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INTRODUCTION
The spine  represents  the  main load-bearing  structure  of  the 
musculoskeletal system. Spinal health and the maintenance of 
spinal  function are  two essential  prerequisites  for  a  normal, 
active life. One of the basic components of the spine is the 
inter-vertebral  disc (IVD),  which lies  between two adjacent 
vertebra.  The IVD plays a fundamental  role in mobility and 
load  transmission.  In  addition  to  the  normal  loads  of,  e.g. 
standing,  walking,  lifting  a  weight,  the  disc  must  adsorb, 
dampen  and  transmit  high  speed  impact  loads,  e.g.  those 
produced during a sudden fall or other trauma. In the worst 
case,  these  impact  loads  can  lead  to  the  fracture  of  the 
vertebral  body  or  a  herniation  of  the  disc.  Our  group  has 
recently  demonstrated  a  direct  link  between  spinal  trauma 
(impact) and disc degeneration [1], while it is also well known 
that  long-term  exposure  to  vibrational  loading  is  also 
detrimental  to  normal  disc  metabolism,  [2,3].  The  usual 
approach  to  investigate  IVD  mechanics  and  internal  stress 
distribution  makes  use  of  the  finite  element  (FE)  method. 
Numerical  simulations  have  been  used  extensively  to  study 
typical  loading  scenarios  for  the  disc.  However,  most  test 
cases  are  mainly  quasi-static,  in  compression,  torsion,  and 
bending, and only few FE studies have investigated the disc's 
response  to  impact,  [4].  To  date,  none  have  examined  the 
definition of appropriate model parameters for simulations of 
short-duration  impact  or  high-frequency  vibration.  For  a 
dynamic FE analysis of the disc, there are several constraints 
on model  design.  Mesh refinement  is  directly  linked to  the 
eigenfrequencies of the system, given the mass associated with 
the element size. Therefore, a careful definition of the features 
which strongly influence in the numerical result is important 
in order to obtain a plausible outcome. The aim of this study 
was to investigate the IVD dynamics under impact taking the 
non-linear material and composite composition into account. 
At  the  same  time,  the  predominant  factors  determining  the 
structural behaviour have been examined.

METHODS
The IVD was defined as a semi-elliptical shape, distinguishing 
between its subcomponents, (Figure 1). The nucleus pulposus 
(NP)  was  assumed  occupy  two  thirds  of  the  volume.  The 
annulus  fibrosus  (AF)  was  organized  in  layers,  with 
alternating  fiber  orientation  (+/-  30°  with  respect  to  the 
vertical axis). The disc bulge was assumed uniform for the NP 
and AF.  Their  material  response  have  been  described  by  a 
hyperelastic  formulation  through  the  most  suitable  strain 
energy function (SEF). A Neo-Hookean model was used for 

the  NP,  assuming  a  homogeneous  incompressible  material, 
Eq.  (1).  A  modified  Yeoh's  model  has  been  used  for  the 
ground  matrix  of  AF,  Eq.  (2).  The  embedded  nonlinear 
collagen fibers were described by an exponential formulation, 
Eq. (3).
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Where  C=FTF is the right Cauchy-Green deformation tensor, 
F the  deformation  gradient  tensor,  J  =  det(F)  the  volume 
change,  I1 the first invariant of deviatoric  C=J-⅔C and I4 the 
fourth invariant of C. C10
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are material coefficients. Through the analysis of experimental 
data from literature, the NP and AF parameters were defined. 
In particular, the AF ground matrix was characterized by data 
reported for uniaxial testing of radial specimens. Tensile test 
data from single lamellae oriented along the fibers, defined the 
residual  material  response.  The  constitutive  equations  have 
been implemented in ABAQUS 6.9 (Dassault Systems) with 
Fortran subroutines and tested through simple FE models. 
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Figure 1: Half disc model with 8 layers (a), 2 layers (b) and 2 
layers + refined mesh (c). NP shown in light blue, AF in grey.

Simulations  have  been  run  to  study  the  structural  behavior 
under impact. For each simulation, we evaluated the vertical 
displacement  of  the top surface  and pressure  on the central 
node  within  the  NP.  The  disc  was  loaded  by  a  uniform 
pressure impulse on the top surface (area 3500 mm2, time of 
impulse 10-3 s, amplitude 0.05 MPa). To emulate the anatomy 
of  the  disc  and  avoid  the  introduction  of  further  elements 
(vertebra  bodies,  endplates),  the  following  constraints  were 
adopted. The bottom was rigidly fixed, whereas the kinematic 
of the nodes of the top surface were constrained to lie on the 
same plane  without  any  radial/circumferential  displacement. 
The effect of the multi-layer organization of the annulus was 



investigated by successively sub-dividing the AF into, 2 to 10 
layers and adapting the mesh accordingly. The influence of the 
mesh refinement was studied in the 2 layers model using the 
mesh discretization as the 8 layers model.   To evaluate  the 
influence of collagen reinforcement and fiber tensioning in the 
annulus, supposed to contribute strongly to the mechanism of 
load transmission and pressurization of the NP models were 
evaluated  with and without embedded fibers. No dissipation 
has  been  considered,  either  constitutive  or  numerical.  The 
solver  of  the  ABAQUS  package  was  used  to  find  the 
numerical solutions.

RESULTS AND DISCUSSION
The  vertical  displacement  increased  with  increasing 
subdivision  of  the  AF,  as  shown on  (Figure  2  -  top).  The 
oscillation of the system was asymmetric, i.e. not centered on 
the reference position. This phenomena could be caused by the 
pressurization of the disc induced by the impact. That is, the 
sudden raise of the internal pressure induced a new point of 
equilibrium for the oscillation due to extension of the disc. At 
this new position, the inertia of the system, the material stress 
and the internal pressure find a new dynamic equilibrium. This 
has  been partially  confirmed by the analysis  of  the internal 
pressure, which resulted in oscillations about a mean value of 
ca.  0.4  kPa  (not  zero).  In  order  to  compare  the  oscillation 
modes, the displacements are also plotted after removing this 
offset. Figure 2 - middle shows that the various models have 
similar  dynamics.  The  frequency  and  amplitude  of  the 
oscillations  increase  with  the  number  of  layers,  reaching  a 
stable response between 8 and 10 layers (Figure 2 - bottom). 
This  phenomena  seems  mainly  caused  by  the  finer  mesh 
discretization, rather than by the layers' organization. Figure 3 
shows a comparison between the 8-layers model and the 2-
layers  model  with the mesh  size  identical  to  that  of  the 8-
layers   model.  The  oscillations  were  similar  with  a  slight 
difference of frequency. The comparison of the results with  or 
without  the  inclusion  of  annulus  fibers,  suggested  that  the 
fibers  reduced  the  high  frequency  components  of  the 
oscillations  (Figure  4).  We  speculate  that  the  secondary 
oscillations originated from the stress wave in the transverse 
plane, which, in the case with embedded fibers, is absorbed 
and redistributed  circumferentially, instead of being reflected 
by the free surface. The AF acts as a collector, directing the 
stress  wave  along  the  NP  cavity.  The  propagation  of  the 
pressure  wave  along  the  minor  disc  axis  (mid-section)  is 
shown in Figure 4. The frequency of the oscillations is higher 
with  the  higher  stiffness  given  by  the  collagen  fiber 
reinforcement  (+30%).  For the 8-layers  model,  the resonant 
frequency was found to be ca.  1.9 Hz which is plausible in 
comparison with literature values.

CONCLUSIONS
A  first  preliminary  analysis  of  the  definition  of  model 
parameters  for  impact  simulations  of  the  IVD  has  been 
presented.  The  results  showed  that  mesh  refinement  is 
critically  important  to  converge  to  a  plausible  mechanical 
response.  In  the  analyzed  scenario,  a  vertical  impact,  the 
multi-layered  organization  does  not  affect  substantially  the 

dynamic response of the system. More studies with different 
load input are required to confirm these observations. Finally, 
effort  is  ongoing  to  verify  the  prediction  of  an  amplitude 
decrease  with  time.  Since  no  dissipative  effect  has  been 
introduced, we speculate that this phenomen is characteristic 
of the structure.

Figure 2: Vertical displacement of the top-surface for models 
with  increasing  number  of  layers  (top),  realigned  (mid, 
bottom).

Figure 3: Vertical displacement of the top-surface, comparing 
mesh refinement vs layer organization.
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Figure 4: Propagation of pressure wave in a 10-layer model 
(a), vertical displacement of top-surface, comparing dynamic 
response with fibers and without (b)
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