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Les désordres de la colonne vertébrale humaine sont la source majeure des malaises 

des travailleurs et ont un impact socio-économique important DÙ. aux changements dans 

le style de vie et l'environnement de travail, de nouvelles tendances de traumatismes du 

rachis apparaissent. Ces dCsordres sont souvent la consdquence de postures prolongées, en 

absence de chargements externes. plutôt que de la manutention de charges lourdes. La venue 

de causes cumulatives d'endommagement de la colonne vertkbrale ndcessite le 

développement d'approches nouvelles. L'approche proposée dans cette ttude combine les 

deux parties de colonne vertébrale humaine: la colorne vertdbrale ostéoligamentaire et les 

muscles rachidiens . Un algorithme de contrôle décrit l'interaction entre ces dew parties. 

L'analyse du rachis ostéoligarnentaire est effecnik par un module passif, bas& sur le 

logiciel d'analyse structurale ABAQUS. Le module actif analysant les activations des 

muscles est construit à l'aide d'un assemblage de routines de FORTRAN et de C qui 

exécutent la transformation géométrique et L'optimisation. 

Dans le modèle proposé pour la posture neutre, la rigidité des segments verttbraw 

reste linéaire. Par conséquent, le comportement des disques est simulé p u  des poutres. Le 

tronc, renforce par la cage thoracique est considérablement plus rigide que le rachis lombaireT 

est sirnul6 par une augmentation de la rigiditt des disques thoraciques. Bien que les rotations 

inter-segmentales soient petites l'effet cumulatif du déplacement de tous les disques ne peut 
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pas être négligt et l'analyse en grands dCp1acern~nt.s est ndcessaire pour quantifier les efféts 

d'instabilité. Dans l'analyse d'tquilibre, les ressorts virtuels sont utilisés pour contrôler la 

configuration vertébrale et l'interaction entre la colonne vertCbrale passive et les muscles. 

Par conséquent, le potentiel des composantes passives et actives de la colonne pour rtsister 

au chargement est utilisd de f&çon efficace. Dans l ' dy se ,  les muscles sont classifiCs en 

deux groupes: les globaux qui lient le bassin pelvien la cage thoracique et les locaux qui 

lient le bassin aux vertèbres lombaires. Les lignes d'action des muscles sont considérées 

rectilignes, et leudpoints d'insertion suivent les vertèbres dans un mouvement de corps 

rigide. La redondance du probléme musculaire est résolue par une minimisation du 

chargement compressif produit par les activations musculaires. 

Les activations ainsi ddterminées peuvent être utilisées pour estimer la stabilité 

mécanique de la colonne. Une f o n d e  simple pour la ngiditt musculaire attribue une ngidite 

à chacun des muscles suivant sa force a sa longueur (obtenues daas l'analyse d'dquilibre). 

Les propri6tCs correspondantes B la rigiditt requise sont attributes aux éléments bams 

utilisés dans cette Ctape, et les forces de tension trouvées dans analyse d'dquilibre sont 

induites par des changements de température. Donc, on obtient la même distribution du 

chargement, des forces internes et de la configuration gComCtrique que dans le cas de 

l'analyse d'équilibre avec les ressorts wniels. Cet état de la colonne est analysé par une 

perturbation lin* pour une ampiinde du chargement additio~el qui peut causer 

l'instabilité, 
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L'approche proposée examine le rôle du changement dc configuration de la colonne 

contrôlét par des mécanismes tels que le positionnement de Tl qui affecte la mobilisation 

de la rdsistancc passive. La rotation pelvienne et les forces musculaires sont ensuite 

analysdes par rapport A la viscdlasticité des disques. La rCponse de la colonne au 

chargement physiologique est aussi Cvaluée pour les cas d'architecture musculaire simple 

et détaillét. 

Les résultats d'un modtle avec une architecture musculaire simple indiquent que les 

amplitudes des forces musculah sont reliées à la configuration de la colonne a à la 

distribution du chargement contrôlé par le positionnement de Tl et la rotation pelvienne. La 

rotation pelvienne en conjonction avec le positionnement de Tl est efficace dans le contr6le 

de lordose lombaire, ahsi que dans l'activation de la résistance passive et la stabilisation de 

la c o l o ~ e  verttbralc. En présence d'un comportement viscdlastique des disques, la rotation 

pelvienne et les forccs mruculaires changent avec le temps. L'amClioration de l'architecture 

musculaire a pour conséquence une distribution des activations rCaliste*En génCIal, les 

activations musculaires avec leurs effets sur la colonne passive se rapprochent du cas 

d'architecture simple. Les dsultats indiquent que les muscles attachds B la cage thoracique 

sont efficaces dans le contrôle de la configuration de la colonne et de la distribution du 

chargcmtnt. Les muscles attachds sur les vertèbres lombaires jouent un rôle majeur dans la 

stabilisation de la colonne. 
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k s  observations démontrent que le potentiel de la colonne vdbrale A supporttr des 

chargements est basé sur des principes de synergie. La résistance en compression de la 

colonne vertébrale, est exploitée par un maintien des modes supCneuts de flambement. Les 

forces dcessains pour maintenir ces modes supérieurs, pendant son application sur les 

points caractéristiques, sont minimales. Une des fonctions de la multiplicité d'architecture 

musculaire lombaire dans la posture neutre est de protéger la colonne d'une transition en 

hypennobilitt quand elle se d&fonne selon les modes supCneurs de flambement. 



ABSTRACT 

Disorden of the human spine account for a major part of disabilities in the workforce 

and have a significant socioeconomic impact. Due to the changes in the lifestyle and the 

working environment, new trends of spinal disorders have emerged. OAen, these disorders 

result fiom long sustained postures under the body weight rather than fiom manipulating 

heavy loads. The present study makes an attempt to develop a new hybnd kinematic 

approach for d y s i s  of the human spine in the neutral posture. The model combines two 

essential parts of the human spine: the passive osteoligamentious spine and spinal muscles 

with both parts interacting according to a proposed control algorithm. The passive module 

for analysis of the osteoligarnentous spine utilizes ABAQUS structural analysis software. 

The active module analyses activations in the muscles and is constnicted as an assembly of 

FORTRAN and C routines performing geometric tnuisfonnation and optimization. 

Since the model focuses primarily on neutral posture with a limited range of motion, 

stiffness of the spinal motion segments is considered to be linear, and beams are used to 

simulate their elastic behavior. The tnink, reinforcd by the rib cage and significantly more 

ngid than lumbat spine, is simulated by increasing the stifhess of the thoracic disks. 

Although the intersegmental rotations are small, the cumulative eflect of displacements at 

dl disks levels on the load configuration cannot be neglected .and large displacement analysis 

is necessary to quanti@ the instability efiects. In the equilibrium spinal analysis vimial 

springs are used to control the spinal configuration and to provide for interaction betwcen 
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the passive spine and the muscles, thereby to utilize load resisting potential of passive and active 

components in an efficient mamer. in theanalyses, muscles are clwified in two groups, global 

running fiom the pelvis to the nb cage and local running fiom the pelvis to the lumbar veitebrae. 

The lines of muscle action are considered to bestraight, and their insertion points follow the 

venebrae in a ngid body motion. Tram fer offorces between the passive spine and the muscles 

is eontrolied by fivt constraints at each vettebra. The redundancy of the muscle problem is 

resolved by minimVjng compressive load resulting h m  muscle activations. Thus detennined 

muscle activations cm be subsequentl y used to assess the mechanical stability ofthe spine. A 

simple formula for muscle stiffness is used to assignstiffness to each muscle based on its force 

and length determined from the equilibriurn analysis. Constraints are replaced by the tmss 

elements onginating and inserting into diesame points as muscles with corresponding stiffness 

properties and tension forces. Thus, the same distribution of load and forces and geometric 

configuration ofspine is obtained as in thecaseofequilibrium analysis with the virtual sptings. 

This state of spine is subsequently analyzed in a linear perturbation step for a magnitude of an 

eigenvalue which corresponds to the load added ont0 the arms. 

The proposed approach examines effkctofchanges in spinal configuration controlled 

by mechanisms such as Tl positioningon mobüizationofthe passivespinai resistance. The d e  

of the pelvic rotation and muscle forces are then M e r  investigated during the time dependent 

viscoelastic changes (creep) of the disks. Response of the spine undet the postural load is 

evaluated also in cases with a simple and a detailcd muscular architecture. 
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Results h m  the mode1 with a simple muscle architecture indicate that magnitudes 

of muscle forces are strongly dependent on the spinal configuration and load distribution 

controlled by the Tl position and peivic rotation. Pelvic rotation in conjunction with the Tl 

positioning are found to be efficient in controlling the physioiogical load distribution and 

activation of the passive spinal resistance thereby resulting in stabilization of the spine. 

When considering creep of the disks, values of pelvic rotation necessary to stabilize spine 

Vary with time. Improvements in muscle architecture result in a more redistic pattern of 

muscle activations, at the same time, overall muscle activations with their effect on the 

passive spine remain close to the case with a simple muscle architecture. Muscles originating 

fiom the pelvis and inserting ont0 the rib cage are found to be efficient in controlling the 

spinal configuration and the load distribution. Muscles running fiom the pelvis and inserting 

into the lumbar vertebrae contribute pnmarily to the stability of spine. 

Findings indicate that the spinal load-bearing potential is enhanced by the 

mechanisms based on s ynergetic principles. The compressive resistance of the spinal 

structure considered as a vertical column is exploited by maintainhg the higher buckling 

modes. Muscle forces necessary to maintain higher modal shapes when acting at 

characteristic buckling points are only minimal. One of the fûnctions of multiplicity of the 

lumbar muscular architecture in the neutral posture is to prevent spine from transition into 

hypennobily when the spine defonns in the higher buckling modes. 
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La posture neutre et droite dans le champ gravitationnel terrestre est un 6tat naturel 

de h colonne veriébnle maintenu pendant de longues périodes de temp, pendant les activités 

journalières de la vie humaine. Le maintien propre de cette posture est essentiel pour le bien- 

être d'un individu. La colonne vertdbde est un organe très spécial qui soutient le corps 

humain comme une structure biomdcanique et sert en même temps pour le transi'èrt de 

chargement et la locomotion, i.e., combinant la rigiditt et la flexibilité. Le rachis assume sa 

fonction de transfert de chargement graduellement pendant les premières années de la vie 

humaine, contrairement aux autres structures biomécaniques du corps. La forme triplement 

courbée de rachis (lordose cervicale, cyphose thoracique, lordose lombaire) et sa rigidité 

axiale se développent en réponse à la posture droite marchante a partir de la forme cambrée 

propre à un enfant nouveau-née. La résistance rachidienne aux chargements axiaux origine 

de deux sources: le rachis passif (les vertèbres avec les disques et les ligaments de support), 

et le rachis actif (les muscles agissant comme les actuateurs et générateurs de force). Les 

ajustements de la colonne d'un enfant au chargement de gravite dans une posture droite 

représente une p6riode d'entraînement neuromusculaire et de ddveloppemmt de la forme de 

la colonne passive. La physiologie et le développement adapte du système vertébral pour la 

posture droite daas le champ terrestre, suggèrent un fonctio~ement synergétique: "Le 

comportement de système complet est imprévisible par le comportement de ses parties 

conridérées séparément". Le rachis humain est une structw synergétique adaptée pour faire 

face à l'environnement temstre. Le ddveloppement de la capacité de la colonne a résister aux 
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chargements est impensable en l'absence d'un champ gravitationnel approprié. Ceci se 

presénte sur les stations orbitales ou chez une personne confinée au lit depuis l'enfance et 

peut aussi affecter les autres fonctions rachidiennes. En plus des changements de longueur 

immédiats dus au chargement appliqué, la colonne subit aussi des changements avec le temps 

dus au fluage de ses composantes passives molles (principalement des disques). Dans un 

cycle circadien, pendant la période des activités journalières, le rachis perd une partie de sa 

longueur, due au fluage des disques. Ce raccourcissement est récupéré durant la période de 

sommeil, lorsque les charges axiales sur la colonne sont minimales. Bien que le phénomène 

de fluage des disques affecte l'équilibre de la colonne, il est nécessaire pour le transport des 

substances biologiques (les nutriments et les produits de métabolisme) à l'intérieur et au 

dehors des disques. 

La colonne vertébrale, dans une posture droite, doit fournir une résistance aux 

chargements et en même temps une stabilité sufisante. La résistance en compression est 

définie par les conditions d'équilibre. Néanmoins, la défmition de la stabilité est sujette à 

interprétation dans la communauté biomécanique. Pour les fins de l'étude présentée, la 

stabilité est considérée celle définie pour toutes structures mécaniques: la structure est stable 

lorsque' elle est chargée avant sa transition dans I'hypermobilite. La théorie linéaire et 

nonlinéaire de stabilité peut être utilisée pour analyser la stabilité smctude. La première 

décrit la structure dans des ternes de chargements critiques seulement, la dernière fournit 

l'histoire du chargement et du déplacement. 

Dénudé de musculaaire, le rachis thoracolombaire humain ne peut résister qu'à 

des charges axiales minimales. De plus, les mesuns électromyographiques effectuées sur les 
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individus en posture droite et en chargements mod6rés indiquent que les activités dans les 

muscles rachidiens sont faibles. Puisque ni les muscles ni la colonne passive ne possèdent 

aucune résistance au chargement substantielle, quelques autres mécanismes doivent être à 

la base du comportement rachidien. Plusieurs mtcanismes ont été propos& dans la 

littdrature, e.g., rotation pelvienne, pression abdominale ou tension du fascia 

thoracolam baire. 

La colonne est essentielle au positionnement de la tête qui loge les p~c ipaux  

organes nerveux, proprioceptifs et sensoriels. Les expériences quantifiant l'exactitude du 

contrôle proprioceptifde la posture droite indiquent que la personne peut centrer sa tête avec 

une ptkision de quelques millim&tres dans la direction sagittale et latérale. Cette observation 

d o ~ e  un paramètre plausible pour le contrôle de la posture humaine. Néanmoins. ce 

mécanisme paraît perâre son efficacité en l'absence du champ gravitationml terrestre, due 

à sa liaison avec l'appareil vestibuiaire. 

Le ptesent travail développe une approche nouvelle, hybride, pour l'analyse de la 

colonne vertébrale en intégrant un programme commercial d'analyse structurale générale 

(ABAQUS) avec quelques modules d'optimisation et de transformation géométrique 

ddvelopptie "»i-house". La performance de cette approche est &valuCe premiérement sur un 

modèle avec une architecture musculaire conceptuelle dans les conditions statiques, et par 

la suite dans des conditions statiques avec des e f f i  viscdlastiques. Une fois les avantages 

et les limitations de cette approche d&ermintis, elle est appliquée sur un modéle avec une 

architecture musculaire plus réaliste dans des conditions statiques. La colonne passive 

utili& daas tous les modèles est basde sur la même gbmétrie, comspondant aune personne 



XV 

de sexe féminin ayant une masse corporelle de 68kg et une taille de 17Ocm. Les constantes 

élastiques pour les poutres représentants les disques intcmertdbraux ont été trouvées dans la 

littétrinue comme étant E=7MPa et G=3MPa. La partie thoracique, renforcée par sa cage est 

considérée rigide. Les propriétés mécaniques de la colonne passive, incluant les 

&ristiques du fluage pour les disques, sont basées sur les données trouvées dans la 

littérature. Pour quantifier les effets d'instabilite une analyse à grands deplacements a été 

exécutée. 

Les muscles, composantes actives de la colonne, sont divisés en deux groupes, 

locaux et globaux, suivant leurs points d'attache, soit à la colonne thoracique renforcée par sa 

cage, ou à la colonne lombaire flexible. Les forces au niveau des disques lombaires, résultant 

du chargement physiologique gravitationnel, sont supportées par la résistance passive des 

segments vertébraux et des muscIes. La configuration de la coionne est importanie pour le 

contrôle de la répartition de la résistance entre Les composantes rachidiennes passives et 

actives. Dans cette étude, la configuration de la colonne vertébrale est contrôlée par des 

contraintes (ressorts virtuels) qui appliquent les forces nécessaires II la stabilisation sur la 

colome passive. Ces forces de stabilisation étant exercées par les muscles, elles sont 

accompagnées par la pénalité de compression Cette approche se propose de déterminer les 

forces musculaires, et la configuration défonnde de la c o l o ~ e  passive. De plus, il est 

nkessake de résoudre la redondance du problème musculaire et de trouver les valeurs 

appmprk des contraintes qui contrôlent la configuration vertdbrale et la répartition de la 

résistance rachidienne entre ses composantes passives et actives. 
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Chaque disque fournit cinq conditions d'équilibre statique, aucune contrainte étant Unposée 

dans la direction du mouvement axial. Avec un nombre de muscles attachés a chaque 

vertèbre excédant le nombre de conditions d'équilibre, deux procédures peuvent être 

employées pour résoudre le problème rnusculait.e. La première approche utilise un 

groupement des muscla avec des fonctions similaires ou une prescription des relations entre 

leurs activations, réduisant ainsi le nombre de conditions d'équilibre requises. La deuxième 

approche utilise des schémas d'optimisation pour sélectionner les muscles les plus efficaces. 

afin de résister aux forces de chargement à chaque vertèbre lombaire. leur nombre étant égal 

au nombre de conditions d'équilibre. 

Dans la solution de ce problème musculaire, la force de compression résultant 

d'activité musculaire a été minimisée à chaque vertèbre lombaire. Dans les dew cas 

considérés. les changements de directions des muscles dus au changement de configuration 

de la colonne ont été considérés. 

La sélection des valeurs de rigidité pour les ressorts virtuels est liée à la stabilité 

générale du rachis. L'augmentation de ces rigidités contribue à la stabilité de la colonne. 

accompagnée par l'augmentation de la pénalité de compression. Par conséquent, la 

diminution de ces rigidités conduit à une participation plus importante de la colonne passive 

dans la genération de résistance au chargement axial, avec une stabilité et pénalité de 

compression rnodhie. La demande de stabilitt de la colonne est liée à la sévérité du 

dommage potentiel, par conséquent, on peut pensesr que la marge de sécurité augmente avec 

le chargement externe. L'équilibre neutre comprend seulement le chargement minimai 

souteau par la colonne dans la posture droite, dans le champ gravitationnel terrestre. Ainsi. 
$ 
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les tigidités des ressorts virtuels dans l'équilibre neutre peuvent être basses, mais dans les 

limites de stabilitd sufisante. L'autre façon d'estimer les valeurs des rigidités des ressorts est 

de proceder à une &tude paramdtriqw. L'essai des differentes rigidités pour les ressorts 

permet de déterminer l'effet de leur variation sur les résultats de l'analyse 

Une approche cindmatique hybride est appliquée pour examiner le rachis humain 

dans la posture neutre statique et dans les conditions suivantes: 

Modèle 1 réponse rachidienne passive+représentation musculaire conceptuelle, 

Modèle 2 réponse rachidienne passive avec fluage+représentation musculaire 

conceptuelle, 

Modèle 3 réponse rachidienne passive+représentation musculaire réaliste. 

La différence entre le premier et le troisième modèle &ide dans la cornplexit6 

d'architecture musculaire, ainsi que dans la solution du problème musculaire. Dans le 

deuxième modèle, on applique la methode d&eloppée dans le premier modèle pour un 

comportement viscodlastique (fiuage des disques). Les lignes d'action pour l'architecture 

musculaire conceptuelle (quatre directions pour chaque point d'insertion) sont sélectionnées 

dans les confins du tronc. Pour ce cas particulier, les ressorts virtuels contrôlent les 

mouvements des points d'insertion dans le plan horizontal et donnent seulement deux 

conditions &&quilibre pour solutiomer le problème musculaire avec quatre muscles. Le 

crithe de sélection des dew directions pour les muscles actifs, panni les quatre, est base sur 

la direction de la force horizontale dans les ressorts virtuels en réduisant le problème 

musculaire statique. La procédure de solution est répétée de façon itérative, avec la pénalité 
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de compression recaicultie à chaque étape, jusqu'a ce que l'équilibre du système complet soit 

atteint. 

L'architecture musculaire pour le troisième modèle est construite en liant les points 

d'insertion, situés sur les vertèbres. avec les points d'origine correspondant sur le bassin 

pelvien. Une vertèbre standard, positiomde dans l'axe de la colonne, est utilisée pour 

identifiet les coordonnées des points d'insertion des muscles. Le bassin pelvien, ajuste 

proportionnellement à la taille de la colonne, est utilisé pour identifier les coordonnées des 

points d'origine. Le mouvement de chaque vertèbre est contrôlé dans les cinq directions 

(deux deplacements horizontaux et trois rotations), ce qui donne cinq équations d'équilibre 

pour solutionner le problème musculaire à chaque vertèbre. Néanmoins, le nombre de 

muscles attachés à chaque vertebre est au moins égal a dix, surpassant le nombre de 

conditions d'équilibre. Une méthode d'optimisation linéaire. ayant une compression due aux 

activations dans les muscles minimisée à chaque vertèbre lombaire est utilisée pour 

ddterminer les forces musculaires. La comparaison des activations musculaires des modèles 

un et trois montre leur accord général. L'avantage d'une musculature détaillée réside 

principalement dans une meilleure résolution des activations musculaires ainsi que dans un 

meilleur contrôle de stabilité. De plus, le mécanisme d'interaction entre la colonne passive 

et les muscles est similaire. 

Le deuxième modèle est l'extension du premier dans le domaine viscoélastique. Le 

fluage des disques a un effet significatif sur la configuration rachidienne. Le déplacement 

vertical de Tl peut atteinâre jusqu'au 25mm après une heure d'application du chargement 

physiologique, en utilisant uniquement les muscles globaux. Ce déplacement est réduit de 
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50% avec l'addition de muscles locaux. Cette réduction importante de la déflexion de Tl est 

obtenue par la diminution des moments sagittaux, ainsi que par le fluage en rotation des 

disques. Bien que cela ait pour conséquences quelques augmentations de la pénalitt! de 

compression, ces effets sont surmontés par la diminution des moments fléchissant. 

La rotation pelvienne peut balancer les chargements agissant sur le rachis et varie 

avec l'amplitude du chargement appliqué et le temps. Les variations de la rotation pe lv ie~e  

dues au fluage des disques surmontent celles en l'absence de fluage durant l'application 

graduelle du chargement physiologique. Le positionnement de Tl est un des autres 

paramètres qui affectent la configuration rachidienne avec le fluage des disques. Dans les 

positions ou le bassin est fixe pour la rotation sagittale (ou Tl ne peut pas bouger librement) 

une variation dans les forces musculaires est nécessaire pour maintenir I'équilibre rachidien 

sur le chargement physiologique. 

Dans le troisième modéle, les activations des muscles globaux sont contrôlées par 

les cinq contraintes (trois rotations, k, km,, t, et translations horizontaux kh= kfx=kfi) 

imposées sur le mouvement de la cage thoracique lie avec la vertèbre T12. Pendant les 

changements de posture avec petits mouvements sagittaux (k40mrn à partir de la position 

initiale de Tl) les amplitudes des forces musculaires dependent essentiellement de la 

contrainte horizontale à la T12, adjacente à la jonction thoracolombaire et on observe peu de 

sensibilité aux contraintes rotationeles. La valeur de la contrainte horizontale k,=5Nmmmm1, 

est aussi la valeur minimale pour ce paramètre, en dessous de laquelle le problème 

musculaire ne peut pas être résolu. Ceci indique, qu'une force horizontale, execée par les 

muscles, en plus de moments est toujours nécessaire pour le maintien de l'équilibre 
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rachidien. Avec la valeur la plus elevde pour la contrainte horizontale, kfx=l 00Nmm-' qui 

permet peu de dtplacement (contrainte presque rigide), la réponse délimitée par les valeurs 

de contrainte kh utilisdes représente aussi les limites du comportement pour le modèle (du 

rachis passif et des muscles) en pdsence des muscles globaux. Les variations des activités 

musculaires de systéme globai suivent pendant le mouvement sagittal de la Tl des chemins 

"close-to-lineor" a l'exception d'une région de transition proche de la position initiale de la 

Tl. L'Iliocostalis thoracic et l'Oblique interne sur le côté gauche et droit sont actives dans 

les positions antérieures de Tl. Le Rectus abdominis avec les Obliques externes sont 

nécessaires pour les positions postérieures de la Tl.  

L'activation des muscles locaux dans les positions antérieures a montré peu 

d'efficacité dans l'actuation du rachis, le retour du déplacement vers la position initiale de 

Tl est accompagne par une phalité de compression disproportionnelle. L'efficacité des 

muscles locaux diminue aussi avec l'augmentation des contraintes horizontales en T 12. Avec 

la valeur de contrainte en Tl2 la plus élevde, le deplacement de la Tl due & l'activation des 

muscles locaux se renverse et devient antérieur. 

Les trois modéles indiquent un rôle significatif du systéme passif dans la résistance 

aux chargements axiaux sur le rachis. Les segments vertébraux ont un bon potentiel pour 

supporter les forces de cisaillement et quelques moments fléchissant. Dans la réponse du 

rachis complet (considéni comme un assemblage des segments) sans la contribution des 

muscles, seulement une fiaction de la résistance en flexion des segments peut être exploitée. 

Avec l'aide des composantes horizontales et des moments g6nérés par les forces musculaires 

(leur compression étant un facteur déstabilisant comparable à celui du chargement axial), ou 



XXi 

par la rotation pelvienne, les effets du chargement physiologique sur le système passif 

peuvent être contrôiés. Ainsi la résistance des segments peut être utilisée de façon plus 

économique. Dans les positions de Tl proches de sa position initiale, des moments 

fléchissants, @lant jusqu'à 6000Nmm sont supportés par le rachis lombaire, et peuvent 

atteindre jusqu'à 8000 Nmm avec le fluage des disques. Le mouvement antdrieur de Tl de 

moins de 40mm peut augmenter ces moments jusqu'ii 12000Nmm. 

L'estimation de la stabilite des positions d'équilibre est determinde par la solution 

d'un probléme aux valeurs propres en utilisant un modele simple pour les muscles, décrit par 

un seul paramètre soit le coefficient de la rigidité musculaire, "q" . La stabilité de la colonne 

est très peu affectée par le niveau d'activation des muscles globaux. L'augmentation 

d'activation des muscles locaw affecte significativement la stabilité de la colonne. A chaque 

niveau d'activation des muscles locaw, l'amplitude du chargement additionnel sur les bras, 

avant la perte de stabilitk, depend linéairement de la valeur du coefficient "q". La valeur 

minimale requise de "q" augmente linéairement avec l'augmentation d'activation des 

muscles locaw à partir de 8.5 jusqu'à 10.5. Le chargement additionnel le plus bas, avec les 

muscles globaux actives seulement et avec le coefficient "q" h sa valeur minimale 8.5, est 

58N. Celui-ci est environ égal à 15% du chargement physiologique gravitationnel (380N) 

ou à 44% de la pénalité de compression (129N) dans cette configuration équilibrée 

particulière. Pour l'activation maximale des muscles locaux considérés, avec le coefficient 

"q" minimal à ce niveau (10.5), le chargement additionnel est de 80N (21% du chargement 

physiologique et 58% de la pénalité de compression). Avec des niveaux devés d'activation 

des muscles locaux, la proportion du chargement additionnel et de sa pénalité de 
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compression augmente: l'effet déstabilisant des muscles surmonte celui de la pénalité de 

compression adverse. La stabilitd du rachis, ainsi quantifiée, prouve que les états d'équilibre 

obtenus par la méthode proposée peuvent résister a des charges sur les bras allants de 80N 

jusqu'à 120N ajoutées sur les bns. Néanmoins, une valeur critique existe pour chaque niveau 

d'activation des muscles locaux, valeur au-dessous de laquelle les configurations du rachis 

ne sont pas stables. 

Chaque analyse de la colonne vertébrale doit satisfain !es conditions nécessaires 

(d'équilibre) et sufEsantes (de stabilité) pour le maintien d'une posture propre. L'interaction 

entre le rachis passif et les muscles, basée sur l'équilibre (conditions cinématiques), peut 

donner au rachis une capacitd en compression et une stabilite suffisante dans la posture 

neutre. La méthode proposée utilise les conditions d'équilibre du rachis pour déterminer les 

activations dans les muscles et le comportement tlastique du rachis passif. Ensuite, elle 

quantifie la stabilité mécanique des configurations ainsi déterminées. Un modèle simple, 

décrit par le coefficient d'activation musculaire "q" est utilisé pour simuler la rigidité 

musculaire. La valeur minimale du coefficient "q" nécessaire pour le maintien de la stabilité, 

est environ de 9. 

Les diagrammes de distribution des moments fléchissants sagittaux pour la 

composantes passives et actives du rachis indiquent une dépendance de lordose sur les 

conditions de chargement. La courbure lordotique est relide B la position de la jonction 

thoracolombaire, un point important pour le contrôle des forces exercées sur le rachis 

lombaire par la partie thoracique. De façon similaire, la courbure lordotiquc est un indicateur 

important de la mobilisation de la risistance élastique des disques intervertdbraux et des 
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ligaments rachidiens au chargement appliqué. Lorsque la posture droite est sujette à la 

gravité, la rotation pelvienne est un contr6leur efficace de la courbure lordotique. 

La méthode proposée crée une base pour l'implantation de différents critères 

d'activation des muscles et pour la modélisation du comportement des tissus passifs. La 

relation obtenue pour les forces musculaires, et leurs iongueurs, indique que les ceiies-ci sont 

liées aux changements de configuration rachidienne, dans une transformation de C O O ~ ~ O M ~ S ,  

avec un changement de valeur de réfknce pour chacun des muscles. 

Bien que les consid&ations de fonctionnement des muscles et la modtlisation des 

tissus passifs soient importantes dans la méthode proposée, la prédiction majeure est celui de 

la syndrgie structurale du rachis: Le contrôle sélectif des muscles peut maintenir la colonne 

dans les modes du flambement plus élevés. ce qui donne par conséquent une posture efficace 

au niveau de l'effort musculaire. La complexité de la musculature rachidienne suggère son 

bon potentiel pour ie contrôle des transitions entre les modes de flambement. 
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CHAPTER 1 

INTRODUCTION 

1.1 MUSCULOSKELETAL DISORDERS 

Musculoskeletal disorden, MSD, constitute a major portion of disabilities in the 

contemporary North American population. The causes of MSD can be classified in the 

following categories: 

i acute or cumulative trauma (darnage to bone, ligaments, muscles or nerves), 

ii Sections, i.e., acute or chronic disease (virai or bacterial infection), 

.** 
ni nanual ageing factors (desiccation of cartilaginous tissues, loss of muscle tissue, loss 

of bone minerals, n e d  degeneration), 

iv congenital defects (genetic or acquired), 

v idiopathic disorders. 

From these five causes, the first two are preveniable. The other causes camot be 

directiy eliminated, nevertheless, surgical ador  phannaceutical treatment together with the 

appropriate physiotherapy md supportive devices can partially compensate for the defects 



and improve the quality of life of the afflicted individual. There can be a significaat overlap 

between the mentioned factors for causes where one or more precursors rnight lead to 

pronounced symptoms such as decrease in mobility, constriction of the neural ducts or joint 

instabiiity . 

The MSD phenornenon becomes manifest through a defective behavior in one or both 

of its physiological constituents, muscles or skeleto-cartilaginous componenis. Neuro- 

muscdar disorders can be caused eithet by: a neural condition affecthg the centrai and 

peripheral nervous system, such as Cerebrai palsy, Polio, Parkinson's disease, or a muscle 

degeneration such as Muscular dystrophy. The skeletoartilaginous disorders afYect the 

osseous and cartilaginous tissues. such as: osteoporosis, osteopaenia, degeneration of the 

hcu l a r  cartilage (osteoarthritis), or gradual loss of water in the cartilage (Schauff et al.. 

1 990). 

Certain environmental MSD can be prevented by elimination of their causative 

factors. This, in the majority of cases means protection against injury or infection. The 

protection against the environmental factors is double fold: protective and prophylactic. 

Various legdly binding codes specify the environmental regulations in a workplace, ûafEc 

or sport events. Thus, an optimal interaction between the worker/driver/athlete and 

environment in which he performs can be achieved. Protective measures include design of 

protective gears, ergonomie optimization of the workplace or safer automobiles. Last 

century, with an advent of antibiotics and vaccination witnessed aiso a dramatic decrease of 

MSD caused by Wal and bacterial infections (polio, meningitis). This decrease is mainly 
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century, with an advent of antibiotics and vaccination witnessed also a dramatic decrease of 

MSD caused by viral and bacterial infections (polio, meningitis). This decrease is mainly 

attributable to application of efficient vaccines and dnigs, nevertheless, overall improvement 

in nutrition of population is dso important. 

The natural ageing phenomena during the course of human life affect the physical 

performance of every individual. nevertheless, their effects should not be overestirnated. The 

consequences of an increase in the age include loss of the muscle mass, loss of the bone 

minerai, desiccation of the ligamentous tissues, and changes in the composition of neural 

tissues. It should be emphasized, that these gradua1 nahiral honnonal/degenerative changes 

are treatable. Homeopathic lifestyle, i-e., healthy nutritional habits, and exercise are the main 

factors in prevention of the age related MSD (Schauff et al., 1990). 

1.2 FUNCTIONAL ANATOMY OF THE T R W  

1 2 . 1  General Anatomy 

Designer of the human body endowed it both with unique aesthetic and functional 

propenies. It is impossible to draw a clear dividing line between the aesthetic and fùnctional 

in the human body, since the aesthetic in the human body is an expression of the ultimate 

functional perfection and vice versa Creator formed human body with four movable 

extremities serving locomotive and prehensile fùnctions and a head attaching ont0 the mnk 

(Netter, 1989). The relative movement of various parts of human body is made possible by 

a system of osseous structures serving as lever anns (able to withstand both tension and 
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compressive loads), and muscles serving as tension force generatoa and actuators (able to 

withstand tensile force only). The tnink is the most substantive part of the human body and 

has a fourfold purpose: a base and reference frame for the movement of the head and the 

four extremities, a structure for the load transmission, a container for most of the vital organs 

and a structure allowing for high mobility. Whereas the fiat three functions would 

presuppose a physical body with a bigh rigidity, such as fouod in some organism possessing 

an exoskeletoa, they are at a complete variance with the fourth requirement. Creator 

achieved this through the ultimate design based on pnnciples of synergy (Fuller 1985). The 

vertebral column, VC, runs vertically in the posterior part of the tmnk and consists of the 

bony vertebrae connected by intervening flexible disks and ligaments. The VC is the only 

osteoligamentous structure capable of transmitting vertical compressive loads (physiological 

and extemal load plus muscle forces) throughout the whole tmnk, Figure 1. I . In addition to 

its load bearing and mobile function, the VC protects the neural cord, a high velocity 

transmission channel, connecting the peripheral sensory organs to the centrai nervous 

system, CNS, housed in the cranium. The VC, emending from the head to the sacrum, 

consists of three anatomically distinctive regions: a cervical spine, a thoracic spine and a 

lumbar spine. In a sagittal view, these three regions correspond to the cervical lordosis, 

thoracic kyphosis and lumbar lordosis, where lordosis represents an antenor curvature and 

kyphosis a posterior curvature. One of the advantages of the S-shape of the vertebral column 

is attenuation of the vertical sbocks transmitted on the cranium in the erect posture. 

The vertebra, a basic osseous stnicaire of the VC, coasisting of one cylindricaily 
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Pubic tubercle 

Coccyx 

Figure 1.1 Torso with the skeietai elements of the spine and the pelvis. Lines of the muscle 

action for a simplified muscle mode1 are indicated by the broken lines. 
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shaped vertebral body with a postenorly placed vertebral foramen formed by the lamina and 

the pedicles, Figure 1 2. Laterall y from the foramen are nmning two transverse processes 

and posteriorly a spinous process. Vertically, two superior and two inferior articular 

processes are connected on the posterior aspect of the vertebral foramen and provide 

articulation with the adjacent superior and inferior vertebral. Downward enlargement of the 

vertebral bodies (from the Tl to L5) reflects the cumulative increase in the physiological 

gravity load. The vertebra is filled with a spongy osseous tissue, wvered by a cortical shell, 

in the case of the upper dnd lower surface of the vertebral body cortical bone forming the 

vertebral endplates. Intervertebral disk, a flexible structure intervenes between the endplates 

of the superior and infenor vertebral bodies. 

The cervical region of the VC, with seven vertebrae, C 1 -C7, mnning through the 

neck, is highly mobile, allowing for an efficient multidirectional adjustments of the head 

which is a carrier of the most important sensory organs. The loads transmitted through the 

cervical spine are usually small, and this together with demands on an accurate motion is 

reflected in a fine design of the cervical venebrae. In addition to protection of the spinal 

cord, transverse processi of the cervical venebrae have the transverse foramina which form 

channels for protection of the nght and lefl venebral arteries. 

In the thoracic region of the torso, a barre1 like shaped thoracic cage forms a 

protective casing for the vital organs, the lungs and the heart which are separated from the 

abdomen by a dome shaped muscle, the diaphragm. The semicircular ribs articulate 

posteriorly with the vertebra and anteriorly with the sternum. The thoracic spine, with 12 
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Fi yre 1.2 Mode1 of a standard lumbar vertebra, Dimensions indicated in milimetea. 
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vertebrae, Tl-TI2, Figure 1.1, passes posteriorly thmugh the upper torso and forms a 

posterior part of the rib cage. Each nb in its posterior aspect articulates vertically with the 

two successive vertebrae at the superior and the iderior costal facets and with the idenor 

vertebn at the transverse costd facet. This articuiation spannhg across the intewertebral 

disk and held in the place by the transverse costal facet, increases the stifniess of the 

intervertebral space. In addition to a local stiffening of the thoracic spine by the articulating 

ribs, the rib cage acting as a barre1 reinforces the whole thoracic spine. B e 1 O w t h e 

thoracic cage, spanning the space between the upper torso and the pelvis, in the abdomen, 

is located the lumbar spine, LS, Figure 1.1. The abdominal cavity located anteriorly to the 

LS contains vital organs such as liver, kidneys, stomach, spleen, intestines, etc. Apart fiom 

LS, no other bony structures are found in the abdominal region, and LS alone, besides the 

partial shielding of the abdominal organs must provide for transfer of the vertical 

compressive load from the upper torso ont0 the pelvis. In addition to the load-bearing 

function, the lumbar spine is a highly mobile structure. The lumbar spine consists of five 

vertebrae L 1 DL5 with intervening disks. The transverse processes, serving at the thoracic 

vertebrae for articulation with ribs, in the lumbar region increase in size, and serve as an 

attachment site for the lumbar muscles. Intervertebral disks increase in thickness in 

cornparison with their thoracic counterparts, to allow for larger intersegmentai rotations 

needed for a high mobility of the lumbar spine. Likewise, the intervertebrai facets adapt their 

structure and form to the specific demands of the lumbar spine. 

A vertebral segment is a unit consistiag of the two adjacent vertebrae, the disk in- 
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between the superior and Wenor endplates and the ligaments. This unit allows for a relative 

motion of the vertebrae controlled by the visco-elastic behaviour of the disks and the 

ligaments. In addition to the disks and the ligaments, the intervertebral motions are also 

affected by the facets. Facets Iimit the range of intervertebral mo tiens-and when in contact, 

guide the relative movement of the vertebra and participate in tramfer of the load. 

Ligaments connect both the body and the postenor structures of the vertebra. In the 

thoracolumbar region, anterior and posterior longitudinal ligaments run continuously on the 

respective surfaces of the vertebrai bodies and the supraspinous ligament runs on the 

posterior aspects of the spinous processi. Ligamentum flavum comects the lamina and 

interspinous ligament the spinous processi of the successive vertebra. A ligarnentous capsule 

encloses the ygapophyseal joint (the articulation between the superior and inferior facets) 

to protect the joint and to prevent its excessive opening. 

1.2.2 Muscles 

Spinal muscles can be divided into two systems, the global muscles that act on the 

spine through the thorax (the rib cage) controlling the overall response, and the local muscles 

that are attached directly to the lumbar spine controlling locally the response of the lumbar 

spine (Bergmark, 1989). The global muscles in addition to some control of the breathing and 

digestive functions (Schauff et a1.,1990) actuate and stabilize the trunk by transmining 

forces between the thorax and the pelvis (Hollingshead et al., 198 1; Netter 1989). In the 

anterior aspect they include flat abàominal muscles, trunk flexon: Recnis abdominis, RA, 
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Externai oblique, EO, Intemal oblique, IO, and Transversus abdominis, TA, Figure 1 -3. 

Rectus abdominis originates fiom the pubic arch on the pelvis and inserts into the 

cartilaginous costal margin between the 8m lefi and right ribs. Anatornically it consists of two 

stnps of vertically running muscle fibers, Figure 1.1, enveloped in the rectus sheath with the 

linea alba in between. The External oblique, Intemal oblique and Transversus abdominis are 

flat sheet muscles superimposed on top of each other, forming the body wall on the sides of 

the abdomen. The three muscles originate posterioriy fiom the aponeurosis (running 

verticdly next to the lumbar spine), superiorly fiom the lower costal margin inferiorly from 

the iliac crest and insert anteriorly into a vertically running aponeurosis fonned by the rectus 

sheath running parallel to Rectus abdominis. Fibers composing the three flat muscles follow 

three general directions: Extemal oblique nuis anteriorly downward, Intemal oblique 

antenorly upward and Transversus abdorninis nuis horizontally. The abdominal muscles are 

innervated by the v e n d  ramus of the Spinal nerve. Al1 abdominal muscles, together with 

the Diaphraghm are important for breathing and digestion. These muscles also control the 

abdominal pressure. 

In the posterior aspect, close to the spinal centerline, the global muscles include 

Erector spinae pars thoracic, ESg, part of the Quaciratus lumborum running fiom the L 2' rib 

to the pelvis, QLg. Erector spinae, the most powerfbi of extensor muscles, with its thtee 

divisions (Iliocostaiis lumbonun, K g ,  Loagissimus thoracic, LTg, and Spinalis thoracic, ST) 

origiiiates fiom the posterior coccygeal surface of the pelvis a d  Uiserts the posterior aspects 

of the vertebrae. It nias p d e l  to the VC, and is enveloped by the thoracolumbu fascia 



Post. 

Pelvis 

Figure 1.3 Muscles attaching ont0 the n i  cage in a sagittal view. Thotacic erector 

spinae: ICt-Iliocostalis thoracic pars thoracic, LTt-Longissirnus thoracic pars thoracic, 

STSpinalis thoracic. Abdominai muscles: IO-Intemal oblique, EO-Ememal oblique, 

RA-Recnis abdominis 
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Figure 1.4 Cross section of the WU& in the lumbar region. The global and some 
local muscles shown. 
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Erector spinae is innervated by the dorsal ramus of the Spinal nerve. 

The local muscles, Figures 1.4 and 1.5, insert ont0 the lumbar vertebrae and are 

located beneath the mass of the global Erector spinae. The fmt group of local muscles, 

origiaating fiom the pelvis and inserting onto the iurnbar vertebrae, includes: Iliocosralis 

lumbonun pars lumborum, IC, Longissimus thoracic pars lumborum, LT, Multifidus, MF, 

Quaciratus lumborum (lumbar attachments), QL. and Iliopsoas, IP. The narne Erector spinae 

pars lumborum can be attributed to the grouping of lumbar parts of two global muscles 

Iliocostalis lumbonim pars thoracic and Longissimus thoracic pars lumborum and two local 

muscles Iliocostalis lumborum pars lumborum and Longissimus thoracic pars lumborurn. 

The second group of local muscles, ruMing fiom vertebra to vertebra includes: 

Intertranverse, Interspinalis, and some fibea of Multifidus. 

Insertion points for the local muscles onginating from the pelvis are located at the 

characteristic locations on the vertebrae, Figure 1.2, IC - Transverse process. LT - Accessory 

process, MF - Spinous process, QL - Transverse process, Iliopsoas - sideways in-between 

the vertebrae. The points of ongin for the local muscles on the pelvis are located on the 

posterior aspect of the coccyx the iliac tuberosity and on the iliac crest. 

The morphology and innervation of both local and global muscles indicate that they 

are not controlled on the level of anatomicd muscle entities, but rather on a more detailed 

level of subunits such as individual fascicles. This allows for a selective muscle activation 

and a very accunite control of the spinal actuation. 



Figure 1.5 Muscles attaching onto the lumbar spine at each vertebral level. The left 

half in a view rotated 30 axially fiom the lateral. IC-Iliocostaiis lumborum pan 

lumborum, IP-Iliopsoas, LT-Longissimus thoracic pars thoracic, MF-Multifidus, 

QL-Quadratus l u m b m .  



1.3 LITERATURE REVIE W 

1.3. i Synergy 

Efficient functioning of living organisms, the highest branch of living creatures, rests 

upon the principles of synergy. Development of sciences fiom their inception in the Classical 

Hellenistic science incorporated principles of synergy (Kahn, 1979; Sorabji, 1 988), 

nevertheless, due to subsequent fractionization of Science into the different fields 

(speciaiization), the interrelatedness of seemingly independent aspect of nature became 

obscure. Fractionization of Science into the diverse fields and establishing of borders 

between fields of exploration gave also rise to different basic Iaws goveming each of these 

fields. The concept of energy is presently used as a unieing principle to relate the individual 

split branches of science (Borïsov et al., 1993). 

Out of the tour elementary interactions present in Nature (electrornagnetic, weak, 

strong, and gravitational) energistic approach allowed science to describe governing 

mechanisms of the first t h e ,  the last one still avoids any rational scrutiny. As the 

Heisenberg S Principle of Unceriainty indicates, energistic approach beyond certain limits 

becomes a theory of explainhg the undetectable (Heisenberg, 1959). 

Synergy presents an alternative view of Naiure in cornparison with energistic 

approach. The great thinker of the 20a cenhiry, architect and promulgator of synergetic 
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principles, Robert Buckminster Fuller defines synergy: "Synergy means behmior of the 

whole systems unpredicted by the behavior of their parts taken separately" and M e r  

"Synergy means behavior of integral, aggregate. whole systems unpredicted by behaviors 

of uny of their cumpunents or submsemblies of iheir cornpiments taken sepamtelyflmn the 

whole" (Fuller 1985). Synergy and energy are related according to him in a following 

mmer: "Energv relates to dtrerentiating out sabfunctions of nature. studying objects 

isolated out of the whole cornpfex of Universe-/r an instance, studying soif minerals without 

consideration of hydraulics or of plant genetics. But synergy represents the integmted 

behaviors instead of al1 the dzrerentiated behaviors of nature S galaxy systems and galary 

of gu h i e s .  " 

In an interdisciplinary field, such as biomechanics synergetic approach is necessary 

for comprehension of principles enabling a complex mechanical behavior of organic 

structures. In Fuller's words: "Synergetics discloses the excruciating awkwardness 

characteriring present-day mathematical treatment of the interrehtioships of the 

independent scientijic disciplines as origindly occasioned by their mutual and separute Iack 

of awareness of the existence of a comprehensive, rational, coordinating system irihereni in 

nature " . 



1.3.2 Spinal geometry, loads 

Large quantities of radiographs of the spine obtained during the medicai treatments 

of the spine are a convenient source for statistical evaluation of the spinal geometry ( cwe  

passing through centroids of disks and vertebrae), Figure 1.1, characterized by spinal 

anthropornetric data. The most common spinal characteristics are lordotic angle and 

kyphotic angle. For an adult with a normal spine in neutral posture these values are: kyphosis 

36 O* 10 (SD), lordosis 44 " i l  2 "(SD), (standard Cobb measurement) (Voutsinas and 

MacEven, 1984; Bernhardt and Bridwell, 1989). Any significant departurc fiom these values 

might indicate a defective state of the spine. The other potential sources for evaluation of 

spinal geometries are cornputer tomography scans. Although more demanding on equipment 

and the resources, they can reconstnict a detailed 3-D morphology of vertebral structures. 

Such geometries can be used in detailed FE models of the lumbar spine (Shirazi-Ad1 and 

Parnianpour, 1996b). 

The trunk is an anatomical structure with a complex geometry and has a 

nonhomogenous spatiai mass distribution with cavities. Since the spinc, a major structural 

element of the trunk, is a multilink flexible chah, load distribution to individual segments 

is important for its stability. In the neutrai standing posture, the center of mass at various 

vertebral levels has been found to be located up to 30mm antenor h m  a correspondhg 

vertebral center (King-Liu and Wickstrom, 1973), Figures 1.1 and 1.6. This physiological 
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Figute 1.6 Sagittal profile of the thoracolumbar ligamentou spine. Thoracic spinner 

reinforced by the rib cage is modeled as a rigid body. The centroid of the body weight. 

and load fiom the arms run vertically to spinal centerline. 
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anterior off-centred position of a gravity load generates, in addition to axial forces, sagittal 

flexion moments on the TLS. 

A classical attempt to measure variations of the trunk mass and mechanicd properties 

was made by KingLiu and Wickstrom (1973). The frozen cadaveric torso was cut through 

the disks by a tape-saw into the transverse tnink siices. The slices were then weighed, the 

center of gravity was found by hanging the slice fkom the two points on its periphery and the 

gyration tensor was determined by spinning it dong selected axes. The major disadvantage 

of this classicai study is the changed nature of the postmortem anatomical structures and 

tissue as compared with the living one. Correlating mass properties with characteristics 

obtained fiom the y-ray scanning (Duval-Beaupère and al., 1992) presents a non-invasive 

alternative for measuring mass properties and can be applied ont0 the living subjects. The 

noninvasive approach assures that the measured characteristics correspond to a realistic 

spinal condition, with a nsult being dependent on the accuracy of correlation between 

measured physical properties and desired mass properties. 

The load effect of structures petipheral to the trunk on the spine can be considered 

by their distribution into the points of attachments. Anthropometric statistical evaluations 

give proportions between masses of body structures (head, neck, arm, torso. leg) as a 

fraction of the total body weight comiated with sex, age and extemal morphology 

(Zatsiorsky and Seluyanov, 1983). Attachent of the anns onto the tnink thmugh the ribs 

can be identified from the radiographs, and provides a basis for distribution of arms loads 

ont0 the spine. 
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Changes of the spinal configuration occur as a response to the load distribution. to 

defects in the tissues or cm be induced by control factors such as Tt spatial positioning or 

pelvic rotation. Experimental works on the positioning accuracy of the head in the fÎee 

standing posture indicate ihat the Tl vertebra can be centered horizontaiiy within lOmm 

(McGlashen et al., 1990). Studies on asymptomatic subjects (Jackson and McManus, 1994; 

Voutsinas and MacEven, 1984) and low-back patients (Keegan 195 1) suggest comlation 

between the sacral slope (angle between the plumb line and the line parallel to the back of 

the proximal sacrum), lordosis, kyphosis, and sagittal position of the Tl vertebra in both 

groups. The decmase in lordosis is accompanied by a decrease in sacral slope, thus 

preserwig the horizontal saginal distance of the Tl vertebra with respect to the sacrum 

(Jackson and McManus, 1994). Correlation between the sacral slope and the lordosis is 

postulated to be an important factor in an efficient standing position (Duval-Beaupere at ai., 

1992). Postural adjutmens are also observed in astronauts during the flights in microgravity 

conditions, and these involve flattening of the lurnbar spine and a decrease in the sacrai slope 

(Massion et al., 1993). Moreover, the lurnbar lordosis is reported to increase when extemal 

loads are added in hands while in erect posture (Gracovetsky, 1988; Parnianpour et al., 

1 994). 

1.3.3 Mechanical properties of the spine 
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Mechanical properties of the passive spinal components (disks, ligaments, bone) can be 

obtained by tests on specimens extracted fiom the postmortem tissues. The mechanical 

behaviour of the spinal segment becomes complex with involvement of the zygapophyseal 

joints, nevertheless, it was found that during the intersegmental anguiar changes less that 

1.5" in the extension, 3' in flexion and laterai bending and 1 ' in axial rotation, the spinal 

response is af6ected mainly by the ligaments and the disks (Markolf, 1970). The relation 

between the applied moments and rotations for this range of motions can be approximated 

as linear. Behavior of the lumbar spinal segments (normaüdefective) has been investigated 

both in experimental studies (Markolf, 1970; Panjabi et al., 1 984; Tencer et al., 1 982) and 

by numerical modeling (Shimzi-Ad1 et al., 1984; Spilker et al., 1984). Experimental studies 

perfomed on the postmortem spinal segments, with posterior structures of the vertebra 

removed (eliminating effects of facets) indicate variation of segmental stifiess in different 

loading conditions according to the sex, age and degree of degeneration (Koeller et al., 

1986). Values for the disk stifiess derived fiom expenmental values correlated with the 

complex FE segmental models can provide input for the lumped stiffness spinal models 

(Shi--Ad1 and Parnianpour, 1993; 1996a). For defonnations of the lumbar spine close to 

the neutral posture, the elastic response of the segment can be described by a beam 

characterized by the cross sectional properties and associated moduii (E=7MPa, G=3MPa) 

(Shirazi-Ad1 and Parnianpour, 1993; 1996a). 

The nb-cage serves as an attachent site for the major spinai muscles and plays also 

an important role in stiffening o f  the TLS. Experimental studies show that axial rotations in 
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the thoracic region, with the t d  rotated axially to its limits, are substantiai, in spite of the 

stiffening effect of the costal articulations (Gregersen and Lucas, 1967). Numerical 

simulation of the rib-cage can be perfonned by taking into account mechanics of the 

costoveriebral joints and the rib cage (Andriacchi, et ai., 1974) when detaiied response of the 

tnink to the horizontal load application such as a car crash is needed. The cornparison of the 

numerical predictions by Andnacchi, et ai., 1974, and experimental observations of 

Gregersen and Lucas, 1967, indicates a need for more appropriate modeling of the 

costovertebral articulations during maximal trunk rotations. Nevertheless, for conditions 

under a moderate vertical load with spinal motions confiined within a limited range, 

articulations of the rib-cage with the vertebrae appear to stiffen the thoracic spine. An 

increase of the Young's modulus in the thoracic spinal segments can be used to sirnulate the 

behavior of a complex thoracic mode1 (Andriacchi et al., 1974; Shirazi-Ad1 and Pamîanpour, 

1996). 

The creep shortening ofthe TLS, whose approximateiy 30% of length consists of the 

intervertebral disks, is a naniral phenornenon observed throughout the diumal cycle. The 

nonnal axid shortening of the TLS under the body weight during the diurnal cycle ranges 

âom 0.5 to 2% of the total body height (Eklund et al., 1984) and is Mly recuperated during 

the night in the absence of the vertical load (Adams et al., 1987). Workplace automation has 

Ied to an increased number of occupations requirîng prolonged seated or standing postures 

(Eklund et al., 1983). Epidemiologicai studies have identified these prolonged static postures 

as a risk factor in the low back disorders (Anderson, 1981 ; Frymoyer et ai., 1983). 
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The crccp response of the spinai motion segment was investigated both in UrperimentaI 

(Burns et al., 1984; Kazmian, 1975; Li et ai., 1995) and numerical shidies, eg., a detailed FE 

mode1 used for a creep analysis of the spinal U-L3 motion segment (Wang, 1995). Although 

the existant woik provides a good Uisight h o  the mechaaiai of the spinal motion segment in 

the crrcp conditions and the diumal variation of the body height, the stabüity reqkements of 

the spiaal column in prolonged postures require fùher elatmration ( A h  etal., 1987, 

Fathallah et al., 1995). 

1.3.4 Spinal muscles 

Anatomy of the hinian spinal muscles can be described in tems of theu origins. 

insertions, and cross sectional areas. Dissection studies (Macintosh and Bogduk, 1987; 199 1 )  as 

weU as CT sans (Chaffin et al., 1990; Han et ai., 1992; Moga et al., 1993; Tracy et al.. 1989) 

p v i d e  diable data for construction of muscle architectures for the numerical models. 

The complex anatomy of spinal muscles can be classified according to their insertions 

a muscles attachiag either onto the nb cage or Iumbar vertebrae. Muscles originating k m  

the pelvis and inserting ont0 the rib cage are t e d  as global muscles, Figures 1.3 and 1.4. 

Function of the giobal muscles is to actuate and control dishibution of weight (physiologid 

and external load) on the spine (Bergmark, 1989). Muscles attaching ont0 the lumbar 

vertebrae are termed as local muscles. 'Ihey include muscles spaming h m  the pelvis and 
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attaching onto the lumbar vertebrae and muscles both onginating and inserting ont0 the 

lumbar vertebrae, the intersegmental muscles, Figures 1.4 and 1 5. The two muscle groups 

and the passive spine, with its double curved shape, cooperate in a synergetic rnanner 

(Broberg 1981; Bergmuk, 1989. The global system @ergmark, 1989) includrs Rectus 

abdominis, RA, External oblique, EO, Intemal oblique, IO, Ilio costalis lumborum pars 

thoracic, ICt, Longissimus thoracic pars thoracic, LTt, and Spinalis thoracic, ST. The local 

system (Bergmark. 1989) includes Iliocostalis lurnbonun pars lumborum, IC, Iliopsoas, IP, 

Longissimus thoracic pars lumbonun, LT, Multifidus, MF, and Quadratus lumborum, QL 

(Bogduk et al., 1992; Macintosh and Bogduk, 1987; Macintosh et al., 1991; Macintosh et al.. 

1993). The lines of action of the thoracic erector spinae, ICt, LTt and ST, can be modeled 

as straight lines (Bergmark, 1989; Stokes and Gardner-Morse, 1995). The srraight line 

approach neglects stabilization of the spine by the constraining effect of the thoracolumbar 

fascia. Several parametric anatocnical studies (Chaffh et al., 1990; Dumas et al., 1988; 199 1 ; 

McGill et al., 1988; Moga et al., 1993; Nussbaum and Chanin, 1996) provide coordinates 

of insertion points for the global muscles. 

The &ta on spatial orientation (direction angles) of the muscles obtained fiom a large 

number of individuais (dissection or tomography) is usehl for statistical mthropometnc 

description of human anatomy. Nevertheless, to provide data for biomechanical models, 

muscles should be characterized in conjunction with their insertions and origins on the 

osseous structures (vertebrae, pelvis). With respect to the lumbar vertebrae, insertions of the 

local muscles can be located at the following landrnarks: IC -Transverse process, LT - 
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Accessory process, MF - Spinous process, QL - Transverse process, lliopsoas - sideways in- 

between the vertebrae (Bogduk et al., 1992; Macintosh and Bogduk, 199 1 ; Santaguida and 

McGill, 1999, Figures 1.2, 1.4 and 1.5. A geometric mode1 of a standard lumbar vertebra 

can be used to obtain insertion coordinates by fitting it into the spinal geometry of the FE 

model, Figure 1.2. Similady, a 3D geometric model of the pelvis (Netter, 1989; Nussbaum 

and Chaffin, 1996) cm be scaled according to the anthropometric data (Nussbaum and 

Chaffin, 1996) and the spinal geometry of the model to locate coordinates of muscle otigins 

identified by their attachment areas (Bogduk et al., 1992; Macintosh and Bogduk, 1987; 

Netter, 1989; Santaguida and McGill, 1995). Available biomechanical models use straight 

lines of action for the muscles inserting ont0 the lumbar vertebrae. 

Electromyopphy (EMG) tests record the electrical activity in muscles by superficial 

electrodes placed on the skin or by invasively implanted silver electrodes. EMG experiments 

with electrodes implanted inside the muscles allow for good resolution in detecting activities 

in the individual muscle fibers. In the upright erect posture under physiological load. 

majority of activities at al1 lumbar levels is observed in the Multifidi muscles, minor 

activities are observed also in the Iliocostalis lwnboium pars lumborum and Qusdratus 

Lumborum (Anderson et al., 1996; McGill et al., 1996). Psoas major, as indicated by 

numerical studies and confirmai by the experimental EMG studies with implanted electrodes 

in neutral posture does not exhibit substantial activities (Bogduk et al., 1992). Similar to 

findings obtained by the Unplanted electtodes, the EMG measurements with the d a c e  

electrodes record nlatively low muscle activities while maintainhg the erect posture with 
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and without weights up to 223N c h e d  in each hand (Parnianpour et al., 1994). Other 

findings indicate that the activations in spinal muscles in response to small sagittal changes 

in posture Vary linearly (Raschke and Chaffin, 1996) with the distance fiom the initial Tl 

position. 

1.3.5 Spinal load-bearing capacity and stability 

Human spine consists of the passive (osteoligarnentous spine) and active (muscular) 

subsystems (Broberg, 198 1 ; Bergmark, 1989), and simultaneously tram fers the ioads trough 

the trunk and positions it in space, Figures 1.1, 1.3 and 1 S. Studies of spinal stability cm 

quanti@ effect of loads on the passive spine with or without effect of muscles. The in-vitro 

experiments on a human cadaveric thoracolunbar osteoligamentous spine, TLS, extending 

fiom the Tl to S1 and devoid o f  musculature, indicate that it can carry in the lateral plane 

only up to 19.m of the vertical load applied at the Tl with the Tl fiee to move and up to 

170N with the Tl prevented to move hotimntally (Lucas and Bresler, 1961). Numerical 

simulations of the behavior of the osteoligamentous spine indicate buckling loads similar 

to those obtained fiom experiments (Andriacchi et al., 1974; Scholten et al., 1988). These 

simulations allow to go beyond limitations of experiments and to perforrn an effective 

simuiation of the rib cage presence or variations in properties of the spinal components. The 

experimentai and numerical resuits indicate that the passive spine is able to withstand only 
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a fiaction of the physiological gravity load when unaided by the muscles or other 

mechanisms enhancing the load distribution such as the pelvic rotation. 

Even if the passive spine can carry only very smail loads. the EMG measurements 

by the surface electrodes during the in-vivo loading experiments on volunteers with 

asymptomatic spine measure relatively low superficial muscle EMG activities while 

maintainhg the erect posture with and without weights up to 223N carried in each hand 

(Pamianpour et al., 1994). With the muscular activities in neutral posture very low and 

surface electrodes meauring electromyographic signal with cross-talk between the 

numerous spinal muscles, the only potential way to measure the activities with a better 

resolution would be using implanted electrodes. Apart from the ethical considerations, the 

measured electromyographic signal would be still only a qualitative indicator of muscle 

activities, since there are some indications that there might be no direct correspondence 

between the EMG signal in the muscle and its force (Feldman, 1986). 

The alternative to experimental examination of muscle activities is presented by a 

numerical modeling. Since the muscle is a unit containing a contractile element in series with 

an elastic element, a number of parameters is necessary to accurately describe its behavior 

(Feldman, 1986; Kaufman et al., 1989; 199 1 ; Kenton, 1989; Schultz et al., 1 99 1 ; Winters and 

Stark, 1988; Woittiez et al., 1984). For static the loads and muscles close to their isometric 

state, equation describing the muscle in ternis of its stifniess can be simplified to contain a 

single stifniess panuneter "q": 



where k is the curent muscle stifiess, S is the muscle force, q the experirnentally derived 

coefficient and 1 the muscle length (Bergmark, 1989; Gardner-Morse et al., 1995). During the 

equilibrium analysis, muscles are ofken modeled as simple force generatoa, grouping together 

passive and active components of muscle force (Bergmark 1989; Dietrich et al., 1990). In the 

numericd models with a redistic muscle architecture the muscle problem becomes redundant, 

i.e., number of muscles significantly exceeds number of equilibrium conditions available to 

determine their forces (Allard et al., 199 1 ; Kaufinan et al., 199 1). A simple and efficient way 

for solution of the muscle problem is to sirnplify the muscle architecture by grouping the 

muscle with similar effects (Bergrnark, 1989) until the number of equilibrium conditions is 

equal to the number of muscles groups - muscle problem becomes statically determinate. 

More complex methods try to duplicate control functions embedded in the central neural 

system. CNS, and the spinal reflex which govem the pattern of muscle activations. This c m  

be achieved by optimization (Allard et al., 1991, Kaufinan et al., 1991), neural networks 

(Pellionisz and Llinas, 1979; 1980; 1982; Pellionisz, l983), lambda mode1 (Feldrnan, 1986) 

or correlation with experirnentally obtained data such as EMG (Cholewicki, 1993). 

Several models for static analysis of the spine cm be found in the literature: 

maximum load-bearing capacity models (Stokes and Gardner-Morse, 1995; Bogduk et al., 

1992), transverse section equiiibriurn models (Schultz and Andersson, 1981), and stability 

criterion rnodels (Bergmark, 1989; Gardwr-Morse et al., 1995; Crisco and Panjabi, 1991). 
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The experirnental measurements such as EMG activities, defonnations or disk pressures can 

be used for independent verification of numerical results or as the input data to decrease 

redundancy in muscle analyses (Gracovetsky and Far-', 1986; Cholewicki and McGill, 

1995). 

In the models for the maximum load resisting capacity the muscle architecture with 

associated physiological cross sections for individuai muscle fascicles is obtained fiom 

dissections (Macintosh and Bogduk, 1987; 1991) and the CT scans (Chaffin et ai., 1990; Han 

et al., 1992; Moga et al., 1 993; Tracy et ai., 1989). The resultant moment resisting capacity 

becomes a function of the maximum contractile stress in the mammalian muscle assumed to 

be between 0.4 to 0.8 MPa (Bergmark, 1989). Changes in the muscle orientations associated 

with changes in spinal configuration effect the potential of the lumbar spine to resist extemal 

flexion moments (Macintosh et al., 1993). The inclusion of the passive bending resistance of 

an individual lumbar motion segments significantly increases the maximal moment bearing 

capacity of the spinal system as compared with bal1 and socket joints (Stokes and Gardner- 

Morse; 1995). 

In the static equilibrium models for maximum resistance to extemal load, decoupling 

between compressive load and moments in sagittal and lated planes is often assumed, 

(Ladin et al., 1989). An optimization procedure is then used to determine activations in the 

muscles with an objective to reach the maximum sagittal, lateral or axial moment at the L 1 -L5 

(Bogduk et al ., 1992) or Tl 2 (Stokes and Gardner-Morse; 1995) vertebra. 

The study of spinal stability by Bergmailr (1 989) uses a statically detenninate mode1 
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of the TLS, with muscles divided into the local and the global systems, to denve conditions 

for spinal stability in sagittai and lateral directions under saginally symrnehic loading in terms 

of minimal muscular activities. The size of the muscle problem is reduced to a number of 

available equilibrium conditions by grouping of individuai fascicies and prescribing fixed 

relations between activations in functionally similar muscle fibers. The minimal values of the 

coefficient "q" (assumed the same for al1 muscles) necessary for maintaining of the spinal 

stability (Bergmark, 1989) is found to be around 40. More recent studies (Gardner-Morse 

et al., 1995) use a linear programming algorithm to resolve of the muscle problern during the 

maximal exertions, and report values of the muscle stiaicss coefficient. q,,,, necessary to 

maintain the spinal stability, to be around 5. 

A qualitative study of functionally different muscle fibers attached ont0 the lumbar 

spine using a simple muscle model suggests that the group of muscles r u ~ i n g  fiom the 

vertebrae to the pelvis, e.g., the Erector spinae, Multifidus, Iliopsoas and Quadranis lurnborurn 

muscles, is more efficient for maintaining the stability of the lumbar spine than the 

intersegmental muscles (Crisco and Panjabi, 199 1 ). 

An optimization method used on a simple, continuous beam rnodel, of the TLS with 

selected muscles suggests the stabilizing potential of lateral moments in frontal plane in the 

lumbar region when carrying 300N load in one hand (Hjalmars, 1988). The effect of the 

horizontal support and a flexion moment applied at the L 1 increases the load-bearing capacity 

of the lumbar spine up to 400N with minimal horizontal displacements (Shiran-Ad1 and 

Parnianpour, 1993). Although these works (Hjalmars, 1988; Shirazi-Ad1 and Parnianpour 
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1993; 1996ab) recognize importance of the various constraints and moments in the 

compression load-bearing capacity of the TLS, they do not identiQ an exact mechanism by 

which they are generated. 

Trvo approaches are avûilable for solution of a static biomechanical optimization 

problem involving an elastic structure combined with a redundant muscle problem. When a 

final geometry is known fiom an expriment, this can be w d  as an input in a solution of the 

muscle problem (Backward static optimization, BOS). Unknown final geometry requires a 

simultaneous solution both for the muscle forces and the geometry (Forward static 

optimization. FOS) (Allard 1995). 

Muscles crossing a joint maintain its stability by their coactivation (Hogan 1984). The 

stifiess of a stable human ankle joint, stabilized in the plantar flexion and extension by 

coactivation of the caif muscles, during the neutral posture is reported to be only slightly 

above its critical value (Bergmark 1989). 

1.4 OBJECTIVES AND PLAN OF THE THESIS 

Neutra1 posture is acondition of the spine sustained throughout the daily activities and 

as such, deserves attention equal to the States of spine with close to maximal loadings. The 

objective of this work is to examine some mechanisms afEecting spinal stabiiity in the neutrai 

posture related to the interaction between the passive (osteoligamentous) and active 
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(rnuscular) components ofthe spine. The approach for investigation of the neutral equilibrium 

phenornena should k computationally efficient to perfonn a large nurnber of analyses, and 

at the same time it should incorporate important mechanisms of the spinal behavior. The 

approach should dso bke  advantage of already available commercial software and have a 

flexible modular structure allowing for addition of new and modification of its components. 

The main objectives of this study cm be summarized as: 

to investigate effects of mechanisms already reported in the 1iteranil.e such as peivic 

rotation, Tl sagittal positionhg or effects of constraints fiom muscle activations on 

the spinal behavior, 

to create a numerical mode1 capable of accommodating these selected mechanisms of 

spinal control, 

to develop an intenace for interaction between the passive (osteoligamentous) and 

active (muscular) spinal components, 

to test the proposed approach in the static conditions with asimple muscle architecture 

withoutlwith time dependent behavior (cmp), 

to extend the simple model into a model with a d i s t i c  muscle architecture, 

to identi@ conditions govemllig patterns of muscle activation in neutrai posture, 

estimate effect of muscle activations on the mechanical stability of the spine. 

The main part of this work is contained in three publications attached in the 

appendices. Chapter 1 reviews origins of the musculoskeletal disorders, some aspects of the 

functional anatomy of the trunk and miews litetatuite relevant to biornechanicai 
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investigations of the human spine. Chapter 2 is a compendium of the three publications 

attached in the appendices. The results and conclusions of the publications are presented in 

a general context. The cornmon idea mderlying this study and its continuity is examined with 

respect to the publications. Chapter 3, the last chapter, discusses limitations and originalities 

of the proposed approach. The predictions of the approach are compared with the previous 

works and some future developments are outlined. 

Three publications submitted in a partial fulfillment of the requirements for the Ph-D. 

degree are attached as Appendices A, B, C. Performance of the beam elements fiom the 

ABAQUS element library in a pure compression is presented in Appendix D. Appendix E 

outlines some concepts of adaptive control of a flexible column with modal transitions. 

Appendix F contains details of the numerical approach for the spinal analysis employed in this 

study. Appendix G presents some of the most fiequently asked questions which arose during 

the work on the publications. 



CHAPTER 2 

COMPENDIUM OF ARTICLES 

2.1 INTRODUCTION 

Sustainhg of the upright neutral posture in the gravitational field of the Earth is a 

natural state of the spine endured for prolonged penods of time in daily activities throughout 

the human life. Proper maintenance of this condition is essential for the individual's well- 

king. The spine is an elaborate organ providing hurnan body with a biomechanical structure 

for both an efficient load W e r  and locomotion, Le., combining rigidity and flexibility. 

The spine assumes its lod-bearhg fiinction only gradually during the first years of 

the hurnan life, in contrast to some other biomechanical stnictures such as limbs. The triple 

curved shape of the flexible spine (cervical lordosis, thoracic kyphosis, lumbar lordosis) and 

its axial rigidity develop as a response to the effects of gravity during transition to an erect 

walking posture h m  an initial arched shape in a newbom infant (Taylor and Twomey, 1985). 
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The spinal nsistance to vertical loads otiginates fkom two sources: passive spine (vertebrae 

with disb and supportive ligaments) and active spine (muscles acting as actuaton and force 

generaton). The adaptation of the infant's spine to the gravity load in an upright posture 

represents a period of neurornuscular training and shape developments of the passive spine. 

The physiology and adaptive development the spinal apparatus for the upright posture in the 

gravitational field of the Earth, suggest that it operates on a synergetic level: "behavior of the 

whole system is unpredicted by the behavior of its parts taken separately" (Fuller, 1975). 

Hurnan spine is a synergetic stmctw aâapted to cope with physicai properties of the 

surrounding Terrestrial environment. The proper development of the load-bearing function of 

the spine is unthinkable in the absence of an appropriate gravity field, such as on the orbital 

stations or in a peison confined since infancy to ôed, and can adversely affect other spinal 

functions. 

In addition to the effects of the -tic load, the spine is subjected also to time dependent 

changes nsulting from the creep of intervertebral disks. In the circadian cycle (24 lus), the 

spine during the period of daily activities in standing and sitting positions loses part of its 

length due to the creep of disks which is recovered by the swelling of disks during the sleep 

period, when the axial loads on the spine are minimal. Although, the c m p  of the disks affects 

the spinal configuration, it is a necessary mechanism for transport of biological substances 

(nutrients, pducts of metabolism) into and out of the disks. 

Spine in the upright posture must provide for both suffcient load-bearing capacity and 

stability. Load-ôearing capacity is governed by the equilibrium conditions. The defuiition of 
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the spinal stability can be based on the clinical or mechanical criteria (Bergmark, 1989). For 

the purpose of present study, spinal stability is considered in the same ternis as stability of any 

mechanical structure: structure is stable under a specific load prior to its transition into the 

hypermobility. Both linear and nonlinear theory of stability can be used to investigate the 

structural stability, the former describing structure in tems of the criticai loads only, the latter 

provides a full load-displacement history. 

When devoid of musculahirr, the human thoracolurnbar spine, TLS, can sustain only 

minimal vertical loads. At the sarne time, EMG measurements on normal individuals in the 

upright erect posture indicate low activities in spinal muscles. Since neither the muscles nor 

the passive spine alone can account for any substantial part of spinal load-bearing capacity, 

some other factors are necessary for maintaining of the spinal stability in the neutral posture. 

Since the head, whose position is controlled by the spine and its accessory muscles, 

houses the major neural, proprioceptive and other sensory organs, it is imperative l a t  it 

possesses a superior positioning accuracy. Experiments quantifying the accuracy of human 

proprioceptive control of the upright posture show, that persons can center their head with 

severai millimetea precision both in sagittal and lateral directions. This provides a plausible 

parameter for control of the human posture. Nevertheles, this mechanism appears to lose some 

of its efficiency in the absence of the terrestrial gravitational field due to its Iinkage to the 

vestibular apparatus. 

This work develops a new hybrid appmach for analysis of the spine by integration of 

multipurpose commercial pmgrarn for sttucturai analysis ABAQUS with some in-house built 
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optimization modules. The performance of this approach is first evaluated on a spinal mode1 

with a simplified muscle architecture in static and later static time-dependent behaviour. Once 

the advantages and limitations of the approach are detemined, it is applied to a mode1 with 

more realistic muscle architecture in static conditions, 

2.2 METHOD 

The passive spine used in al1 three articles hm the same geomeûy corresponding 

anthropometrically to a female person with a body weight 68kg and height l7Ocm (Figures 1 . 1 , 

1.6 and Appendix C). Elastic constants for the beams representing the intervertebral disk were 

found fkom the liteniture as E=7Mpa and G=3Mpa The thoracic part of the spine, reinforced 

by the rib cage, was considered to be stiffened by increasing the Young's rnodulus for the 

thoracic disks. Mechanical properties of the passive spine, including creep parameters, were 

based on data available fiom the literature (Appendix A). To quanti@ the instability effects, 

large deformation analysis was perfonned. 

Muscles, the active spinal components, are divided into global and local groups, 

according to their points of a~hments,  nspectively, ont0 nlatively rigid thoracic spine, 

stiffened by the thoracic cage, and a flexible lumbar spine. 

For the spine, the static equilibrium between the load, (FI), active, {Fm), and passive, 

(Fr), joint forces can be expressed as: 



The loads acting on a spine are resisted by forces generated by the passive tissues, and 

forces generated by the muscles. Position of a point on the spine is controlled by conseaints 

(springs) with stabilizing forces {Fc) Figure 2.1. Since these stabiluing forces are produced 

by the muscles, they must be associated with a compressive pnalty {AP) as: 

The load-resisting forces are associated with nifïness matrices for the passive tissues, 

[Kp], and spring constraints, w], and their common vector of dispiacements,{u), as: 

where loads acting on a vertebral segment and compressive penalty fom the vector (F} and 

passive stiffness and consûaint forces fom the matrix [KI. The general equation (2.3) can be 

then 
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solved for both unknown displacements and muscle forces. Two other ingredients are 

necessary for solution of Eq.(2.3), namely: solution of the muscle pmbiem, Eq42.2) and 

selection of the constraint springs, [W. 

The muscle problem (calculation of muscle forces) with given constraint forces can be 

fonnulated as: 

where f i  are the constraint forces which are a function of displacements at a disk level and of 

the muscle forces si. The magnitudes of the muscle forces S i  are related to the constraint forces 

Ti by coefficients of geometric transformations a,. After resolution of the muscle problem, the 

compressive penalty AP at the constraint point becomes a fùnction of muscle forces si and 

coefficients bi (Appendix F): 

Selection of the constraint springs, [KI], is related to the overall stability of the spine. 

Higher stiffnesses of the constraint springs have a potential for producing higher stability, 

although, at the same time, accompanied by an increase in the compressive penalty. Lower 

values of constraints result in smaller compressive penalty and a higher participation of the 

passive spine in generating of the load nsisting capacity. The stability margin of the spine 

(magnitude of the added load pcior to transition into hypennobility) in the neutral posture is 

related to the severity of a potential damage by the sustained load. The higher the load - the 
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more severe the potential damage for the spine. Thereby, in the neutral posture under the 

physiological load, constraint spting stifiesses for maintaining of the equilibrium cm be kept 

low, at the same time providing a sufficient stability margin. In addition to these 

considerations, appropriate values for the constraint springs can be estimated by a parametric 

study. Trial of different constraint spring stifiesses allows to determine effect of their 

variation on the results of the analysis. 

The hybrid kinematic approach was applied io examination of the static behaviour of 

the human spine in the neutral posture in the following conditions: 

publication 1 passive spinal response + conceptual muscle representation, 

publication 2 passive spinal response with time-dependent behavior + conceptual 

muscle representation, 

publication 3 passive spinal nsponse + realistic muscle representation. 

The difference between the fint and third publication resides in the complexity of 

muscle architecture and thereby in a solution of the muscle problem. The second publication 

applies the method developed in the first publication to a time dependent behavior, creep, of 

the disks. The Iines of action for the conceptual muscle architecture are selected within the 

confines of the trunk, Fig2.I. In the case of this model, the constraints in the v i ~ l  springs 

control motions at the insertion points in the horizontal plane and yield only two equilibrium 

conditions for solution of the muscle problem (2.5) with four muscles. A criterion for selection 

of the two directions for the active muscles out of the possible four, b a s 4  on a direction of the 

horizontal constraint force, reduces the muscle problem to a statical deteminacy (Appendix F). 



41 

The steps described by Eqs. (2.41, (2.5) and (2.6) are repeated in an iterative manner, with a 

compressive penalty updated in each step Figure 2.2 until the equilibrium of the whole system 

is reached. 

The muscle architecîure for the third publication is constructed by comening the 

points of the insertion of the muscles on the vertebrae with corresponding points of origin on 

the pelvis. A standard vertebra, Figure 2.1, positioned in the vertebral centerline, is used to 

identifL coordinates of landmarks for insertion of muscles. Pelvis, antropometrically scaled to 

fit the spinal geometry, is used to obtain the coordinates for the origins. The movement of each 

vertebra is controlled in five possible directions (horizontal displaccment + three rotations), 

thus yielding five possible constraint equations for solution of the muscle problem. 

Nevertheless, the number of muscles attaching ont0 each vertebra is not less than ten, thus 

exceeding the numberofconstraint conditions. An optimization method (linear prograrnming), 

with the compressive load resulting fiom the muscle action as a con function, is used at each 

vertebra to determine the active muscles and their forces, Appendix F. 

2.3 RESULTS 

Cornparison of muscle forces in the global group (muscles attac hing ont0 the ri b-cage) 

predicted in publication 1 (Figure 11) and publication 3 (Figure 5) shows a good agreement 

in tenns of the overall activation quantificd by the compressive penalty. Advantage ofthe more 
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Biomechanical system Equivalent force system 

Figure 2.1 Simpiified muscle model. Only the insertion point at the TI with its points 

of origin at the pelvis (O1,02,03,04) is shown. Springs at the point of insertion in 

the equivalent force system used to evaluate muscle activations and allow vertical 

movement oniy. 
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Figure 2.2 Flow chart illustrating the numerical procedure with interaction between 

the passive and the active modules. 
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complex muscle anatomy for the global muscles resides mainly in the improvement of the 

resolution of muscle activations and thereby a better control of the stability. For the local 

muscles, considering the detailed muscle architecture i s  necessary for obtaining a realistic 

quantification of spinal stabil ity . Nevertheiess, for both conceptual and detailed muscle 

architecture, the mechanism of interaction between the passive spine and the muscles, based 

on equilibrium conditions, remains very similar. 

The second publication extends the fint one into the domain of the time dependent 

behavior. The creep of the disks has a significant effect on a configuration of the spine. The 

vertical displacement of the spine at the Tl can reach up to 2Smm after one hour afier the 

application of the physiological load with the global muscle group active only, Figure 2.3. This 

displacement is decreased almost by 50% with activation of the local muscles. Significant 

reduction in the TI deflection is due to decrease in the sagittal moments and thereby the creep 

rotations of the disks. Although this has as a consequence some increase in the compressive 

penalty, it is far outweighed by the decrease in sagittal moments. 

Peivic rotation can balance the loads acting on the spine and varies both with the 

magnitude of the applied load and with time. The variations of pelvic rotation related to the 

c m p  ofthe disks (publication 2 Figure 3) significantly exceed those with agradual application 

of the physiological load (publication 1 Figure 5). The Tl positioning is another factor 

influencing configuration of the spine with the creeping disks. In the positions with the pelvis 

not ailowed to rotate, or the Tl not to move fieely, variation in muscle forces is necessary to 

maintain the spinal equilibriurn under the physiological load (publication 2, Figures 3,4b). 



1 muscle group 
- - - - -  2 muscle groups 

Figure 2.3 Temporal variation of the vertical translation of the Tl vertebra in presence 

of the muscles 



46 

The third publication iiidicates that during the postural changes with small sagittal 

movements (k40mm from the initial position at the Tl), magnitudes of muscle forces 

depend on magnitude of the horizontal constraint at the TI2 vertebra, adjacent to the 

thoracolumbar junction. .4t the same time little sensitivity to the rotational constraints is 

observed (Table2, Figures 4,7). The lowest level of the horizontal constraint is detemined 

as a minimal value for this parameter (system is stable only with panuneter values higher 

than minimal) Le.: some horizontal force resulting from action of the global muscles is 

always necessary for maintainhg of the spinal stability. The highest level of the horizontal 

constraint allows only very small movement. Thereby, the elastic response of the TLS 

delimiteci by these two values for the horizontal constraint represents also limits for the 

possible deformed configurations of the spine in the neutrai posture based on the equilibrium 

conditions. Figure 2.4. Variations of muscular acûvities, dunng the small TI sagittal 

movements, follow a close-to-linear pattern apart from a switching point at the TI initial 

position. Iliocostalis thoracic and the intemal obliques both on left and right sides are 

important in anmior Tl positions and Rectus abdominis with Extemal obliques in the 

posterior positions, Figure 2.5. 

Activation of the local muscles in the anterior positions of the Tl proves little 

eficiency in actuation of the spine. Recovery toward the initial position is accompanied by 

a disproponionately large compressive penalty (Tablez, Figure 8). Effciency of the local 

muscles fiirther decreases with an increase of the horimatal constraint at the T 12. With hi@ 

values of the Tt2 horizontal constraint, the recovery toward the Tl initial posi~on changes to 



'O0 1 Global MusclcsOnly 

Ant. LS \ 
+ ,  Posr. O - - 

Saginal Direction, x, [mm] 

Figure 2.4 Deformed shapes for different levels of the horizontal constraint at the Tl 2 

vertebra with the Tl 40mm anterior fiom its initai position in presence of the global 

muscles only. 
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Figure 2.5 Activations in the global muscles for the Tl displacements from 20mm 

posterior to 40mm anterior fiom its initial position. 
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a movement furthet away fiom the T 1. Among the local muscles, the most preferred are those 

with largest moment anns. 

Al1 three publications indicate a significant involvement of the passive spine in load 

bearing capacity of the spine. Spinal segments have a good potential in cany ing compressive 

and shear forces and some moments. In the response of the whole passive spine (as an 

assembly of segments) without cooperation of muscles, only a Fraction of potential 

intersegmental load resistance cm be utilized, lest it loses its stability. Aided by the horizontal 

components or moments from muscles forces (compression resulting from muscle activations 

being an adverse destabilizing factor comparable to increase of the load), or a pelvic rotation. 

effects of the physiological load can be contmlled and more resistive potential of the segments 

utilized. In the positions with TI close to initial neutral position. flexion moments up to 

6000Nmm are carried by the passive spine (publication 1. Figures 6.  10) increasing up to 

8000Nmm with the creeping disks (publication 2, Figure 7b). An anterior T I movement can 

further increase these moments up to 12000Nmm (publication 3, Figure 6). 

Assessrnent of the stability of the predicted equilibrium States is made in publication 3 

by the solution of a linear eigenproblem, Figure 2.6, using a simple muscle model described 

by a single parameter, muscle stifiess coefficient "q", Eq. 1.1. Stability of the spine in the 

neutral posture is affectecl only slightly by a level ofactivation in the global muscles. Increased 

activations of the local muscle pmve to significantly effect the overall stability of the spine 

(Dietrich et al., 1 995). At each level of activation of the local muscles, the value of the load 

added ont0 the arms before the loss of stability depends linearly on the muscle coefficient "q". 



P Eigenvdue calculated as an 
120 - added Ioad onto the a m  / 

k - muscle stiffhess wmm-'1 
q - muscle sriffness coefficient 
f - force in the muscie fN] 
I - muscle length [mm] 

Fi y r e  2.6 Effect of activations of the local muscles on the stability of the thoracolumbar 

spine evaluated by a linear eigenprobiem at a final deformed configuration 
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The minimum value of "q" increases linearly with an increasing level of activation in the local 

muscles from 8.5 to 10.5 Nmm*'. The lowest additional load with no activation in the local 

muscles and muscle stifiess coefficient at its lowest value, 8.4, is 58 N, which is about 15% 

of the physiological gmity  load (380N) or 44% of the compressive load h m  the muscles 

(129N) in this particular equilibrium configuration. For the maximal activation of local muscle 

considered with corresponding minimal muscle coefficient 10.5, the added load is 80N (2 1 % 

of the physiological load or 58% of the compressive penalty fiom the muscles). With the 

increasing level of activation in the local muscles, the proportion of the added load to the 

compressive penalty fiom the muscles increases, i.e., stabilizing affect of the local muscles is 

larger than the adverse effect of the compressive penalty. Thus quantified stability of the spine 

in neutral posture shows that the equilibrium mites predicted for the range of considered 

activations in the local muscles can withstand additional loads from 6 kg up to 12 kg added 

ont0 the arrns. Nevertheless, some critical value of muscle stifiess coefficient exists for each 

level of activation in local muscles, below which equilibrium configurations are unstable. 

2-4 DISCUSSION 

The proposed method examines and, in the three publications, utilizes equili brium 

conditions to detennine activations in the muscles and the behavior of the passive spine and 

subsequently quantifies the effect of some constraint ( v M  springs) and a muscle stifiess 
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parameter on its stability. Even with the minimal values of the virtual constraints, equilibrium 

states of the spine are stable above the critical values of the muscle stifiess coefficient which 

is around 9. Any analysis of the spinal behavior must conform both with the necessary 

(equilibrium) and the sufficient (stability) conditions for a proper spinal posture. interaction 

between the passive and the active spine based on equilibrium (kinematic conditions) can 

provide the spine with a sufficient load-bearing capacity in neutral posture. 

The diagrams for the distribution of the sagittal moments between the active and the 

passive cornponents indicate that lordosis is dependent on the loading conditions of the spine. 

Lordotic curvature is related to the position of the thoracolumbar junction, an important 

parameter in control of the loads exerted on the lumbar spine from the upper torso. Similady, 

lordotic curvature is an important indicator of mobilization of the elastic resistance of the 

intervertebral disks and spinal ligaments (passive spine) to the applied moments. In the upright 

posture in gravity conditions, peivic rotation is an efficient panuneter for control of the lordotic 

curvature. 

The hybrid kinematic method allows prediction of both muscle forces and the 

deformations of the passive tissues. As such it can be classified in a biomechmical 

terminology to be a type of the forward static optimization, FOS (Allard et al., 1995). The 

method was not developed a priori fkom FOS formulation, rather an implementation of the 

basic synergetic principles goveming the spinal behavior within the software limitations, 

converged to that point The proposed method creates a framework within which different 

criteria of muscle activations and passive tissue modeling can be implemented. Relations 
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between the muscle forces and muscle lengths, Figure 2.5, suggest that the muscle forces are 

related to the change of the spinal configuration by a coordinate transformation. This 

coordinate transformation is controlled by a shift in the equilibrium setpoint for each muscle, 

as proposed in the lambda method (Feldman, 1986). 

Although considefations of the individuai muscle hctioning and modeling of the 

passive tissues are instrumental in creating the present method, its most important prediction, 

is that of the structural synergy. Selective control of muscles can maintain the passive spine 

in higher buckling modes, thus leading a neutral posture efficient in ternis the body energy 

expenditure. The complexity of spinal musculature suggests that it has a good potential for 

control of the transitions between the buckling modes, Appendix E. 



CHAPTER 3 

DISCUSSION 

3.1 HYBRID iCiNEMATIC METHOD 

The prcsented study aims to deveiop an approach for investigation of the human 

spine in neutnl posture with static losding. The approach considers interaction between the 

passive (osteoligamentous) and active (muscuiar) components of the spine. Several 

mechaaisrns feasible for maintainhg of the spinal stability in neutrai postures without/with 

presence of thc creep in the disks are examined, such as: the redistic distribution of the upper 

body weight (King-Liu and Wickstrom, 1973; Takashimaet al., 1979), rotation at the pelvis 
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(Gracovetsky et al., 1985; Jackson and McMannus, 1994; Shirazi-Adl and Parnianpour, 

1996), initial positioning of the Tl (Jackson and McMannus, 1994; McGlashen et al., 1990). 

The role of spinal muscles is considered fint in a simplified way (Bergmark, 1989), later a 

more redistic muscle architecture is developed. nie model of the passive spine assumes a 

linear relation between the forces and deformations in the disks, and simulates disks by the 

beams with reasonable structurai properties (Andriacchi et al., 1974; Shirazi-Adl and 

Parnianpour, 1996; Stokes and Gardner-Morse, 1995; Takashima et al., 1979). Although 

limited to relatively mal1 intersegmentai rotations, the model is both practical to perform 

a large number of nonlinear analyses coupled with constraint equations and accurate enough 

to determine the stability response in the upright postures under relatively small axial 

compressive forces. A large displacement analysis is used to quanti@ the instability effects. 

It is to be noted that, due to the lack of bifurcation phenornena, the terni instability is used 

throughout this study to indicate large displacements or hypermobility which occun due to 

loss of the global stiffness in axial compression. Moreover, the load-bearing capacity refea 

to the notion of stability in axial compression (Shirazi-Adl and Parnianpour, 1993; ShiraP- 

Ad1 and Parnianpour, 1996) and not the compressive strength of the system. The main 

advantage of the proposed approach resides in its potential to include a synergetic interaction 

between the passiveand the active spinal components. Nevertheless, its applicability remains 

limited to the upright neuttal posture. 



3.2 EFFECT OF THE GEOMETRY AND LOAD CONFIGURATION 

Although the load configuration significantly affects the load-bearing capacity of the 

passive thoracolumbar ligmentous spine, TLS, the magnitude of the totai compression load 

at hypermobility remains for al1 configurations considend well below the upper body 

weight. The presence of the optimal pelvic rotations is found to substantially stiffen the TLS 

during the gradua1 application ofthe static physiological load. niese rotations, observed also 

in-vivo in neutral postures, and are af'5ected by the magnitude of the compressive load and 

spinal geometry (Gracovetsky et al.. 1985; Parnianpour et al., 1994). The predicted results 

also point to a strong dependence of the optimal pelvic rotation on the spinal configuration. 

The pelvic rotation appears to stabilize the TLS by increasing the lordosis. In the presence 

of the pelvic rotation under 400N axial load the lordotic angle increased by 6.2 deg 

(Appendix A). Initial postenor placement of the Tl M e r  increases this trend, while an 

anterior placement decreused it. The stabilizing role of the pelvic rotation is more evident in 

these works than in the earlier one (Shirazi-Ad1 and Parnianpour, 1996). 

The optimai pelvic rotation ia found to stabilize the spim under physiological loads 

when creep of the disks is considered. in this case, the magnitude of the pelvic rotation 

depends significantly on the Tl horizontal position (Appendix B). Results indicate that with 

a proper Tl positionhg the sagittai displacements of the spine due to the creep of the disks 

cm be limited to small values in a presence of an intelligent mechanism which controls 

rotations without any contribution fkom muscles. The efficiency of pelvic rotation for the 
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stability of the spine in prolonged neutrai postures is related to the horizontal positioning of 

the thoracolunbar junction at the L 1 vertebra. 

3.3 EFFECT OF MUSCLES 

The muscles supporting the spine are divided into the local (insertions on the lumbar 

vertebrae) and the global (insertions on the nb cage) groups. The axial load in each muscle 

is caiculated fkom the spring forces using the optimization procedure followed by an iterative 

procedure until the convergence was reached. Due to the directions of muscle forces, the 

stabiiizing horizontal forces are accompanied by the adverse vertical forces which increase 

the axiai load on the spine. The sequence of equilibrium states of the spine (a multijoint 

elastic structure with muscles), is controlled by kinematic constraints modeled as vimial 

springs (Flash, 1987). The virtuai springs simulate the overall effect of the neural system on 

the control of the spinal synergy. As such, the method allows for a realistic modeling of 

muscle activities depending on the passive stiffness properties and geometric configuration 

of the spine. 

At first a simplified muscle amgement was considered, later a more realistic muscle 

architecture was developed. The compression load-bearing capacity of the TLS substantially 

increases with the addition of simplined muscles. Relatively small axial forces were 

generated in muscles at a 400N load, for the global group. The overall horizontal 
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displacements are smaller in the presence of the two muscle groups, although at the utpense 

of increased sagittal moments in the lower lumbar region. In both cases, the initial lordosis 

increases from 39 deg to about 43 deg. Sirnilar to the optimal pelvic rotation, the geometry 

oftbe spine markedly affects the muscle forces required for the spinal stability. That is, there 

is an optimal initial positionhg of the TI that minimizes the muscle forces (publication 1 

Figure 1 1, publication 3 Figures 2,s). 

When considering effects of the creeping disks, the presence of one muscle group in 

the mode1 was suficient only for maintainhg of the short term postural stability. Two 

muscle groups are necessary to maintain postural stability for longer load duration. beyond 

15 minutes, (publication 2). The increase in lordosis due to the creep deformations 

(excluding the instantaneous change of 4deg), in the case of two muscie groups attached at 

TI and LI. is 4.6deg. 

The realistic muscle architecture (publication 3) includes d l  major muscles both in 

local and global muscle groups, however, the intersegmental muscles in the lumbar region 

are not included, since their moment generating potential in the neutral posture is low (Crisco 

and Panjabi, 199 1). Action of the global muscles only, spanning fiom the rib cage to pelvis, 

in conjunction with the passive spinal resistance is found to be sufficient for maintainhg of 

the spinal equilibriurn and stability with small saginal displacements at the Tl. The 

activations in the global system depend on the Tl sagittal position, with the muscle forces 

increasing iinearly (Raschke and Chaffm, 1996) with the distance from the initial Tl 

position. The recnùtment pattern of the global muscles shows coactivation (Hogan. 1984). 
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(publication 3, Figure 5) when in the antenor Tl positions IC and IO, and in posterior Tl 

positions EO and RA are active both on the left and the right sides. The magnitude of muscle 

forces in the global system depends also on the degree of horizontal constrallit at the Tl2 

@ublication 3, Table 2). nie  postures in which Tl2 is not allowed to move horizontally with 

sufncient fieedom (publication 3, Figure 3) might result in a significant increase of flexion 

moments at L1 and L2 levels (publication 3, Figure 4). Activation of the local muscles 

decreases forces in the global system attached onto the rib cage and provided additional 

stifiess, thus increasing the overall spinal stability (Dietrich et al., 1990) Fig. 1 1. Majority 

of activities at al1 lumbar levels is observed in the Multifidi muscles, some activities (14% 

of the total force in the local muscles) were observed also in the lefi lliocostalis lumbonim 

pars lurnborurn, LTI, at the L5 level and le ft Quadratus Lumborum (3.5% of the total force 

in the locd muscles) (Andersson et al., 1996; McGill et al., 1996). 

The vertical load from the upper body weight and muscles attached onto the nb cage 

cause variations of sagittal moments in the lumbar region due to lordotic curvature. Without 

efficient flexor muscles in the lumbar region, since Psoas major in neutraI posture cannot 

exert the required flexion moments (Bogduk et al., 1992) (publication 3 Table 3), some 

arnount of moment in the lordotic arch appears to be inherently carried by the passive spine, 

Figure 7. 

The muscular activations in equilibrium positions in neutral posture under the 

posturai load exhibit small variations of the recruitment pattern with varying degree of 

activation in global (different values of horizontal constraint at the Tl 2) and local muscles. 
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Position of the thoracolumbar junction, controlled by horizontal constraint at the T12, has 

a marked effect on the distribution of intersegmentai rotetions of vertebrae in the lumbar 

lordosis (T12-SI) (Table 2, Figure 5) and thereby dso on the magnitude of the sagittal 

moments carried by the passive spine (Figure 7). The results of the study corroborate 

qualitative1 y well with the EMG findings (Parnianpour et al., 1 994) and give M e r  insights 

into spinal mechanics in neutral postures. 

The muscle recruitrnent strategy allows maxllllum utilization of the elastic resistance 

of the passive tissues while minimizing the required muscle force to stabilize the tom within 

the physiological limits of displacements. Results with both simplified and redistic muscle 

architecture show similar patterns of behavior with distinct effects of the local and the global 

groups (Bergrnark, 1 989; Bro berg, 1 98 1). 

3.4 PELVIC ROTATION AND MUSCLES 

Cornparison of results, (Figures 7 and 10 publication l), demonstrates a similar stabilizing 

influence of the pelvic rotation and the muscles in the spine under axial compression. Both 

mechanisms are found to increase the initial lordotic angle of the TLS in neutral posture. 

Interestingiy, the lumbar spine in standing postures has b e n  noted to have a larger lordotic 

angle than in stress-fke cadavek specimens (Adams et al., 1988). Similar trends have been 

observed in microgravity conditions (Massion et al., 1993) and sideways lying positions 
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(Keegan, 195 1) fiee of axial loads, where flattening of the spine occurs as compared with the 

neutral standing position under gravity loads. This lordotic posture, although a function of 

the load and the Tl positioning, likely enhances the compression stability of the spine. 

3.5 CONCLUSIONS 

Experimental studies with mrface electrodes provide EMG information fiom a 

volume below the electrode and do not differentiate between individual muscle fascicles. 

This can be overcome by using invasive wire electrodes implanted into discrete muscle 

locations. For both non-invasive and invasive approaches. however. there exists no exact 

relation between EMG signal and muscle force. The present method evaluates muscle forces 

in the individual muscle fescicles fiom kinematic and optimization criteria, with a full 

interaction between the passive spine and muscles (Figure 2.1). 

The predictions of the recruitment pattern and magnitudes of muscle forces in this 

study are dependent upon the cost function requiring that compressive load fiom muscles be 

minimal at each lumbar level. Nevenheless, choice of a different criterion for solution of a 

redundant muscle problem in conditions of the neutral posture should not lead to a 

sipnificant augmentation of the reported muscle activities, since they provide a sufficient 

degree of stability (publication 3). 

When considering the effect of creeping disks, the muscles together with the 
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pelvic rotation allow for an efficient control ofthe spinal response in creep. The flexion load- 

beaRng potential of the passive spinal structures, TLS, mobilized through changes in spinal 

cwatures (i.e., kyphosis and lordosis), becomes also important in the control of the spinal 

aability. Tne nonlinear response of the spine in neutral posture subjected to creep 

deformations indicated that the passive TLS and the spinal muscles should not be treated os 

isolated systems. The effects of a prolonged load can be highly damaging when no 

appropriate adjustment of spinal geometry is allowed. The behavior of the spine in semi- 

consrrained situations, such as seated position, can significantly limit the mechanism for an 

effective control of the spinal stability, followed by an adverse compcnsatory response to 

stabilize the system (publication 2). 

Findings of this work indicate that small muscle activations and pelvic rotation tùlly 

exploit passive load-bearing potential of the TLS (Gracovetsky et al., 1985; Jackson and 

McMannus, 1994) by controlling its deformation modes. The trunk in free standing posture 

under physiological gravity loads exploits the TLS double curvature and decreases its 

effective buckling length by the action of muscles and pelvic rotation, thereby, increasing 

its compression load-bearing capacity while decreasing its horizontal displacements. To 

move into and maintain higher modes of deformation, ody relatively low muscular forces 

are required when applied et critical regions dong ihe height of the TLS (Le., the inflection 

points). In contrast to the stnitegy for stabilization of upper and lower extremity joints with 

presence of high coactivations, oniy moderate coactivations are predicted in the trunk upright 

posrïre(Parnianpour et al., 1994), indicating that a more intelligent contml strategy can be 



used for the 

postulated to 

63 

stabilization of the spine. The actions of muscles and pelvic rotation are 

be coordinated by a neurai controller with the horizontal translation at the Tl 

as a likely feedback parameter. The results suggest that the pelvic rotation, muscle 

activations, and the O ff-center placement of the line of gravi@ are exploited to mbilize the 

passive spinal system in the neutral postures. The evaluation of the stability of the spine at 

higher exertions and more complex loading conditions deserves a separate analysis. 

FUTURE DEVELOPMENTS 

The presented hybrid kinematic (modified static forward optimization) method 

develops an approach incorporating the passive components of the human spine and muscles. 

In its present form, the model is limited to static loading conditions in the neutral posture and 

calculates muscle activations fiorn the equilibrium conditions of the spine. Similady, the 

muscle model utilized is limited to the static equilibriurn only. The muscle architecture is 

realistic enough, nevertheless, intersegmental muscles are not included. Elastic behavior of 

the vertebrai segments is considered linear and is modeled by the beams. The nb cage is 

simulated by a ngid body. The interindividual variations, age or any foms of defective 

anatorny were not considered. 
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The abovementioned assumptioas are made to achieve a good computational 

eficiency and are not inherent to the method. Predicted patterns of muscle activations, are 

dependent on the assumption of the cost function and npresent only minimal necessary 

degree of coactivation, since they are based on equilibrium conditions. Since the neutrai 

posture is considered only under a static physiological gravity load sustained in an isomeûic 

muscle state, any conclusions drawn fioxn this study are relevant only in the specified 

conditions. Effect of interindividuai variations of the spinal geometry and properties in the 

healthy individuals deserve a separate study. 

Incorporation of nonlinear vertebral segment properties would allow investigation 

of more general postures and loadings, other than the neutral posture. This cm be achieved 

by the use of the nonlinear lurnped springs for the disks and ligaments, or by modeling 

detailed spinal segments including the contact problem. Development of the more detailed 

passive structures with complex material behavior is limited only by capacities of the 

ABAQUS structural analysis sottware. 

Using the ABAQUS structural analysis software, the method can be extended also 

into dynamic response, nevertheless, this would require also more sophisticated modeling 

of the muscle behavior. This can be conveniently accommodated by the flexibility of the in- 

house built active module. 
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APPENDIX E 

BEAM ELEMENT iN COMPRESSION 

Beam elements were used in this work to shulate behavior of the iritervertebral 

disks. Abaqus element libraries provide two formulations of beam elements: Timoshenko and 

Euler-Bernoulli beams. The Timoshenko beam is shear-flexible and allows for transverse 

shear defomations, Euler-Bernoulli beam does not. 

Euler-Bernoulli beam, B33, is applicable to the cases where bearn's cross-sectional 

dimensions compared to typical distances dong its axis are small, the beam is slender. For 

beams made of uniform material typical dimensions in a cross section should be less than 

about 1/15 of the typical axial distances. The beam uses a cubic interpolation function. 

Timoshenko beam element, B3 1, allows for transverse shear and deformation. They 

can be used for thick (stout) as well for slender beams. For beams made fiom uniform 

materiai, shear flexible beam theory can provide usehil results for cross sectional dimensions 

up to 111 0 of  typical axial distances. Beyond this, the approximations that allow the 

mmiber's behavior to be described solely as a fiuiction of axial position, no longer provide 

adequate accuracy. The beam uses a linear approximation function. 

The two beams were tested in a pure compression under the concentrated load up to 

2000N. The propetties ofthe beams were selected to represent a typical lumbat intervertebral 
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disk and are shown in Figure 1. Initially, the two beams deflect ahost linearly, with a dope 

k1050Nmm-1, up io the load 500N. With an increasing load, the stifhess of the 8 3 3  beam 

decreases, at the load 2000N becorning only 17% of its initial value. The 8 3  1 beam stiffhess 

with the increasing load siightly increases up to 110Y0 of its initial value at 2000N. This 

loading test indicates that Euler-Bernoulli beam is inappropriate to represent the 

intervertebrai disk at loads higher than SOON. The Tirnoshenko beam behavior is slightly 

noniinear, since it uses the reai strains. 

The test shows, that Timoshenko beum provides more accurate results for the 

intervertebral disk like beams in a large deformation analysis at loads more than 500N in a 

pure compression. The beam representing the intervertebral disk is relatively stout with a 

slendemess ratio around 4, with significant shear effects. When the compressive load is 

higher than SOON, the linear Tirnoshenko beam 8 3  1 is mon appropriate for modeling of the 

intervertebral disks than the cubic Euler-Bernoulli beam B 3  3. 



Vertical Displacement [mm] l 

Figure 1 Compression test for Abaqus beam elements 



Appendix F 

Adaptive control of a flexible column 



APPENDIX F 

ADAPTIVE CONTROL OF A FLEXIBLE COLUMN 

The buckling behavior becomes important in a case of the flexible columns with an adaptive 

control. A finite element d y s i s ,  using Abaqus structural analysis software, was performed 

to illustrate some mechanisms affecthg the behavior of a flexible column with an adaptive 

control. The mesh consisted of ten 2 node linear Tirnoshenko beam elernents B3 1 from the 

Abaqus element library. Large displacement analysis was used to quanti@ the load effects 

with the changing geometric configuration. The dimensions and properties of the column 

were selected to approximately represent the flexible vertebral column, Figure 1.6. An initial 

imperfection, with an amplitude less than 0.25% of the column's height, was calculated as 

a combination of the first two buckling modes, cp, and q2. Several proportions of modal 

combination wem tested, e.g., 0.8q1+0.2s O.S~l+O.S~,, O. 1 (p1+0.99<p, 0.05q,+0.95q2, with 

no appreciable effect on the column's behavior. The loading test was designed to 

demonstrate the transition between the fm and second buckling modes in two loading steps, 

LDS, as: 

LDSl the colurnn with a vertical slider at the top and a hinge at the bottom was loaded by 

a vertical concentrated load, P, at the top, close to the finit buckling load, Pl"': 

LDS2 in the configutation under the load close to P,"" the top slider was teplaced by a 
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hinge with a reaction &, and the rnidpoint, M, of the column was dragged toward its 

initial position with the horizontal restoring force, R, , and the vertical reaction, k, 

monitored. 

The results in terms of the column's displacements and forces are shown in Fig.1. 

The two extreme defomed shapes with conespondiûg loads correspond to the buckling 

modes enforced by the boundary conditions. In the LS 1, the vertical reaction reaches 99% 

of the first buckling load with a horizontal displacement around 15mm at the column's 

midpoint. The column is left to displace M e r  up to 40mm horimntally at the midpoint M. 

In the LS2 the horizontal restorative force, Rh, reaches the maximum in the point T, with a 

value close to the fust buckling load, P ,cd, ,th the midpoint around 25% on the way toward 

its initial position. In the point T the vertical reaction, &, reaches a value close to 90% of the 

P2"'. The behavior in the LS2 can be then divided into -region 1- with M in position 30- 

40mm and -region 2- with M in positions 30-0mm from the initial position. 

Let's now assume that some controller, such as muscle operates on the present 

column at the point M to preserve its stability. The stifhess of a muscle depends on a force 

it exerts. In a simplified form, the stiffiess of a muscle can be expressed as: 

Where k is the c m t  muscle dfihess, S is the muscle force, q the experimentally denved 

coefficient and 1 the muscle length. 
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The stability of the colwnn in the second mode of defonnation under the load close 

to Pzd' is maintained by the stiffness of the controllet at the midpoint. Wiîh horizontal 

displacements of the midpoint M inside -region 1- the restorative force R,,, detennined fiom 

the equilibnurn conditions of the system, increases with the movement of the point away 

from the initial position. Increasing force causes also increasing stiflhess of the controller 

at the point M and the stability of the column cm be maintained. In the -region 20, the 

restorative force R,, decreases with the movement of the point M away fiom its initial 

position, thereby causing a decrease of the stiffhess in the controller. When the stifiess of 

the controller decreases, it is not able to maintain the stability of the system anymore, and 

column transfers into the first mode and collapses under the applied compressive load. 

It can be concluded, for the column with a controller described in Eq.(l), that it cari 

safely operate in the -region 1 -, with the restorative force Rh providing a suficient stiffness 

for the controller. In the -region 2- the restorative force Rh is i n ~ ~ c i e n t  to provide a 

requkd stiffhess for the controller, and equilibrium of the system is unstable. 



Figure 1 Test for a modal transition of a column 

Fi yre 2 Equilibrium paths and displacements for a modal 
transition of a column 
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Hybrid kinematic method - details 
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METHOD 

Equilibrium formulation 

The passive, osteoligamentous spinal column can be described stnicturally as a vertical 

column, with thesaginal deviations from theverticai line l e s  than 8%. This column, when devoid 

of muscles can sustain only minimal Io&, nevertheless when functioning in synergy with muscles 

its raistance incfeases multifold. The muscles stabilize(support) the passive spine in the hoizontal 

plane and decrease its buckling length by forces acting atthe critical points. Selective activation of 

muscles in the cntical buckling points represents an economic method for increaseofthe spinal 

load-bearing capacity. The forces from loads on themink resulting from loads (gravity, extemal) 

can be partitioned between the passive spine and muscles (active components) as: 

The loads acting on aspinal segment, (FI}, are resisted b y forces generated by the passive 

tissues, (Fp), and forces generated by the muscles {Fm). The forces canied by the passive tissues 

becorne a dif'fèrence between the extemal load and forces generated b y the muscles. Forces in the 

muscles can be fùrthersubdivided into the stabiliPng constraint forces generated b y the spnngs, 
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{Fe} and the compressive penalty, { AP). The matrices for relations between the extemal load 

muscle forces and forces carried by the passive tissues, {F'},(F~),  {FP } and { AP) can be 

developed according to Eq.(l) as: 

The forces and displacements are relaied by their respective stiffness matrices: 

where B p ]  is a matrixofthe stiffness coefficients for the beam representing the disk, [Kc] is a 

matrix ofthe constraint spnng stiffnesses and {u) is avectorof thedisplacements. Equations ( 1) 

and (2) can be combined to obtain: 
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where loads acting on a vertebrai segment and compressive penalty forms the vector (F) and 

passive disk sbiffness and constra.int forces fom the matrix [RI. Equation (3) can be developed as: 

and fiirther as: 

nie muscle problem (calculation of muscle forces) with the given mnstraint forces can be 

then fomulated as: 
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where Fc are the constraint forces which are a function of dis placements at a dis k level and then 

further a fùnction of the muscle forces ( S ) . The magnitudes of the muscle forces ( S ) are related 

to the constmint forces Fc by a rnaûix of geometric transformations [A]. The compressive penalty 

at the particular disk level can be caiculated as: 

AP =s, b, w here b, = cos(n,,z) 

u= {BI 

The compressive penalty AP is a function of muscle forces {S} and coefficients {b).  

Spinal model with a simplifed muscle architecture 

The constraints are chosen as horizontal supports (spring) ai the Tl andlor L 1 

correspondhg to advities in the dobal andior local system. In the case with support at theTl only, 

choice of the stiffness forthe horizontal springs does not affect the values of the muscle forces as 

long as the stability ofthe wholestructure is preserved. in thecase with thetwo supports at the TI 

and L I the effect of horizontal mtraint  spring is also negligible. The solution of the muscle 

problem is obtained by a statically deteminate method, Figure 1, by resolution ofthe horizontal 

constraint force into thetwo out of the four possible directions. The criterion fortheselection of 

the two directions of the muscular action requins that the muscles are in tension only, thereby, the 



Angle range Activated muscles 

Figure 1 Force resolution for the simplified muscle mode1 
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two muscles cm beselected according to the sector into which falls the direction of the consaaint 

force, Figure 1. The equation (7) cm be than writîen: 

where a, are thedirection cosines with fmt index belonging to the direction of the muscle force "s" 

and second to theglobal "x" and "y" axes, Figure 2.1. Thecompressive penalty can be obtained 

h m  Eq.(8). The computational procedure is iterated (Figure3. appendix A), wilh the compressive 

penalty as a feedback parameter. until convergence is reached. in the caseofthe two constrained 

points, each is treated in asame way, and interaction between the two musclegoups is achieved 

by transfer of forces through the passive structure. 

Spinal model with a realistic muscle architecture 

The model with a simplified muscle architecture allows for an expansion b y incorporation 

of arealistic musclearchitecaire. The refined model preserves al1 basic concepts developed in the 

sirn plified model. The accommodation of more com plex muscle architecture was achieved b y: 

(i) maximizing the number of the control points in the lumbar region, 

( i i  increasing the number of constraints at each control point up to five. 
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For the lumbar region, one control point was assigned to each vertebra, to aflow for 

monitoring of the relative displacements of al1 five spinal segments. OfFsetthg the insertion points 

on the vertebra allowed to add constraints for rotations of the vertebra around the three global 

axes, in addition to displacements in the horizontal direction. The numberofconstraints at each 

conseaint point thus increased to five, eachconsbaint representing anequilibrium condition, Eq.(7). 

The tom was treated as a rigid body, thereby allowing for allocation ofonly one contml point with 

five constraints. Since the number of muscle fibers insening into each vertebra and torso 

outnumbered the constraints, Eq. (7) could be not solved directly and optimization procedure had 

to be utilized to obtain magnitudes of the muscle forces. The Iinearoptimization prob lem cm be 

fonnulated as: 



where a, is a coefficient transfonning force h m  the individual muscle fascicles into forces acting 

at a disk level, ni is a direction of the "ih" the muscle. 
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FREUUENTLY ASKED OUESTIONS. FAQ 

Q: How are the rotationai and üanslational conditions for the equilibrium decoupled in the 

work of Ladin et al., (1 989) in a model without any elastic components an how does this 

relate to the work of Stokes with a defomuible spine inciuded? 

A: In a pioneer work by Stokes (1995) it is stated:"Rather than attempting to simulate 

particular in-vivo loaâing conditions, the model was used to anaiyze for moments 

individually applied at the vertebral center of the Tl2 in the thorax". In this model also a 

small deformation anaiysis is associated with the sagittal intersegmental rotations i5 deg and 

the translations *Smm (this being relatively large). Small displacement analysis is unable 

to simulate hypermobility (coupling between the forces and the changing geometric 

configuration) related to the buckling behaviour. Likewise, the analysis is evaluated in ternis 

of maximal moment resisting potential d e r  than the maximal compressive load. 

Q: Why is synergy restricted to the neutral posaire? 

A: The spine in the neutral posture is essentially a verticai S-shaped column, canying a 
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compressive load with the load bearing capacity enhanced by the moments. Stnrcturaiiy, the 

problem is idealized as buckling of a columa with an initial S-shape imperfections less than 

8% of its height, with the multiple supports. in a Fullerian (Fuller 1975) sense, any 

synergetic machine can be resolved into a tensegrity. For the spine, this can be interpreted 

in a following way: as long as the behavior is predominantly buckling caused by the 

compressive load, associated with the buckling modes, synergy is predominant. In the 

postures away Iiom the neutral, where the spine behaves as a beam, the response is not 

govemed by the compressive state, nor is a modal one. 

Q: Where does the number n$OS=SOONmm corne from? 

A: nie number is an assumption based on the parametric study. The assumed activation 

npresents an overall level of activation of the local muscles. The purpose of activating the 

local muscles is to obsme their effect on the spinai behavior in qualitative terms. 

Assumption of the overall activation of the muscles is of the same order as the assumption 

of the same stiffhess coefficient for the muscles. (Bergmark, 1989; Crisco et al.. 199 1 ; Stokes 

et al., 1 995). BergrnarL in his work assumes an overaii de- of activation for some groups 

of muscles. The qualitative conclusion, similarly to Dietrich et ai., (1990) is that the local 

muscles in the presence of the global muscles serve mairily to increase the stability of the 

spine. 



Q: How are the virtuaî spring related to the spinal geometry? 

A: The virtual springs (constraints), provide for a feedback fiom the muscles toward the 

geometry and vice versa. That is dso a reason why the analysis must be performed in an 

iterative manner. The initiai step determines the muscle forces without interaction the 

muscles and the passive spine. The subsequent steps incorporate effect of the muscles on the 

passive spine through their compressive penalty loads and effect of the changing 

configuration on the extemal load distribution and muscle insertion points. The iteration is 

repeated until the muscle forces and the geometry converge (the equilibrium state is 

achieved) . 

The effect of the changing virtual spring stifniess on the global muscle is examined 

in a parametric study for the most significant of the conseaint stiffhesses k, and a set of 

spinal geometries is obtained. 'ïhe variation of the k, parameter has a significant effect on 

the spinal configuration, nevertheles, only a limited effect on the spinal stability. For the 

local muscles, virtual spring stiffness &'yi for each lumbar level "i", comspomding to each 

leval of activation q'' CM be found as: 

where (cp, 'yi is a flexion-extension rotation calculated h m  the initial undeformed state. It 
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has been observed that with the (m,, increasing, the (<p, decreases, and this indicates 

that the stihess &l")i has a tendency to increase with the increasing activation of the local 

muscles. The effect of &'yi or (II$= )i has a major effect of the stability of the spine. The 

effect of &'")i or (m,,Iac ), on the spinal configuration decreases with increasing stiffhess 

for the global muscles. (Table 2, appendix C). 

Q: To nsolve the issue of coactivation for a particular joint, one must fiat fmd the minimum 

activation necessary to balance the extemal loads and the activations above this level can be 

considered as coactivation. Coactivation cm be m e r  quantified in terms of the additional 

compressive load acting on the joint. 

A: In the present study, the effect of the extemal loads, FI. on the spine depends on the spinal 

configuration, u, which in tm affects forces at the disks, FC, and muscle forces Fm. The 

mutual interdependence of al1 parameters can be expressed as: 

To provide for a feedback between the individual parameters, the analysis is preformed 

iteratively. If a minimum activation for some configuration could be detennined, any 

additionai recniitrnent (change in muscle forces) would result in change of the incumbent 

configuration and the reference geometry for an activation-coactivation phenornenon. This 
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exemplifies limitation of a criteria developed for a single joint with ngid structurai 

components which is not easily extendable into a multijoint flexible links such as the human 

spine. 

A plausible alternative for the quantification of the coactivation is the system 

stability. The level of the minimai activation corresponds to the minimal required stability. 

Additional muscle recniitment above this level would increase the stability, thereby the 

system stability becomes an indicator of the coactivation. Figure 2.6 quantifies stability of 

the spinal system and indicates also the stability in the abovementioned sense. Interestingly, 

there can be no equilibrium below certain values of the "q. This raises a question about the 

real physiological meanhg of coactivation - as a concept it should be dependent only on the 

activations (forces) in the muscles, but in the present model, some additional stifhess in the 

muscles is always needed to satisfy the minimum stability condition. 

Q: Not considering the muscle cross-sectional areas, while using the optimization model 

minimizing the compression will lead to activation of muscles with a greatest moment m. 

How does this affect the conclusioiis regarding the local and global muscles? 

A: The forces in the muscles in the present study are less than 5% of the maximum potential 

of any of the considered muscles. In the opthbation rnodels, cross sectionai area is used to 

indicate when a particular muscle's capacity i s  exhausted, than an additional one is mobilized 
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without increasing the order of the muscle problem. In the optimization scheme, the muscle 

ana becornes important only when forces in the muscles are close to their maximal values. 

Q: How are the slopes of the curves "muscle force versus Tl position" related to the muscle 

moment anns? 

A: The muscle forces Fi are related to the relevant constraint forces Pi at a particular lumbar 

level by a correspondhg force trausformation matrix [A] (Eqs 8-12 and Figure 1 in the 

Appendix F), containhg the muscle lever anns and direction cosines. Depending on the 

constraint forces, Pi , muscles are selected through the optimization process according to 

theû advantage in carrying the constraint moments and the constraint horizontal forces. 

Muscles LT and IC at the Tl2 level in Figure 2.5 have similar sagittal lever arms, 

nevertbeless, slopes of theu equilibnum paths are different. The opposite is true for IC and 

IO, lever amis are diflérent, but slopes are sirnilar. 




