
Search for critical loading condition of the spine–A meta
analysis of a nonlinear viscoelastic finite element model

JAW-LIN WANG†*, ABOULFAZL SHIRAZI-ADL‡ and MOHAMAD PARNIANPOUR{

†#1, Section 1, Jen-Ai Road, Collage of Engineering and Collage of Medicine, Institute of Biomedical Engineering, National Taiwan University, Taipei,
100 Taiwan, ROC

‡Department of Mechanical Engineering, Ecole Polytechnique, Montreal, Que., Canada
{Department of Mechanical Engineering, Sharif Technology University, Tehran, Iran

(Received 17 May 2004; in final form 20 May 2005)

The relative vulnerability of spinal motion segments to different loading combinations remains
unknown. The meta-analysis described here using the results of a validated L2–L3 nonlinear
viscoelastic finite element model was designed to investigate the critical loading and its effect on the
internal mechanics of the human lumbar spine. A Box-Behnken experimental design was used to design
the magnitude of seven independent variables associated with loads, rotations and velocity of motion.
Subsequently, an optimization method was used to find the primary and secondary variables that
influence spine mechanical output related to facet forces, disc pressure, ligament forces, annulus matrix
compressive/shear stresses and anulus fibers strain. The mechanical responses with respect to the two
most-relevant variables were then regressed linearly using the response surface quadratic model. Axial
force and sagittal rotation were identified as the most-relevant variables for mechanical responses. The
procedure developed can be used to find the critical loading for finite element models with multi input
variables. The derived meta-models can be used to predict the risk associated with various loading
parameters and in setting safer load limits.
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1. Introduction

Epidemiological studies have identified frequent dynamic

loading, sudden forceful exertions, exposure to vibration,

lifting frequency, lifting asymmetry, extreme trunk

angular position and movement velocity as risk-enhancing

factors related to low back pain (LBP), disorders and

symptoms (Frymoyer et al. 1983). Effective preventive

strategies can only be designed and implemented if the

mechanisms of spinal injury are adequately understood.

Realistic stress–strain analysis quantifying the effects of

the preceding risk factors on the lower back response

requires extensive, time-dependent, dynamic experimen-

tal and computational model studies. The finite element

method (FEM) is an appropriate tool for exploring spine

mechanics. We have previously developed a 3-D, finite

element, nonlinear viscoelastic model to explore the

dynamic behaviour of spinal motion segments under

different load and displacement conditions. The model has

been validated under several static and dynamic loading

conditions by comparison of its predictions with available

results of measurements (Wang et al. 1997a–c, 1998,

2000).

Previous finite element studies, however, have con-

sidered the dose-response of the lumbar motion segments

under only specific load/displacement magnitudes, thus

providing incomplete views of all likely conditions. Since

the number of loading conditions on the human spine in

various activities is virtually limitless, it is crucial to find

the most critical conditions that could introduce higher

risk of injury. In this work, we propose a meta-analysis of

FEM simulations to investigate the spinal response under

various mechanical loading and movement conditions.

The generic procedure for building the meta-models

involves the following three steps; first, select the

experimental design to yield the loading condition for

the FEM simulations, e.g. D-optimal, Latin hypercubes

(McKay et al. 1979), or response surface design (RSD)

(Box and Behnken 1960); second, perform a number of

FEM analyses based on the selected experimental design;
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third, fit an empirical meta-model to the predicted data

using, e.g. linear regression (Welch et al. 1990) or Kriging

(Sacks et al. 1989) modeling methods (Matherton 1963).

During the first step, the RSD method is the technique that

efficiently reduces the number of numerical simulations

(Box and Draper 1987, Myers and Montgomery 1995).

Many techniques, such as Central Composite Design and

Box-Behnken Design (BBD) have been developed based

on the RSD principle. Linear regression of the results

of FEM simulations with respect to the loading conditions

can be of one, two or higher orders, depending on response

characteristics.

Hence, the objectives of the current study are

two-fold; first, to demonstrate the capability and

feasibility of meta-analysis in presenting the results of a

FE model with multiple input variables; and second, to

find the two primary variables and their influence on spine

biomechanics.

Table 2. An example (group 4) of experimental design using Box-Behnken Design (BBD).

Run order
Loading time

(s)
AP shear F1

(kN)
Lateral shear F2

(kN) Comp. F3(kN)
Lateral Bending U4

(deg)
Sagittal bending U5

(deg)
Axial rotation U6

(deg)

1 1.3 0.2 20.2 21.25 0 23 22
2 1.3 20.2 0 22 0 210 0
3 2.3 0 0 20.5 0 23 2
4 1.3 0 0 21.25 4 210 2
5 2.3 0 0 20.5 0 23 22
6 1.3 0 0 21.25 0 23 0
7 1.3 0 20.2 20.5 4 23 0
8 0.3 0.2 0 21.25 4 23 0
9 2.3 0 0.2 21.25 0 4 0
10 1.3 0.2 0 22 0 4 0
11 2.3 0.2 0 21.25 24 23 0
12 1.3 0 0 21.25 4 4 2
13 0.3 20.2 0 21.25 4 23 0
14 0.3 20.2 0 21.25 24 23 0
15 0.3 0 20.2 21.25 0 4 0
16 1.3 20.2 0.2 21.25 0 23 22
17 2.3 0 0.2 21.25 0 210 0
18 1.3 0 0 21.25 24 210 2
19 1.3 0.2 0 20.5 0 4 0
20 1.3 20.2 20.2 21.25 0 23 2
21 1.3 0 0.2 20.5 4 23 0
22 1.3 0 0 21.25 24 210 22
23 1.3 20.2 0.2 21.25 0 23 2
24 0.3 0 0 20.5 0 23 2
25 1.3 0 20.2 20.5 24 23 0
26 0.3 0 0 22 0 23 2
27 2.3 0 0 22 0 23 2
28 1.3 20.2 0 20.5 0 210 0
29 1.3 20.2 20.2 21.25 0 23 22
30 1.3 0 0 21.25 4 4 22
31 2.3 20.2 0 21.25 4 23 0
32 2.3 0.2 0 21.25 4 23 0
33 1.3 20.2 0 20.5 0 4 0
34 2.3 0 20.2 21.25 0 4 0
35 1.3 0 0.2 22 24 23 0
36 0.3 0.2 0 21.25 24 23 0
37 1.3 0 0 21.25 24 4 2
38 1.3 0.2 0.2 21.25 0 23 22
39 0.3 0 0 22 0 23 22
40 0.3 0 0 20.5 0 23 22
41 2.3 0 20.2 21.25 0 210 0
42 0.3 0 0.2 21.25 0 4 0
43 1.3 0.2 0 22 0 210 0
44 0.3 0 20.2 21.25 0 210 0
45 1.3 0 0 21.25 4 210 22
46 2.3 0 0 22 0 23 22
47 1.3 0 0.2 20.5 24 23 0
48 1.3 20.2 0 22 0 4 0
49 1.3 0 0.2 22 4 23 0
50 1.3 0.2 0 20.5 0 210 0
51 2.3 20.2 0 21.25 24 23 0
52 1.3 0.2 0.2 21.25 0 23 2
53 1.3 0 0 21.25 24 4 22
54 1.3 0.2 20.2 21.25 0 23 2
55 1.3 0 20.2 22 4 23 0
56 0.3 0 0.2 21.25 0 210 0
57 1.3 0 20.2 22 24 23 0
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2. Method

2.1 Loading conditions for numerical experiments

Four groups of loading, i.e. (1) complex asymmetric

flexion with high anterior and right lateral shear forces at

high compressive loading, (2) complex asymmetric

flexion with anteroposterior and right-left lateral shear

forces at high compressive loading, (3) complex

asymmetric flexion-extension with high anteroposterior

and right–left lateral shear forces at high compressive

loading, and (4) complex asymmetric flexion-extension

with moderate anteroposterior and right–left lateral shear

at medium compressive loading, were designed to cover a

wide range of loading that the spinal motion segment may

encounter in various recreational and occupational tasks.

Each group of loading was studied accounting for seven

independent variables, i.e. loading duration (i.e. velocity

of movement), anteroposterior shear force, lateral shear

force, compressive force, lateral bending rotation, sagittal

rotation and axial rotation. For example, the first loading

set, i.e. the complex asymmetric flexion with anterior and

right lateral shear forces at high compressive loading,

consists of 1000 N anterior shear, 500 N right lateral shear,

5000 N compressive force, 48 right lateral bending, 88

flexion and 28 right axial rotation. In various loading

groups, the load duration ranged 0.3–2.3 s to account for

the velocity of movements. The ultimate anteroposterior

and lateral shear forces were set respectively as 1000 and

500 N, respectively, whereas the highest compressive

force was taken as 5000 N. The maximum lateral bending

and axial rotations were set as 4 and 28, respectively,

whereas the sagittal angle reached 108 in flexion and 48 in

extension. Each factor includes three levels. The detailed

magnitude of variables and levels of each group are shown

in table 1.

The BBD, which is based on the RSD principle, was

used for the experimental design. With the high

repeatability of the results of FEM simulations, one

block experimental design was adequate in formulating

the experimental table. The experiments were performed

only once for each loading condition (Minitab User

Guide). At the end, the seven independent variables, three

levels for each variable, and one block experimental

design resulted in 57 runs in each group. The details of the

loading conditions of the 57 runs for group 4 are listed in

table 2. The loading conditions of the FE simulations were

coded following the values listed in the table. For example,

the loading condition of the first case of group 4 is to reach

200 N posterior shear, 200 N left lateral shear, 1250

compressive force, 08 lateral bending, 38 flexion and 28

right axial rotation within 1.3 s. The statistical software

Minitab R13 (Minitab Inc., State College, PA, USA) was

used to generate the numerical experimental protocol.

2.2 Finite element modeling

A validated viscoelastic finite element model of the L2–

L3 motion segment was used for the numerical

experiments (Wang et al. 1998, 2000). The current

model includes the vertebrae, anulus fibrosus, nucleus

pulposus, facets and ligaments (Shirazi-Adl et al. 1986)

(see figure 1). The experimental data of Best et al. (1994)

and Li (1994) were used to develop a viscoelastic model

of the anulus matrix based on the Prony series. In

addition, the experimental data of Haut and Little (1972)

were used to develop a nonlinear viscoelastic (Zener)

model of the collagen fibres embedded in the ground

substance of the anulus fibrosus. The experimental results

of McNally et al. (1992) and Iatridis et al. (1997) were

used to optimize the nucleus pulposus viscoelastic

parameters. The ligamentous properties such as the

cross sectional area and elastic response were taken from

an earlier elastic model (Shirazi-Adl et al. 1986, Shirazi-

Adl and Drouin 1987) whereas the viscoelastic material

properties were obtained from reported constant strain

rate loading experiments of anterior longitudinal ligament

(ALL) (Wang et al. 1997, Neumann et al. 1992, 1993,

1994). The geometric and material nonlinearities were

also incorporated (Argoubi and Shirazi-Adl 1996).

The model was implemented in ABAQUS v5.3 with a

total of 10 different material types and 2022 elements.

The results of the entire model have extensively been

validated by comparison of its predictions with the

experimental data of compressive, creep and cyclic

relaxation loadings (Wang et al. 1997a,b, 1998, 2000).

Figure 1. The finite element mesh of the lumbar spinal motion segment
L2–L3. The criss-cross structured anulus collagen fibers of the disc and
the ligaments are not plotted for better visualization.
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In the current study, seven independent variables as

described previously were the input for the FEM.

We analyzed the mechanical responses of the facet joint,

ligaments and disc. The posterior longitudinal ligament

(PLL) was selected to represent the characteristic

behaviour of all segmental ligaments. The mechanical

response of segmental components were analyzed to give

a detailed understanding of the ligamentous spine

mechanics during complex loading; i.e. total and left

facet joint force, PLL stress and strain, the intra-discal

pressure (IDP), annulus matrix (AM) compressive (in axial

direction) and shear (in transverse direction) stresses and

anulus fibrosus (AF) strain. Since the loading conditions

of each simulation varied from one analysis to another, the

global maximum values within each analysis were

selected for subsequent statistical analysis.

2.3 Meta analysis of FEM results

The “best subsets” routine using the statistical software

Minitab R13 was used to find the primary and secondary

independent variables of the seven loading conditions that

best correlated with the mechanical responses considered.

The abovementioned mechanical responses were

regressed linearly with the two most-relevant variables

using the response surface quadratic model, which

is virtually a two-variables second order regression.

The correlation coefficients of the regression were also

obtained. The contours of the mechanical responses with

respect to the primary and secondary variables were then

plotted. While plotting the contours, the magnitudes of the

remaining five variables were kept constant. For example,

if the sagittal motion and axial force were the most-

relevant variables for a specific response parameter, the

contours were plotted in the full range of sagittal motion

(108 flexion to 48 extension) and axial compressive force

(1–5 kN), while the anteroposterior and lateral shear

forces were 0 kN, and the lateral bending and axial

rotations were 08 for the loading period of 1.3 s. It should

be noted that the absolute maximum values may have

occurred in other combinations of loading. The purpose of

setting the other variables constant was to show the effect

of two most-relevant variables with no confounding

influence.

3. Results

The axial force and sagittal bending rotation were found to

be the most significant independent variables influencing

the mechanical responses of the facet joints, PLL and disc.

The only exemption is the left facet joint force, which

Figure 2. The contour plots of (A) total facet joint force w.r.t. the
sagittal rotation and axial compressive loading (r 2 ¼ 90.4%), and (B) left
facet joint force w.r.t. the sagittal rotation and lateral bending
(r 2 ¼ 78.2%).

Figure 3. The contour plots of (A) stress (r 2 ¼ 76.0%), and (B) strain
(r 2 ¼ 86.4%) of posterior longitudinal ligament (PLL) w.r.t the sagittal
rotation and axial compressive force.
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is best predicted by lateral and sagittal bending rotation.

The coefficients of correlation of all meta-models in the

current study are well above 70%, except the responses of

AF (see captions of figures 2–6). The total facet joint

force increases as the extension rotation and axial

compression increase, with the effect of the former

being greater than that of the latter. The lowest facet joint

force occurs at low axial loading with medium flexion.

The extension motion and left lateral motion increase the

left facet joint force. The left facet joint is lowest at flexion

with right lateral bending (figure 2B).

The PLL is not stressed when sagittal rotation is small.

The PLL tensile stress is increased by flexion motion;

however, the PLL can also be lightly stressed during hyper

extension with high axial loading (figure 3A). The latter

effect is due to the posterior shift towards facet joints of

the centre of segmental rotation under larger extension

rotations. The PLL strain is also best predicted by flexion

rotation and axial compressive loading. However, the

strain is higher at hyper flexion with less axial

compressive loading. The low axial compressive loading

combined with extension motion would generate com-

pressive strain in the PLL.

The IDP is higher at larger compressive loading with

flexion, and lower at smaller compressive loading with

extension (figure 4). It is noted that the disc could be even

in tension (i.e. suction) when the motion segment is under

hyper extension with low axial compressive loading.

This is due to the “pivot effect” of the facet joint as

mentioned above. The mechanical response (shape of

contour) of AM compressive stress is similar to the IDP

(figure 5A). The hyper flexion and axial force will induce

high compressive and shear stresses in the AM. Lowering

the axial force and flexion motion can reduce the AM

compressive stress. The AM shear stress is greatly reduced

with hyper extension even under high compressive loading

(figure 5B). The maximum AF strain decreases in

extension motion and low axial loading, whereas it

increases with flexion (figure 6).

4. Discussion

We developed the meta-analysis using results of FEM

simulations with different conditions. The procedure can

be used to find the most critical loading conditions for the

cases when the input variables of FE simulations are

numerous. The developed meta model is an efficient tool

for predicting the most critical conditions associated with

the risk of injury at a specific component of the

ligamentous spine. As such, it has the potential to be

used in the design of work environments, optimal manual

material handling tasks and the spinal instrumentation.

In the current study, performing a full factorial

experimental design of seven factors with three levels,

required 2187 experiments in each group and 8748

experiments in total. However, with the use of the BBD

method, only 228 runs were needed for the four groups of

experiments. The number of runs when using BBD

constitutes a mere 2.6% of those using full factorial

design. Hence, the BBD method greatly reduced the effort

of FE experiments.

The three major load-sharing components of motion

segment, i.e. the facet joints, ligaments and disc were all

considered in the current model. It was found that sagittal

rotation and axial compression loading are the two most-

relevant independent variables in defining the risk factors

Figure 4. The contour plot of intra-discal pressure (IDP) w.r.t. the
sagittal rotation and axial compressive loading (r 2 ¼ 98.1%).

Figure 5. The contour plots of (A) maximum AM compressive stress
(r 2 ¼ 90.2%), and (B) maximum AM shear stress (r 2 ¼ 71.1%) w.r.t.
the sagittal rotation and axial compressive force.
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for all three foregoing components within the motion

segment. This finding lends support to many already

existing in vitro studies which use complex flexion

loading conditions as the controlling variables. Moreover,

the finding suggests that these two variables should be

used when attempting to set safe limits on loading

conditions.

The current analysis aimed to combine some extreme

loading conditions that the motion segment may

encounter in daily physical activities. Full coverage of

all loading in six degrees of freedom and at different

loading rates may not be necessary. The four groups

considered in this work represented the complex

asymmetric flexion and extension with varying pro-

portions of sagittal and lateral shear forces under light,

moderate and heavy compression loading. The ratio of

sagittal, coronal (lateral) and transverse (axial) rotations

(i.e. 8:4:2) was based on previous reports (Pearcy and

Tibrewal 1984, Pearcy et al. 1984, Panjabi et al. 1989,

Yamamoto et al. 1989, Panjabi et al. 1994, Cholewicki

et al. 1996). The combination of loading conditions of

the spine can be very wide. A forward flexion in lifting,

for example, could justify the different amount of shear

and compression forces in the presence of varying

external loads, inertia forces, muscle forces and

postures/lifting techniques. In the case of extension or

asymmetric exertions, for example, in the awkward

postures encountered in the shoulder level jobs (e.g.

painting, mechanical working on a car, in the well etc.),

the high compressive forces considered in this study

may not be reached.

The magnitude of lateral shear force is less accurate

and more difficult to compute due to the modeling

problems about the lines of actions of oblique and

Latissmus dorsi muscles. Hence, the anteroposterior

shear was taken as one fifth to one tenth of the acting

compressive loading. The magnitude of the shear forces

was limited to 1.2 kN based on earlier failure reports

(Yingling and McGill 1999a,b). Despite the increasing

trend to implicate shear forces as a major risk factor

in the lumbar spine, few biomechanical in vitro studies

have investigated the role of shear loads. Frei et al.

(2001, 2002) and Yingling and McGill (1999a) have

subjected the lumbar motion segments of human and

porcine, respectively, to shear forces up to failure.

The large shear predicted in EMG-driven models also

creates a concern as whether such large forces can be

sustained safely.

The current study only presented the results of the

two most-relevant variables on the mechanical

response. However, the independent variables that

affect the mechanical responses are often more than

two. For example, the facet joint is recognized to be

one of the most important components in constraining

the motion segment in axial rotation. Hence, axial

rotation should also have a significant effect on the

facet joint forces. Nevertheless, sagittal motion and

axial force were found to be the two most important

variables influencing the facet joint forces. To improve

the correlation between the response and the variables,

it is possible to incorporate more variables that have

considerable influence on a mechanical parameter.

The presentation of the data and the subsequent

interpretation of the outcomes would, however, become

equally more complex and cumbersome than the

current format.

Several limitations of this meta-model should be

considered. First, no fracture or failure threshold was

assigned for the numerical simulation and, hence, no

fracture or rupture of the components was considered

during the simulation. This may reduce the limitation of

prediction of models at extreme loading conditions, since

the load sharing is expected to be altered once failure

initiates in a component. Second, the mechanical

responses of vertebral bodies and endplates were not

analyzed. The failure of a vertebral body and endplate has

often been reported in burst fractures, i.e. high rate loading

and under large compression loads. Third, the FE model is

based on only one mesh with fixed geometry and material

properties. Variations in the geometric/material properties

influence the spine mechanics, an effect not considered in

the current meta-models. More models should be analyzed

to complete the full picture of risk factor analysis for the

lumbar spine.

The current study provides an innovative and effective

method in analyzing the multi input variables finite

element model. Despite the advent of more powerful

computers, meta models can always provide much

needed insights into mechanics of the human spine in

various conditions which is crucial for the design of

more effective preventive, diagnostic and treatment

procedures.
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is noted to be too low in this case as no other two independent variables
were found to improve this correlation value.
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