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A sagittal plane mathematical model for the cervical spine (in-

cluding T6-T1; C7-Cl1 and skull) has been developed. In this model

the moments due to the weight of the head anhd neck and the effect of
é}ternal forcés are balanced by forces genérated internally by the
muscle, the ligament, ;nd the inferyertebra] joint: With this formu-
lation, the problem is to find a method for distributing the momentm
between the muscle and the Tigament’, ' e

Each of the possible solutions has been ¢raded against a mathemat-

ical objective function containing the stress experienced -by.leach,

joint and subjected to the equality qohstraint (i.e. moment must be

©and’ liganents to produce tensile forces only). Using this formula- -

tibnaof the problem, a unique solution that pFoduces a minimum of
stress at the intervertebral joints is obtained. -

The model is tuned with thé use of human experimentation in which
volunteers, are asked td exert a voluntary pull ‘with their head

\

against a resistance. Elecfromyographic measurements of various

1]

superficial neck muscles have been matched with predicted patterns.
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This model has been used to simulate the necks response to high

acceleration 1loading in order to determine the maximum acceleration

tion that would result in any cervical component reaching 2/3 of

limit) depends upon the neck posture and orientation vis-a-vis thd ac-.
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purely .compressive. - .

. ‘(' P
! ‘ . . . V.

. \ N
. ’ ' , /
, ‘ k L

N ‘:

.



TR Mas i W S 3 U A iy 8 s o

- . . b \ o,

. . . O- ’ ) . ’ . / .
o 7 Acknowledgements

i

I wish to thanl& my ‘advisors, f.rofessbr Serge Gracovetsky and Br.
Harry Farfe’n, for proyviding me with'the opportunity of ’carrying out’
‘this research and for giving much of the1r valuable time.in helpful
d1scuss1on

"I wou‘l;l a]so'like to thank Profeseor V. Ramachadran for his time
and helcfu‘l sugigestidns during the preparation of this manuscript and
at various times during my graduete work . ' -

Mr. Henry Kovalcik, Mr. James Farfan -and  Mr. Victor Major also

. deserv.e thanks for ' their valuable contribution in the execution of

the e:xperimental study. The time contributed }to‘ the stA;udy‘ by the

volunteers is also greatly appreciated

This research has been supportea' by the American A1rforce through

~—-US AFOSR grant #81-0012

\ '
[N - ‘

— e~



B e T e s S P T

MODELLING OF THE MUSCULAR RESPONSE OF THE HUMAN ]
' CERVICAL SPINE SUBJECTED TO ACCELERATION )
O ‘ J ,
Table of Contents :
) - \ F - Pag;!
1. INTRODUCTION | u
C ) L.l General INtroduction..e.aterernnsuiieneeuireeneenes 1
1.2 'Review of relevént MNALOMY vvennnveronaacerananass 2
. 1.3 _Review of modelling approaches ..... P Ceaeen 8
1.3.1 Céntl{nuﬁni nodel ........ frreeeirieaa 8
1.3.2 Discrete barameter model ....... ceieaeeen 10
1.3.3 Muscular Response ......coveuveencencnans 13’
. | 1.4 Objective and Contribution of Present Study....... . lé
e LA Objective........... erenre b 18
| 1.4.2 The importance of the objective function. 19
) T LA3 APProach. i e i e e e baaie 20
L
" 2. EMG INVESTIGATION OF THE HUMAN CERVICAL SPINE i
S 2.1 ObJective.. it v . 22
' - 2.2 Preliminary Investigation.......... teeene 22 :
2.3 Main Investigation..........e.... RETURUIIOUURE TR S j
2.4. Discussion......eevrern. e iee et 40




’ | )
o ‘ ' \ vii
3. I“DDEL'LING‘ OF THE HUMAN CERVICAL SPINE i 7
31 Objective w.ee.irn.n. SOTPPUURROS freeee. 85
322  The MOl tevevrrrrencnvancoocesceinssosnnassnseas &7
o ) 3.2.1 The objective functwdn ......... 48
- 3.2.2 Equal{ity constraint.....coeveien.. eieeene 50.
. 3.2.3 Inequality constraints............ s '51
| 3.2.4 Determination of coefficients the Py,
| Pr, P3 and P, e eaeieee s B2
3.2.5 Reduction of model size: muscle grouping. 53
3.3 Model tuning and simulation........ d ceveresaoiiiaan. 56
:3.3.?1‘%Tun'i;1g' of parameterP4 ......... ..... 5(\3
3.3.2 Tuning of parameter Pt 57 .
3.3.3 Tuning of parameter P‘3_,',,.; ........ ~. 58
3.3.4 Simulation of éxperimenta] tasks..coeenee 58
3.4 . DiSCUSSTON e eieniaseecesronnossocannaans eeeatenens 61
3. 4 1 Relation to EMG results,....... PR 61
3. 4 2 Relation to physiologichl pehavior....... 62
4
4. SIMULATION OF NECK RESPONSE TO HIGH ACCELERATION- g
4.1 MuscPe. strategy........... \ ............ e . 64
4.1.1 Neutra’l geometry ........... Ceeesaieaseen 65 ‘
\ 4.%.2 Flexed géometry ......... tierecavsesnenns 65
4.1.3 Extended geofetry . Ceerieoan eeanen B
4.2 Ligament strategy /,./ ....... tesassassne. ceosissons 70
/,‘ ! 4.3 DIiscussions ...cvvsecesscccssracans Y £
/
7 CONCLUSIONS......... Ceeeeeienen ereeea eeteneiiennen erreaes 79
/ ) ;



Lo

t
rd

{

L

JE R e ¥ br ARG Y e e a8 v <0

¢

L2 .

REFERENCES «nn v v ontennnnenseosensnsssasssieeinsnsnnsneneess 81

N

APPENDEX A - NUNERICAL DESCRIPTION OF CERVICAL SPINE......... 91

o ————

A.1l DescriptIOn of ‘relevant ske]etal components....... 92

A.2  Ligament description..c.ceeeeeeeeceacececnansssanass 105

A.3 Description of infervertebral joint....l....L..,:. 110

A.4 Muscle descriptioN...ceceeececescnscssenssassncess 111
i . \ ! .

b
. -
# 4
.
Y . -
’ | ' N
P
..
’
- P
Lg !
|
] L
{ Al
H
x »
- - -
[
v
~ a
*
)
-
¢ L - ¥
- N .
'Y -
Py
»
N
4 1%
v
»
* BN
-
A4
: — — ——
!
, P
.t

T A A R s A 08 T3 gy © ar P

'viii )

-

s



¥ 4
v \
. \
N
, LIST OF FIGURES » i
Figure . page ‘- ]
- 1-1 Schematic illustrating the anatomy of the cervical ]
‘ f - '
. . and lumbar spine......... e eentaeeareeeeeneeaenenee veee. 3 !
. S H
= 1-2 Schematic illustrating lower cervical joint............. 5
e 1-3 Vector kepregentaion-of some Tow back muscleS........ oo 14
2-1 Lateral view of experimental loading procedure.......... 27
2-2 Idealized view of experimental loading procedure........ 28
2-3 Results for sternomastoid and omohyoid muscles.......... 31
-2-4 Experimental miscle firing pattern for semispinalis
W capitis and splenius capitiS.ciieseereseccnrsasnsassones 32 .
. 2=5 Sample EMG data for volunteer #1 performing Task-l...... 37
2-6 Sampie” IEMG results for volunteer #1 performing Task-1.. 38
2-7 - Average force produced by muscles of interest........... 42
3-1. lﬁimplified free-body analysis of C6-C7 intervertebral
joint showing load distribution in a cervical joint..... 46
3-2 . Simulation results for the neck subjected to loading

resulting from subject executing Task 1 to Beeererenenn . 60

D R s —a s ol e

S ————— i A v

B a, AR R



4-2

4-3

4-4

4-5

A-6.

a
AL TS Y R A RN M g b 3 e

Maximum acceleration which can be supported by the

" muscles with the cervical spine in the neutral position.. .66

Maximum acceleration wh%ch can be supported by the

muscles with the cervical spine in the flexed position... 68
Maximum acceleration which can be supported by the

muscles with the cervical épine in the extended position. 69
Maximum vo]unta\ny 1imi£s for acceleration loading in

t!;e normal upright neck posture and fully flexed posture
with the loadvacting perpendicular to the axis of the

£ 1R 11 1= reweas ee e Ctaecessarenns ceseeas 13
Maximum volunt;ary limits for acceleration loading in

the normal upright neck posture and fully flexed posture

with the load acting approximately through the axis of

the SPINE.seeverrenenonsonnanes Ceeeeeeeen R L

Points of muscie attachment on the head and atlas........ 98
Points of muscle attachment on the 29 to 7th

cervical vertebra.......... Cetrseanssateonas cecasesrseses 99
Points of muscle attachment on ‘the 1St through‘ ath

thoracic vertebra.....coeeeuiiivennerieceridoceaianiine, 102
Points of muscle attachment on the 5P and 6N thoracic
vertebra, stapula and c]avicle..........A....l.........’... 103
ﬁepreséntaion of three basic postures in global coordinate

Frame achieved through coordinate transformation....... 106

Idealization of intervertebral joint and ligaments...... 108

N

L ahadalib]




A-7

‘A-8

A-12

A-13

A-14

A-15

. A-16

A-17

A-18

A-19

A-20

A-21

A

.7

Reduction of mq;cle-and ligament tensions to shear,
e - "

compression and moment at the intervertebral joint......

. Vector description of multifidus MUSCICuasenniioennanass

Vector description of semispinalis and spinalis Eapitis

MUSCTES evves o avonroncecsosacoassnneoens Ceeemeseennen

Vector description of semispinalis cervicis muscle.

ooooo

Vector description of the splenius cervicis and capitis

muscles..ceeeanne. e eeesetseserisanansnn

Vector description of the longissimus cervicis and

capitis muscles..ieceeviirecannn teseasen

sas 0o e aapery

Vector description of the iliocostalis muscle...c.......

Vector' description of the sternomastoid-muscle..........

i . .
Vector description of the scalene muscleS.....coceaaunss

Vector description of the longus capitis and cervicis

»

MUSCY @S eueeecocsrrsoesocsrissoscsraoassusonenssnscesss

Vector description of the levatpr-scapula muscle......ee

-

.e

A

Vector description of the trapezius muscle....coveeeerse

Vector desbription of the rhomboideus minor muscle......

Vector description of the serratus posterior superior

mUSC]e..n-......o.....-.......-o-.....--....-;-........

Vector description of the sternohyoid and omohyoid

*USC]E --------- ll...-nlll..."Ql.l..QIO.C;..-!.C....'...

.

v

112
114

116
119

120

123

124

126
127

130

131

132
135

136

138




RoRl e WEE

s

R

,
4w g

e+

g 2E o P At ant

e 2 WO R
. »

P

(

A-4

A .

t
o
"LIST OF TABLES
s - ‘ |
' , -Page
¢ t
Results from ﬁreliminafy EMG investigation to determine .

which neck muscles are active during resisted extension.. 24

Avérage results obtained from volunteers pe??brmigg

U TASKS 1 0 Buuerierqenniieenriennnerieerenaninnnees vee. 40
,o Grouping of muscle vectors into functional groups........ 54
Points of attachment of muscles to the occipital bone.... 95
« . ! “ ?
Points of attachment of muscles to the atlas and axis.... 96
. ~Points qf attachment of muscles to the cervical vertebra -
(C3-c7)-¢--..{............-s..............-... ----------- 97
Points of attachment of muscles to the thoracic vertebra
(Tl-Ts)'uuzi;coc&:to.’ll;':ooot;-0;.nuaonlnc;tooclQoo.ot 101
Points of attachment of muscles to the Clavicle and )
. \ \ -

ScapU]a....................‘c..x..‘,......-su...

Leeeen.. 104




¢

e
"

LIST OF SYMBOLS

Aijk . -forée componenf i (compression, shear, and ;oment) '
‘ at jojnt-j (C2-C3, C3-C4,...,C7-T1) due to a unit
stress in ﬁusc]e group k (multifidus,scalene,etc.)
Kk - -stress in muscle group k
Esj -force component i at joint j due to an external load -
Lij -component i at joint‘j due to the reaction of the N\
- ligaments at joint j . ' \ ] ;
Jij -force compongnt‘i of the reaction at joint j due to : : !
the disc and the facet ] ) :
. ’ §d ) -unit vector in shear dirgFtiop of disc level j : ]
gj -unit vector in compression direction of disc level § ) q
' ﬁk -unit vector in direction .of force of muscle strand k %
Mk - -cross-sectional area.of muscle E
. F -total penalty (objeqpive) function . . %
Fy -benaity resulting from skeletal structure i (muscle, %
f joint shear, joint combression, ligament). - ’ %
! Py -weighting factor associated with the muscles \
P, -weighting factor associated with the joint shear
' i P3 -weighting factor aisociated with the joint comp. é
’ Py. -weighting f;ctor associated with the passivé - %

resistance of the joint (ie. figaments)
. 3

Nm -total number of muscles




CHAPTER 1 -~ INTRODUCTION

© A ——

1.1/ ENERAL INTRODUCTION . .
\

/Biomechanical modelling is becoming a subject"of increasing inter-
esé as evidenced by the number of models whigh can be found in the ex-
isting literature. Along with this popularity comes more controversy in
view of the number of assumptions that need to be made to model complex

.biological systems and mechanisms.

The importance of the spine makes it a primary target for engine-
ers. A reliable model would be of great use to desiéners of equfpment
who require understanding of the nature of the résponse of the spine.
Some of the classical problems that motivated such modelling ef%ori are
1)pilot ejection , Z)thp1ash due to automobile Scc%dents, 3)ath1et{c
injuries, 4)the effect of clinical instability, vertebral fusion, des%
cription of scoliosis, 5)evaluation of the efficiency of var{ous surgi-
cal and non-surgical corrective technigues of the spiné, and 6) a meth-
od for evaluating and matching a spine to a specific type of work.

Of particular interest is the résponse of the head and neck to the
high acce1eratiop load resulting from pilot ejectién. Interest -in the
problems resulting from p%]ot ejection has given the main thrust to spi-
pa] modelling. This study is restricted to acceleration loads similar
to those experience in pilot ejection.

The objective of this study is to develop a system of modelling

which is capable of simulafing the mechanism of .the muscuio-skeletal

structures of the neck when subjected to forces resulting from sagittal

kT
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plane loading conditions -(i.e. loads acting in the plane of symmetry of

thé spine).

1.2- REVIEW OF THE BIOMECHANICS OF RELEVANT ANATOMY

Thg vertebral &olumn represents the prim&ry structural member of
man. Its mechaqjca] nature cag‘be viewed as a series of seg&enta] bony
elements, each p&}?éd on a cartf{;ginous structure which allows adjoin-
ing segments to simultaneously possess many degrees of freedom and ri-
gidity as required by the loading conditions.

‘“The 24 bones comprising the spinal colum are called vertebrae.
They are divided into three gr;Lps (Fig.1-1la). The first 7 are cervi-
cal, the next 12 which bear the ribs are the thqracic, and the remain-
ing 5 are the lumbar. Below the vertebrae, seven bones are united into
two structures, the first five form the sacrum and the rema{ning two
the coccyx.

" A typical vertebra ;onsists of an anterior segment and a po;terior
segment.  The anterior segment‘ consists of a body that is largely
composed of spongy bone surrounded by a thin wall of cortical tigsue
and capped superiorly and inferiorly by the cartilaginous end-b]ates of

the intervertebral discs. .

The posterior segment is made up of the vertebral arch and its ac-

‘cessory processes. Each vertebra body bears paired extensions called

pedicles which in turn support the laminae. The laminae and the pedi-
cles form the vertebral arch. Each vertebra carries two pairs of poster-

for articular processes. They are identified as superior and inferior

articular processes. These pdired processes bear smooth facets for art-.

fculation with the vertebra above and below. The spinous and trans-

. .
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b) Transverse section through the neck and trunk,
Figure 1-1 Schematic illustrating the anatomy of the cervical and
lumbar spine E :
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verse processes which protrude away from the vertebra body give: some

t

added leverage to the muscles which attach to them.

[

From a biomechanical point of view, the anterior segments will take
the bulk of the compressive load while the posterior portion will take

N,

the tension by means of the ligaments and muscles which attach to the

\

various processes of the neural arch (Fig. 1-2). With this distribu- °

tion of tension and compression it is easy to see how the spine acts to

support a compressive load and a moment. The role of the articular,

processes in supporting a compressive Toad is a subject of debate. For
example Nachemson [31] reports that ‘they support as much as 20% of the
total compressfon. '

Fresh human cadaver cervical spine specimen are rare and reports
generally are based on small numbers. As a result, very little qualita-
ig;e data on the intervertebral cervical joint is available. The nﬁ-
chal ligament. has been studied and the viscoelastic response to, deforma-
tion has been demonstrated [15]. There are few hard facts about Tliga-
mentous behavior of facet capsular ligaments, the interspinous liga-
ment, the ligament nuchae, the ligament flavum membrane, the anterior
and posterior longitudinal ligaments of the neck.

Extensive experimental research has been performed on the Tumbar
spine and its associated tissues [23, 12, 43, 16, 4, 7, 37, 9, 30, 26,

11]. The properties of the structures in the lumbar regjon can give in-

sight into the corresegnding structures in the cervical

égion, but the

special arrangemgnt of the cervical spine limits the extent to which re- -

sults obtained from the 1lumbar spine can be applied to the cervical
spine. A comparison of the two regions is illustrated/ in Fig.1-1.

Motions of the cervical spine joints have been reported in the 1it-
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F‘igureh 1-2 §chemat1c illustrating lower cervical joint
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erature (15,13,1]. The pattern of cervical spine motion has been

extremely well demonstratédi by Fielding's cineradiography ([13] but

Bt

these studies do not locate the axis of motion or relate the degree bf
motion to the deforming force. '
When an external load is applied to the spine, the fact that the
system mu;t be on balance at all times requires that the mome:t generat-
ed by the load be compensated by a moment generated by ligaments and
muscles action. In the case of a flexion moment, the maximum moment
will be determined by the posterior muscle mass and posterior ligament. g
For an extension moment the maximum will be determined by the anterior *
muscle mass and anterior ligament (Fig.l-1b and Fig.l1l-2).
The eleétromyographic studies of the muscles associated with the
neck are a]so' only sparsely reported in the literature. A good suﬁma-
ry of the background of electromyograph (EMG) and the electromyographic
studies performed to date is presented by Basmajian [5]. EMG results
have been obtained  for the Tongus colli (14,441, the Tlongissimus
cervicis [14]," and the semispinalis capitis and the splenius capitis
£391. These.Studies are extremely interesting and gqive " added insight
into the function of these muscles. The results of these tests, as with T T
most EMG investigations, are extremely qualitative fn nature. As a re-
sult, the conclusions which can be drawn from them are very limited.
EMG measurements do not give an absolute measure of the force pro- ' .
duced by a huscle. However, the force of maxihum muscle contraction has
been‘es}imated to be 3.0-8.5 kg/cm2 [20] and it has been shown that
the maximum moment generated by the muscle about the intervertebral
joint can be estimated using sectional anatomical specimens to derive =

L

muscle areas and radiographs to determine the mechanical advantage of
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the.muscles (10,11]. This procedure haé been supported py Rab and Chao-
[36] who made almost identical estimates.

The mechanical properties of the spinal components are basic-to the
constructiég of a model of the spine. Such informafion provides the‘
constraints within which the model 3ystlfunction. Despite, the 1limited
qua1itativé data available on the biomechanical nature of the cervical
spine, rough estimafe of the limits of the structures of ;he neck can

/

/be‘arrived at. These estimates prove extremely valuable in the develop-

ment and validation of a model of the spine.
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1.3 - REVIEW OF MODELLING APPROACHES

The existing modelling approaches have been divided into three categor-

1) the continuum models

oy

2) the discrete parameter models

‘3) the muscular response models
\\‘\ g
\_ o

The first group considers the spine to be a rod or beam. This beam

may have varying dimensions but will have the same homogenous material

R P

properties throughout. The second group considers the spine as a struc-
ture formed by various anatomical elements such as vertebra body, disc,
.etc., anq~with different prpperties being assigned to the different efe-
ments. The third group is the modelling approach which is put forward

in this study. These approaches are discussed in .greater detail below.

I e e e b e a8y oy

1.3.1- The Continuum Models

One example of suﬁh modelling philosophy is represented by the work
of Latham [27] whonin 1958 described the response of the human body to
high acceleration in the axial direction (6,). In this model the
spine s represented as a weightless spring with a mass attached at the
upper end to represent tﬁe body mass and a mass at the lower end to rF-
present the supporting seat structure. With this model it is possible
to obtain a dynamic load factor for the spine depending on the assigned

e G

spring constant.

4
4
b
i

The fact that this modelling approach cannot deal with non-axfal

loads represents a serious limitation since it is obvious from the




fgnatomy that the curvature (lordosis) of the spine will ensure a that
puré]y axial Tload will never exist. A second limitation is that the
model is incapable of singling out the vertebra or disc level which is
most likely to fail. This is one of the shortcomings which plague all
the continuum models. In order to overcome the problem of not being
able to treat non-axial loads, Hess and Lombard [19] introduced the
idea of treating the head and trunk as an elastic rod. The base of the
rod is considered as fixed and the calculated displacement résponse of
the head during impact a;celerations was curve fitted with experimental
results. 7
The Hess and Lombard model was slightly improved upon by Terry and
Roberts [40] who modelled the spine as a strictly elastic medium such
as’ a Maxwell type mechanism. Although this model represents an improve-
ment, it can only describe gross body characteristic;, and suffers from
the requirement that thg~body mass is evenly distributed along the, rod.
Some of the unresolved problems of the above approaches were partly
remedied by Liu and Murray [28] in which a Kelvin-Voigt medium rather
than the Maxwell medium is used. As with the Hess and Lombard model
they represented the spine as an elastic rod and introduced the effects
of the head and trunk by capping the rod with a ridingvhass at the head
end of the rod. With this approach they could obtain estimates of the
area of maximum axial stress due to a Gz acceleration applied to the
hips.
Soechting and Paslay [38] attempted to introduce the effects of the
muscles.  They did'jt by lumping the response of the muscles into three
parametersf 1) muscle stiffness parameter, 2)neural feedback parameter

and 3) a response time delay.

‘é
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It is apparent that a large number of improvements could be iptro—
duced to the model such as an improved representation of mass distribu-
tion, damping and varying properties of the colum along its length.

However, the spine is not a continuous.rod and therefore such a model

~ ’

- is bound to be inadequate.

1.3.2- The Discrete Parameter Models ‘

The main problem associated with the continhum modef is its inabil-
ity to locate the vertebra level which is most likely to undergo injury
when the spine is subjected to.extreme loading. The Liu and Murray mod-
ef claims to locate the region of maximum stress but is unable ﬁb spec-
ify the precise vertebral level at which it oécurs.

This shortcoming is somewhat alleviated by the discrete parameter
models. In this modelling approach each vertebra and intervertebral
joint is model]edqindividually, with the vertebra being considered as
perfectly rigid and the disc as being deformable. The models differ in
how they choose to represent the load-deformation relationship of the
intervertebral joint. ’

One of the first discrete parameteF models was presented by Toth
[41]. In this mode! the body mass associated with vertebrae T12 - L5
and the mass below L5 were modelled with eight” masses and the inter-
vertebral joints from the sacrum to T1l were modelled with springs and
dashpots. Using assumed values for maximum stress, the failure "thresh-
olds of individual vertebrae were evaluated. This model was only capa-
ble of dealing with axial loads.

A similar approach to that of Toth was taken by- Aquino [2] who

chbse to model the lumbar spine response to Gx accelerations as well

b et v
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as axial accelerations. This was done by representing the vertebrae as
rigid bodies and the inter;ertebral joints with pairs (anterior and
posterior) of springs and dashpots.‘The mass of the head and trunk were
considered as a lumped mass.

Orne and Liu (32] represented each vertebra as a rigid body in two
dimensional space with three degrees of freedom per vertebra (ie. two
degrees for translation in the x and z d{rection and another one for ro-
tation about the y-axis). Thq intervertebral disc was considered as a
deformable continuum, modelled by a three parameter force deflection re-
lationship. "In this manner - the model could inc]u@e the résistance of
the intervertebral disc to shear and bending. Different material proper-
ties can be assigned to the disc at different levels and "the resulting
effects on the stress distribution in the spinal colum can be evaluat-
ed. It is worth noting that this model ~assumed that the sole supporting
structure -is the anterior portion of the vertebrae, and that phe abjli
ity of the spine to resist bending and shear was being assigned ‘to the
discs alone. This assumption however does not account for the fact that
ligament and muscle tension can significantly affect the bending of the
joint. .

McKenzie and Williams [29] followed very closely Orne and Liu {32].
They modelled the effects of whiplash by considering only the head and
neck (C2-C7). The torso was assumed to be a rigid structure which is re-
strained by the seat and seat belt. As in the Orne and Liu model, the
vertebrae were idealized as rigid bod%es and the discs as short dniform
beam segments which were represented by 'a three paraqeter elastic

4
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Prasad and King [35] extended such an approach to the entfre: spine.
They inc]ﬁded the articular facets as ; secondary load path in the spi-
nal colum. The interaction of the facets was modelled by two springs,
one Jlimiting rotation, and the other Iimiting the relative s]id}ng éf
adjacent vertebra .

A more recent paper which offers some improvement is that of

Belytscho et al [6]: They proposed two major impfovements: 1) The ab-

dominal cavity and viscera as hydrodynamic elements stagked in series .

Qgtween the pelvis and T10 level. The contents move vertically andflat;i

erally stretching the abdominal wall and transferring the iload to the
rib cage. 2) The 1igaﬁents were included as spring e]ement§‘which have

stiffness only against axial deformation. The introduction of - the Tlig-

%

ament is a very significant change in the modelling approach since it
relieves the disc from the ré5ponsibi]ity of absorbing all bedding
moments. ‘

Other recent models are those of Huston et'al [22] and the three di-
. mengional model put forward by Panjabi [34]. As in the other models the
‘vertebra bodies are considered as rigid and the forceldisp]acement rela-
tionships are represented by massless springs.

1t i§ imﬂortant to note that thesé'models repfesent the muscles as
inert masses. Therefore nd matter how complex these spring/dashpat mod -

els of visco-elastic mechanical behaviour are, they cannot represent

the response of the living under the control of the central nervous sys-

tem. It maylge argued that in some ektreme situations such as pilot-

ejection, the musculature can indeed be treated as an inert mass, be-
cause the individual does not have the muscular strength to coupééract

thg high acceleration and also that there is not enough time fd} the
*
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% . neuro-muscular' system to react.. Nevertheless, - éven if there s

insufficient time for th{s response to take place, as may pccur with
impact, the final outcome may be modified by the neuro-muscular system
because it may set the initial conditions in the man's favour before

" the impact begins.
‘ ~

~ -
1.3.3- The Muscular ReépoqseQModels . : .

The méjor drawbacks of tﬁe previous models are: 1) the ihapi]iiy to
include tﬁe muscular actions,and 2) tﬁe fact that many of the values
for the spring constants and dashpot coefficients are assumed values
due £o QQF difficulty in obtaining reliable test data'in the living.

The use of optimization techniques and equilibrium analysis elim-
inates both of these problems in modelling the musculo-skeletal struc-

ture. With this approéch it is assumed that the skeleton consists of

nigi& bodies articulated by joints and held together by muscles and 1lig-

aments. The muscles are represented by single or multiple lines of ac-

tion stretchtag between their points of origin and points of insertion
- { R

on the skeleton (Fig.1-3).

M

‘The joints are simply subjected to a reaction force and a moment.

Thg two main directions of the reaction force are compression and

shear. Compressioh is defined as the component - of the reaction force .

perpendigu]ar ‘to the bisector of the disc. Shear is defined as the com-
pone&t of the reagtion force in the direction of the line formed by the
iﬁgersection of the bisector of the disc and the mid-sagitt$1 é}ane.

The optimization problem becomes one of determining the muscle fir-
1ng\ combination which ba]aﬁbes the applied load and obtains an optimum

distribution of stress.between the supporting structures. ~Thé optimum

et
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Figure 1-3  Vector representation of some low back muscles ;

‘(from S. Gracovetsky et a1 (1813
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choice of muscle firing strategy is achieved by choosing an appropriate
objective function which is then optimized under the constraints of
equilibrium.

This approach essentially recognizes that the ultimate control qf
the spine.is achieved by muscular action, except in extraordinary situa-
tions in which the external forces overpower the muscular system.
Therefore, these models assign to the muscles the primary responsibil- ‘

I

ity of either balancing the load or to modifying the geometry to allow

4

other structures such as the 1

fgaments to contribute to the equilibri-
um. By definition, this approach eliminates the need forAZSsuued
spring constants and damping coefficients. The major assumption is con-
taiﬁed in the definition of what triggers or controls the action of the
muscular system. Such assumptions are contained in the objective func-
tion to be minimized.

Arvikar and Seireg [3] used the following function:

Falke P2 PR (1)
where ) K
. S
YR

P1 and P2 are weighting factors

sum of all muscle forces

sum of all reaction moments at the joints

sum of all reaction forces on the joints

This objective function is linearly dependant on the stress levels
in the joint and muscle. The joint is treated as a black box which .con-
tains the intervertebral disc, articular facets and the ligaments. In

this model no attempt is made to determine the distribution -of stress

bgtween the passive compressive elements of the joint (the disc) and
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the passive tensile elements of the joint (the ligaments}. Also no at-

tempt is made to account for the difference in the joint's ability to

support the loads in the two main directions.

The choice of this particuiar objective function is necessarily ar-
bitrary, and can only be justified by the consequences of the function
on thé model behavior. Hence this type of model requires extensive sim-
ulation to prove thgt the calculated muscular coordination matches the
observed ‘muscular coordination. Such a validation procedure is feasible
becaQse the model generates the muscular activity itself, which can
then be verified bylelectromyographic measurements.

_With this approach Arvkar and Seireg used this model to simulate a
subject in the seated posture ;ith 1) no acceleration, 2) a forward ac-
celeration, and 3) a backward acceleration. He was also modelled in a
stooped position of 52 degrees with and without a weight. However no
experimental studies were made fo validate this model.

The only other model in the literature which incorporates the ac-
tive response of the muscles 1is that of Gracovetsky et al [17,18].
This model simulates the stress distribution in the loQ back of a
weight lifter performing a dead 1ift. The muscie tensions were deter-
mined by obtaining the optimum stress distribution while balancing the
externally applied 1load. The model predicted that the optimal lifting
sequencé is achieved when the stress is equalized at all intervertebral

joints. Thé objective function used is of the following form:

F = P1§:K2 + Pzz:sz + P3§:52 * P4§:M2 ‘ (2)

T G g EE N |
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where ZKZ sum of the square of the muscle firing densities

sum of the square of the shear at each joint

7
[}

sum.of the square of the compression at each joint

[]] 1]

sum of the square of the reaction moments at each joint

P1sP,,Py and P, are weighting factors

17 . o

This quadratic objective funcltion accounts for -the difference in the -

joints . ability to produce a reaction force in the two principal direc-

tions. The model also accounts for reaction force produced by the

bt AN, i § B A8

ligaments. .

Validation for the model is obtained by showing that during the ex-

ecution of a dead lift it is sufficient to minimize the stress at all

intervertebral joints in order to generate a sequence of miscle activ-

ity which has the following properties:
1- It reproduces faithfully all known muscle averaged EMG

patterns.

~
[}

The musc]e power required for the 1ift has been
confirmed in vivo. '

3- Th.e/biologica] limits of the tissues are not exceeded.
4~ The maximum vo>]untary effort (4001bs 1ift) requires ,or.ﬂy‘
2/3 of the available resources.

The advantage of the use of obtimization technique is that

it

ylelds stress values at joint levels without making gross assumtions.

about the force displacement relationship of the joints. The apparent
7

arbitrariness of determining a suitable objective function may be séen

as a positive feature since its gives additional insight into the

ture of the spinal mechanism, as well as the fundamental laws that gov-

ern the use of spinal resources.

|
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1.4 0BJECTIVE AND CONTRIBUTION OF PRESENT STUDY
1.4.1 Objective

Examination of previous modelling approactes revealed that the con- .

tinuum modelling approach was incapable \fdetermining the specific
structure which would limit the . spine 1in supporting a 1oaa. The
discrete modelling approach is forced to rely on assume parameters when
insufficient test data is available. A gréatzer problem of the discrete
parameter - model 1is its inability to determine the:contribution of the
muscles. This second limitation is perhaqs" the most serious since it is
felt that the muscle will p]lay a very critical role in the supporting
of a load or the execution of a movement.

The objective of this stu\dy is to develop a modelling approach

which is capable of. describing the muscular response of the cervical

.. Spine with sufficient accuracy that comparisons may be made between the

2

simulated muscle response and the electromyographic activity obtained
experimentally. At the same time it is desirable to limit the complex-
ity with which the passive spinal structures s'uch as the joint and the
ligaments are described so as to avoid the necess{ty of introducing a
large number of assumed parameters as was done in the discrete param-

eter spinal modelling approaches of the past. It is felt that these two

features may be incorporated into an optimization model similar to the )

one of Gracovetsky et al [17,18] by defining the optimizati‘on problem
in the appropriate fash%on.

The main contribution of th}'s study’ i!s to apply the principles de-
ve'lop'ed in the work :)f Gracovetsky et al in mode'Hing.the lumbar spine
and"appLy them to the cervical spine. In addition', EMG experimentation

is more closely integrated into the modelling procedure.
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1.4.2 The Imortan’ce of the Objective Function

. wolff'; law [45] characterizes the response of the .b&ﬁe when sub-
Jected to stress. It states that'bone is added where it is needed and
removed where it is not. Hence the very shape of the bone, including
its internal architect:n'e, is determined by the stress it experiences.
Ultimately, Wolff's Taw fis }esponsible for the shape and size of 'all
the bones and therefore the vertebra.

*Al1 the bone of the vertebra must be stressed equally, at least on
an average basis and at least to some non zero minimum level. Consider
the possibility of one Fsection of a vertebra being subjected to greater
stress Tlevels relative to another section. It would then become neces-
sary for this section to grow extra bone.. This would result in a lower:
ing, of the average stress level experienced at this section of the ver-
tebra. The same-a;'gume'nt can be applied to the case of an understress-
ed section of the vertebra. l

It can be inferred from Wolff's law that the stress is equalized

throughout the intervertebral joint. Because the tissues are identical .

'

regardless of the spinal level, it follows that the stress in all spi-
nal skeletal !evels must be equalized. The most economical use of mate-

rial would require that any task be executed in such ’a way that the

stress be equalized and rﬁinimized, Therefore a precise mathematical.

formulation should ldgscr1be the spinal mechanism using a distributed pa-
rameter approach coupled with the requirement that the solution doeé
minimize and equalize the stress through the spine.

The objection to such an approach is that we do not know how to

distribute the load. and furthermore the mechanical properties of the

-s;pinall members are not known in sufficient detail to make such des-

T e e i e,
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cription feastble. What should be done is describe the -spinal mechanism
using a level of complexity that does ndt eéxceed the available experi-
mental data. Therefore the formulation of the problem must be simpli-
fied.’ For example the distributed:forces at the vertebral end plates
can be replaced by a resultant vector. Similarly the muscles and 1lig-
aments were represented as a finite set of vectors with points of or-‘

igin and insertion. ,
In the sinp]ifi'ed model of the lumbar spine, which required the

A;tress to be minimized, validation is achieved in two ways:

1- By obtafning a solution that is found° to equalize the

stress. Here the optimization procedure itself is validated

since. it s not, obviou’s that stress minimization implies
stress equalization. In other words Wolff's law is used to
validate the procedure, namely the objc;ctive functi;n.

2- By oﬁtiining a solution that. explained all available exper-
fmental data on the h:mear spine. Here the spi'rie experiments
are used to validate the mathematical representaiion of the

spine itself, namely the model.

-

A -~

1.4.3 Approagh .
This study is divided into four sections. The first part of .the study

consists of reducing the relevant anatomy of the neck to an appropriate
numerical form. The portion of the spine which is under study extends
from the head down to the first thoracic vertebra. Since some of the

muscles which traverse the cervical joints extend down to as low as the

sixth thoraciq vertebra and” the shoulders, these skeletal structures

are also 'be considered.
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The second part of the study consists of an. electromyographic inves-

tigation of the superficial muscles of the neck which are accessible to

surface electrodes. This experimental investigation consists of a pre- '

liminary set of experiments which is followed by the main portion of .

the investigatiop. The purpose of the gireliminary investigation is to
determine vhat fnformation can be derived from the EMS signals. These
results are then -usé'crtg/design tﬁe main investigation.

The third part of the study is the development of the model and the
similation of “the experiments perfqrmed in the main portion of the EMG

investig’atiqn.' This consists of developing the objective function, the

- equation which represent the constraints within which the model must

function, and the grouping of muscle vector. The final form‘of the ob-
jective function and the muscle groupings are based on the results ob-
tained from the EMG' investigation.

The final part of the study is the‘use of the model developed in

_ the pregious section to simulate the cervical spine subjected to

acceleration loading conditions similar to those experienced in pilot
ejection. g
'The principleé developed by Gracovetsky et ;1 have only been ap-

plied to the lumbar spine of a subject performing a dead 1ift or to

" tasks which results in a load similar to those experienced in the dead

1ift.  The extension of these pring:iples to the cervical spine and dif-

ferent 1oading conditions can be seen as further validation of them.
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-CHAPTER 2 EMG INVESTIGATION OF THE HiJMAN CERVICAL SPINE

2.1 0BJECTIVE

b
The objective of the experimental investfgation is to measure the

firi'ng pattern of cervical spine muscles of volunteers performing a spe-

cific task. The muscular patdern is measured from EMG activity collect-

ed by surface electrodes. Th!is muscular paftern is then compared else-
where with the muscular pattern calculated by the model.

The overall investigation is divided into two parts. The first
part, the preliminary investigation, determines the accessibility of
the superficial muscles of the neck and the repeatability and consisten-
cy of the data in order to evaluate and design the main experimental
procedure. To this end, several volunteers are examined gsing an eight
channel EMG recording equipment. The second part, the main investiga-
tion, is carr'!ed out with substantia]ly more resources, such as on-line

computer data acquisition and processing.

2.2 PRELIMINARY INVESTIGATION

The neck muscles.are examined<to determine’ which superficial neck

muscles could be monitored using minfature surface electrodes. Tests

are performed on a number of subjects who are asked to maintain a set
posture while increasing load is applied by hand tq their heady. This

portion gf the study is only qualit‘ative in nature and did not follow a

predetermined pattern.

The ‘brocedure followed is to palpate the muscle (if possible) and

R
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place a pair of miniature silver-silver chloride electrodes on the re-
gion of the skin over the muscle with the use of adhesive collars. A
single common reference grgugg\glectrode is placed behind the earlobe.
A colloidian glue is used to facilitate electrode adhesion in the hairy
regions of the neck (ie. semispinalis capitis and splenius capitis

placements).-
Myoelectric activity is amplified by the eight channel Beckman

R-611 electromyﬁgraph.

Electrode placement - A number of muscles are monitored for EMG ac-
tivity in a number of loading configurations. In all cases, EMG record-

ings are noted to show the level of activity during backward extension

"against resistance. The results of these tests are summarized below

and in Table 2-1.

1) Spinalis and Semispinalis Capitis: The placement of the
electrodes for this muscle-is 2cm below the occipital bone and
2cm lateral to the midline (8). It is found that activity can
be observed during extension against resistance and that this
:ftivify would increase with increasing effort.

2) Splenius Capitis: The splenius capitis electrode place~
ment. is 3cm below the mastoid process and 3cm lateral to the
midline (B). This particular placement ensures that little or
no acfivity is dbtq1ned from the semispinalis capitis. It is
found that activity can be observed from this muécle during

extension against resistance and rotation against resistance.

p!
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‘Muscle
‘Semispinalis

Capitis

Splenius
Capitis

"~ Sterno-.

mastoid

Omahyoid

Sternohyoid

Scalene
Anterior and
Posterior

Extension

activity -

activity

slight
activity

slight
activity

no

Flexion

- no
act1v1;y

no
. activity
PV N

activifj

activity

* .

activity:

activity.

“no
activity

Rotation

/
no

activity

activity °

activity

no
activity

no
activity

Lowering
Jay

no
activity

no
activity

no
éctivity

activity

e

Respiragion

no
activity

no
activity

no
activity

no
activity

Table 2-1 Results from preliminary EMG investigation to determine
which neck muscles are active during resisted extension D
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3) Sternomastoid: The electrode placement for this muscle

is 4cm from the mastpid process along the Tine of the muscle.

The placement of this pair\ox,electrodes presented no pr'oblems
he

. )
scle is very superficial and easy

due to the fact that t
to palpate. Activity is observed during rotation and flexion
of the head against resistance. Little or no activity is ob-
served during extension against resistance.

4) Omohyoid: The electrodes are placed slightly above the
clavicle an& about 1 to 2cm lateral to the clavicular attach-
ment of the sternomastoid. Activity can be observed during

opening of the jaw against resistance. Ro activity is ob-

served during rotation of the head against resistance.

-

&

5) Scafene Anterior and Posterior: Two placements are used
for this muscle. The first is slightly above the clavicle and.
slightly anterior to the lateral margin.of’ the trapezius. The
second 'is the same as tl\Q_used for the omohyoid. Ac}:ivity
can be observed from both placements during breathing. No ac-
tivity 1is observed for the posterior p]acement” during exten-'
sion against resistance. Activity is observed for the anterii-

or placement and is thought to be due to the omohyoid.

6) Sternohyoid: A 'sing1e pair of electrodes 1§ placéd slight~
1y below the hyoid bone. Activity can be observed duv/‘ingcflex-
fon agafnst resistance and no activity is recorded during ex-

tension against resistance.
Y
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Procedure: The existing equipment consists of only 8 EMG channels (8 *
pairs of electrodes).y ancé it is desh;ed to mnitor the muscles bi-
laterally, a choice-must be made as to which muscle are to be mgnitor-
ed. Based on the results described abovﬁ it has been decided to have
the subject extend the neck agaijnst resist.ance with electrode, place- -

ments over the semispinalis capitis, splenius capitis, sternomastoid

-

*and omhyoid muscles. . "

The other muscles have been eliminated on the assumption that ‘théy
would produce Tittle activity during this isometric exercise. Since
this my not be the case, these musc‘les will be examined later in the
integrated study. |

The loading procedure consists of a horizonta]u load - applied to
the back of the head (producing sagittal plane effe;ts o'nly).‘ The main

purpose is to determine, as that load increases:

\

1) to what degree (if any) the sternomastoid and the omohyoid

muscles are being recruited, and

2) the manner in which the splenius .capitis',and the
semispinalis cabitis mscles are being recruited under the

same conditions.

\

The applied load (Fig.Z-i) can be geveloped effectively by having
the ﬁub:ject exteqd his head against a resistive for&e.l When this hap-
pens the subje;:t is said to jncréase his extensor moment. The combina-
tion of the applied and the gravitationa) load (ie. the weight of the ™

head and neck) gives rise to the resultant load. It is {important to

- N L
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note that as the applied load increases, the resultant load changes
direction. This _change in direction is the feafure of the loading se-

,,duence which elicits changes in the muscle firing pattern.

Seventeen healthy adults have been examined (10 males and 7 fe-

males) ranging 1in age from eighteen to seventy-nine. Paired miniature
silver-silver chloride electrodes are placed bilaterally on the sterno-
matoid, splenius capitis, and omohyoid muscles. The semispinalis capi-
tis muscle is recorded unilaterally due to an insufficient\ number of
recording channels.

The relative posifiod of the omohyoid with respect to the clavicle
varied considerably from one subject to thé‘next. In three cases elec-
trode‘placement proved to be:impossible because of its complete obscur-
ing by the clavicl;. Due to the proximity of the sternomastoid muscle,

electrode placement for the omohyoid requires verification. A simple

opening of the jaw has proven to be sufficient for this purpose. .

The loading apparatus consists of a typical strain gaugé device
mounted horizontally with a comfortable sling attachment to accommodate
the head. Seated in a chair, the subject is asked to pull back against
thg sling, thereby increasing his extensor moment (Fig.2-1). The

shoulders are relaxed with the arms hanging loosely at the side. An

1dea1i§ed view of the 'loading arrangement is depicted in }ig. 2-2.

A §équénce of photographs are taken of each exercise at 4 frames
pér second. Onto these, lines are constructed, a) from the outer can-
thus 6f the\éye to the external auditory meatus, and b) from the ster-
nu‘ to the proainent vertebra C7. By measuring the change in andle form-
ed by‘ these two 119es, it is possible to detect any change in geometry.

during the performance of the task.
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RESULTS Integrated EMG signa{s from the sternomastoid and omohyoid
muscles are graded as a percentage of their “assumed maxima"“, deter-
mined by a resisted forward flexion for the former and a resisted jaw
opening for the latter. |
The histograms (Fig.2-3) show the distribution of the total number
of muscles examined with respect to their assumed maxima. Because the
sternomastoid and the omohyoid have been recorded bilaterally, they
each’ contains 34 readings of mus%le output. The histogram for the omo-
h}nid muscle shows a considerable spread in the results. The histogram
for ihe sternomastoid_ muscle indicates the activity of this muscle to
be confined primarily in the range of 1-10% maximum. Twenty eight. out
of 34 musc]es' exhibited activity in this range. Mean values for the
omohyoid and sternomastoid muscles are calculated at 25%. and 4% of

their assumed maxima respectively.

In all 17 subjects the following observations are wmade concerning

the semispinalis capitis and sp]eniu§ capitis muscles. As the exﬁgnsor
.moment is increased (ie. as the subject pulls haréer), the semispinélis
capitis fis recruitéd 1mmedi;tely. However, the splenius capitis initi-
ates its rise in activity only after a certain length of time (Fig.2-4a
'andi Fig. 2-4b). It is further noted that the splenius capitis muscle
is recruited at approximately the same value of extenspr moment regard-
less ;; the rate at which the subject is pulling.
}n all 17 cases, measurements taken from the photographs failed to
’défgét Qny change in the angle defined above. Hence it has been con-
cluded that there are no significant changes in geometry.

This set of EMG tests is intended as a prototype to allow us to de-

~ sign the main investigation protocol. The results of this preliminary
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Figure 2-4 . Experimental muscle firing pattern for semispinalis capitis
. and splenfus capitis muscles /
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investigation suggest a number of modifications which can be made to
o .

the apparatus and the test procedure:

.0

1) Since the extensor effort at which the muscle activity is
initiated 1is of primary interest, the load cell must have suf-

ficient sensitivity to allow accurate determination of “this

value.

2) The apparatus on which the load cell is mounted must permit

varying directions of loading.

3) Due to the unexpected results of the sternomastoid muscle,
recordings of- the EM& " activity in the scalene, sterhohyoid

and the trapezius muscles is necessary.

2.3 MAIN INVESTIGATION

Changes to the apparatus: The load cell and the 1load cell mounting.

apparatus are changed as follows:

1) The strain gauge rod is replaced by a universal flat load
cell with a full scale of 111 Kg (250 Lb) and a sensitivity of
0.1% of full scale. The load 1is applied to the load cell
thr8ugh a bolt passing thréugh a threaded hole in the center

of the load cell.

e —



2) The resistance to the subject's extensor effort is provid-
‘ed by a strap which passed around the §ubject's head and at-

taching to the strain gauge bolt.

3) The load cell is bolted down io a mounting device which
rotated on a ball joint to permit rotation in fﬁe vertical and
_horizontal planes. This load measuring device "is bolted to
the same rigid frame_which s hsed in the preliminary investi-
gation. The height of the load cell can be adjusted to produce
. different 1lines 'or angles through which the applied load can

°
act.

.

Loading procedure: The electrode placement has been described in the
preliminary investigation. The subject is asked to attempt to puli his
head backwards against the restraining strap. This produces a flexion
load which 1is monitored with the load cell apparatus. The analog sig-
nals resuiting from the load cell and” thé amplified electromyographic
signals are 1) passed through an active analog band pass filter which
passes a frequency band of 10Hz to 250 Hz and 2) digitized (12 bits)
at a rate 1000 samples per second and storedt The aﬁaIOQ filtering ad-
equately attenuated the biopotential signal resulting from the heart

(fe. the ECG) and eliminates high frequency noise. Since the highest

frequency signal to be digitized is 250Hz, a sampling rate is more than

adequate to obtéin the réquire information from the signal.
The test performed on each of the volunteers consists of 5 tasks or

acquisitions. These tests are as follows:

i

'
R T R PR




TASK #1 Electrodes are placed bilaterally over the semispina-
1is capitis, splenius capitis, omohyoid and the sternomastoiq.
The height of the load cell is set at'} level which resulted
in the restraining strap sloping downwards aE about 5-10 de-
grees away from the subject's head. The subjéct assumes a nor-
mal upright neck posture and gradually draws back against the
strap until he achieves his maxjmum extensoc effort.

TASK #2 The same electrode placement and load cell height as
in task 1 with the subject pulling in the flexed neck postqre.

" TASK #3 The same electrode placement and load cél] height as
in task 1 with the subject pulling 1in the extended neck

posture. - ,

TASK #4 The same electrode placement as task 1 with the load
cell lowered to produce a 45 degree downward slope away from
the subject in the restraining strap. The subject assumes a

normal upright neck posture while drawing back on the restrain-

ing strap.

TASK #5 The same electrode placement and load cell height as -

in task 4 with the subject pulling on the strap in the flexed

(

posture.
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Electrodes can be placed bilaterally over only four sets of mus-

\
cles. It is therefore necessary to perform a separate examination of
the remaining superficial muscles.® The electrodes on the omohyoid and

sternomastoid muscles are removed and replaced bilaterally over the pos-

. terior scalene muscle and unilaterally over the trapezius and sternohy-

ofd muscles. The procedure of t;sk i is then repeated.

" Five volunteers are used in this investigation with each of the vol-
unteers being tested on three different occasions to give a total of 15
tests. A small number of volunteers being tested on more than one occa-

sion is‘deemed appropriate for two reasons:

1) Poor electrode p]gbement or a high level of 1n;erfer?ng gig-
nals being picked up during the test can make it difficult or
impossible to obtain a good estimate of the desired,informa-
'tion. |

2) It is informative to know if observations mdde on a subject
in a given test can be observed in subsequent tests. In this
way it is possible to determine if variat1dns in the °level of
extensor effort required to recruite the various muscles is a
function of the individual being teseted or whether there is a
certain amount random variation which are a function of the

EMG testing.

Results: The results of the preliminary 1nvestigation"suggest that
the {nformation which s the most useful in tuning the model is the

level of the extensor effort required to recruit each of the muscles be-

ing examined. These values are estimated: by processing the origfinal
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EMG signal as it is digitized and calch]ating the root mean square
(RMS) of the voltage. The RMS value is calculated over consecutfve
time intervals of .256 second (ie. 256 digitized words) for the dura-
tion of data aquisition.. ‘

A typical example of the original signals obtained from one of the
subject§ performing task 1 is shown in Fig.. 2-5. The/ corresponding RMS
value is plotted versus time in Fig. 2-6. The strain gauge output. is
superimposed on the RMS output to illustrate the orrefation between
the ris7 fn the EMG output with the subject's extensor effozt.

The ctivity in-

sample results show fhat the spinalis capijtis ;

creases with the extensor effort from the outset. In reasing muscle ac-

tivity with increasing extensor effort is not observed in the sternomas-

toid, omohyoid, and splenius capitis muscles until a \ ch greater exten-
sor effort is reached. It is noteworthy that for thi% particular exam-
ple the onsef of muscle activity for the right and Ie%t sides of the
sp1eniusj capitis do not occur for the same value of extensor effort.
This phenomena is also very pronounced in the omohyoid muscle.

Variations are observed in the results between the different volun-

teers, between tests performed on the same volunteer (as illustrated by

N
the sample results of Fig. 2-6) and between results from the muscle e

: . \
mass on opposite sides of the spine for the same muscle Quring the same

test. )It is felt that the results for each of the 5 tasks could be
best 1{nterpreted as the average of the three tests performed on each of
the vo]unteerg and as the average of all the tests on all of the volun-
teers.

A §ummary of these results are shown in Table 2-2
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2.4 DISCUSSION ;
In the numer1cal’dgscriniion on the cervical spine (appendix A) each

muscle 1is described as a collection of vectors running from points of

“origin to points of insertion. Each group can be approximated'as a sin-

imental results.

gie vector représentiﬁg the muscle's average line of action (Fig. 2-7).

‘This approximate represéntation §s useful in interpreting these exper-

»

Y

P

- Semispinalis Capitis and Splenius'Capitis: The ‘findings of the pres-

ent study indicate that as the extensor moment is increased, the spinal-

is and Semispina]is capitis and splenius capitis muiscles are recruited

in two distinctly different ways. As the extensor. moment is increased,

. the spinalis and semispinalis capitis muscle exhibits an immediate re-

sponse whereas the splenius capitis ‘does not. Thts delay is observed
to be a function of extensor moment (ie. applied load). The only previ-

ous report on the function of these muscles is that of Takebe, Vitti,

. and Basmajian [44] which showed the EMG activity of these muscles ver-

sus’ time for free motion; the above phenomemon is not observed, since

- muscle activity as a function of the extensor effort is not recorded.

Sgernohyoid and Omohyoid: These two “muscles produce flexion moments

on all of the intervertebral cervical joints. Since the neck is produc-’

fng an extensor effort, it is reasonable to assume that these muscles

would produce no activity during the execution of this task. -This intu-

ftive. assumption is observed in both the preliminary and main 1nvestiga-

tion for the sternohyoid miscle but not for the omohyoid muscle.
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This'study shows the onnh}oid muscle io be active during extension
of the head against }esistance. Because this muscle is an anterior
muscle and is usually considered a flexor of the head, it is surprising
to find this muscle active during extension of the head. This fact
makes this find%ng especially significant. Furthermore, if the omohy-
oid 1is 1indeed working at a significant portion of its assumedi;aximum
during resisted extehsion, it would mean the discovery of a new second-
ary function for tﬁe muscle.

Integrated EMG results from the omohyoid show a wide spread of
values. It is not always possible to palpate this small muscle ad&
hence ease of electrode placement varied considerably from subject to
subject. This may account for most of the scatter. If so, a careful
screening of participants for accessible omohyoids may result in a more
accurate‘study.

{ntuitively, one can see from Fig.2-7 that the extensor effort will
produce relatively larger flexion moments at the lower cervical jointg
than at the higher cervical joints. Therefore in order to balance this
applied moment it is necessary for the muscle to produce a relatively
higher extensor moment at the lower cervical joint than. at the upper
ones.

The capitis muscles tend to produce a large moment at the ‘upper
joints as well as at the lower ones. If use is to be made of these mus-
cltes 1in the execution of this task, it is necessary to recruit another
muscle which can reduce this undesirable effect of the capitis muscle
in the upper joints. The omohyoid has an orieq}étion that is well suit-
ed to counterbalance this moment. Although its diameter is small, it

has a long lever arm.- For this reaéon it should not be overlooked as -a

U




* ing the performance of this task.
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substantial contributor toward stabilization 6f the cervical spine dur-

&

Sternomastoid and Scalene Posterfor: A recent investigation of the
sternomastoid [44] has shown this muscle to be rarely active during
backward extension of the head against resistance. These researchers
have reported a;tivity during this exercise in only 4 out of 20 sub-
Jects examined. In the preliminary investigation of the present study
activity is noted in all but one case. The results for this muscle can
be tonsiﬁered more statistically reliable than in the case of the

omohyoid due to the ease of electrode placement on the sternomastoid

muscle.

From Fig. 2-7 it can be seen that this muscle produces a largeﬁflex-
or moment at the lower cervical joints. Activity from this muscle is
thought to be undesirable at a time when priority has been given to bal-
ancing the very large flexor moments resulting from the 1opd a£ these
lower joints. For the same reason, no activity 1is expected from the,
scalene muscles and the sternohyoid muscle. It is not known why a
slighf degree of activity from the sternomastoid muscle is observed.

Similar results can also be observed from the posterior portion of

the scalene muscle. This muscle produces almost pure compression at

all of the céﬁvical joints with insignificant extension or flexion mo-

ments. Since this muscle is not in a position to support the load, it

is difficult to explain the role of this muscle,on an intuitive basis. .

It 1is possible that the scalene and sternomastoid muscles are acting to

support® the rib cage rather than the neck.

u
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CHAPTER 3 MODELLING THE HUMAN CERVICAL SPINE

3.1 OBJECTIVE

The purpose of this section is to develop a‘sagittal plane mathemat-
ical model capabie of simulating the mechanism of the musculo~-skeletal
strucfures of the neck when subjected to the forces resulting from
sagittal plane loading conditions such as pilot ejection.

Examination of previous nnde]iing approaches reveals that the con-
tinuum modelling approach is incapable of determining the specific
strué&ure which would 1limit the spine in supporting a load. The
discrete modelling approach s forced to rely on assumed parameters
when insufficient test data is available. , A greater problem of zye
discrete parameter model is its inability to determine the contribution
of the muscles.’ This second limitation s perhaps \tﬁe most serious
since it 1{s felt that the muscle Qiil play a very critical role in the
‘sugporting of a load or the execution of a movement. ;

It is felt that the best approach to follow in developing the re-
quired model 1is the optimization approach used by Gracovetsky et al

[18] in modelling the lumbar spine. This approach is particularly at-

e et i it 1 T S

tractive since it makes possible the use of EMG results in tuning the .

‘model.‘ Therefore the same principles which are used in the develop-

ment of the lumbar spine mode) are to be used to develop a model of the

cervical spine.
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3.2 THE MODEL
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///yhé;/;n‘external,load is applied to the spine, the moment it creates at

S each intervertebral joint must be’balanced by internal moments created

- ¢

by muscle and ligament tensions. To illustrate how this balance is a-

chieved, a single cervical joint, as shown in Fig. 3-1, is considered.

In this illustration, it can -be seen that the Jjoint supports the

weight of the head and that portion of the neck above‘it. In order to

simplify-the diagram further, only a single muscle strand of semispina-

1is cervicis

,and a single strand of splenius cervicis are shown. -

The forces acting on this cervical joint may be divided into 4

groups:
-
2)-
3)-
Vo 4)-

(:\§ ' In order

of all e

~

The load, resulting from the head and neck

The reaction forces of the joint, acting at the center
of reaction

The muscle tensions, shown here tq be acting behin& the
center of reaction. . |
The ligament tensfons, shown to be acting behind the

~

center of redction.

for equilibrium to be achieved the sum of the components

forces in the two mains directions (i.e shear direction and

compression direction) must sum up to zerd‘ d the moments must . bal-

ce.

R MY St IR WA bl it R "

The reaction force can be seen as a fulcrum around which the moment

due to muscle and ligament tensibns balance the moment due to the load.
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From the diagram it beqome's obvious that the load can be balanced by an

infinite number of combinations of muscle and ligament tensions. Hence

it is necessary to introduce additional constraints on this system in

order for the equilibrium conditions problem to be a determinate one.

Wolff's law, as stated elsewhere in this report, characterizes the
response of the bone to stress. It is proposed that Wolff's -law can be
Imathematically expressed by the fact that stress within the spine must
be m1n1mize<i and equalized. Therefore, it i{s reasonable to search for
the muscle action that will not dn]y balance the load, but will also
tend to produce stress minimization and equalization at each interverte-
bral joint.

The problem is mathematically formulated as the minimization of an

objective function subject to various types of constraints.

3.2.1 The Objective Function

The objective function expresses the necessity for the interverte-

bral joints to minimize and equalize thejr stress.. In this way optimum
use of the muscular power and the strength of ligaments is obtained.
The stress s due to the actions of the muscle pull (ka, the 1iga-
ment. reaction (Lij) and the shear and compression Eeactions of' the
jotnts (‘;ij)‘ Nhefe k 1‘s the muscle group from 1 to the number of
groups (Nm), 1 is the force component (ie. shear and compression) and J
{s the Joint level from 1 to 8. This objective can be approximated as

a quadrafic function as follows:

F-Fl(muscle) + Fz(shear) + F3(comp.') + Fy(1igament) (3)

T s Dot St ke s o x4
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______

where:

| Fy(muscles) =k=1(P1ka) B (3a) 3
8 . ' %

Fy( shear)=j§1 (Poxdyy) (3b)
8 2 . . A

, 8 , :

F4(ligament)=j§ (PgrLyg)® )

This form of vobjective function' is chosen for two reasons:

: 1) it adequately represent physiéal objective of  stress }

minimization and equalization

2) it s reasonably straight forward to obtain a mathematical
solution |

The Pl' PZ’ l;3 and P4‘ are, at this point, constant)coefﬂci-
- ents determining the relative importance of the various terms in the ob-
Jective function.: These coefficients represent the only freedom that
. this modelling has, and all experiments must be accounted for by the de-

termination of these four quantities.
The coefficients Pl, P2 and Pj are "set respectively to be. the
fnverse of the maximum muscle pull, the joint shear and‘ the Joint comh- AN
pression. In this way the muscle and joint stresses will tend to

¢ ¥

achieve . their maximum value for equal values of Fi' 3

At this point, only P4 needs to be getermined. This can, be done

L ) )
by imposing the requirement that the optimized model output show reason-

able agreement with the experimental results.




N WU P e B S A [

bt s gt

50

‘ It should be hotgd that P, is intimately attached to [the concept

of muscular strateg} in the sense that the task may be performed in a
number of ways depending on how the subjéct chooses to recruit his lig--

ament structure.

3.2.2 Equality Constraints

e e bbbt s e ,

The solution of the problem must satisfy the quations of
equilibrium. These are also called the equality copstraints. The
forces acting at a joint can be considered to be, due tp one of “four

groups:

1) EXTERNAL LOAD - defined as a force due to the weight of
head and neck together with an externally applied load.
‘ | 2) MUSCLE LOAD - defined as a force due to the. muscles when

contracted.

3)  LIGAMENT REACTION - defined as a force.due to the

deformation of the  ligament, as a result of motion. !
4) JOINT REACTION - defined as a force due to the deformation !

of the disc or the facet.

. !
14
Since there are no other forces acting on the joint, the moments, '

shear, and compression due to these forces must balance. This can be
stated in equation form as follows:
Nm

! Y (A xK)+ E . +L . +J,. 30 (4)
i kT Tk 1§~ T iJT .

4
| ' .~ ° ;
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&
Where: -

A jkaforée compobent(ﬂ (compressi.on. shear, and moment) at
s Joint(§) (C0-C1, C1-62,...,C7-T1) due to a unit stress
in muscle group k (multifidus,scalene,etc.)
g =stress in muscle group k
E.. =force component i at joint j due tg an external load
=component i at joint j due to the reaction of the
ligaments at joint j -
=force component i of the reaction at joint j due to the

disc and the facet

The Aijk férms can be determined from "anatomical -descriptions of

+ the cervical spine and «x-rays (Appendix A)'. The values for Eij can
be obtained from a precise description of the task to be performed. |

The mathematical objective s to determine the mscular action

" (K, ), the ligament tensions (L”), and the joint reactions (J”)

due to an external- -load E” with the motion of thé " neck restricteq tg

the sagittal plane.

Y

’

3.2.3 Inequality Constraints - e
With the convention that positiv stress represents tension, the
¢ fnequality constraints may be expresied -as_ fo‘ﬂows:_
/- Ke 20 (5a) and tyy 20 (5b)
That is to say that the muscles anq ligaments can only exert a
- pull. The modelling procedure then consists of minimizing the objE%ﬁve
function (F = Fl + le + F3 + F4) in such a way that the equali-

ty and inequality constraints described above are satisfied.

'
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3.2.4 Determination of the Coefficient$ PsPps Py and Py.

As stated eariier, the coefficlents are set to homogenize the
s:tress values in the strqétural components of th'e nec‘k. An appropriate
method for choosing these values is to set them equal ’to the inverse of

the square of the maximum stress that can be withstood in the corres-

‘ ponding structural group. Therefore as an initial estimate for Pl'

P2 and P3. one —chooses the best available estimate for the maximum

wvalues of the muscle pull, the joint shear and the compression. The

-fnftial approximations taken are:

P, =1, Py = .01 Py = .01

1

More accurate estimates of these values will be determined by trial
and error dsing experimental data. Since the ratio of the coefficient
is what determines the optimal solution of the minimization problem,
the coefficients are normalized in such a way that P1=1.

The significance attached to the ligament weigh‘ting factor P4 is
different. The parameter P4-ensures that the subjgct cannot arbitrari-
1y recruit his ligament structure 1nkperform1ng the task. If, for ex-
amle, the subject is required to support the load in a neutral bosi-
t1t;n, one would e{tpect that the ligaments would produce very little ten- -
sfon. This would be equivalent to assigning a relatively high value to
the parameter P4.

If the subject is required to support a load whﬂe in a 'flexed posi-
tion, it would be reasonable to expect the ligaments to support a much
greater portion of the load. This would be equivalent to setting the
parameter 'P4 to a much Tower value. The .determination of P, fis

done by tuning the calculated muscle response to the measured EMG

response.
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3.2.5 Reduction of model size: muscle grouping.

The numerical description of the neck requires every muscle to bev

]

described as a vector run;ting from its point “of origin to its point of

insertion. In theorj/, it is possible to consider each of these vectors

_ (musc]és) as independent variables; but this would result in an unrea-
sonably large problem. It is therefore desirable to pdt forward some

simp1ifying asshnptions. Such simplification exist‘s due to the fagt

that the motion has been restricted to 1ie in the sagfittal plane. As

such each muscle can not behave independently. In other words, the mus-

cle strands are expected to fire in functional groups. Determining the

minimum pumber of independent muscular groups is therefore &n important

step si;vce it results in a significant reduction in_the computational

burden necessary for solving the ’problem. l

The det\érmination of which n'uscle strapds belong to.which group is

a trade-of f \ between reducing the number of variables to a manageable
" level without. acrificing the freedom necessary to execute the task.

—
s importartant to state the properties that a muscular

Therefore -it

group can or ca/nnot possess in the execution of the task:

PROPERTY" # 1 : A1l the muscle strands in a group -have their

)

activity increasing or decreasing at the same time. An exam-

ple of an action of the semispinalis capitis would be exten-
’ sion of the head and neck against resistance. As the extensor
effort increases, so does the activity of all the muscle

strands.

a

PROPERTY # 2 : Muscles vhich traverse completely different

e A bt ' Pk v e —
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g

sets of joints will have different actions and therefore will

be assigned to different groups. For examp'le, consider the '

splenius cervicis which inserts into the neck and the splenius
capitis which inserts 1into the head. These two muscles are

treated as independent variables, and will be assigned to dif-

ferent groups. Similar considerations applyoto the semispina"l—
fs cervicis and capit.is, the longissimus cervicis and capitis,

and the longus cervicis and capitis.
g T

3

PROPEéTY # 3 : Muscles with completely different functions

will have different actions and should be p‘lacﬁg"in separate
groups. Examles of this. are the omohyoid which produces a
flexor moment, the scalene muscles which produce little mo-

ment, and the splenius cervicis which produces an extensor

‘moment.

* Using these'assumptions and some trial anq er;rqr,'a ‘muscle group ing
arrangement is obtained. The resulting muscle groupings are shown in
Table 3-1 below. '

Classificatfon of muscle activity For any given task, the muscu lar

action can be characterized as follows:

1; Primary Action- A muscle having a primary action will
perform a task at near maximum level by firing at near maximum

lével.

2~ Secondary Action- A muscle having a secondary action will

perforn a task at .near maximum level by firing at a level

" inferior to its capacity.

e ot e b L — . e e s
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Group Muscle Group Muscle
.0
1 Multifidus (C2-C3 level). 14 Longu§ Capitis
2 'Mﬁlt1f1dus (C3-C4 leve?) § Longds Superior
3. Multifidus (C4-CS level) Longus Vertical
4 “"Multifidus (CS-Cé level) . v Longqs Inferiof
5. Multifidus (C6-C7 level) 15 Scalene Posterior
6 Multifidus (C7-T1 level) Scalene Medius
) 7 ‘ : Semlﬁgina1is Cervicis . Scalene Anterior .
8 Semispinalis Capitis 16 - Sternohyold
9 Spinal}s‘capitis 17 Sternomastoid
10 . Splenfus Capitis 18 Omohyoid
11 'Splenius Cervicis 19 Rectus Capitis Minor
12 Longissimus Capitis r20 Rectds‘Capitis Major
13 Longissimus Cervicis 4 21 Obttque Capitis Superior
Iliocostalis 22 Oblique Ca;itis Inferior

>

[N

- N *
:ﬂl":II.'ﬂl-"'---"'8.-.."-I-'I=.-'ﬂ=\‘=8'..'-.-.-3.3838383883'38338338

k]

~ | ) )
Table 3.1 Grouping of muscle.vectors into functional groups-- -
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3.3 MODEL TUNING AND SIMULATION

Tuning is the procedure by which the model wresponse {is made to .

match the experimental EMG data obtained from human experiments. This
adjustment is made by appropriate modification of the parameters “gz,

P3 and P4.

3.3.1 Tuning of the parameter P4

Increasing the value of P, haz the effect of forcing the model to
pport the load. The values of P2 and

'

rely on muscylar action to s

P35 are set to the. initial value of .01 as mentioned earlier. Py s

initially set to zero and gradua]lygincreased gntil the muscles reach
their maximum for the maximum extensor effort obtained in the experimen-
tfl in!gstigation (Chapter 2). . )

The maximumlforce per unit cross-sectional area that the muscles
can produce i{s about 8 kg/cm2[20]; Based on the study of Gracovetsky,
?affan; and Lamy [17], it is assumed that the maximum voluntary muscu-
lar effort performed ﬁy'the volunteers will not exceed 2/3 of this u}tif
mate limit.

With this assumption the following values q? Py for the flexed,
upright and extended neck postures are respectively 0.0@,0.b9 and 0.10.

Initially, the experimental 1nvestigatioﬁ of Chapter 2 is executed
with the semispinalis capitis and the spinalis capitis grouped togeth-
er. fhis grouping resulted in calculated respoﬁses that are not con-
firmed by EMG experiments. Hence, these two muscles are Splii into two
distinct mﬁsc]e groups. This arrangement has been confirmed by EMG data

for the three postures and is adopted in all subsequent %}mulationg.

of -
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3.3.2 Tuning of the Parameter'Pz ‘ '

The value of the parameter P, has been. increased —anq\ decreased
around 1its initial quess to determine the consequences on the load dis-
tribution in the neck. Changes in P2 do not greatly change the dis-
tribution of the load between muscles and ligament. It does affect how-
ever the distribution of the load between the muscies t@emselves, not-
ably the spinalis capitis and the splenius ﬁapitis.

It is important to remember that at this stage the three parameters

Py to Py represents the only degrees of freedom available in the
model to tune the response of the eight intervertebral joints to a

load. This arrangement proved inadequate for the following reason:
A single value for P, for all eight intervertebral joints result-
ed in poor correlation between the simulation and experiments. With a

value of P,= 0.01, the onset of the calculated splenius capitis acti-
vity is in the range of 0 to lkg . By increasing P,, little change

in the model response is observed. By decreasing Pz, the onset of

the calculated splenius capitis activity would tend towards O kg. These

* . results do not correspond well with the measured onset of activity ( 5

to 6kg range ).

As a next step, 2 separaté weighting coefficient is assigned to the
upper two cervical Joints (9ccip1tal-C1-C2). By augmenti;; the value
of this parameter, it is noted that a significant increase in the exten-
sor effort ?equired to recruit both the splenius capitis and the omohy-

oid. The response of the model remains insensitive to changes of the

Pz value corresponding to the lower joint due to the domination of.

the model's response bf the shearing load'Fn the upper two interverte-
k] 1 i ’
bral joints. 1

‘ !

I
i
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This result suggests that the resultant of any force vector passing

through the occipital-C1-C2 region must contain minimal shear compo-
nent. The entire cervical system-Qill react strongly to the presence i
of any shear in this area.
The best values for the paramefer P2 are - 8.0 for the upper two -
> cervical joints and 0.03 for the lower 6 cervical joints. ’
3.3.3 Tuning of the Parameter P3
The parameter P3 controls essentially the compression at the
Joints. By increasing P3 above the initial value of 0.01 it is noted
that a shift in the load distribution from the muscles with shorter
lever arms, such as the multifidus, to tﬁe musclés with longer lever
arms, such as the\semispina]is cervicis and spinalis capitis. Large in-
creases in P3 also resulted iq the elimination of the omohyoid's

contribution.

On the other hand, by decreasing the value of P3 it 1is noted .that <y

there 1is 1little change in the response of the model. This suggests

eI

that the lower values of P3 may be correct, since they indicaﬁﬁ\ha
higher compressive strength. A value of 0.01 is used in all subsequeht

simulation since it represented the most conservative estimate.

3.3.4 Simulation of experimental tasks
Using the weighting coefficients select%g above, the mode! {s used

to simulatq the five tasks that the volunteers performed in the exper-

SIRY " JNE VB STCPNIMETERE TP R SRR TR SRR SAS

imental investigation { Chaﬁ?@ﬁ 2). - The line of action of the resis-
tive force of the restrainigg'strap can be obtained from photographs of -

the subject extending his neck against resistance. Thé results. of

et gt
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these simulations are described below and illustrated in Fig. 3-2.

. . /
TASK # 1 %he neck is in the normal upright posture. The 9vf
erage height of the restraining strap is 2lcm above the/sbb-
Ject's sternum and the average angle between the res?réining
strap and the horizontal is 10 degrees. The onsets of muscle
activity for the spinalis capitis, the splenius papitis and
the omohyoid are respectively 0, 4, and 15 Kg. | ‘
TASK # 2 The neck is in the fully flexed pdsture. The re-
straining strap is at an average height of;éZcm above the ster-
num and the average angle with the hor{zontal is 13 degrees.
The onsets of muscle qctivity for the ‘spinalis capitis, the
splenius capitis énd the omohyoid are respectively O, 0 and 9

kg.

. TASK # 3 The neck is in the fully flexed posture. The re-
straining strap is at an average height of 17cm above the ster-
num ;;; the average angle with the horizontal is 11 degrees.
The onset of muscle activity for the spinalis capitis is 3kg.

The sp]eﬁius capitis and omohyoid are not active.

TASK # 4 -The neck is in the fully flexed posture. The re-
straining strap is at an average height of 25cm above thé ster-
num and the ave}qge angle with fhe horizontal is 45 degrees.
The ;nset of musclé act1v1ty for the spinalis léapitis, the

splenius capitis, and the omohyoid is 0 kg.
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TASK # 5» The neck is in the normal upright posture. The re-
straining strap is at an average height of 19cm above the ster-
num and the average angle with the -horizontal is 41 degrees.
The onsets of muscle activity for.the spinalis capifis and the
splenius capitis are respectively 0 and 14kg. The omohyoidl

is not recruited.
3.4 DISCUSSION

The five tasks have been similated with the same values of P, and
P3. ‘ The parameter P, is a function of the posture and is varied
depending on the task. The model results are compared with the average ‘,

experimental regults of Table 2-2.

3.4.1 Relation to EMG Results ‘

During the switch from a flexed posture to an extended posture, the
level of extensor effort required to recruit the splenius capitis and
the omohyoid increases. When the strap position is lowered to produce
a larger angle with reépect‘to the horizontal, these experimental re-
sults indicate a slight increase in the extensor effort required to re-
cruit the splenius capitis muscle. ' ‘

The same trends are observed in the simulated results but the calcu- -
lated trends appear to be exaggerated. One possible explanation fis
that the model 1s based on X—r;ys of an unloaded indivi@ua1 extending
and flexing his head to his limit. The same 1individual under loaded

conditions can be expected to perform the same task at a slightly
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-matical solution. The variations in the muscular response.from the var-—
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different angle of flexion. It is not des1}able to k-ray volunteérs
for such determination: Also the restia&ning strap represents an addi-
tional constraint on the attitude of tge subject's head while perform-
ing the tests.

It is also noted that the calculated muscular pattern results from

an optimization procedure. Such a procedure results in a unique mathe-

ious volunteers and even the variations observed between tests on the .
same volunteer cannot be ~expected to be precisely accounted for.with

such a deterministic approach.

3.4.2 Relation tg Physiological Behaviour
In ‘the accomplishment of any given task, the Spine‘ follows® basic
laws of physics resulting in measurable physiological behavior (i.e. . ;\

specific muscu]ar pattern, a specific geometry, a specific disk pres-

‘ éure). Ihe mathematical equations minimizing stress yield muscle pat- “a

terns specific to the task. Using the mdscle patterns of only two
groups of gusc]es;\‘gn EMG pattern is calculated for 22 ﬁusc]e groups.'
The EMG pattern of'all muscles available to surface electrodes are
found to conform to the Ca]éulsted results. Thig is true for-a range

of neck postures. Striking in this regard is the predicted function of

SR

the omohyoid and its completely unsuspected role as a flexor of the
head. ' .

There are two exceptions to.this. The sternomastoid exhibits low -
level activity which 1§.attr%buted to a possible small posi;jonal shift
of the restraining strap. There is also low 3eve1 actiV?ty in the

scalenes which 1is believed to be related to the fixation of the chest

°
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with their mustular effort.

At the present time there are no measurements 1n the literature of

disc pressure in the cervical spine. The values obtained from the sim-

u]ation are well within knpwn 1imits for lumbar discs.

Although it cannot be conc%uded that physiological behavior has
been truly represented, it is felt that the system of loading 1n the
spime has.been closely epproximated . This approximat1on appears to be
the same in all major respects to the[/;ysiological system of loading
of the lumbar spine.
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CHAPTER 4 SIMILATION OF NECK RESPONSE TO ACCELERATION LOADING
The next stage of the study is to use the tuned model to simulate a
“Subject undergoing high constant acceleration. For this study there
are four possible parameters which can be varied. The first is the mag-
nitude of the acceleration which the subject must sustain. The second
is the direction of acceleration with respect to the subject. Finally, S
changes in the subjects posture must also be considered. | |
The problem of using the model to obtain conservative estimates of 3
the maximum acceleration which can-be supported by theineck_is‘gpnnoagnzgﬁ_,uﬁﬁ_h;ﬁ___7:‘~
ed in two ways. The first is the case in which the moments generated
by the acceleration load is supported only by the musculature (MJSCLE
STRATEGY). These results are independant. of the experimental results.

This serves as a worst case analysis of how much acceleration the qeék

can support,

St

For the second approach, the ligaments are introduced as signifi-
cant moment supporting structures (LIGAMENT STRATEGY) in order to ob-

tain a more realistic analysis of the cervical spine's load bearing

T kS R 3SR 1.

Ry

capacity. The role of the ligaments is estimated with the use of the
experimental results obtained in qrapter 2 and the results of the simu-

lation of these experiments obtined in Chapter 3.
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4.1 MUSCLE STRATEGY

The model is tuned in such a way that the ligament tensions are as
low as possible while still maintaining equilibrium at the cervical,
joints. This is achieved by setting the ligament weighting factor P,
to as large a value as possible without.a]fering the muscle firing stra-
tegy by an unreasonable amount. A value of P4 = 1.0 is used for this
purpose. The remaining weighting factors P2 and P3 are set to the
initial gquesses discussed in section 3.2.4 of .0l and .0l. In this way
dependancy on the experimental results is avoided.

Results are calculated for the normal upright (or neutral), flexed

and extended postures. Acceleration loads producing flexion moments

- and extension moments are considered.

4.1.1 Neutral Geometry

For the first set of simulations the neck is represented in the nor- ’

mal upright posture (neutral geometry). The model is used to obtain
the muécle, tHe ligament and the joint responses to this acceleratioﬁ.
The value of the acceleration load is 1ncrq&sed until one of the struc-
tural components reached its limit.

The relative arrangement of acceleration vectors with respect to
the cervical spine is altered as indicated in Fig 4.1a, The maximum ac-
celeration supportable for each direction of the acceleration vector is
calculated in accordance with the above procedure. The results are

shown in Fig. 4-1b as a plot of the maximum accelefation that the mus-

" cles of the neck could support versus the orientation of the line of ac-

celeration with respect to a line acting through the center of gravity

of the head and approximately through the axis of the spine.
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It can be seen that if the subject assumes a neutral spinal geom-
etry, he can support up to 30g of acceleration when the load is acting
through the spine. If however the acceleration deviates slightly from
this optimum orienta;ion, the maximum acceleration that the muscles may

support decreases.

4.1.2 Fiexgq Geometry

This simulation consider; the spine to be in a flexed geometry. As
is ‘done in the previous case, fhe aéceleration is increased until one
of the muscles of the neck reached its limit..

The Qéientation of the line of acceleration with respect to a 1line
acting through the center. of gravity of the head and approximately
through the axis of the spine is varied (Fig. 4-2a). Values of maxi-
mum acceleration which the muscles could support are determined. These
results are presented in Fig. 4-2b as a plot of the maximum supportable
acceleration versus orientation of the line of acceleration.

( It can be seen that the maximum acceleration that can be supported
in the flexed spinal geometry occurs when the line of acceleration is

acting approximately through the spine. The important feature is that

the maximum acceleration dropped from 30g for the neutral position to

24g for the flexed position. As seen in the previous results the max-

imum decreases sharply for change in the orientation of the subject.
4.1.3 Extended Geometry ‘ ’

Finally simulations are performed for the neck in .the extended
spinal geometry. As f{s done in the previous two cases, the accelera-

tion is increased until one of the cervical muscles reached its limit.
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The ‘orientatfon of the line of acceleration with ;'espect to a line
acting through the center of gravity of the head and approximately
through the axis of the spine is varied (Fig. 4-3a). Values of maximum
acceleration are determined and the results are presented in Fig.4-3b. ‘

It can be seen that the maxi‘mum acceleration that can be’ supported
in- the extended spinal geometry occurs when the line of; acceleration is
acting approximately through the spine. The jmportant feature is that
the maximum acceleration dropped from 30g for: the neutral positioh to

15g for the flexe.d position.

4.2 LIGAMENT STRATEGY

In order to obtain a more realistic simulation of the response of the
cervical sp‘ine to acceleration load, it is necessary to introduce /{I;e
ligaments as a structure which supports a large portion of the moment

resulting from the 1load. Only accelerations producing flexor foments

" can be considered due to the nature of the 1idealization of thg g~

ameni:s used in the model.
Two types of acceleration loads will be considered to f1lustrate
the model response. In the first case, the acceleration direcfjon will

be determined by the condition that the' resultant load at each joint be

"essentially compressive. This will result in a small flexor moment at

the joints. The 'sgcond case will be represented by an acceleration di-

. rection perpendicular to the 'pr?evious acceleration direction. This will

result in.a very large flexor moment at the joints.
" Acceleration directions which produce extension monents are not con- -

sidered. A large extension moment would require that the anterior iiga-

A
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ments support a significant portion of the load. Since experimental re-
sults are obtained for a flexion load, the extensfon of those experi-
mental results to extension type loading cannot be juéiified.

For each of these two acceleration directions, two neck postures
are considered; ; normal upright posture and a fuily flgxed posture.
Hence, a total of four cases are analyzed. The extended neck posture
is not being considered in this set of simulations since acceleration
directions producing extension moments cannot be conside;ed and it s
‘difficult to conceive of an ejectibn sequence which would result in a
flexion moment with the head in the :xtended posture.

.For each of these four cases, it is desired to determine. the max-
1mum supportable acceleration. Of course this maximum value depends up-
on the maximum muscular firing density. This:is not known, but the

maximum voluntary effort can be estimated by lhsing simulation results

C, of the experimental tasks presented earlier. This analysis is based on
, / N
v

y

two assumptions: =

' The first is that when the volunteer reaches his maximum volun-
tary extensor effort, he also reaches his voluntary limit for
‘the ligaments, the muscles and the‘joint stress simultaneous-
ly. In other words, the cervical spine structure 15 best used

“ when all {ts members are equally solicited. Note that the es-
timates derived from this assumption are necessarily conserva-
tive, begause 1f this assumption are not true, then some of
uthe structures would not be fully solicited at the time of max-
imum voluntary effort. Therefore by definition, the simula-
tions based on these estimates will result in a consgrvétiye

estimate of what the cervical spine ccan support.
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The second assumption is that the maijib\'lm voluntary effor't is
2/3 of the u]fi'mate limit. This {is based on-a study of the
Jumbar spine by Gracovetsky and Farfan [17]:. 1t is calculated
that a weightlifter will not voluntarily execute a lift that
will solicit his lumbar spine components at more than 2/3 of
their wultimate strength. Using tt;is information the maximum
voluntary muscular effort is taken as 5.8 Kg/cmz. |
Using the exberimental and simulation results of Chapters 2 & 3, the
following estimated values of voluntary 1limit in the normal upright
posture can be obtained.
1. joint stress - 160kg
2. ligament moment - 160kg-cm ‘
3. muscle tension - S.8kg/cm2
For the fully flexed posture the following voluntary limits can be ob-
tained. |
1. joint stress - 160kg
2. ligament moment - 320kg-cm
3. muscle tension - 5.8kg/cn?
Recall that the objective function has four parameters P]: to
Py. The parameter which has thé greatest effect on the _abﬂit'y of the
cgrvical spine to support an acceleration load is the 1ligament weight-
ing parameter P4. The effect of tlvs parameter on the response of
the model {is best illustrated by a plot of the maximum supportable ac-
celeration ( 1.e resulting in any spinal member being soliéited at 2/3
of its ultimate strength),versus P,. This has' been done ' for two neck
postt;res and  two acceleration directions. (see Fig. 4-4 ’and Fig 4-5).

These fighres show the area in which i solution my be found.

\
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Normal upright posture - Flexed posture For the cases where the ac-
celeration is acting through the spine, the limiting factor is the
joint‘stress limit. This results in maximum supportable accelerations
of 40g and 37g for the normal upright and the fully flexed postures
respectively (Fig. 4-4). When the acceleration direction is 'acting at
90 degrees of the compression directioh, a maximum supportable value of
13 g's is calculated for both postures (Fig. 4-5). The values of Pa
are different, namely .0875 and .028 for the upright and flexed pos-
tures respectively.

From these results it can be seen that when the acceleration is pro-

ducing high flexion loads, the voluntary Jjoint 1limit (maximum joint

stress), the voluntary muscle limit and the voluntary ligament limit in-
tersect for, approximately the same value of P4 that is obtained from
the simulation og the experiments of Chapter 3. This result suggests
that . the extension of the results obtained from the experimental
loading arrangement to an dcceleration loading arrangement -similar to
that experienced during pilot ejection is valid.

For the case when|the load is acting through the spine, the factor
which limitg the acceleration which can be supported becomes the volun-
tary joint 1imit. This is a result of the fact that the load is almost
pufe]y compressive. .

The results also indicate that the maximum supportable acceleration
does not changé appreciably with posture. This is in shgrp contrast to
the results obtained for muscle strategy in which large changes are ob-

served with cﬁange in posturé. This result suggests that when the mus-

-cles are at their least effective, the ligaménts take a .arger portion

2

of the load.

A
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4.3 p1scussion { ‘ | o
S

The objectives of fhesg simulations are to determine how the head an?
neck would respond to accg]eration loads similar to those experienced
in pilot ejection and tp-obtain estimates of ghat the maximum acceler-
ation that can be suppO(ted. These objectives are pursued in two dif-
ferent manners. |

The first is to assume that the neck is being supported primarily
by the muscles which are‘allowed to develop tensions approaching their
ultimate limit. Since the experimental results are not used in the as-
signing of the weighting values (Pl, Py, etc), 1t is not felt-that
the results of these simulations would accurately represent the actual
response of the cervical muscles. The passive resistance of the cervi-
cal spine would play a much greater role than is Fhe case in these \;“Tf

ulations. These re;hlts are therefore felt to represent a conservative

estimate of the maxiﬂym accelerat{on loads which the neck could support .

if subjected to the loading configuations of the simulations since the
load would be under full muscle control.
There are a number of points about the muscle strategy- results

which are noteworthy:

1. A high acceleration load can be supported if the load is
maintained 1in such a way that it produces very little flexion
"or extension moments (i.e. the load acting approximately

through the axis of the spine.) .
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2.The increase in flexion or extension moments (or decrease in

77

max i mum suppbrtable acceleration) is very large for only small
changeé in the directfon of loading in the vicinity of the op-
timum accleration direction. Thi§ would suggest the maximum
accelerations of 30g, 24g, and 15g for the neutral, flexed and
extended postures may not be realisable since the subject may

not be able to maintain the desired orientaion with respect to
N ‘o

s,
1>

the load.

3. The muscles are most effective in supporting the 1load in
the neutral neck posture. This is a result of the fact that
it is possible to obtain lower’f]exfon and extension moments
at the f{ntervertebral Jjoint in this position and because the
muscles have a slightly better mechanical advantage in this

posture.

The second approach for estimating the maximum acceleration Tload
(the 1ligament strategy) consists of performing simulations usin§
results of the tuned model of Chapter 4. The 7results of these
simulations are a better representation of the the actual response of
the neck to acceleration 1loading than s the case for the muscle
strategy simulations since 1t 1is based on human experiments. It is
felt that these results are still conservative since in the experiments
‘the subjects exerted themselve§ only to their voluntary limits. Under
extreme conditions such as pilot ejection, one may push oneself closer
to their ultimate limit. |

" There are a number of points about the ligament. _Strategy results
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which are note worthy: . 7 N Lol

_

1. When the 1igament system is used 1n conjunction with the

muscular

system, then the maximum supportable acceleration can

be as high as 40 g's in the best case and drops to- 13 g's in

the worst case. This is a significath improvement over the

pure muscular strategy. ) 7 . RS

2. It is noted that the sharing of the load between the mus-

cles and

ligaments 1is a furction of the postures Neverthe-

]

less, the maximum supportable acceleration does not change iip-

preciably.

cervical spiine is indeed optimized for. any task ovér its full h

) range of motion. The consfstency of this result with the prin-

ciples on

that this

This result may be attributed to the fact‘ that the_

which the study is based is seen as a confirm&tjon

proach is basically valid.

v
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\  GHAPTER 5 CONCLUSIONS

_ The anatomical arrangement' of the muscles, ligaments and bones of
t)f;e cervical spine, including the skull and the shoulder girdle have
been described in mathematical terms. The relationship between the ex-
ternal loads and the internal forces generated by muscle arﬂfﬁgament
at each intervert’ebra]' joint of the spine has been expressed in math-
ematical terms.

In order to reduce the size of the problem (number of variables),
the muscle strands in the cervical spine have been arranged into a num-
ber of functional groups, each with its own iridependent muscular firi'ng
density. The muscular strategy required to perform a given task, ‘such
as the balancing of an external load, is calculated by minimizing an ob-
Jjective function which is based on the stress levels in the interverte-
bral joint, the ligaments and the muscles. The objective function ex-
presses the fact that the muscular action balances the external ‘ load
while attempting to 1) equalize the stress distribution ‘among the
intervertebral joints and 2) minimize the stress at the intervertebral
Joint so as not to exceed the biological limits of material.

The muscular activity can be measured jn the volunteers perfomiﬁg
jsometric tasks and can be used to arrive at values forf empirical' con-

stants (P,, Py, ect) in the model, ; This process 1is referred to as

tuning.

4 A—————
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. formation can be acquired by monitoring only superficial muscles with
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The model has been tuned primarily to the- pattern‘ of EMG response
of three of the accessible muscles; the omohyoid, the splenius capitis
and the semispinalis capitis. Thefe muscles are suitable because their
onset of activity occurs at different levéls of extensor effort. |

In the process of tuning the model to the gxberimental results a
number of conclusions about the normal functioning of the cervical
spine and about methods of analyzing it become apparent:

1) Data can be obtained from electromyographic experimentation which 1is
sufffciently quantitative to allow comparison with the numerical re-

sults of a mathematical modelling procedure. Moreover, sufficient in- |

the use of surface electrodes. 1\
2) When the model is utilized to simulate the subjects extending their
head against resistance, it is found that the ma;dmum voluntary effort
which can be achieved is dictated by the amount of flexior; moment that
can be generated at the lower cervical joints. This fact is reflected
in the model's attempt to recruit the omohyoid\musc]e when the neck 1is

subjected to very high flexion moments.

3) The ability of the model to successfully simulate the experimental
tasks of this study 1is seen as validation of the basic principles on

which the model 1is based.

4) The preferred direction of loading for the occ1p1ta1’-at‘l as-axis
joint (0/C1/C2) {s in the compressive direction. This is indicated by

~
I

\ i
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the fact that the stress at these levels has a very direct and dominant

effect on the muscle firing strategy of the cervical spine. This mus-

cle strategy gives rise to a force resultant passing through the’

0/C1/C2 structure which has a minimal shear component. This abserva-
tion would seem to suggest that the unrestrained head tends to orient

itself into the direction of acceleration.

5) Larger portions of the spine must be considered if an understanding
of the role of all the neck muscles is to be obtained. This conclusion
is illustrated by the fact that the low level activity observed in the
scalene muscles and sternomastoid - muscle can not be rationalized in
terms of the load which the neck must support. ‘

The drawback in analyzing the spine on a large scale is that the

complexity and the 1large. number of assumptions required will make it

.difficult to draw meaningful conciusions. ,

The tuned model is then utilized to simulate high acceleration
Toads wusing two approaches. First, the case in which the muscles have
a dominant role in balancing the. acceleration loéd is analyze.»d.l This
approach s con§idered as a worst case analysis since the poss}ble sup-
port which might be provided by the passive resistance of the spine s
ignored. The advantage of such an approach is that the tuhing of the
model is not dependant on experimental results. The disadvantage '15
that the results may tend to be too conservative. :

Second, the case in whioh the ligamentous structure plays a more
dominant role in balancing tﬁe load is analyzed . The maximum support-

able acceleration is based on the maximum extensor effort achieved by

L,
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the volunteers in the experimenatal test. For this reason, results ob-

I

tained here also tend to be conservative. These results are felt to be

mote realistic than -those obtained from the previous approach since the

effects of the passive resistance of the cervical spine have been intro-

&uced .

Conclusions and suggestions for future work based on the results of
the simulations can be summarized as follows:
1) It 1is clear that the muscle system plays a erucial role in  the con-

trolling of the stress level in the ceryical spine. This modelling ap-

proach is unique in jts ability to simulate the response of the mus-

cles. The inability of the discrete parameter models to account for
the contribution of the muscles represents a major shortcoming. How-

ever, in a situation where the muscles are incapable of supporting the

accelerﬁtion Toad, the discrete parameter models may adequately repre-

sent the dynamic response of the spine.
2) The maximum supportable acceleration is a function of two elements:
a)- The rzeck posture assumed during acceleration \0 .
b)- The mielative alignment of the spinal lordosis to the ac::el-

~ eration vector.

Any ejection analysis which does not consider these two conditivons
cannot accurately determine the role of the muscilar system or the full
capability of the musculo-skeletal system in supporting an acceleration

load. B . /
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. 3) If it is” assumed that the ligament system is not used (eg. the- pos-

terior ligaméit\ system is relaxed), then the load is entirely balanced
by muséular action. For this cas'e,‘ the optimum co@inétion of neck ori-

entation and acceleration vector occurs when the load is acting approxi-

- . L
mately through the.axis of the spine. If it is assumed that the ‘mus-(

cles can be recruited to their ultimate 1imit, a maximum of 30g of acf

. ) ~.
celeration is calculated. If the maximum supportable acceleration is

considered to be 2/3 of this u]timaté 1imit, a maximum supportable ac-

celeration of 20g is obtained. Note however that if the spine devi-

ates from the optimum posture, then the maximum supportable accelera-

N

tion d}-ops to about 5 g. )
. “\

~

Ty

4) If the passive resistance of the ligaments is considered to be ..mak-
ing a significant contribution to balancing the load and all the str::c-
tural components (musclej ligament, and joint) are_ allowed to go to
their voluntary Hmjts"then the neck can support 40g of acceleration in
an optimum IOSding configuration. for less opttmal loading configura-
tions, accelerations in the range q'f 15g can be supported.

If one assumes that the vo1unt$ry limit 1s 2/3 of the ultimate
Hmit,‘ as was shown in the study of Gracovetsky et al [17], then by ex-

trapolation the estimate of suppgrtable accelerations may be increased

- from 15¢ - 40g to 32¢g - 60 g. However, caution must be exercised be-
' i

fore accepting such an extrapolation. fior safety reasons, the experi-
mental tuning 6f the model is performed on human vo‘1unteers who had
full control of their loading conditions. The actual case for pilot
ejection . is significantly different from the experimeqtal one used in

this study.
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5) This method of analysis could be applied to the previous model- of
- l

Gracovetsky et al on the lumbar spine in order to re-evaluate the ejec-
tion problem for the\tofal spine.. -~

-
-

6) The principles and,méthods used in this study could be extended to

other problems in which the response of the human spine to acceleration

loads is of interest. An example of this is the new geneyation of .

fighter aircrafts that subject the pilot. .to severe lateral forces.
This type of analysis could lead to compensatory measures resulting in

g

an improved seat design.

- S~

N -

Caution must be eiercised'how;ver in interpreting the results calcu-
1§}ed for high acce]erat1on loads.  The magnitude of ther loads experi-
enced by the experimental subject is in the same fange as that which
would be experienced during pilot ejection. However, the experimental
lbad is increased .slowly and always under the subJects control, The
acceleration experienced by the‘pilots during ejection is not increased
s]ow}x but rather the acceleration reaches high levels in a very short
périod of time. The response time of the pilot may not be fast enough

to a]low him to maintain control of his 1oad1ng conditions. Therefore

to determine if it is valid to apply these results to a loading situa-’

tion such as pilot ejection, appropriate animqf_experiments and human

experiments with safe loading conditions are necessary.
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* APPENDIX - NUMERICAL DESCRIRTION OF CERVICAL SPINE.

N

This se'ction describes the mathematical model of the cervical

-

spine which has been used throughout .the report. The model describes

the geémetrica] arrangement of vertebrae, and skull, the Hganients,

and the r.nu'scles. It relates-the action of the muscles and the load

applied to the spine, to the stress at the in}:‘ervert’ebral joints.

To avoid the wn'ecessity of introducing a -large number of assumed

oparameters, it is desirable to limit the conp]ex*ity by which the pas-

sive spinal structures, such as the joint and the Tigaments,

described. . ' o

are

A force balance is imposed on each of the intervertebral Jjoints

being considered. The. forces acting at a joint can be considered to

be due to one of (four sources: )
1) External Load - force due to the weight of head
and neck or an externally applied load.

2) Muscle load - force due to the'm@%s when

~

’

contracted.
3) Ligament Reaction - force due to the deformation of
the Hgg.ment during motion. .

4) Joint ﬁeaction - force due to the deformation of
the disc or reaction ;ar%:’e due to the facet.

+

' the shear, and compression due to these forces must balance.-

]

i

/v can be stated in equation form as follows:

PIPRTRVREY K

Since there are no other forces acting on the joint, the moments,

This




= gy o M

Nm ' . _ :
kj;l(A,jk K+ Eqgt Lyt 4= 0 | 4)

vA”k5 force component-i (compression, shear,.and moment)
at joint-j (C2-C3, €3-C4,...,C7-Tl) due to a unit
stress in muscle group k (multifidus,scalene,etc.)

. . \

l(k = stress in muscle group k . -

¥
E”= force component i at joint §j due to an external load

-

Li4= component i at joint j due to the reaction of the

L

ligaments at joint j

J”= force component i of the reaction at joint j due to

- the dis¢ and the facet ~ -
The Aijk are determined*from anatomical descriptions of "the cervi-
cal spine and =x-rays; and the va.xllues for E-1j are obtained from a

precise description of the 'task to be performed.

A.1 DESCRIPTION OF RELEVANT SKELETAL STRUCTURE

»

[

" The process of numerically describing the muscles consists of

determining the points of attachment of the muscles to the ré1evant
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" skeletal structures. These values -are used to determine the result-

1hg reaction forces that these muscles can produce at the I.V.
joints. .

The relevant skeletal structures consist of the vertebrae of tﬁe
neck 'fo;§7) and'the occipital bone‘hnd since some of the muscles in-
serting into the neck and head arise from the thoraéic region, the
thoracic vertebrae (T1-T6) are also included. Since the motion of

the vertebrae in the thoracic region is very small compared to those

in the cervical region, the thoracic vertebrae are assumed to be a

L

part of a fixed base on which the neck operates.

In addition‘to the thoracic vertebrae, muscles of the neck are al-
so arise from the rips, clavicle, sternum, and scapula. The sternum
and ribs can be thought to be a part of a fixed base. The scapula-
-clavicle structure is moveable and can chénge the line of action. of
the muscles aris%ng from it. For this study the shoulders are as-
sumed in a fixed ﬁosition and the arms unrestrained.

Each of the vertebrae, ribs, and bones is treated as- a rigid
pody. The points of 1interest on the rigid body structures a?e’de-
scribed in a local coordinate frame and the skeletal structures are
asseémbled by assigning a location and orientatfon to each of the loc-

al coordinate frames.

The geometric information is collected from a number of sources. .

These include x-rays of an individual in three postyres (uprigﬁt ar

neutral, full flexion, and full extension), an. assembled skeleton,
and individual vertebrae. The points of attachment to the vertebrae
are organized in a single array [3 x 17]. Each of the points is as-

signed a code number as follows:

PR
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code number = m x 100 + n
where m = rigid body Tevel
n = poifnt number for that rigid body
The location and description of these points are presented in the‘ re-

mainder of this section.

OCCIPITAL BONE - For the occipital bone, it 1is found to be conve-
nient to locate the origin of its local coordinate frame at the cen-

tre of the external auditory meatus and define the y-axis as running

- in the direction of the line from the f1oor of the orbit to the exter-

nal auditory meatus. The z-axis is taken as running up through the
top of the skull. The bone is descriﬁed by 18 points in this lqcal
coordinate \frmne. These points represent the mean points of inser-
tion of the musclgs which attach to the head. See Tﬁble A-1.

$

ATLAS (C1l) - The atlas is described by a coordinate frame which has

its x-axis running from the angsiior tuberc]e to the tip of the spi-

nous process and the z-axis running upwards from the anterior tuber- '
cle. This. vertebra is described by four points. in its 1local
coordinate frame. See Table A-2. ,

AXIS (C2) - The origin of the local coordinate frame for the Axis
is taken at the inferior anterior corner of the body with the z-axis
running up to the anterior articular surface of the dens. The y-axis
runs posteriorly fram the origin. The Axis s degcribed by six
points. ‘




101

102 . -

103

109'

105
106

. 107

‘108

109

110

111
112
113
114
115
116
117
118

‘.a"

Point No.

-

Table A-1

- - . insertion? trapezius

- insertion: splenius

Points of attachment of muscles to the occipital

bone (Points of attachment shown in Fig. A-1)

| " 95
. ¢ ,
. . rd _;J
~ * % é
) Point Description, -
- . insertion: rectus capitis post. major
- . insertion: rectus capitis post. gﬁnor
- 4  .insertion: oblique capitis superior
« -7 insertion: rectus capitis lat;eral
- ‘ insertion : rectus capitis anterior '\\
. ¥ insertion: longus capitis e
- insertion: sterno-mastofd

- insertion: longissimus capitis -

- ; insertion: semispinalis capitis

- . 1nsér.tion: splenius capitis from C4

- insertion: splenfus capitis from C5 -

- : insertion: splenius capitis from C6

- . insertion: splenius capitis from C7 .

- - insertion: splenius capitis from T1

- - insertion: splenius capitis from T2

- ' insertion: splenius capitis from .F3
capitis from T4

e
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Point
201

. 202

203

T 204

53
-

i

R T A e

minor

i

No.

i Point No.
301

ae |

303
304
305

306

Tible-A-2° Potints

\J

)

aQ

A

Point Description
1nserti;n: lonéus colli
origin: rectus capitis I;téral
! rectus capitisxaﬁteriorw
1nse(tion: oblique capitis inferiér
origin: obliqug,s?pitis superior

brtgin: rectusj"capitis posterior

ATLAS (Cl) (see Fig. A-1)

-

Point D;séription
anterior inferior co;ner of vertebra body
" posterior inferior corner of vertebra body
* d{dsertion: longus Eo]li
' anterfor- tubercle
posterio; tuberclé_

-

‘ tip of spinous process
AN “ o .
Axis (C2) (see Fig. A-2)"

D . <
~ N

<

of attachment of muscles fb_the atlas and axis
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Poizt No. ‘ . Point Descriptiap .
m0l - anterior inferior corner of veréebra body
m02 -" posterior inferior cornér of vertebra body
] m03 - posterior superior corner of vertebra body
m04 - , ,hnterior superior corner of vertebra body
m0S . | ‘anterior surface of vertebra bodf
: origin & insertion: longus colli
m06 - . anterior tubercle
07 - aBterior tubercle
» mo8 - articular process
m09 - i Qac}erior portion of spinous process
ml0 - middle portion of spinous'process
mll - + tip ‘of spinous process

Vo, T /
vertebra level (i.e. m=4 to 8 corresponds to C3 to C7)

Table A-3 Points of attachment of muscles to cervical vertebra-

(€3 - €I (see Fig, A-2)

C

— by
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.
201, 204
My a
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. - Y2

L 202

203 1" cervical

Figure A-1 Points of muscle attachment on -the head and atlas
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. 304
303
5 Cervical
z4 27 .
~o I
406 407
408 \
¥ w0
4N
405 ‘
A ' < - va . ‘
‘ th .
\\—‘\ 3'"9Cervical Y 6 Cervical

506 507 g @6

th
4 Cervical 7"‘Cervical

<3

Figure A-2  Points of muscle attachment on the 2" ¢y 7th

N
cervical vertebra
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CERVICAL VERTEBRA (C3-C7) - The origin. is located at the _inferio;
anterior cSrner of the body with the z-axis running up to the superi-
or_anterior corner. The y-axis ruﬁs posteriorly from the origin. 611
of these rigid bbdies.are descriﬁéd witp~11°points in the local coor-
dinate frame. See Table A-4.

THORACIC VERTEBRA (T1-T6) - The rest of the relevant skeletal " struc-
.tures may be assumed to be a part of a fix;d base and can therefore

be described in terms of a single coordinate frame. It is felt, how-

ever, that it is be advantageous to’assign a local coordinate frame
“to each of the thor;cic vertebrae. \

The thoracic vertebrae can ﬁqt be viewed in léteral X-rqy be-
cause their view is obstructed\by the arms a;d ribs. The points of
interest on each of the vertebra are determined -from skeletal spec-
imens. Each vertebra 1is described in its own local coordinate frame
(Table A-5).

The local coordinate frames for the thoracic vertebrae are de-
fined in the same manner as for the cervical vertebrae. These verte-

brae are described with e]gven points.

Sternum - Clavicle - Scapula - The sternum is dgscribed "as a single
point which’ is used for the origin of the local coordinate frame of
the fixed.base and is also used as the origin of the global coordi-
nate frame. The c]avic]e. and scapula are assumed to be fixed in a

known -position and all points of muscle attachment are described in

L3

“terms of the coordinate frame located at the sternum ﬁ Table A-6).

-]

Sp—
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Point No. Point Description ’
MO1 - ' anterior inferior corner of vertebra body
MO2 - ¢ posterior inferior corner of vertgbra body
p " MO3 - posterior superio( cornérjof vertebra body
; mo4 < anterior superior corner pf vertebra bOdT
m05 - ° anterior surface of vertebra body:-;
m06 - ‘middle po}tion of’transve se prpceés
mo7 - base of transverse process
~mo8 B tip of transverse process )
§ m09 - ‘ middle portion of spinous process
% ml0 - Yip .of spinous process
: ) - angle of rib

[ mll

n Vs s & e

N

m = vertebra level (i.e. m=9 to 14 corresponds to Tl to f6)

X
Table A-4 Points of attachment of muscles to thoracic vertebra

(Tl - T6) (see Fig. A-3 and A-4)

T T R ——
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1*"'Thoracic
zm
- 1006 1007
1005 1008

th .
4 Thoracic

Figure A-3 Points of muscle attachment for the 15t through

ath thoractic Qertebra
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14

1406 1407

1306 1307 1308 | 1405

1408

Figure A-4

1410
6™ Thoracic’

-z

1510

1501 1502 - 1509 1514 1512

Scapula and Clavicle

Points of muscle attachment for the 5th and 6th

thoracic vertebra and 'sc‘apula. and clavicle

‘
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Poin
1501
1502

1503

1504
1505
1506
- 1507
1508
1509
1510

t no.

-

1511 -

1512

1513

1514

Table A-5

E e o R M SIS W b Yl A S T -

Point Description N

anterior end of clavicle
" posterior end'df clavicle
origin : trapezius to ocgipita] bqne
posterior end of clayicle
origin: trapezius to CL
acromién, origin: trapezius to C2
) acroﬁion;.origin: trapeziﬁs to C3
acromion, origin: trapezius to C4
scapuTa spine, origin: trapezius to C5
scapula spine, origin: trapezius to C6
2 scapula spine, origin:'trapezius to C7
vertebral margin of scapula |
origin: levator-scapula to C3=C4
vertebral margia of scapula
origjn ievatqr-&sppyla to C2-Cl .
vertebral margin of scapu1a'
origin: rhomboid to C7
- vertebral maégfn of scapula
origin: rhomboid to C6

origin: omohyotd

-

Points of attachment of muscles to clavicle .

and scapula {see Fig. A-4)

’
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Ribs - Only the first three ribs are considered in this structure
since "all muscles (with fhe exception of fliocostalis) traversing the
neck originate above the third rib. Iliocostalis, howevef.' is de-

scribed in the thoracic coordinate frame.

~ Transformation to Global Coordinate Frame - Having assigned a set

of coordinates to\\EEEﬁ*of the points of interest in their repective
local coordinate frames, it is now possible fo transform them to a
global frame. The spinal geometry is different %or all neck postures,
therefore three representive postures are choosen (neutral, flexion,
and extension). Using the location of the origin and the orientation
of each of the localﬂcodrdinate' frames, the local coordinates 'are

transformed to a global frame located at the sternum {FighA-5).°
A.2 LIGAMENT DESCRIPTION

The neck is be assumed to be in a fle*ea ,extended, or normal up-
right (neutral) posture with the jaw closed at all times. The ap-
plied load is be limited to forces acting in a direction (from poster-
jor to anterior) so as to produce flexion moments at the interverte-
bral Jjoints. _ No load is applied to the.arms and shoulders. The arms

are assumed to be adequately supported and therefore do not represent

-a load to the head and .neck structure.

‘When a load is supported by the spine, a balance must be achieved
at each of the'intervertebral joints witb the use of the active struc-
tural eiéments (fe. muscles), and the passive structural elements

{ie. ligaments, intervertebral disc and articular facets).

-~

.
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/

~-Y
ordinate Frame

N4 ~ N < ‘
N ::L%.I' é
e

\— v D i

b) local coordinate frames in global coordinate frame

Figure A-5 Representation of three basic postures in gloﬂal

frame achieved through coordinate transformation
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When a flexion moment acts on the 1nterve;tebral joint, it gs as-
sumed ‘that the primary compressivg structure is the intervertebral
disc and the primary passive tensile element is the posterior liga-
ment system. The center ofmthe compressive forces is assumed to be
acting at the center of the disc's nucleus. The center of the pas-
sive tension is assumed to be acting at the center of area of the pos-
terior ligaments. ; .

When the intervertebral joint undergoes bending, resistance to
the motion resu]t; from the elongation of the ligament fibers and the
deformation of the intervertebral disc. In order for the disc togprof
duce a bending moment it is necessary for the posterior portion of
the disc to undergo extension deformation or a lesser degree of com-
pression than the anterior portion of the disc. This concept is i1~
lustrated by jdealization of the uniform disc and ligament properties
(Fig. A-6). This idealization would result in stress concentrations
at the anterior portion gf the intervertebral disc and the posterior

fibers of the ligaments.

The disc is described as a purely compressive element with a uni-

~ form distribution of stress, and with the center of compression act-

ing at the center of the disc's nucleus. This description does not
allow for -a bending moment to be ibsorbed by the disc. A direct con-
sequence of idealizing the disc in this manner is that the: ligaments
are the only elements producing a passive resistance to bending‘defor-
mation. As done with the disc, the.stress in the posterior ligament
structure is assumed to be uniformiy distributed.

* The disc and the ligaments are represented as single vectors. In
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LT

b e e e

%
%
!
]
!




"o TATY Mo na e

e -

STy T RO W 7 A g

-y
4
4

108
appHedlnm@ent
* ) “ .
posterior
ligaments intervertebral
disc
ligament
tension’
~ uniform
] | properties’
: I ‘idealization
/ disc
. pressure
ligament
ftension
uniform
stress

idealization

. disc
pressure

Figure A-6 Idealization of intervertebral joint and 1fgaments
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the case of the disc, the vector is perpendicular to the plane which

bisects .it, and runs through the geometric center. The ligament vec-

tor is perpendicular to the disc vector and runs through the center
of cross-sectional area. This description results i& the ligaments
pEoducing only compressive forces in the‘joint and no shear. It is,
not possible to determine the exact line of act}on of the ligament as
is the case for ;he muscles, but examination of the anatomy suggests .
that the above idealization resu]ks in a good approximation. )
The ligament's fesponse is a function’éf the amount of deforma-
tion they have -undergone. The intuitive approach to modelling this.
tyﬁe of structure is to introduce an effective modulus of elasticity
or an effective rotational stiffnesst fbr each” joint. Such.an ap-
proach woulq rely on the accuracy of the estimétion of this parameter
and also on our ability to measure or estimate the degree of Sending

that the individual joints have undergone; Since one of the main

objectives of this modelling approach is to avoid the introduction of

* these types of assumed or estimated parameters, a3 different approach

based on the uée of electromyographié information is droposed.

While standing erect or while~fu11y flexed, the. spine vrequires
very little or no muscular activity to maintain postu}e. This sug-
gests that in .these postural.positions, the passive res1stancé of the

ligaments 1is sufficient to support the spine and associated body

<?

weight. Using this ’pservafion, the ligament tension in the fully
flexed posture can be estimate as being that value which balances the

load regulting from the weight 'of the head and neck.

{ oo e e e i e ) ke s e 4 - - - e
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As the load applied to the meck inncreas.e;, it {s .reasonable to as-
sume that a portion of this inc—;‘eased load is be taken Up by the liga-
f ments. ‘In order for the ligaments to take on an increased load they
| must undergo some deformation. If tilue ‘subject maintains ﬂan upright

neck position as theiload"increases. the i'ntervertebral joints begin

to deform in order to.generate the required ligament extension. If

the subje;:t attempts to maintain a fixed posture, ‘it is conceivable
that the lower .joh':ts might undergo a small amount of; forward flexion
which could then be of fset by egtension of some of the upper joints.
As a result, the overall posture of the neck remains the same
with a small amouhnt of deﬂ;rmation in the s;)ine. Obviously, as; i:he
load increases, it becomes difficult-to deform the spiné and still

~

maintain the same effective posture.

\‘/ A.3 Descripti&n of ‘fnterverteb'ral Joint
# ST ,
The joint is considered as a point’ located at the center of the disc
and 1{is defined as the geometric mean of thé anterior and posterior
; <:lower corners of the body above the disc and by the anterior and pos-
y o terior upper, corners of the body below the uigc. A unit shearing

f]oadymﬁy’ be defined as a ‘unit vector acting in the line of the bisec-
tor of the disc and is positive in the posterior diregtion. A unit
compression load is defined as be1‘ng perpendicular to the shear direc-

tion, and is positive when acting downwards.
“
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A.4 Miscle Description "

The muscles are considered as a collection of muscle strands which

are represented by vectors. Ea‘ch vector runs from a point of origin 1
to a point of insertion. The magnitude of the force produced by each
of these 1&eaHzed muscle strands is equal to the stress developed in
the muscle fibers when contracting, multiplied by the cross-sectional
area of each of ‘the strands. Therefore for each vector, the shear - <
(Al'jk), the compression (Agjk) and the moment (Az33x)  produced
at each joint is determined. If one considers each strand of a mus-
cle or group of muscles to act at the same stress level when being
fired, then the total muscle action can be considered as the sum of 3
the @a\ﬁessions, shears, and m;nents produced by this ‘grﬁup 01'"

‘'strands. This may be expressed as follows (Fig. A-7):

-
»

Pk =08y ™ MM . (A-1)
Aosi =[C5 ° MM - - (A-2) |
Aygk =M maglr x My] (A-3) . |

where r = a vector running perpendicular to muscle strand k

and through joint j

ﬂk- a unit vector running from the point of origin of the

muscle to its point of insertion . : %
- \ ]
Mkr the cross sectional area of muscle strand k -

X = cross product o
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geometric center

of disc at level j

S.= unit vector in
shear direction
of disc level j
= unit vector in
:coq\pression direction
of disc level J
-'!k; unit vector in
direction of force of
muscle stfand k

Mk=cross-sect10nal area
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polint of insertion
3

muscle
.strand
from
semispinalis
carvicls

of muscle

k

5% polnt of orlgln

’

* Figure A-7 Muscle and 1igament tensions result in shear,

compression and moment at the intervertebrai Joint
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The Tocation of all the points of attachment of the muscles and the

Jocation of the 1local ¢oordinate frame relative to the global frame

may be determined from anatomical descriptions, X-rays, and skeletal
specimens, With this' data the location of the joints and muscle vec-~

[y

tors may be determined and hence the muscle matrix (Aijk)'

Multifidus - The multifidus is the deepest of the muscles to be con-

sfdered in this description of the cervical spine. It is noted that

'the rotatores have a small cross-sectional area an'd therefore théir

contribution to balancing the external forces is assumed to be insig-

nificant. The same arg'ument is applied to the inter-transversarius

muscles and the inter-spinalis muscles.
The multifidus is a branching muscle having up to 3 penate muscle

strands reaching upwards 3,4, and 5 vertebrae above the level of or-

igin. Each of the.strands.is mdelled as a separate vector originat-
ing from the 1lower edge of the articular process and inserting into
the spinous process, at 1/3 of the distance from the articular pro-
cess to the tip of the spinous process ( Fig. A-8).

rOnly those strands which insert into the cervical r:egior; are con-
sidered. Hence the Ilowest vertebra of origin for this muscle is TS
and the highe_st vertebra of insertion {s the Axis. The cross-

sectional area is 'obtained at sev?ra] levels from cross-sectional

views of th_é neck. By assuming equal areas for each of the strands,

. /!
an area of 0.4cmé is obtained.

This description of the multifidus muscle is applied to the numer -

fcal description of the skeleton. Values of length for each of the

strands in the neutral, fully flexed, and fully extended positions

e O L R P P P o b



Muscle No, 1 Multifidus

Strand No. ID. No. Origin _ Insertion
' 1 . 101 688 - 306
2 102 708 © 409
3 : 103 708 - 306
4 104 ‘ 808 509
5 105 - 808 409
6 106 808 306
-7 107 - 908 - 609 ¢
8 . 108 908 509
9 109 .908 - 409
10 110 1008 709
11 R E 1008 609
.12 112 1008 509
13 - 113 1108 . 809
14° : 114 1108 709
15 115 1108 - 609
16 116 1208 - 809
17 117 1208 - 709
18 118 1308 - 709

Fig. A-8 Vector description of the multifidus ‘n‘:u,scle
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Area(cm
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are”bbtained‘a]ong with the corresponding increase in Tlength due t&
flexion and extension. It is known tﬁat the'maximum change in- length
of a penate muscle is about 30%. The maximum increase in length— due
to flexion, and the maximum decreaée in length due to extension, as
calculated from this numerical Hescription is below 30%. This sup-
ports the validity of this description.

The combined effect of all the multifidus strands can be. evaluat-
ed. It can be shown that.the maximum output is produced at the c7-T1
joini and the minimum at the C2-C3 joint. This obvious result can be
attributed to the fact that more strands' traverse the lower joints

than the upper joints.

¢

Semispinalis Capitis ,and Spinalis Capitis - These two muscles are '

the largest muscles of the neck. .Some anatomy books do not different-

jate between these two muscles and treat them as a single mass. These

muscles cover the multifidus as it arises. from the transverse p?ocess'

of T4 to Tl and the articular processes of-C7 to C4 and from the spin-

ous processes of T4-C4 and pass almost straight up the neck to insert

_ between the superior and inferior nuchae lines of the occipital bone.

The portion of this muscle mass arising from the transverse pro;
cesses of the thoracic vertebrae and articu]ér processes of the cervi-
cal »vertebrae is °termed 'the semispinalis capitis, and the po%tion
arising from the spinous processes 15 termed the spinalis capitis.

The‘semispfnalis capitig and the spinalis capitis are modelled as
18 strands arising from the 18 points of origiﬁ mentioned above aqd

inserting at a commdn point of insertion located halfway between the

o
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Muscle NOT7 2 . Semisinalis Capfitis

Strand No. I0. No. = Origin  Insertion Area(cm?)
19 201 508 10 . .. 0.5
20 202 608 . 110 0.5

21 203 - 708 110 0.5

22 204 808 110 0.5
P23 205 906 -110 0.5
24 206 1006 110 0.5

25 . 207 . 1106 110 0.5

26 208 .1206 110 0.5

27 . 209 1306 110 0.5

28 210 - - 510 110" 0.5
-29 211 610 110 0.5
30 - 212 710 - 110 0.5

3l 213 810 - 110 0.5

32 214 909 . 110 0.5

33 . 215 1009 110 - 0.5

K I 216 1109 110 0.5

35 217 . 1209 110 0.5
36+ - 218 1309 110 0.5

:.h Figure A-9 Vector description of semispinalis 'and spinalis
capitis muscles
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superior and inferior nuchae lines, to i:he right and left of the cen-
ter of the occipital bone ( Fig A-9).

As with the multifidus, the qross-sectiona] area per strand is

" considered equal for all the strands. The above muscle description

is appplied to the numerical description of the spine to obtain val-
ues of muscle strand length; variation of length due to flexion and
extension; and the moment, shear and compression due to a unit stress

in-each of the strénds.

The semispinalis muscle fibers are para]lel_; ‘as opposed to the

penate fibers of the multifidus. It is known that parallel muscle fi-

"bres can extend or contract up to 35% of their rest length. The

change in length of some of the semispinalis strands are to some ex-

_ tent a little higher than would normally be anticipated, but it is

felt that these values are reasonable enough to Jjustify the présent
description of the muscle. - o ;.

The large cross-sectional area of these muscles makes’ Ehem prima-
Fy candidates for supporting of the neck. The largest moment is pro-
duced at the higher joints because of the high cross-sectional area
of these muscles at these levels. '

The® str;ands arising from the lower thoracic vertebrae ?-T4 show
_very Httlea change in length. \This is al so. the ' case for the
mulfifidus muscle. This can be partly attributed to the fact® that

the thoracic vertebrae are considered as fixed when in fact they ro-

qtafe a few degrees in flexion. Anothér factor is that the thoracic

ve\rtebrae are not clearjly visible in the lateral x-ray and their po-

sitfon had to be eﬁtimated rather than measured. The small change
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in length may be due to this error. It can also be ﬁoted that the
small change 1in 1length may be attributed to fhe fact that a greater
portion of the muscle strand is tendonous.

-
)

Semigpinalis Cervicis - The. semi$pinalis cervicis, like the semi-

spinalis capitis, is a parallel fibre mu§c1e but unlike the semispina-

—

lis capitis, it has many points of origin and insertion. It arises
from the transverse processes of T1-T6 and inserts into the spinous
processes of C2-C7 with the longest fibres passing over 6 vertabrae:
and .the shortest passing over 4, For the sake of convenience it is
‘assumed that all of the strands pass over 5 vertebrae. Therefore the
semispinalis cervicis may be modelled as 6 strands of equal cross-
-sectional area with the lowest strand arising from T6 and inserting -
into C7 and the highest strand arising from Tl and inserting into  C2
( Fig. A-10).

0 " The result of this vector descript?bn shows that the changes in

"length of',the strands are well within the 35% change that one would

expect for parallel fiber muscles. The muscle produces a slightly
higher moment to compression ratio tﬁan the multifidus. This is due

to fhe fact the muscle lies posteriorly to the multifidus.

Splenius Capitis - Cervicis - These muscles are the only ones in
the neck which originate from the midline and run laterally and up-
wards. It is presumed ;hat these muscles act primarily  in producing
.torque or act as a torsional stabilizer. ( Fig. A-11).

The splentus c#pitis arises from the ligament nuchae at the 1level

of C4 to C7 and from the sbinous processes of Tl to T4; and it

!
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Muscle No. 3 = Semisinalis Cervicis 2

Strand No. ID. No.  Origin Insertion  Area(cm’)
37 . T 301 906 - 310 . 0.4 -
38 302 1006 410 0.4
39 )303 1106 510 0.4 -
-40 304 1206 610 0.4
41 305 1306 710 8.:

42 306 1406 . 810

Figure A-10  vector description of the semispinalis cervicis

muscle
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Muscle No. 4 Splenias Capitis 2
oo Strand No. - ID. No. Origin Insertion Area(cm®)
‘ 3 401 511 118 . 0.6
" 44 402 611 - 117 0.6
B 45 . 403 711 116 0.6
46 404 811 115 . 0.6
47 405 910 114 0.6
48 406 " 1010 113 0.6
49 407 - 1110 112 0.6 |
50 . 408 - 1210 111 0.6
Muscle No. 5 " Splenius Cervicis - 2
Strand HNo. ID. No. =~ Origin Insertion Area(cm”)
51 : . 501 1110 " 203 0.4
. 52 : 501 1110 305 0.4
53. . 501 - 1110 | 407 0.4
54 501 1110 . 507 0.4

" "Figure A-11 - Vector descriﬁtion of the splenius cervicis and
- ' . capitis ' - ,
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" when the posture switches from neutral to flexed. This suggests that
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inserts into the occipital bone just below the lateral part of the su-

peiior nuchae line and into the mastoid process. The muscle is de-/

scribed in the model with 8 strands. The 4 strands arising from the

ligament nuchae are assumed to originate from the tips of the spinous

process of C4-C7 and the other 4 strands origfnate from the tips of

the spinous processes of Tl to T4. All 8 strands insert into the
occipital bone at 8 individual points of insertion. The strand with
the lowest ;o}nt of origin inserts the most laterally and the upper-
most strand inserting more medially.

The splenius cervicis arises from the spinous processes of T3-T6
and inserts into the‘Posterior tubercle of the transverse prgcesses
of C1-C4. ~The muscle is descfibed by 4 strands with the lowest
strand arising from T6 and inserting in;a C4 and the uppermost strand
arising from T3 and inserting into Cl.

The resulting changes in length for both muscles are well below
the 35% value that would be expected for a parallel fibre muscle.

Another result worth foting is the large decrease in moment produced

the role of these muscles may be that of torsional stabilizers rather

‘than forward moment supporters.

Longissimus Capitis - Cervicis - The longissimus capitis is a slen-
der muscle originating from a)the articular processes of C3 to C7
and b)from the tips of the transverse processes at. T1 to T3, and

inserting into the occipital bone at the posterior margin of the

[N
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mastofd process just under the splenius capitis. This muscle is

described with 8 strands originating from C3 to T3 and inserting into
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a common point of insertion on the occipital bone { Fig. A-12).
The longissimus cervicis is alsoa rather slender muscle which
arises from the tips of the transverse processes of Tl to TS just lat- ' 1---

erally to the longissimus capitis and inserts into the posterior tu-

bercle of the transverse processes of C2 to (7. This muscle is

L

described here with 5 strands with the longest arising from T5 and in-
serting in C2 and the shortest arising from n and inserting in C6. °

Ealculations show that these two muscles extend and contract by a
very’ small amount during flexion and extension. This result may be
signif.,icant in determining the role that they play in supporting the

head and neck. - .

The calculated shear, compression, and moment are relatively Tow
and can be attributed to the rather small cross-sectional arez of the
muscle strands. The small moment produced suggests that their prima-

ry role may not be to support, the neck during flexion. ' . \

I1focostalis - I1iocostalis cervicis is a slender muscle much Tlike

the Tlongissimus cervicis. It arises from the angles of the upper six

ribs and divides usually into three slips of insertion that attach to
the posterior tubercles of the transverse processes 6f C4 to C6.

This muscle is described by three pairs of strands. The strands
originating from rib 1-2 1ﬁsert into C6, the strands originating from
rib 3-4 insert into C5, and the strands originating from rib 5-6 in-
sert into C4 ( Fig. A-13).

The muscle strands undergo little or no extension or contraction

during flexion and extension and like the longissimis cervicis, the

e B P LT P

t1iocostalis haé a relatively small cross-sectionai area. This
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Muscle No. 6 Longissimus Capitis - 2

Strand No. ID. No. Origin Insertion Area(cm”)
55 - 601 -, 408 <109 0.3 .
56 . 602 508 - 109 0.3
57 < 603 608 . 109 . 0.3
58 604 708 109 , 0.3 .
59 605 808 - .~ 109 0.3
60 - . 606 907 | 109 - 0.3
61 607 -1007 109 0.3
62 608 . 1107 - 109 . 0.3

Muscle No. 7 Longissimus Cervicis LT

Strand No. ID. No. Origin Insertion Area(cm)

- 63 701 907 707 .03 ¢
64 702 . 1007 607 0.3
65 703 1107 " 507 : 0.3
66 - 704 . 1207 407 O.g s~

. 0.

67 705 1307 305

Figure A-12 Vector description of the longissimus cervicis and
capitis ; .
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Muscle No. 8 .

Strand No.
. 68

69

70
' 71
' 72
473

Y

-

I1iocostalis
10. No. Origid
801 1411
802 1311
803 - . 1211
804. - \ 1111
805 1011
806 911

Insertion
507 °
507
607
607
707
707

Area(cmz)
0.2

“Flgure A-13 Vector aescription 6f the 1liocostalis muscle

d
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suggests that the role of the iliocostalis is the same as that of the
longissimus cervicis.
»

Sterno-Mastoid - The sterho-mastbid is a long strong muscle ;hich
originates from the top of the sternum and the upper surface of the
anterior portion of the clavicle and inserts into the mastoid pro-
cess. This muscle is modelled with a single strand originating at
the medial end of the clavicle and inserting into the-mastoid process
of the.occipital bone ( Fig. A-14).

‘The muscle contracts in both flexion and extension. This sug-

gests that the muscle is at its maximum length somewhere in the vicin-

_ ity of the neutral position. Another result worth noting is the

change in the sign of the moment when going from the neutral to flex-
ion position. This shows that the sterno-mastoid produces increased
flexion when the neck is in flexion and increased extension. when the

v

head is in extension.

4

Scalenes - The scalene muscle group is made up of three muscles;

scalenus anterior, scalenus medius and scalenus posterior. There is’

also a scalenus minimum which is considered tg be part of the

ecalenus medius. Each of the scalene muscles is described separately

. -
although it is felt that they play the same role in supporting the.

neck and should probably be lumped together as one muscle. See Fig.
_ / v 1
A-15. ;

The{sﬁalenus anterior arises from the tuberculum scaleni of the
first. rib and 1inserts 1into the transverse processes of C3 to (6.

This muscle is therefore modelled as 4 strands  originating from -a

o
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Mastold Process
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"'?Mm\

Muscle No. 9 .Sternomastoid

- “"Strand No. ID. No. Origin = I

74 ' 901 . 1501

i .

Figure A-14 Vector description of the ste

T P

RS R R e

126

4

nsertidn Area(cmz)
107 6.5

rnomastoid muscle
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Anteriot Scalene

Middle Scalene

Posterior Scalene

Muscle No. 10
" Strand No.
75
76
77

Muscle No. 11

Strand No.
78 :
79
80 .
81
82
83

\ - Muscle No. 10
Strand No.
84
85
86
87

Figure A-15 Vector‘deséfiption of the scalene muscles

4

s

Scalene Posterior

ID. No. Origin
1001 1603
1002 1603
1003 1603
Scalene Medius
ID. No. Origin
- 1101 1602
1101 1602
1101 1602
1101 1602
1101 1602
1101 1602 .
Scalene Anterior
10. No. Origin
1201 1601
1202 1601
1203 1601
1204 1601

Insertion

607
707
807

Insertion
304

406
506
606
706
806

Insertion
406

506
606
706

127

Area(cmz)

. 0.9 .
0.9

0.9

.Area(cmz)

0.4

L wmrn
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. common point of origin in the first rip and inserting into the trans-
. verse process of C3 to C6

The scalenus medius originates from the 1lateral surface of ‘the
first rib and inserts into the anterior points of the t}apsverée pro-
cesses of C2 to C7. Therefore this muscle is described as 6 strands
all originating from a common point of origin on the first rib and in-
serting ipto C2 to C7 .

The scalenus posterior; which usually fuses with the scalenus
medius, ofigiﬁates from the latetal surface of the second rib and in-
'serts into the posterior part of the transverse processes of C5 to
C7. Therefore the muscle is described as three strands originating
from_a common point of'origin and inserting in C5 to C7.

The scalenus muscles do not change length appreciably during flex-
ion and extension and they produce very little moment. These results
could be expectéd from the fact that the muscles run almost in lipe

with the bddy of the vertebra and have a small lever arm.

Longus - The longus muscle consists of the longus capitié and the
longus cervicis, which may be divided further into superior, vgrti-:

cal, and inferior parts ( Fig. A-16).

The longuslcapitis arises from the anterior tubercle of the traﬁs-
verse processes of C3-C6 and - inserts 1ﬁto the lower part of the
o;éipital bone. '

The superior oblique part of the longus cervicfs'arises from the
ankerior tubencles of C3 to C6 énd inserts into the anterior tubercle
of Cl. This portion of the muscle can be descfibed by 4 strands aris-

ing from C3 to C6 and‘inserting into Cl. Tﬁq vertical portion arises

@8
3 !
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from the bodies of C5 to T3 and inserts into the bodies of C2 to C4.°

This portion of the muscle is described by 3 strands with the longest
running”from T3 to C2 and the shbrtest running from-C5 to C4. "The in-
ferior oblique portion arises from the vertebral bodies of T1 and T2
and insert into the anterior tubercles of C5 and C6. This portfqn is
gescribed with 2 strands, Tl to (5 and T2 to C6.

These muscles exhibit someyﬁhange in length during flexion and ex-

tension. The moment produced by these muscles is relatively small.

This small moment' is. due to a small cross-sectional area and to a'

short level arm.

$

Levator Scapula - The levator scapula arises from tne vertebral mar-
gin of the scapula and inserts into the posterior tubercles of Cl to
'C5. The muscle is modelled by 4 strands arising from two points of
origin on the scapula and 1nsert1ng into Cl1 to C4 ( Fig. A-17).

Calculations show a small change in length during flexion and ex-

tension, and a moderate ment due mainly to the largg Cross~

sectional area of' t ~ muscle. This 'muscie behaves 1like the
longissimus cervicis and iliocostalis.

‘Néte that "the scapula is not necessarily a fixed body 'unless the
arms are restrained. As stated before, the role of this muscle and
other shoulder muscles depend upon the constraints applied to the
arms. In this sfudy the - arms are assumed to be unconstrained and

relaxed.

Trapezius - The trapezius<is a broad flat muscle which foﬁiginates

from the posterior extremity of .the clavicle, the/icromion, and the

}
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Longus Vertical————

Longus Capltls
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Muscle No. 13
Strand No.

88

89

90

991
Muscle No. 14
- Strand No.

Muscle No. 15
Strand No.
96

97
98
99
100
101

Muscle™o. 16
Strand No.
102
103

Figure A-16 Vector

.Longus "Capitis

ID. No. Origin
1301 406 -
1302 506
1303 606
1304 . 706
Longus Superior
ID. No. Origin
1401 406
1402 , 506
1403 606
1404 706
- Longus Vertical
ID. No. ortgin
1501 605
1502 705
1503 805
1504 905
1505 . 1005
" 1506 " 1105
Longus Inferior -
ID. No. ' Origin
1601 © 905
1602 1005

description of the lon

‘cervicis
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Insertion
106
106
106
106

Insertion
201
201
201
291

- Insertion’

505
505
405
405
303
. 303

Insertion

"~ 706

- Area(cm

Area(cmz)
0.6

coco
N oo

Area(cm

OQ.OO
N W W

Area(cm™)

* & e o
Pk Pk b fod fad Pk
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2
0.3
0.3

gus capfitis and
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~ Figure A-17 Vector description of the

Muscle No. 17
- Strand No.
104
105
106
107

- 131

1510° 507

Levator-Scapula
. 1D. No. Origin Insertion
1701 1511 203
1702 1511 305
1703 1510 407
1704

Area(cm

2

1.3

s et e
W O (I

.

levator-scapula muscle

)
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Muscle No. 18
Strand No.

108

109

110

111

112

113

114

115

?1gure A-18 Vector

»

132

~

Trapezius , 2
ID. No. Origin Insertion Area(cm”)
1801 1582 103 3
1802 1503 . 204 1.3
1803 1504 . 308 1.3 .
1804 1505 411 1.3 C T
1805 1506 511 1.3
1806 . 1507 611 1.3
1807 : 1508 711 1.3
1808 . 1509 811 1.3

description of the trapezius muscle
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spine of the scapula. The fibres arising from the clavicle insert in-

to the ligament nuchae in the region of the occipital bone and the up-

~ ' per vertebrae. The fibres originating from the acromion insert into

the 1ligament nuchae of the mid-cervical region and the fibres arising

from the spine of the scapula insert into the remainder of the 1lig--

ament nuchae and .the ligament supraspinalis, as far down as T12 (
Fig. A-18).

For this study, only the muscle fibres traversing the cerv{cal
Joints are considered (i.e fibres inserting as low as C7). The mus-
cle is modelled by 8 stf?nds originating from eight points along the

\
processes of the seven cervicalyvertebra, and occipital bone, The

&/Elgxicle-scapula structure and inserting into the tips of the spinous

three strands which insert into the occipital bone, Atlas, and Axis
6r{ginate from three points along the posterior end of thé clavicle.
The two strands which insert into C3 and C4 originafe from the acromi-
6n and the strands inserting into C5, C6, and c? originate from three
points along the acromion end of the spine of the scapula.

There is little change in length of the strands during flexion
and e;tension. The trapeziuslproduces large values fof the moments,

=)

compression, and shear at all the joints.

Rhomboideus Minor - The rhomboid muscle consists of two parté, ma-
jor and minor. Since only with the cervical joints are being consid-
ered and, the rhomboid major inserts only into the thoracic region,

only the deScription of the rhomboid minor is included in the model.

This muscle originates from the vertebral margin of'the scapula Just

3

————$
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below the levator scapula and inserts into .the ligament nuchae of the

spinous processes of C6 and C7 ( Fig. A-19). .
'~ The muscle is modelled with 2 strands oéiginating ,from 2 points
of origin on the scapula and inserting into the tips of the spinous

processes of C6 and C7. There is very little change in 1length during

flexion and extension. This muscle produces a large moment due to -

_its large cross sectional area and its long lever arm.

Like the other’muscles originating from the scapula, it ~is as-
sumed that it can produce a force only when the arms are restrained.l
Serratus Posterior Superior - Originates from the 2nd to 5th rib
and inserts into the ligament nuchae and the spinous processes from
C6 to T2. Only the upper half of this muscle which inserts into (6

and C7 1is being considered. Therefore it is modelled as 2 strands

originating from rib 2 and 3 and inserting into C6 and (7

/

respectively ( Fig. A-20). , /

.

This muscle behaviour is similar to the one calculated for the

rhomboid minor. The change in length is small and the lever arm is

large. The magnitude of the force proQuced by this muscle is smaller
than those produced by the rhomboid due to the smaller cross-
sectional area.

The serratus posterior superior .and.the rhomboids may not. play a

major roﬁe in supporting the neck but may be used strictly to support

the ribs and the scapula respectively.

P e 4 o §



" Muscle No. 19 Rhombo1id

. Strand No. . ID. No. Origin Insertion

- 116 1901 1512 711
117 1902 1513 811

i

13%

Area(cmz)‘ )
2.6
2'6

Figure A-19 Vector description of the rhomboideus minor muscle
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\ '
‘Muscle No. 20 Serratus Posterior Superior ’
Strand No. I0. No. Origin Insertion Area(cm®)
118’ 2001 1604 711 0.3
119 2002 1605 811 0.3

Figure A-20 Vector description of the serratus posterior

superior
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Sternohyoid and Omoﬁyoid - These anterior muscfés of the neck have
a more complicated arrangement than the muscles described so far.
They run from the hyoid bone to the occipital bone and the jaw, anﬁ
also run from the jaw to the head. The combingd action of these mus-
cles can produce a forward‘bending moment on the head as well as com-
pression and shear ( Fig. A-21).

In order to simplify the analysis, these musclesfare divided into
two groups: - those - superior to the hyoid bone and those inferior to
the hyoid bone. It is assumed that the muscles above the 'hyoid are
capable of pro&ucing a force at least as great as the force producéd
by the muscles below the hyoid bone. This allows for simp]ificalion
of the model by considering the forces produéed by.the ‘muscles below
the hyoid bone to act directly on the head. The assumption that the
muscles above the hyoid bone produce a. sufficient pull to balance the

~muscles below can be easily verified by meashring the cross-sectional
area of the two groups of muéc]es and.considering‘theif lines of
action. 3

The muscles which run down from the hyoid are the +thyrohyoideus,
the “sternothyroid, the ste;nohyoid and the omohyoid. Thg first ihreé
of these muscles produce a line of actié; ru}ning from the hyoid bone
to the sternum and are grouped together and named the*sternohyoid mus-
cle, The omohyoid muscle originates from the superior margin of the
scapula and inserts into the"hyoid‘bope.

The two musCles are modelled as gingle strand muscles -originating
from the scapula and the sternum and inserting into a common point of
insertion on the hyoid bone. The sternohyoid shows a decrease in

length of -56% dug to flexion. This would appear to be’an unaccept-

e
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Sternum
° Muscle No. 21 ' Sternohyoid 2
Strand No. ID. No. Origin Insertion Area(cm”j
’ 120 ° 2101 1501 1701 2.4
Muscle No. 21  Omohyoid ] )
Strand No. - ID. No. Origin Insertion Area(cm©).
121 2201 1514 1701

0.6

bl

Figure A-21 Vector description of the sternohyoid and omohyoid
muscles f
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able value for muscle contraction, and this suggests that the muscle
is going “‘s}ack. The sternohyoid also produces AVery large forward
moment due to its long lever arm whereas the or_@éid produces a much
smaller momgnt and !\'énce may not p]ay a‘larg‘;e role in supporting the

S
load on the head and mack.
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