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SUMMARY 
It has been shown experimentally that the load carrying 
capacity of the spine significantly increases when compressive 
loads are carried along the follower load (FL) direction. 
However, it is necessary to modify the current FL concept 
because a certain amount of shear force is produced during 
activities in daily life. In this study, an allowable range of 
shear force was investigated using the modified FL concept. 
The shear force allowance was defined as the maximum ratio 
of the shear force to the follower force at each vertebral body 
center. Then, it was shown that the appropriate shear force 
allowance was within approximately 0.2 ~ 0.5 from the 
investigation of the follower forces and the shear forces. The 
predicted shear force allowance indicated that the resultant 
joint force directed to a certain inside region between a half 
vertebral body and whole vertebral body. 
 
 
INTRODUCTION 
It was shown that the load carrying capacity of the spine was 
significantly increased with little change in the shape of the 
spine when compressive loads were carried in a follower load 
(FL) direction that approximated the tangent to the curve of 
the lumbar spine at all vertebrae in comparison with the 
vertical direction [1]. It is essential to show that the FL can be 
generated in vivo by appropriate coordination of trunk 
muscles in order to prove the physiological feasibility of the 
FL. Due to the difficulty of experimental measurements, 
computational modeling methods have been used to quantify 
the muscle activity pattern required to carry the applied load in 
the direction of the FL [2-5]. It was recently shown that the 
trunk muscle coordination pattern used to generate the FL 
could be predicted using a finite element model of the lumbar 
spine with a large number of trunk muscles [2]. 
 
However, the FL concept allowing for little shear force needs 
to be modified because the shear forces generated in the 
human lumbar spine in vivo have been estimated to be quite 
considerable, typically up to 800 N [6]. Thus, it is crucial to 
understand how much shear force could be allowed during the 
generation of the FL. In this study, the allowable range of 
shear forces at each spinal motion segment was investigated. 
The modified FL concept was formulated to permit a certain 
amount of shear force in the three-dimensional finite element 
model of the lumbar spine. The follower forces, shear forces, 
and the trunk muscle coordination patterns were predicted in 
order to determine the clinically relevant shear force 
allowance. 

METHODS 
A three-dimensional finite element model of the lumbar spine 
from T12 to S1 in a neutral standing posture developed in [2] 
was used (Figure 1). The model included 117 pairs of trunk 
muscles. The displacement and rotation at each node, along 
with the muscle forces satisfying the static equilibrium 
equations, were estimated for a given applied external load by 
using an optimization technique.  
 
The modified FL concept was mathematically represented as a 
constraint in the optimization problem. The resultant joint 
force at the i-th node could be decomposed into a follower 
force component, f

iF , parallel to the beam direction and a 
shear force component, s

iF , perpendicular to the follower 
force (Figure 1). The modified FL concept was then defined as 
follows: a small shear force at each node was allowed such as 

f
i

s
i FF ⋅≤ α                                     (1) 

where the maximum shear force at each node was proportional 
to the follower forces at the same node. Let us call α the shear 
force allowance. Then, the optimization problem for the 
estimation of the muscle forces to generate the modified FL 
can be given as follows: 
Minimize 
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where xiM , , yiM , , and ziM ,  are the joint moments around the x, 
y, and z axes respectively, at the i-th node, mF  is the muscle 
forces and the moments activated by the trunk muscles acting 
on each vertebrae, extF  is the external forces and moments 
acting on each vertebrae, K  is the global stiffness matrix of 
the motion segments in the lumbar spine, and d  is the 
translations and the rotations at each node as in [2]. The 
weight factors wf , ws and wm are thought to be 3, 3, and 1, 
respectively as shown in [3].  
 
An upright neutral standing posture was considered for the 
loading condition: 300 N of the upper body weight and 3000 
Nmm of the resulting flexion moment were applied to T12, 
and a vertebral weight of 10 N was added to each lumbar 
vertebra from L1 to L5. The muscle forces required to 
generate the modified FL as well as the corresponding 
follower forces and the shear forces were predicted by solving 
the optimization problem for different shear force allowances, 
α = 0.0, 0.1, 0.2, 0.3, 0.4, and 0.5.  



RESULTS AND DISCUSSION 
The muscle force coordination pattern required to generate the 
modified FL could not be found when α = 0.0 and 0.1. The 
follower forces increased as α decreased. The follower forces 
at L5 were 492.2, 530.9, 565.3, and 763.6 N for α = 0.5, 0.4, 
0.3, and 0.2, respectively. The maximum shear force occurred 
at L5 regardless of α and the maximum shear force decreased 
as α decreased. The shear forces at L5 were 246.1, 212.3, 
169.6, and 152.7 N for α = 0.5, 0.4, 0.3, and 0.2, respectively.  
 
The follower force was substantially large, 763.6 N, when α = 
0.2 while the follower forces were below 600 N when α was 
larger than 0.2. However, the compressive follower force 
between L4 and L5 was 559 ~ 650 N, which was estimated 
from the measured in vivo intradiscal pressure and the average 
cross-sectional area of the disc [7,8]. In addition, previous 
computational studies predicted that the compressive forces 
were 504 ~ 575 N at L5 [4]. Therefore, the compressive 
follower force was regarded as being larger than the normal 
range when α = 0.2. On the other hand, the shear force was 
relatively high when α = 0.5 in comparison with the value of 
190 ~ 218 N at L5 reported in the previous studies [4]. Hence, 
it could be concluded that the appropriate α value to represent 
the modified FL was approximately 0.2 ~ 0.5.  
 
Equation (1) geometrically demonstrated that the resultant 
joint force did not deviate from an area near the center of the 
vertebral body within a certain radius (Fig. 3). Based on the 
anatomical data that Lf, the distance between two adjacent 
vertebral body centers, and Ls, the diameter of the vertebral 
body, are approximately 30 ~ 40 mm [8],  
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were obtained. The shear force allowance α within 0.2 ~ 0.5 
indicates that the resultant joint force is directed to a certain 
region within the vertebral body from a half body to a whole 
body. 
 
 
CONCLUSIONS 
The shear force allowance was defined and the feasible range 
was obtained by utilizing the modified FL concept, which 
allowed for a shear force in a neutral standing posture. The  
feasible range of shear force obtained could be interpreted as 
the resultant joint force directed to a certain region between a 
half body and a whole body. The findings of e present study 
could be useful for gaining more relevant understanding of the 
redundant problem in musculoskeletal models. 
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Figure 1: A three-dimensional finite element model of the 
lumbar spine was developed from T12 to S1 in a neutral 
standing posture. 
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Figure 2: A diagram explaining the modified follower load 
concept that the compressive load aims for the area near the 
body center within a certain radius from a sagittal viewpoint. 
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