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of freedom. The simplified model i{s able to closely repedduce many of the

of its simplicity and short running time, may be well siited for design use,

Experimental results for human subjects suitable for validation of models
are primarily -available in the form of impedance curves for vertical harmonic
ex~iration 80 techniques were developed which efficiently obtain impedance
curves for the wodel. Comparisons of the impedance curves of the models with
experinentally developed curves show good agreement, both in the magnitudes
snd locations of peaks. Furthe;morql:py varying the components of the model
it Wag shown that the primary pesks in the impedsnce curve in the 5 to 7 Hz
range result from a combination of buttock-seat resomance, the flexurai
response of the spine and visceral resonance.

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

Model studies are presented for ejection loadiug and for pre-ejection
aligoment by sn 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.

FPor the purpose of facilitating the interpretation of the output of the
model, an injury potential criterion has been developed. 7This i{njury criterion
is based on the stresses in the cortical bene of the vertebral body that
regult from the combined effects of exial force and moment. By using a
gtatistical 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 apine.

response characteristics of the more complex models in(G_ /loadings, aanEecause:
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CHAPTER I
INTRODUCTION

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

sale ejection from the aircraft. Thus, inthe consideration of new designs or

design modifications, their effect on the safety of ejection must be evaluatéd.
For example, the expected posture of the pilot, pre-ejection alignmeat, 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
minﬁmizé the possibility Ef injury. fMoreover, it i{s useful to be able to study
particular1§ detrimental combinations of parameters, so that the ejection system
and cockpit environment can be designed to minimize injuries even under extreme

circums’ ances.

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

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

considerable prepiration, and provide only limited informatifon as to the possibility
of injury. Furthermore, such tests are not often possible within 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

5¢oxrc1ated with injury data and provides a ueeful criterion for evaluating the

‘gufety of a crewman exposed to axial accelerationm.

For =ituations where specifications other than the axial respouse must be con-

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

wmeter, such as curvature of the spine, fe-ward tile, or asymmetyvic head masgs, would
have to be correlated with injury statistics. For these applications, general>

purpose simulation models with the capability of treating a wide variety of eaviron-
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ments appear more promising,

Belytschko, et al., (1976, AMRL-TR-76-10) have deveioped three dimensional
models of the head-neck-spine which treat the individual 2natomical elements, such
as vertebrae, 1ntefyertéb;al discs, ligaments and ribs, FPecause the geometry sud
physical p%qperﬁieg are m§de1ed, specific featureq of the pilot's anatomy an& his
equipment éan be treated. Moreover, the mcdels' behavior under forces in any “
direction and of any intensity can be studigd, so that various environments c#n
be evaluated. |

As a consequence of its gemerality, two aspects of the mndél need sttention:
itscompleteness leads to éonsiderable computational requirements, and it requires
valida;ioﬁ by comparison with experimentel :esults. |

In order to reduce the computational requirements, the wodel hss been
modularized so that - .ri.us coupcnents can be simplified. Four models hsve evolved
and are describad in Chapter II. The first three are from AMRL~TR-76-10, although
some date has been modified as the result of validation studies. The fourth wodel
was dgveloped completely in this study, It is a simplified version of the more
general wodel of the spine, yet it duplicates most aspects of the more compléx
wodels under verticallexcitatioa, and thus proves ideal for design use.A

The raw output of these models are force, moment, displacement, velocity and
acceleration time histovies at the various anatomical elements. For the purpese of
facilitating the interpretation of this output, an injury criterion has been devel-
oped, 4nd is described i# Chaéter IV. This injury critericn is based on the |
stresses in the cortical bone of the vertebral body. By using @ statistical dis-
tribution gbout the mesn breaking strength..it héa been possible to develop & post-
processor p&ckage that gives the like;ibaod ofhfailute at the levéls of the spine

for each simulation.

Tha validation of this model is being approached in two ways, Fivet, the V

10
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impedance of the model to vertical excitation at the pelvie has been compared to .
the experimental measuremente on human subjects. To, obtain, the. model impedange,

a ¥ast Fourier T:gpsﬁogp technique has been developed which enubles the impedance .
of any linearized model to be found from a single simulation, This procedure is
described in Chapter III and comparisons of the model. impedance with the. experimern-
tal results are nresented. By adjusting the dsmping c¢f the models in AMRL-TR-76-1G,
it has been possible to duplicete experimental impedsnce curves very closely.
Furthermore, it has been showm that the major peak in the impedance curve et approx-
imetely 5 Hz ailses [row a combination of three resonances: the sest-buttocks, the
flexural response ot the spine, and the viscersl resonsnce,

The second approach which has been taken to validate the modeling procedure
consists of studying eimilar models 2f non-huran primates. Since experimenral
results, particular’ ' in high acceleration emwircaments, can more readily be
obtained for auimal subjects, this'will enable the basic wodeling procedures to be
evaluated, In addition, the development of/siﬂilat ﬁodels for non-human primates
will hopefully shed somz lighi on the problems of scaling. These wodels are
duscribed in Chapter V. It is of interest to note that even these preliminary

models indicate some of the sources of difficulties in scaling between primates;

for example, the lowest frequency of the chimpangee model is dominated wmore by the

head-neck mode than that of the human body because of the larger relative mass of

e s o gt ey St e v e

i the chimpsusew head,
{ Tt: the course of this work, the problem of ejecticn has continucusly been
; ~ studied with the currently available models. The purpose of these studies has been

to obtain sn understanding of whet faciors play an importent zole lu the response

of the model snd an zssessment of the validity of the model. In additios,
; concern has srisen about ths influence of the behsvior of the apine duriang pre-

ejection aligument by the inertial reel. Seversl studles have been made of this




process’ with the model and are described in Chapter VI, 'These studies include the

effects of'head ‘position, the restraint ‘system, and harness positicns. In Chapter’
VIT, “ejesiion simulations are reported., These include results from models ¢f :'
¢ifferent levels of complexity, and it is shown that the simplified version of the

spine model ‘s qoite representative of the response in @n ejection enviroument.”
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CHAPTER Il

" sPmNE MODELS
b In this Chapter the geOmetrical stiffneas and tnettial data of :he spine
models are summarized. Four models will be preaented° S e e
- 1. the isolated, ligamentous spine and head (ILS);
2, a two load-path model consisting of the 1éolated[113ament6uslQpine, the
" viscera, and head (ILSV); e
3. a complex spine model, which includes the spine, rib cage, viacera“hnd )
head (CSM); B T

4, a simplified spine model vhich uses 8 ninimal 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
bagis of impedance studies which are described later. » )

The fourth model, SSM, is a new mcdel which is aimed at providing'a-simple :
design tool, This model has only 8 nodes, compar :J to 27 nodes for ILSV and 62
nodes for (SN, reépectively. Ruaning time:fof an 100 msec simulation on an 1M |
_370/153 {s ‘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 OSM. T R

The geometries of the wodels érg defined relative to a globélicoordinate
system; its origin is 4 co divectly above the pelvic wass.genter; The positive x

axis is ariente&'sidewéys {£o the leEh); the y axis is positivé towards the back,

 and the z axis is pésifive vertically upward (towards the héad) Ihe x-z, yoe,

and -y planée corfespeﬁd-co'thé f:but%l plsné. the eégi:ﬁalzpisnu snd'the~
horiacntél'piaﬁe.‘respectivcly. Nnny of che procedures used :o detetmine the data

vere digcussed in detail by Balytschko et al., (1976). we will hore conftne

ourseives to slterstions of the data.
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II.1 JIsolated Ligamentous Spine

The isolated ligamentous spine mgdel conéists of the head; the cervical aud
thoracolumbax s?ines, and the pelvis, TFigures 2.}Aand 2,2 depict the frontal
plane énd sagittgl plane vievs respectively. Ttercrosses in Fig._Z.Z represent
primary nodes, which coincide with thevmass centers of the rigid bodies. They
are generally located outsiée ;he vertebrae because they represent the mass
ceﬁtefs of entire horizontal torso segments. The vertebrae are considered rigidly
embeddad in their respective torso segments. This representation was firstv

conceived by Orne and Liu (1970).

ihe geometry of each vertebra is determined by the position of 13 points, or
secondary ﬁodes, representing the centers of the inferior and supericr end plates;
the spinous process tip; the left and right tramsverse process tips; the left and
right/inferior - superior articular facet points; snd the left and right/inferior -
superior ligamenta flava points. vAdjacent vertebrae are interconnected through
the seconda;y nodes by deformable elemegts representing the connective tissnes;
ligaments and the intervertebral disc. Spring elements with resistance only in
tension are uaeé to represent the ligaments. Although data defining the articular
facet planes has been.developed, in the thoracolumbar spine_the facet joints are
represented by spring clements,

In the cervical spine, each articular facet plsne is represented by three
pointsrand the joints are wodeled with hydrodynamic elements. the intervettg§rq}
discs are wodeled as short besms. These elements axe described in detail by
Bely;scﬁgﬂ. etlal., {1976). Tables 2.1, 2f2 snd 2.3 1list the geometyies, stiffness
snd inextisl &;ts,fot the isolated ligamentous spine. The inertial data {5 based
ou Liu ﬁ?d Wickstron (}973); the stiffucss data primﬁrily on Schultz, et a: ,

(1973), except that the lmsbar disc axial stiffmesses are incressed to account for

14
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Tsble 2.1 Isolated ligamentoua‘spine (TLS) geometric dats ss reported . o
by Belytschko, et al., (1976). : C

Coordinates of Vertebral Body Intervertebral
Vertebral Inferior End Plate Center . .- Height w“{f-iDiac.Height*
Level y (cm) z (cm) {cm) ‘ (°"?)‘
.

L5 1.800 2.020 2.392 1.859

L4 1.100 . 5.700 . 2,636 ~....1.354

L3 1.000 ~9.550 2,750 1,223

L2 1.331 ©13.450 2.792 1.173

Ll 2.142 ©17.150 2,726 0.996

T12 3.003 20.590 2.567 ~ 0.822

T11 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

77 4.580 34.300 2.019 0.404

T6 4,250 36.610 1.990 0.314

5 3.990 38.850 1.957 0.266

4 3.690 ~41.000 1.902 0.214

T3 3.350 43.150 11.850 0.274

12 2.920 45.260 1,790 10.306

T1 2.410 47.440 1.648 0.448

o 1.909 49.420 1.612 - 0.394

c6  1.760 " 51.448 1.516 0,434 :
cs  1.460 53.516 1.515 © 0.576

c4 1.290  .55.439 C1.513 0.417

c3. 1.484 57.332  1.511 0.398

cz. 1.636 59.239 - 1.500 6.408

i Soumihahin

* Indicates disc below vertebral level.
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et al., (1976).

Table 2.2 Tsvlated ligamentous anine (ILS) Stiffness Data from Belytschko,

Axial

Torsional Bending Stiffness Shear
Disc Stiffness Stiffness Dyne-cm x 10 Deformation
revel Dyne/om x 107 pyne-cm x 10° sgg::zal E§:§§§l Parameter ¢
$-L5 R X 0.90 0.70 1,57 7
L5-L4 1.87 l.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
L1-T12  1.80 . 1.00 0.90 2.27 16
T12-T11 1.50 0.80 1.00 2.34 30
P11-T10 1.50 0.70 1.20 2.44 41
710-19  1.50 0.70 1.10 1.93 72
9-78 1,50 0.60 1.10 1.76 78
T§-77 1.50 0.60 1.00 1.59 66
T7-T6 .1.80 0.60 1.00 1.62 g2
P6-T5 1.90 0.60 1,00 -1.68 177
TE-T4 2.10 9.60 1.00 1.81 158
T4~T3 1.50 0.40 0.60 1,22 128
T3-12 C1.20 0.30 0.40 1.04 48
T2-11 0.70° 0.20 0.20 0.63 34
TI-CT 10 0.18 0.20 0.62 45
CT-C6 2.85 - 0.11 0.11 0.25 45
C6-C5 1.0l 0.07 0.06 0.10 45
C5-Cé 0.60 0.04 0.04 0.06 45
cA-T3 _0.87 0.05 0.04 0.05 45
C3-C2 0.70 0.05 0.04 0.05 45
2=y 8,60 T 0.04 " 0.04 0.10 35
NeexV) 0.14 0.52 0.69 0,69 2

all ligameat and facet axia) stiffness 1. 5 % 10 dyme/cn.

A1

.. -5iugle meck clémsnt which cnn be substituted for the cervicsl spiae.
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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 isclated ligsmentous spine with the cervical region
represented by a gingle beam element is the gspine model which will be referred to
as the ILS, ‘ o |

The ILS medel allows for only ome path of force transmission along the torso,
namely the spine, Some investigators (e.g. Welss and Mohr (1967)) have reported
the observation of a longitudinal wave through the abdomen during experiments in
which subjects seated in chairs were dropped onto yielding as well as non-yielding
bases. Because the épine is several orders of magnitude stiffer then the viscera,
it is the primary path of force tramsmission 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
devalopment of the two visceral meodels which will be discussed shortly,

Auvother shortcoming of ILS is the low flexural stiffness of the spine modél.
Lucas and Bresgler (1961) determined fromtal plane buckling loads of
2 x 106 to 10 x 106 dynes for anm 1golated ligamentous spine constrsined against
sagittal plane motioa. Thé sagittal and froatal plane bending stiffnesses are -
of the sswe order, so the sagittal plaas curvature would tead tc lower the sagiteal
plane buckling loads. Since the spine wodel stiffnesses are based on the material
constants of the intervertebral discs, it will also buckle uader these ioads.

The ejection enviroament produces imtermal forces several ordexs of wagnitude
higher than the buckling loads. To increase the stability of the spine when
#ubjected to these accelerations it is necessdry to incre2se the beading stiffness

of the model, tThis is accomplished by incorporating repregsentations of the rib

20
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cage and viscera into the spine wodel.

The effects of the viscera and the rib cage are approximsated by a second
column of beam elements interconmecting the primary nodes from the pelvis to 71.
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 seccadary

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

reglon remained quite severe,

11.2 Isolatd Ligamentous Spine with Viscers

The model of the isolated ligamantous spine with a visceral representatioa wiil

be referred to as the ILSV model. In ILSV, vertebral levels Tl1-5]1 ave sepazated
into visceral and spinal magsses. The subdivision of the torse croaa-#ections ie
based on Eycleshymer and Schoemaker (1970), A typical section and the areas
ascribed to the viscera and spine are shown in Fig, 2.3. The spinal and visceral
translational and rotational masses at each vertebral level vere eotaputed from
these areas using a uniform deasity of 1 gm/cma, anq are givan fa Teble 2.4, The
total passes compare well with the daca of Liv end Wickstrom (1973). .

It wvas assumed that the only wdg-of force transaission through the viscera
is axial. Herce it was only necessary to determine the ssisl elostic and viscous
constants for ea;ﬁh element Vin:etcoﬁnect'ing the vigceral masges. Aun &pprovimate
fundamental frequeancy was computed for the viscera using the fe-sa!.:s of Coevramann,
et al., €1960), who observed a peak in abdoainal wsll displscements whea the
driving frequency was batweea 3 Suﬁ 4 Bz, .‘\umﬁs Ehat; dfsplacanents of the

viscers are coupled to the abdominal weli diuplecenents, with peaks cocurring et

the ssze frequencies, ve can detemine the fundsmental frequency of the viscera.

For a domping ratic less than 0.707, the frequeacy ratio which defines the maximm
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point of the displacement versus excitation frequency curve i{s

re %%g . J 1-20° (2.1)

where

§/2n = fundamental natural frequency (Hz)

w/en = gxcitation frequency (Hz)

¢ = visceral dampirg ratio.

From the results of Weiss and Mohr (1967), an approximate value ;)f 0.5 was
detexmined for the vieceral damping .rat.io. Using ‘& value of 3.5 Hz for w/2n,_"
Eq. (2.1) reauits in B/2% #pptoximately m@l 0 5 »Hz. : ; E

If we treat the viscera ~ torsc wall system as a one-dimensional rod and
assume that the viscera are essemtisrlly fixed at the pe'lvishnd the diaphragm,
the fundamental natural frequency is given by )

c
8/2n = L5 : (2.2)

where L = length of visceral "stack"
¢ = longitudinal wave speed through viscera.

The longitudinal wive spéed is given by

¢ v,J; ' A (2.3)

whare B = effective bulk modulus of wiscera - torso wall system

9 = visceral density =1 gmlcms- | |
Gombining Eqa. (2.2) and (2.3) we Ahavze ' -

B~ (18/m? . o | ‘ | - (2.4
With L equal o 31.64 cm (the distance from the pelvis to T10) and p = 10w, |
Eq. (2.4) yields a value of 1 x 105 dynes/cmz for tha effective bulk modulus of
the viscers - ahdouminal wall systea. |

Once we have decermined B, ths stiffness of a visceral elemest is given by




e A A A, 1A 858 B o o

AB : .
k=1 i (2,5)

vhere A is the average cross-sectional area of the element.

The YLSV model is shown in Fig. 2.4, At vertebral level L5 to Tll, the visceral
and vartebral mass are interconnected by horizontel spring elemesnts represeanting the
interaction between the spine and the viscera, and vertical connecting elements with
linesr axial stiffness and cubic bending stiffness were used to connect adjecent
visceral levels. Since there is no datsz for the viscera-spine interacti.ur, the
stiffnesses of these elements were taken as eq@al for all levels and identified by

matching whoie body impedance as described in Chapter III,

Table 2.4 gives the mass data for ché pelvis through T10 of the ILSV,
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
{n Tables 2.2 and 2,3. |

II.3 Ligasmentous $pine with Ribs and Hydrodynamic>Viacera

The complex spine model, which will be veferred to as the CSM, includes a
detailed representation of the rib cage, congsisting of rib pairs 1 - i0 apd the
sternum, Each rib and the sternum are modeled as a rigid body. The ribs 1nter#ct'
with vertebrse T1-710 thrbugh-the céatovarcebtal &nd costotranaverse joints, which
are modeled as epring snd beam elemén;s regpectively. Rib pairs 1 - 7 are connected
to the sternum through the cesto-stetapl Joints which are rodeled as Beam ¢lements.
Rib pairs 8 - 10 are connscted to the aﬁj&égng Eibs by spring elements vepresenting -
the beﬁavior of the interchoadral carai;age.' The actions'of the iécercostai‘tiasuea
are aleo vaepresentod by opring elements. |

The geomstries and deforwation characteristics of the rib csge, as reported by

Belytschko, et al., (1976), ware based on the messutaments of Schulte, et &1., (1974),

25
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and cbe work of Andriacchi, et. al., \1974), reapectively.

The abdominal viscera are modeled by. hydrodynamic e.lemente stacked in ueriea

betweeu the pelvis and- 'rib pait 10, An effcctive ‘bulk modulua of 1 x 105 dynes/cm

was used for the viscera, Figures 2.5-and 2.6 depict -the frontal and sagittal: plane

views of the 'ligamen;ous spine with ribs and hydrodynamic viscera. Tablee~2.6-and
2,7 present the inertial and stiffness data as reported by Belytschko, et al., (1276).

The stiffnesses of the spine elemeats are identical to that given in Table 2.2.

11.4 Simplified Spine Model

¢

Although the ILSV is the model of primary interest for the impedance study ian

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

to serve as a design tool. Therefore an equivalent simplified model of the ILSV

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 besm elements,

Tl - T10, T10 ~ L3, and L3 -~ 81, The longitudinal actions of the viscera are

modeled with four sping elements and 3 masses between the pelvis and T10, The

interaction hetween the viscera and the spine is modeled with s spdng element at
each visceral mass., As with the ILSV, the visceré/spihe interaction spring
stiffnessos were adjusted by the impedance gtudies,

Tables 2.8 and 2.9 list the SSN miss and stiffness date. The SSM translational
wass data was computed by summing the appropricte ILSV translsticnal masses, The SSH
rotational mass dats wes computed using the parallel axes theorvewm. The SSM stifiness

data was determined from series combinations of the correspomding ILSV elements,
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Table 2.8. Simplified spine model (SSM) inertial data

Global Cootdinates(l) Translational Rotational Masses

(cm) Mass (grams-cmg X 105)
3
Level v z (grams x 107) Iii I;; IEE
Spine Inertial Data
Pelvis 0.0 -4.,000 114,880 13.08  20.29  19.38
L3 4.497 10.940 1,660 0.40  0.58  0.28
T10 1.469 27.640 L 6.866 © 5.328  8.560  8.307
71 0.857 48.240 5.591 2,773 6.438  7.212
{Head 1.660 66.800 5.612 4.479 4,046  3.385
Visceral Inertial Data
5 -3.407 3.190 4.295 1.272  2.985  3.158
L1 -3.515 18.460 5.13 2,576 5.598  6.257

(I)Global coordinates of wmass centers. AlL global x coordinates = 0.0

N U T ————g— | ¥~ o =




Teble 2.9. Simplified spine wodel (SSM) stifiness data

Axial Torsionsl Bending
Element - Stiffness .-8tiffness Stiffness

dyne/cm x 107 dyne/cm x 108 dyne/cm x 1!‘)8

L et ,‘
e .-,,(}‘z,;;:u T S "

Neck : 14.40 517 -0 6,89

o i el

T1-T10 1540 . 0.49 S 0.67 :
T10-13 34.70 1.87 2.5 o

£3-51  56.80 | 3.50 3.3
m10-11 v 0.88

L3'L5 V 0083

L5-Pelvis V .54

(1) V = viscers

All viscers-spine interconnecting element stiffomesses = 1.00 x 107 dyne/cn
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III.1 Rationale and Overview

Driving point impedance ceén be broadly defined as the ratio of the force at
the driving point to the velocity of the driving point. More specifically,
impedsﬂce is the complex ratio of the transforms of the force and veloecity, Thev
quantity of interest to us is the impedance magnitude or the modulus of impedance,
which is a function of the excitation frequency. Am impcdance(l) plot for a linear
system gives insight int- the frequency comtent of the system, and the effect of
the damping, stiffness and mass associated with different elements of the system.

1f 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 humsn body
nust have the same impedance chsracteristics as that messured for the human body
if sny validity is to be ascribed to it.

It is interesting that in spite of the fact that extensive impedance
msasurements have been made of the human body and in fact coasrituce the largest
available set of experimental dota for dynamic response, the impedsnce of uoéels.
such as chose of Orme and Liu (1970),snd Prasad aad King (1974) vere not compared
to xperimental resules,

(e xpeason for this is that the detexminstion of the impedance through direct
1ntegtat£c%.is 2 laborious process, since the model has to be excited hamounically
until stuéé; state response is obtained at wach frequency that the i{mpedanc - is

k4

desived. In this ipvestigation, a Fsst Fourier Traunsfora tectnmique ws developad

(1)

We will use impedsuce o mesn modulus of impedance for comvenience,
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through which the impedance over a frequency. range of interest can be. determined
from one time higtoxy, so that e single zun suffices toresteblish. the: impedsice

curve, .
=

r

The mathematical background of this method:and éome basics of the concept of
impedance are developed in the next'séctlbn. .ﬁeythen review the expérimeutal:J‘ F
literature on Impedance of human subjects, The final two Sections give“our results
for the impedance of the SSM and ILSV wodels described previously. . The
models described in Belytschko, et al., (1976) did not match §be experimental
impedance satisfactorily, so the altersticms necesséry to match experimental
impedance ure described in these sections. In addition, these impedance studie§
were used to identify the stiffnesses and damping constants of the elements inter-
connecting the viscera and vertebrae.

TII.2 Mathematical Preliminaries

A transfer function for a limear system is the ratio of the transforms of an
input variable and an output variable, "Hence, impedance is a tramsfer function,
The systems we are considering are stable, that is, they are systems whose natural
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(w) = %% | (3.1}

where an upperrase letter indicates the Fourier transform defined by

-]

P = | £ty e 1% at (3.2)
do .
£ =3 [ r@ o aw. (3.3)
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| velocity-at. its' support. The equation of motion for this system is -
mk, + ek, +kx, = ck, + kx,

which, since X, =1 and x; = t can be written as

mﬁz + cXy + kxz =c + kt

The solution to (3.5) is

o ubt
9 Ba sin Bdt + t

: where

<
Lo = d i atio = ,
i - » amping ratio Esﬁgf
§ = natural circular frequency = ./k/m

Bd = damped natural circular frequency

=BJ1-u2

The force transmitted to the support is given by

or, using the solution for the step velocity input given by Eq. (3.8),

, -uft
£(t) = - r‘gﬁg’“‘""“{(1"2&-1»2) sin Byt + 24 1-& cos ﬂdt} .
2 A
1-p

The transforms required in Eqs. (3.1) are

<]

F(y) = j (&) e-j%t dt
o

20 peirlt

- BB{B +2pig)
Gw? + 2B + 8

:As an example consider a simple’ dsmped ‘oscillator excitéd by's unit;};‘éte;;;”x%"

[ woLt

6w
1 (3.8)

V(3.6)

3.7

- (3.8)

(3.9)
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The impedance of this system is then given by the magnitude of the "rati_o of

Eqs. (3.9) and (3.10),

npu,/ 8% + (2u0)° L
z@) = e, A (3.11)
. l
JE -+ 2’ |

If we define ché frequency ratio r = w/B, Pq. (3.11) can be written as

oy 1+(2ur)

Z(r) =

- (3.12)
,ﬁl-rz) + (2un)?

For negligible damping (p 2s9), 2(¥; ~wat r =1, o w= B, that ia, the
impedance becomes infinite for the undsmped system when the drivimg frequency is |
equal to the natural freguency. For Aacreasiagly larger u, t;he_’mafx.imm of (3.12)
ovcurs. further and _fur;her' to the right be r = 1 and :th,_e» maximm impedance
decreases;‘ | |

As the number of degrees of freedom, and hemce 'cwéigxity, of a mechanical -

_ system increases, it becomes increasingly difficult to obtein amalytical
expressions for. the vespomse sad hence the impedence of the system. A time histosy -

response obtained by o tyansient a&nalysis of tha system i therefore used to obtsin

the impedance, .The t;xtausieni:'ra‘sizaagg is inthefon:: of discrete valuss at aquul

" time intervals, If the wultidegree of .freeaaﬁm_sggtm being considered iv linear

and stsble, snd 1f che excitatioca is expressible ia tam'of’expﬁmeul compoawnty




1]

¢
of the form e n , where W now represents & discrete spectrum of frequencies, the

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

PPN

its computer based algorithm, *%e Fast Fourier Tranefommfpm)) .«'(Br'i" 97y, -
Holmas ' (1976)). S

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

N-1 | R
) =) £kar) o 3% IECRL)
k=0
N-1 -
, £t =) P e T (3.14)
n=) ’

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

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

®, = EKE (3.15)

The impedance of a model is obtained by prescribing a unit step velocity at
the driving point, whirh in the simulations reported here is either the seat or the
pelvis. The force tiwe history at the driving point, f(t), and its discrete Fourier
transform are then obtainad. The transfors of the velocity time history is given :
by Eq. (5.10).'9«1(1 the ratio of the magnitudes of the two transforms, Eq. (3.1) gives
the driving point impedance that is uéed here; phase angles were uot determined.

A drawback of this approach is that s numerical solution of & system with a
unit step velocity applied directly to a mass (e.g. the pelv;s) dogs not take into
account the mass at which the vélocity is applied because the acceleration of the

‘885, which i35 o unit impulse analytically, iﬁ%ét‘ﬂ for the discrete system except

st the time sero, where it is ot computed. In other words, the acceleration time
history associated with a upit scep velocity is zu impulse functicm, and this
impulse will not appear in the numerical results, Hence the interuval force st the

mass will not reflect the preseace of the wmass.
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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 tha?impédaﬁce>dfﬂthe ghtirevéyé;aﬁ-by ﬁbﬁﬁininégthebimpedance
of the system without the mass as described above, andrshen adding to th;géfbe
impedance of the mass. _ ‘ %_ V» A:;f

This difficulty occurs only when therdrivingfpéint is the pelvic mQ;s; However
when the seat is the driving point, the éeet;buétocks stiffaess dopiﬁatgg-the
impedance. Since it is exper;mentaliy élmost impossible to Axive a hnma§-£eing at
the pelvis, the impedance curves which do mot include the seat are physically
unrealizable, but they are ingicagiveﬁof»the fgequency character of the spiﬁe itself,

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

described,

111.3 Summary of Impedance Literature

In this section we will review the litsrature on experimentally determined
impedances of human subjects. The papers of msjor in;grest are those of Coermsnn,
et 21,, (1959-1960) and Vogt, et al,, (1968). Coermann determined the impedsnce of
sitting and standing subjects by shake table inducedvléngitudinal vihretions through
a frequency range of 1 to 20 Hz, Figure 3.1 shows the medien impedance of “five
sitting subjects reposted by Coermaun. Aiso‘shown is an impedance curve fbt a one
degree of fireedow system, Eg. 3.12;'v1th Coermsnn's values fqr the'maas{_s:tffneés&
and frsccion of ctiticalvdamping. -Figure 3.2 shows the affacts of variaéioa in body
posturés as determined experimentally by Coermann. The impedsace of the abdominsl
viscera was also studied by Coerwmsan by'placing the ;ubjéct in & supine pbsition'ou
8 ;hake table and subjecting him-té 1uuéi:udin$i hn&monic vibrations ;hroagh a
frequency range of 1 to 15 HZ, Motion of the skeleton Uas'eupprassad‘by usingrmetalv

brackets st the head, shoulders and fest, to clomp the subject to the table.
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Figure 3.1. Comparison of the medisn of the experimentally measured impedances of
5 sitting subjects (longitudinal vibrations) to a single degree-of-
freedom system with m = 84000 grams, 8 = 10w and y = 0,312, (Coermann,
et al., (1960)); (1) experimental; (2) computed,
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Figure 3.2, Influence of bady posture on the mechanical impedance of a human subject;
(1) sitting relaxed; (2) sitting evect; (3\ standing erect.
(Coeruann, ‘et al., (1960)).
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Figure 3,3 shows the variation of abdominal wall displacement with sxcitation -

frequency as measured by Coermann, et al. A resonance in the abdaminal wall dié-
placement was detected between 3 and 4 Hz, so this would indice: ¢ sn impedsuce peak |
at between 4 and 5 Hz. Restricting the mobility of the abdomer resulted in a shift
% of the abdominal wa{;&¢§§p}§§§9§9§ pﬁ?kM$9.bﬁfweenwéAand-7~Bzuw"*W“k :

Vogt, et al., (?968) measured the impedance of ten m@ié?subjecté. The subjects - *‘:
were seated and loosely restrained. Figure 3.4 shows tb§ tve;§ge ;mpe&?nce ;f |
these subjects. An {mportant characteristic of the above experimentél,impeéégces
| , : s

is the peak which océurs around 5 Hz., A second peak, uéich is gguerqlly coné%dsrably
smaller than the firgt, occurs around 14 Hz. These peék; in the€§mpeﬂéhce;9§£ye
indicate the excitation frequencies at which the maximﬁm energy iéztr;nsfégrégzto

the body. Coermann suggests that the 5 Hz peak is =aused by resonant;mutiou,df the

upper torso in connection with the bending elasticity of the pelvis aﬁd39pine,jand

that the 14 Hz pesk ﬁs probably attributable to snsther zlasti~ity of - the pelg@a.
Vykukal (1968), éxposed 4 subjects in a semi»gupine position to & vertiqll
acceleration of + 0.4' Gin 8 frequency“range from 2% t. 20 Hz, combined yitb %Ef
linear acceleration of‘I?zzg,'énéhé-é. The.mechanical iﬁpedanqé of eﬁbh subject was
recorded. He observed that for the higher linesr accelerations, the stiffness

increased, the damping decreased, snd the oversll impedance increased. The

Y NI TR N A Kss QRN . o e LT e, i, 80

resonances at higher frequencies became wore p:edeminent in magnitude because of

ZPETTAN,

{ncreased coupling of the body systems when subjected vo a higk G euviroument,
Unfortunately, naither the airection of the hsimonic oscillation wvector nor the
divection of the linear ac:eleration wector with respect to thesubject'slongltudiqal

axis were‘specified}

o
i

BB ot 0 T AR

Woods (1967), reported transmissibiiities for longitudinal and lateral vibrations

gy

of three subjects in the frequemcy range of 1 to 10 Hz. Results are also reported

-y
WA

for the effect of random verticsl and lateral vibracions. All of the transmissibility
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Figure 3,4 Comparison of eaperimentally, gnalytically and nuwerically determtned L
{mpedance curves; (1) experimentally detemmined impedance curve of '
. Vogt, et al,, (2) anelyticelly computed fmpedance curve for single
degree of freedom system; (3) numericslly determined mpedance curve
for single degree of f{rcedom system,
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cﬁrve‘ for the sinusoidal, longitudinal oscillations had a peak between 4 to 6 Hz.

A peak in the transmissibility for the sinusoidal, lsteral oscillations occured

at 1,5 Hz, The vertica;*transmisgibility‘;urvea ye;e ocbtained by plotting the ratio
of the acceleraﬁéonp‘of the shoulder to the acce1e¥h§&on of the seat and the accel-
eration of the thigh to the acceleration of the seat éa a function of the input
frequency. The Iatémi_. transmissibility curves were .obtained by plotting the ratios
of hip acceleration tc the seat acceleration, the.knee acceleration to the seat
acceleration, the shoulder acceleration to the seat acceleration, and the head
acceleration to the seai acceleration as a function of th;”%nput frequency. All of'
these curves had g'peak at 1.5 Hz.. It is not clear whether these peaks ave a con~
sequence of human body vespomse or ﬁhe,subjects' interaction with the seat and
restraint system. However, the reported pesk in the 4 to 6 Hz rsnge correlates well
with the results reported in'Coermann, et al, and Vogt, et al,

It is also worthwhile to cons%der the impedance chsracteristics of previous
wodels, Payne (1972) -deveioped a four degree of freedom model of a seated man.

It consisted of rigid masses fﬁpresgnting the head, upper torso, abdominal viscers
and pelvis, intercognec;ed-by spgiﬁgs and dampera. A spring snd a damper were
includad to represeﬁt.the elasﬁic and viscous praperties at the buttocks. Impedsnce
curves for this wodel exhibit a:peak at 9 Hz and a severe dip in the impedance curve
at 12 Hz but no secphq xaso@anééfpoint, so they do net agree well with Vogt, et al.
or Coermann, et al. - -

The imped&nce of the model in AMRL-TR-76-10 was not ziven, but modal snalyses
were perforned;- Thése modal analyses shewed that the ligsmented spine, with h?ad
and pelvis but no gepaxate nlééeu:§ for the viscera ané.bottocks,raa& with Ouiy axial
motion sllowed, yilelded s lowest ﬁeturalifrequeney of 17 H=. Tﬁe'an&e §hapé
associated with this fregueacy is ﬁppxoxiaaCely thst of a free-free rod. This resulc

indicates that tias 5 Kz peak in the_impedanue curve reported exparimentally
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represents a ?3303339¢§P£_ﬁ%thfﬁEth?H21899fﬁguﬁh@;bﬂtFQSEQ; q;,ghg,bgndgpgﬁgggpon,erwPi;
of the‘spina. The relatively low mass of the viscera would temd to ryle:ic,out as;: b
the sole source of this peak. It will be shown subsequently . that the first: peak
in the ;mpedance curve depends s;gqggly on tbe.ggigfnaas of the buttocks and seat, .
: It will also be shown that if the possibility of parametric excitation of the
flexural spine qugs is €°951d¢feda a 5 to 7 Hz peak is present in the impedance
curve even without the representation of the buttocka, but its magnitude is smaller
than that found experimentally, Thus,‘the_first resonance peak observed experimen~ .
tally appears to arise from several components of the human body: the viscera,
. the seat-buttocks, and the benﬁing‘;geponsq‘of the spine.
| I1I1.4 Impedance Results

Impedance curves were obtained for two of the models, the simplified spine
model, S8M, and the isolated ligamentous spine with viscera, ILSV, . These impédance

gtudies were used to obtain the stiffnesses ard damping coastants for the elements
interconnecting the spine and viscera. The stiffnesses were first determined in
the SSM model by parametric studies.

The demping of these elements was then chosen so that the lowest “lateral
visceral wode" (i.e. motion of the viscera laterally relative to the spiue) was .
damped by the same ampuat as the lowest axial viasceral mode. Based on the stifé-
nesses of the SSM viscera/spine intercongeccing elements, initial values for the
1L8V interconqecting elements were chosen. QOuly minor &djustweats were necessary -
to match the experimental impedance.

Prior to applying the FFT impedance determination mathod to the spine models,
it was applied to a one degree of freedom model using the mass, dampling and frequency
values used by Cqétmaan, et al. (1960) for his ane degree of freedon model of @

185 1b man. The numerical results are shown in Fig. 3.4 aloag with the analytical

results of Eq. (3.11). The duration of the numerical simulation of the step

&
-~
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response here was 1.02 seoc, wilch involved 256 tims acebb of 4 milliseconds. As can

be seen, the results compare very well.

We will now give some of the results for the SSM modsl. The parametrchstuﬁies

used to determine the spine-viscera connection elements are not repdrted;'the'major
emphasis in the following studies 'is the origin of the various rcscnances 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 obtalned curve of Vogt, et al. The latter were obtained by

vertical shaking of loosely restrained seated subjects, so the buttocks muat be
evidenced in the observed impedance. The pelvic mass here ig 1.62 x 109 grams

(36 1bs), but the total mass of 5.56 x 104 grams (123 1bs) does uot iuclude the
upper or lower leg mass. The average mass of Vogt's subjects was 6.94 x 10“ grams
(153 1bs) (without the lower legs and feet, which are not included becsuse the
footrest of the experiment was not harmonically excited).

The impedance of the spine without buttocks, as shown im Fig. 3.5, exhibits
peaks at approximately 5.70 Hz and 12.70 Hz respectivaly, both with and without the
pelvic mass. In order to more clearly determine whilh subaystems are causing
these peaks, the impedances of the spine and the viscera ave given in Fig. 3.6. The

axisl response of the spine alone has one peak at 10,50 iz, while the visceral

column has s peak at approximately 5.37 Hz., These agree with the lowest frequencles,

obtained froam an axial wmodal analysis of the spinal column and visceral column with

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

by the peak at approximately 10.74 Hz (zgain the fivst fixed-free spine axial mode)
also exhibits the presence of the viscera with the "begianings of a peak™ at

approximstely 5.70 Hz. This curve i{s dominated by the spire pesk becauso there is

considerably wore mass associated with the spine (e.g head, arms, ete.) than with

the viscera. Nevertheless, the viscersl contribution to the impedance curve i
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Impedance curves to. the SSM without buttecks; /1) cxperigental curve
of Vogt, et 8l.,; (2) S: | pelvic mass impedsnce; {3} SSM totel mass
impedance; {4) fmpedrnce of SSM without pelvic mass) (9) impedsnce

of 8S8H with jelvic - s,
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evident,

It is of interest to note that upon dropping the restriction of sxial motion,
we obtain the curves Fig. 3.5, which have a peak at 12,70 Hz, In the modal analysis
results of S5M, the lowest visceral mode and the third spine bending mnde (in which
mogt of the energy 1s transmitted to the lumbar region) were at 5.35 Hz, “The .
discrete internal force time history results for the spine element between:SI and N
L3 were in fact dominated by this frequency. This Lndicages that the third -
bending mode has been parametrically excited. A variation of the bending damping
or visceral damping had.its greatest effect jin the region of the 5.70 Hz peak.
These results indicate\thatlgig_has a.-5.70 Hz impedance peak ‘due to the first
visceral mode,.and'parémetric ex:itation of the third bending que, even in the Tﬂ
absence of a seat~buttocks representation. |

In determining the effects of the buttocks, the buttocks were modeled by a
spring and damper between the pelvis centroid and the seat. Payne :(1972) gives a
value of 6.55 x 107 dynes/cm (374 1b/in) for the buttocks' stiffnesé. Buttocks
stiffneases of 6.55 x 107 and 1.31 x 108 dynes/ce were used here and half of the yp-
per leg mass was added to the pelvic mass to yield a total SSM mass cf 6.88 x 104
grams (152 1bs), because in the experiment the upper leg mase wes vibrated along
with the uppar body. )

Figure 3.7 .hows the lwpedsance of SSM with these two values of buttocks
stiffness. Both curves exhibit & peak at 4.30 Hz and a much smaller pesk at 9,30 Hz,
with a slight shift to the right for.the stiffes buttocks model, Modaljanalysis
shows that the first axial mode of the buttocks-spine series combination occurs at
4,10 Hz and consists essentially of rigid body mocioa.of the spine relétive to the

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

primarily of the second visceral mode,
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From these results it becomes apparent that 4u impedance curve obtained by

driving the buttocks is dominated by the stestopygic mode. This agrees with the

findings of Poyne and Band, (1969), who comment. that the variability in impedance '

measurements of seated human subjects is very likely due to variations in buttock '

‘size, muscle tensian,‘apﬁ tonus, It follows from this that impecsnce measuremsnts

of this type do nat?result»ihfaccurate information as to resonances of the sub-

\
systems.

However, 1t is interesting to obsetve that the ahift in impedance p&aka

due to a twefold change in buttoeks atiffuesa is not\severe.

Although not apparent in bis resuits, Vogt, et al., \1968), reported that in

most cases, a peak around 10 Bz is\also evident. As discussed above, the impedance

curve for the SSM with the buttocks exhibits a small peak h:ound 10 Hz, HNowever it

cannot be established whether tue peak in Vogt, et al is caused by the same mechanism
which causes the 10 Hz peak in the SSM curves.Theirtimpedﬂnchalso exhibits s }mall

peak at 14 Hz., This peak does not show up in the $3M cuxves,

It is clear from these results tiwt the SSM medel duplicstes experimentally

determined impedances very well, It not only replicates the peak magnitudes and

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

machanisms.

We will now consider the impedsace studies of the pore complex model, ILSV,

isolated ligamentéus spine with viscers, which wss described {n Sectiun II.2.

Figure 3.8 shows the impedance curves for the ILSV without buttecks. For compariscn,

the experimental curve of Vogt, et al., (1988) is also shown. The pelvic wass,ss

for the §SM, 1is 1.62 x 10“ grams {36 Ih‘t&}, the totsl wass is 4.98 x 10[‘ grams

{110 1bs)}. The total mass dues vet Luciﬁde t&a uppﬁr 2r lower leg mass, nor the

srm wass, whic; weye inc uded in the 33¥ Ythe impaﬁancas of tha ILSV ﬂithout and

with the pelvic wass sxe paswn.
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Impedance curves for the isolated ligamentous spine wich viscers
(ILSV) without buttocks: (1) experime 3l curve of Vogt, et al,;
(2) ILSV pelvic msss impedance; (3) ILSY totsl mass impedsnie:

{4) 1ISV impedsnce without pelvic m88s; (5) ILSV impedance jncludiang

pelvic mass, :
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The impedance exhibits peaks at approximately 6.0 and 13;5'ﬁz, which agrees
well with the corresponding SSM peaks at spproximately 5.7 and 12,7 Hz. The 13,5
Hz péék corresponds to the first spine axial mode, 13.17 Hz, obtained in an ILSV
modal analysis-with the pelvis ifixed. The 6.0 Hz peak results from & 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 Hz regigp.

The impedance results for the ILSV with buttocks are showm in Figi’S;@ The
same buttocks stiffness as in the S8M, 6.55 x 107 dynes/cm, (374 1b/in) was used,
Half of the upper leg mass was added to the pelv;c mass to\yield a total ILSV maesﬂe
of 6.26 x 104 grams (138 1lbs). The 1mpedance of IISV is 31ven with buttock danping
ratios of 0.3 and 0. 15 respeccively; ~The. 4.8 Hz peak corresponds to the: steaeopygic
mode (4.4 Hz) andfas in\;he SSM this mode dominates the impedance curve, A smgllff
peak is also observed at apprcximately 10.0 Hz, which appears tq be asso¢iated Qich
the second visceral mode, ‘ o ¢

Figures 3.10 and 3.1l compare the SSM and ILSV impedance curves without and -
with buttocks, respectively. Of primary interest is the similarity}of the S8M &nd;;
ILSV curves, This indicates that SSM and ILSV would respond slmost idemtically M

for dynomic input with a frequency cénéent of 16 Hz or lesg._,
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INJURY POTENTIAL MODEL

V.1 Injury Potential Function for Cylindrical Vertebral Body Model

A simulationawith the spine head model yieldq as part of the reeults,

the normal force y, and bending moment, M tima<hiﬂ:orias ﬂt GICh veftebral

Y s e oy kiR e

..2; level. In this Cbaptet, tHe evaluation ofiinjury‘potential as a functianX é
of N and M will be conside:ed We will call thisffunction‘themlnjury Potential .

P PRI
rame 3

[ Y ,wl ~k'»:- ey _‘.

N Ve

Function.

5

Mathematically, we can express our task as the determination of f! ﬂhere
\.6

= £( luji, | jl, Alj A2 (4.1)

]

IPF
3

vk : -~ .
N oe o ;'; - = W
B e 3 .

in which IPFj = injury potential function

L3 !

.l jl [N [ =- bending moment and normal force mngnitudes when

ey TR Ay ) g s e o SRyt

{ v i IPE is maximum in vertebral body j

I

Alj, A23 = paraméters reprgsenting‘the failure criteria of
vertebral body j.

bl Belyﬁéchko, et al., (1976) discussed an approach for the preliminary

evaluation of injury potential. They idealized the vertebral body as a
cylindrical shell of radius T and height h (see Fig. 4.1). The shell
consisted of cortical or compact bone with an interior (vertebral core) of
trabecular or soft bone of radius r,.

_é . For pure axial compression, the stresses in the cortical shell and 4

o e e rkn o b TR

vertebral core are related by

s s e -

and equilibrium requires that

o, = (N - g A )/A 4.3)
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o where - . . T e

R

N 9420, = Stress. in trabecular and corticel bone, xespestively ... ..

28 1 } Ei’Eo = Young's modulus in trabecular and cortical: bone?,-frespecg:ively
F N = applied axial force
E } A = area of cortical shell 'mﬂ(r:z-° -i"viz‘)' . Y
Y 3 f ; Ai = area of vertebral core = ﬂt‘iz .

o Eqs. (4.2) and (4.3) yleld a3 expression for the stress in the cortical shell,
S

EN | o
2 (6.4)

c =
o 2 2 2 .
wlEr,” +E(r mr

1 e

From a compression test, we can obtain an axial force, N which is the maxinum

max’
axial force that can be sustained by a vertebra. The corresponding stress,
2 : as given by Eq. (4.4), is then the maximum safe stress for the cortical bone.
Once aomax has been determined, we cam use it to obtain M nax the moment
»
max

which would produce a stress a, in the cortical shell. The flexure

formulz from simple beam theory result:s in the relatioaship

e T o

4 ; i
B 4Me B
., i g
¥ g = ———22 . (4.5)
S ° n[Erl‘*E(r&-ra)]
, ,{; 1L T Teto i
. g frow which
i‘ -ﬂ[Er~l’+S(;-l’-fq)].cm
Lg M . i 4 9 ‘o i o (4.6)
max . 4r E , . : L \e
E - o0
i 4 For combined bending snd sxial losding, %ﬁ%ﬁx is gtvev by the superposition
- g of Eqs, (4.6) aud {4.3),
' EN ae s o
: £ % "I TS A S 4.7
§ MbyTy HEG, - r ] g 5 - 1)) '

0 N and ¥ satiefy the relationship




-
g!ﬂ!

(4.8)
max .

The above formulation lends itself directly to an injury potential criterionm,

1pp-:-_!§1_‘_+l§j_‘_ <1 ' {4.9)
Alj azj

where 'Hjl and Ile are as defiped in Eq, (4.1), snd

3 = vertebral level
: Alj = maximum bending moment in pure bending

¢§ Azj = paximum compression force in pure compression.

O P SRR B ERSOG :

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

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

A T L Y D 48

sy S

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

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

TR

[P
o st e
e

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

When we consider bending stresses also, this disparity becomes even greater, :

.

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

i SR TR

RE PR

A e

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

.
LTI

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

potential criteria.

Eq. (4.9 is essentially the ssme relatiounship used by Belytschko, et al.,

BRI, S R CY

AR ST R T A R T

(1976) in their preliminary eovaluation of injury potential. However, vather
than deterining the waxisnwu of IPFJ for the entire time history, they used the

individual maxiumus of [&jl and Iﬁjl to deternine IPF,. This leads to larger

values of IPF .

1

Before the injurv petentisl fuaction, Eq. (4.9), cen be put to use, it is

nevesssry to obtain vslues for the vertebral msterial properties and geometries.
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1V.2 Compressive Streugth of Vertebrae

Payne (1972) ekaminedithe vork of Geexté'{IQQG) in. which the bresking loads
of vertebras T8 through L5 wcre determined fox 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 bresking strergths,(TS; T12, Li,,Ll) determined by Crocker
and Higgins (1966). The average lumbar vertebral Yreaking load of the wertebrae

listed in this table is 9.28 x ICB dynes (2090 1bs.). Prowm, et sl,, (1957)

8 8

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

dynes (1000 to 1300 1lbs.} for 5 lumbar vertebrae taker from three measurements.

8 dynes (1320 1bs.) for the

Perey (1957) reports an averége value of 5.88 x 10
lumbar vertebral breaking load. Psayne, however, couments that Perey's failure
to ''true-up" his vertebrae to insure for uniform transmission of the load from
the testing apparatus to the specimen Tesulted in induced stresses higher than
for pure uniform compressior, thus resulting in ¢ lower apparent breaking load.
Rockoff, et al., {1969) 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 femsles and spanned sn

spproximate age vsuge of 2v to 80 years. Rockoff reporis that all of the

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

800 psi (5.52 x 107 dyna/cmz) while essentially all of the specimens greater

than 40 years had strengths less thsn 80O psi. If we assume this is the average
strength of the specimeﬁs and assume & lumbdar vertebral body cross~seétioaal
area of 16.31 cn2 (frox Payne), we obrein an average elastic limir load of

9.11 x 10° dynes (2050 1bs). Rockoff also considers the rele.:n 1. iz

lmit strength contribution of the vertcbrsl cortex amd the trabecular bone,

and the varfation of the elastic limit with the ssh content or :Aysical deasity
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o Table 4.1, Bresking loads of vertebras T8 through L5 -
L . S g " us detevmined by Geertz, and Crocker and
k. : Higgins, reported by Payne
Lge - | 8 '
(Years) __ Breaking Losd in Dynes x 10 ‘
Geert Ipg |79 yri0o | i) 112 | 11 |12 | 3 | w4 ] 15
19 7.4 A 8.8
21 6.3 7.8 8.8 9.7 | 10.0 !
21 i 7.1: 6.8 ' 8.2
T
23 3.3] 6.0 .
33 16,5 7.8 7.8 _110.8 '
36 Is9l 7.1]7, _’ *
38 7.8 8.1 8.8 :
: 43 6.9 8.4 8,8 9.2 9.8 é
| 1.2 | 7.8 9.3
45 7.6 7.8 10.8 11,8
Crocker
and i
i Higgins ’
: 1 T i
40 9.5 111.0
47 15.3 | ;
vean' ) s el 7173 | 7.6l 78 | 7elsslies | s.slios
ftamn' ) for tumbar veriasbrae 9.2
ﬁz’&eertz dats ounly ¥
; H
; :
5
= =
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of the trabecular. bone. He found that the cortex generally contributes 45
to 75% of the vertebral body strength regardiess of the ash content of
the trabecular bone,

These soufces as well as several others indicate that the upper limit of
lumbar vertebral breaking strength is aporoximately 1.0 x 109 dynes (2250 1bs.),
Although Rockeff reported that his strengths were elastic limit loads, it appeers
that the load deflcction curves for vertebra. are essimtially linear up to the
point of failure. Since the elastic limit is defined as tha point 3t which
the load-deflection curve deviates from linearity, it is quite close to the
breaking strength,

SV,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

moduri of cortical bone from other bones, McElhuney (1966) reported a value

2
of 1.52 x 1011 dyne/em (2.2 x 106 psi) for the elastic modulus of compact

bone from an embalmed human femur. Evans (1970) reports values of 1,45 x 1011,

6 6

\ 2
1.59 x 1017 and 1.74 x 10' dyne/em® 2.1 x 10%, 2.51 x 16° snd 2.52 x 10° pet)

for the elastic moduli of cougact bone from a wet embalmed adult femur, tibia,
and fibula reupectiv..y. Yamada (1970) obtained a mesn value of 1.04 x 1011
dynefcm2 (l.51 x 106 psi) for the elastic modulus of wet femoral compact bone
of people 20 - 39 years of age. He also reports s value of 8.82 x loa‘d)ne/cm2
(1,28 x 104 psi) for the elastic modulus of wet trabecular tome from human

lumbar wvertebrae.

1V,4 Vervebral Gecmetric Properties

Belytschko, et 1,, basad the equivalent raiii of the wertebral bodies
on Lanier®s (1939) mecan values of the tvansverse and sagittal diameters., 1If

we assume an elliptical vertabrsl body crocs-section and the transverse ard

05
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sagittal diameters are given by Zaoj anq‘Zboj (vertebral level j) then the

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

equivalent radius is rJ =

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

thickness of sactioned 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 wm, 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 beaan reported in the literature
to the authors' knowledge, the assumption of & constant vertebral cortical

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

IV,5 Faiflure Criteria for the Injury Potential Function

Table 4,2 lists the values of experimental axisl 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 T1 through T7

ate based on the sssumption that the vertebral cross-sectional area;
and hence breaking strength, decreases lipnearly with vertebral level. This

is very close to true for levels T8 through L3.

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

cite values from Evans of 1.5 x 1011 and 7.35 x 108 dyne/cm2 respectively

2.18 x 106 and 1.07 x lOl0 psi) which appear to be in reasonable agreement

with those found by other investigators.

Comparing the parameters (breakicng strength, elsstic moduli, etc,) which
Belytschko, et al, used in their svaluation of injury potemtial, with those

discussed in the previous section, it is apparent that the failure criterius
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Table 4.2, Moximum axial compression for pure compressfon (A2) and maximui
bendiug v o=ent for pure bending (Al) uszed by Belytschke, et al

Vertebral r(l) A2(3) Al(z) i (o )(&)
Level ° © max
LS 2.165 | 10.29 10.19 2.18
L 2,203 9.80 9.87 2.03
B L3 2.154 9.31 9.18 1.98
L2 2,078 8.82 8.40 1.95
Ll 2,019 8.33 7.72 1.91
T12 1,972 7.84 7.11 1.84
711 1.883 7.35 6.37 1.82
T10 1.7181 | 6.86 5.64 1.81
|19 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 | 1.437 5.29 3.53 1.78
TS 1.388 4.90 3.16 1.71
T4 1,323 4,60 2,84 1.69
1 1271 | 4,21 2.49 1.6
T2 1.226 3.92 2.26 1.57
T1 1.162 3.62 1 1.96 1,54

{1) Equivalent radius (cm)

(2) Maximum.banding moment for pure compression (dynelcm X 108)
computed from Eq. 4.6

(3) Experimentslly determined compressive bresking load (dyne x 108)
from Geertz, reported by Payne

2 g
(4) Maxipum vertebral cortex stress {dyne/ca x 107) from Eg. 4.4




{magimum axial compression lead and maximum bending moment) computed from these

parametersiﬁfacqéptable within the range of accuragy pefmitced by the available
| % ' data. Consequently, the present injury potential study incorporated idemtical

parameters in the development of the injury potemtial function described in
Section 1IV.1,

This injury potential analysis has been incorporsted 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 Mz are obtained for each

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 directiy 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,

Hy = k(myI + myK)

x1 xK) (4.10)

M= %(mzI +m)

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

body j. Although the local X sxes of the disc abeve and below the vertebral body

may differ slightly in orientation, this nas beer neglected. The locsl § and

A
>

%2 girections in each disc correspond to the moments in the frontsl and

sagittal pilanes, respectively.

The injury potential function i{s then evaluated for both moments

LR LS

L T Vv
h|

;. s |

3 . IpF, =

- 4 )
2 Alj Kfj

(4.11) é

el

15 either of these values exceads the previous maxisuss for level j, it is stored.
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At the end of the simulation, the maximum values of the injury potential
functions encountered arc printed out in graphical form. Since Eq. (4.11)
normalizes IPF relative to 1.0 for each vertebral level.'the‘valuea’df‘IPF%;
indicate the likelihood of injury at each level. If IPF ia much smaller than =
1.0 at a level, injury is very unlikely:.whereas Values of IPF in the neighborhood
of 1.0 or greater than 1,0 indicate that vertebral failure is likely ‘st that level.

In order to interpret the likelihood of injury in a statistical sense,
the normal distributions as fit by Payme (1972)‘to‘the'ﬂa£a of Geertz, Crocker
and Higgins and Nachemson were used to obtain standard deviations. These lead
to probabilities of failure as shown in Fig. §,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 conslder vertebral dislocations, it is only necessary to
develop a function and appropriate injury thresholds associated with
dislocations. As part of the function development, the wmechanism of failure
and causative forces wust be determined. This procedure is currently under

studv under a separateé contract by the AMRL.
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PRIMATE HEAD-SPINE MODELS -

Bacause of the difficulty of obtaining experimental results for human
subjects, data were obtained and prapared for similar models of primates.
z The goal of this effort is to compare the. predictions of model simulations
' of nonhuman primstes with experiments in order to validate the basic modeling
concepts. Imn additiom, it is hoped that such studies will shed further light
on the procedures of scaling results from nonhumsn primates to humans.

In this investigation, prelimipary model data was prepared for the

following primates:

1. chimpanzee;

2. bsboon;

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 Jata
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

reported in the literature,

V,1 Chimpsntee

Geometric data for the chimpanzee spine was based on Kszarisn, et al., (1976),
who provided the vertebrel bedy heights, intervertebral disc heights and
endplate 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 circulsr cross-saction was gssumed and the radius

i was computed, The model structure is shown im 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, Chimpanzee spine model: (&) sagittal plane view (b) frontal plane view
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weighing 20-33 1bs,, the other grodﬁ weighing 38-54 lbs, The gaalvof:this

d i:a for a chimpanzee weighing 100 .to 110 1bs,, so"the

effort was to obtain_
measuraments in Rhof

Furthermore, it had té«he assumed that weight distributiqn dpes not change

significantly with éhgnge in total body weight, e

The procedure use fto determine the model masses: is as follows. First
the anatomy of the chimps was approximated by a set of- gecmetric solids as shown
in Fig. 5.2, The,vq}g@eiof each geometric figure was ;hen computed using the
measurements given'i;l#ﬁgles and Fineg, assuming a density of 1 gram/cms.
A total weight was'coqputed for the maximum, minimum, and mean values of these
measurements, and a :aiig of the weight of each part of the anatomy to the total
weight., These ratios aré.given in Table 5.1, As can be sgen, except for a
few discrepancies, the:proportion between total weight and the weight of a
portion of the anatom&iis somewhat independent of the total weight, so that
these ratios can be'us;d to estimate 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 ratlo 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 Tl to L4 were determined, Also, the totel weight of the chimpanzee for
which the skeletal figure was provided was estimated and was found to be 111 lbs,
To determine the mass of each vertebral segment of the torso, it was
necessary to know the cross-sectipnal area of the torso aud the thickness at

each level, The thickness of each level was based on the vertebral body heights
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and Pineg were used only &as a guide to weight distribution.,
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Figure 5.2. [Idealizations of anatomical components of chimpanzee into geometric
solids; numbered measuramente refer to Rholes and Fineg (1¢61),
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Table 5.1 Weight Ratios

(each number indicates the weight ratio of the '

DY apatomical component to t:he. total ygggn ht) B
T Groﬁl; I S » | droup 11
Me;S Max Mis - Med .Max Min Avetage
Chest * - " 0.235 0,230  0.264 0.227  0.177  0.237  0.228
Lower toréo 0.166 . 0,122,  0.126 0.145 0.134 0.146 0.143
Head 0.137 ‘ 0.135 0.171 0.112 0.096 _0.138 0.132
Upper arn  0.033  0.062  0.040 0.039  0.041  0.047 0,040
(eack) S Ay
Lower axm 0,025 0.020 0.007 0.026 0.023 0.036 0.023
(each) ¢ -
Hand (each) 0.018 0.042 0.007 0.030 0.067 0.011 0.029
Buttocks < 0.076 0.060 0.037 0,058 0.082 0.055 0.066
Upper leg 0.076 0.071 0.079 0.082 0.071 0.073 0.075
(each)
Lower leg 0,023 0.022 0.033 0.026 0.022 0.036 0.027
(each) _
Foot (each) 0.014 0.029  0.013 0.026  0.U33  0.015  0.022
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and intervertebral disc heights which were taken from weasuremerts of the skeletal

figure. The area "'w_as fo\md'f,r'cm Figure 55;'2. From the volume of the torso at
a vertebral level, the mass was COﬁg}ted. by multiplying by the density of

3
1 gram/cm ,

The equations for the moments of iizgrtia, Ix’ I, andl . vere derived on

y
the basis of elliptical cross sections. The results were compared with the

masses of the vertebral levels of the human spine used in the Air Force model,
The masses of the humar spine were between 1.2 to 2 times larger than that for

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

weight of 169 1bs., which is approximataly 1.6 times that of the chimpanzee.

ihe 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 Belyt:schko,’ et al,, (1974) and Schultz, et al., (1974). 1In
these procedures, it i3 assumed that the level-to-level variations in inter-
vertebral disc stiffnesses depend directly on the geometries of the inter-
vertebral discs and can be deduced from strength of materials considerations,
Furthermore, since no disc stiffnesses were available for chimpanzees, the
material properties were assumed to be fdentical to human discs. The axial,
bending and torsiomal stiffnesses at a level. J sre given by

{axisl stiffness)J = Rl AJ

. _ B L
(bending stiffness)J » Rz K (5.1)

,.!‘
EN

(torsional stiffness)J L P‘B KJ

where A
r; -r
A " Tion
505 (4 )
Y57 o0 \Fo T
T B .
{ = 3.2
RJ 2 KJ { )
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Table 5.2b. Inertial data for vertebral levels L4-Til for chimpanzee
with viscers model

1

Level ol? 1. () 1§(3) 15(3)‘ ;
Visceral mass davg L4&-T11 %
L4 6.690 1.150 3.215 4,281 ‘
L3 8.870 2,042 4.483 6.39% |
L2 10.030 2,581 5,431 7.874
181 11.570 3.214 6.785 9.841
T12 1.0.820 2,782 6.340 8.975
T11 8.100 1.855 4,722 6,513
Vertebral mass data L4-T11
L4 2.310 0.128 0.239 0.338
L3 2.230. 0.091 0.267 0.325°
L2 2,060 0.0s7 0.292 0.331
Ll 1.960 0.060 0.273 0.306
T12 2.710 | 0.081 0.717 0.762
TI1 2.030 0.055 0.531 0.57)
(1,

{2

(3

PRSI e Nt

9
Translational mass - grams x 107

Rotsziional masses about hody coordinates =, y, z

2

gncm X

inertial data for torso segments T10-L3 ¢s given in Table 5.2

&
0

i
BT T




where r, and r  dre the inside and cutside radii of the annulus fibrosis,
and IDH is ti.e intervertebral disc height, Eqs. (5.2) fcilow from elementary
strength of materisls treatmcnt of the stiffness of a disc. It was assumed
that x, = 0,75 T

The geometyic factors of the chiwp spine werc based on data previded by
Kazariaa. We assumed that the Rl’ R?, and R3 for chimpanzees and humans were
the same, l.e. that material properties of the two species ars gimiler. These
constants were then determined in the following manner., In Table 1 of Belytschko,
et al,, (1974), geometric data at intervertebral levels L2/L3, T12/Ll, Ti0/T11,
and T8/T9 were given, From this data A, KB and KT for those levels were
cdlculated.

Table 2 of Schultz, =t al. gives stiffnesses at %2/*3, T12/Ll, T10/TIL,
and T8/T9. Retios were set up for correspouding quamcit..s ;¢ the corresponding
levels and the constants Rl’ Rz and R3 were determined using the arerage of the
four levels (corresponding values at all four levels deviated little from the

respective averages). The values are

Ry = 0.144 x 109 dynes/cm2

R, = 0.746 x 16° dynes/cn’ (5.3)

Ry = 1.27 x 108 dynes/cm2
The geometric data (4, K? KB) for the chimp appears in Table 5.3 while the
stiffnesses for the chimp spine model appear in Table 5.4,
It should be noted that there were discr=zpancies between the tabulated
geometry (used in obtain‘ng the stiff.csses) and the geomtrey of the chimpanzee
skeletal figuve. The reasons ror this are:

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

skeletal figure, There s about a 50% discrepancy.
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‘fable 5.3

Geometries of Chimpanzee Intérvertebral Discs

Level IDR(cm} Araa( cmz) A ’ x (cm) T, (em) A KB( ms) KT (cms)
c3 0.42 2.9 0.97 073 0.72 1.43
C4 0.42 2.87 0.96 0.72 0.69 1.38
5 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 2,7 0.93 0.70 0.64 1.27
1 0.71 3,10 0.99 0.7 0.47 0.93
T2 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
4 9.7 3.64 1.08 0.81 0.63 1.26
15 0.74 3.43 1.04 0.78 0.54 1.08
4 0.70 4,86 1.24 0.93 1.16 2,31
7 0.9 4,31 1.17 0.88 0.68 1.35
8 0.9 4,22 1.16 0.87 0.66 1.32
9 0.95 5.05 1.27 0.95 0.94 1.88
T10 1.00 5,73 '1.35 1.01 1.14 2.28
711 1.00 5.97 1.38 1.04 1.23 2.46
T2 1.20 6.44 1.43 1,07 1.20 2.39
Ll 1,30 7.29 1.52 1.14 1.41 2.81
12 1.40 8.05 1.60 1.20 . 1.60 3.20
L3 1,20 8.10 1.61 1.21 1.92 3.81
A 1.40 9.43 1.73 1.30 2.18 4.36

whaere IDH, Ares are given
_ [ Area A B 1 4 4
Yo T4 Tw K= 3iom (%o =t

T 1 A
or (o - Ty

IS H SNy e
=
]
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Table 3.4
Chimpanzee Stiffness Data

4 , Viscera1(?)
Intervertebral Discs Elempents
Level(l) Axial Bending "’ Torsional Axia]

(dynefem x 109) (dyne~cm/rad x 108) (dyne-cm/rad x 108) (dyne/cm x 107)

C3 0.42 1,07 0.91
¢4 0.41 1.03 0.88
: cs 0.42 1.03 0.88
‘ cé 0.38 0.85 0.72
' c7 0.39 0.95 0.81
| 11 0.45 0.69 0.60
T2 0.47 0.75 0.64
T3 0.49 0.81 0.69
T4 0.52 0.94 0.8
T5 0.49 0.81 0.69
16 0.70 1,723 1473
T7 0.62 1.01 0.86
T8 0.51 0.98 0.84
9 0.73 1.40 1.39
110 0.83 1.7 1.45 2.20
Ti1 0.86 1.84 1.56 1.81
A T12 0.93 1.78 1.52 1.55
i' Ll 1.05 2.10 1.79 1.55
) L2 1.16 2.3 - 2,03 1.29
i 13 1.17 2.84 2.44 1.16
L4 1,36 3.25 2.77 0.26
<1)Refers to element below designated vertebxal level
(Z)Visceral elements are locatsd between the pelvis and T10. Stiffnesases of
ell viscera/spine interconnecting elements = 1,0 x 107 dyne/ct
(B)Though based on data, appears spurious
1 kp rs 10° dynes
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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 humanAstiffnesses.
Howaver, the chimp data lacks the relative maximum stiffness found in humans
around T1l, but instead increases continuously to L&, where the stiffnesses
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 ars given in
Table 5.4. -
A modal analysis, an impedance analysis snd an ejection analysis cf the
model of a chimpanzee spine were performed with the ligamentous 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 AMRL-TR-76-10 human spine model,
Although 8 casual comparison indicates that the frequencies of the chimpanzee
gpine in the axial mode ere somewhat smalier than those for the model of the
human spine, & 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 wita head movement and involve very little deformation of
the lower thoracic aud lumbar regions, whereas in the human spine model the
lowest axial mode involves considerable lower back deformation., Thus the
chimpanzee axial mode ~orresponding tc the first human axiasl mode of 17 Hz
is 54 dAz. Thus, as expected, the chimpsnzee mcdel modes are significantly

higher, S8imilarly, the first flexural modes of the chimpanzee involve primarily

head~neck motion.
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Comparison of Natural Frequencies of
Human Spine Model (HSM) and Chimpsnzee Spine Model (CSM}

Axial Frequencigs (Hz)

HSY csu

17.09 13.97
| 32,31 31.81
{ 51.29 53.96
' 77.22 77.72

100.74 105.22
124.98 131.91

Sagittal Plane Frequencies(Hz)

HSM CSM Ratio (_-%;%-;_)‘
1.28 0.76 0.59
3.14 2.04 0.55
5.99 3.70 0.62
9.9 5.32 0.54
{ 13.31 7.24 0.54
156,71 8.55 (.51
18.45  10.30 0.56
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This difference between the chimpanzeg and human can be directly related
to the mass distribution, In the chimpanzee, the ratio of head mass to total
mass 1s quite large compared to the humen, 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 dats obtained from groes 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,.thusvprecluding any
simple scaling laws.

An ejection simulation was made with the chimpanzee spine - viscera wmodel.
The prescribed acceleration consisted of a peak magnitude of 10g which was
reached in 14 msec, with an onset rate of 7l4g per second. The 10g 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-T10 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 1lb. 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 would be useful to have the size or weight of the chimp corresponding to
this stiffness);

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

c) a seriles of photographs or x-rays of a 106 1b 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.

Buttock stiffness is 6.55 x 107 dyne/cum,
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V.2 Baboon

The geometrical data of the baboon was obtained in the same manner as
that of the chirpanzee, bused 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 cedaver baboons, The baboons ranged in
mass from 10.8 kg to 12,66 kg, It is of interest to observe that the densities
were also measured by Reynolds (p. 73); they ranged from a low of 0,8 gm/cm3
in the torso to a high of 1,12 gm/cm3 in the feet and hands, with an average
of 1.016 gm/cm3. 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 (537 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 torsc segments were cbtained by using the data of Kazarian
for vertebral body and intervertebral 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 Ri factors from human motion segments. This
data is given in Table 5.7, No separate visceral columm is included,

The impedance of the baboon model is shown in Fig, 5.7. It should be
noted that here relisble 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.
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TABLE 5.6
- . BABQON INERTIA DATA

Mass m Moments of Inertis (gn-cmz x 103)

Levgl (gm x 102) Ies I);i 1

: Head 9.266 21,990  20.240 9,158

b 3l 1.989 2.708 2.708  5.373

g T2 2,041 2,780 2,780  5.513

g T3 L 2.438 3,333 3.333  6.585

o ™% 2,387 3.262 3.262  6.448

: 15 L 2.456 3.358 3.358  6.63%

: 6 2.300 3.140 3.140  6.213

; 7 2,490 3.406 © 3.406  6.726

= 8 2.508 3.431 3.431  6.77%
1 © 2.525 3.455 3.455  6.820
T10 2.560 3.504 3.504  6.915
i1 2,940 4,041 6,061 7.951
12 3,165 4.363  4.363  8,5%
Ll 3.476 4.812 §.812  9.389
12 3.857 5.369  .5.369 10,418 .
13 3.95% 5.573 . 5.573 10,791
14 4.553 §.458 §.458 12,378
L5 6,566 6.432 §.432  12.333

: 16 4.496 6325 6.325  12.166

? o L7 C 4.341 6.091 6.091 11.736

Pelwis 16.43¢0 : 37.200 37.20¢  59.173
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TABLE 5.7
STIFFNESSES OF BABOON DISCS
Axial Stiffness Bending Toraional
_ " : Level (dyne/cm x 108) {dyne-cm/rad x 108) (dyne-cm/rad x 10_8)
Neck 0.25 1.76 1,50
1 1.90 _ 1.56 1.33
12 1.60 1.60 1.37
; T3 1.70 1.45 1.23
3 T4 1.80 107 0.91
‘ 15 | 2.10 0.93 0.84
T6 2.00 0.42 0.36
\ 7 2.20 0.51 0.43
? T8 2.40 0.43 0.38
9 2.50 0.43 0.37
: T10 2.80 0.34 0.23
§ T11 2.90 0.34 0,29
; T12 3.10 0.30 0.25
11 ' 3.00 0.24 0.20
: 12 6,60 0.28 0.24
f 13 4.70 0.22 0.19
A 5.20 0.18 0.15
SCI 5.70 0.18 0.15
L6 : 5.60 0.22 0.19
. L7 5.90 0.30 0.25
!
i
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Figure 5.7. Impedarice of baboon: (1) without pelvic mass; (2) pelvic mass included
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V.3 Rhesus Monkey

For th. rhesus monkey, only the messurements and skeletal figures were
available for data extraction. The geometry of the model i{s snowm in Fig, 5.8,
For the rhesus monkey a total welght of 21 lbs (9.55 kg mass) was specified, so
the mass distribution data was scaled from the baboon., Stiffness data was obtsined
using the same procedur~ -3¢ for the chimpanzee and bab~on. Inertial and stiffness
data is given {n Tavles 5.8 and 5.9. The impedance of the rhesus monkey model is
also shown in ¥. . 5.9.

In additjon to . -kter stiffness data, which 1s necded for all of the primate

models, wspecific inertia data would be useful for the rhesus monkey.
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Table 5.8, Rhesus monkey inertifa dsta

Mass m Moments of Inertia (gm-cm2 X 103)
Level {gm x 102) - Eiif : I;; IEE
Head 6,520 7.465 7.465 7.465
Tl 0.813 0.683 0.683 1,358
‘T2 0.952 0.801 0.801 1,590
T3 0.941 0.792 0.792 1.572
T4 0.941 0.792 0;792 1.572
TS5 0.952 0.801 0.801 1.590
T6 1.941 6. 792 oA. 782 1.572
':7~ 1,070 - 0.902 0.902 1.787
T8 1.251 1,059 1,059 2.090
T9 1.241 1,050 1,050 2,072
T1C L2610 1.050 1.050 2,072
111 1,369 1.162 1.162 2,287
T12 1,551 1.322 1.322 2,500
113 1.636 1.399 1.385 2,733
1l 1.690 1.446 1,446 2.823
12 1.829 1,572 1.522 3.055
13 2,064 1.788 1.788 3.648
Lé 2,118 1.858 1,838 3.537
15 2.139 1,856  1.858 3.573
L9 2.107 1,828 1.828 3.51%
L7 2.011 1.739 1.73% -~ 3,359
Pelvis 10.48¢ 16 885 16.865 23.364
9%

TN e e




Table 5,9, Rhesus monkey stiffness data

F O )

Axial Stiffness Bending Torsional :
Level (dyne/cn;'_x‘ ’1081 (dyne-cm/xad x 107) {dyne-cm/rad *}Qz}_ SRR
Neck 0.02 -\A""\g’.lo 1.70
T1 1.20 LS00 o . 1.30
: 02 1.10 0.00 N 0.80 L
; 3 1.10 Lso 1,30 '
| , T4 136 - 1.90 ' 170 .
i TS 1.50 220 1.90
? T 1.70 3.00 2.50 R
L T7 1.60 2,20 1.90 -
: 18 1.30 1.60 140
: T9 1.70 2,40 2.00
z T10 1.90 3.40 2.90
; T11 2.10 4.20 3.60
g T12 2.40 3.30 2.80
’ 13 2.40 3.30 2.80
iE Ll 2.90 4,80 4.10
12 3.10 5.10 4.30
L3 3.30 6.00 5.10
14 320 550 40
LS 400 90 SR
I 3.50 700 . 6.00
: L’ 4.00 940 8.00
i
; 95
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CHAPIER V1
SIMUIATIONS OF PRE-EJECTION PILOT ALIGNMENT

VI.1 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 ctewmén‘s Eolerance to acceler=-
ations experienced during ejection frcm-disabled high performance aircraft.
According to Bosee and Payne (1961), thé 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
crewmsn 15 slumped forward 6r sidewards in the seat, would Increase the possibility
of injury during ejection.

In this Chapter we will .onsider the pilot alignment phase of the ejection
sequence and will present a method for smalyzing the spinal response to loadings
encountered during alignment.

VI.2 Computer Modeling of Belt and Shoulder

The pre-ejection pilot alignmemt is accomplisheé via the powered inertia lock
reel which, when required, activates the restraining belt, forcing the crew member
into the eject position (Fig. 6.1). In the pre-ejection alignment models the belt
forces are gransmitted to the spine through rigld bodies representing the shoulders
and through the ribs. Based on the work of Eycleshymer snd Schoemaker (1970), {c
was determinad that the sagittal plsue cross-sections of the shoulders could be
approximsted as circular segments.

The belt forces are transmitted tc the shoulder rigid bodies and the ribs
through points (vhich we shall call contact poiats) which spproximate the shape of
the upper torso in planez parallel to the sagittal (yz) plene, 8.13 ca on either
side of the sagittal plane. Fig. 6.2 shows a typical contact point configuration

in s plane psrallel to the sagittal plame. Contact points 1 to j + 2 sre secondary
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1

Ry

nodes associated with the shoulder rigid bedy primary node, called SRB. Contact
points j + 3, to n are secondary nodes associated with ribs, Ri to R6, respectively.

Each rib has only one contact point, The inertia lock reel '(iLR) and tie down

point (TDP) locations shown im Fig. 6.2 are not draim to scale,

At each time step, ti, the location of a contact point, J, is given by

x, (5 = Xt ) +u e ) (6.1)

whera

X150 Xgy0 Xag are the global coordinates; (xl and x, Xy and y and x, end

3
z are used inlerchangeably)

u,;{ti.y) = displacements of comtact point J computed at time step t, 4.

Next a check is made for contact between the belt snd the contact points. Contact

between a posterior contact point (toward the s‘eét:back) and the belt is detemmined
by checking whether contact at that point would introduce any concav: kinks into
the belt, At all times, the position of the inertia 1oe1; reel (ILR) is given, so
this is devermined by checking the sigu of ‘the global x component of the cross
product of the vector from the {nertia lock reel to & possible contsct point and
1%, yvector fiom the fnertia lock reel to the nert contact point, as illustrated for
coutsct point 1 in Fig. 6.2, where the condition would be

- - % 0, belt does not centoct puint 1

4 { : (6.2)

> @, belt contacts point 1.
Contact between su snterior (chest side) contact point sud the belt is similarly

determined sG that no concava kinks exist in the “elt between the chest and the tie

dowa point, For axample, for contact point n in Fig. 6.2,

- . . 2 0, belt does not contaect point n
it(v3 x v‘,‘) { _ (6.3)
< 0, belt cortacis paint .

No force iz applied to any point which is wot in contact with the belt, so loss of

e ansary
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contact between the belts and parts of the £ Julder and torsc is possitle,
The force (in the plane of the contact points) on & typical contact point, for
example point J in Fig. 6.2, is determined by

FJ =T (°J 1Y J+1.J) ' ' 6.4)

whera T = belt temsion, and €y, 3-1 and eJ 41, are valt vectors along the belt as
shown in Fig. 6.2,

The global components of f?} are then given by

.T(J -1.J J-H_.lJ)_

. T( 3-1,3 "J+LLJ) (6.5)

Pn = T( J'IALJ + J”"qu)

where X 3° etc.

X3-1,0 T ¥g1
LJ = distance between contact points J+1 and J,

Once the global components of the contact forces have been coa:puted at the contact
pointe, they 2r¢ L.casformed ineo forces and moments ac:mg at the primary nodes
(mags centers) of the shoulder rigid bodies and the ribs.

The resultant force st a shoulder rigid body primary node i{s given by

RF, = £ F (6.6)

wvhere w = number of contact points defining the shoulder rigid body. The vesultsct

poment 6t & shoulder rigid body primavy nede iz given by

. T

wi=[ s g1 0T ] (6.6)
I= ,

where ~ : s

io‘ ‘z.l ,}-’1 ' .

od= 1z 0 =x | (6.8)
vy x, 0
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and ;I are expressed in the body coordinate system of the coordinates of primary
node P, and [A] ie the body to global coordinate system transformstion matrix for
the shoulder rigid body primary node P. Since each rib has only ope coatact point,
the forces and moments at the rib primary nodes are givem by Eqs. (6.6) and (6.7)
without the summations.

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 time integratiom.

The morphology of the interconnections of shoulders and spine {s rather compli-
cated. Furthermore. dsta on the various couponents of the Qt&cmective tissues
are not availsble., Simce forces in these interconnectors thamselves were not of
interest, they were simplified as much as possible.

The shoulder rigid bodies wers conpected by beas elements to T, T2 and T3, (see
Fig. 6.3), and the stiffnessas of the beax elements were chozen on the basis of &
parxameter study. The stiffnesses were varied so that when the shoulders rare. pulled
back, tbe spinal displacement would lag behind the shoulder displacements by a small
amount, but so that no snapback or overshoot in the spinal respoase was observed.
The stiffnesses of these elements and locstions of the contact points are 'given
in Table 6.1.

Vi.3 Pre-Ejection Pilot Alignment Hodels

In the following, we will describe how the spine wndels were prepared for the
simulation of the pre-ejection alignment runs. We will designate these models as
PAMX -Y, where PAM denotes Pre-ejection Alignment Model aud X indicates the fnitial
forward displacecent of T1, and ¥ (if present) indicstes an initial lateral displace-
ment, The models, PAM2, TAMNG and PAMO-4, were constructed from the {soleted, ligs-

wentous spine without ¢ vib cage, In DAM6, the entire model was included. PAM2
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Table 6.1, Coordinates of contect points and stiffnesaes of beam elements
connecting the shouider rigid bodies to vertebra T, TZ and T3.

P s adnaaist Lot

———

LSRB(I) primary node global courdinates (cm):
x = 8,130, y = -13,943, z = 42.900

Local cooxdinates (2) of contact osoints (CP)

cy b3 y z

1 0.0 6.447 2.725

2 0.0 4,221 5.583

3 0.0 0.864 6,946 A L
4 0.0 -2.726 6.448

5 0.0 -5.584 4,222

6 0.0 -6.947 0.865

7 0.¢ -6.448 -2.725

———

Global coordinates of left rit p. imary nodes and local

coordinates(3) of zssociated contact pcint (CP)
Rib X y z CP 4 y 2
L 2.556 -16.328 41,569 8 5.574 -2.871 -5.069
. Y4 3.380 -16.355 37,915 9 4,750 -2.245 -5.515
3 4.115  -15.548 34,556 16 6,015  -2.938  -6.374
6 5.121  -16.320  31.460 11 3,009 3,827 -7.033
5 5.548  -14.089 27,768 12 2.782  -3.535  -6.305
% 6 5.574 -12.958 24,478 13 2,556 -3.%960 -6.255
§ Stiffnesses of beadm elemsnts betwecn shoulder vigid bodies and TL1-T3
t ,
§ Axial: 5x 167 dyne-cm :
/
i Torsion: ix 101 dyne-cm ?
Bending: L kzez é
kl = 1 x 107 dyne-enm ;
.2 $
k, = 1= 10‘0 dyne-coirad £
(U sra = tefe shoulder rigid body 3
R :
(‘)Oxtgin located at LSRE pricary node B
(3)Origin located av primary node of rid i
The right hand side configuration is 2 mirror image of the left side. %
o
(Y éﬁ

RS s g v R AREFAN : . o . R e o T Ui A S A
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(Fig. 6.4) wos obtained by takiné the isolated thoraco-lumbsr spine model(Fig. 2,1)
and placing Tl 5.08 cm (2 in) forward from its unde{-mmed position, which
is approximately 9.3 cm (3.7 in) forward from the seatback. The remaining vertebral
bodies were them positioned so as to obtain & smooth curve for the spine, which is
shown in Fig. 6.4.

PAMS4 (Pig. 6.5) was obtsined from the normal configuration of the isnlated
thoraco-lumbar spine by a static analysig in wh;ch Tl was displaced forward from
its undeformed position by 10.16 cm. (4 in).,'The static analyeis then determined

the remaining vertebral positions by equilibrium, The initial location of Tl is

approximately 14.4 cm (5.7 in) from the seatback.
Tn PAM4-4 (Figs. 6.6 and 6.7) vertebra Tl was displaced & iluaches 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 rotstiug it forward about L5 until T1 was 15.24 cm. (6 in) foiward from its
undeformed position, This 1s approximately 19.4 cre (7.7 cm) from the seatback,

VI,4. Pre-Ejection Pilot Alignment Studies

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

.
B R

-Qith respect to the seatback, The reel is located at approximately the standard
height, 3.4 em (1.3 in) above the acromion. From Bycleshymer and Schoemaker (1970),
'the acromion appears tou pe approximately 2.2 cm (1.3 in) above the cemtroid of Ti,
while from Pansky and House (1964), the acromlon appears to coincide with the bottom

of T}. The acromion height in the spine wodels was tasken to be the average of these

A AN 330G s P s it 1 pp et
' P

two values. The tie down points are 8,13 cm (3.2 in) on eicher side of the pelvic

mass center. The force in each belt was zero initially snd increased linearly to

RY
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Figure 6.4. PAM2; Pre-ejection pilot alignment model with T 2" forwsrd
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Figure &.8. PAMH; Pre-efection pilot slignment model with T1 6" forwerd irom

the norasl position,
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2.22 x 10 dynes (3500 1bs) in 150 msec, for a combined belt force of:z.és x 10°
dynes (1000 1lbs) at 150‘nmec. ' . T

The models PAM2 and PAM4 were used in this study. Figuteé 6.9 and 6.10 show
the 0, 50, 100 and 150 msec pilot configurations for PAM2 and PAM4 f?speé&ively.

Table 6.2 compares peak axial force and ssgittél plane bending moment magnitudes

for the neck and intervertebral discs T3/T4 and L3/L4.

VI.4.2 Study 2,

Study 2 considers & nonsynnncfic initial configuration. PAM4-4 was subjected
to the same pre-ejection belt force as that in Study 1. Pigures 6.11 and 6.12
depict the 0, 50, 100 and 150 msec pilot coufigurations, sagittal aad frontal plane

views respectively. Two features of the madel 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 motior of the gpine
because Coulomb frictional resistance is not modeled.

VI,4.3 Study 3.

Here the effects of changing the 1oca§ion of the reel were studied, .Tvo uns
were made, one with the reel 2,2 cin (0.9 in) below the staadard height, and one :
with thg reel 7.2 cm (2.8 in) below the stendard height. The wodel used was PAM2
with the mass ceater of the head shifted slightly closer to the seatbsck than in
Stady 1, The tie down point location, belt force time history, and shoulder rigid
bodies orientatios were the ssme as in Study 1. Figures 6.13 and 6.14 show the 0,
50, 100 end 150 msec pilot configurations for the reel at-50.8 cm and 45.8 om
Qéspactivéﬁy. |

VI,4.4_ Study 4.

Heve the effects of removal of a éqrtton of the sestback was considered, The
model used was PAMZ, The reel height was 0.9 ie below the standard height snd the

tie dowr. neint location, belu force time: history and shoulder rigid bodies orien-

. 113




e R U

L e A et i S EACAR

(01 % wo-204p)

-

Jupmon SUIpudg

k@.m.n L6* 2°1 z°1 6°0 ouwid 1e33. 898 yi-g}
; : | 01 % saub) |
.Nm,.wu nw.mu A4 681 8761 #2203 yeixe -0
: (01 % s-auhp)
. suampn Bujpuog A
66° 4G, . . . . 3
| g LA | 61 Z°1 ousld [w33tBes wi-gl -
Amoa X @o-sudp)
39762 Y91 1712 L § %791 02203 (eyxe 1L-£3
(401 # wa-pusp)
. , . Juawon 3ulpuag
L 23 S 8¢ L€ 9°z  @upld 193373¥s yooN
| (,01 % soukp). |
ﬁopoa L9°¢ ' 2¢°6 1A S 26 32103 1®JAe A20H |
‘38 ‘p3S moied ‘3H "pag mo1ed ' 3Jees 3joan)d 3 - -
: _ DIAEE 4
uj 872 199y ¥ 6°0 1999 | THYd 3y3joy ugmwwz e
RV THvd

paepue3s 3g 199y

piepueis 3@ jvey

% 03 1 ¢37pn3s JuswyBjiy uoj3onfa-aig .
103 sada04 teuaazul jo sapnljuBel Rwad ¢°9 o148,




“9-yWvd 30 osuodsea aueld (eIjBes :z Apnag ‘{19 #andiz

{
; !
3 i
L . . W
% v ool
g : i
<,

. B . ol v
ce k;\..cﬂﬁuﬂ... 15y

AN
N
w : ,~ ) ; R 1Y M
f f . \\ \ t ,.~_ !
7 ’ f/. \\ d : A w
A ~ IR
o i
\
E‘g o i et N Mr el et e e e s b i gan - o b e . .

R
&
£




SRR

EUNE R AL

TEVRAE B

*H-Y1HVd 30 9suodsaa suvid ywanoal

‘gz Apmag

\

"Z1'9 aanyd

ﬁ U0 GBI w14
by puo 15v

p—

g
g
L, )

U0
150100 GUSY
# $uDLg 101U
3

[22EETY 4]

eusyT
\ .

LT WOHLDIULDD

M 0¥y {189
subiy pun jawy
W0y

—

N

el r
.~\”

£o1p0m prbgy s9pANOCG
14 pun 3 7
* SUBY ‘BYSY

S(uivg 1001U0D GUST
$0 suByd (ol

A \\
»
[ 220 T ]
T~ QY87

<
L
]

RS et A e e St <o T M




U89y paepuels moTaq Wy 77 IUBTIY 1993 ‘zuva 30 Svucdedy g Lpnags 'gi'g eandig

e T Mttt # Mo i, e e

va - B .mbk a J
(1> Ty .
ﬂ > SiuKg UM 1) Ay . |
: rbr\ ;
4 ﬂ M\A \.Mf - M
: w
4 |
.
- 1
PPRILUAY SALPOP ;
#ibty sepmong
Mv. A AL s : N
K G S
m.,\ . . w’ ety
i e voninoen (V8-
e ~ T
; N\, ~ B
; g . Y 9O ey
g \ ~ — 3 GEOPUDLS
/_.. :
B e R . P e b ety kit § §
B T S SN e e AUH.('.«?’? PRI AT e L e PRI




°34339y pavpuels

AO18q wo z°L IBIY 1983 ‘ZHyd jo esucduay

- \\. ./a
v/ _ v !
S A N
|
Y .
/r

Cea g .

P .

‘e ApRag ‘e1'9 wanlyg

..l

i, it

/
L2 SR LT

PN serpOg
Py esppayy

NIV P T RS

B
Ny pivpan;y

R i LR N A A A




o ems e =

i m— e

tation were the same as in Study 1, The seatback was ":ut-off" betweeen T5 and T6
so that the head and vertebral bodizs T1-T5 were frese, ¥!gure 6,15 shows the 0, 50,
100 and 150 msec pilot configurations, o

VI.6.5 Strdy 5,

In study 5, PAM4 was subjectéd to the balt force tiﬁe history shown in Fig. 6.16,
The continucus curve is that of AMRL vetraction test run No. 93 for which che retrac-
tion distance was 6 in. The reel is loczced at the standard height ard the tie down
point location is tht same ae in the previous studies. The shoulder rigid bodies,
which aré aliéned symmetricgily with respect to the sestback, have been refined to
more closely approximate the éhape'bf,thé'éhoulders Qnd are modeled by 7 contact
points per shouluer rigid Scdy. Although the shape'of the shoulder rigid bodies is
approximated as & cireular degmeat, this shoulder rigid body is more ;efined than
those ured in the previous st.iles a.d the radius was chosen to agree with the
actual physical dimensions. Fignre 6,17 depicts the 0, 50, 100, 150 and 200 msec
pilot configurations. Table (.3 iists the pegk sxial compressive forces and sagittal
rlane benﬁing moments and the approximste times at which they occur.

VI.4.0o_ Study 6,

In the final study, the rib cage was included, and belt interaction with both
the shoulder rigid bodies and the ribs was considered to investigate the effects of
belt force transmission through the rib cage. The reel and tie down point locations
were the sawe as for study 5. The belt fore2 time history is again that shown in
Fig. 6.16, Figure 6.18 is a photographlof sun initial piler configutstion used for the
AMRL retraction test run No. 93 for which the retfacgion distance was 6 in. The
initial pilot configuration used in this 3tudy; PAM6 (T1 6 in forwsrd from its
normal position, 7.7 in forward from the seatback), eppears to be similar tc that
shown in Fig. 6.18. but the photograph only gives a rough idea of ‘the spine's

initial configuretion, Figure 6,19 shows the 0, 50, 100, 150 ané'?oo msec pilot
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CABLE FORCE (LBS)

=== Simulation Force.";j_
. —— Actual Force

100

50

00 500 700
TIME IN MSEC

T{gure 6,16. Belt force time history from AMRL retraction
test run No. 93. Dashed curve is belt force
time higtoxry used in Studies 5 and 6,
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Table 6.3 Maximum internal forces for
‘pre-ejection alignment study 5.

Maximum Time of Moment Maximum Time of Force

force max. force at moment max, moment at
Level F t(F) t(F) M t(M) t (M)
LS-L&4 16.13 128 2 7.90 171 g8
L4 15.76 126 s 9.76 142 4
L3 16.18 130 6 10.38 138 10
L2 16.77 130 6 8.23 12 4
1l 16.66 130 5 8.48 110 1
T12 14.13 128 3 7.96 110 1
T11 13.13 143 6 7.77 169 2
T10 11.56 143 1 9.34 108 1
19 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
15 12.41 116 5 13.15 185 3
T4 11.75 111 9 11.00 108 9
13 14.01 115 17 17:43 112 11
12 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 107

Time in milliseconds

Moments in dyne-cm x 107 '
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configuretions. In Study 6, the injury potentisl function post processor (see

Chapter IV) was available; Figure 6.20 gives the injury potential functicn for this . |

study. ’ . ' o g

VI.5 Discussion of Pre-Eject:lon Aliggg_n_t: Studies s

Before considering any: :0f "the" pre-eejeetiqn}gﬂ.a; :alignment studies individually,

some comments on certain aspects of modeling should be made. Iin all of these ;

studies, the neck is modeled as a single beam element conmecting the head directly

to Tl. The flexibility of this neck elman»t,_:esults in exaggerated motions of the

s aitirreht Whe g B ST

head, leading to excessive rotation of Tl. This :ls .particularly evident for the

Sl

cages with T1 more thag 2- in forward “Erom ;tt:s nomal position (e.g. studies 5 and 6),

The muscles of the neck would distribute the head inertial effects over a larger

Soomrlnvetd Wl Lk

pai:t of the torso, thus reducing the moments at Tl, Furthermore, in the earlier

studies, the belt forces were transmitted through ‘the shoulder rigid bodies omly
to T1, T2 and T3, further increasing 'icr,;,a'@@%heu vertebrae,

In the imitial studies, ;t:he coﬁl;i:i:'ed belt force was too high, because more
accurate belt force time history data were not yet available. Therefore, rather
than trying to predict injury poteantials for studies 1-4, we coucerned ourselves
primarily with the gross effects observed in these studies.

It can be seea from Table 6’2?- that whtn T1 4s & in, forward (PAM4), the meck . .
axial force and sagittal plane bmding woment increased about 40% respectively ovar. “
the 2 in forwsrd imitial configuration (E&&). ‘I‘héf;\jgial forces in the T3~14 and

L3-14 discs were affected very lictle.w The sagittal plane bending moments at thes§

U TR S T LA VRR

levels increased $8Y% and 33%; raspectively. Thaaef ”in&eases in sagittal p-lame

bending mommts can be et:c:ibuted to mcreaae& inertial atfects of the bead-heinet

mass. Comperison of the 150 wsec configurations of PAMZ aﬂd PANG shuwo that the . | ?

upper thoracic regiop of PAMG exhibits considerably more sagittal plade curvature
thaa PAM? .
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The results of Study 3, which considered the effects of varying the reel heig&t, )
are presented in Figa 6.13, and 6.14 and Table 6.2, Lowering the reel height from
0.9 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 shoulder rigid

| _
body centroids increased, causing the crew member to be pushed down thrqugp\the

P
-\J‘ { L é

shoulder rigid bodies as well as back into the seat.

w ¥ i

When a portion of the seatback was cut off so that the head and vértébrél

o
i
P

bodies TI-TS do not contact it, the forcesksustained by the spine 1ncre§sed -f?
dramatically. If we compare the results listed in Table 6.2, we find that the peak i
axial forces in the neck and the L3-L4 disc are dncreased by 63% and 86% respec-

tively, and the peak sagittal bending moments are increased by 406% and: 20% tﬁsp&c-- 

tively when the seatback is "cut-off", The pesk mid-thoracic axial forces and
sagittal bending moments are increased also. The 100 msec pilot configurastion,
Fig. 6.15 cortespbﬁ#s approximstely to the time of the.peak neck sagittgl-ﬁending
wmoment, In this configuration, the upper thoracic region has been pulled back overif
the top cf the seatback while the head-helm8t wmass is still slumped forward. 1
The results of Study 53, depicted in Fig. 6.17, show far less curva@urg.qg the
- spine because of the reduced belt force levels. This is due to the improved
modeling of the shoulder vigid bodie;, as well as the considerably lessrsevere beltff
foraéAtime history. If we check the internal forces agsimst.the injury-criteris
presented in AKRL-TR*?G-IO. it is found that intemal force levalé in the spine
(T1-L5) are wall below injury levels,
The inertial effecks of ehg-heaé—heluéa'aass are particulaciy g%ident;én the
150 and 200 msec pilot coﬁfigur&tion of Pig. 9.19 from Sn§d§ 6. Except for large
, forward rotations at T1, the apine ag?ehta v hehave Guite well, The 190 &nd 130

weec configurations sppesr to indicate layge dowewavd rotation of tha rib cage

velative to the spina"éue.to'the incressed vurvature of the thoracic rigica of the

e meare g a
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spine. This difficulty srises becsuse there is mo obsttuction to downvard votation '
_of the rib cage in PAM 6, the inclusiogdgf‘;hgég?dgg;ggé<yiscera in this model
would limit this downward motion, e e e |

It may be of some interest to note that the 150 and 200 wsec coufigurations of
studies 5 and 6 vespectively, are very similar in,sping;‘alignqgnt excepttfbshﬁhe .
largerugoryard_rotgticps at Tl in Study 6. In S}udy 5, the belt interacted only

with the shoulder while in Study 6, the belt also interacted with rib pairs R1-R7,
It 1is observed that in both cases, the spinal configurations when the aeat is

contacted are similar. From Table 6.2, it can be seen that including belt inter-

action with the ribs has the effecc of reducing the campresaive forces in the

lumbar region, and although the sagittal p‘sne bending moment is somewbat 1ncreased

in the Iumbar region, it appears to be distributed oore uniformly along the spine.
F;gure 6,20 depicts the injury potential function IPF, for Study 6. All the.

vertebral bodies (particularly in the lumbar region) are well below the injury level,

The vertebral body T1 has not been showm because of the unrealistically high

neck woment.

‘In>9uimary:

1) The forces caused by pre-ejection retraction alone are not sﬁfficiaat to
leaé to lower vertebral injuries- ho&evet it does 1uduce curvaturé of the lower
spine, and the studies of Belytschko, et al,, (1976) have ahovn that incteased

curvature leads to increasad force levels in ejection.

2) The forces and initial Curvature are ncreaseé a8 the reel heigbt rvelative

to the sbaulder is decreased.

3) Isolaced spine qndels can reasonably vell reproduce the results of the
wore complex wodels. - _
4) The forces snd curvatures in the supper spine are strangly affected by Pha

motion of the neck snd spine, so imprﬁved models of the nack are needed to obcain
a complete picture of the reaponaa.
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BJECTION SIMUIATINS

Vii,1 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 componént:s of the model, such as the

viscera and seat bel;;, especially with respect to the force levels in the spine
and the curvatureg | - | R
.2) to compare the results ;sf models which have been matched x;ith experimental
impedance data with the previous models In Belyﬁschko, et.’.al., (1976); |
:- 3) Ato compare the results obtainable from models of varying degreée of com-
plexity, such as the simplified spine model, SS¥ and the complex spine model, CSM,
in ejection simulations. | |
i.One éf the goals of the second ;)bjectivé was to observe the effects of para-
meters which must be chosen quite arbitrarily in a simulatiom, such as head |
positions. It should be noted that some of these studies were wmade before ﬁut final
viscera data was completed through the impedance studies, |
Except where noted, the acceleraéion profile used in 8ll of the s;\sdies has &
rate of onset of 714 g/sec for 14 msec, snd then @ constsnt geceleration of 10 g for
65 msec, for s total duvstion of 80 msec. After 80 msec, the accaleraciﬁﬁ vaﬁistses..

The acceleratica vector is perfectly wertical (42) for sil runs. Inm all csses, the

problems are treated as three dimensional, although a two dimensional represeuntation

would often be adequate. The explicit integration scheme was used with a time step

of 10'& seconds, thus requiring 800 tiwe steps for & solutiom duraticn of 80 msac.

VII.2 1Isolated lLigsmentous ‘Spine Model

Vi, 2.1 Unrestrained Ligsmeatous Spine Hodel

The first two simulations involued the isolated ligamentous snine wodels
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(ILS and ILSV from Chepter II) and considered the effects of the secondsry column,
uhich represents the ribs in the é_hépaciqff@ip@aﬁd ::'l_iéf'éiﬁcera in the lugbar
region, on the transmission of the acceleration induced forces along the spine.
The seatback was included, but the restraint system was mot. Table 7.1 gives ihe
peak intemal forces for theAsimulaéion without and with the secondary colutm;
Fig. 7.1 depicts theAinicial an& 80‘msec pllot coufigurations for éhe simulation
without the secondary eolum whilg ?ig. 7.2 depicts tha-SO msec pilot configuration
with the secondary column., The initial pilot configuration was the same as in

Fig. 7.1, | ~ :

From Table 7.1 we can see that including the seconda: columm csuses a slight
increase in the axial coupressive forces, while the sagittal plane bending moment
is reduced considerably in the lumbsr region end increased slightly in the mid to
upper thoracic region. The secondary colume is a simplified represeatatiocn of the
secondary path of force transmission provided by the viscers and ribs, Wheﬁ it is
absent, the spine and its associated ligaments are the only path for the entire
ioad. Lucas and Bresler (1961) demomstrated that the statie fruntai planc buckling
1oad for aa isolated ligamentous spine coastrained agalost sagittal plane motion
is 2 x 106 to 10 = 106 ﬁyues. The sagittal plane bending stiffness is somewhat
lower than the fton:al‘ylane bending stiffness due to the segittal plaue curvatuteé.
This would fudicate a _Ievér static ssgittal plane buchkling load., Sincae the exiazl
compressive forces transmitted slong the spine during &n éjeetion‘siuulatimn are
several orders of magnitude grester than the frunsai plane static beckling locad as
determinu. by Lucas and Bresler (1961) one would expect a respouse such as
depicted in Fig. 7.2 when t.e sccondary path of load transaissioé is aor iacluded.

One resuit that way sppesr contradictory et €irst is that the axial load s
yoeduced when the gecondary celuma ie not ifncluded. Howaver in the absemece of a

secondary column, the vertical acceleretion of the head and upper torso arc reduced
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designsted vertebral level

‘ , ’rable 7.1 Comparison of peak internsl forces for
t h ejection simulations wich and without
R ‘ ~ secondayy coluqn(uo restraint syatem) .
- : Level‘l) . wxial force. Momeat
denes 5 x 108 dyne'-cm x 197
without with without = with
L5 292 -3.41 -23.80 -6.48
17 ~2.46 -2.76 20,60 18.76
13 -2,3 -2.87 47.64 . 28.18
L2 -2,07 -2.73% 57.87 25,96
! Ll -2,03 -2.40 36.45 22,56
T2 -1.91 -2,27 -14.12 15.78
Ti1 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
T§ -1.58 -1.95 -25.70 -27.90
T7 -1.38 -1,87 -18,91 -25.96
T6 -1.27 -1.47 -9,89 -22.78
5 -1.23 ~:.25 -3.63 =12.49
T4 -1.17 -1.19 3.10 8.39
T3 -1.02 -1.06 7.66 16.21
T2 -1.05 -1.06 6.57 11,03
11 -0.80 -(2.91 7.29 8.14
Neck -0.86 -0.86 -9.85 -9.98
(uﬁefers to disc below
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Figure 7.2. 80 msec pilot confipuration for gj-“%iﬁa'siﬁﬁfStfﬁaiﬁY LS
with secondary celumn; without restrsining system, :




considerabxy in nhe first 80 m8es because uhe excaaaivaly ﬁlexiﬁle spine acts as s
"shock" absorber. Thus, while the secondary colum ‘carries a significant part of

the load if the upper torso is constrained . its net effect’ 13 to increace the agial -

.o 13
N .

load for an unrestrained simulation, D ’ f o oo

VII.2,2 Effects of Restraint System

To observe the effects of a harnass and seatbelt on the r&speﬁse of the 118
model (with the secondary column), an ejection was simulated with the harness wodekd
as tensile springs from the seatback te Tl, T2 and T3 and the seatbelt as a teusilé
spring from the seatback to the pelvis. This sinulation was run for 3200 time stéps
for a duration of 320 msec. Tahle 7.2 lists the peak internal forces -and Fige. 7.3
and 7.4 deplct the 0, 4C, €0, 80 and 120, 160, 240, 320 wsec pilot configurations.

As expected, the restraint system has very little effect on the axial forces
since it serves primsrily to reduc: lateral motion. The sagittal plane bending
moment is almost unchanged in the lumbar re-{on, but is reduced considerably in
the thocacic region (e.g. reductions of 19%, 38% and 5i% at 79, 75 d 11,
respactively during the first 80 msec). The geatbel., as modeled, appedrs te have mo
observable effect ov the roIponse,

It is noteworthy that some of the peak forces ceeur after the seat arceleration
Bo€s to zero. For convenience, we will refer to the firet 80 wmsee and the remaining
240 wsec of the simulation as ATl and AT?, vespectavely. Guring A’I‘2 the axial forces
become positive, Indicating that & tensile wrre is induced by the seat wccceleration
dropping off to zero. Tﬁe pg&k sggiteal plane bending moment magnitudes a: levels
L3, T6 to T! snd she neck occuf_&ur!ng éTz. For Té to T3, these values are sn

avefage of approximately 100% grester than tua respective peaks duiing AI + The peak

- neck womsmt during AT2 15 approximately 4.6 times that during QTI 1f we take the

fment invil To s given spproximstely by the average of the womenis in the Ti-T2

dise snd the neck, this would yield valuas of 4.92 x 107 and 16,98 x 107 dyne-ca
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Wt T@ble 7.2 ?eak 4nternal foreys - for 320 maec ejection

. simulation of ILS model with aecondary column

o R andgﬁxastrmnﬁ (SYREEm,: i Laodt  Lidnlade Vol
B S 9 =
Leve].(l) AXj-al Force ent dyne.cm x 10 3 MR ekt 3 i,}i;g);}" :‘;xi‘ii!,i
dynes x 10
R pates *mp—p T AT N T2 +,

L3 =3.41
-2.75

12 -2.63
71 -2.29
- 2,25
. -2,52
L Tea23
9  -1.80
8  -L.7
17 .1,75
6 . ~1.37
15 -1.29
% -1.15
3 -0.83
12 -1.17
11 -1.15

Neck -1,08

14
L3 S oe2.87
12

-8.34
18.77
'1“328.09 LT I R e Ty T
o 258,99 0 ol B L TR S
22.54
18,27
"{:-17,.'26 AR NT I PR , TR S
s m200830 T v R ey e e e
. =20.36
18,23
-15.55
5,70
7.70
6.60
-3.72
-5.43
-3.64
6.20

12.61
127
12.81
-8.55
6.9
=5.48
28.46

(1)Refet9 te

disc below designared vertebral lavel
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SR

foi¢fAT1‘ ‘:ihdﬁ-'h'i’iéi respectivelyy-or sn increase ‘o8 '350%,° i ” * ST ,
Assessing these results with' the injury criterfon”indicates that ‘althbugh the ' =
combined thomesit’ and-axial ‘Force Wiresses for thoge levels ‘discuzsed ‘above are betow'
the failu¥e values for the entive’duration, st Tl 'the possibility of injury ds "~ "'
quite high. It must be kept in mind however, that' m”thisjmel--'tha neck is modeled™
as a single beanm element betWeen the head snd Tl and considers neitbes’ the effects -
of the soft tissues mor the muscles, which would most likely sérve to reduce the
magnitude of thé neck moment tranmsmitted to Ti. The modeling of the harmess by
springs ‘connected directly to Tl,'TZ and T3 also fails tu account fox the much less  *
severe distribution of restiaining forces through the slioulders and rib cage and -
associated soft tissues. - A larger amount of damping in the wodel would also lower * ~

the 'Force levels during AT,. "This simslation demomstrates ihat the imtroduction

2
of a restraining system decreases the flexural response of the Isolated Ligamentous
Spine dutring ejection, and permits the pilot to remsin upright. The larger duration
time allowed for observaence of longitudinal end flexural frequencies of 18.and 10 Hz
respectively,

VI1.2.3 Increased Luwbar Stiffness

Belytschko et al., (1976) noted ti.t If the pveloaded state resuiting from body
weight is taken to be the roferemce point, & linear approximation to & lumbar disc
load deflection curve (above the pre'oaded state)’ res‘ﬁl;s ia 8 larger stiffness
than from the unloaded stata by approxiuately 33%. The previous simulaticas did not -
reflect this value, so & run was m3de with the ILS model in which the axial snd
bending stiffnesses of the lumbar fntervertebral dises wera multiplied by 1.333.

The sicuiation wes the ssme as that provicusly described except for the incrsesed
lumbar disc stiffnesy; the durstion of the simulation is §0 msec. |
It wag determined that the change in the axfal force peak mugnitudes ie essen~

tially negligible vhile tha peak sagittsl plsae bending woment wmagnitude ig primarily
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increased in the lumbar region by su-:average of approximately: 20%.fov: Llrta.LS), "!l‘i:&ﬁi*‘
the sping configurations were unchanged. Thus ingcreasing the luwber, sciffness by-

_33% had negligible effect op the spinal.response, During thig §imulation, he. . rmws

maximum comhined force in the spring slements representing, the, shoulder: harngss .. ... -
was, approximately 1.65 x. 10 dynes (370 lbs).. = ... |
V11,3 Ligamentous Spine with Ribs and Eydrodynamic Vigceral Representation

Vii.3.1l Normal Configuration

Alp Gz ejection simulation with acceleration profile aud vestraint. system.as.. .
described in Section VII,2 was rug with the ligapentous;spine with.ribs and hydro-.. ..,
dynamic visceral representation (CSM from Chapteyr II), . Table 7.3 8ives
the peak intermal forces, the peak visceral pressures, and the pesk harness forces , .. !
respectively. Fig. 7.5 depicts the initial, 40, 60 apd 80 msec pilot configurations .
respectively.

.. This simulation was exactly the same as the one in Section VII.2 {for the first
80 msec) for which the results are given in Table 7.2 and Fig. 7.3. Comparing
Tables 7.2 and 7.3, a small increase in the axial force is noted. The peak sagittal
plane bending moments show considerable reductioms. Ia the. luzhar and thoracic
regions and the neck, they are reduced by averages of 65%, 52% snd 21} respectively.
As can be seen from the 50 and 80 msec pilot configuratioes, Figs. 7.3 aand 7.5,
the curvature of the limbsr regicu is less for the hydrodynsmic visceral represen-
tatisn than for the secondsry column vepreseantation,

Table 7.3 indicates a variation in peak preseure values froa 4.96 x IDS éyne[_anz
in the loser portiocm (PéLEIS-ﬁ) of the viscers wodel to 2.51 x losayaagm? in the.
upper portioa (L3 to the bottom of rib pair 10). Hoxris, et al., (196l), ueing
interabdominal pressure traansducers, determined an sbdominal prcssure-of 2 x ms
dyualcmz during weight lifting experisents, In 3 dysamic environmant, wecsa expect

response magnitudes of up to twice the cosrrespouding static pressure. Reace,
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- Table 7.3 'Peak ineernal forces for ejection
simulation of the CSM

.;1(1) o Axial force

A Adoment ‘,” 9

S . - S

. Tl0 SR
¥ 419
| Lol om
} = B o
6
: . TS
T4
, T3 i
2 T2 -
i o T -
v Neck
Leval
, Lover(Pelvis - LI) SN .
; Middle (L5-13) o ~4.06 I
Upper (L3-bottom of -2,51° - , ‘
_ A rib patyr 10y 7 ." 'ff f o A BRI
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Figure 7.5, Configurstions at 0, 40, 60 snd 80 msec for ejection of CSM (normal configuration), .
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Vi1.3.2 Rffect of Variatian in Havuess location

- comparison with ‘the Nbrris, et al. reault indipa;aa,the_peak visceral pressure

:i“

values observed’*’ﬁa thite’ Wibulation hte icasonable.’ The cmained peak harness force

is 9.52 x 1o dynes (214 1bs) in: this eiumlation. RS

In the previocus eimulatiohé;'the harmess was attachédito the seatback at the
undeformed height of Tl. To se; égw a chisnge in veel height affects the response,
an ejection was simulated with-the initial reel height at the undeformed height of
T4, thus lowering the reel height by 6.3 cm (2.5 in). Table 7.4 gives the peak
internal forces, the peak viscéral(pressuraa, and the peﬁk harness forces
respectively. Pigure 7.6 depicts the initial, 40, 60 and 80 msec pilot config-
urations, respectively. ) '

Compatring the results listqd_iﬂ Tables 7.3 end 7.4 indicates that lowering the
reel height from Tl to T4 hai the following effects: the axial forces in the lumbar
and thoracic regions are increased slightly while the axiel force in the‘neck shows
a small reduction; the pesk sag%ttal plane bending moments undergo neg'féible change
in the lumbar and lower thoracic region but incresse an average of 70% from T8-T4,
decrease by 404 at T3 and T2, and increase by 80% and 100% at Tl and the aeck
respectively.

The peak visceral pressures snd the total peak havuness force shoﬁhvery‘little
change, although lowering the reel did change the distributicn of the iiarness force.

VI1I.3.3 Variation in Head/Helmet Mass Center Location

To observe the effects of change in the hesd-helwet wass center om the intewnal -
force response, sn ejection wis simmulated with the hesd-helmar wmascs center movad

forward from its normal location by 4 in. The simulstion time wes 80 sec.

Table 7.5 lists the peak interual forces and visceral pressures. Figure 7.7

depicts the 0, 40, 60 and 80 msac:piiét configurations. Figures 7.8 and 7.9 show
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i oo gable Tob Peak internal Forcas fot efection stmulstion = o |
‘ _of CSM with veel located at the initial lewvel..... . ... ...
i, of_’ T&( PR SO e ERRY BRI Lol K IR0y Sl B v -

La."el(l).. Acial foree .0 . il ~Moment S . o ouwh 0E oL N owg

dyne x 108 —

S rdy_s‘ne_-_cm X 10.9 . JEET T
-3.31 T ¥ A

310 7.8
3,07 o 10.85
-2,95 - S 10.02
_ -2.79 8.58
T12 -2.69 - 6,70
111 -2,53 - -8.43 .
T10 -2,54 . »10.08 : . 3
T9 -2.42 -8.65

T8 -2.70 13,01

7 -2.3% ~9.%3

6 S -210 : © " -6.36

TS -1.76 -6.48

T4 -1.74 -3.96

< -1.3% | 1,51

T2 -1.644 : 1.58

1 -1.19 22 . S
Neck -1,04 9.93

+

EREBEERER

e T ot St e Al A i ot gy

Level ~ Pressure (dyne/caz X 105)
Lower (Pelvis - L5) . ~5.26 :
Hiddle (L5-L3) ' -6.38 S :

Uppexr (L3-bottom of -2.57
' rib pair 10)

Level - Restraiming force (dynes x 102)
Pelvie (seatbeit) o 9,69 ' '
3N
T2 (haxneas) L 9,57
T,  3.30

- . 4,81

(1)Refere to disc belowr designeted vertebrsl level
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Table 7.5 Peak internal forces for ejection simulation
of CSM, head/helmet mass -znter woved 4" forward

Leva 1< 1) Axial foree ' Moment

8

dynes x 10 me~cm % 108

325 . L 409
2,99 o ' 7.58
-3.90 T 10,56
-2,88 9.63
-2.62 8.22
-2.46 -7.42
2,47 -8.51
-2.41 -10.10
19 -2.18 -8.67
8 -2,33 -11.73
17 -1.88 8.8
16 -1.67 | -8.89
75 -1.33 -6.80
T4 -1.36 -6.41
T3 -1.14 -5.69
2 -1.06 -9.11
1 -0.88 -10.00
Neck -0.80 -39,72

Level _ Viscaral Pressuse (dy'ne:’cm',2 x 105),
Lower (Pelvis - LS) -3.02
Middle (15-L3) -4.5%

Upper (L3-bottom of ~2.67
vib pair 10)

v{nRefets to disc below designsted vertabral level
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Figure 2.8. Axial force response in the S<L§ and L1-T12 discs and the neck for
ejection of the CSM with hrsdibdlebt wass centay woved 6 forwerd.
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selected axial force and sagittal plsme bending soment time histories., The pesk
axisl compressive forces were very similar to those observed in»the previcus
simulation with this model. There was some decreasse at Tl because ths head

moved forward, so"its‘verticalxgcceleration was reduced. The pesk

sagittal plane bending moments from thé 1gmbar to the mid-thoracic regio; ara aleoJ o
not significantly altered from previous regulte., 1In the upper ggg:&cic gesiau -
{T4-T1) and the neck, the peak moments aré“incréaéeduéoﬁéi&é§;$1§. If w; take the f;
axial compressive forcé and wmoment in Tl to be*;hg“avefages of the qﬁantities in 3%
the T1-T2 disc and the neck, 8.4 x 107 dynes and 2.5 x 105 dyne-cm respectively, -1
then the injurylcriteria of Belytschko, et al., (1976) indicates that the stress %;
level in T1 is well above the failure criterion. The 80 msec pilos configuratian,?f
Fig. 7.7, demonstrates that the deformation of the uneck is quite aevere;

The pesk visceral pressures in Table 7.5 are little changed fiom previous
simulations. This is expected since the axial forces and moments in the iumbar and;
lower thoracic region also showed lirtle change.

From the ejection simulation presented ir this ead the previous section, we may
conclude that (1) the increase of the curvature of tite spine is reduced considerably
by the introduction of & restraint system {i.e. harness and seatbelt), (2) includiné
a detailed representation af the rib csge and viscera also increases the stability
of the spinc: (3) the intermal forceg,'particularly the sagittal plane bending
woments, are sffected by variatione in inertisl reel height; (6) a variation in

initial head/helmet mass location can lesd to substential increanes iy sagittal plane

banding momants and forward motion of the head; (3) the axfal forces predicted by

the model seem quite independent of these porameters.
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V3¥1.4 Comparison of Ejection Reegonee of SSM, ILSV and CSM

The SSM wae developed to redune the computetionnl effort o£ various simnletiousl
by replacing various groups of elements from the more complex models by single
elements, We haﬁe'elfeady sh6Wu the siﬁilarity of the S8M and ILSV impedence cervee.
In thie 3ectxon, we w111 compare the SSM response in ejection to the ILSV and CSM o
medele.

An e}eceion eimuietion wae run with the 5SM using the standard +§.0Gz acceleraeion
profile &eecribed in-Section VII.1, | A reetreint system was 1nc1uded consisting of
a eeetbelt, modeled as a teneion only spring between the seatback and the pelvis,
and a harness msdeied as ‘a tension only eptiug between the seatback and Tl. The
xeel he gﬂt was the initial height of T1, The ejection enviromment of the SSM was
therefore identicsl to ;he CSM ejection.eimulation discussed in Section VII.3.1,

A similar ejection simglation was run with the ILSV, The imitial SSM and ILSV con-
figurations are'thefnormal configurations shown in Figures 2.7 and 2.4 respectively.

The damping psrameters of the §SM and ILSV were adjusted so that the lowest

spine axial and bending wodes and the lowest visceral mode sre damped by 10%. This

is consistent with the CSM for which the lowest spine axisl mode and lowest visceral

mode are also damped by 10%. These damping levels are lower than those determined

in the 1mpedgﬁce_gcu¢y* Justification for loﬁerins the S8 and ILSV damping

velues . is ' based on the wori of Vykukal (1968)., Vykukal exposed four subjects

n o gemi-supine position o & vertical acceleration of * 0.4 in a frequency range

“from 2% to 20 He'combined with linear accelerations of l, 2% and 4G. He reported

that the impedsaeee of the:sebjects-iadicated a dectrease in demping with an increase
in sustained acceleration.

Tables 7.6 and 7.7 compsre the peak internal force responses snd viscersl
pressures of the SSM, ILSV and CSM during the standerd ejection enviroumeunt. The

peak axigl force in an SSM element i{s compared with the average of the peak axzial
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forces in the correeponding discs of the ILSV aad CSM.‘ The peak SSM moments ere :?
taken from the upper and of che element. For exauple. che peak moment for eleqenf
L3-T10 is taken from the T10 end. Thia is compared te the peak mnmant at the"
superior end of the specified disc of tbe ILSV and CSH. The peak viacerel pteasurea_
of the SSM visceral elements is computed by dividing the peak internxl force of the ’
element by the average cross-sectlonal area of the element, Hence, this is actually
the peak visceral element stress, The cotresponding value for the ILSV is the
average of the individual peak stressas in the noted ILSY visceral eleuente. V

The peak axial forcee; moments and visceral prcssurée show good overall agreement
both in magnitude and distributioﬁ. Someiéiaciepancj'reaulta from theilumptng of the
masses in the SSM. Although not tsbulated, the peakiharneas forces'showrfeasennble
agreement for the three models. |

The peak vertical accelerations at Tl are 17.1G, 20.2G snd 18.8¢ for the SSM,
ILSY and CSM respectively (G = acceleration due to gravity). 7The peak vertical
accelerations at the head are 20.0G, 24,06 and 19.7G for the 85N, ILSV and CSH

respectively. The agreement 13 quite geod.

P

"~ Although not showm, the 40, 60 and 80 msec pilot configurations for the three
models are very similer. ' o ' i
The results presented in this section demonstrste that tha SSM, ILSV amd csu ;
overall ejectics simulation respouses are in good agresment. Heace, the SSX wmay
replace either the ILSV or the CSM for sjection studies in which the general aspecte
of the response ave of intorest rather thsn cthe detatied zaspouse At esich vertebral
level. The S84 would be vary useful for design studies whers shoet runaning time is

a premium, such a8 in aa {nteractive mode.
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Thia Appendix briefly deacribes the progxamming proeeduree for ob;ainiug the

.,

impedance curves of the apine models.'

Al l, Description of Procedure

-Tﬁe'impédbﬁce”cufveb of the spine models are of interest in ché frequency range

of approximately the 0-30 Hz. This is well below the numerical étability limit for

explicit time iategration of the spihe models. For thia'réason and the factiihat )

iﬁéé&aﬁéévié‘bbzaiﬁed from a linearized analysis (thus féduiring only Bné‘assembly

of the stiffness matrix), the implicit code is used. The procedure for obtaining an

impedance curve is outlined as follows:

(1) in'subréhtihe FREEFD, a unit step velocity ié:prescribed at either the
pelvic or seat primsary node global z translation; .

(Z)Zin suéﬁoﬁti&é scLvi, this degréé of freedom, called NSEAT, must be
idengified;‘ A double precision array; FSEAT(1025) is inéludeﬂ to provide SCOrage‘-
for the4}éaécion force time history. At the end of each sqiugion siep, :he«statéaent

'FSEAT (NSTEP) = -FINT (NSEAT)
stores the négacive of tha internal axial forcé acting onvﬁﬁa peléis or bdttecks in
FSEAT. The éccelaration of the driven msss is zero excepfiaﬁ éimeiéerc (the |
velocity is 8 éfaﬁ function), so FSEAT vepresents the reaccio&:féréé-

(3) after the 1ast solutiﬁn step in SOLVI the FFT (Fast Youxier T*ansxorm) sub-
routine is called by th@ statement ' ;

CALL FFT{F&EAT DELT ,MXSTEP)

vhere BELT is the eolucion tiﬁa step, and MXSTEP is the numher of soln?ion 83 eps,

(é) subroutine FFT co&yutes the DFT (Discrate Fourler Trangform) of ?SE&T; Thé;

modulus of impedance, which 1s defimed as Z(w) * i%%[, {s then determived by

i
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" dividing the magnitude of the DFT of FSEAT by the magnitude of the DFT of the unit

‘step velocity at each frequency step. If the unit step velocity is applied directly

to a mass, (e g. at the pelvis) the scalar PHASS must be aet equal to the trana-
lational mass., The impedance of the mass is then alao computed.‘ 1f the unithaggg"
velocity is not applied directly to a mass (e.g. at the seat), PMASS muat be set J
equal to zero., The FFT impedance output 18 in the form of F(X), Z(K), ZTOT and

ZMASS at frequency step K,where

F(K) = circular frequency at frequceucy step K,
Z(K) = modulus of im?edance (not including the:impedance of the drivgn nags)
at frequency step K, | " |
ZTOT = total modulus of impedance at frequency step K = Z(K) + 2MASS,
ZMASS = modulus of impedance of the driven mass at frequency step K.

AI.Z. Data Notes

A metﬁod fe; computing the approximate durstion time, AT, required for the !
transient response to approach zero is described in Chapter IV, Once AT is deter-
mined, the sccuracy of the FFT depends on the number of solution steps, MXSTEP, It
was found that MXSTEP = 256 1s a satlsfactory number of solutiom stepe for obtaining
impedances of the spine models in the 0-30 Hz region. Hence, the solution time step,
DELT, is given by aT/256. The upper bound to MASTEP is 1025 since ai; arrays are.
dimensioned at this value, TIf MXSTEP # éN, N £ 10, a cubic intexpolacicn routine,
subvoutine INTRP,_rea;igns the discrete points in the time history so thst it is
dafined by ZN inQas, N iO. 1£ passible, however, ;; is recommended that
MKSTEE = 2° since this will eliminate the intgrpoiatioa#. |

For’the impedence.runs as well as for other runs in which daqping greater than
approxlmntelj 16% of critical is employed, it {s :e?ammended thﬁt the stiffnuss ' %
proportiana%_éamping is used ratker than the fraction cf.criti;ax damﬁi#g bgcausa

this daamping bchaves better for larger damping values,
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