.ed tkut Alf the preloaded state resuiting from body

weight is taken to be the reference pomnt. a linear approximation to a luiiber-isr-

Iload deflection curve (above the pret~oaded s~atc,)"revults in a larger stiffness

Ithan from the unloaded state by appro ft~tely 331. Trhe previous smlationis did not

reflect this value, so a r'un W03 fmade with 'the ILS model -in which the axial and

jbending atiffnesses of the lumbar Latervertttibral discs wer6 multipl~ied by 1-333.,

Th ix~in~sthe sae 86 that Pri-WiOusly deticribed except for the increeafia

lumbar dige *tiffneso; the duration of the siwul-aio is 60 Xsec..

W. It vat daeterined that the change in the axialfrepa aiue sesn

tially negligible while the peak sagittal Plan~e 11ding moet mgiuei r rl
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increased in the, lumbar regioni by aa 4veragaop prxaey2% I oý,~A
the .4pi4,cuiurý,p er uc~ng4.Tu ;pcra")n ~ l~bo. ~ti ffe~b

~ hd n~1iU~l o felk th sina rePonse _ Drtng~ thilr 'ýq;i~

* maximum -co*Ap~zed force la the- sPring alemeut4 ýF*Fse*tiA. OW, 0~p4OPMAW iiOrW~

w4As. pproximately 1.65, X.10'8 dynes (370 ibs).. .

VII 3 Li amentous S ince with Ribs and. Hdrod amic, Visceral Representation

VII.34.1 Normal Configuration

A 10 Gz ejection simulation with acceleration profile and restrpait, systqpi as

described in Section VXI 2 was run with, the ligua~ietousl spine with. nba ano_,yro

dynamic visceral representation (CSM ro Chapte I).1Tab41 7~.3 gSives

the peak internal, forces, t4., peak visceral presourea, and the peak harnesa forces;,

respectively. F'ig..7.5 depicts the initial, 40,,60 and 80 maec pilot con uf ain

respectively.

This simuliation was exactly the same as the one in Section VIt.2-(for tie~fixst

80 msec) for which the results are given in Tab~le 7.2 and Fig..7.3. Comparing,

Tables 7.2 and 7.3, a small increase in the axial force is noted. The peaksasgia

plane bending moments show considerable reductions. In the lumb#ar and thioracic

regions aud the neck, they are reduced by averages of 65%, 5-% nd2%rsctely.

As can be seen from the 60 asud 80 msec pilot configuratio'~s, F~igs. 7.3 and-7.5,

the curvature of the lumbar regien is lwss for the hydrodynamic vi~sceral represen-

ttinthan for the secondary columin representat ion.52

Table 7.3*Indicates a variation in peak pressure values from~ 4i,96 X- 105 4yov/ca

ia the lover portion (PELVIS-L5) of the viscera zodel to-2.51 x 10' 2yaci nte

u ppe ortion (L3 to the bottom of rib pair 10), Mqrrist, et al., (1961), usias

interabdaminal pressure transducers, dietermined anu rib oinaPreame of 2 X 10~( dyne/cm during weight lifting expermn~ts., in a dynamic eavironment,. wo can txpeot

resp)oise maguitudes of up to twice the correspondiag stAtia pressur~e.. Hwene,
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ATable 7.3 Peak internal forces for .ejection::
simulation of the Crn

C Lev1~1 ~ Axial force

-~ -2677 77

- t12 -2.50 6.69
."A.

IO 4-9'r .93

I T9 6 5.2
-TO 3 -11,67

T5 . .,~2..31

T4 -1.50 3.05

T3 -1. 03- -2.95

T2 -1.39-24
TI-12- 11

*Neck 2.12 4.89

2 5
Level Preoeut (ýdyne/cm xk 10

Lower(Pelvis -L5) -4.96

- Middle (1.5-13) -4.06

Upper (L3-bottom of -2.51,

Level n4 e wd*i U4O

T2 G.1
T11.1

(1Refers to disc bolov designated vertebral- leval
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cmar jcison wistsimulated with thelinitial re.ell hegtaptdf rmessuheigto

intern forces th pea vicea pressre, nd1 the'C~ e peak harness forces

iespectivel0 y.niues 7.64 depictathea sinitia ,4060nd8 eciltcui-

uraIons, rEffectiofvely.~~fl o-R octo

Inpau the reeiossiulats ios'thd inhabless 7.3 and 7 d idctes thesatbc aoetn the

rneel me height f of it T4. hTo the afo chawnge inffe ls the4 axiffrcts nthe lusp bare

T4d thuslowereiong theree inceasdsightlb y 6. hile2. in) Tabilfre 7. ine the nekshw

intemall fredu si, the peak vsagital plaessrs a.ndin mhe ents handerg ores~g ecag

dereaspcielby. Figure 736 ndet th ndicre bytil 40, 6 and 800 ate pilondth ckfg

uainrespectively.

Thempearin tisera presulsurises ind Tabes to .3 pakd 7are4 f e shalowvery n lttle

cange t althoueghon lowerinchereaedsdidghange whie distrxibutiorc if the hanecksshowe

Vin .th lmariaind lowe thordacicegio bus t Centeres Lo atin aeaeo 0 rmT

21To observe the effects of change in the head-heljxet wass ceuter on teinterna

force response~, an ejection was simulated with the head-heiwat -es -*e moved4

forward from its notmal location by 4 in. The situolation tim~e W~q 80 sec..
Table 7.5 lists the peak ititerual forcea AnM visceral p rosus Fiu 7.7

depicts the 0, 410, 60 and 80 -asc pilot configurations. Figures 7.8 and 7.9 showi
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ra1e7. la iten~ Orce'e for ejectioni stauletion
of C$M with reel locat.d a~ttb jiaIlv.
oV T4.

Level (I) force Moument

L5 -3.31-.7
t L -3.10 7.81

L3 -3.07 10.85

L2 -2.95 10..02
Li ~-2.79 8~

T12 -2.69 6.70

Tll -2.53 -8.43

TIO -2.54 -10.08

T9 -2.42 -8.65

T8 -2.70 -13.01

T7 -2.34 -. V
T6 -2. 10 -6.36

T5 -1.76 -6.48

T4 -1.74 -3.96

T3 41.34 -1.51

T2 -1.44-15

Ti -1.19 2.22

Neck -1.04 9.93

Level Pressure (dyne/cmz x 01

Lower (Pelvis - .)-5.26
4iddle (LS-L3) -4.38

Upper (1.3-bottom of -2.57
rib pair 10)

Levelin E frce (dytnea O

pelvris (ate)9.69

T3

TZ 0.57

TI 3.30

Refers to disc below desig -atd vertebral lev~el
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Table 7.5 Peak tinernal for~ces for ejection~ simulation
of CSI4, head/helmet mass -anter moved 4"1 forward

tovelm Axial force mom~ent

dynes X 10~ ve-cm x 10

L5 -3.25 .~. 4,09

L4 -2.99 7.98 I
1.3 -3.00 -10.56
L.2 -2.88 9.63

LI -2.62 8.22 I
T12 -. 6-7.42

T11 -2.47 -8.51

TIO -2.41 -10.10 i
T9 -2.13 -.8.67
T8 -2.33 -11. 73'

T7 .1.3

T6 -1.67 -8.89

T4 -1.36 -6.41

T3 -1.14 -5.69

T2 -1.06 91

TI -0.88 -10.00

Neck -0.80 "39.72

2 5
Level Vi~sceral Pressure (dyuelcm X 10)

Lower (Pelvis -L5) -5.02

Middle (0-1,3) -4.56

Upper (L3-bottom of -2.67
rib pair 10)It t

T
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Figure 7.8. Axial force response ft~ the S-IS and L1411- di-scs and the neck forejection of the CSM with h-2d&b e1~t zm~ centar moved 4"1 fo-vrd.
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selected axial force end sagittal plane beading momenut time histor~ies. The peak

axial compressive forces were very similar to those observed in the previcus

simulation with this model. There was some decrease at Ti because the head

move forardso-its veriicel',acceleration was reduced. The pa

sagittal plane bending moments from the lumbar to the mid-thoracic region aer also

jnot significantly altered from previous resultz. In the upper thorm~ic region

(T4-Ti) and the neck,'the peak moments are increased emoii~drably. if we take the

axial compressive force and moment in TI to be,'the averages of the quanthiti in
"C-,7

*the TI-T2 disc and the neck, 8.4 x 107 dynes and 2.5 x 108 dyne-cm respectivsly,

then the injury'criteria of Belytscbko~, et al,., (1.976) indicates thet th6 stress

level in T1 is well above the f'nilure criterion, The 80) msec pilot ccinfigur~ti~on,

I Fig. 7.7, demonstrates that the deformation of the neck is quite severe.

The peak visceral pressures in Table 7.5 are little thangcod friom previous

simulations. This is expected since the axial forces and moments in the ilumbair and

lower thoracic region alsa showed lit~tle change.

From the ejection simulation p~resented iv this and the previous section, we may

conclude that (1) the increase of the curvature of the spine is reduced considerably

by the introduction of a restraint system (i.e. harness and seatbelt), (2) including

f a detailed representation of the rib cage and viscera also increases the stability

of the spiac: (3) the inter.nal forces, particularly the sagittal plane beading

zoments, are effected by v~.Rriat:tvns in inerti-al reel height; (4, a variation in

initial head/helniot mass location can lead to substantial increaties in sagittal plane

b~andiug momsats and fvz-oard motion of the head; (5) the aztial forces prdicted by

V the model seem quito indepeadent of these paratmeters.
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V11.4 Copaprison of Ejectiol! Response of, SSMf. ILSV and CSM

The SSM was developed'to'reduce the comaputational effort of various simulations

by replacing various groups of elements from the more complex models by single

elements. We have already showu the si~milarity of the SSM and ILSV impedance curves.

In this Section, we will compare the SSH response in ejection to the ILSV and CSM

models.

An ejection simulation was run with the SSM using the standard +10G acceleration
z

profille described in Section VIIil. A restraint system was included cOnsisting Of

4.,a seatbelt, modeled as 8 tension only spring between the seatback and the pelvis,

R:-!.and a harness, modeled As a tension only spring between the seatback and Ti. The

reel height wos the initial height of Ti. The ejection environment of the SSM was

therefore identical to the CSH ejection simulation discussed in Section VII.3.i.

A similar ejection simulation was run with the ILSV. The initial SSM and ILSV con-

figurationa are the normal configurations shown in Figures 2.7 and 2.4 respectively.

The damping parameters of the SSM and IISV were adjusted so that the lowest

spine axial and bending modes and the lowest visceral mode are damped by 107.. This

is consistent with the CSI{ for which the lowest spine aziel mode aud lowest visceral

mode are also damped by 10%. These damping levels are lower than those determined

in the impedaince .Qtudy. .Justificatian for lowering the SSI4 and ILSV damping

vales.is, ýbased ain tho w~rk-of Vykukeal (1968). Vykukal axposed four subjects

is i-supine position to a vertical acceleratiork of *0.4G in a frequency range

from .2 to 20? Ha combined with linear accelerations of 1, 2ý and 4G. 'He repor te d
that the ivoedances oz. the subjects indica ted a decteaeindmig itanncee

Tables 7.6 and 7.7 compare the peak internal force responses and visceral,

-Z-pressures of the SSM, ILSV and CSM du1ring the standard ejection environment. The

peak axial force in an SSM element is compared with the average of thie peak axial
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for~ces in the corresponding discs of the ILSV and CSZ4. The peak SSK moments are

taken from the upper end of the element. For example, the peak moment for element

L3-TIO is taken from the TlO end. This is compared to the peakt moment at the

superior and of the specified disc of the ILSV and CSI4. The peak visceral pressures

of the SSM visceral elements is computed by dividing the peak internal force of the

element by the average cross-sectional area of the element. Hence, this is actually

the peak visceral element stress. The corresponding value for the IISV is the

~j.average of the individual peak stressas in the noted ILSV visceral elements.

The peak axial forces, moments and visceral pressures show good overall agreementIboth in magnitude and distribution. Some discrepaucy results from the lumpxwg of the

masses in the SSM. Although not ta~bulated, the peak harness forces show reasonableF ~ agreement for the three models,. tT r 7l,2.Gad1.GfrteSM

The peak vertical accelerationsatTar17G,2.GndMGfrteS,

ILSV and CSM respectively (G acceleration due to gravity). The peak vertical

accelerations at the head are 20O,2.Gand 19 or te MS1, ILSV and CSM

respectively. The agreement is quite good.

Although not showna, the 40, 60 and 80 msec pilot configurations for -the three

models are very similar.

The results presented in this section dewnstrate that the SSM, ILSV And CSX(

overall ejecticw simulation responses are int goo~d agreenent. Hence, the SSN may

replace either the ILSV or the CSM for ejectiou studies itn uwhiob the general aspects

of te rspone ae -incterst racher than the detailed tsponse At each vertba

~ 1 level. The SSN vould be very u-.eful for desiga studies 1uhere shott r= inzng time is

a premium, such a,% in &a int~eractive- twde,.
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This Appendix briefly describes the programmaing procedures for obtaining the

impednce curves of the spine models.

AIJj Descriptioa of Procedure

*The impedance 'curves of the spine models are of intereat'in the frequency range

k of approximately the 0-30 Hz. This is well below the numerical stability limit for

explicit time integration of the spine models. For this reason and the fact that

impeanc isobtine frm alinearized analysis (thus requiring only one asseml

of the stiffness matrix), the implicit code is used. The procedure for obtaining an

impedance curve is outlined as follows:

(1) in subroutine FREEFD, a unit step velocity is prescribed at either the

pelvic or seat primary node global z translation;

(2) in subroutiue SC~.Ai this degree of freedom, called NSEA'T, must be

identified. A double precision array, FSFAT(1025) is included to provide storage-4

for the reaction force time history. At the end of each so-lution -!tep, the-statemeni:

F$EAT (NSTEP) -FINT (NSEAT)

stores the negative of the internal axial force acting on the pelvis or buttcks in

FSEAT. The acceleration of the driven wass is zero except-at "timp 'zero (the

velo'city is a step fbactiou),~ so 'PSLAT represents the reaction. fort~e;

(3) after the last solution step in SOLVI, the PVT (Fast YFovrier Trausform) sub-

routine is called by the statement

CALL FFT(PSSAT,D9LT,WWTEP)

where EDELT is the solutiou time step, and KCSTEP is the number of solation a, eps;

(4) subroutine FFT computes the DFT (Discrete Fourier Transform) o f vSEAr. The"

modulus of impedancia, w~hich le, defined as Z(w) -*is then deiterniiued byA
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dividing the magnitude of the OFT of FSEAT~ by :thea.;gnitude of the OPT of the unit

step velocity at each frequency step. If the-unit 6tep velocity is applied directly

to a mass, (e.g. at the pelvis) the scalar Pl4ASS must be set, equal to the trans-

lational mass. The impedance of the mass is then also computed. If the unit step

velocity is not applied directly to a mass (e.g.. at the seat), PH4&SS must be set

equal to zero. The FFT impedance output is in the form of F(K), Z(K),.ZTOT and,

ZMASS at frequency step K,where

F(K) =circular frequency at frequancy step K,

Z (K) -modulus of impedance (not including the impedance of the driven mass)

at frequency step K,

ZToT -total modulus of impedance at frequency step K Z(K) + ZH&LSS,

ZMASS =modulus of impedance of the driven mass at frequency step K.

AI.2. Data Notes

A method for computing the approximate duration time, &T, required for the

transient response to approach zero is described in Chapter IV. Once AT is deter-

mined, the accuracy of the FFT depends on the number of solution steps, INCSTEP. It

was found that MXSTEP -256 is a satisiactory number of solution stepe for obtaining

impedancts of~ the spine mode's in the 0-30 Hz region. Hence, the solution time step,

DELT, is given by LjT/256. The upper bound to M'STEP is 1025 since all arrays are

diesioned at this value. If KV(ST1P 0 ~ N 5 10) uicitrplt on otie

subrcoutine INTRP, realigns the discrete points in the time history so that it is

eaftned by 21 points, N s 10. If pttsaible, however, it is recomeaded that

NMXSTEF 2 since this vil1 elirtinate the interpolations.

For the impedance runs as ieall as for other runs in whi'ch damping, greater than

approxcimately 10%. of critical. s employed, it is recommaended that the stif furuss

. .. .. .. .. .proportional damping is used rather than the fraction of critic~i daue'ing because

this dampiag behavc s better for laiger damping values.
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