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ABSTRACT 

The spine is a long and slender column which supports the upper body.  In the 

1960s, the compressive force acting on the spine estimated by the intradiscal pressure 

measured in vivo was found to exceed 2600N. However the ligamentous lumbar spine is 

known to be unstable when subjected to compressive loads of 88 N.  It is generally 

agreed that the ligamentous spine itself is unstable but can be stabilized by the muscle 

forces (MFs) in vivo.  Biomechanical loads are known to be closely associated with 

spinal disorders. Normal spinal loads, however, remains poorly understood due to the 

lack of knowledge of the MF control mechanism for normal biomechanical functions. 

To determine the spinal MFs creating compressive follower loads (CFL) in the 

lumbar spine in various sagittal postures and to investigate if such MFs can maintain the 

spinal stability, 3-D optimization and FE models of the spinal system (trunk, lumbar 

spine, sacrum, pelvis, and 232 muscles) were developed and validated using reported 

experimental data.  Optimization models were used to determine the MFs creating CFLs 

in the lumbar spine in various sagittal postures from 10° extension to 40° flexion.  The 

deformation of the lumbar spine under these MFs and trunk weight was predicted from 

FE models.  The stable lumbar spine deformation was determined by the resultant trunk 

sway less than 10 mm. 

Optimization solutions of MFs, CFLs, and follower load path (FLP) location were 

feasible for all studied postures.  The FE predictions clearly demonstrated that MFs 

creating CFLs along the base spinal curve connecting the geometrical centers(GCs) or 

along a curve in its vicinity (within anterior or posterior shift by 2 mm) produce the stable 

deformation of the lumbar spine in the neutral standing and flexed postures, whereas the 

MFs creating the smallest CFLs resulted in the unstable deformation.  In case of extended 

postures, however, it was not possible to find the CFL creating MFs that produce stable 
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deformation of the extended spine whereas it was possible when stronger muscles were 

simulated. 

The results of this study demonstrate the feasibility for spinal muscles to stabilize 

the spine via the CFL mechanism. These findings support the hypothesis that CFLs act as 

muscle control mechanism to stabilize the whole lumbar spine. 
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CHAPTER 1  

INTRODUCTION 

The spine is a long and slender column which supports the upper body. In the 

1960s, Nachemson et.al showed that compressive force acting on the spine estimated by 

the intradiscal pressure measured in vivo may exceed 2600N [1].  However the 

ligamentous lumbar spine (spine without muscle) is known to be unstable when subjected 

to  compressive loads of 88 N [2]. It is generally accepted that the ligamentous spine 

itself is unstable but can be stabilized by the muscle forces(MFs) in vivo. Recent 

experimental study have shown that the ligamentous cervical and lumbar spines can 

withstand a compressive physiologic load up to 250N and 1200N, respectively, without 

buckling of the spine while maintaining its flexibility when the compressive force is 

applied along the spinal curvature (i.e., follower load) [3, 4]. The investigators of these 

studies postulated that the follower load would be a physiological load on the spine in 

vivo. Furthermore, Han et al. conducted an analytical study using an optimization model 

incorporating 232 muscles associated with the lumbar spine and demonstrated that there 

could be numerous combinations of spinal MFs creating a compressive follower 

load(CFL) in the lumbar spine in various sagittal postures [5]. They also investigated the 

effects of increasing external compressive force and flexion moment applied on the 

lumbar spine and found that the back muscles could create a CFL in the spine even under 

a considerable amount of external loads. These studies suggested that the follower load 

could be a physiological spinal load and spinal muscles might be controlled to create 

CFLs in the spine by the central nervous system in vivo. 

However, in vitro experimental studies had their limitations mainly because it was 

practically impossible to simulate the spinal muscles in the tests.  Han et al’s study 
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showed that there existed static equilibriums of spinal joint forces, spinal MFs and 

external loads in which the directions of the spinal joint forces followed the spinal 

curvature without the confirmation of the deformations of the spine in relation to the 

stability of the spine. 

 Further studies required for more comprehensive tests of the hypothesis that the 

spinal muscles are controlled to create a follower load in the lumbar spine in vivo in order 

to maintain its stability and flexibility would include analytical studies using 3-D finite 

element (FE) models incorporating all spinal muscles attached to the spinal column and 

further experimental studies guided by the FE model predictions. For this purpose, 

computational studies were performed in this study. The specific aims of this study are: 

Aim 1: to develop a 3-D FE model of the lumbar spine incorporating the 232 

spinal muscle fascicles and the upper body attached to the L1 vertebral through the T12-

L1 joint with the validation of the lumbar spine behavior with in vitro experimental data 

reported in the literature; 

Aim 2: to improve the currently available optimization model of the follower load 

for the perfect synchronization of boundary conditions of the optimization and FE models; 

Aim 3: to perform the parametric studies in order to investigate the effect of the 

variations in follower load path (FLP) and maximum muscle force capacity (MFC); and  

Aim 4: to find the patterns of recruiting spinal muscles over the sagittal posture 

changes (i.e., from full extension to full flexion, from neutral to flexion ) 
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CHAPTER 2  

BACKROUND AND SIGNIFINCE 

2.1 The anatomy of a spine 

A spine is a long and multi segmental column spanning from occiput to sacrum. 

Its biomechanical roles are 1) to support the upper body and transfer the moment and 

load to lower extremities during various daily activities and tasks to lower extremities 2) 

to allow upper motion such as flexion, extension, lateral bending and axial rotation, and 

3) protect the spinal cord, nerve roots and internal organs. The understanding of the 

normal spine anatomy is critical to the planning and executing of various biomechanical 

experiments and simulations.   Human spine (see Figure 2-1) is composed of a series of 

bones called vertebrae stacked on another. The spine is divided into four main regions; 

cervical, thoracic, lumbar and sacrum from superior to inferior. 

2.1.1 Spinal planes and curves 

 In order to understand and describe the anatomy more easily, biomechanical 

engineers refer to a specific body plane. A body plane is imaginary two-dimensional flat 

surface that is used to define a particular area of anatomy. There are three spinal planes 

(see Figure 2-2) ; frontal (coronal) plane, median(sagittal) plane and transverse(axial) 

plane. Coronal plane divides the front and back halves of the entire body and sagittal 

plane divides the left and right sides of the entire body, while transverse plane divides top 

and bottom halves of the body at the waist. 
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Source : http://www.backpain-guide.com  

Figure 2-1 The entire human spine in anterior, lateral and posterior view 
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On the other hand, when viewed from the side, a human spine has distinct curves 

called lordosis and kyphosis. A kyphotic curve is a convex curve toward the back of the 

spine, while a lordotic curve is concave toward the back of the spine. 

 

Source : http://www. www.spineuniverse.com  

2.1.2 Region of the spine 

The cervical spine is made up of seven cervical vertebrae (C1-C7) and has 

cervical lordosis. The main function of the cervical spine is to support the head and allow 

a wide range of motion of the head weighing 10 to 12 pounds.  The cervical spine has the 

Figure 2-2 The spinal planes 
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greatest range of motion, partly because two specialized vertebrae (C1 and C2) work 

together (see Figure 2-3) to allow extensive moments of the head and neck. The first 

cervical vertebra is called the atlas and is unique in shape. It has ring-shaped articulation 

with two large protrusions on the sides to support the weight of head. The second cervical 

vertebra is called axis and its shape is also significantly different from other vertebrae. It 

has a bony protrusion, called dens or odontoids on its superior surface that matches 

articular facet of atlas.  

 

 

Figure 2-3 The anatomy of atlas (C1) and axis (C2) on cervical spine 

Source : http://www. apatech.com  
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The main function of thoracic spine is to protect the organs of the chest such as 

heart and lungs.   The thoracic spine is composed of 12 vertebrae (T1-T12) with a pair of 

ribs attached to both sides, which construct the cage-shaped structure increasing the chest 

strength. They are located between the cervical spine and lumbar spine and increase in 

size as one proceeds down the spine, Thus T1 is the smallest, while T12 is the largest 

among 12 thoracic vertebrae.   The thoracic spine has a kyphosis or “C” curve and is less 

mobile than cervical and lumbar spine due to the thoracic cage. 

The lumbar spine has five lumbar vertebrae (L1-L5) and has lumbar lordosis like 

the cervical spine. The lumbar vertebrae, the largest vertebrae, are the weight-bearing 

portion of the spine. The lumbar spine which sits atop sacrum transmits the body weight 

to the base of the sacrum.  The facet joints in the lumbar spine are oriented more 

sagittally to resist axial rotation and lumbosacral facet is oriented more coronally to resist 

antero-posterior translation.  

The sacrum, formed by five vertebrae (S1-S5) and  fused together into a solid 

unit, is usually non-identifiable disc spaces between the sacral segments.  The sacral 

spine has kyphosis like thoracic spine and acts as the bridge between lumbar spine and 

pelvic girdle which supports the body weight from the vertebral column and protects the 

lower organs, including the urinary bladder and the reproductive organs.  At the end of 

the spinal column is the coccyx or tailbone.  

2.1.3 Spinal motion segment 

Spinal motion segment or functional spinal unit (FSU) is the smallest 

physiological motion unit of a spine to exhibit biomechanical characteristics similar to 

those of the entire spine [6].  It consists of two adjacent inferior and superior vertebrae, 

the shared disc along with the annulus fibrosis and all the encasing ligaments, the facet 
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joints and the capsules around the facet joints.   Basically a motion segment is everything 

that connects two vertebrae. (see Figure 2-4)   

 

 

Figure 2-4 Lateral view of spinal motion segment 

Source : http:// www.ilo.org  

 

The lumbar vertebra is a bony structure (Figure 2-5) which transmits the upper 

body weight. It is made of vertebral body, posterior elements and pedicle connecting the 

posterior elements to the vertebral body. The vertebral body is the largest part in vertebra 

and cylindrical in shape with flat top and bottom surfaces. Cortical bone which has high 

elastic modulus surrounds an internal space filled with a web of cancellous bone. This 

structure is strong enough to support body weight. 

 The pedicles is a very strong connecting bridge, directed backward from the 

upper part of vertebral body. It also transmits the resistive forces of facet joints to 

vertebral body. It is located 1 mm below the tip of the inferior articular process and the 

posterior-most prominence of the superior process vertically.  Sometimes, it is used as a 
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portal of entrance into the vertebral body for fixation of pedicle screw or placement of 

bone cement. 

 

 

Figure 2-5 The anatomy of lumbar vertebra 

Source : http://www. fpnotebook.com  

 

 The posterior elements are made of the processes and the lamina which 

connects the spinous and transverse processes. The processes are divided into three types; 

transverse process, spinous process and articular process (facet joint). The transverse and 

spinous processes serve as attachment for ligaments and tendons. On the other hand, facet 

joint constrains excessive displacement of vertebra by the locking mechanism. Especially 

facet joints in the lumbar spine are oriented more sagittally resisting axial rotation  

The intervertebral disc (IVD) is a fibrocartilaginous soft tissue serving as shock 

absorber in spinal motion segment. It also confers flexibility on the spine by allowing 

limited bending and twisting movements between vertebral bodies.  IVD is composed of 
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an annulus fibrosus, nucleus pulposus and endplates. The annulus fibrosus is a strong 

multi-layered radial tire-like structure made up of lamellae and encloses the nucleus 

pulposus. Both annulus fibrosus and nucleus pulposus consist of water, collagen fiber, 

and proteoglycans, however the amount of fluid is the greatest in the nucleus pulposus. 

While, the endplates separate the vertebral bone from the disc and prevent the highly 

hydrated nucleus pulposus from bulging into the adjacent vertebra. It also absorbs the 

hydrostatic pressure resulting from mechanical loading of the spine. 

 

 

Figure 2-6 The anatomy of IVD 

Source : http://www.indyspinemd.com  

 

The ligaments are fibrous connective tissues linking two or more bones, 

cartilages. Ligaments stabilize the spinal motion segment and protect injuries by 

restraining the excessive movement such as hyper -flexion or hyper-extension of the 
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vertebra. Based on the attachment site and their functions, the ligaments are divided into 

several parts such as anterior longitudinal ligament and the posterior longitudinal 

ligament (primary stabilizer), ligamentum flavum (strongest), interspinous ligaments, the 

supraspinous ligament and the capsular ligamentsas shown in Figure 2-7 

 

 

Figure 2-7 Ligaments in a motion segment 

Source : http://www. spineuniverse.com  

2.1.4 Spinal muscles 
Back muscles  

The musculature in a spine plays important roles in stabilizing the spine, 

supporting upper body weight and external load as well as creating the movement of  the 

upper body. There are three groups of muscles in the back; superficial, intermediate and 

deep.   
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The latissimusdorsi is the superficial muscle (see Figure 2-8), which arises from 

vertebral spines from T7 to the sacrum, posterior third of the iliac crest, lower 3 or 4ribs 

or sometimes from the inferior angle of the scapula. It inserts on the floor of the 

intertubercular groove. The function of the latissimusdorsi is known to extend the arm 

and rotates it medially. It is innervated by the thoracodorsal nerve (C7, C8) from the 

posterior cord of the brachial plexux. 

 

 

Figure 2-8 The anatomy of muscle of back (superficial layers) 

Source : http://www2.ma.psu.edu  
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The serratus posterior superior and inferior is an intermediate group (see Figure 

2-9). The serratus posterior superior arises from the ligamentum nuchae, spines of 

vertebrae C7 and T1 to T3 and inserts on second rib to fifth rib. It elevates the upper ribs 

and is innervated by the branches of the ventral primary rami of spinal nerves or 

intercostals nerves. The serratus posterior inferior arises from the thoracolumbar fascia, 

spines of vertebrae T11-T12 and L1-L2. It inserts on ribs 9-12 and role of the serratus 

posterior inferior pulls down lower ribs. It is innervated by the branch of the ventral 

primary rami of spinal nerves T9-T12. 

 

 

Figure 2-9 The anatomy of muscles of back (intermediate layers) 

Source : http://www2.ma.psu.edu  
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The intrinsic muscles are concerned with movement of upper body. In the 

intermediate layer of intrinsic deep muscles (see Figure 2-10), the erector spinal muscles 

lie within a facial compartment between the posterior and middle layer of the 

thoracolumbar region.  

 

 

Figure 2-10 The anatomy of muscles of back (deep layers) 

Source : http://www2.ma.psu.edu  

 

The erector spinae is divided into three subgroup; iliocostalis which arises from 

iliac crest and sacrum and inserts on angle of the ribs, longissimus which arises from 
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transverse process at inferior vertebral levels and inserts on transverse process at superior 

vertebral levels and mastoid process, and spinalis which arise from spinous processes at 

inferior vertebral levels and inserts on transverse process at superior vertebral levels and 

mastoid process. The iliocostalis and the spinalis extend and laterally bend the trunk and 

neck, while the longissimus extends and laterally bends the trunk, neck and head.  

Several short muscles such as semi spinalis, multifidus are found between thee 

transverse process and spinous process in the deepest layer of intrinsic back muscles. 

This group of muscles provides rotational, extensional and lateral bending movements 

between adjacent vertebrae. They also extend the head and neck.  

The rotatores, the interspinales and the intertransversarii are also known as short 

back muscles passing from one vertebra to the next vertebra above (see Figure 2-11). 

 

Source : http://www. medical-artist.com  

Figure 2-11 Lumbar vertebrae L4 and L5 and short intrinsic muscles(the rotatores, the 
interspinales and the intertransversarii 

interspinales

rotatores

intertransversarii
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The rotatores which arises from transverse process and is attached to junction of 

lamina and transverse process or spinous process  of vertebra or 2 segments superior to 

vertebra of origin is deep short back muscles. It may stabilize vertebrae and assist local 

extension and rotation of spinal column. 

The intertransversarii is also deep short back muscle, which arises from transverse 

processes of cervical or lumbar vertebrae and inserts on transverse processes of adjacent 

vertebrae. The function of the intertransversarii is to assist lateral bending of the spinal 

column. It also stabilizes the spinal column bilaterally. 

The interspinales arises from superior surfaces of spinous processes of cervical 

and lumbar vertebrae and inserts on inferior surfaces of spinous processes of vertebrae 

superior to vertebrae of origin. The role of the interspinales is to aid extension and 

rotation of vertebral column [7].   

Abdominal muscles  

The psoas major (see Figure 2-12) is a long muscle located on the side of the 

lumbar region of the spinal column and brim of the lesser pelvis. It arises from bodies 

and transverse processes of lumbar vertebrae and inserts on the lesser trochanter of femur 

via iliopsoas tendon. It flexes and laterally bends the lumbar vertebral column. It is 

innervated by the branches of the ventral primary rami of the spinal nerves L2-L4. 
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Figure 2-12 The anatomy of abdominal muscles 

Source : http://www2.ma.psu.edu  

The quadratus lumborum arises from posterior part of the iliac crest and the 

iliolumbar ligament and inserts on transverse processes of lumbar vertebrae 1-4 and the 

12
th

 rib. It laterally bends the trunk and fixes the 12
th

 rib. It is innervated by subcostal 

nerve and ventral primary rami of spinal nerves L1-L4. 

The external abdominal oblique muscle is the largest superficial muscle and lies 

most superficially in the lateral anterior abdomen. It arises from lower 8 ribs and inserts 

on linea area, pubic crest and tubercle, anterior superior iliac spine and anterior half of 
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iliac crest. It flexes and laterally bends the trunk. It is innervated by intercostals nerves 7-

11, subcostal, iliohypogatric and ilioinguinal nerves. 

The internal abdominal oblique muscle (see Figure 2-13)  is the intermediate 

abdominal muscle and its fiber runs perpendicular to the external abdominal oblique 

muscle. It begins in the thoracolumbar fascia, anterior 2/3 of the iliac crest, lateral 2/3 of 

the inguinal ligament and inserts on the lower 3 or 4 ribs, linea alba and pubic crest. It 

flexes and laterally bends the trunk. It is innervated by the intercostals nerves 7-11, 

subcostal iliohypogastric and ilioinguinal nerves. 

 

 

Figure 2-13 The anatomy of abdominal muscles (deep layers) 

Source : http://www2.ma.psu.edu  

 

The rectus abdominis muscle also known as six packs is a paired muscle running 

vertically on each side of the anterior wall of the human abdomen. It arises from pubis 
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and the pubic symphysis and inserts on the xiphoid process of the sternum and costal 

cartilages 5-7. It flexes the trunk and is innervated by the intercostal nerves 7-11 and 

subcostal nerve. 

2.2 In vivo loads on the lumbar spine 

One of the major biomechanical functions of the spine is to support the upper 

body weight and external loads.  Due to the bipedal nature of the human, the compressive 

load has been considered a crucial component of the spinal loads while the spine can be 

subjected to complex 3-D loads during normal activities.  The biomechanical loads 

applied on the spine have been known to play a significant role in causing various spinal 

disorders and the major focus of numerous biomechanical studies of the spine.   

2.2.1 Measurement of in vivo compressive loads on the spine 

The in vivo biomechanical loads in the lumbar spine are extremely difficult to 

measure experimentally, but the compressive components of the spinal loads were 

estimated from the in vivo measurement of the intradiscal pressure in the L3-L4 disc [8, 

9].  Nachemson found that the estimated compressive load in the spine of a subject of 70 

Kg weight can vary depending upon the posture and activities (500 N in a quiet standing 

posture, 1000 N in forward bending 40 deg; and 2100 N in forward bending 20 deg with 

20 Kg weight).  The results that Wilke et al. found are also very similar to those in 

Nachemson’s study [9].  The results of these studies are valuable but largely limited the 

understanding of spinal loads in vivo because only compressive loads on IVD were 

measured in a specific spinal level.  Furthermore, no estimation of MFs was investigated 

in these studies. 
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2.2.2 Estimation of in vivo spinal loads and MFs 

Because of the practical limitations in direct in vivo measurement, the in vivo 

spinal loads and muscle forces (MFs) have been estimated using a variety of indirect 

methods.  The typical method is to use an analytical model of the spine system (spinal 

column, spinal muscles, and the trunk)in which the spinal column is simulated as either a 

link of elastic beams or a comprehensive finite element (FE) structure.  However, the 

spine system is indeterminate because of the number of unknown forces exceeding the 

number of equality constraints. Thus the equilibrium equations in these models were 

solved by reducing the number of unknowns based upon on various assumptions (i.e., 

neglecting some muscles, grouping some muscles, or a priori relations between the 

muscles) in the earlier studies.  In recent studies, however, optimization methods have 

been used in solving the equilibrium equations by minimizing (or maximizing) some cost 

functions constrained with other constraints. 

For example, Bean and Schultz et al. investigated the compressive load on L5/S1 

level using a linear optimization muscle model incorporating 10 muscles [10]. They 

predicted a compression load of 870 N applied at the L5/S1 level when minimizing the 

compression load, and 1100 N when minimizing muscle intensity. Stokes et al. [11] 

predicted the compressive forces at the L5-S1 level in response to maximum bending 

effort made in the neutral standing posture using a 3-D lumbar spine model in which the 

intervertebral joints were simulated by linear beam elements.  A total of 132 spinal 

muscles were also simulated in this model.  The predicted compressive and shear forces 

were 1359 N and 458N, respectively, in response to an extension effort of 63 Nm and 770 

N and 482 N, respectively, in response to a flexion effort of 23 Nm.  The results of these 

studies were valuable, but the optimization approach inherently lacks the biological 

sensitivity to various possible muscle recruitments and co-contraction patterns. EMG-
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assisted models in which the measured electromyography (EMG) data of selected 

muscles were used to assist in the portioning of the total moment of forces acting about a 

joint into the individual contributions made by the many anatomical structures that can 

produces forces and moments [12]. Furthermore, new methods incorporating the 

optimization and EMG method have developed to minimize the variations in gains while 

satisfying the moment equations of equilibrium in different planes [13, 14] and used in 

assessing the spinal loads and MFs during various activities.  Regardless of the methods, 

the findings of these studies clearly showed that the magnitude of forces in the lumbar 

spine can reach thousands of Newtons [15, 16] while it varies depending upon the type of 

activities as well as the amount of external loads to handle.  For example, El-rich et al. 

predicted a large compression forces about 2000 N in lower lumbar levels when a weight 

of 380 N was held in front.  Cholewicki et al. [15] predicted that the compression force in 

the L4-L5 level can be greater than 4000 N while bending the trunk in flexion, extension 

and lateral bending.  The compressive force in the lumbar spine predicted during power 

lifting was about 18000 N [16].  

As such, the lumbar spine can experience large compressive loads in vivo without 

buckling while still preserving the flexibility required for everyday tasks[17]. In contrast, 

the isolated ligamentous lumbar spine was shown to buckle when subjected to a vertical 

compressive load of only 88 N, whereas the single motion segment was found stiff and 

strong enough to support the large compressive load without failure. Such an inherently 

unstable lumbar spinal column is known to be stabilized by the spinal muscles.  Yet, the 

results of spinal MFs failed to provide the stabilizing roles of those MFs. 



www.manaraa.com

  

 

22

2.3 Spinal stability 

The term, “spinal instability” originates from Kuntsson’s radiologic observation 

of retrodisplacement of a vertebra during flexion and its relationship to low back pain in 

1944 [18].  The early definition of instability focused on translation in the sagittal plane 

(spondylo- or retro-listhetic deformities) and has been represented by a segment that 

induces either hypermobile or catastrophic conditions [18-21].  However, the observation 

of instability in asymptomatic subjects raised a question whether the detected instability 

is the source of pain.  Frymoyer and Selby [22] defined spinal instability as a 

symptomatic condition in which a physiologic load causes abnormally large deformations 

of the intervertebral joint.  Kirkaldy-Willis and Farfan [23] defined “clinical instability” 

as pain resulting from the unstable motion segment.  White and Panjabi [24] defined 

clinical instability as “the loss of the ability of the spine under physiologic loads to 

maintain relationships between the vertebrae in such a way that there is neither damage 

nor subsequent irritation to the spinal cord or nerve roots, in addition, there is no 

development of incapacitating deformity or pain due to structural changes.”  As such, 

spinal (or clinical) instability has been used as a clinical entity in the diagnosis of spinal 

disorders.  Clinical instability, however, remains controversial.  For example, there is no 

real consensus on its definition although it is most widely agreed that the loss of the 

normal pattern of spinal motion causes pain and/or neurologic dysfunction.  Most 

importantly, it is poorly understood how the normal spine maintains its stability while 

keeping flexibility, which is crucial for determining the loss of the normal pattern of 

spinal motion. 

The stabilizing system of the spine may be divided into 3 subsystems: 1) the 

spinal column and 2) the surrounding muscles, well coordinated by 3) the motor control 

unit, [25] and efforts had been made to evaluate the stabilizing effect of MFs.  
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Biomechanical investigators introduced analytical models of the spinal column and 

muscles, assuming that the model system is conservative.  They quantify the potential 

energy (V) of the system for each joint degree of freedom and predicted the mechanical 

stability of the system in terms of “stability index” determined as the value of the 

smallest eigenvalue of the Hessian matrix (second derivative of V with respect to the 

generalized coordinates) [16, 26-29].  The underlying theory is that a conservative 

mechanical system must be stable when the system is in mechanical equilibrium and the 

Hessian matrix is positive-definite (i.e., the smallest eigenvalue of the Hessian matrix is 

greater than zero.).  In all of these studies, the stability index was found positive 

regardless of postures and trunk movements, indicating that the lumbar spine is stable in 

vivo with the spinal MFs.  

However, the previous studies failed to provide the knowledge of an physiological 

algorithm to control the muscle activations for the in vivo maintenance of the stability and 

flexibility of the spine because of following reasons. (1) Numerous intrinsic short 

segmental muscles, such as rotatores, intertransversari, and interspinales are known to 

exist and play a significant role in maintaining the stability of the whole lumbar spine 

[16], but they were not simulated in the spine models of the previously mentioned studies.  

(2) MFs predicted in the previous studies can be one solution out of numerous possible 

solution sets determined to satisfy the equilibrium equations of motion. Different MFs 

were predicted from the same optimization problem in varying the cost function, 

demonstrating the need for more constraints that may be used in determining more 

physiological spinal MFs.  Because of the absence of these intrinsic muscles, the spinal 

musculature worked as guy wires spanning a bending mast in the previous studies.  Such 

guy wire action may increase the stability of the spinal column sufficiently to support the 

physiological loads on the spine but with a significant loss in the column flexibility as 
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observed in Wilke et al’s study [30].  They found 93% and 85% decreases in flexion and 

flexion range of motions with five pairs of guy wires simulating constant MFs (80 N per 

pair) attached to the ligamentous lumbar spine.  There could be another combination of 

MFs to stabilize the ligamentous spine while allowing its flexibility needed for normal in 

vivo upper body movements.  
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2.4 Follower load in the spine 

The concept of a follower load was initially introduced by Timoshenko and Gere 

and Bazant [31, 32]. In the studies of column buckling, they showed that  the critical load 

(or buckling load) of a column can increase when the column is subject to an axial 

compressive force whose  direction is adjusted to a direction which is always normal to 

the cross section at the end of beam (or along the tangential line of the deflection curve) 

as shown in Figure 2-14 and named such force the follower force [32]. 

Figure 2-14 Column loaded by a constant follower force [31] 

In the field of spine biomechanics research, the loading configuration concept that 

compressive forces travel along the curvature in the lumbar spine was first proposed by 

Aspden [33]. Then, Patwardhan et al. developed an experimental method to apply a 
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compressive follower load (CFL) on the ligamentous spine as shown in Figure 2-15 and 

conducted biomechanical experiments to study the effect of the follower load on the 

stability and flexibility of the spinal column.  Results of their studies showed that the 

ligamentous cervical and lumbar spine can withstand a compressive physiologic load up 

to 250N and 1200N, respectively, without buckling of the spine while maintaining its 

flexibility well [3]. They predicted similar mechanical behaviors of the spinal column 

using an analytical model of the spinal column assisted by five MFs (one force vector as 

a resultant of MFs acting on each vertebra).  Based upon the analytical and experimental 

findings, they postulated that the follower load could be a physiologic normal load on the 

lumbar spine with no internal joint moments and shear forces [4, 34]. Since the follower 

load was introduced by Patwardhan et al., it has been adopted in several experiments in 

conjunction with other loading conditions, and its successful application simulated high 

physiological compressive loads on the ligamentous spine without buckling during 

various in vitro biomechanical tests of the spine [35-40]. These successful applications 

led to the hypothesis that the spine may indeed be subjected to the CFL in vivo, in order 

to maintain its stability while at the same time maintaining its flexibility. 

As an analytical trial, Kim and Kim [41] developed and used a 3-D FE lumbar 

spine model including 117 pairs of spinal muscles to prove the hypothesis.  However, 

they failed in finding a perfect follower load (i.e., no joint moments and shear forces) and 

called their model a modified follower load model because they had to allow various 

degrees of shear forces in joints to obtain the solution convergence.   
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Figure 2-15 Schematic diagram of CFL on the lumbar spine [4, 34] 

In contrast, Han et al. recently introduced an optimization model of the lumbar 

spine system incorporating 232 spinal muscles and demonstrated the existence of 

possible combinations of MFs creating CFLs in the lumbar spine in various sagittal 

postures (neutral, fully flexed, and fully extended) within the physiologically possible 

maximum muscle force capacity (MFC) defined as the maximum force that can be 

created per unit physiological cross-section area of a muscle.  Han [5] also showed that a 

perfect follower load can be created by the spinal muscles even when an additional 

external load (weight and moment) is applied to the spine up to fairly high amount of 

loads (more than 1000 N in vertical external weight, for example).  The importance of 

biomechanical roles of intrinsic short segmental muscles (such as interspinales, 

intertransversari, and rotatores) in creating CFLs in the spine was also found in Han’s 

study.  These results indicate that spinal muscles are most likely to stabilize the lumbar 

spine via a follower load mechanism in the spine and the CFLs may be the normal 
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physiological loads in the spine.  However, the major drawback of Han et al.’s studies is 

no confirmation of the stability and flexibility of the lumbar spine under the CFLs 

creating MFs and upper body weight.  A finite element model of the spinal system in 

connection with the optimization model needs to be developed to investigate the static 

and dynamic deformation of the spinal column under CFLs for comprehensive 

understandings of the spinal biomechanics.  
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2.5  Future directions for the studies of the spinal system 

As reviewed previously, the ligamentous lumbar spine is an inherently unstable 

column but can be stabilized by spinal MFs.  The results of the studies of spinal muscles 

using mathematical models in combination with in vivo experiments on human subjects 

undergoing various tasks indicated that the stability index was high (large stability safety 

margin) in the tasks that required large muscular effort but low in the tasks that 

demanded very little muscle activity, demonstrating the stabilizing roles of the spinal 

muscles acting as guy wires.  However, these studies have not provided an insight into 

the possible mechanism for the control of spinal muscle force configuration due to 

following limitations: (1) no consideration of the flexibility of the spine although the guy 

wires can increase the stiffness of the structure significantly; and (2) exclusion of 

numerous spinal muscles (mostly those directly attached to the vertebrae).  In fact, the 

stiffness of a guy wire assisted structure (i.e., the spine with active MFs) can increase too 

high to allow a physiological motion efficiently.  In contrast, the results of the follower 

load mechanism in the lumbar spine clearly demonstrated a great possibility that the 

spinal muscles are controlled to create CFLs in the spine in vivo to maintain its stability 

and flexibility simultaneously.  While numerous studies required to support the 

hypothesis, one of the eminent needs is to create a FE model of the spinal system in 

conjunction with the current optimization model with perfect matches of boundary and 

loading conditions between the models not only for the studies of the stability and 

flexibility of the lumbar spine under CFLs but also for the better understanding of the 

main algorithm for controlling the spinal MFs.   
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CHAPTER 3  

METHODS 

3.1 Development a 3-D FE model of the spinal system 

A 3-D finite element (FE) model of the spinal system  in the neutral standing 

posture consisting of the eight rigid bodies including trunk (ribcage and T12), lumbar 

spine (five vertebrae, discs and ligaments), sacrum-pelvis, and spinal muscles was 

developed as shown in Figure 3-1. 

 The trunk was considered to be connected to the L1 vertebra through the T12-L1 

intervertebral joint. The geometry and shapes of vertebrae and the disc height were 

obtained from previous CT scan measurements done by Zhou et al [42].   The lordosis of 

the spine was set to 50 degrees (Cobb’s angle measured between the top of L1 and the 

sacrum) and each vertebra was located in a position appropriate to make a whole lumbar 

spinal column with a balanced shape. Bony structures in the 3-D FE model were assumed 

rigid and modeled using shell elements with extremely high elastic modulus. 

The intervertebral joint consisting of the intervertebral disc (IVD) and two facet 

joints is modeled as shown in Figure 3-2 to allow the segmental motions. The IVDs with 

anterior longitudinal and posterior longitudinal ligaments were considered as a 

deformable body to allow the segmental motions. The height of the IVD was assumed to 

be about 10 mm in all levels to represent the static state deformed by the body weight and 

MFs according to the reported in vivo data ranging from 5mm to 16mm in L3-L4 and L5-

S1 levels measured from the radiographs of the lumbar spine in the quiet standing posture 

[42]. The material property of the disc was regarded as non-linear isotropic material and 

its nonlinearity was defined using stress versus strain relationships of a spinal motion 

segment experimentally determined in the previous studies [43, 44].  The facet joint was 
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modeled using a nonlinear compression-tension spring element to mimic the kinetic 

characteristics of the apophyseal joint (bony contact and capsular ligament) as shown in 

Figure 3-2. 

  

Figure 3-1 The 3-D Finite element model of the spinal system 

Ligaments were regarded as passive elements of the spinal stabilizing system 

limiting the excessive movement of each vertebra.  All the spinal ligaments except for the 

anterior longitudinal (ALL), posterior longitudinal ligament (PLL), and capsular ligament 

were modeled using a tension spring element because they are known to exert the 
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resisting force only when elongated. While the effect of ALL and PLL was incorporated 

in the disc material properties and capsular ligaments in the facet spring, the mechanical 

roles of the remaining spinal ligaments were simulated by using one tension spring 

element located between the spinous processes as shown in Figure 3-2. 

A total of 232 muscle fascicles including 4 serratus posterior inferior, 14 

latissimusdorsi, 6 external oblique, 6 internal oblique, 48 longissimus, 24 iliocostalis, 12 

psoas major, 10 quadratuslumbarum, 8 rectus abdominis, 6 spinalisthoracis, 40 multifidi, 

12 interspinales, 20 intertransversarii, and 22 rotatores identified in the anatomy literature 

[45-55] were simulated in the model.  Origin and insertion points of all the muscle 

fascicles were determined according to the literature. Although the pelvis was not shown 

in Figure 3-1, muscle attachment points on the pelvic bone were determined 

appropriately based upon the CT image of the pelvis. Many of the long muscles 

(spanning 3 or more motion segments) were forced to pass through several nodes rigidly 

attached to various vertebrae in order to simulate their wrapping over the spine during 

various spinal motions. All the muscle fascicles were modeled using 1-D discrete 

elements to simulate the spinal MFs.  Types and material characteristics of the elements 

used in the FE model of the spinal system are summarized in Table 3-1. 

Table 3-1 Finite element model - Parts Summary 

Parts Type Material type 

Vertebrae Shell element rigid 

Discs Solid element Nonlinear (see 3.1.2) 

Rib cage Shell element rigid 

Muscle Discrete (spring) element Nonlinear 

Ligaments Discrete (spring) element Nonlinear (see 3.1.3) 
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a) Side view of FSU (L3-L4) b) Real iso view of FSU (L3-L4) 

Figure 3-2 Functional spinal unit (FSU) in the 3-D FE model is composed of two 
adjacent vertebral bodies and intervertebral joints (Disc, ligaments and 
apophyseal joint) 

Following loading and boundary conditions were always assumed in all FE 

computations in this study:  1) The weight of the upper body of 350N [41, 56] was 

assumed to be located at the center of gravity (CG) of the trunk determined according to 

the literature so that the trunk produces a flexion moment of 3.5 Nm [41] about the 

geometrical center (GC) of T12 vertebra body when the spine is in a upright standing 

posture.  2) The MFs calculated from the optimization models for various cases were 

added to the FE model as case specific loading conditions. 3) The sacrum and pelvis were 

considered stationary whereas the trunk and all the lumbar vertebrae were allowed to 

move freely in the space.  
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The 3-D FE model of the spinal system was executed using a commercial 

software package, LS-Dyna (Livermore Software Technology, Livermore CA USA). 

3.1.1 Determination of the material properties of the IVD 

In order to determine the mechanical properties of the disc elements, the endplate-

disc-endplate unit was isolated from the model and modified to simulate the in-vitro 

compression tests performed by Brown et al [43]. For this purpose, the disc was modified 

to have a uniform height of 12 mm (Figure 3-3) according to the literature [44], and the 

superior endplate was subjected to an increasing compressive load while the inferior 

endplate was fixed.  The displacement of the superior endplate in response to the applied 

compressive load was predicted to obtain a load-displacement curve.  It was possible to 

determine the mechanical properties of the disc element (non-linear, isotropic properties 

as in Table 3-2) with which the model can result in a load-displacement curve in almost 

perfect agreement with that obtained in the in-vitro test [43] as shown in Figure 3-4. 

 

 

 

a) Rear view of IVD b) Iso view of IVD 

Figure 3-3 IVD FE model (thickness of 12 mm) 
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Table 3-2 Stress (GPa) vs. strain relationship 

Figure 3-4 Comparison of compressive load vs. axial displacement between experiment 
and simulation.

3.1.2 Determination of the 

In order to determine 

vertebral body (L5)-disc

the model and modified to simulate the in

al [57, 58]. A massless

and a vertical force (F) was applied to the end of the rigid bar to apply a bending moment 

 

GPa) vs. strain relationship of the IVD 

strain Stress (GPa) 

0.000000 0.000000 

0.041667 0.000771 

0.059524 0.001541 

0.075397 0.002312 

0.088294 0.003082 

0.101191 0.003853 

0.115079 0.004624 

0.126984 0.005394 

0.005000 0.001080 

 

Comparison of compressive load vs. axial displacement between experiment 
and simulation. 

Determination of the load-displacement behavior of the spring 
simulation of facet joints and ligaments 

In order to determine the range of motion (ROM) of L5-S1 motion 

disc-vertebral body (S1) unit with spring element 

the model and modified to simulate the in-vitro mechanical tests performed by 

massless rigid bar was attached to the top of L5 vertebral body (

F) was applied to the end of the rigid bar to apply a bending moment 

35

 

Comparison of compressive load vs. axial displacement between experiment 

pring elements used for the 

S1 motion segment, the 

with spring element was isolated from 

vitro mechanical tests performed by Adams et 

top of L5 vertebral body (Figure 3-5) 

F) was applied to the end of the rigid bar to apply a bending moment 
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to the upper vertebral body (L5) with a negligible compressive force.  The rotation of the 

L5 in response to the applied moment was predicted to obtain a moment-rotation angle 

curve in cases with varying stiffness characteristics of the spring elements while the 

material properties of the disc elements were fixed as those determined in section 3.1.1. It 

was possible to determine the characteristics of the ligament-joint elements (non-linear, 

compression-tension and tension spring properties as in Table 3-3) with which the model 

predictions can result in the predicted flexion and extension ROMs to those measured in 

the in-vitro tests [57, 58] as shown in Figure 3-6.  

 

Figure 3-5 Schematic diagram to simulate the ROM of L5-S1 (Flexion) 
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Table 3-3 Characteristic disp. vs. load definition of apophyseal joint-ligament spring 
element 

Compression 

(Apophyseal joint) 

 Tension 

(Ligament) 

Disp. (mm) Force (KN)  Disp. (mm) Force (KN) 

-25.0 -1.021  0.0 0.000 

-5.0 -1.021  7.0 0.015 

-3.0 -0.020  15.0 1.020 

-1.5 -0.015  25.0 1.021 

0.0 0.000    

 

  

a) ROM of L5-S1 at 21.3 ±9.0 Nm b) ROM of L5-S1 at 50.9 ±26.7 Nm 

Figure 3-6 ROM of L5-S1 in flexion and extension (The Rom of L5-S1 in flexion was 
9±5 (Adams et al.) and 9.8 (FE), while the Rom of L5-S1 in extension was 
5.0±0.8 (Adams et al.) and 4.0 (FE) respectively) 
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3.2 Improvement of optimization model with follower load constraint 

Since musculo-skeletal system of human spine was indeterminate, an optimization 

technique has been recruited as a standard tool to calculate muscle forces (MFs).  An 

optimization formulation for determining the MFs producing compressive follower loads 

(CFLs) in the lumbar spine was developed in our laboratory [5, 59].  Mathematical 

formulation to find MFs creating CFLs in the lumbar spine is: 
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 −30 ≤ * ≤ 15                  					�� = 1,… ,6� (1.5) 

 0 ≤ 	
%�,�	 ≤ 
�-.�              			�, = 1,… ,232� (1.6) 


��
 and ���
 in (1.1) are compressive follower load (CFL) and moment at l-th 

intervertebral joint force and joint moment, while  
��,��  and 
��,���
 in (1.2) are muscle force 

and external force affecting I-th vertebra.  "��,��  is the normal vector from the center of the l-

th vertebra body to the muscle force, while "���
 and "��,���
  are the normal vector from the 

center of the l-th vertebral body to the  l-th CFL and to the external force respectively.  

Equation (1.4) is the constraint for CFL that resultant force just above in l-th level have to 

run parallel to the curvature of the spinal column. η	in equation (1.5) is the distance 
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between the GC of vertebral body and compressive follower load path (FLP) and 
��� and 


�1��  in equation (1.6) is the MFs to be determined  and the maximum muscle force of 

each muscle, respectively. 

The cost function of optimization problem (1.1) was the summation of CFL and 

joint reaction moment at each level shown in Figure 3-7. It was the representation of 

mechanical burden in the spine  based on the idea that the minimum mechanical burden 

exerted in the intervertebral joints induced the least chance of mechanical injury. Such a 

cost function was selected for this study because it would be physiological if the exerted 

burden can be minimized during normal activities. 

The above formulation was made to find the MFs that create the CFL in the 

lumbar spine while minimizing the total joint reaction forces and moments.  Since there 

could be numerous curves following the lumbar curvature within the anatomic range of 

the intervertebral joint, the location of the FLP for minimum CFLs was determined as an 

anterior or posterior shift from the base spinal curve connecting GCs of the vertebral 

bodies (η in equation (1.5)). The maximum muscle force ( 
�1�� ) for each muscle (1.7) 

was determined by the multiplication of the physiological cross-section area (PCSA) of 

each muscle and its maximum force capacity (MFC) defined as a maximum muscle force 

generated per PCSA in each muscle fascicle.  PCSAs and MFCs were determined 

according to the values reported in the literature.  For example, PCSAs of superficial 

muscles were taken from previous studies [54, 60, 61].  Due to the lack of information of 

the PCSAs of internal, short muscles in the literature, however, they  were assumed to be 

1 cm
2 
[59]. The MFCs of all muscles were assumed to be 0.45 MPa since the MFC of 

spinal muscles was known to vary between 0.1 to 1.0 MPa in previous studies [54, 59, 

62-67]. 
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�1�,�� = 2345� ∗ �
3             			�, = 1,… ,232� 
(1.7) 

The modification of the above formulation made in this study was that the inputs 

of spinal geometry (the locations and orientation of the vertebrae, muscle attachment 

points, and the CG of the upper body) were replaced by those used in the 3-D FE model 

of the spinal system to make the geometrical inputs in both models exactly same. 

 

Figure 3-7 Free body diagrams at L3 vertebra in case of CFLs 
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CHAPTER 4                                                                                              

EXPERIMENTAL VALIDATION OF THE 3-D FE MODEL OF THE LUMBAR 

SPINE 

4.1 ROMs of the lumbar spine under no compression pre-load 

The 3-D FE model of the spinal system was completed by assigning the material 

properties of the intervertebral discs (IVDs), facet joints and ligaments determined in the 

previous sections 3.1.1 and 3.1.2.  However, the lumbar spine model needs an 

experimental validation because the geometry of individual segments in the lumbar spine 

model was different from that of the motion segment model used in the previous section 

and the same material properties of the intervertebral joint were used in all levels.  For 

the experimental validation, the lumbar (L1-S1) spinal model composed of 6 vertebrae 

(S1-L1), 5 IVDs and 15 spring elements for ligament- apophyseal joint was isolated from 

the 3-D FE model of the spinal system. Then, to apply flexion-extension moments with 

negligible compressive force, a long massless rigid bar was attached to the top of L1 

vertebra body while the sacrum of the FE model was fixed as shown in Figure 4-1. 

The rotation of the L1 vertebra in response to the applied moment was predicted 

to obtain the range of motion (ROM) of L1-S1 in response to a certain moment in 

previous studies (21.3Nm in extension and 49.4Nm in flexion) [57, 58, 68]. The predicted 

ROMs fell within one standard deviation of the results in previous studies as shown 

Figure 4-2.  The ROM of L1-S1 predicted by FE model was 48.8° in flexion and 28.2° in 

extension, whereas the accumulated ROM from L5-S1 to L1-L2 was 52°±16° [58] in 

flexion and 23.6°±6.1° in extension [57]. Meanwhile the in vivo ROMs were 53.0° ± 10.2° 

and 23.4° ± 8.3° in flexion and extension reported in the literature respectively [68]. 
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Figure 4-1 Schematic diagram to simulate the ROM of L1-S1 (Flexion) 

 

  

a) ROM of L1-S1 in flexion at 43.98Nm b) ROM of L1-S1 in Extension at 21.3Nm 

Figure 4-2 ROM of L1-S1 in flexion was at 52±16° (Adams et al), 53±10.2° (Wong et al) 
and 48.8° (FE) at 43.98Nm, while ROM of L1-S1 in extension was 23.6±6.1° 
(Adams et al), 23.4±8.4° (Wong et al) and 28.2° (FE) at 21.3 Nm respectively 
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4.2 ROMs of the lumbar spine under physiological pre-load (follower load) 

It is well known that the lumbar spine becomes unstable under a compressive 

force much less than the physiological compressive load, but Patwardhan et al. were able 

to test ROMs of whole lumbar spine under  a physiological compressive load which was 

applied using a wire following the spinal curvature as shown in Figure 4-3 A [4].  In 

order to use the ROM results of their testing for an experimental validation, the 3-D FE 

model of the lumbar spine was isolated for the model of the spinal system and modified 

to simulate the follower pre-load as shown in Figure 4-3 B [4].  

      

Figure 4-3 A schematic diagram of the lumbar spine subjected to a CFL-lateral view 
((A)Experiment [4] and (B)FE)  

Figure 4-4 shows the predicted flexion-extension ROMs under no compressive 

preload in comparison with experimental results [37].  The model prediction and 

experimental results showed a good agreement not only in the total spinal motion but also 

(B) 

Guy wire 
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in the segmental motions at all levels except at the L2-3 level where a small over 

prediction was found.  

 

Figure 4-4 In-vitro and finite element total segmental flexion-extension ROM without 
preload. Mean flexion-extension ROM of L1 with regard to S1 predicted by 
the FEM (47.1°)demonstrated good agreement with the experimental results 
from previous study conducted by Patwarden et.al (49.7±9.7°) 

When the follower preload of 800 N was applied through the cables, the ROMs in 

response to the flexion (8 Nm) and extension (6 Nm) moments showed a decrease from 

those under no-preload not only in the in-vitro experiment [69] but also in our model 

predictions as shown in Figure 4-6 (blue bars from the experiment and brown bars from 

the model predictions). 
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These agreements were encouraging, but the material properties used in the FE 

model, particularly those for the elements of the IVDs needed to be modified because of 

the following reasons:  (1) The FE-model of the spinal system was developed to simulate 

an in-vivo condition, in which the application of follower pre-load using a cable system is 

not feasible.  (2) It is well known that the spinal motion segment is stiffer in an in-vivo 

situation (loaded by the body weight and muscle forces (MFs)) than in an in-vitro case 

where there is no pre-compressive load [70].  Thus, it was necessary to assign a stiffer 

stress-strain relationship to the disc elements in the FE model of the spinal system in 

order to develop an FE model simulating the in-vivo spine.  For this purpose, the stress-

strain relationship shown in Table 4-1 and Figure 4-5 (blue line) was determined from the 

portion of the previous stress-strain relationship (stresses and strains resulting from the 

compressive pre-load greater than 800 N) assuming that the physiological compressive 

load in a quiet standing posture is about 800 N according to the previous studies [1, 37, 

59].  When the FE model of the lumbar spine with stiffer intervertebral disc (IVD) was 

subjected to the flexion-extension moments under no follower pre-load (zero-cable 

force), the predicted flexion-extension ROMs (green bars in Figure 4-6) also showed 

reasonably good agreement with experimental results (obtained from the in-vitro lumbar 

spine under a 800 N follower pre-load) not only in the total spinal ROM but also in the 

segment ROMs.  Such a good agreement indicates that the FE model with stiffened disc 

properties represents the in-vivo lumbar spine reasonably well. 

Explicit code was used in solving multi-segmented spine FE model due to the 

limitation of implicit code for material definition to solve flexion and extension 

simulation of initially stiffened-disc model.  In explicit code, tensile stiffness of the IVD 

was assumed to be that of annulus fibrous of the disc or 45 MPa based on the previous 

study of IVDs [71].   
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Table 4-1 Stress vs. strain relationship on stiffened IVD 

Strain Stress (N/mm
2
) 

0 0 

0.0007706 0.041667 

0.0015412 0.059524 

0.0023118 0.075397 

0.0030824 0.088294 

0.003853 0.101191 

0.0046236 0.115079 

0.0053942 0.126984 

 

 

 

Figure 4-5 Stress vs. strain relationship of IVD (Brown et al. and Stiffened disc 
respectively) 
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Figure 4-6 In-vitro and finite element total segmental flexion-extension ROM with 
preload. The L1-S1 flexion-extension predicted be FEM with an 800N of 
follower load(41.8°) was in good agreement with the results in vitro 
(39.0±7.6°), whereas the ROM of the stiffened disc was 33.7° and it also fell 
within one standard deviation. 

 The application of flexion-extension moments on the model was simulated using 

the same method in section 4.1 (Figure 4-1).  In fact, the same method was used to apply 

the flexion-extension moments on the L1 vertebra in Patwardhan’s study [4].  The 

location of the cables in the FE model was determined by the approximation of the center 

of rotation of each motion segment. Flexion and extension moments were  on T12 by 

varying transverse forces applied on the rod on T12, which was long enough to minimize 

the effects of compressive load when compared to compressive follower load (CFL) so 

that almost pure moment application can be achieved. The application of flexion and 

extension moments of greater than 8 and 6 Nm was simulated in the model, but the 

ROMs predicted in response to 8 Nm flexion and 6 Nm flexion moments were used for a 

comparison with those measured in Patwardhan et al’s studies[4].    

0.0

10.0

20.0

30.0

40.0

50.0

60.0

L1/S1 L1-2 L2-3 L3-4 L4-5 L5-S1

D
e

g
re

e

Patwardhan(800N)

FE-Follower load

FE-Spine



www.manaraa.com

  

 

48

CHAPTER 5  

RESULTS OF THE 3-D FE MODEL IN NEUTRAL POSTURE 

5.1 Optimum solutions for MFs in a neutral standing posture for CFL and non-CFL cases 

From the modified models, optimum solutions of muscle forces (MFs), 

compressive follower loads (CFLs) (compressive loads in the spine in case of follower 

load), joint reaction moments, and the location of follower load path (FLP) for the spine 

in a quiet standing posture were computed using a commercial non-linear optimum solver 

(Lingo) for the spinal system in various conditions.  The solutions are listed in Table 5-1. 

Table 5-1 Recruited muscles in the neutral posture with MFC45 N/cm
2
 under follower 

load (FLP:-11.38 mm) 

Level Superficial muscles N Internal muscles N 

Th-L1 
LatissimusDorsi_L1_RibHum 22.4 Rotatores_L1_T12 45.0 

LatissimusDorsi_L2_RibHum 58.9 
  

L1-L2  
 

Interspinales_L2_L1 0.3 

    Rotatores_L2_L1 45.0 

    Rotatores_L3_L1 6.3 

L2-L3 
 

 
Interspinales_L3_L2 41.1 

    Rotatores_L3_L2 42.7 

L3-L4 
 

 
Interspinales_L4_L3 35.6 

    Intertransversarii_L4_L3 33.9 

L4-L5 
Longissimus_Sa_L4 79.9 Interspinales_L5_L4 9.0 

    Intertransversarii_L5_L4 45.0 

Then, the MFs obtained from the above optimization models were applied as 

external loads in the FE model of the spinal system.  When no MFs were simulated, the 

model predictions showed that the lumbar spine buckles in flexion by the trunk weigh 

(350 N) as shown in Figure 5-1 (a).  In contrast, when the MFs predicted from the 

optimization models (listed in Table 5-1) were added, the lumbar spine was able to 

support the trunk weight with some deformation resulting in the posterior sway of the 
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trunk but without buckling as shown in Figure 5-1 (b).  The magnitude of the posterior 

sway of the trunk CG was 63 mm posteriorly in the CFL case. 

 

 
 

a) FE model of ligamentous spine under 350N on 

trunk CG 

b) Muscles stabilize the upper body 

under CFLs (FLP=-11.38mm) 

Figure 5-1 CFL of the spine can support the upper body in a neutral standing posture. 

5.2 Parametric studies of FLP variation and MFC variation in  a neutral standing posture  

The results in section 5.1 clearly demonstrate the importance of the MFs in the 

stabilization of the lumbar spine.  However, about 63 mm sway seems to be too large 

considering the control of the trunk position in-vivo in a standing situation.  This 

mandated us to conduct a parametric study to investigate the effect of FLP variations on 

the MFs.  In addition, another parametric study examined the effects of muscle force 
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capacity (MFC) variations because the MFs are likely to vary depending upon the MFC 

variations 

5.2.1 The effects of the variations in FLP 

In order to simulate the FLP variation, η in the optimization model was varied 

from the optimum FLP (ƞ = -11.38 mm) to FLPs at ƞ = -5 mm, 0 mm, and 5 mm.  The 

optimization problem was solved for each η value.  In all FLP variation cases, the 

optimum solutions were feasible.  MFs required to create CFLs for each FLP are listed in 

Table 5-1.  In the cases of FLP at ƞ =-11.38mm, a total of 28 muscles need to be recruited 

to create CFLs in a neutral standing posture.  As the FLP position moved away from the 

FLP at ƞ = -11.38 mm, it was predicted that not only all 28 but also additional muscles 

need to be activated in order to create CFLs in the lumbar spine.  The needs for recruiting 

more muscles resulted in the increases in CFLs in all levels as shown in Figure 5-2.   

The changes in CFLs in the cases of FLP at ƞ = -5 mm and 0 mm were substantial 

whereas , in the case of FLP at ƞ = 5 mm, predicted CFLs were greater than 1,000 N 

which would be too high to be a physiological compressive loads in the lumbar spine 

during quiet standing.  Therefore, the case of FLP at ƞ = 5 mm was considered not 

physiological and removed from further FE analyses.   
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Table 5-2 Recruited muscles in FLP variation 

 

Recruited muscle 

pattern 
Activated muscles 

FLPs 

 

Opt 

-11.38  
-5 0 5 Opt 

-11.38  
-5 0 5 

TR-L1 

        LatissimusDorsi_L1_RibHum L 22.4 83.6 106.5 135.4

        LatissimusDorsi_L2_RibHum L 58.9 4.0 3.4 55.4

        LatissimusDorsi_L4_lr L 0.0 11.0 0.0 0.0

        LatissimusDorsi_L4_lr L 0.0 11.0 0.0 0.0

        ExternalOb_Pel_Rib10 L 0.0 0.0 7.5 93.2

        RecAbdominis_Pel_Rib7 L 0.0 25.6 47.3 67.4

        Rotatores_L1_T12 S 45.0 45.0 45.0 45.0

        Rotatores_L2_T12 S 0.0 21.6 45.0 45.0

L1-L2 

        Multifidus_L4_L1_F4 L 0.0 0.0 39.1 59.3

        Interspinales_L2_L1 S 0.3 19.8 6.6 0.0

        Intertransversarii_L2_L1_La S 0.0 0.0 0.0 21.3

        Rotatores_L2_L1 S 45.0 45.0 45.0 45.0

        Rotatores_L3_L1 S 6.3 45.0 45.0 45.0

L2-L3 

        Interspinales_L3_L2 S 41.1 33.1 30.8 45.0

        Intertransversarii_L3_L2_La S 0.0 0.0 0.0 35.1

        Intertransversarii_L3_L2_Me S 0.0 0.0 0.0 20.1

        Rotatores_L3_L2 S 42.7 23.6 27.8 45.0

L3-L4 

        Longissimus_Sa_L3 L 0.0 0.0 0.0 27.3

        Interspinales_L4_L3 S 35.6 45.0 32.8 45.0

        Intertransversarii_L4_L3_La S 0.0 0.0 0.0 45.0

        Intertransversarii_L4_L3_Me S 33.9 20.7 45.0 45.0

L4-L5 

        Longissimus_Sa_L4 S 79.9 82.7 91.4 138.3

        Interspinales_L5_L4 S 9.0 6.9 18.3 17.5

        Intertransversarii_L5_L4_La S 0.0 0.0 0.0 45.0

        Intertransversarii_L5_L4_Me S 45.0 45.0 45.0 45.0

L5-Sa 
        

Longissimus_Sa_L5 S 68.5 75.6 84.3 127.2

(Note: Long muscle: L, Short muscle: S, unit: N)  
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Figure 5-2 Reaction forces at different lumbar level under various FLP (ƞ = opt., -5 mm, 
0 mm and 5mm shift). 

The MFs predicted from the above parametric study were applied to the FE model 

of the spinal system as external forces, and the FE analyses were conducted to predict the 

spinal deformation under different MFs.  Figure 5-3 shows the predicted deformations in 

terms of lumbar lordosis change resulting from the changes in MFs in response to FLP 

variations from ƞ =  -11.38 mm to ƞ = 0 mm).  Interestingly, MFs to create CFLs along 

FLP at ƞ = 0 mm produced so small deformation to result in almost no change in the 

lumbar lordosis even though the predicted CFLs were greater than those in the other two 

cases.  This phenomenon indicates that the lumbar spine can be stabilized most 

effectively when the FLP is following the spinal curve formed by connecting the 

geometric centers (GCs) of the vertebral bodies. 
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Figure 5-3 Changes in lordosis in

5.3.2 Effect of MFC variations

MFC is an indicator to represent 

each individual may have different MFCs, the effect

were investigated using th

in the cases of various MFC values are shown in 

CFLs at all lumbar levels decreased with increasing MFCs, indicating that the lumbar 

spine can experience less compressive loads with healthier muscles.   Such decreases in 

 

 

in lordosis in a neutral posture under MFC 45N

MFC variations 

indicator to represent the strength (or healthiness

each individual may have different MFCs, the effects of MFC variations on the CFLs 

investigated using the optimization model.  The CFLs in all lumbar levels predicted 

in the cases of various MFC values are shown in Figure 5-4.  It is clearly shown that

all lumbar levels decreased with increasing MFCs, indicating that the lumbar 

spine can experience less compressive loads with healthier muscles.   Such decreases in 

53

neutral posture under MFC 45N/cm2 

or healthiness) of muscle.  Since 

of MFC variations on the CFLs 

e optimization model.  The CFLs in all lumbar levels predicted 

It is clearly shown that 

all lumbar levels decreased with increasing MFCs, indicating that the lumbar 

spine can experience less compressive loads with healthier muscles.   Such decreases in 
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CFLs with increasing MFCs resulted from the fact that the number of muscles recruited 

to produce CFLs decreased with greater MFCs as listed in  

Table 5-3.  Interestingly, Figure 5-4 demonstrated that the minimum CFL was predicted 

in the L3-L4 intervertebral joint not in the T12-L1 joint regardless of MFC variations, 

even though it is generally considered that the compressive force in the lumbar spine 

reaches a minimum at L1-L2 and maximum at L5-sacrum. These model predictions in 

this study may explain why the human feels pain in the low back as well as in the 

thoracolumbar junction during a long quiet standing. 

 

Table 5-3 Spinal muscles recruited to create CFLs in cases of various MFCs 

Level Activated muscles MFC45 MFC50 MFC60 MFC70 MFC80 MFC90 

TR-

L1  
LatissimusDorsi_L1_RibHum L 106.5 96.4 104.6 86.6 41.7 32.2 

  LatissimusDorsi_L2_RibHum L 3.4 0.0 0.0 30.9 76.2 76.7 

  LatissimusDorsi_L3_lr L 0.0 0.0 0.0 0.0 0.0 6.3 

  LatissimusDorsi_L4_lr L 0.0 4.5 11.7 7.4 0.0 0.0 

  ExternalOb_Pel_Rib10 L 7.5 0.0 0.0 0.0 0.0 0.0 

  RecAbdominis_Pel_Rib7 L 47.3 49.8 48.6 47.6 46.9 46.9 

  Rotatores_L1_T12 S 45.0 50.0 60.0 70.0 79.0 82.6 

  Rotatores_L2_T12 S 45.0 50.0 20.3 0.0 0.0 0.0 

L1-L2 Multifidus_L4_L1_F4 L 39.1 4.1 0.0 0.0 0.0 0.0 

  Interspinales_L2_L1 S 6.6 21.9 21.9 13.6 0.0 0.0 

  Rotatores_L2_L1 S 45.0 50.0 60.0 70.0 80.0 90.0 

  Rotatores_L3_L1 S 45.0 50.0 60.0 50.2 19.5 5.5 

L2-L3 Interspinales_L3_L2 S 30.8 42.1 33.7 38.8 52.5 50.9 

  Rotatores_L3_L2 S 27.8 43.9 30.8 42.1 78.0 90.0 

L3-L4 Interspinales_L4_L3 S 32.8 50.0 60.0 67.4 72.6 69.2 

  Intertransversarii_L4_L3_Me S 45.0 29.9 7.3 0.0 0.0 0.0 

  Rotatores_L4_L3 S 0.0 23.8 5.0 1.8 6.3 5.1 

L4-L5  Longissimus_Sa_L4 S 91.4 84.9 82.1 79.8 78.1 78.1 

  Interspinales_L5_L4 S 18.3 12.1 2.8 0.0 0.0 0.0 

  Intertransversarii_L5_L4_Me S 45.0 50.0 60.0 70.0 77.8 77.8 

L5-Sa Longissimus_Sa_L5 S 84.3 82.7 83.8 84.7 85.4 85.4 

   Note: Long muscle: L, Short muscle: S, unit: N   
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It is also interesting to note the significant roles of latissimus dorsi and intrinsic 

short muscles at the upper levels (T12-L1 and L1-L2) in creating CFLs in the lumbar 

spine.  The lumbar spine is a vertical column and the spinal load needs to be properly 

directed from the top level to the bottom level in order to create CFLs.  The forces in 

short intrinsic muscles at the upper levels (for example, rotatores T12-L1 and L1-L2) 

were found to increase with increasing MFCs, which indicates the crucial role of intrinsic 

short muscles in creating CFLs.  At the lower levels (L4-l5 and L5-Sa), in contrast, there 

were less variations in CFLs as well as in the muscle recruitment patterns because the 

short muscles required for creating CFL in the lower level were not intrinsic short 

muscles but the short fascicles of a long muscle, the longissimus.  

 Although the longissimus is a long superficial muscle, the model predictions in 

this study demonstrate that only the short fascicle across the L5-Sa level needs to be 

activated to stabilize the lumbar spine during a quiet standing by creating CFLs. 

 

Figure 5-4 CFLs at different levels in various MFC. 
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Figure 5-5 Recruited muscles for neutral standing posture in response to MFC 

variations 
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The MFs predicted in response to the MFC variations from the optimization 

models were applied as external forces to the FE model of the spinal system in order to 

investigate the corresponding changes in the deformation of the lumbar spine.  For a 

clearer look, the deformation of the lumbar spine was demonstrated schematically in 

Figure 5-6 where the dots indicate the GCs of the vertebral bodies in the sagittal plane 

and the curves connecting the dots the lordotic curve of the lumbar spine. In all cases, 

MFs creating CFLs were found to produce very small deformation in the lumbar spine 

with almost no change in the spinal curvature. 

Figure 5-6 Deformation of lumbar spine under various muscle force capacities. 
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5.4 Comparison of CFLs predicted from the optimization model with those from the 3-D 
FE model of the spinal system 

The FE model predictions showed that the MFs predicted from the optimization 

model, though small, resulted in the deformation of the lumbar spine.  The differences in 

the CFLs in the FE model from those in the optimization were investigated with all 

model predictions in previous sections.   

For example, Figure 5-7 shows the muscles activated to produce the CFLs along 

the base curve (FLP = 0 mm) in the case of MFC= 45 N/cm
2
) in a neutral standing 

posture.  When these MFs were applied to the FE model, the FE predictions of CFLs 

demonstrated an almost perfect match for the spinal curve before loading (as expected 

from the minimal changes in the lordosis in section 5.3.1) as shown in Figure 5-8.  The 

magnitude of CFLs obtained from the FE analyses showed an outstanding agreement 

with those predicted from the optimization model as listed in Table 5-4.   

Table 5-4 Direction of reaction forces at different levels (The differences are less than 1 % 
at all levels (Degrees from horizontal axis)) 

 
Optimization(°) 3-D FE(°) %difference 

CFL-Trunk 84.17 83.95 -0.27 

CFL-L1 84.95 84.77 -0.21 

CFL-L2 87.28 87.14 -0.16 

CFL-L3 88.03 88.15 0.13 

CFL-L4 78.91 78.78 -0.17 

CFL-L5 70.49 70.43 -0.08 
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Figure 5-7 Muscle force combination for MFC45 N/cm
2
 Neutral posture under follower 

load constraints (Simulation result) 
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(FE predictions) 
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Figure 5-8 Direction of reaction force at different level. Predicted reaction forces run 
parallel to the curvature of the spine 
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CHAPTER 6  

FE MODEL PREDICTIONS  IN CASE OF VARIOUS SAGITTAL POSTURES 

Previous results clearly showed that optimum compressive follower loads (CFLs) 

could be produced in a quiet standing posture in the sagittal plane at muscle force 

capacity (MFC) 45N/cm
2
 along an follower load path (FLP) at various positions. It was 

also shown that MFs creating CFLs along an FLP in the vicinity of the base spinal curve 

(η = 0 mm) produce a stable deformation of the lumbar spine whereas MFs creating the 

smallest CFLs an unstable deformation of the lumbar spine.  Similar results were found 

in the optimization and FE model predictions with increasing MFC values (i.e., 

simulation of the spinal system with stronger muscles). However, the stability of the 

whole lumbar spine under CFL creating MFs and the upper body was not investigated in 

cases of flexed or extended spines. 

In this section, the stability of the lumbar spine in various sagittal postures were 

investigated using the same computational methods in order to show that the spinal 

muscles can create CFLs in the lumbar spine in all sagittal postures. The geometrical 

information of the flexed and extended lumbar spines as shown in Figure 6-1 was 

obtained from the FE model by applying the bending moment on the L1 vertebra without 

any muscle forces (MFs).  The FE model predictions of the lumbar spine shape 

corresponding to two extended and three flexed postures in Figure 6-1 were used as 

inputs to formulate the corresponding optimization models. 
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6.1 Stability of the spine in various sagittal postures 

6.1.1 CFLs in flexion 10° (MFC = 45 N/cm2) 

The optimization model predicted the minimum CFLs along the FLP at ƞ = -0.65 

mm in the lumbar spine flexed by 10° when MFC was assumed 45 N/cm2. The predicted 

CFLs ranged from 503 N at T12-L1 to 665 N at L5-Sac joint. A total of 37 back muscles 

(20 long and intermediate muscles and 17 muscles short intrinsic muscles) were recruited 

to produce the minimum CFLs. However, the FE model predictions showed that these 

MFs were not able to produce a stable deformation of the lumbar spine in the flexed 

posture. 

Further analyses demonstrated that MFs creating the CFLs along the FLP at η = -

1.3 mm in the lumbar spine in flexion 10° were found to produce a stable deformation of 

the lumbar spine (small enough to result in the trunk center of gravity (CG) sway less 

than 10 mm from the before-loading posture). The predicted CFLs were 500 N at T12-

L1, 499 N at L1-L2, 511 N at L2-L3, 570 N at L3-L4, 656 N at L4-L5 and 670 N at L5-

Sac joint and magnitude of CFLs between the case of minimum CFLs and the case of the 

Figure 6-1 Schematic of 3D FE models of the spine in (A) 10° extension, (B) 5° 
extension, (C) neutral, (D) 10° flexion (E) 20° flexion, and (F) 40° flexion 
postures 
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most stabilized were compared in Figure 6-2. Among the total 35 muscles activated to 

stabilize the lumbar spine, 19 long and intermediate muscles and 16 short and intrinsic 

muscles were recruited as shown in Figure 6-3. The recruited muscles were stabilized the 

lumbar spine within 2 mm sway of the GC’s of the upper body. 

 

  

Figure 6-2 CFL on different levels in flexion 10° 
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A) Lateral view of muscle recruitment B) Lateral view of muscle recruitment 

Figure 6-3 Muscles to produce follower load on the spine in Flexion 10° (sway of 

trunk CG : 2.0 mm under MFC 45 N/cm
2
) 

6.1.2 CFLs in flexion 20° (MFC = 45 N/cm2) 

 In flexion 20°, the minimum CFLs ran FLP at ƞ = 15 mm (anterior 

margins of the vertebral bodies). Predicted CFLs ranged from 557 N at L2-L3 to 649 N 

L5-Sac joint as shown in Figure 6-4. the number of activated long and intermediate 

muscles were 17 out of 178, which were mostly internal oblique and various longissimus 

fascicles, while 17 out of 54 short intrinsic muscles were activated to create minimum 

CFLs. FE analysis, however showed that the application of these MFs produces an 

unstable deformation of the lumbar spine. 

While, the predicted CFLs were 620 N at T12-L1, 624 N at L1-L2, 623 N at L2-

L3, 667 N at L3-L4, 729 N at L4-L5 and 778 N at L5-Sac joint and magnitude of CFLs 

between the case of minimum CFLs. Figure 6-4 shows the CFLs at all lumbar levels 
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predicted from both cases along the FLP at η = 15 mm (minimum case) and along the 

FLP at η = 0 mm (stabilized case). 

MFs that produce a stable deformation in the lumbar spine were those creating 

CFLs along the FLP at η = 0 mm (base spinal curve).  The sway of trunk GC less than 3 

mm was predicted in response to the application of these MFs and the upper body weight 

from the FE analysis.  The recruited muscles in this case included 17 long and 

intermediate muscles (internal oblique and longissimus fascicles) and 15 short and 

intrinsic muscles as shown in Figure 6-5. 

 

Figure 6-4 CFL on different levels in flexion 20°  
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A) Lateral view of muscle recruitment B) Lateral view of muscle recruitment 

Figure 6-5 Muscles to produce follower load on the spine in flexion 20° (sway of 

trunk CG : 1.8 mm under MFC 45 N/cm
2
) 

6.1.3 CFLs in flexion 40° (MFC = 45 N/cm2) 

The optimization model predicted the minimum CFLs along FLP at ƞ = 15.0 mm 

in the lumbar spine flexed by 40°. The predicted CFLs ranged from 860 N at L2-L2 to 

892 N at L5-Sac joint as shown in Figure 6-6. Activated back muscles included 21 long 

muscles (Longissimus, Serratus, Quadratus lumborum and internal oblique) and 18 

intrinsic muscles (interspinales, intertransversari and rotatores). However, these MFs 

creating the minimum CFLs were found to produce an unstable deformation of the 

lumbar spine in the FE analysis as predicted in the case of flexion 20°. 
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 The MFs producing a stable deformation of the lumbar spine were found when 

they created the CFLs along the FLP at η = 2.0 mm.   The predicted CFLs in this stable 

deformation case were 896 N at T12-L1, 893 N at L1-L2, 893 N at L2-L3, 887 N at L3-

L4, 949 N at L4-L5 and 997 N at L5-Sac joint as shown in Figure 6-6 in comparison with 

the minimum CFLs in all lumbar levels. 22 long and intermediate muscles and 20 short 

and intrinsic muscles produced a stable deformation (less than 2 mm sway of the trunk 

CG) are shown in Figure 6-7.  

Figure 6-6 CFL on different levels in flexion 40° 
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A) Lateral view of muscle recruitment B) Lateral view of muscle recruitment 

Figure 6-7 Muscles to produce follower load on the spine in flexion 40° (sway of 

trunk CG : 1.1 mm under MFC 45 N/cm
2
) 

6.1.4 CFLs in extended 5° and 10° (MFC = 45 N/cm2) 

The optimization model predicted the minimum CFLs along FLP at ƞ = -23.1 mm 

in the lumbar spine extended by 5°. The predicted CFLs in this stable deformation case 

were 685 N at T12-L1, 658 N at L1-L2, 561 N at L2-L3, 479 N at L3-L4, 609 N at L4-L5 

and 616 N at L5-Sac joint. Activated back muscles included 22 long muscles (Latissimus 

dorsi, multifidus, and longissimus) and 18 intrinsic muscles (interspinales, 

intertransversari and rotatores).  

On the other hand, minimum CFLs predicted by the optimization model along 

FLP was located at  ƞ = -30.0 mm in the lumbar spine extended by 10°. The predicted 

CFLs in this stable deformation case were 1086 N at T12-L1, 1083 N at L1-L2, 858 N at 
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L2-L3, 767 N at L3-L4, 823 N at L4-L5 and 901 N at L5-Sac joint. Activated back 

muscles included 51 long muscles (Latissimus dorsi, external oblique, multifidus, and 

longissimus) and 20 intrinsic muscles (interspinales, intertransversari and rotatores). 

However, in case of both extended 5° and 10° , these MFs creating the minimum CFLs 

were found to produce an unstable deformation of the lumbar spine in the FE analysis 

regardless FLP variation. 

6.2 Stability under the lowest MFC in various postures 

Another aspect that should be investigated was the effect of variations in MFC 

values on the MFs and CFLs in the spine in various sagittal postures. In this section, the 

effects of MFC variations from 10 to 45 N/cm
2
 were investigated for the cases of neutral 

standing and flexed posture to determine the lowest MFC under which condition CFL- 

creating MFs can produce the stable deformation of the spine.  In cases of extended 

postures, in contrast, the effect of MFC values greater than 45 N/cm
2
 was investigated 

because the spinal muscles with MFC of 45 N/cm
2
 were found able to create CFLs but 

not to produce the stable deformation of the lumbar spine.  

6.2.1 Stability in neutral standing posture 

When MFC was 30 N/cm
2
, the minimum CFLs were found to be created along 

the FLP at η = -11.38 mm in a neutral standing posture. The predicted CFLs ranged from 

488N at L3-L4 to 601N at L5-Sac joint as shown in Figure 6-8. The spinal muscles 

needed to create such CFLs including 14 long and intermediate muscles (only latissimus 

dorsi and longissimus), and 22 short and intrinsic muscles (intertransversarii, rotatores 

and interspinales). 

As found in the previous case under MFC = 45 N/cm
2
, the spinal muscles with 

MFC of 30 N/cm
2
 were able to produce a stable deformation of the lumbar spine when 
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they created CFLs along the FLP at η = 0 mm. The predicted CFLs in such a case were 

1031 N at T12-L1, 1068 N at L1-L2, 1033 N at L2-L3, 1078 N at L3-L4, 1157 N at L4-

L5 and 1178 N at L5-Sac joint as shown in Figure 6-8 (green bars). 

In contrast to the corresponding case with MFC = 45 N/cm
2
, 56 muscles out of 

232 muscles had to be recruited to support the upper body in a stable manner. The 

activated muscles were 24 long and intermediate muscles and 32 short and intrinsic 

muscles as shown in Figure 6-9. Such recruitment of more muscles were found to 

dramatically increase the CFLs at all lumbar levels not only from those predicted in case 

of MFC = 45 N/cm2 but also from the minimum CFL case as shown in Figure 6-8.  It 

was also interesting that, even though stable, the sway of trunk CG was greater in case of 

MFC = 30 N/cm2 than in the case of MFC = 45 N/cm2 (4.5 mm vs. 0.7 mm).  These 

results indicate that the weakness in back muscles may increase the spinal loads 

significantly and make the stability control more difficult. 

  

Figure 6-8 CFL on different levels in neutral posture under MFC 30 N/cm
2
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A) Lateral view of muscle recruitment C) Lateral view of muscle recruitment 

Figure 6-9 Muscles to produce follower load on the spine in neutral posture (sway 

of trunk CG : 4.5 mm under MFC 30 N/cm
2
) 

6.2.2 Stability in flexed 10° 

When MFC was 10 N/cm
2
, the minimum CFLs were found to be created along 

the FLP at η = -3.8 mm in flexion 10°. The predicted CFLs ranged from 553N at L2-L3 

to 686N at L5-Sac joint as shown in Figure 6-10. The spinal muscles needed to create 

such CFLs include 29 long and intermediate muscles (latissimus dorsi, external oblique, 

internal oblique, longissimus, iliocostalis, and multifidus), and 19 short and intrinsic 

muscles (intertransversarii, rotatores and interspinales). 

The spinal muscles with MFC of 10 N/cm
2
 were able to produce a stable 

deformation of the lumbar spine when they created CFLs along the FLP at ƞ = -1.3 mm. 

The predicted CFLs in such a case were 554 N at T12-L1, 556 N at L1-L2, 553 N at L2-

L3, 581 N at L3-L4, 650 N at L4-L5 and 686 N at L5-Sac joint as shown in Figure 6-10 

(green bars). 
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A total of  48 muscles out of 232 muscles were recruited to support the upper 

body in a stable manner. The activated muscles were 26 long and intermediate muscles 

and 22 short and intrinsic muscles as shown in Figure 6-11. The sway of trunk CG in 

flexion 10° was 4.3 mm in the case of  MFC = 10 N/cm
2
. 

 

 

Figure 6-10 CFL on different levels in flexion 10° under MFC 10 N/cm2 
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A) Lateral view of muscle recruitment B) Lateral view of muscle recruitment 

Figure 6-11 Muscles to produce follower load on the spine in flexion 10° (sway of 

trunk CG : 4.3 mm under MFC 10 N/cm
2
) 

6.2.3 Stability in flexed 20°
 
 

When MFC was 10 N/cm
2
, the minimum CFLs were found to be created along 

the FLP at η = 15.0 mm in flexion 20°. The predicted CFLs ranged from 592N at T12-L1 

to 658 N at L5-Sac joint as shown in Figure 6-12. The spinal muscles needed to create 

such CFLs include 24 long and intermediate muscles (serratus, latissimus dorsi, internal 

oblique, longissimus, and multifidus), and 25 short and intrinsic muscles 

(intertransversarii, rotatores and interspinales). 

The spinal muscles with MFC of 10 N/cm
2
 were able to produce a stable 

deformation of the lumbar spine when they created CFLs along the FLP at ƞ = 0.0 mm. 

The predicted CFLs in such a case were 644 N at T12-L1, 641 N at L1-L2, 641 N at L2-
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L3, 671 N at L3-L4, 751 N at L4-L5 and 785 N at L5-Sac joint as shown in Figure 6-12 

(green bars). 

 

 54 muscles in total out of 232 muscles were recruited to support the upper body 

in a stable manner. The activated muscles were 31 long and intermediate muscles and 23 

short and intrinsic muscles as shown in Figure 6-13. The sway of trunk CG in flexion 20° 

was 2.6 mm in the case of  MFC = 10 N/cm
2
.  

Figure 6-12 CFL on different levels in flexion 20° under MFC 10 N/cm2 
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A) Lateral view of muscle recruitment B) Lateral view of muscle recruitment 

Figure 6-13 Muscles to produce follower load on the spine in flexion 20° (sway of 

trunk CG : 2.6 mm under MFC 10 N/cm
2
) 

6.2.4 Stability in flexed 40° 

The minimum CFLs were found to be created along the FLP at ƞ = 15.0 mm in 

flexion 40°, when MFC was 10 N/cm
2
 . The predicted CFLs ranged from 929N at T12-

L1 to 1104 N at L5-Sac joint as shown in Figure 6-14. The spinal muscles needed to 

create such CFLs include 48 long and intermediate muscles and 23 short and intrinsic 

muscles. 

As found in the previous case under MFC = 45 N/cm
2
 , the spinal muscles with 

MFC of 10 N/cm
2
 were able to produce a stable deformation of the lumbar spine when 

they created CFLs along the FLP at ƞ = 2.0 mm. The predicted CFLs in such a case were 

978 N at T12-L1, 996 N at L1-L2, 1012 N at L2-L3, 1010 N at L3-L4, 1072 N at L4-L5 

and 1113 N at L5-Sac joint as shown in Figure 6-14 (green bars). 
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In contrast to a corresponding case with MFC = 45 N/cm
2
, 83 muscles out of 232 

muscles had to be recruited to support the upper body in a stable manner. The activated 

muscles were 52 long and intermediate muscles and 31 short and intrinsic muscles were 

recruited as shown in Figure 6-15. The recruited muscles were able to stabilize the 

lumbar spine within 2 mm sway of the trunk CG.  

 

Figure 6-14 CFLs at different levels in flexion 40° under MFC 10 N/cm
2
 

800.0

850.0

900.0

950.0

1000.0

1050.0

1100.0

1150.0

T12-L1 L1-2 L2-3 L3-4 L4-5 L5-S1

C
F

L
(N

)

Min. CFLs(15 mm) Stabilized(2 mm)



www.manaraa.com

  

 

77

  

A) Lateral view of muscle recruitment B) Lateral view of muscle recruitment 

Figure 6-15 Muscles to produce follower load on the spine in flexion 40° (sway of 

trunk CG : 1.5 mm under MFC 10 N/cm
2
) 

6.2.5 Stability in extension 5° 

Through numerous trials, it was possible to determine the MFC of 70 N/cm
2
. 

under the MFC 70 N/cm
2
, the optimum solutions of MFs produced the stable deformation 

of the lumbar spine extended by 5°.  In this case of MFC = 70 N/cm
2
, the minimum CFLs 

were found along the FLP at η = -18.09 mm by the activation of 32 muscles (11 long and 

intermediate muscles of latissimus dorsi and longissimus and 21 short intrinsic muscles 

of intertransversarii, rotatores and interspinales). 

The predicted minimum CFLs ranged from 397N at L3-L4 to 705 N at L5-Sac 

joint as shown in Figure 6-16.  MFs creating these CFLs, however, were found to 

produce an unstable deformation of the lumbar spine.  
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In contrast, the spinal muscles with MFC of 70 N/cm
2
 were able to produce a 

stable deformation of the lumbar spine in 5° extension when they created CFLs along the 

FLP at η = -1.0 mm.  The predicted CFLs in this case were 1257 N at T12-L1, 1315 N at 

L1-L2, 1223 N at L2-L3, 1224 N at L3-L4, 1301 N at L4-L5 and 1334 N at L5-Sac joint 

as shown in Figure 6-16 (green bars).  The spinal muscles activated in this case include 

17 long and intermediate muscles and 31 short and intrinsic muscles, and these muscles 

are shown in Figure 6-17.  The stable deformation of the extended lumbar spine was 

found to result in the 4.8 mm sway of the trunk GC. 
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Figure 6-16 CFL on different levels in extension 5° under MFC 70 N/cm
2
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A) Lateral view of muscle recruitment B) Lateral view of muscle recruitment 

Figure 6-17 Muscles to produce follower load on the spine in extension 5° (sway 

of trunk CG : 4.8 mm under MFC 45 N/cm
2
) 
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CHAPTER 7                                                                                                    

DISCUSSION 

The basic biomechanical functions of the spine are to support the body weight and 

external loads without buckling (stability) and to allow upper body movement 

(flexibility). In general, it is challenging to design a mechanism that maintains both 

functions since higher stability restraints flexibility. However, it is widely accepted that 

the mechanically contradicting functions of the spine are achieved in vivo by the spinal 

muscles. The spinal muscles stabilize the ligamentous spinal column which is inherently 

unstable due to its long and flexible features. As the lumbar spine is the only linkage 

which connect the upper body and sacrum, the kinematics of lumbar spine is likely to be 

one of the major contributors to normal spinal functions [72]. 

In numerous biomechanical studies [2, 12, 15, 73-78], the stabilizing roles of 

spinal muscles have been investigated analytically and experimentally. For example, 

biomechanical investigators developed analytical models of the spinal column and 

muscles to determine the stability index  of the spine based upon the underlying theory 

that a conservative mechanical system must be stable when the system is in mechanical 

equilibrium and its stability index is greater than zero.  Stability index is a sophisticated 

way to quantify the stability of the human spinal system based on “the hypothesis that the 

lumbar spine normally is stabilized in response to small disturbances from the maximum 

effort state by the stiffness of the spinal musculature” [27].  In all of these studies, the 

stability index was found to be positive regardless of the trunk postures and movements, 
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indicating that the lumbar spine is stable with the spinal muscle forces (MFs) in any of 

the investigated conditions. However, the major drawback of these previous studies was 

that their results did not improve our understandings of how the activities of spinal 

muscles are controlled for the maintenance of the spinal stability in vivo.  Another 

limitation of these studies was that they had  no incorporation of the activities of 

numerous intrinsic short segmental muscles, such as rotatores, intertransversari, and 

interspinales, which are known to exist and play a significant role in maintaining the 

stability of the whole lumbar spine [16].   

Meanwhile, Patwardhan et al. [4, 34] recently reported interesting results of in 

vitro biomechanical tests of the lumbar spine under a compressive follower load (CFL) 

that turns its direction so as to always remain tangential to the deflection curve (lumbar 

lordosis).  Their experimental results showed that the ligamentous lumbar spine can 

sustain a large compressive load without buckling while maintaining its flexibility 

reasonably well, when the compressive load is applied in a follower force pattern. Other 

investigators [79, 80] also have successfully used the follower load in simulating a high 

physiological compressive load on the ligamentous spine without buckling during various 

in vitro biomechanical tests of the spine.  These experimental results suggest that the 

spine may be subjected to the CFL in vivo to maintain its stability while maintaining 

flexibility.   

Computational studies of the CFLs also have been reported to investigate if the 

follower load can be created in the spine by human spinal musculature.  Patwardhan et al. 

[81] conducted an analytical study using a continuum model of the spine and showed that 
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trunk muscles may co-activate to generate a follower load.  However, they simulated the 

spinal muscles as 5 different hypothetical muscle architecture, and their results were not 

sufficient to figure out the contribution of individual muscles making the follower load. 

 Another disadvantage of Patwardhan et al’s study was that they investigated the 

spinal stability in the coronal plane although the stabilization of the spine would be more 

challenging in the sagittal plane than in the coronal plane because of the lordosis and 

more concentration of spinal muscles in the posterior aspect of the spine.  Kim and Kim 

[82] also recently investigated using a finite element model of the spine with the spinal 

muscles in greater detail including short intrinsic muscles the feasibility of the follower 

load creation in the spine in a standing posture but failed to create the follower load using 

spinal MFs in the sagittal plane.  On the other hand, using an optimization of the lumbar 

spinal system incorporating 232 spinal forces including short intrinsic muscles, Han et al. 

[83, 84] showed that there could be numerous combinations of spinal MFs creating a 

CFL in the lumbar spine in various sagittal postures. They also investigated the effect of 

increasing external compressive force and flexion moment applied on the lumbar spine 

and found that the back muscles could create CFLs in the lumbar spine while supporting 

not only the upper body weight but also a considerable amount of external loads [5, 85].   

The results of the above studies clearly suggested that the CFL could be a 

physiological spinal load and spinal muscles may be controlled to create CFLs in the 

spine by the central nervous system in vivo in order to maintain the spinal stability.  

Complete tests of this hypothesis are extremely challenging due to the practical 

limitations in experimental studies of spinal muscles.  However, one of the logical steps 
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of such tests would be to study the deformation of the lumbar spine resulting from the 

spinal MFs creating CFLs in the lumbar spine in relation to the spinal stability using a 

finite element (FE) technique.  In this study, a 3-D FE and optimization models of the 

lumbar spine, sacrum, the trunk (upper body connected to the L1 through T12-L1), and 

232 spinal muscles attached to the appropriate bony elements were developed and used 

interactively for this purpose.  

7.1 Validation of the 3-D FE model and synchronization of the optimization with the FE 
model 

 

The validation of the computational models and methods was essential to the 

reliability of the model predictions. Although complete experimental validation of these 

computational studies were not practical, it was possible to validate and the FE model 

predictions and the optimization formulation at least in part in the following ways.  

The validity of the FE model was confirmed by comparing the FE model 

predictions with various experimental results.. For example, the comparison of FE model 

predictions with in-vitro range of motions (ROMs) of ligamentous lumbar spine without 

physiological preload during flexion and extension (section 4.2) showed an excellent 

agreement not only in the ROMs of the lumbar spine but also in the segmental ROMs in 

all lumbar levels.   

The validity of the 3-D FE model of the multi-segment lumbar spine (S1-L1) 

under physiological load was also confirmed by using   flexion-extension ROMs of the 

lumbar spine under physiological preload (CFL of 800 N) in measured in the previous 
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study [37]. The ROMs predicted from the FE model simulating the in vitro flexibility 

tests under the follower load demonstrated a good agreement with those measured in the 

experiment as presented in 4.2.  Figure 4-6 showed the predicted FE results of flexion and 

extension range of motion (ROM) of the lumbar spine compared with in vitro experiment. 

The ROM with preload (39.0°) was only 20% smaller than the ROM without preload 

(49.7°) in the previous study and this was predicted from FE model (47.1° and 41.8° 

respectively). Especially, the ROMs of stiffened intervertebral disc (IVD) for 3-D in vivo 

FE model fell within one standard deviation at all levels, and the total flexion-extension 

ROM (33.7 @ S1-L1) also fell within one standard deviation. As such, the 3-D FE model 

developed in this study may be reliably used not only for simulating the spinal system in 

vivo and but also studying the follower load mechanism in the spinal system. Another 

possible way to validate the current 3-D FE model was to compare the model predictions 

of compressive follower loads (CFLs) with the corresponding spinal compressive load 

measured in previous in vivo, ex vivo and in vitro experiments [1, 8, 80, 86, 87].  For 

example, while standing at ease, the compressive load at the L3-L4 joint predicted from 

the FE model (compressive follower load (CFL) along the follower load path (FLP) at η 

= 0 mm) was 682.7N, whereas the range from in vitro and in vivo experiments ranged 

from 500N to 800N. Meanwhile, the predicted CFLs on the L3 disc in the flexed spine  

(667N in 20° flexion and 888 N in 40° flexion) also agreed well with those (600N in 20° 

flexion and 1000 N in 40° flexion) measured in vivo by Nachemson. Considering the 

possible variations in the spinal load depending on the changes in muscle strength, 

muscle orientations with respect to the spinal column, and the spinal lordosis from 
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individual to individual, , the discrepancy between the CFLs predicted from the 3-D Fe 

model and measured in previous studies might be ineluctable, and the FE model 

predictions of this study look physiological.  

The validity of the optimization formulation was also investigated by comparing 

the CFL vectors obtained from the optimization analyses with those predicted from the 

FE model in response to the application of muscle forces (MFs) obtained from the 

optimization analysis as presented in section 5.4.  The outstanding agreement in those 

CFLs (less than 1% not only in the magnitudes and the directions) clearly demonstrate 

that there was no flaw in the optimization formulations because both the optimization and 

FE solvers used in this study were a commercial software package whose validity has 

been well known. 

7.2 Limitation of current biomechanical study 

 

The major limitation of this study in proving the hypothesis of lumbar spine 

stabilization by spinal muscles via CFL mechanism was that the lumbar spine only in 

sagittal postures was investigated in this study while the spine is certainly a dynamic 3-D 

structure.   

As a first step, the lumbar spine in various static postures was investigated in this 

study because of two reasons. Firstly, the sagittal posture was selected because the 

maintenance of the stability should be most challenging due to the geometry of human 

body (more spinal muscles in the posterior side of the spine, trunk weight applied on the 

anterior side of the spine and the midsagittal symmetry). The study of the spine in a static 

posture was selected not only because it is much simpler than the dynamic study but also 
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because the maintenance of the spinal stability in a static posture would be more 

challenging than that during a motion. 

 Thus, the results of this study are likely to be physiologically meaningful and 

sufficient to predict the stabilizing roles of back muscles via a follower load mechanism.  

However, further studies of the spine in 3-D postures during a motion are required, and 

the studies of muscle activities for stabilizing the lumbar spine in other static postures, 

such as lateral bending and axial rotation by creating CFLs are the topics of our current 

investigations using the same computational methods.   

Another limitation of the current study was lack of validation of muscle activities 

for stabilizing the lumbar spine in various postures, such as flexed or extended posture. 

The solution convergence was checked in every solution case, which suggested that 

spinal muscles be able to produce the follower load in neutral and every flexed posture 

under muscle force capacity (MFC) of 45N/cm
2
.  

However, the muscle activation patterns, the magnitude of muscle force (MF) 

information in vivo were currently impractical to approach and should be further 

investigated for the improvement and the full validation of the 3-D FE model to support 

hypothesis that the spine is stabilized in vivo through a follower load mechanism created 

by spinal muscles. This is a common limitation in all analytical and/or experimental 

studies of spinal muscles. There is an eminent need for the development of new methods 

to quantify the MFs and diagnose the muscle strength and the contraction patterns.   

Finally, it is important to understand that the FE models of this study were 

formulated and validated to investigate the load-displacement behaviors of the lumbar 

spine and/or lumbar spinal segments.  More realistic detail simulation of the 

intervertebral discs, facet contacts, ligaments and bones was possible but not made in our 

models in order to reduce the computational cost.  Therefore, only model predictions 
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related with the load-displacement behavior were valid and presented in this study.  

Further refined models are required to obtain the reliable information of the stresses and 

strains in the spine under the physiological loads (upper body weight and CFL creating 

MFs) predicted in this study. 

7.3 Innovative features in current biomechanical study 

 

Despite a few limitations, major contributions of this study to the field of spine 

research can be found in the following aspects:: 1) modeling of the intrinsic short muscles 

(rotatores, intertransversari, etc.) which have never been explicitly simulated in the 

previous studies;  2) FE analyses of the lumbar spine under the upper body weight and 

CFL creating MFs; and 3) offering a computational tool for improving the current 

understandings of the follower load mechanism in the spine.  

The stabilizing roles of intrinsic short muscles have been suggested by some 

investigators [16] but never been studied separately.  The intrinsic short muscles were 

simulated for the first time in this optimization and FE studies of the spinal system.  The 

forces in the intrinsic short muscles were found to be crucial for CFL creation by spinal 

muscles (see Appendix D).  If the CFL were the physiological in vivo spinal load as 

postulated by Patwardhan et al. [4, 37], the existence of healthy intrinsic short muscles 

would be one of the most critical requirements to prevent the occurrence of abnormal 

loads in the spine.  Further studies of the biomechanical effects of these short MFs on the 

spinal stability are required to improve the current clinical treatment to spinal instability 

and low back pain. In addition, no FE models of the whole lumbar spine that simulate the 
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stable standing of the lumbar spine under the upper body weight only by the spinal MFs 

have been introduced in the literature.   

Another innovation of this study would be the introduction of a versatile 

computational tool for the study of the follower load in the spine. The development of an 

experimental method to apply a CFL on the ligamentous spine opened the way to test the 

spine under a physiological compressive load. However, the use of two wires following 

the spinal curve on the right and left lateral sides of the spine was found to produce a 

large artifact particularly when the spine is subjected to the lateral bending or axial 

rotational moment.  During such a rotation in the coronal or transverse plane, the wire 

tensions were found to produce moments of which magnitude cannot be well quantified.  

Because of this artifact, the flexibility tests of the spine under a physiological CFL have 

been valid only in flexion and extension motion.  Furthermore, a few computational 

studies of the follower load in the spine in the literature have not been as comprehensive 

as this study.  For example, the spine was simulated as a rigid link system in some FE 

studies with MFs with the incorporation of the limited number of spinal muscles.  An 

optimization study simulating all intrinsic short muscles showed the possible combination 

of MFs producing CFLs but provide no further information on the effect of those MFs on 

the spinal deformation.   

The computational models and analysis methods introduced in this study were 

found useful to obtain excellent insights into the CFLs in the lumbar spine.  Although the 

studies conducted in this study was limited to the studies of CFLs and MFs in the lumbar 

spine in various static sagittal postures, the current computational approach can be easily 
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extended to the study of the CFLs in the lumbar spine in other postures, such as lateral 

bending, axial rotation, and/or combined 3-D bending postures.  Furthermore, the FE 

models used in this study were formulated for both static and dynamic analyses and have 

great potential to provide a valuable tool for studying the roles of back muscles in 

controlling the dynamic motion of the upper body in a stable manner. 

7.4 Interpretation of results 

 

The feasibility of optimum solutions of MFs, joint reaction forces (CFLs), and 

FLP location for all studied sagittal postures indicate that it is be possible to create CLFs 

by using the spinal MFs in the lumbar spine. However, it was also found in the FE 

analyses that some CFLs can produce the lumbar spine deformation large enough to 

cause a significant sway of the trunk (> 10 mm) depending upon the location of the CFLs 

as shown in Figure 5-1.  

The stable deformation (resulting in the trunk sway < 10 mm) of the lumbar spine 

in a neutral or flexed posture was found only by MFs creating CFLs along a FLP in the 

vicinity (about ± 2 mm) of the base spinal curve (FLP at η =0 mm) established by 

connecting the GCs of the vertebral bodies when the MFC was 45 N/cm
2
.  In the 

extended postures, in contrast, the MFs created CFLs along a FLP located within the 

range from η = -30 mm to-13 mm in 5° extension and from η = -30 mm  to η = -25 mm 

in 10° extension, and these MFs were found to produce unstable deformation of the 

extended lumbar spine. 
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These results suggest that CFLs should be created along an FLP nearby the base 

spinal curve for the stability of the lumbar spine in a neutral or flexed posture.  The 

maintenance of an extended spine in a stable manner using a CFL mechanism may 

require stronger back muscles as shown in the parametric study of the effect of MFC 

variation.  This may explain the reason why a human can maintain a flexed posture 

longer with more comfort than an extended posture.  

7.4.1 Variations in FLP location 

In this study, a non-linear optimization method was used for the cases that FLP 

was not fixed. However in the case of fixed FLP, the moment arm in equation (1.3) was 

set to a certain constant and the non-linear optimization problem became a linear 

optimization problem. In this case, feasible space was convex and linear equality 

constraints were mutually independent. It was proven that the solution of such a linear 

optimization had to be unique with the cost function value of the global minimum. 

The FLP is the location of the combined reaction force on each vertebra and its 

location changed the moment arm of CFLs. The location of FLP or combined reaction 

forces affected the load distribution on IVD and resulted in changing of stress distribution. 

The CFLs variation by changing the location of FLP’s was shown in Figure 7-1.  The 

predicted CFLs were obtained from the optimization model which was solved from the 

FLP at ƞ = -30mm to the FLP at ƞ = 10mm in a neutral standing posture under MFC 

45N/cm
2
.  Figure 7-1 also showed that the CFLs increased steeply as the FLP shifted 

anteriorly from the center of vertebra body and deviated from the physiological range.  
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The FLP in neutral posture under MFC 45 N/cm
2
 was in its optimum at FLP at ƞ 

= 11.83 mm where the location of combined reaction forces shifted posteriorly parallel to 

the connected tangent line of the center of each vertebra. Though the CFLs were the 

lowest among the cases, the sway predicted by 3-D FE model of the center of gravity 

(CG) of upper body was the largest among cases. On the contrary, the sway of the CG on 

trunk in the case that the FLP at ƞ =  0 mm was 1.4 mm and the smallest among cases. 

This result indicates that the lowest cost could not guarantee the maximum stability of the 

spine and the 3-D FE model could be powerful tool to evaluate the stability of the spine.  

 

Figure 7-1 Variation in CFLs (N) at each level with respect to the FLP variation from the 
GCs of each vertebra. Negative x-value indicates the posterior shift from the 

center of vertebral body. 

Meanwhile, to investigate the range of stability region and the relation between ƞ 

and the sway of trunk CG near ƞ = 0 mm in a neutral standing posture, ƞ in the 

optimization model varied from 0 mm to ±2 mm at 0.5mm interval.  In order to evaluate 
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the stability of spinal column within a certain range in a neutral standing posture, the 

sway of the trunk CG body was limited to 10 mm. If the sway of the trunk CG exceeded 

10 mm either anteriorly or posteriorly, no further analysis was conducted. Muscles 

required to create CFLs in the neutral standing posture are listed in Table 7-1. In all 

cases, the latissimus dorsi (L1-Rib) generated the largest forces and the longissimus (Sa-

L4) played critical role to create the CFLs in the lumbar spine.  

Table 7-1 Recruited muscles which stabilized the lumbar spine in different FLP 

FLP (ƞ) -1.0 mm -0.5 mm 0 mm 0.5 mm 1.0 mm 1.5 mm 

LatissimusDorsi_L1_RibHum 100.82 106.99 106.55 105.92 105.29 108.05 

LatissimusDorsi_L2_RibHum 3.17 0.00 3.45 7.33 11.52 12.57 

ExternalOb_Pel_Rib10 0.00 1.55 7.54 13.97 20.80 25.75 

RecAbdominis_Pel_Rib7 45.08 47.07 47.33 47.59 47.89 49.10 

Rotatores_L1_T12 45.00 45.00 45.00 45.00 45.00 45.00 

Rotatores_L2_T12 45.00 45.00 45.00 45.00 45.00 45.00 

Multifidus_L4L1_F4 29.40 42.29 39.10 35.37 31.44 28.85 

Interspinales_L2_L1 10.00 4.49 6.62 9.06 11.66 0.00 

Intertransversarii_L2_L1_La 0.00 0.00 0.00 0.00 0.00 30.20 

Rotatores_L2_L1 45.00 45.00 45.00 45.00 45.00 45.00 

Rotatores_L3_L1 45.00 45.00 45.00 45.00 45.00 45.00 

Interspinales_L3_L2 32.32 26.04 30.83 36.19 41.92 45.00 

Intertransversarii_L3_L2_Me 0.00 0.00 0.00 0.00 0.00 1.64 

Rotatores_L3_L2 31.79 26.24 27.85 29.75 31.78 35.31 

Interspinales_L4_L3 42.51 27.71 32.79 38.68 44.97 45.00 

Intertransversarii_L4_L3_La 0.00 0.00 0.00 0.00 0.00 9.00 

Intertransversarii_L4_L3_Me 29.25 44.67 45.00 45.00 45.00 45.00 

Longissimus_Sa_L4 85.61 87.00 91.39 96.12 101.14 104.91 

Interspinales_L5_L4 16.29 16.96 18.30 19.76 21.31 22.61 

Intertransversarii_L5_L4_Me 45.00 45.00 45.00 45.00 45.00 45.00 

Longissimus_Sa_L5 80.73 81.88 84.31 86.92 89.69 91.97 

Number of recruited muscle 

(pairs) 
17 17 18 18 18 20 
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The range of CFLs increases, as the FLP position moved away from the FLP at ƞ 

=  -1 mm as shown in Figure 7-2. In the case of FLP at ƞ = -2 mm, -1.5 mm, 2 mm, FE 

model predicted that the sway of trunk CG exceeds 10 mm during standing quietly. 

Therefore, the cases of FLP at ƞ =  -2 mm, -1.5 mm, and 2 mm were considered not 

stable and removed from further FE analysis. The figure also showed that the predicted 

lumbar joint force was at its minimum in L3-4 level. It seemed that  a number of long 

muscles were involved to satisfy the moment equilibrium on T12 induced by the trunk 

weight and it produced large reaction forces on T12-L1 level and L1-L2 level. 

Meanwhile, in case of lower levels such as L4-L5 level and L5-S1 level, a sudden change 

of curvature might be the main reason of activation of  the longissimus and it generated 

the larger joint reaction forces.      
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Figure 7-2 Comparison on CFLs in different levels to stabilize the lumbar spine 

 Figure 7-3 shows the predicted the sway of GC’s of upper body resulting 

from the various MFs in response to FLP variation from ƞ = -1 mm to ƞ = 1.5 mm. MFs 

to create CFLs in FLP=0.5 mm under MFC 45 N/cm
2
 produced the smallest sway of 

trunk CG among cases and the regression data showed that the lumbar spine was in its 

most stability near FLP at ƞ = 0 mm. The lumbar spine model also showed that its range 

of stability under the criteria of less than 10 mm sway of the trunk CG was from FLP at ƞ 

= -1mm to ƞ = 1.5mm at the interval of 0.5mm investigation. 
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Figure 7-3 Range of FLP which stabilize the lumbar spine in a neutral posture under 
MFC 45 N/cm

2 

7.4.2 Variation of MFC 

The maximum muscle force of each muscle was generated by multiplying 

physiological cross section area (PCSA) of each muscle and muscle force capacity 

(MFC). In this study, the magnitude of MFC was proportional to maximum muscle force 

considering that PCSA of each muscle was constant and it represented the healthiness of 

back muscle. Previous study showed the feasibility that the CFL can be created by spinal 

muscles within the physiological range of MFC (0.1-0.9 N/cm
2
) in all posture [5]. In a 

neutral standing posture, the relation between MFC (0.45 – 0.9 N/cm
2
) and stability was 

evaluated. 

The results of this study showed that the latissimus dorsi and the rectus abdominis 

were commonly activated on the thoracolumbar level to stabilize the upper body and 
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short muscles between L1 and L4 level played a crucial role in stabilizing the upper body 

in every case. Short muscles between L1 and L4 level might increase the stability of the 

lumbar spine by increasing the critical load on the lumbar spine. While, on L4 and L5 

level of lumbar spine, the short fascicles of the longissimus seemed essential to creating 

the equilibrium of moment, since the lower part of the lumbar spine had a large spinal 

curvature.  

  This study also showed that the magnitude of CFL at each level decreased with 

greater MFC. However, the variation of the reaction forces at each level was less than 

10%.  Considering that FLPs on whole lumbar spine ran parallel to the curvature of the 

spine, CFL made compressive deformation on IVD and induced the sway of upper body. 

Thus CFLs in the case of MFC 90 N/cm
2
 were smaller than those in the case of MFC 

45N/cm
2
 and the total sway of trunk CG in the case of MFC 90N/cm

2
 induced by smaller 

MFCs was less than that of MFC 45N/cm
2
. Since the MFC was an indicator of healthy 

muscle, a person who has stronger MFC could make the lumbar spine more stable based 

on the current study of the MFC variation.  

On the other hands, since MFC is an indicator of healthy muscle and patients with 

low back pain have generally low MFCs, a study to explore the lowest limit of MFC in 

stabilizing the whole lumbar spine was also crucial to understanding  the importance of 

the muscles. If indeed spinal muscles serve important stabilization functions, MFC within 

physiologic range should be adequate to control CFLs in all normal postures, including 

full flexion and extension.   
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The results of this study showed the feasibility that CFLs to stabilize the whole 

lumbar spine could be created by spinal muscles with the lowest limit of MFC 10 N/cm2  

in all flexed postures, although the minimum MFC required for CFL creating MFs 

resulting in a stable deformation of the lumbar spine was 30 N/cm
2
 in neutral posture and 

70 N/cm
2
 in 5° extended posture. The stable deformation (trunk sway < 10 mm) of the 

lumbar spine from 40° flexed posture to 5° extended posture was found only CFLs along 

a FLP in the vicinity (about ± 2 mm) of the base spinal curve (FLP(ƞ = 0 mm)) 

established by connecting the GCs of the vertebral bodies in the lowest limit of MFC in 

each posture. 

In all flexed posture, the MFs could produce CFLs along a FLP located within a 

range from FLP at ƞ = -1 mm to FLP at ƞ = 2 mm and these MFs were found to produce 

stable deformation of the flexed lumbar spine. In contrast, there were no MFs to produce 

stable deformation of the extended lumbar spine under MFC 10 N/cm
2
 in a neutral 

posture and all extension. However, when MFC limit was allowed to be or greater than 

30 N/cm
2
 in a neutral standing posture and 70 N/cm

2
 in 5° extension, it was possible to 

find the MFs creating CFLs along FLP at ƞ = 0.0 mm and FLP at ƞ = -1.0 mm to produce 

a stable deformation in the lumbar spine in a neutral posture and 5° extension 

respectively. 

Although not included in this result, it was possible to find, when MFC limit was 

allowed to be or greater than 135 N/cm2, the MFs creating CFLs along FLP at ƞ = -1.35 

mm to produce a stable deformation in the lumbar spine even in 10° extension. 
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The minimum MFC for CFL creation with stability was much greater in extension 

than in flexion, even though the extension angles were only 1/4 of the flexion angles.  

This indicates that the CFL production for the stability demands greater short muscle 

strength in extension than in flexion.  This seemed to occur mostly because all the short 

muscles are attached to the posterior aspect of the spine, which makes them much more 

effective in resisting the flexion moments than extension moments. Thus, the spinal 

musculature may be designed to maintain the stability of the flexed spine with greater 

mechanical efficiency than the extended spine.  This may be beneficial as flexion occurs 

more than extension during normal activities.  This may also be the reason why it is more 

difficult to maintain an extended posture than a flexed posture. 

7.5 Summary  

 

To achieve the goal of the normal function of the spinal stabilizing system in vivo, 

the passive system, active system and neutral system have to work together to provide 

sufficient stability to the spine to match the instantaneously varying stability demands 

due to changes in spinal posture [72]. Likewise, an optimization model and a 3-D FE 

model must be synchronized instantaneously due to the reason that the solution of the 

optimization was used as an input of the 3-D FE model. Furthermore, synchronization 

between the optimization and the 3-D FE model is essential to model verification. 

Meanwhile, activated muscles were not always symmetric though the geometry of 

the 3-D FE model was sagittally symmetry. The trunk CG which was driven by applying 

moment on  the trunk of a neutral posture was deviated from sagittal plane in flexed 
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postures and extended postures due to  sagittally asymmetry of disc elements. For 

example, the trunk CG was deviated 0.7 mm from sagittal plane in 40° flexed posture and 

it produced lateral bending moment. However, such an asymmetry of the IVD is common 

in human physiology and the synchronization between the optimization and the FE model 

was still maintained even in the simulation of the spine with small lateral bending 

moment.  

Considering verification is the process of gathering evidence to establish that 

computational implementation of the mathematical model and its associated solution is 

correct, the verification of the 3-D FE model was one of the key elements in 

biomechanical model development. Such a close match shown in 4.4 between the CFLs 

from the FE and optimization model predictions indicates that our optimization problems 

were formulated accurately without mathematical flaws.  

In summary, comprehensive optimization and FE models of the spinal system 

incorporating the possible actions of 232 spinal muscles were introduced in this study.  

The results of this study support the hypothesis that the lumbar spine is stabilized in vivo 

by the CFLs created by the spinal muscles and the normal physiologic load in the spine is 

the CFL.  A comprehensive 3-D static and dynamic analyses are required not only for the 

comprehensive test of the hypothesis but also for further investigation of the mechanical 

roles of spinal muscles in vivo, which is our long-term goal of our study. 
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CHAPTER 8                                                                                                     

CONCLUSIONS 

The optimization and FE models of the spinal system have been developed with 

various validations as shown in previous sections.  The combined use of both models 

demonstrated that spinal muscle forces (MFs) predicted from the optimization model to 

create compressive follower loads (CFLs) along the optimum follower load path (FLP) 

can produce a large deformation of the lumbar spine inducing about 40 mm posterior 

translation of the trunk in a neutral standing posture.  In fact, when the MFs to create 

CFLs along the optimum curve (FLP at ƞ = -11.38 mm) were used in the FE model, both 

the directions and magnitudes of the FE predictions of CFLs were found to be 

substantially different from the optimization predictions due to a significant deformation 

of the lumbar spine as shown in the previous section.  However, it was possible to predict 

from the optimization model the CFL-creating MFs that can produce almost no change in 

the lumbar lordosis.  Particularly, the MFs producing CFLs along a base FLP (η = 0 mm, 

a spinal curve passing through the geometric centers (GCs) of the vertebral bodies) in the 

optimization model were found to result in a very minimal change in the lumbar lordosis 

and CFLs whose directions and magnitudes are almost the same as those from the 

optimization model.  These results suggest the following conclusions: 

• There exist the multiple combinations of spinal muscle forces (MFs) that can 

create CFLs in the lumbar spine. 

• The lumbar spine in various postures can be stabilized by MFs that create CFLs 

in the lumbar spine. 
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• The CFLs may follow various FLPs, but the MFs resulting in CFLs along the 

FLP passing through the vicinity of GCs of the vertebral bodies (η = 0 mm) 

would be most physiological MFs to provide sufficient stability to the lumbar 

spine in various standing postures. 

• The CFLs may vary in respond to different muscle force capacity (MFC), and the 

spinal muscles with  larger MFC (healthier muscles) result in smaller CFLs could 

stabilize more extended posture even though the effect of MFC variation is less 

crucial in flexed posture.    

These results support, at least in part, a hypothesis that the follower load 

mechanism may be a physiological motor control strategy of the spinal muscle 

recruitment patterns. Further studies are required to fully test the hypothesis.  For 

example, the feasibility of CFL construction must be tested in motions out of sagittal 

plane, such as lateral bending or axial rotation (i.e., lateral bending, axial rotation, etc.).  

Dynamic analyses are also required to test the feasibility of CFL construction in the 

lumbar spine during the deformation for various tasks or daily activities. 
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APPENDIX A.116 SETS OF MUSCLES FOR THE 3-D FE MODEL OF IN VIVO 

SPINE 

Table A-1 Classification of 116 sets of muscles for the 3-D FE model 

  Superficial Intermediate Deep Intrinsic Long Short 

1 SerratusPI_L1_Rib11   √       √ 

2 SerratusPI_L2_Rib12   √     √   

3 LatissimusDorsi_Pel_RibHum √       √   

4 LatissimusDorsi_L1_RibHum √       √   

5 LatissimusDorsi_L2_RibHum √       √   

6 LatissimusDorsi_L3_lr √       √   

7 LatissimusDorsi_L3_lr √       √   

8 LatissimusDorsi_L4_lr √       √   

9 LatissimusDorsi_L4_lr √       √   

10 ExternalOb_Pel_Rib10     √   √   

11 ExternalOb_Pel_Rib11     √   √   

12 ExternalOb_Pel_Rib12     √   √   

13 Iliocostalis_Sa_Rib5     √   √   

14 Iliocostalis_Sa_Rib6     √   √   

15 Iliocostalis_Sa_Rib7     √   √   

16 Iliocostalis_Sa_Rib8     √   √   

17 Iliocostalis_Sa_Rib9     √   √   

18 Iliocostalis_Sa_Rib10     √   √   

19 Iliocostalis_Sa_Rib11     √   √   

20 Iliocostalis_Sa_Rib12     √   √   

21 InternalOb_Pel_Rib10         √   

22 InternalOb_Pel_Rib11         √   

23 InternalOb_Pel_Rib12         √   

24 Longissimus_Sa_Rib6     √   √   

25 Longissimus_Sa_Rib7     √   √   

26 Longissimus_Sa_Rib8     √   √   

27 Longissimus_Sa_Rib9     √   √   

28 Longissimus_Sa_Rib10     √   √   

29 Longissimus_Sa_Rib11     √   √   

30 Longissimus_Sa_Rib12     √   √   
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Table A-1 continued 

31 Longissimus_L3_T3     √   √   

32 Longissimus_L4_T4     √   √   

33 Longissimus_L4_T5     √   √   

34 Longissimus_L5_T6     √   √   

35 Longissimus_Sa_T7     √   √   

36 Longissimus_Sa_T8     √   √   

37 Longissimus_Sa_T9     √   √   

38 Longissimus_Sa_T10     √   √   

39 Longissimus_Sa_T11     √   √   

40 Longissimus_Sa_T12     √   √   

41 PsoasMajor_Fe_T12     √   √   

42 QuadratusLum_Pel_Rib12     √   √   

43 RecAbdominis_Pel_Rib5         √   

44 RecAbdominis_Pel_Rib6         √   

45 RecAbdominis_Pel_Rib7         √   

46 RecAbdominis_Pel_Rib7         √   

47 SpinalisTho_L1_T6     √   √   

48 SpinalisTho_L2_T5     √   √   

49 SpinalisTho_Sa_T1     √   √   

50 Interspinales_L1_T12       √   √ 

51 Intertransversarii_L1_T12_La       √   √ 

52 Intertransversarii_L1_T12_Me       √   √ 

53 Rotatores_L1_T12       √   √ 

54 Rotatores_L2_T12       √   √ 

55 Longissimus_L2_T1     √   √   

56 Longissimus_L2_T2     √   √   

57 Iliocostalis_Sa_L1     √   √   

58 Longissimus_Sa_L1     √   √   

59 Multifidus_Sa_L1_F1     √   √   

60 Multifidus_Sa_L1_F2     √   √   

61 Multifidus_L5_L1_F3     √   √   

62 Multifidus_L4_L1_F4     √   √   

63 PsoasMajor_Fe_L1     √   √   

64 QuadratusLum_Pel_L1     √   √   

65 Interspinales_L2_L1       √   √ 

66 Intertransversarii_L2_L1_La       √   √ 

67 Intertransversarii_L2_L1_Me       √   √ 
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Table A-1 continued 

68 Rotatores_L2_L1       √   √ 

69 Rotatores_L3_L1       √   √ 

70 Iliocostalis_Sa_L2     √   √   

71 Longissimus_Sa_L2     √   √   

72 Multifidus_Sa_L2_F1     √   √   

73 Multifidus_Sa_L2_F2     √   √   

74 Multifidus_L5_L2_F3     √   √   

75 Multifidus_Sa_L2_F4     √   √   

76 PsoasMajor_Fe_L2     √   √   

77 QuadratusLum_Pel_L2     √   √   

78 Interspinales_L3_L2       √   √ 

79 Intertransversarii_L3_L2_La       √   √ 

80 Intertransversarii_L3_L2_Me       √   √ 

81 Rotatores_L3_L2       √   √ 

82 Rotatores_L4_L2       √   √ 

83 Iliocostalis_Sa_L3     √   √   

84 Longissimus_Sa_L3     √   √   

85 Multifidus_Sa_L3_F1     √   √   

86 Multifidus_Sa_L3_F2 √   √ 

87 Multifidus_Sa_L3_F3     √   √   

88 Multifidus_Sa_L3_F4     √   √   

89 PsoasMajor_Fe_L3     √   √   

90 QuadratusLum_Pel_L3     √   √   

91 Interspinales_L4_L3       √   √ 

92 Intertransversarii_L4_L3_La       √   √ 

93 Intertransversarii_L4_L3_Me       √   √ 

94 Rotatores_L4_L3       √   √ 

95 Rotatores_L5_L3       √   √ 

96 Iliocostalis_Sa_L4     √     √ 

97 Longissimus_Sa_L4     √   √   

98 Multifidus_Sa_L4_F1     √     √ 

99 Multifidus_Sa_L4_F2     √     √ 

100 Multifidus_Sa_L4_F3     √     √ 

101 Multifidus_Sa_L4_F4     √     √ 

102 PsoasMajor_Fe_L4     √   √   

103 QuadratusLum_Pel_L4     √   √   

104 Interspinales_L5_L4       √   √ 
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Table A-1 continued 

105 Intertransversarii_L5_L4_La       √   √ 

106 Intertransversarii_L5_L4_Me       √   √ 

107 Rotatores_L5_L4       √   √ 

108 Rotatores_Sa_L4       √   √ 

109 Longissimus_Sa_L5     √     √ 

110 Multifidus_Sa_L5_F1     √     √ 

111 Multifidus_Sa_L5_F2     √     √ 

112 Multifidus_Sa_L5_F3     √     √ 

113 Multifidus_Sa_L5_F4     √     √ 

114 PsoasMajor_Fe_L5     √   √   

115 Interspinales_Sa_L5       √   √ 

116 Rotatores_Sa_L5       √   √ 
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APPENDIX B. RECRUITED MUSCLES WHICH STABILIZED THE LUMBAR 

SPINE IN VARIOUS POSTURES UNDER MFC 45 N/CM2 

Table B-1 Activated muscles in various postures under MFC 45 N/cm
2 

 
Posture NEUTRAL FLEX10 FLEX20 FLEX40 

 
MFC 

MFC 45 

N/cm2 
MFC 45 

N/cm2 

MFC 45 

N/cm2 

MFC 45 

N/cm2 

 
FLP Location 0.00 -1.30 0.00 2.00 

1 SerratusPI_L1_Rib11_L 0.00 25.52 0.25 0.00 

2 SerratusPI_L1_Rib11_R 0.00 25.23 0.00 2.10 

3 SerratusPI_L2_Rib12_L 0.00 12.86 0.00 0.00 

4 SerratusPI_L2_Rib12_R 0.00 0.00 0.00 0.65 

5 LatissimusDorsi_Pel_RibHum_L 0.00 0.00 0.00 0.00 

6 LatissimusDorsi_Pel_RibHum_R 0.00 0.00 0.00 0.44 

7 LatissimusDorsi_L1_RibHum_L 106.54 0.00 0.00 0.00 

8 LatissimusDorsi_L1_RibHum_R 106.54 0.00 0.00 0.00 

9 LatissimusDorsi_L2_RibHum_L 3.45 0.00 0.00 0.00 

10 LatissimusDorsi_L2_RibHum_R 3.45 18.22 0.00 0.00 

11 LatissimusDorsi_L3_L4_L3lr_L 0.00 0.00 0.00 0.00 

12 LatissimusDorsi_L3_L4_L3lr_R 0.00 0.00 0.00 0.00 

13 LatissimusDorsi_L3_RibHum_L3lr_L 0.00 0.00 0.00 0.00 

14 LatissimusDorsi_L3_RibHum_L3lr_R 0.00 0.00 0.00 0.00 

15 LatissimusDorsi_L4_L5_L4lr_L 0.00 0.00 0.00 0.00 

16 LatissimusDorsi_L4_L5_L4lr_R 0.00 0.47 0.00 0.00 

17 LatissimusDorsi_L4_RibHum_L4lr_L 0.00 0.00 0.00 0.00 

18 LatissimusDorsi_L4_RibHum_L4lr_R 0.00 0.47 0.00 0.00 

19 ExternalOb_Pel_Rib10_L 7.54 0.00 0.00 0.00 

20 ExternalOb_Pel_Rib10_R 7.54 0.00 0.00 0.00 

21 ExternalOb_Pel_Rib11_L 0.00 0.00 0.00 0.00 

22 ExternalOb_Pel_Rib11_R 0.00 0.00 0.00 0.00 

23 ExternalOb_Pel_Rib12_L 0.00 0.87 0.00 0.00 

24 ExternalOb_Pel_Rib12_R 0.00 0.00 0.00 0.00 

25 Iliocostalis_L1_Rib_SaRib5_L 0.00 0.00 0.00 0.00 

26 Iliocostalis_L1_Rib_SaRib5_R 0.00 0.00 0.00 0.00 

27 Iliocostalis_L1_Rib_SaRib6_L 0.00 0.00 0.00 0.00 
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Table B-1 continued 

28 Iliocostalis_L1_Rib_SaRib6_R 0.00 0.00 0.00 0.00 

29 Iliocostalis_L1_Rib_SaRib7_L 0.00 0.00 0.00 0.00 

30 Iliocostalis_L1_Rib_SaRib7_R 0.00 0.00 0.00 0.00 

31 Iliocostalis_L1_Rib_SaRib8_L 0.00 0.00 0.00 0.00 

32 Iliocostalis_L1_Rib_SaRib8_R 0.00 0.00 0.00 0.00 

33 Iliocostalis_L1_Rib_SaRib9_L 0.00 0.00 0.00 0.00 

34 Iliocostalis_L1_Rib_SaRib9_R 0.00 0.00 0.00 0.00 

35 Iliocostalis_L1_Rib_SaRib10_L 0.00 0.00 0.00 0.00 

36 Iliocostalis_L1_Rib_SaRib10_R 0.00 0.00 0.00 0.00 

37 Iliocostalis_L1_Rib_SaRib11_L 0.00 0.00 0.00 0.00 

38 Iliocostalis_L1_Rib_SaRib11_R 0.00 0.00 0.00 0.00 

39 Iliocostalis_L1_Rib_SaRib12_L 0.00 0.00 0.00 0.00 

40 Iliocostalis_L1_Rib_SaRib12_R 0.00 0.00 0.00 0.00 

41 InternalOb_Pel_Rib10_L 0.00 3.26 13.33 55.15 

42 InternalOb_Pel_Rib10_R 0.00 3.11 12.88 54.00 

43 InternalOb_Pel_Rib11_L 0.00 0.00 0.00 0.00 

44 InternalOb_Pel_Rib11_R 0.00 0.00 0.00 0.00 

45 InternalOb_Pel_Rib12_L 0.00 0.00 0.00 0.00 

46 InternalOb_Pel_Rib12_R 0.00 0.00 0.00 0.00 

47 Longissimus_L1_Rib_SaRib6_L 0.00 0.00 0.00 0.00 

48 Longissimus_L1_Rib_SaRib6_R 0.00 0.00 0.00 0.00 

49 Longissimus_L1_Rib_SaRib7_L 0.00 0.00 0.00 0.00 

50 Longissimus_L1_Rib_SaRib7_R 0.00 0.00 0.00 0.00 

51 Longissimus_L1_Rib_SaRib8_L 0.00 0.00 0.00 0.00 

52 Longissimus_L1_Rib_SaRib8_R 0.00 0.00 0.00 0.00 

53 Longissimus_L1_Rib_SaRib9_L 0.00 0.00 0.00 0.00 

54 Longissimus_L1_Rib_SaRib9_R 0.00 0.00 0.00 0.00 

55 Longissimus_L1_Rib_SaRib10_L 0.00 0.00 0.00 0.00 

56 Longissimus_L1_Rib_SaRib10_R 0.00 0.00 0.00 0.00 

57 Longissimus_L1_Rib_SaRib11_L 0.00 0.00 0.00 58.33 

58 Longissimus_L1_Rib_SaRib11_R 0.00 0.00 0.00 11.79 

59 Longissimus_L1_Rib_SaRib12_L 0.00 0.00 2.79 2.54 

60 Longissimus_L1_Rib_SaRib12_R 0.00 0.00 0.00 58.33 

61 Longissimus_L1_TR_L3T3_L 0.00 40.90 1.37 17.74 

62 Longissimus_L1_TR_L3T3_R 0.00 38.58 24.57 79.56 

63 Longissimus_L1_TR_L4T4_L 0.00 0.00 0.00 0.00 
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Table B-1 continued 

64 Longissimus_L1_TR_L4T4_R 0.00 0.00 0.00 0.00 

65 Longissimus_L1_TR_L4T5_L 0.00 0.00 0.00 0.00 

66 Longissimus_L1_TR_L4T5_R 0.00 0.00 0.00 0.00 

67 Longissimus_L1_TR_L5T6_L 0.00 0.52 31.46 10.28 

68 Longissimus_L1_TR_L5T6_R 0.00 0.00 33.91 3.55 

69 Longissimus_L1_TR_SaT7_L 0.00 0.00 0.00 0.00 

70 Longissimus_L1_TR_SaT7_R 0.00 0.00 0.00 0.00 

71 Longissimus_L1_TR_SaT8_L 0.00 0.00 0.00 0.00 

72 Longissimus_L1_TR_SaT8_R 0.00 0.00 0.00 0.00 

73 Longissimus_L1_TR_SaT9_L 0.00 0.00 0.00 0.00 

74 Longissimus_L1_TR_SaT9_R 0.00 0.00 0.00 0.00 

75 Longissimus_L1_TR_SaT10_L 0.00 0.00 0.00 0.00 

76 Longissimus_L1_TR_SaT10_R 0.00 0.00 0.00 0.00 

77 Longissimus_L1_TR_SaT11_L 0.00 0.00 0.00 58.33 

78 Longissimus_L1_TR_SaT11_R 0.00 0.00 0.00 58.33 

79 Longissimus_L1_TR_SaT12_L 0.00 0.00 45.27 58.33 

80 Longissimus_L1_TR_SaT12_R 0.00 0.00 38.79 14.96 

81 PsoasMajor_Fe_T12_L 0.00 0.00 0.00 0.00 

82 PsoasMajor_Fe_T12_R 0.00 0.00 0.00 0.00 

83 QuadratusLum_Pel_Rib12_L 0.00 0.00 0.00 0.00 

84 QuadratusLum_Pel_Rib12_R 0.00 0.00 0.00 0.00 

85 RecAbdominis_Pel_Rib5_L 0.00 0.00 0.00 0.00 

86 RecAbdominis_Pel_Rib5_R 0.00 0.00 0.00 0.00 

87 RecAbdominis_Pel_Rib6_L 0.00 0.00 0.00 0.00 

88 RecAbdominis_Pel_Rib6_R 0.00 0.00 0.00 0.00 

89 RecAbdominis_Pel_Rib7_CL 47.33 0.00 0.00 0.00 

90 RecAbdominis_Pel_Rib7_CR 47.33 0.00 0.00 0.00 

91 RecAbdominis_Pel_Rib7_L 0.00 0.00 0.00 0.00 

92 RecAbdominis_Pel_Rib7_R 0.00 0.00 0.00 0.00 

93 SpinalisTho_L1_T6_L 0.00 0.00 0.00 0.00 

94 SpinalisTho_L1_T6_R 0.00 0.00 0.00 0.00 

95 SpinalisTho_L2_T5_L 0.00 0.00 0.00 0.00 

96 SpinalisTho_L2_T5_R 0.00 0.00 0.00 0.00 

97 SpinalisTho_L1_TR_SaT1_L 0.00 0.00 0.00 0.00 

98 SpinalisTho_L1_TR_SaT1_R 0.00 0.00 0.00 0.00 

99 Interspinales_L1_T12_L 0.00 0.00 0.00 0.00 
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Table B-1 continued 

100 Interspinales_L1_T12_R 0.00 0.00 0.00 0.00 

101 Intertransversarii_L1_T12_La_L 0.00 0.00 0.00 0.00 

102 Intertransversarii_L1_T12_La_R 0.00 2.05 0.00 0.00 

103 Intertransversarii_L1_T12_Me_L 0.00 2.67 45.00 45.00 

104 Intertransversarii_L1_T12_Me_R 0.00 0.00 44.71 45.00 

105 Rotatores_L1_T12_L 45.00 0.00 0.00 0.00 

106 Rotatores_L1_T12_R 45.00 0.00 0.00 0.00 

107 Rotatores_L2_T12_L 45.00 0.00 0.00 0.00 

108 Rotatores_L2_T12_R 45.00 0.00 0.00 0.00 

109 Longissimus_L2_T1_L 0.00 0.00 0.00 0.00 

110 Longissimus_L2_T1_R 0.00 0.00 1.40 0.00 

111 Longissimus_L2_T2_L 0.00 0.00 0.00 0.00 

112 Longissimus_L2_T2_R 0.00 0.00 0.00 3.18 

113 Iliocostalis_L2_L1_SaL1_L 0.00 0.00 0.00 0.00 

114 Iliocostalis_L2_L1_SaL1_R 0.00 0.00 0.00 0.00 

115 Longissimus_L2_L1_SaL1_L 0.00 0.00 0.00 0.00 

116 Longissimus_L2_L1_SaL1_R 0.00 0.00 0.00 0.00 

117 Multifidus_L2_L1_SaL1_F1_L 0.00 0.00 0.00 0.00 

118 Multifidus_L2_L1_SaL1_F1_R 0.00 0.00 0.00 0.00 

119 Multifidus_L2_L1_SaL1_F2_L 0.00 0.00 0.00 0.00 

120 Multifidus_L2_L1_SaL1_F2_R 0.00 0.00 0.00 0.00 

121 Multifidus_L2_L1_L5L1_F3_L 0.00 0.00 0.00 0.00 

122 Multifidus_L2_L1_L5L1_F3_R 0.00 0.00 0.00 0.00 

123 Multifidus_L2_L1_L4L1_F4_L 39.10 0.00 0.00 0.00 

124 Multifidus_L2_L1_L4L1_F4_R 39.10 0.00 0.00 0.00 

125 PsoasMajor_Fe_L1_L 0.00 0.00 0.00 0.00 

126 PsoasMajor_Fe_L1_R 0.00 0.00 0.00 0.00 

127 QuadratusLum_Pel_L1_L 0.00 0.00 0.00 0.00 

128 QuadratusLum_Pel_L1_R 0.00 0.00 0.00 0.00 

129 Interspinales_L2_L1_L 6.62 21.23 25.30 8.03 

130 Interspinales_L2_L1_R 6.62 18.12 3.57 22.62 

131 Intertransversarii_L2_L1_La_L 0.00 0.00 0.00 0.00 

132 Intertransversarii_L2_L1_La_R 0.00 0.00 0.00 0.00 

133 Intertransversarii_L2_L1_Me_L 0.00 0.00 27.46 17.42 

134 Intertransversarii_L2_L1_Me_R 0.00 0.00 29.74 15.28 

135 Rotatores_L2_L1_L 45.00 0.00 0.00 0.00 
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Table B-1 continued 

136 Rotatores_L2_L1_R 45.00 0.00 0.00 0.00 

137 Rotatores_L3_L1_L 45.00 0.00 0.00 0.00 

138 Rotatores_L3_L1_R 45.00 0.00 0.00 0.00 

139 Iliocostalis_L3_L2_SaL2_L 0.00 0.00 0.00 0.00 

140 Iliocostalis_L3_L2_SaL2_R 0.00 0.00 0.00 0.00 

141 Longissimus_L3_L2_SaL2_L 0.00 0.00 0.00 0.00 

142 Longissimus_L3_L2_SaL2_R 0.00 0.00 0.00 0.00 

143 Multifidus_L3_L2_SaL2_F1_L 0.00 0.00 0.00 0.00 

144 Multifidus_L3_L2_SaL2_F1_R 0.00 0.00 0.00 0.00 

145 Multifidus_L3_L2_SaL2_F2_L 0.00 0.00 0.00 0.00 

146 Multifidus_L3_L2_SaL2_F2_R 0.00 0.00 0.00 0.00 

147 Multifidus_L3_L2_L5L2_F3_L 0.00 0.00 0.00 0.00 

148 Multifidus_L3_L2_L5L2_F3_R 0.00 0.00 0.00 0.00 

149 Multifidus_L3_L2_SaL2_F4_L 0.00 0.00 0.00 0.00 

150 Multifidus_L3_L2_SaL2_F4_R 0.00 0.00 0.00 0.00 

151 PsoasMajor_Fe_L2_L 0.00 0.00 0.00 0.00 

152 PsoasMajor_Fe_L2_R 0.00 0.00 0.00 0.00 

153 QuadratusLum_Pel_L2_L 0.00 0.00 0.00 0.00 

154 QuadratusLum_Pel_L2_R 0.00 0.00 0.00 0.00 

155 Interspinales_L3_L2_L 30.83 21.16 34.83 0.00 

156 Interspinales_L3_L2_R 30.83 30.94 12.70 0.00 

157 Intertransversarii_L3_L2_La_L 0.00 0.00 0.00 0.15 

158 Intertransversarii_L3_L2_La_R 0.00 0.00 0.00 0.00 

159 Intertransversarii_L3_L2_Me_L 0.00 13.75 14.66 0.00 

160 Intertransversarii_L3_L2_Me_R 0.00 12.38 19.00 0.00 

161 Rotatores_L3_L2_L 27.85 0.00 0.00 45.00 

162 Rotatores_L3_L2_R 27.85 0.00 0.00 45.00 

163 Rotatores_L4_L2_L 0.00 0.00 0.00 0.00 

164 Rotatores_L4_L2_R 0.00 0.00 0.00 1.58 

165 Iliocostalis_L4_L3_SaL3_L 0.00 0.00 0.00 0.00 

166 Iliocostalis_L4_L3_SaL3_R 0.00 0.00 0.00 0.00 

167 Longissimus_L4_L3_SaL3_L 0.00 22.39 11.68 0.00 

168 Longissimus_L4_L3_SaL3_R 0.00 22.49 16.57 0.00 

169 Multifidus_L4_L3_SaL3_F1_L 0.00 0.00 0.00 0.00 

170 Multifidus_L4_L3_SaL3_F1_R 0.00 0.00 0.00 0.00 

171 Multifidus_L4_L3_SaL3_F2_L 0.00 0.00 0.00 0.00 
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Table B-1 continued 

172 Multifidus_L4_L3_SaL3_F2_R 0.00 0.00 0.00 0.00 

173 Multifidus_L4_L3_SaL3_F3_L 0.00 0.00 0.00 0.00 

174 Multifidus_L4_L3_SaL3_F3_R 0.00 0.00 0.00 0.00 

175 Multifidus_L4_L3_SaL3_F4_L 0.00 0.00 0.00 0.00 

176 Multifidus_L4_L3_SaL3_F4_R 0.00 0.00 0.00 0.00 

177 PsoasMajor_Fe_L3_L 0.00 0.00 0.00 0.00 

178 PsoasMajor_Fe_L3_R 0.00 0.00 0.00 0.00 

179 QuadratusLum_Pel_L3_L 0.00 0.00 0.00 0.00 

180 QuadratusLum_Pel_L3_R 0.00 0.00 0.00 0.00 

181 Interspinales_L4_L3_L 32.80 45.00 16.61 45.00 

182 Interspinales_L4_L3_R 32.80 45.00 22.69 45.00 

183 Intertransversarii_L4_L3_La_L 0.00 0.70 0.00 0.00 

184 Intertransversarii_L4_L3_La_R 0.00 0.00 0.00 0.62 

185 Intertransversarii_L4_L3_Me_L 45.00 45.00 45.00 0.00 

186 Intertransversarii_L4_L3_Me_R 45.00 45.00 44.34 7.18 

187 Rotatores_L4_L3_L 0.00 0.00 0.00 40.31 

188 Rotatores_L4_L3_R 0.00 0.00 0.00 35.38 

189 Rotatores_L5_L3_L 0.00 0.00 0.00 0.00 

190 Rotatores_L5_L3_R 0.00 0.00 0.00 0.00 

191 Iliocostalis_Sa_L4_L 0.00 0.00 0.00 0.00 

192 Iliocostalis_Sa_L4_R 0.00 0.00 0.00 0.00 

193 Longissimus_Sa_L4_L 91.39 90.37 104.39 47.59 

194 Longissimus_Sa_L4_R 91.39 89.60 104.39 52.46 

195 Multifidus_Sa_L4_F1_L 0.00 0.00 0.00 0.00 

196 Multifidus_Sa_L4_F1_R 0.00 0.00 0.00 0.00 

197 Multifidus_Sa_L4_F2_L 0.00 0.00 0.00 0.00 

198 Multifidus_Sa_L4_F2_R 0.00 0.00 0.00 0.00 

199 Multifidus_Sa_L4_F3_L 0.00 0.00 0.00 0.00 

200 Multifidus_Sa_L4_F3_R 0.00 0.00 0.00 0.00 

201 Multifidus_Sa_L4_F4_L 0.00 0.00 0.00 0.00 

202 Multifidus_Sa_L4_F4_R 0.00 0.00 0.00 0.00 

203 PsoasMajor_Fe_L4_L 0.00 0.00 0.00 0.00 

204 PsoasMajor_Fe_L4_R 0.00 0.00 0.00 0.00 

205 QuadratusLum_Pel_L4_L 0.00 0.01 0.00 0.00 

206 QuadratusLum_Pel_L4_R 0.00 0.00 0.00 0.00 

207 Interspinales_L5_L4_L 18.30 12.93 0.00 0.52 
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Table B-1 continued 

208 Interspinales_L5_L4_R 18.30 9.45 0.00 25.67 

209 Intertransversarii_L5_L4_La_L 0.00 0.00 0.00 0.00 

210 Intertransversarii_L5_L4_La_R 0.00 0.00 0.00 0.00 

211 Intertransversarii_L5_L4_Me_L 45.00 44.11 0.35 45.00 

212 Intertransversarii_L5_L4_Me_R 45.00 45.00 0.00 40.17 

213 Rotatores_L5_L4_L 0.00 0.00 0.00 0.00 

214 Rotatores_L5_L4_R 0.00 0.00 0.00 0.00 

215 Rotatores_Sa_L4_L 0.00 0.00 0.00 0.00 

216 Rotatores_Sa_L4_R 0.00 0.00 0.00 0.00 

217 Longissimus_Sa_L5_L 84.31 72.20 69.06 104.25 

218 Longissimus_Sa_L5_R 84.31 72.82 68.74 100.35 

219 Multifidus_Sa_L5_F1_L 0.00 0.00 0.00 0.00 

220 Multifidus_Sa_L5_F1_R 0.00 0.00 0.00 0.00 

221 Multifidus_Sa_L5_F2_L 0.00 0.00 0.00 0.00 

222 Multifidus_Sa_L5_F2_R 0.00 0.00 0.00 0.00 

223 Multifidus_Sa_L5_F3_L 0.00 0.00 0.00 0.00 

224 Multifidus_Sa_L5_F3_R 0.00 0.00 0.00 0.00 

225 Multifidus_Sa_L5_F4_L 0.00 0.00 0.00 0.00 

226 Multifidus_Sa_L5_F4_R 0.00 0.00 0.00 0.00 

227 PsoasMajor_Fe_L5_L 0.00 0.00 0.00 0.00 

228 PsoasMajor_Fe_L5_R 0.00 0.00 0.00 0.00 

229 Interspinales_Sa_L5_L 0.00 0.00 0.00 0.00 

230 Interspinales_Sa_L5_R 0.00 0.00 0.00 0.00 

231 Rotatores_Sa_L5_L 0.00 0.00 0.00 0.00 

232 Rotatores_Sa_L5_R 0.00 0.00 0.00 0.00 
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APPENDIX C. RECRUITED MUSCLES WHICH STABILIZED THE LUMBAR 

SPINE IN VARIOUS POSTURES UNDER THE LOWEST MFC 

Table C-1 Activated muscles in various postures under the lowest MFC 

 
Posture NEUTRAL FLEX10 FLEX20 FLEX40 EXT05 

 
MFC 

MFC 30 

N/cm2 

MFC 10 

N/cm2 

MFC 10 

N/cm2 

MFC 10 

N/cm2 

MFC 70 

N/cm2 

 
FLP Location 0.00 -1.30 0.00 2.00 -1.00 

1 SerratusPI_L1_Rib11_L 0.00 14.57 3.34 57.78 0.00 

2 SerratusPI_L1_Rib11_R 0.00 14.54 3.19 57.78 0.00 

3 SerratusPI_L2_Rib12_L 0.00 4.06 0.00 0.78 0.00 

4 SerratusPI_L2_Rib12_R 0.00 0.00 1.67 5.17 0.00 

5 LatissimusDorsi_Pel_RibHum_L 0.00 0.00 0.00 0.00 0.00 

6 LatissimusDorsi_Pel_RibHum_R 0.00 0.00 0.00 0.00 0.00 

7 LatissimusDorsi_L1_RibHum_L 111.12 0.00 0.00 0.00 210.82 

8 LatissimusDorsi_L1_RibHum_R 111.12 0.00 0.00 0.00 210.86 

9 LatissimusDorsi_L2_RibHum_L 15.23 0.00 0.00 0.00 8.60 

10 LatissimusDorsi_L2_RibHum_R 15.23 5.28 0.00 0.00 8.60 

11 LatissimusDorsi_L3_L4_L3lr_L 55.21 39.16 0.00 0.00 0.00 

12 LatissimusDorsi_L3_L4_L3lr_R 55.21 40.09 0.09 0.00 0.02 

13 LatissimusDorsi_L3_RibHum_L3lr_L 55.21 39.16 0.00 0.00 0.00 

14 LatissimusDorsi_L3_RibHum_L3lr_R 55.21 40.09 0.09 0.00 0.02 

15 LatissimusDorsi_L4_L5_L4lr_L 6.84 34.39 0.00 0.00 0.00 

16 LatissimusDorsi_L4_L5_L4lr_R 6.84 34.46 0.87 0.00 0.01 

17 LatissimusDorsi_L4_RibHum_L4lr_L 6.84 34.39 0.00 0.00 0.00 

18 LatissimusDorsi_L4_RibHum_L4lr_R 6.84 34.46 0.87 0.00 0.01 

19 ExternalOb_Pel_Rib10_L 117.73 1.21 0.00 0.00 158.01 

20 ExternalOb_Pel_Rib10_R 117.73 0.00 0.00 0.00 158.38 

21 ExternalOb_Pel_Rib11_L 0.00 0.00 0.00 0.00 0.00 

22 ExternalOb_Pel_Rib11_R 0.00 0.00 0.00 0.00 0.00 

23 ExternalOb_Pel_Rib12_L 0.00 0.00 0.00 0.00 0.00 

24 ExternalOb_Pel_Rib12_R 0.00 0.00 0.00 0.00 0.00 

25 Iliocostalis_L1_Rib_SaRib5_L 0.00 0.00 0.00 12.96 0.00 

26 Iliocostalis_L1_Rib_SaRib5_R 0.00 0.00 0.00 12.96 0.00 

27 Iliocostalis_L1_Rib_SaRib6_L 0.00 0.00 0.00 12.96 0.00 
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Table C-1 continued 

28 Iliocostalis_L1_Rib_SaRib6_R 0.00 0.00 0.00 12.96 0.00 

29 Iliocostalis_L1_Rib_SaRib7_L 0.00 0.00 0.00 12.96 0.00 

30 Iliocostalis_L1_Rib_SaRib7_R 0.00 0.00 0.00 12.96 0.00 

31 Iliocostalis_L1_Rib_SaRib8_L 0.00 0.00 0.00 12.96 0.00 

32 Iliocostalis_L1_Rib_SaRib8_R 0.00 0.00 0.00 5.76 0.00 

33 Iliocostalis_L1_Rib_SaRib9_L 0.00 0.00 0.00 0.00 0.00 

34 Iliocostalis_L1_Rib_SaRib9_R 0.00 0.00 0.00 0.00 0.00 

35 Iliocostalis_L1_Rib_SaRib10_L 0.00 0.00 0.00 0.00 0.00 

36 Iliocostalis_L1_Rib_SaRib10_R 0.00 0.00 0.00 0.00 0.00 

37 Iliocostalis_L1_Rib_SaRib11_L 0.00 0.00 0.00 1.49 0.00 

38 Iliocostalis_L1_Rib_SaRib11_R 0.00 0.00 0.00 0.00 0.00 

39 Iliocostalis_L1_Rib_SaRib12_L 0.00 0.00 0.00 0.00 0.00 

40 Iliocostalis_L1_Rib_SaRib12_R 0.00 0.00 0.00 0.00 0.00 

41 InternalOb_Pel_Rib10_L 0.00 17.16 21.64 87.39 0.00 

42 InternalOb_Pel_Rib10_R 0.00 16.79 21.35 84.86 0.00 

43 InternalOb_Pel_Rib11_L 0.00 0.00 0.00 0.00 0.00 

44 InternalOb_Pel_Rib11_R 0.00 0.00 0.00 0.00 0.00 

45 InternalOb_Pel_Rib12_L 0.00 0.00 0.00 0.00 0.00 

46 InternalOb_Pel_Rib12_R 0.00 0.00 0.00 0.00 0.00 

47 Longissimus_L1_Rib_SaRib6_L 0.00 0.00 0.00 0.00 0.00 

48 Longissimus_L1_Rib_SaRib6_R 0.00 0.00 0.00 0.00 0.00 

49 Longissimus_L1_Rib_SaRib7_L 0.00 0.00 0.00 0.00 0.00 

50 Longissimus_L1_Rib_SaRib7_R 0.00 0.00 0.00 0.00 0.00 

51 Longissimus_L1_Rib_SaRib8_L 0.00 0.00 0.00 0.00 0.00 

52 Longissimus_L1_Rib_SaRib8_R 0.00 0.00 0.00 0.00 0.00 

53 Longissimus_L1_Rib_SaRib9_L 0.00 0.00 0.00 9.52 0.00 

54 Longissimus_L1_Rib_SaRib9_R 0.00 0.00 0.00 12.96 0.00 

55 Longissimus_L1_Rib_SaRib10_L 0.00 0.00 0.00 12.96 0.00 

56 Longissimus_L1_Rib_SaRib10_R 0.00 0.00 0.00 12.96 0.00 

57 Longissimus_L1_Rib_SaRib11_L 0.00 0.00 11.55 12.96 0.00 

58 Longissimus_L1_Rib_SaRib11_R 0.00 0.00 12.96 12.96 0.00 

59 Longissimus_L1_Rib_SaRib12_L 0.00 0.00 12.96 12.96 0.00 

60 Longissimus_L1_Rib_SaRib12_R 0.00 0.00 12.96 12.96 0.00 

61 Longissimus_L1_TR_L3T3_L 0.00 0.00 21.80 10.34 0.00 

62 Longissimus_L1_TR_L3T3_R 0.00 1.83 25.93 22.24 0.00 

63 Longissimus_L1_TR_L4T4_L 0.00 0.00 19.44 1.24 0.00 
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Table C-1 continued 

64 Longissimus_L1_TR_L4T4_R 0.00 0.00 19.44 19.44 0.00 

65 Longissimus_L1_TR_L4T5_L 0.00 0.76 19.44 19.44 0.00 

66 Longissimus_L1_TR_L4T5_R 0.00 0.00 19.44 19.44 0.00 

67 Longissimus_L1_TR_L5T6_L 0.00 0.00 15.56 15.56 0.00 

68 Longissimus_L1_TR_L5T6_R 0.00 0.00 15.56 15.56 0.00 

69 Longissimus_L1_TR_SaT7_L 0.00 0.00 0.00 0.00 0.00 

70 Longissimus_L1_TR_SaT7_R 0.00 0.00 0.00 0.00 0.00 

71 Longissimus_L1_TR_SaT8_L 0.00 0.00 0.00 0.00 0.00 

72 Longissimus_L1_TR_SaT8_R 0.00 0.00 0.00 0.00 0.00 

73 Longissimus_L1_TR_SaT9_L 0.00 0.00 0.00 12.96 0.00 

74 Longissimus_L1_TR_SaT9_R 0.00 0.00 0.00 12.96 0.00 

75 Longissimus_L1_TR_SaT10_L 0.00 0.00 0.00 12.96 0.00 

76 Longissimus_L1_TR_SaT10_R 0.00 0.00 0.00 12.96 0.00 

77 Longissimus_L1_TR_SaT11_L 0.00 0.00 12.96 12.96 0.00 

78 Longissimus_L1_TR_SaT11_R 0.00 0.00 8.31 12.96 0.00 

79 Longissimus_L1_TR_SaT12_L 0.00 0.00 12.96 12.96 0.00 

80 Longissimus_L1_TR_SaT12_R 0.00 0.00 6.49 12.96 0.00 

81 PsoasMajor_Fe_T12_L 0.00 0.00 0.00 0.00 0.00 

82 PsoasMajor_Fe_T12_R 0.00 0.00 0.00 0.00 0.00 

83 QuadratusLum_Pel_Rib12_L 0.00 0.00 0.00 0.00 0.00 

84 QuadratusLum_Pel_Rib12_R 0.00 0.00 0.00 0.00 0.00 

85 RecAbdominis_Pel_Rib5_L 0.00 0.00 0.00 0.00 0.00 

86 RecAbdominis_Pel_Rib5_R 0.00 0.00 0.00 0.00 0.00 

87 RecAbdominis_Pel_Rib6_L 0.00 0.00 0.00 0.00 0.00 

88 RecAbdominis_Pel_Rib6_R 0.00 0.00 0.00 0.00 0.00 

89 RecAbdominis_Pel_Rib7_CL 28.29 0.00 0.00 0.00 38.25 

90 RecAbdominis_Pel_Rib7_CR 28.29 0.00 0.00 0.00 38.00 

91 RecAbdominis_Pel_Rib7_L 0.00 0.00 0.00 0.00 1.28 

92 RecAbdominis_Pel_Rib7_R 0.00 0.00 0.00 0.00 0.00 

93 SpinalisTho_L1_T6_L 0.00 0.00 0.00 0.00 0.00 

94 SpinalisTho_L1_T6_R 0.00 0.00 0.00 0.00 0.00 

95 SpinalisTho_L2_T5_L 0.00 0.00 0.00 0.00 0.00 

96 SpinalisTho_L2_T5_R 0.00 0.00 0.00 0.00 0.00 

97 SpinalisTho_L1_TR_SaT1_L 0.00 0.00 0.00 9.44 0.00 

98 SpinalisTho_L1_TR_SaT1_R 0.00 0.00 0.00 0.00 0.00 

99 Interspinales_L1_T12_L 0.00 0.00 0.00 0.00 0.00 
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Table C-1 continued 

100 Interspinales_L1_T12_R 0.00 0.00 0.00 0.00 0.00 

101 Intertransversarii_L1_T12_La_L 0.00 0.00 0.00 0.00 0.00 

102 Intertransversarii_L1_T12_La_R 0.00 3.76 0.00 0.00 0.00 

103 Intertransversarii_L1_T12_Me_L 0.00 3.60 10.00 10.00 0.00 

104 Intertransversarii_L1_T12_Me_R 0.00 0.00 9.16 10.00 0.00 

105 Rotatores_L1_T12_L 30.00 0.00 0.00 0.00 70.00 

106 Rotatores_L1_T12_R 30.00 0.00 0.00 0.00 70.00 

107 Rotatores_L2_T12_L 30.00 0.00 0.00 0.00 70.00 

108 Rotatores_L2_T12_R 30.00 0.00 0.00 0.00 70.00 

109 Longissimus_L2_T1_L 0.00 0.00 0.00 0.00 0.00 

110 Longissimus_L2_T1_R 0.00 0.00 0.00 0.00 0.00 

111 Longissimus_L2_T2_L 0.00 0.00 0.00 0.00 0.00 

112 Longissimus_L2_T2_R 0.00 0.00 0.00 0.00 0.00 

113 Iliocostalis_L2_L1_SaL1_L 0.00 0.00 0.00 0.00 0.00 

114 Iliocostalis_L2_L1_SaL1_R 0.00 0.00 0.00 0.00 0.00 

115 Longissimus_L2_L1_SaL1_L 0.00 0.00 0.00 0.00 0.00 

116 Longissimus_L2_L1_SaL1_R 0.00 0.00 0.00 0.00 0.00 

117 Multifidus_L2_L1_SaL1_F1_L 0.00 0.00 0.00 0.00 0.00 

118 Multifidus_L2_L1_SaL1_F1_R 0.00 0.00 0.00 0.00 0.00 

119 Multifidus_L2_L1_SaL1_F2_L 0.00 0.00 0.00 0.00 0.00 

120 Multifidus_L2_L1_SaL1_F2_R 0.00 0.00 0.00 0.00 0.00 

121 Multifidus_L2_L1_L5L1_F3_L 0.00 0.00 0.00 11.67 0.00 

122 Multifidus_L2_L1_L5L1_F3_R 0.00 0.00 0.00 11.67 0.00 

123 Multifidus_L2_L1_L4L1_F4_L 46.67 0.00 0.00 0.00 21.81 

124 Multifidus_L2_L1_L4L1_F4_R 46.67 0.00 0.00 0.00 21.69 

125 PsoasMajor_Fe_L1_L 0.00 0.00 0.00 0.00 0.00 

126 PsoasMajor_Fe_L1_R 0.00 0.00 0.00 0.00 0.00 

127 QuadratusLum_Pel_L1_L 0.00 0.00 0.00 0.00 0.00 

128 QuadratusLum_Pel_L1_R 0.00 0.00 0.00 0.73 0.00 

129 Interspinales_L2_L1_L 2.65 0.00 5.81 10.00 37.94 

130 Interspinales_L2_L1_R 2.65 10.00 1.46 10.00 38.02 

131 Intertransversarii_L2_L1_La_L 30.00 0.00 0.00 10.00 70.00 

132 Intertransversarii_L2_L1_La_R 30.00 0.00 0.00 10.00 70.00 

133 Intertransversarii_L2_L1_Me_L 0.00 0.00 0.00 9.96 0.00 

134 Intertransversarii_L2_L1_Me_R 0.00 0.00 0.00 8.72 0.00 

135 Rotatores_L2_L1_L 30.00 10.00 5.66 10.00 70.00 
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Table C-1 continued 

136 Rotatores_L2_L1_R 30.00 10.00 7.46 10.00 70.00 

137 Rotatores_L3_L1_L 30.00 6.33 2.92 6.75 70.00 

138 Rotatores_L3_L1_R 30.00 5.20 0.00 8.50 70.00 

139 Iliocostalis_L3_L2_SaL2_L 0.00 0.00 0.00 0.00 0.00 

140 Iliocostalis_L3_L2_SaL2_R 0.00 0.00 0.00 0.00 0.00 

141 Longissimus_L3_L2_SaL2_L 0.00 0.00 0.00 0.00 0.00 

142 Longissimus_L3_L2_SaL2_R 0.00 0.00 0.00 0.00 0.00 

143 Multifidus_L3_L2_SaL2_F1_L 0.00 0.00 0.00 0.00 0.00 

144 Multifidus_L3_L2_SaL2_F1_R 0.00 0.00 0.00 0.00 0.00 

145 Multifidus_L3_L2_SaL2_F2_L 0.00 0.00 0.00 0.00 0.00 

146 Multifidus_L3_L2_SaL2_F2_R 0.00 0.00 0.00 0.00 0.00 

147 Multifidus_L3_L2_L5L2_F3_L 0.00 0.00 0.00 0.00 0.00 

148 Multifidus_L3_L2_L5L2_F3_R 0.00 0.00 0.00 0.00 0.00 

149 Multifidus_L3_L2_SaL2_F4_L 0.00 0.00 0.00 0.00 0.00 

150 Multifidus_L3_L2_SaL2_F4_R 0.00 0.00 0.00 0.00 0.00 

151 PsoasMajor_Fe_L2_L 0.00 0.00 0.00 0.00 0.00 

152 PsoasMajor_Fe_L2_R 0.00 0.00 0.00 4.96 0.00 

153 QuadratusLum_Pel_L2_L 0.00 0.00 0.00 34.02 0.00 

154 QuadratusLum_Pel_L2_R 0.00 0.00 0.00 30.75 0.00 

155 Interspinales_L3_L2_L 30.00 10.00 0.00 0.00 70.00 

156 Interspinales_L3_L2_R 30.00 10.00 0.00 0.00 70.00 

157 Intertransversarii_L3_L2_La_L 7.60 0.03 0.00 0.00 23.41 

158 Intertransversarii_L3_L2_La_R 7.60 0.00 0.00 0.00 23.35 

159 Intertransversarii_L3_L2_Me_L 30.00 1.16 0.00 0.00 45.16 

160 Intertransversarii_L3_L2_Me_R 30.00 2.89 3.53 0.00 45.30 

161 Rotatores_L3_L2_L 5.60 0.00 10.00 10.00 70.00 

162 Rotatores_L3_L2_R 5.60 0.00 10.00 9.62 69.98 

163 Rotatores_L4_L2_L 0.00 0.00 0.00 10.00 0.00 

164 Rotatores_L4_L2_R 0.00 0.00 0.03 7.30 0.00 

165 Iliocostalis_L4_L3_SaL3_L 0.00 0.00 0.00 0.00 0.00 

166 Iliocostalis_L4_L3_SaL3_R 0.00 0.00 0.00 0.00 0.00 

167 Longissimus_L4_L3_SaL3_L 53.58 28.09 19.95 0.00 19.36 

168 Longissimus_L4_L3_SaL3_R 53.58 29.59 22.81 0.00 19.43 

169 Multifidus_L4_L3_SaL3_F1_L 0.00 0.00 0.00 0.00 0.00 

170 Multifidus_L4_L3_SaL3_F1_R 0.00 0.00 0.00 0.00 0.00 

171 Multifidus_L4_L3_SaL3_F2_L 0.00 0.00 0.00 0.00 0.00 
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Table C-1 continued 

172 Multifidus_L4_L3_SaL3_F2_R 0.00 0.00 0.00 0.00 0.00 

173 Multifidus_L4_L3_SaL3_F3_L 0.00 0.00 0.00 0.00 0.00 

174 Multifidus_L4_L3_SaL3_F3_R 0.00 0.00 0.00 0.00 0.00 

175 Multifidus_L4_L3_SaL3_F4_L 0.00 0.00 0.00 0.00 0.00 

176 Multifidus_L4_L3_SaL3_F4_R 0.00 0.00 0.00 0.00 0.00 

177 PsoasMajor_Fe_L3_L 0.00 0.00 0.00 0.00 0.00 

178 PsoasMajor_Fe_L3_R 0.00 0.00 0.00 0.00 0.00 

179 QuadratusLum_Pel_L3_L 0.00 0.00 0.00 0.00 0.00 

180 QuadratusLum_Pel_L3_R 0.00 0.00 0.00 0.00 0.00 

181 Interspinales_L4_L3_L 30.00 10.00 10.00 10.00 70.00 

182 Interspinales_L4_L3_R 30.00 10.00 10.00 10.00 70.00 

183 Intertransversarii_L4_L3_La_L 30.00 0.00 8.38 0.00 70.00 

184 Intertransversarii_L4_L3_La_R 30.00 0.00 7.08 0.18 70.00 

185 Intertransversarii_L4_L3_Me_L 30.00 9.89 10.00 0.00 70.00 

186 Intertransversarii_L4_L3_Me_R 30.00 10.00 10.00 4.14 70.00 

187 Rotatores_L4_L3_L 0.00 0.00 0.00 10.00 0.00 

188 Rotatores_L4_L3_R 0.00 0.59 0.00 10.00 0.04 

189 Rotatores_L5_L3_L 0.00 0.00 0.00 10.00 0.00 

190 Rotatores_L5_L3_R 0.00 0.00 0.00 10.00 0.00 

191 Iliocostalis_Sa_L4_L 0.00 3.45 9.10 0.00 0.00 

192 Iliocostalis_Sa_L4_R 0.00 3.83 8.72 0.00 0.00 

193 Longissimus_Sa_L4_L 139.11 77.78 77.78 67.97 186.39 

194 Longissimus_Sa_L4_R 139.11 77.78 77.78 70.31 186.17 

195 Multifidus_Sa_L4_F1_L 0.00 0.00 0.00 0.00 0.00 

196 Multifidus_Sa_L4_F1_R 0.00 0.00 0.00 0.00 0.00 

197 Multifidus_Sa_L4_F2_L 0.00 0.00 0.00 0.00 0.00 

198 Multifidus_Sa_L4_F2_R 0.00 0.00 0.00 0.00 0.00 

199 Multifidus_Sa_L4_F3_L 0.00 0.00 0.00 0.00 0.00 

200 Multifidus_Sa_L4_F3_R 0.00 0.00 0.00 0.00 0.00 

201 Multifidus_Sa_L4_F4_L 0.00 0.35 0.00 0.00 0.00 

202 Multifidus_Sa_L4_F4_R 0.00 0.00 0.00 0.00 0.00 

203 PsoasMajor_Fe_L4_L 0.00 0.00 0.00 0.00 0.00 

204 PsoasMajor_Fe_L4_R 0.00 0.00 0.00 0.00 0.00 

205 QuadratusLum_Pel_L4_L 0.00 0.00 0.00 0.00 0.00 

206 QuadratusLum_Pel_L4_R 0.00 0.00 0.00 0.00 0.00 

207 Interspinales_L5_L4_L 30.00 10.00 10.00 10.00 49.76 
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Table C-1 continued 

208 Interspinales_L5_L4_R 30.00 10.00 10.00 10.00 33.86 

209 Intertransversarii_L5_L4_La_L 30.00 0.00 8.85 2.45 0.00 

210 Intertransversarii_L5_L4_La_R 30.00 0.24 8.54 3.05 1.30 

211 Intertransversarii_L5_L4_Me_L 30.00 10.00 10.00 10.00 70.00 

212 Intertransversarii_L5_L4_Me_R 30.00 10.00 10.00 10.00 70.00 

213 Rotatores_L5_L4_L 0.00 0.00 0.00 0.27 0.00 

214 Rotatores_L5_L4_R 0.00 0.00 0.50 0.00 0.00 

215 Rotatores_Sa_L4_L 0.00 0.00 0.00 0.00 0.00 

216 Rotatores_Sa_L4_R 0.00 0.00 0.00 0.00 0.00 

217 Longissimus_Sa_L5_L 126.88 68.72 73.93 77.78 155.19 

218 Longissimus_Sa_L5_R 126.88 68.98 74.00 77.78 155.34 

219 Multifidus_Sa_L5_F1_L 0.00 0.00 0.00 0.00 0.00 

220 Multifidus_Sa_L5_F1_R 0.00 0.00 0.00 0.00 0.00 

221 Multifidus_Sa_L5_F2_L 0.00 0.00 0.00 0.00 0.00 

222 Multifidus_Sa_L5_F2_R 0.00 0.00 0.00 0.00 0.00 

223 Multifidus_Sa_L5_F3_L 0.00 0.00 0.00 0.00 0.00 

224 Multifidus_Sa_L5_F3_R 0.00 0.00 0.00 0.00 0.00 

225 Multifidus_Sa_L5_F4_L 0.00 0.00 0.00 16.64 0.00 

226 Multifidus_Sa_L5_F4_R 0.00 0.00 0.00 19.68 0.00 

227 PsoasMajor_Fe_L5_L 0.00 0.00 0.00 0.00 0.00 

228 PsoasMajor_Fe_L5_R 0.00 0.00 0.00 0.00 0.00 

229 Interspinales_Sa_L5_L 0.00 0.00 0.00 0.00 0.00 

230 Interspinales_Sa_L5_R 0.00 0.00 0.00 0.00 0.00 

231 Rotatores_Sa_L5_L 0.00 0.00 0.00 0.00 0.00 

232 Rotatores_Sa_L5_R 0.00 0.00 0.00 0.00 0.00 
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APPENDIX D. THE ROLE OF SHORT MUSCLES IN STABILIZING THE WHOLE 

LUMBAR SPINE 

The studies of the main section showed that spinal muscles were able to create 

CFLs and stabilize the lumbar spine in different MFCs and FLPs. However, the 

biomechanical roles of short intrinsic muscles (SIMs) in stabilizing  the lumbar spine as 

well as in creating CFLs remain unclear. 

To investigate the biomechanical roles of SIMs, such as rotatores, interspinales 

and intertransversarii, in controlling the deformation and the stability of the whole lumbar 

spine via a follower load mechanism. For this purpose, the optimization and the 3-D FE 

model with and without 54 SIMs at all levels were used simultaneously in order to 

determine the spinal MFs creating CFL in the lumbar spine in a neutral standing posture 

and the deformation of the lumbar spine resulting from the upper body weight of 350N 

and such MFs. 

The optimization analyses predicted that CFLs can be created by spinal muscles 

without SIMs from FLP at ƞ = -30.0 mm to FLP at ƞ = -4.0 mm. However, the FE 

predictions in the case of FLP at ƞ = -4.0 mm as shown in Figure D-1 clearly 

demonstrated that the CFL creating MFs predicted from the model without SIMs produce 

a large deformation particularly at the T12-L1-L2 segments (unstable deformation) 

regardless of FLP variation, whereas such MFs predicted from the model with SIMs 

produced stable deformation of the lumbar spine (resulting in the trunk sway <10 mm, 

see section 5.1). 

The predicted CFLs in this case were 2277 N at T12-L1, 2288 N at L1-L2, 2405 

N at L2-L3, 2565 N at L3-L4, 2818 N at L4-L5 and 2859 N at L5-Sac. The CFLs created 

by spinal muscles without contribution of SIMs were higher (300% or more) than those 
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with the contribution of SIMs.  These higher CFLs and the lack of MFs in diversified 

directions that used to be provided by SIMs seemed to result in greater (or more unstable) 

deformation of the lumbar spine. Thus, this result clearly showed that SIMs were 

essential to stabilizing the spine via a CFL mechanism. 

 

Figure D-1 Deformation of the lumbar spine without SIMs (MFC = 45 N/cm
2
 , FLP at 

ƞ = -4.0 mm)  
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