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INTRODUCTION 

The annulus fibrosus (AF) consists primarily of tightly 

arranged concentric lamellae of parallel type I collagen fiber 

bundles, elastin, proteoglycans, water and cells, 

interconnected by translamellar bridging networks [1,2]. 

Collagen fibers are oriented approximately 25° to 45° to the 

transverse plane of the disc and are arranged in alternating 

directions within each successive lamellae [3]. The primary 

purpose of the alternating collagen fiber angle between 

adjacent lamellae is to ensure the tensile recruitment of fibers 

in axial rotation and bending directions, and during combined 

motions. Understanding the interrelationships between the 

architecture and micro-mechanical behavior of the AF is 

important for developing treatment strategies for degenerative 

disc disease and herniation injury. Furthermore, defining the 

mechanical and functional properties of the AF microstructure 

is becoming increasingly important in the field of tissue 

engineering [4]. However, the mechanical behavior and 

interactions between lamellae at the micro level are not well-

defined [2,5].  Finite element (FE) modeling has proved to be 

very useful in the field of biomechanics due to its non-

invasiveness. In addition, FE analysis is useful in situations 

where it is difficult to conduct experiments, such as at the 

microscale. However, previous models were developed to 

study the macro scale, and micro model simulations are not 

available. Developing a micro-FE model of the AF is 

challenging because the three dimensional magnitude and 

direction of the loads in the tissue at this scale cannot be 

measured in-vivo. The main objective of this study is to 

develop a technique to derive the boundary conditions (BC) of 

a micro scale FE model of the AF using the sub-modeling 

technique.  

 

METHODS 
The main challenges in this study are validation and derivation 

of the BCs for the micro-FE model of the AF. Due to a lack of 

experimental data for the micro-FE model, a macro-FE model 

was first developed. The macro model was then validated 

using published experimental results. Furthermore, the 

boundary and loading conditions of the micro-FE model were 

derived using sub-modeling of the macro-FE model. The 

nonlinear, 3-dimensional and laterally symmetric FE models 

were developed using CAD software ProE v5 (PTC, 

Needham, MA, USA) and the FE analysis was conducted 

using ANSYS APDL v12 (ANSYS Inc., Canonsburg, PA, 

USA). Simulations were conducted on an L4-L5 disc under 

quasi-static compressive and shear loading. The geometry of 

a nonlinear composite macro-FE model [6,7,8] of the AF was 

developed using the parametric equations developed by Little 

et al., (2007), with four regions (anterior, posterior, left and 

right lateral) using CAD and ‘Booleans-divide’ functions in 

ANSYS (Figure 1) [9]. The AF was assumed to have a 

uniform thickness of 10mm [7,10]. The nucleus was modeled 

in a similar fashion [9]. The circumference of the end plates 

was the same as the external circumference of the AF, having 

a uniform thickness of 2mm [7].  

 
 

Figure 1: Geometry and the regions of the Macro-FE model 

(P=Posterior, LL=left lateral, RR=right lateral, A=Anterior) 

 

The AF was meshed using nonlinear rebar elements with 

tension-only fiber reinforcements [6]. The fibers were oriented 

at approximate 35° to the horizontal and the net density of the 

fibers was approximated to be 20% [6,7,8]. The elements in 

the anterior region of the AF represent the micro model 

geometry developed by Schollum et al., (2008) [2]. Therefore, 

the mesh in the anterior region was controlled by specifying 

the dimensions of each element. The element used was 3D 

8Node Rebar elements with length (radial) of 750µm, width 

(circumferential) of 450µm and depth (transverse) of 450µm 

(Figure 2). The isotropic element properties of the fibers, i.e. 

the Youngs Modulus and the Poisson’s ratio were specified as 

E=500MPa and υ=0.35 [3,7]. The material properties assigned 

to the annulus ground material were E=0.8MPa and υ=0.45 

[3,8]. The nucleus was modeled using 3D 8Node Solid187 

with nonlinear viscoelastic material properties (with content 

fluid). The viscoelastic properties were derived by generating 

curve fits of experimental shear and bulk relaxation data [11].  

 

 

(a) (b) 

Figure 2: (a) Macro FE model, (b) Anterior region of the AF 
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The endplates were also modeled using 3D solid elements and 

the material properties were specified as, E=24MPa and υ=0.4 

[6]. Contact elements were initially used between the surfaces 

of different materials [8]. However, the solutions of the 

models did not present overlap and had constant contact 

between the surfaces. The loading and boundary conditions 

were adopted from two published experiments. For load case 

(LC) 1, a 70kPa hydrostatic pressure was applied to the nodes 

of the nucleus to represent the initial intrinsic nucleus pressure 

[6]. The inferior surface of the end plate was constrained in all 

directions for each LC and a 500N compression load was 

applied to the superior surface of the end plate [6]. For the 

next set of analysis, a sequence of 4 displacements according 

to Costi et al., (2007) was specified to the pre-stressed model 

[10]. A compressive displacement of 1.1mm (LC 2), Anterior 

(LC 3) and Posterior shear (LC 4) of 0.9mm, and Left Lateral 

shear (LC 5) of 0.7mm were applied to the superior surface.  

 

RESULTS AND DISCUSSION 

The macro-FE model developed was used to derive the BCs 

for the micro-FE model using sub-modeling. Results from the 

macro-FE model were validated prior to deriving the boundary 

conditions. As stated earlier, two independent published 

results were used to validate the model. First, the radial disc 

bulge and axial displacement of the macro model were 

validated (Figure 3), producing similar values to published 

data [6]. A slight deviation in the results for the lateral bulge 

of the macro-FE model from the FE results by Little et al., 

(2007) was observed [6]. This difference can be explained 

based on the difference in material models of both analyses. 

Overall, the macro-FE model was in agreement with published 

experimental results, therefore the model specifications and 

assumptions were deemed to be satisfactory.  

 
Figure 3: Radial disc bulge for load case 1 validation [6]; 

AB=anterior bulge, LB=lateral bulge, PB=posterior bulge, 

AD=axial displacement 

 

In addition, the macro-FE model was validated in shear 

loading using published maximum shear strain (MSS) data for 

different regions [10] (Figure 4).   

 

 
Figure 4: Comparison of experimental and FE model 

maximum shear strains for load conditions 3-6 in each of the 

four disc regions [10]; Comp=compression, AS=anterior 

shear, PS=posterior shear, LS=lateral shear, Exp=experimental 

shear, FEA = FE model results 

 

Comparing the FE results to the experimental results 

generated good agreement (Figure 4). There were slight 

deviations, mostly in the left lateral region. However, model 

symmetry was maintained and the values for left lateral can be 

compared to the right lateral. The macro model showed good 

agreement with experimental results for compression and 

shear loading and was used to derive the boundary conditions 

for the micro model (Figure 5). The main advantage of this 

model is that the same macro model can be reused for 

different loading conditions to derive the BCs for the micro-

model in different regions of the AF.    

 

 

(a) (b) 

Figure 5: (a) Anterior region of the Macro-FE model 

illustrating element selections (highlighted) to derive BCs (b) 

Illustration of the Micro-model generated by CAD (proposed 

by Schollum et al. (2008) [2]) with applied BCs 
 

CONCLUSIONS 

A technique to derive the boundary conditions of the annulus 

fibrosus at the microscale was developed. Initially, a macro-

FE model was developed and validated with existing 

experimental results. The element solutions of the macro-FE 

model were then used to derive the BCs for the micro-FE 

model. The model will be used to study the mechanical 

behavior of the AF at the microscale in order to elucidate 

tissue structure-function relationships. 
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