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Biomechanical model of the human cervical spine

DAGMARA TEJSZERSKA, MAREK GZIK

Department of Applied Mechanics, Silesian Technical Institute

The paper describes the biomechanical model simulating dynamic phenomena in the human cervical spine
caused by assumed acceleration and external impact on head and trunk, especially in car accident. The model
assumptions, general equations describing dynamic equilibrium of spine members and detailed analysis of im-
portant elements are presented. The method of solving obtained set of equations is described.
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1. Introduction

During car crashes the head and human cervical spine are the two parts of body
mostly exposed to injuries, which result in permanent disability or even death.

In many research centres all over the world the experiments are carried out in the
field of crash biomechanics to learn the mechanism of injury. This knowledge is used
to increase the safety of road users [8].

Experimenting on peoples is usually impossible because of its dangerous charac-
ter. As a result, crash tests are carried out on dummies and cadavers [8]. Another way
to learn the behaviour of the human body during car crashes is the mathematical mod-
elling, using the newest numerical methods [4]. Unfortunately, because of the prob-
lem complexity, only simplified models for specific crash cars are constructed, which
disregard some important parameters influencing the body movement [1; 5-7].

This paper aims at creating the model describing the behaviour of the cervical
vertebrae during the collision, including the influence of muscles, ligaments and in-
tervertebral discs and interaction with head and trunk [2, 3].

2. Model assumptions

The constructed biomechanical model of cervical spine consist of detailed dynamical
models of cervical vertebrae with intervertebral discs, ligaments, neck muscles and facet
joints and of simplified model of neighbouring members — head and trunk. Scheme of the
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modelled system is presented in Fig. 1. Physical model of typical vertebrae (excepting an
atlas and axis) is shown in Fig. 2, along with used co-ordinate systems.
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Fig.1. Scheme of modelled cervical spine
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Fig. 2. Scheme of typical cervical vertebra

Modelling and numerical simulation includes motion of all members and changes
of forces in ligaments, discs and joints (with regarding effects of possible fractures)
caused by assumed external accidental impact, in the form of accelerations or forces,
acting on defined points of body. Basic detailed assumptions are listed below.

Vertebrae, head and trunk are treated as stiff bodies, with defined mass and iner-
tial moments. All 6 degrees of freedom are considered, including possibility of some
displacements in joints, in directions other than normal rotation, caused by elasticity
or fracture of ligaments and cartilage, which may be very important when simulating



Biomechanical model of the human cervical spine 41

short-lasting shocks. The constraints, resulting from contact with neighbouring mem-
bers, are determined as forces in joints, ligaments, discs and muscles, depending on
mutual position of members.

Ligaments are modelled as weightless elements, acting on joined vertebrae with
compressing forces, depending on actual elongation. In the model, wider ligaments
are divided into parallel strips, with independently calculated elongation. The lines
connecting the conventional points of sticking of ligament strips to vertebral proc-
esses were treated as a direction of forces. The dependence of force on elongation
may be strongly non-linear. The force is zeroed when shortening occurs. When the
force exceeds dynamic strength of ligament the fracture of appropriate strip is simu-
lated by zeroing its compressing force.

Intervertebral discs are treated as elastic elements, with mass added to neigh-
bouring vertebrae. They are divided into segments, acting on vertebrae with the force
nonlinearly dependent on actual compression — change of distance between centres of
conventional points of sticking of segments to neighbouring discs.

Neck muscles are modelled as elements with negligible mass, acting on connected
members with compressing force, having assumed time-dependent value and direction
resulting from actual position of conventional fixing points.

Operation of joints is represented by the system of forces, resulting from elasticity
of cartilage and ligaments, constraining mutual displacement of joined members,
nonlinearly dependent on mutual displacements of joined members in the directions
constrained by the joint — other than normal revolution. Additive forces appear when
limitation of joint revolution is exceeded, resulting from the contact of a suitable pro-
cess with resisting surface. They are defined as dependent on calculated penetration
of process into resisting surface, and act perpendicularly to it.

External excitations are determined in the form of assumed time-dependent forces
or accelerations of elastic striking objects acting on definite points of modelled cervi-
cal members. Gravity forces are added to the sum of external forces, acting in the
direction of vertical axis Z.

3. General equations of motion of model member

Position of every stiff body i considered in the model (one of vertebrae, trunk or
head) is described by introduction of local, central, movable co-ordinate system
Oxyiz;, coupled with the member /. Relative position of this system in absolute, im-

movable system OXYZ is described by the vector X, defining the distance between

0

the position of the mass centre O; and the origin of immovable system O, and by a set

of Euler’s angles 6_’, . The co-ordinate systems are shown in Fig. 2.
Relations between the vector X ,describing the position of a selected point P in

absolute system OXYZ and the vector X, defining this point in the movable system

Oux;yiz;, have the form:
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Elements of rotation matrix A; are equal to cosines of angles formed by axes of

movable and absolute system

_ |cos(Xx;) cos(Xy;) cos(Xz;)
A = cos(Yx;) cos(Yy;) cos(Yz) | 2)
cos(Zx;) cos(Zy;,) cos(Zz;)

Direction cosines and rotation matrix may be written using the set of Euler’s angles:

| cosy, cosg, —cos§;siny; sing,  —cosy; sing, —cosJ;siny; cosp;,  sind; siny,
A; =| siny,; cos@, +cos 9 cosy, sing, —siny,sing, +cos§, cosy,; cosp;, —sinI; cosy, 3)
L sin g, sin @, sin g, cos g; cos &

Instantaneous motion of the member i is defined by the velocity of its mass centre
V,, in absolute co-ordinate system and by angular velocity @, describing rotation about
momentary axis of revolution. Angular velocity is analysed in local co-ordinate sys-
tem. Its components on axes of the local system @,;, @y, @, are only apparent veloci-
ties and values of angles cannot be obtained by their integration.

The equations of dynamic equilibrium of forces, including the inertial forces and
the sum ZF; of external excitations and forces in muscles, ligaments and joints, acting
on the member, are considered in absolute co-ordinate system. The moment equations
are written in local system coupled with the member. The obtained set of equations
has the Newton—Euler’s form [2, 8]:

AV, < F 43, 5 o (Fo-m ) Y,
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where

\7”i=[VX,,,»,Vy“i,VZ”i]T, Z.F_‘, = [Zf;, ’ZFY,.’ZFZI. ] Y
= [a)xi’a)yi’wzi]r’ Z—MI = [ZMxi 2 zMyi 2 ZMZ!‘ ]T'

Tensor of inertia comprises inertial moments, computed in central local co-
ordinate system Ox;y;z;, coupled with the member:

.

4
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For symmetric members, having the plane of symmetry Ox;z;, the inverse of tensor

T 1is calculated by the formula:

Ly 0 =l I, /a 0 —
T.=| o 1, o |=| o wun, o | (5b)
= I 0 Lo -1, /a 0 Iyila
where
a= Ixixilzizi - ]31‘21 Z

The relations coupling positions and velocities of the mass centre O; of the
member i have the obvious form:

X —
o=V . 6
dt ”’ ©)

Formula describing the dependence of changes of Euler’s angles in time on an-
gular velocities can be obtained from geometrical analysis [2]:

dg, /dr | sind; cosp; —sind;sing, 0 @,

dy;[dt |=— sin g, cos g, 0 |'|o,| (7a)
sing,

do, [dt R 8 sing, —cos§ cosgp, sing ||,

For the values of 9~ kn (k =0, 1,...,) formula (7a) is badly conditioned and has to
be replaced by a simplified relation:

I —[sign(@,; /cosp,)  for g, # (2k +1)n/2 |
d$,/dr D T Dyi { sign (a)y,. [sing, ) for g, = (2k +1)m/2
dy, [dt | = 0 )
do, [dt @y

The system of equations, determining the time-dependent changes of 12 parame-
ters (Voxi, oor @iy <y Xoir --» 3, Wi @) and defining linear and angular displacements
and velocities of the member i, consists of six relations that describe equilibrium of
forces and moments (4) and of six kinematic formulas (6), (7). Complete system of
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non-linear ordinary equations for whole modelled system can be written in a general
matrix form, provided that forces in muscles, ligaments and joints depend on dis-

placements of connected members. Vector F,

wxternal INCludes values of all assumed ex-

citations and forces in muscles.

; = ¢(Y’ Fex!ernal )’ (8)
where
X= [Yl""’ Yi’ -‘-’]T’ ‘Yi = [voXi’VoYi’V()Zi’wxi’wyi’wzi’Xni’Yoi’Zvi"gi’l//i’q)i]T'

4. Forces in intervertebral ligaments

Establishing the relations between actual position of members and forces acting on
them is the most arduous part of derivation of the set of model Egs. (8). It consists in
determination of the position of adequate points of cervical members in absolute co-
ordinate system, calculation of their mutual displacements and components of result-
ing elastic forces, and evaluation of moments in local co-ordinate system. Establishing
is performed with the use of general formulae, binding co-ordinates in different sys-
tems. The methods of defining forces in intervertebral ligaments and in joint are pre-
sented as examples.

Spinuous process
of Vertebra ‘j’ A

Zs i

Fig. 3. Scheme of displacements and forces in ligament

Position of conventional fixing points of ligament [sij, connecting spinuous proc-
esses of vertebrae i and j, on vertebra i, in local co-ordinate system, coupled with this
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vertebra, is defined by four co-ordinates: xy;,, AXiij, Zusijp» AZisij» Shown in Fig. 3.
Wide ligament is divided into strips (k = 1, ..., n;,;), and co-ordinates of fixing points
of every strip are determined by geometric formulas:

xl.v,ij,k xlx,ij.p e A')Cls,ij (2k - 1)/”1.\',1’/'
Visiik | = 0 - (9a)
Z'L\'.('i,k Zl.\',ij,p +A ZI.\',ij (2k - 1)/nlx,ij

In an absolute system, the positions of fixing points of ligament strips on processes of
vertebrae i and j are computed after calculation of rotation matrices A, and A ;3

Xisiin _ | Fusiik X o Xis,jik | Kus,jik X
Yok |=Ai| Vg |+ Yor | Yi ik |=Ad| Yisjiie || Yo |- (9b)
le,ij,k Ly ij k Z, Zis ik Ly, jik Z,

Actual length Ly, ;, of the strip k of ligament [sij and its elongation AL, calcu-
lated as difference between actual length and initial length Ly, .0, are described by
formulas:

2

_ 2 2 2
le.ij,k - J(XI\UA - Xl.s',ji,k) i3 (le,ij,k = Yl.v,ji,k) + (le,ij‘k - ZI.\‘,ji.k ) ’

A Ll.v,ij,k = Lls,ij.k - LL\',ji,k,O‘

(9

The forces in ligament depend on actual elasticity constant Cy;, being assumed
the function of elongation. The components of forces in the strip k in ligament /sij,
acting on the vertebra i in absolute co-ordinate system, are defined by the relation:

Fl.\-,:;/,k,x (X Is,ijkx X Is, ji.k )A Ll.r,ij.k Cl.v,ij (A Lls,ij,k )/ Ll.v,ij.k
E.s'.ij,k.)’ = (Yl.\',ij\k.x - YI\ ik )A LL\-,ij,k Cls,ij (A LI.\‘,ij,k ){Ll.\'.ij,k . (9d)
F/x,ij.,/f.z (Z[x.[j,k«x - Z/.v,ﬁ,k )A le,ij.kc (A L /Ll.v.ich

Is,ij Is.if k
Components of forces acting on the vertebra j have the same values and opposite
signs. These components are included in the sum of the forces ZF in Egs. (4).
Moments of forces in ligament, included in the sum of the moments ZM in Egs.
(4), are calculated in local co-ordinate system, as vector product of distance of fixing
point from system centre and components of forces, computed in local system:

F Is,ij k.x " E Is.ij. k. X M Is,ij. k,x Xisij k F I.s',ij.k.x_]
Fl.\",ij,k,_v = Ai Fz.\-.g,',k,y > Mlx.ij,k,y =1 Yisiir | % B iy I (%e)
Fl.v,ij,k,z FI.\',U,k_,Z Mls,ij,k,z Zl.\‘,ij,k FI.\',U.k.z
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Moments acting on the vertebra j are calculated by sign change and multiplication
=T =

by the product of the rotation matrices A; - A;.

5. Rotational joint

Scheme of forces acting in right rotational articulation rar,ij, joining typical verte-
brae i and j, is presented in Fig. 4. Components of forces are analysed in the local system
Xrair Vis Xrai» With the axis z,,; perpendicular to the conventional plane of joint seat.

Position of the tip of joint in the co-ordinate system connected with the vertebra j
(Xrarjis Yrarji» Zrarji) 15 defined by assumed geometry of vertebra. Position of the same tip
in co-ordinate system connected with the plane of joint seat on the vertebra i (X,u.ji rui»
Yrar,ji,rai» Zrarjirai) 15 calculated with the use of rotation matrices and formulae (1), (3):

S b X =X .

rar, ji,rai =7 |=| = "ot i oi
Yrar, jirai | = Araiq Ai Aj yrar,ji + Yoj - Yoi ’
2"rur. Ji,rai Zrur,ji Zoj - Zni

(10a)
COS@,.; 0 -sine...
Ari = 0 1 0
LSin amr.i O cos arar,i

Initial position of the tip on the plane of joint seat (X,u,i ;0 Yrar,irai0s Zrarjiraio) 18 calcu-
lated by the same formula for neutral, not loaded position of neighbouring vertebrae.

Rotational
articulation
processes of

Xrar,jirai,0

Fig. 4. Scheme of forces acting on the rotational articulation in typical vertebra

Components of forces are proportional to displacements of conventional tip of
joint. They depend on elasticity of ligaments. The component acting during compres-
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sion in the direction z,,; is also dependent on the elasticity of the cartilage. In local co-
ordinate system O;x;y;z; the components are described by formulae:

rar,ij,x _ Crax : (xrunji,rui - ‘xrar.ji,mi,O)
Frur,ij,y = Arai - Cray . yrur,ji,rai - yrar,ji,rai,O
L Frur.tf/',z Craz ' (‘Zrar, Jjiyrai Zrur,ji,rai,O

Components of moments and forces in absolute co-ordinate system are calculated
from the formulae similar to (9e).

6. Method of solving model equations

System (8) with assumed initial conditions is solved numerically, using the fourth
order Runge—Kutta method with automatic correction of time step.

Adequate initial conditions for simulated accident are obtained by preliminary
quasi-static simulation. Model equations are solved taking into account only initial
muscular and supporting external forces with zeroing velocities after every step and
preserving only displacements. Initial simulation starts with an assumed initial posi-
tion of motionless neck members. Future research program provides designing a com-
puter program, identification of system parameters and performing the simulation
research.

The algorithm of program consists of the operations listed below:

e Reading geometric parameters of modelled system consisting of dimensions of
all members (treated as sets of regular solids) with determination of fixing points of
muscles and positions of joints.

e Reading parameters describing elasticity and maximal strengths of ligaments,
intervertebral discs and cartilage, and density of stiff bodies.

e Reading characteristics of external accelerations, exciting and muscular forces.

e Initial geometric calculations of masses, inertial moments, and positions of mass
centres.

e Calculations for succeeding time steps (divided into four parts), at first for quasi-
static and then for dynamic simulations:

computation of exciting and muscular forces and elements of the vector X in ac-
tual part of time step according to Runge—Kutta’s formulae,

computation of vector of the derivatives dX /dt, including calculation of the rota-

tion matrices A,, positions and mutual displacements of every fixing points of mus-
cles, ligaments and intervertebral discs, and components of forces and moments in
local or absolute co-ordinate systems (8),

computation of changes of the vector X according to Runge—Kutta’s formulae

and starting next time step with new value of this vector or repetition of time step
with shortened length.
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