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SUMMARY 
The effect of ligament stiffness on spinal loads and muscle 
forces was investigated. Different ligament stiffness showed 
a strong effect on muscle forces. The results demonstrate that 
besides muscles, ligaments also play a significant role in 
stabilizing the spine. 
 
INTRODUCTION 
Ligaments are known to assist muscles in stabilizing the 
spine within the physiological ranges of motion by limiting 
the displacements [1]. Musculoskeletal spine models, which 
have been used to estimate spinal loads and muscle forces, 
mostly included vertebrae, joints and muscles [2-4]. Some 
numerical models, using the finite element method, have 
included ligament properties but often studied only a limited 
number of spinal segments or limited motions [5, 6].  
 
The aim of this study was to investigate the effect of 
different ligament stiffness on the joint reaction forces and 
muscle forces for a large range of motion such as full 
flexion. For this, a biomechanical lumbar spine model was 
developed and five sets of different ligament stiffness were 
inserted into the model. The results were then compared with 
the intradiscal pressure measured by Wilke et al. [7] for 
validation. 
 
METHODS 
The geometry of the vertebrae and the muscle architecture in 
a base spine model, built in AnyBody Managed Model 
Repository 1.1 (AnyBody Technology, Aalborg, DK), were 
selected and modified for the purpose of the study. 
 
Lumbar ligaments (supraspinous, interspinous, anterior and 
posterior longitudinal, intertransverse, flavum, and capsular) 
were added to the base spine model (Figure 1). Each  
ligament stiffness was determined based on the failure 
strength of the ligaments from previous experimental and 
analytical studies [5, 8]. Five ligament stiffness sets were 
determined from literature (Table 1). The maximum tensile 
force set was limited to be 80% of the failure strength for the 
worst case scenario. 
 
Ligaments were modeled as nonlinear single force 
components and activated when they were stretched beyond 
their slack length. The force-strain curve was adapted from 
reported experimental and analytical data [5, 8] and was used 
to estimate the slack length. The ligament strains were 
generally at their maximum when the segments reached their 
maximum segmental range of motion. 
 
For model validation, subject specific lumbar spine models 
were developed by modifying the base model to have the 
subject’s body size and the weight in the in vivo study of 
Wilke and co-workers [7].  
 

 
Figure 1: Model with implemented lumbar ligaments  

Here, only different degrees of flexion were studied since 
these should load most of the ligaments. Four activities of 
the in vivo measurement [7] were selected for model 
validation: standing flexed forward, exercise finger-tip-to-
floor (flexed with hip rotation),  seating flexed without arm 
rest, and lifting 20 kg bent over with a rounded back.  
 
Spinal loads and muscle forces were calculated using the 
min/max criterion in muscle recruitment in the commercial 
software (AnyBody Technology, Aalborg, DK). To allow a 
comparison of different parameters (force, pressure), the data 
were normalized to standing. 
 
RESULTS AND DISCUSSION 
Joint reaction forces corresponded well to the in vivo 
measured disc pressure (Figure 2) except for maximum 
stiffness for sitting flexed (difference 38%). Generally, the 
higher the ligament stiffness, the higher the spinal loads. 
However, the difference between the spinal loads with 
different ligament stiffnesses was not large (maximum 
difference, 24%).  
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Figure 2: Comparison between normalized IDP [7] and 
normalized joint reaction forces calculated for different 
ligament stiffness. The values at the level L4-L5 are given 
for four activities. 
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Generally, the sum of the muscle forces (Figure 3) decreased 
with increasing ligament stiffness. In the sitting flexed 
posture, the difference to the model without ligaments was 
most noticeable (30%) when the ligament stiffness was med-
max. For flexion, maximum ligament stiffness produced a 
considerable difference (27%) compared with no ligament’s 
present. The finger-tip-to-floor exercise and flexed lifting of 
20 kg show similar trends to flexion. Maximum differences 
of sum of muscle forces were 15% and 8% respectively. 
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Figure 3: Comparison of the sum of muscle forces for 
different ligament stiffness and four exercises. 
 
In terms of individual muscle forces, the ligament stiffness 
shows a strong effect on muscle forces (Table 2). When 
ligament stiffness was not included in the model, m. lumbar 
multifidus exerted 65 N but this force increased up to 254 N 
for the maximum ligament stiffness. On the other hand, 
m. iliocostalis and m. longissimus forces significantly 
decreased from 351 N and 541 N to 155 N and 216 N, 
respectively. Other short segmental muscle forces also 
showed an increasing trend with increased ligament stiffness. 
 

Higher ligament stiffness induced significant lowering of the 
role of superficial back muscles such as m. iliocostalis and 
m. longissimus, instead of increasing the role of inner short 
muscles such as mm. multifidi, m. interspinales, m. 
intertransversarii and m. rotatores (Table 2). This is in 
agreement with Cholewicki and McGill [9] who stated that 
the short muscles and passive elements can affect the 
stability of the spine.  
 
CONCLUSIONS 
Individual muscle forces were largely affected by the 
ligament stiffness. The results of this study show that besides 
muscles, ligaments also play a significant role in stabilizing 
the spine. Therefore, it is recommended that correct ligament 
stiffness should be determined and included in a spine model 
in order to achieve more accurate physiological results.  
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Table 1: Five sets of ligament tensile forces [N] at maximum strains. Min-Med indicates the medium value determined between 
Minimum and Median. Med-Max indicates the medium value determined between Median and Maximum. 
 

Ligament Stiffness SSL ISL PLL ITL LF CL 
Minimum 100 50 40 70 90 120 
Min-Med 150 85 130 70 145 190 
Median 200 120 220 70 200 260 

Med-Max 280 140 290 70 235 380 
Maximum 360 160 360 70 270 500 

 
Table 2: Predicted muscle forces in N for flexion. The abbreviation of muscle names indicates: LM = Lumbar multifidus; Ic = 
Iliocostalis; Lg = Longissimus; Ss = Semispinalis; Ints = Interspinales; Intt=Intertransversarii; Rt = Rotatores. 
 

Ligament Stiffness LM Ic Lg Ss Ints Intt Rt 
No Ligaments 65 351 541 129 9 7 7 

Minimum 120 303 449 107 17 12 10 
Min-Med 150 285 390 96 21 14 11 
Median 179 264 334 82 23 16 12 

Med-Max 215 230 260 64 27 18 13 
Maximum 254 155 216 32 31 21 13 

 


