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ABSTRACT 

This study is of a biomechanical nature which is concerned with 

the analysis of the spinal column as a structure subjected to exter¬ 

nally applied loads. Specifically the analysis is carried out using 

loading conditions produced by the Harrington Spine Instrumentation; 

however, the basic equations are of a general nature. An analogous 

mathematical spine is developed making certain assumptions which are 

supported, and this system is analyzed and results presented. As 

this can be considered a basic or preliminary investigation leading 

to extended further study, a discussion of proposed methods of fur¬ 

ther study is included. 
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CHAPTER I 

INTRODUCTION 

1«1 Purpose 

The purpose of this investigation is to examine the human spinal 

column from a structural standpoint, with the idea of analyzing such 

columns under applied loads other than those normally applied due to 

muscle action or other body motion. The primary purpose is to present 

a mathematical analogy which is made valid by certain assumptions that 

are then supported. Of particular interest is first, the behavior of 

the spinal column under applied and moments which can be applied by 

the Harrington Spine Instrumentation, and second, the limits within 

which this instrumentation may be used. 

1.2 Historical Review 

Biomechanics is the science dealing with the effect of force and 

energy upon organisms or organic material. Among the fields that have 

added to or that have been instrumental in the development of the field 

are medicine, engineering, physics, biology, physiology, and instrumen¬ 

tation. Biomechanics is a relatively new field which beginnings can 

be traced to the latter half of the nineteenth century. Even though 

12 
Galileo's (1638) discourse on the mechanical significance of bone in¬ 

volved the field of biomechanics no attempt to approach the subject 

both from a biological and mechanical viewpoint was made until the lat¬ 

ter nineteenth or early twentieth centuries. 

91 99 1P A 
Von Meyer (1867), Roux (1885), Janssen (1920), and Carey 

1 



(1929), studied the orientation of the trabecular lines in bones mainly 

in the femur, these trabeculations in engineering terms being stress 

trajectories or lines along which maximum stress occurs,, The relation¬ 

ship between the architecture of the bone and its function was first 

recognized by Von Meyer (1867) and it was his discussion with Culman, 

a mathematician, that called attention to the similarity of the tra¬ 

becular arrangement to that of a structure constructed upon principles 

of efficiency and economy of material. They based their contention 

that the construction of bone was mathematically correct upon the 

orthogonality of those lines which does agree with the orthogonality 

of stress trajectories as is recognized in structures. Nature, ac¬ 

cording to good engineering principles, reshapes bony structure, and 

arranges the trabeculations under normal and pathological conditions 

so as to sustain a maximum of force resistance with a minimum expense 
« 

of bone tissue. 

22 
The first major test investigation was made by Roux who devised 

a rubber model of a knee joint which he coated with paraffin, and load¬ 

ed in a way he thought was as it would be loaded in the human body. 

From the cracks that developed under load, he drew what he believed 

were the stress trajectories} however, he did not attempt any quanta- 

tive measurement of the stress. 

20 
Kuntscher (1934) used photoelastic methods on the actual bone 

to attempt to determine the stresses produced in the femur under normal 

conditions. The material used was difficult to handle, and once the 

coating cracked, further cracking did not depend on further straining 



of the material, so again no useful quantitative data was obtained at 

various levels of stress. 

14 
The latest work has been carried out by Gurdjian and Lissner , 

using the ,,StresscoatM method. Their studies have been extensive on 

skull deformations and fractures both under static and dynamic loading 

conditions. Using "Stresscoatn the strain distribution in the loaded 

specimens were determined, and this information then used to determine 

the most feasible points to attach electrical resistance strain gauges 

to determine very accurate measurements of the magnitude of strain pro- 

1 1 
duced under such loading conditions. Evans, Lissner, and Pedersen 

have used this technique in studies on femoral deformations, and frac¬ 

tures to determine stresses caused by static loading. 

14 
Gurdjian and Lissner (1944) used electric strain gauges connect¬ 

ed to an oscilloscope to study the strains produced in the tibia of a 

living, walking dog, which was the first attempt at the determination 

of strains produced in a living animal by its movement. 

The rehabilitation field depends very heavily, and is greatly in¬ 

terested in the biomechanical studies in trying to determine the most 

27 
dependable rehabilitation procedure or correction. Sewell in work 

connected with a surgeon performed tests on the femural bone with spe¬ 

cial emphasis on the neck of the specimen. The purpose of the tests 

was to determine the stress distribution in the neck under load. 

Breaking of this neck in elderly people is a problem, and it was felt 

that knowing the manner in which the loads were transmitted from the 

pelvis into the bone proper, the repair of the injured bone could be 
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carried out using engineering judgment based on the results of tests. 

Lack of specimens necessitated judgment based only on a few tests which 

did not show much uniformity of data. 

Biomechanical investigation of the spinal column has been rather 

meager, and the work done by Virgin and Evans separately have been 

25 
the only published works to date. Virgin's investigation of the bio¬ 

mechanics of the intervertebral disc will be discussed later in the 

thesis. 

. 20 
Lissner and Evans have carried out investigations on the dynamic 

axial loading of the spinal column as a unit. Electrical resistance 

strain gauges were utilized on spinal columns from cadevers that were, 

as nearly as possible kept in the natural moist state. These studies 

were in cooperation with the Department of the Air Force in their de¬ 

velopment of the ejection seat in airplanes. The tests included the 

investigation of the pelvis and the spine as a unit. 

11 
Mathematical analyses of bones were used by Koch in studying 

stress and strain in the long bones. The greatest problems here were 

that the cross section of the specimen varies throughout the length, 

and that the cross section was very irregular, making determination 

of the moment of inertia difficult. Bone structure is such that it is 

not a homogeneous isotropic material, thus invalidating all normal 

methods of mechanics in determining stresses. The determination of 

the neutral axis in bones is also difficult due to the irregularities, 

Koch's investigation was thorough in that the spongy portion of the 

bone was analyzed in relation to the compact bone of the femur, and a 



density coefficient determined, this coefficient then being useful in 

the moment of inertia calculation. The neutral axis was determined by 

visual inspection of the crack patterns developed during the test of 

the element. The moment of inertia was determined by dividing the 

cross-section into small portions, and multiplying the area of that 

small portion by the square of its distance from the neutral axis. 

Most of the biomechanical work has been in relation to particular 

elements, and how they behave under load. No published work has been 

carried out on the investigation of the spine as a structural unit, 

even though there have been tests on the elements comprising the spinal 

system such as the intervertebral discs, and the bony structure of the 

vertebrae. The great problem is that the spine, as a unit, needs all 

the connecting ligaments, muscles, and cartilage to function, and any 

attempt to proceed with a testing program neglecting or eliminating 

these elements would be futile as to really determining the behavior 

of the spine. 

No references could be found which cover the analysis of the spine 

as a system; however, it was learned that at a university in this coun¬ 

try, a model of a spine was considered as a possibility for investiga¬ 

tion of scoliosis. No details were available on this particular idea 

since it was in the planning stage. It would seem to the writer that 

a mathematical model such as the one described herein would be a more 

flexible method of approach. 



NOTATION 

a = Total width of vertebra in X-X Plane 

b = Total width of vertebra in Y-Y Plane 

B = Stiffness of joint in X-X Plane 

C = Stiffness of joint in Y-Y Plane 

h = Distance between points of rotation 

k = Muscle stiffness lb/in 

= Disc stiffness lb/in^ 

k^ = Intervertebral material stiffness lb/in 

Mx = External moment in X-X Plane 

My = External moment in Y-Y Plane 

M^ = Internal resisting moment of joint 

P = Axial load 

S = Internal force 

t = Thickness of intervertebral disc 

U = Strain energy 

V = Potential energy 

w = Width of vertebral body in X-X Plane 

x = Displacement coordinate in Y-Y Plane 

y = Displacement coordinate in X-X Plane 

z = Displacement of axial loads 

oc = Variable which locates rotation point in X-X Plane 

£ h = Height of vertebral body 

ft = Angle change between vertebrae in Y-Y Plane 

6 
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= Slope of vertebra in Y-Y Plane 

S = Deformation of spring elements in X-X Plane 

A = Deformation of spring elements in Y-Y Plane 

0 = Angle change between vertebrae in X-X Plane 

0 = Slope of vertebra in Y-Y Plane 

| = Variable distance from vertebral foramen to point of rotation 



CHAPTER II 

THE ANALOGY 

This chapter is concerned with describing the human spine, the 

analogous mathematical spine, and the assumptions made in arriving at 

the analogous spine. 

2.1 General 

It is found, when one investigates the complicated structure of 

the complete spinal column with its support and motion producing ele¬ 

ments, that the complexity of the mathematical or physical analysis 

of the effect of external forces on the spine is awesome and complicat¬ 

ed. It is believed by the writer, however, that certain patterns of 

action can, through much testing and correlation with mathematical 

analysis, be predicted. 

It is necessary to begin with a basic system which can be sophis¬ 

ticated to include many of the variables needed to account for factors 

not included in said basic system. The basic system involved in the 

investigation is made up of rigid bodies, analogous to the vertebrae, 

and a spring system, analogous to intervertebral discs and ligamentous 

or intervertebral material connecting the vertebral bodies. 

2.2 Description of the Human Spine 

The spinal column is the major support system of the body which 

must support a structure of relatively high center of gravity. When 

the upright spine is compared to the horizontal alignment of the 

8 



quadruped spine, which is a stable structure in that it is supported 

at both extremities with most of the weight under the spinal column, 

it is definitely a less efficient structureo The quadruped spine sup¬ 

ports its load through resistance to bending and needs very little 

muscle action to maintain stability. For the upright biped spine to 

operate correctly, a constant muscular action is in play to maintain 

the equilibrium that is not inherent since the only point of support 

is at the base of the spine. 

The spine is an articulated structure comprised of the bony sup¬ 

port structures called vertebrae, and of spongy, elastic, cartilagi¬ 

nous structure called the intervertebral disc. The discs separate 

the bony structure and act as energy absorbing elements. The com¬ 

plete unit is held intact by ligamentous and muscular structures. 

Figure 1 illustrates the column which is divided into three major 

regions, the cervical, thoracic, and the lumbar regions. The verte¬ 

brae comprising each region are of different configuration as illus¬ 

trated in Figure 2 which gives rise to the variation in the type of 

movement permitted by each configuration region. The quantitative 

difference will be discussed later in the chapter. 

The vertebral bodies increase consistently in size and mass from 

the first of the cervical region to the last of the lumbar region, 

providing for the increased load that each is required to transmit. 

Load is transmitted to the spine through cartilaginous attachments 

such as the rib attachment in the thoracic region, and various muscu¬ 

lar attachments. The last lumbar vertebra carries the weight of the 



upper trunk through to the pelvis. 

The number of vertebral elements of the vertebrae is twenty-four: 

r\s 

seven cervical, twelve thoracic, and five lumbar. Willis found that 

the consistency of the modal number of the vertebrae is 95 percent 

based on a study of abnormal and of normal spines. 

In the frontal plane the spine appears perfectly straight and 

symmetrical; however when it is seen in the sagittal plane (a plane 

dividing the specimen into right and left halves) there are three def¬ 

inite curves which appear: the cervical region is convex toward the 

front; the thoracic region convex toward the rear; and the lumbar re¬ 

gion convex toward the front. The line of gravity of the upper trunk 

intersects the inflection points of the curves mentioned above so that 

the weight of the upper trunk is more or less evenly distributed in 

front and in back of the line of gravity. 

Another purpose of the spinal column is to protect the spinal 

cord, the most delicate portion of the column. The passage, called 

the vertebral foramen, through which the cord passes is shown in Fig- 

.ure 3. The body is connected to the neural arches by pedicles, the 

neural arch and the pedicles forming the vertebral foramen, the pas¬ 

sageway of the spinal cord. The neural arches contain the processes 

to which are attached the powerful ligaments and muscles which limit 

the range of motion and cause motion. The processes act as levers for 

the muscle action thus increasing the mechanical advantage of the 

action. 

4 
Alf Breig found that if the ligaments and other material that 
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Vertebral Column from the left side 

Figure I 
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Cervical Vertebra 

Note! Arrows indicate intervertebral 

articulations or facets. 

Figure 2 
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1. neural arch 
2. processes 
3. pedicles 
4. vertebral body 
5. facets 

Figure 3 
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hold adjacent bodies together were deficient or by some means the spine 

was abnormally extended that there was a possibility of serious damage 

to the spinal cord due to overstressing of that cord. This can result 

in paralysis of many parts of the body since the spinal cord carries 

the nerve system. 

The intervertebral disc has the important function of maintaining 

the movability of the spinal elements by changing shape and allowing 

tilting and twisting of adjacent bodies. They act as elastic springs 

which absorb shock and permit movement between adjacent bodies and 

therefore movement of the system as a whole. The mechanical require¬ 

ments that these discs are subjected to are so great that the discs 

often fail early and degenerate, thus causing static deficiencies in 

the spine and abrasive action of one body on the other. 

2.3 Analogy Description 

The mechanical connections of the system are joints which have 

the property of rotation in any direction. Figure 4 illustrates a 

cross section of two adjacent vertebra with the analogous bodies super¬ 

imposed. In the sagittal (X-X) plane the point of rotation is in ques¬ 

tion as discussed in the assumption portion of the chapter. The inter¬ 

vertebral disc is represented by elastic springs continuous over the 

area of the body and the ligamentous material at the processes is also 

represented by a spring which further stiffens the joint in this plane. 

In the frontal plane of the body the spine is shown with the 

springs between the bodies representing the intervertebral discs as 

in Figure 5. 
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Actual Spine 
1. Vertebral Articulation 
2. Intervertebral Material 
3. Intervertebral Disc 
4. Vertebral Body 

Analogous Spine 
Point of rotation 
Springs 
Springs 
Rigid Body 

Figure 4 
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Actual Spine Analogous Spine 

1. Vertebral Articulation 
2. Vertebral Body 
3. Intervertebral Disc 

Point of Rotation 
Rigid Body 
Springs 

Figure 5 
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Horizontal support of the structure is elicited by springs con¬ 

nected at the point of rotation in both planes. These springs repre¬ 

sent the static or passive muscle resistance to movement of the spine. 

The analysis of the system will be carried out in a normal struc¬ 

tural manner under the assumptions discussed in the next section. The 

mathematical analogy was decided upon because of its apparent flexibil¬ 

ity and the fact that an actual model could be extremely complicated 

and not subject to change once made. The mathematical analogy allows 

assumptions to be made and factors neglected in order to discern their 

importance in the behavior of the system. 

2.4 Assumptions Made for Analogy 

1) The vertebrae are considered rigid bodies (non-deformable) 

compared to the intervertebral discs and other intervertebral 

material since the ratio of the elasticity of the bone to the 

elasticity of the intervertebral material is approximately 

186 to 1. 

The tests for tensile, compressive, and shear strength of bone 

were carried out on basically two types of bone, the dense or 

compact and spongy, the vertebrae being made up of the latter. 

Some of the problems involved in biomechanical testing are 

that, in the first place, one cannot usually test the specimen 

under natural conditions. A specimen of a portion of a system 

such as the femur can be tested under almost normal conditions, 

but testing of a complete system such as the spine with all 

the supporting and motor elements would be impossible. Thus, 



18 

the ultimate strength of the system must be postulated from 

reasonable decisions based on tests of the individual elements 

which comprise the system. 

Variables affecting tests and the determination of the stress 

strain curve, were found to be: the amount of moisture in the 

specimen; the direction of application of the force with re¬ 

spect to the axis of the sample; the biological factors such 

as the age, stated health, and possibly the sex and race of 

the individual from whom the samples were taken. Figure 6 shows 

difference in tests conducted on a dry and wet specimen. Tests 

20 
by Rauber report that the average compressive strength, test¬ 

ed parallel with the long axis of the bone from the lumbar re¬ 

gion of the spine is 1,190 psi and that the modules of elastic¬ 

ity are 2.78 x 10^ psi for dry bone, and 1.58 x 10^ psi for 

bone maintained in wet state. This test value was within 5% 

10 
of values that Evans and Lebow determined. The writer has 

chosen to use 1.67 since Lissner and Evans carried out their 

tests with more accurate instrumentation and a wider selection 

of samples. 

25 
The intervertebral discs were tested by Virgin , and Lissner 

20 
and Evans . Virgin's investigation of the physical properties 

of the discs was made on 51 cadavers with from one to five discs 

from each subject being tested. Before and during each test 

the discs were kept in Ringer's solution which, as near as pos¬ 

sible, maintains the body fluid content of the specimen. Aver- 
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Comparison of tensile stress strain 
curves for wet and dry bone samples 

(from the human femur) 

(from Evans and Lebow: Journ. Appl. Physiol., 3,1951) 

Figure 6 
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age values of the discs under compression and tension are 9 x 

3 6 
10 psi, or .009 x 10 . Therefore, the ratios of the modulii 

of elasticity of the vertebrae to the disc is: 

fi 3 
1.67 osi x 10 _ 0.186 x 10 „ 
 e r -  :  or 186:1 

9 psi x 1CT 1 

The assumption, therefore, that the vertebral bodies are rigid 

in relation to the intervertebral material introduces a 0.53% 

error in the stiffness calculation. 

2) Axial forces are continually present due to internal body 

weight. The superincumbent weight of the body will be constant; 

however if there is any application of external axial load then 

the effective axial load will change. The constant axial load 

was calculated as discussed below. 

The percentage of the total body weight carried by each verte¬ 

brae was found by coordinating results given by Saunders and 

information determined by the writer. Information given by 

Saunders states that 61% of the body weight is transferred from 

the last lumbar vertebrae to the pelvis and that 7.8% of the 

body weight (the weight of the head) is carried through the 

first cervical vertebrae. No information could be found as to 

the percent of the body weight carried by the other remaining 

vertebrae. It was found in discussion with the medical advisor 

and from Steindler that the body furnishes enough material 

to resist the forces which it is asked to normally resist, with 
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a safety factor to take into account additional force over 

normal loads. 

Bearing areas from the first cervical to the last lumbar ver¬ 

tebrae from a normal spine were found, then the difference in 

areas, scaled to the differences in percent body weight carried 

through each vertebrae, was determined by ratio. 

* The values were plotted, the curve was then fit by the method 

of least squares. The curve was necessary to have for use in 

the computation of the axial loads in the solution. Refer to 

Appendix A for Least Squares calculation and related calcula¬ 

tions. 

3) The assumption of small angle geometry in relation to the angle 

changes will be made in relation to angle changes involved. 

24 
The assumption is based on the measurements of Stoddard , 

13 24 
Gianturco . The table (1) from Stoddard shows his finding 

on various normal ranges of movement between adjacent vertebrae, 

which is seen not to exceed five degrees in any region. The 

thoracic region generally has the least range of action because 

of its ligamentous connection to the thoracic cage and because 

of the arrangement of the articulations where the two adjacent 

vertebrae meet. The intervertebral articulations in the vari¬ 

ous ranges of the spine are shown in Figure 7. The difference 

in form and position of the articulations are the main deter¬ 

mining factors in the motion of each region. 



TABLE 1 

"ft 

Average Values of 9 in Forward and Backward and Side Bending 

Vertebra Forward Backward Side 

Cl 5.6° 5.6° 

C2 5.7° 5.7° 4.5° 

C3 5.6° 5.4° 4.0° 

C4 5.4° 5.1° 2.5° 

C5 5.5° 5.0° 4° 

C6 4.0° 3.5° 4° 

C7 2o0° 1.0° 1.5° 

T1 

o
 or • 0.5° 1.5° 

T2 1.2° 0.4° 1° 

T3 1.2° 0.3° 1° 

T4 1.0° 0.5° 0.5° 

T5 1,0° 0.5° 1° 

T6 0.5° 0.2° 2° 

T7 0.5° 0,2° 2.5° 

T8 1.2° 0.5° 2.5° 

T9 2.0° 0.6° 2.5° 

T10 4o5° 0»7° 3° 

T11 4.8° 0.8° 3° 

T12 5.0° 2.0° 3° 

L1 5.0° 3.0° 4° 

L2 5.5° 4.0° 5° 

L3 5.5° 5.5° 4° 

L4 5.6° 5.5° 2° 

L5 5,6° 5.5° 2° 

From Stoddard 

22 
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The cervical spine facets occupy an oblique plane sloping from 

high in the front to lower in the back and permit three degrees 

of motion; forward, backward; sideways; and rotatory, One will 

notice that this is the more free region of the spine. 

The thoracic articular surfaces are flat, but face sideways in 

a frontal plane as shown. The motion permitted here is free 

in forward bending and side bending, but limited in axial rota¬ 

tion and backward bending. The backward limitation is caused 

by the spinous process indicated as they overlap one another. 

The lumbar region articular surfaces are also flat, but face 

the front and back in a transverse plane. The motion permitted 

here is mainly rotatory and forward. 

Normal movement would occur up to three degrees; however, the 

five degree value, even though this happens under more extreme 

forces, still is within the range of safety or range in which 

the spine as a system will return to the normal state on un¬ 

loading. 

Small angle geometry is such that the sine and tangent of a 

particular angle equals that angle measured in radians. This 

will be of use in the geometry of stiffness discussed later 

in the thesis where this stiffness of a joint is that moment 

it takes to rotate that joint through an angle change of one 

degree. 
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Cervical Thoracic Lumbar 

Figure 7 



4) The column is considered elastically stable due to muscle and 

ligamentous support and to the fact of the limiting of the 

range of motion by the assumed rigid spines and articular ar¬ 

rangements o 

Muscle control is always an active process, since the muscle 

is continually being stimulated, even in a state of complete 

stillnesso There are the activators and antagonizers in muscle 

action, one acting against the other in order to maintain a 

measure of stability. The muscles of the spine, it seems to 

the writer are, in structural language, movable lateral sup¬ 

ports, that is, allowing only the motion desired on command. 

Even in the passive state the muscle fibers contract to main¬ 

tain this stability. 

Therefore, the problem of elastic stability is not considered 

in this work, 

5) There is a creep tendency of the disc and other intervertebral 

20 
material as shown by Lissner ; however the creep occurs only 

25 
under excessive stress under long periods of time. Virgin 

demonstrates that the intervertebral disc is an elastic body 

with considerable power of recovery. When loads of normal 

range were applied over a period of 48 hours, little deforma¬ 

tion over the initial deformation upon loading was in evidence. 

The creep tendency of the discs, that is, deformation under 

load with respect to time is neglected here. 



26 

6) There is much controversy as to the point of rotation of two 

vertebrae about which the angle changes take place in the sag¬ 

ittal plane or the X-X plane in this work. The controversy 

up to now has been passive and up to this time no real positive 

discussion of this matter has been found in print. It was de¬ 

cided that, in order to determine the most reasonable point of 

rotation, this point must not be fixed in the analogous spine. 

The point of rotation as indicated in Figure 4 has been varia¬ 

ble in increments ranging from the point of the intervertebral 

articulations to the front of the vertebral foramen. With re¬ 

sults in this form, the tests can be carried out on an actual 

spinal column and coordinated with the most agreeable case 

calculated. This point of rotation will have a definite effect 

on the angle changes produced since the stiffness of the joint 

will be affected by such variation. 

To the writer the most reasonable approach to the determination 

of the point of rotation of the bodies about each other was 

13 
carried out by Major C. Gianturco whose work was carried out 

through critical examination of x-rays of a specimen superim¬ 

posed on one another with the spinal column in both the normal 

erect position and then in maximum forward or backward, or 

sideways movement. Lines were drawn in the plane of the bodies 

in Figure 8 taken from the work by Gianturco, and intersection 

points found. This was done only on the five lower lumbar ver¬ 

tebrae and no conclusions were drawn by the author even though 
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from Gianturco, C.t" Roentgen Analysis of Motion of 

Lower Lumbar Vertebrae in Normal Individuals," 

American Journal of Roentgenology, Vol. 52, Sept 1944. 

Rgure 8 
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from the illustrations in the work, the intersection point looks 

to be near the front of the foramen. 

24 Stoddard postulates that the bodies rotate about the center 

of the body of the vertebrae which would mean that the motion 

of the articular connections would be a sliding one. It should 

be pointed out that the articular facets are surrounded by liga¬ 

mentous material called the ligamentum interspinosum and liga- 

mentum flavum which maintain the placement of the connections 

and limit the movement of that point. It seems to the writer 

that the point of rotation would be closer to the articular 

facets so that the motion around them would be primarily rota¬ 

tional. 

From these two major articles it is seen that the agreement is 

limited among the available sources and thus the decision to 

leave this variable. 

7) Dynamic forces produced by body movement are not considered 

in this thesis. Of course, a complete investigation would 

necessarily include such forces. 

2.5 Analogous Spine System and Applied Loads 

The Harrington Spine Instrumentation is used here solely as an 

example of externally applied loads on the spine which this paper will 

utilize. Figure 9 illustrates how the load is simultaneously applied 

to the processes by a compression strut on one side of the spinal col¬ 

umn and by a tension strut on the other. This eccentric application 



29 

of loads produces moments about both axes, lateral (X-X) and transverse 

(Y-\) of the spine. Figure 10 illustrates the forces produced by the 

instrumentation. In general it is these types of loads, moments and 

axial forces, which are of interest as to the deformation of the spine 

caused by such loads. 
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Position of axis variable 

TOP VIEW 

Figure 9 
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Y-Y 

Illustration showing external loads 
that may be caused by Harrington 
Spine Instrument 

Figure IO 



CHAPTER III 

THEORY 

3.1 General 

Consider the discrete, articulated, system shown in Figures 4 and 

5 which consists of a number of elements which are subjected to exter¬ 

nal forces and are connected by energy absorbing elements. 

The method of analysis used is an energy method which principle 

is based on the relationship between strain energy and real work as 

opposed to those methods utilizing concepts of complementary energy 

and complementary work. 

The general principle of strain energy and work is based on the 

principle of conservation of energy which states that for a conserva¬ 

tive system, for the structure in static equilibrium, the total strain 

energy stored in the structure during loading is equal to the work done 

by the external loads moving through the induced displacements. 

Consider Figure 11 in which a load displacement diagram and an 

internal force, distortion diagram are shown. If we have a system of 

elements there is a load displacement diagram for each externally ap¬ 

plied load and an internal force, distortion diagram. There are "m" 

separate external loads and *'n" internal flexible elements. In gener¬ 

al the displacements of the load points and the distortions of the 

internal elements may be expressed as functions of a set of basic dis¬ 

placement coordinates in the case of this system, by geometrical rela¬ 

tions. Also, the internal deformations can be expressed in terms of 

32 
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A 

Typical External Load-Displacement Diagram 

Typical Internal Forte-Distortion Diagram 

Figure II 
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the same basic set of displacement coordinates. 

The displacements of the load points, A .j, A2, Ag, « A^, 

and the distortions of the internal elements, 8^, 82* 83  Sn> 

may be expressed as functions of the set of basic displacement coor¬ 

dinates, q.j, q2, ..... qp, by geometry so that if 
np" coordinates are 

required to define the deflected shape of the structure then the fol¬ 

lowing notations can be stated in general, 

Ak = fk ^2 <3p) 
where k = 1> 2»  m (3.1) 

and 

Sj = fj (q^, q2,   qp) where j = 1, 2, ....n (3.2) 

The internal forces J,Sn are known functions of the internal defor¬ 

mations S in accordance with known force distortion diagrams. There¬ 

fore, in general, 

Sj = FJ ^q1’ q2’ q
p) 

where J = 1» 2,   n (3.3) 

Since the strain energy U is a function of the internal forces 

and deformations, nSn and S , and since each of these quantities can 

be expressed as functions of the basic coordinates ^'q1' it follows that 

the strain energy can also be expressed as a function of the basic coor¬ 

dinates. Therefore, 

U— F' (q^, q2, ....o qp) (3.4) 

Assume that the structure is loaded and is in static equilibrium 

in a deflected position. Consider that we cause a small increase of 



35 

one displacement coordinate, dq^, without changing the magnitude of 

the loads. The additional work done by the external loads must equal 

the additional strain energy stored in the structure. That is, 

where 

and 

dU = dW 

dU = £ dU< 

j=1 3 

m 
dW = ^ 

d\ 
k=1 

(3.5) 

(3.6) 

(3.7) 

The change in strain energy and work due to the displacement in¬ 

crement dq. can be expressed as follows. Since dU = d W, 

6 u 6w 
(3.8) 

6qi 6qi 

and since the potential energy "V" is defined as 

V = U - W (3.9) 

then Equation (3.8) is a statement of minimum potential energy, since 

a minimum occurs where the first derivative vanishes. 

bV _ &U _ 6W 
bqL dqi " bqt 

= 0 (3.10) 

Using the proper substitutions and referring to the force distor¬ 

tion diagrams, the following general expression is derived, 

S sj 
j=1 3 

as j _ m 

aq. = £ 
k=l 

dAk 
(3.11) 

where "n11 equals the number of internal elements, "m" equals the num- 
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ber of loads and "i" is the number of displacement unknowns necessary 

to completely describe the deformation of the structure. 

Figure 12 illustrates a typical element in the deformed position 

with its displacement difference unknowns and the applied loads. 

3.2 Geometry 

Referring to Figure 13 which illustrates the geometry in the X-X 

plane, let 5 equal the extension of the spring at the front of the 

vertebral body, t equal the thickness of the invertebral disc, and 1 

equal the length of the extended spring at the front of the body so 

that 

S = 1 - t (3.12) 

Using small angle geometry, 1 becomes, 

i 
2 2 8 

1= { (t + a (1 - oC ) ©J + ©) J- (3.13) 

Substituting (3.13) into (3.12) we obtain, 

& = [t2 + 2ta0 - 2toca9 + a202 - 2oc a
202 + oc^2©^^^- 

—, 1 
2 

and 

Sf = t - { (| 0)2 + t - e a)2} 

■t (3.14) 

(3.15) 

Another relation derived from the above is 

9 = - -2ta(l- oc) + Vfeta(l-cc) 1 2+4 Ca2(l-oc)2] ( & 2+2&t) 

2a2 (1-oc)2 

(3.16) 

Figure 14 illustrates the geometry in the Y-Y plane where m equals 

extension of the furthermost spring from the point of rotation. The 
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following geometrical relations result from the illustrated deformations 

3.3 Stiffness 

Assuming in Figure 15 that the analogous vertebral body is rec¬ 

tangular, but with equal area as that of the actual body then the fol¬ 

lowing relations are derived. 

Rotating the body through the angle 0 we find that the interior 

resisting moment about the point of rotation is: 

Now assuming small angle geometry, the stiffness of this joint in 

the X-X plane is that the moment required to rotate it through an angle 

of 1 radian. Therefore, 

(3.17) 

(3.18) 

+ kf 6 foc a (3.19) 

Substituting Equations (3.14) and (3.15) into (3.19) we obtain 

(3.20) 
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Y-Y Plane 

Figure 12 
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Geometry In XX Plane 

Figure 13 
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Geometry about Y-Y Plane 

Figure 14 
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B = kd|^ J^t2+2ta-2toc a+a2-2oca2+oc2a2+t2/4j -t j-(b)'(w) ^ w(| + | - 

a( ^ 2+^ - ^2/(1-oc ) J- +kf-^t- jt2/4+t2-2toea+oc2a2J J-oca (3.21) 

where "B" is the stiffness in the X-X plane. 

Again, assuming the body rectangular and referring to Figure 16 

we find that the moment resisting a rotation is: 

Mr 
= [>2 +*’]*-*}• 

w 

and that the stiffness would be 

C = \ b2kd | \ (b2 + t2)S - t | w 

(3.22) 

(3.23) 

3.4 Internal Deformations 

The slopes of the rigid element are given by 

- yi-1 " yi e =  i 
h. 
l 

in the X-X plane and 

_ x. - x. 

*=-4r-1 

I 

(3.24) 

(3.25) 

in the Y-Y plane which leads to the angle changes at the joints being 

fi - T yi-1 " yi yi ~ 
yi+r i_L hi " Vi 

xi-i - xi xi ■ xi-n 

(3.26) 

ft. = - 
1 1 hi hi+1 

(3.27) 
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Stiffness in Y-Y Plane 

Figure 16 
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Positive slopes are those measured from the horizontal clockwise 
I 

to the element. Positive angle changes produce a concavity downward. 

3.5 Axial Load Determination and Movement 

Figure 17 is the axial load curve determined by the method dis¬ 

cussed in Chapter II and is plotted from the equation, 

where "vH is the vertebrae number at which the load is desired with 

the numbering beginning with the fifth lumbar vertebrae being desig¬ 

nated as 1 and then numbering upward. 

Each axial load moves through a distance z in the deformed struc¬ 

ture. Assuming that the axial load is transmitted through the center 

of the vertebral body the following is found referring to Figure 18. 

+ (all horizontal movement of P^ due to deformation of other bodies) 

The internal axial load does not change. In a general problem 

additional external axial loads can be included in the solution and 

their effects determined. 

3.6 Development of Equations 

Consider the system consisting of a general system made up of "n" 

vertebrae, "mH number of load points and 
nzn number of unknown dis¬ 

placement coordinates in each plane. Each plane will be considered 

separately then since the problem is linear, superposition does hold 

% Total Body Weight = 66.12 - 5.52v + 0.13v2 (3.28) 

w. 
l 

2 (3.29) 

and can be utilized. 



45 

L
u

m
b

a
r
 
T

h
o

r
a
c
i
c
 
C

e
r
v

i
c
a
l

 
F

ig
ur

e 
17

 



46 

Axial Load Movement 

Figure 18 
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Let us first consider the X-X plane with the general vertebra with 

the possible loads shown in Figure 12. For each unknown difference 

coordinate y^, we can write: 

bu _ 
by 

n 

= 2 
J=I 

(Internal Force) 
b (distortion of the element) 

by, 

= £ (External Force) • ., >.:>oy«,.nt. of thS force)  (3.30) 
k=1 iyi 

and the Y-Y plane for each unknown x^ we write: 

b U _ A (inte n 1 F ce) b(distortion of that element) 

axi ~ n 4xi 

= £ (External Force) > (movement of that, force)  (3.31) 
k=1 oxi 

The internal forces developed are in the X-X plane, 

xS. = B. 
1 i 

and in the Y-Y plane, 

ySi = Ci 

External moment displacement in the X-X and Y-Y planes are, 

yi-1 " yi 
for MXj, - displacement 0^ =  ^  (3.34) 

i 

xi-1 _ xi 
for My^ - displacement ^ ^  (3.35) 

c. - x. -x. + x. ... i-1 l + l i+1 
h. 
l 

hi+1 
(3.33) 

yi-1 ~ yi , ~yi * yi+1 

‘i+1 
(3.32) 
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and the axial load displacement is as developed in Equation (3.29). 

Substituting the above developed relations into the basic equation 

(3.11) and realizing that there are two degrees of freedom at each ele¬ 

ment, the following equations are given for each of the vertebra. In 

other words, if there are "n” vertebra, nin varies from 1 to "m" where, 

m = n - 1 (3.36) 

In the X-X plane we haves 

i+2 
Bi+1 

hi+1hi+2 

i+1 

+ yi 

Bl+1 Bi+1 
B. 
l 

B. 
l 

" h2 
hi+1 hi+1hi+2 hihi+1 

“ .2 
hi+1 

Pi±l + 
B. 2B. 
1 j 1 

B. 
, . i + V 

h2 
Lhi+1 

h? h.h.,., 
I l i+1 h?+1 h

2 

1 

+ -i±i- + 
2h. , h • [ ^ 
i+1 i+1 

P P 
I i+1 

-—(p.,_+p.,_..0p., ) 
1+2 i+3 i+n' 

i+1 

h. (Pi+1 + Pi+2 °“ Pi+n^ “ h.+1 ^Pi+2 + Pi+3 *** Pi+n^ + ki 
l i+1 m 

Bi 
B. 
l Bi-i 

B. . P. 
1-1 + 1 

-1 hi hi 

•
H
 

x: hihi-1 
2 
hf 2h. 
l l 

' 
B
I-I 1 

Mx1+1 Mx. 
 l + la 

yi-2 | 
_hihi-l_ hi+1 

h. 
l hi l : 

!i+i 

hi+1 
{ ai+l d - «)-Y. } 

-1 

+ — (P + P 
, ^ i+1 i+2 
hi 

p..) 
i+n' 

(1 - oc ) 
-T} 

(3.37) 

and in the Y-Y plane we have, 
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c.,1 H 
1+1 Ci+1 Ci+1 Ci 

c. 
1 

+ xi+i 2 2 
_hi+1hi+2_ hi+1 hi+1hi+2 hihi+1 hi+iJ 

C • ,M C • 
1+1 , 1 

~2~~ ~2 
hI+i hI 

2C. 
+ 1 + 

hihi+1 

Ci Ci-1 1  — + — ~ + k 
.2 ,2 m 
hi+1 hi 

yJ 
+ 

C. C. Cj j 
1 1 1-1 Ci-ll r ci-i i 

2 
h • h • h • I. h • h • J 

I ii+1 l i-1 
“ h? 

1 J 

+ xi-2 

_hihi-i _ 

Myi+i MVi 
(3.38) 

Applying these equations at each of the unknown displacement co¬ 

ordinates, we develop two (2) sets of equations, one set for each plane 

which are solved separately. 

From the solutions of the above equations we can use Equations 

(3.14)~(3.17) to determine the forces resulting in the springs analo¬ 

gous to the muscle supports, the facet intervertebral material, and 

the intervertebral disc. 

The following section will discuss the equations and their solu¬ 

tion 



CHAPTER IV 

SOLUTION OF EQUATIONS 

4.1 Form of Equations 

As mentioned in the previous chapter, the virtual displacement 

method produces a set of linear, simultaneous equations which must be 

solved in some manner. If the equations are written in matrix form 

we have a band matrix with the band being five elements wide except 

in the first and second rows and the last and next to last rows which 

are truncated so that a square matrix results. 

The system is well conditioned as far as the magnitude of the 

diagonal compared with the other elements in a given row. In every 

case, the system is real and symmetric since there are no imaginary 

coefficients either in the equations or in the constants and since, 

for every j and k, AA^ = AA^j. The system of equations is positive 

definite in all cases encountered within the scope of the investiga¬ 

tion. 

4.2 Variables 

The variables considered here ares oc which locates the point 

of rotation, and the stiffness of the muscle support in both the X-X 

and Y-Y planes. 

The rotation point will be located at the articular facets when 

*OC equals zero, therefore eliminating the effect of the spring assumed 

at that point. The furthermost point that the point of rotation can 

approach is the front of the vertebral foramen. The variable oc was 
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varied in increments of one tenth between both extremes. 

The muscle stiffness was varied from zero to the maximum stiffness 

decided upon in Chapter II, in increments of two-tenths times the full 

value of the stiffness. This was done to attempt to measure the effec¬ 

tiveness of the muscle as a lateral support and as a restraint in 

deformation. 

As this problem is using the Harrington Spine Instrumentation as 

a method of loading and since it is used to correct scoliosis, the 

solution will be presented in a form useful in this correction and in 

further testing. Scoliosis is an abnormal curvature in the frontal 

(X-X) plane of the spinal column and does not extend over more than 

fifteen vertebrae and less than five vertebrae* Representative results 

will be tabulated for this range of vertebrae. 

4.3 Solution 

The matrices were inverted by the Gauss-Jordan method. All of the 

generation of the matrix elements, solution of the equations, and deter¬ 

mination of resulting angle changes and stresses were carried out on 

the IBM 1620 Computer, the program being originally programmed in For¬ 

tran 1. 

The primary result looked for here are the angle changes which 

result from the applied loading conditions. The limits of the angle 

changes are the most reliable that have been found by the writer. 



CHAPTER V 

USE OF EQUATIONS 

5.1 General 

The equations developed can be utilized in two approaches to the 

problem. The first approach would be useful in determining which of 

the analogies is correct by utilizing information collected from opera¬ 

tions where known differences in deflection and angle changes resulted 

from known applied moments. The second approach would be to determine 

what moments are needed to produce such deflection differences to cor¬ 

rect a chosen abnormal curvature. Before these two approaches are ex¬ 

plained, a discussion of the limitations of the formulii is necessary, 

5.2 Limitations 

The displacement coordinates are actually difference coordinates 

where the displacements found are differences in displacement from an 

initial configuration. This configuration can be a straight line or 

an initial curvature which is known. The initial angle changes in¬ 

volved should be such that when added to the difference in angle change, 

they would not invalidate the small angle theorem as to desired accur¬ 

acy, An angle change of 9° would produce an error of .40# which is 

acceptable. 

The shear caused by unequal end moments is not taken into account 

in the energy method used in the analysis, and horizontal loads are not 

handled. The configuration of the intervertebral articulations reduces 

the possibility of a critical shear deformation in the disc. Shear 
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deformation relations have not been determined up to the writing of 

this thesis. 

The movement of the axial load in the frontal plane is neglected 

because of the small angle relations and because the load in that plane 

is coincident with the axis of the spine; therefore no translation 

occurs due to rotation of the body. In the saggital plane rotation 

of the body does cause displacement of the axial load, this displace¬ 

ment not necessarily small. 

Limits must be incurred when analyzing a spinal column because of 

age, state of health, and behavioral patterns. The age of a person 

chemically changes the nature of the disc which then changes the load 

deformation relation. A range in which the suggested tests could be 

run must be considered. 

5.3 Analysis Approach 

This approach would be one method of verifying the analogy made. 

A series of operations where extensive data was recorded as to initial 

configuration of the spine before loading, the final configuration af¬ 

ter loading, and the loads used to bring about the change in configura¬ 

tion, could be carried out. Such loads could be inserted in Equations 

(3.37) and (3.38) and the difference coordinates solved for and com¬ 

pared to those found in the test. 

Each problem analyzed by the equations could be analyzed varying 

first the point of rotation in the X-X plane, then the muscle stiff¬ 

ness in both planes. This would give a range of values from which to 

choose in the comparison of the analysis of the analogy to the actual 
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results. As the comparisons are made, the sophistication of the equa¬ 

tion could be accomplished if needed, or factors included that would 

be necessary for a satisfactory solution. 

The procedure in this method would be to take x-ray photographs 

from the back and from the left side and plot the initial configuration 

as shown in Figures 19 and 20, then on the same axis plot the final 

corrected configuration. The differences in the two would be the dif¬ 

ference in deflections to be compared with those obtained by solution 

of the set of equations. The program furnished carries out the solu¬ 

tions for all combinations of the variables mentioned previously, thus 

making a choice possible. 

5.4 Method of Determining Correction Moments 

The equation obtained by applying the patterns can also be solved 

knowing the spine dimensions, the desired deflection coordinates, and 

stiffnesses, the unknowns then being the moments necessary to correct 

an abnormal curvature. This method would be more feasible after the 

correct variables in the analogous spine are chosen, using the above 

method of analysis. 

The procedure would be to determine the initial configuration of 

the spine by x-ray techniques, then plot the desired final configura¬ 

tion on the same scale as indicated in Figures 19 and 20. Using the 

determined difference coordinates in the equations, the only unknowns 

being the moments needed to correct the configuration, those moments 

can be determined. This can be done only by solving the equation for 

the last or uppermost difference coordinate (coordinate "n” if there 
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Figure 20 
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are "n" vertebrae) where is zero which leaves the unknown M. to 

be found. Thus, step by step, each moment may be solved for since one 

of the two moment unknowns will be known at each step. 

The moments found here would be those necessary to bring about 

the desired deformation exactly. There are, however, limitations to 

the number of struts that may be applied to produce the desired defor¬ 

mation, thus a decision must be made as to the most desirable possi¬ 

bility. The analysis method could then be used to determine what cor¬ 

rection is caused by the chosen moment possibilities. 

Two things must be kept in mind here, and these are: first, the 

limitation in angle changes allowed in order that no damage occurs, 

and second the limitation on the deflection of the disc, whichever is 

critical. The upper limit of angle change is five degrees and the 

allowable stress in the disc is 405.96 psi which corresponds to a def¬ 

ormation of .0796 inches. 

5.5 Trial Solution of Analysis Method 

It was desired to determine whether or not the analogous spine 

was a reasonable representation of the actual spine. Dimensions in 

Table 2 were taken from a spine furnished by Dr. Harrington, and values 

of muscle, intervertebral material, and disc stiffnesses were decided 

upon previously, the solution was made for vertebrae numbering from 

five to fifteen, starting with the first vertebra which is the last 

lumbar vertebra in this thesis. 

The program was written so that the muscle stiffness varied from 

zero to the maximum value of the latent muscle. For each muscle stiff- 
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ness, the variable oc which was equal for each vertebra in the system, 

was varied from zero to the value which would locate the point of ro-' 

tation in the X-X plane at the front of the vertebral foramen. Repre¬ 

sentative results are shown in Figures 21 through 24. 

Figure 21 illustrates the spine in the X-X plane, the system being 

15 vertebrae long. The moments applied are given in Table 2. The 

angle change increases abruptly between vertebrae 7 and 8. This is 

due to the fact that the dimension 'V on vertebra 7 is smaller than 

the rest. It was not determined whether or not the made up furnished 

spine was made up from vertebrae from the same original spine. The 

dimension "ax would make the joint between the mentioned vertebrae less 

stiff as results from the calculation. Figure 22 illustrates various 

lengths of spinal column in the X-X plane under approximately the same 

loads. 

Figure 23 illustrates the behavior of a system made up of 15 ver¬ 

tebrae loaded in the Y-Y plane and deflecting in that plane. Curves 

illustrating the effect of the muscle stiffness are seen in this curve 

also. The curves in the stress diagram and the angle change diagram 

are not completed due to the closeness of the lines and difficulty of 

reading the curves. Figure 24 illustrates various lengths of spinal 

column in the Y-Y plane under approximately equal loads. 

The curves indicate that the analogy is within a reasonable range 

as determined from discussions with the medical advisor and from allow¬ 

able angle changes indicated in Table 1. 

The moments applied were those that could be applied at the extrem¬ 

ities of the number of vertebrae involved with the short instrument 



using a safety factor of 1.5 against the ultimate load of the instru¬ 

ment. The force of the instrument multiplied by the distance of 

application from the axes of rotation produce the moments. The dis¬ 

tances vary from vertebra to vertebra due to the various configura¬ 

tions of the processes to which the instruments are attached. The 

load deformation curve of the instrument is shown in Appendix B. 



TABLE 2 

Data used for following curves 

Vertebra H W A T B Mx My 

T-l 
in. 
.76 

in. 
.70 

in. 
1.22 

in. 
.113 

in. 
1.40 

in'ib in-ib 

T-2 .73 .80 1.30 .113 1.25 — — 

T-3 .72 .95 1.60 .113 1.25 45.6 50.0 

T-4 .71 1.06 1.75 .113 1.20 45.9 48.0 

T-5 .82 1.00 1.80 .113 1.25 46.1 47.9 

T-6 .93 1.15 1.80 .113 1.25 46.3 47.5 

T—7 .94 1.25 1.95 .113 1.25 46.5 46.9 

T—8 1.01 1.25 1.90 .113 1.30 46.9 47.3 

T—9 J.OI 1.25 1.95 .113 1.35 47.3 47.0 

T—10 1.02 1.20 1.90 .114 1.40 47.5 46.8 

T-l 1 1.01 1.20 1.00 .11-5 1.50 47.9 46.0 

T—12 1.10 1.30 2.00 .115 1.70 48.0 45.9 

L-l 1.24 1.35 2.25 .119 1.85 48.2 45.8 

L—2 1.32 1.35 2.25 .120 1.90 - — 

L-3 1.43 1.35 2.25 .125 2.00 — — 

L—4 1.52 1.50 2.20 .125 2.20 — — 

L-5 1.61 1.45 2.23 .125 2.25 50.0 40.0 

Stiffness of muscle in X-X plane 

Stiffness of muscle In Y-Y plane 

Stiffness of intervertebral disc 

Stiffness of intervertebral material 

6.2 lbs./in. 

6.2 lbs./in. 

5100.0 lbs./in.3 

400.0 lbs./in. 
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CHAPTER VI 

DISCUSSION OF FUTURE WORK 

6.1 General Aim 

The general thought here would be to further sophisticate the 

solution presented, using an extensive program of testing and analy¬ 

sis. The goal would be to completely predict the behavior of the 

spinal column under load. 

6.2 Point of Rotation 

A complete study should be carried out to determine exactly where 

the point Of rotation of the adjacent bodies lies. One method proposed 

13 
and carried out partially by Gianturco is an x-ray analysis of verte¬ 

bral motion, using lines drawn in the plane of the bearing surfaces of 

each vertebrae and a point of rotation projected by superimposing two 

x-rays, one with the spine in an erect position and one in a flexed 

position. The problem involved here is that not only do the vertebrae 

in question rotate on each other, but translation also accurs as the 

spine moves thus making this procedure difficult. Gianturco found that 

fixing the pelvis made the angular rotation of the last lumbar verte¬ 

brae about the pelvis relatively easy to determine since translation 

was eliminated. It would seem that tests on a complete spinal column, 

preserved as nearly as possible in the natural state, would be helpful. 

The proposed method here would be to fix one of the vertebrae in ques¬ 

tion and determine the manner of rotation of the adjacent vertebrae 

about the fixed vertebrae. By natural state it is thought that the 

65 
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intervertebral material should be retained as feasible, thus providing 

the limiting forces along with the mechanical limitations provided by 

the configuration of the vertebrae themselves. 

6.3 Muscle Action 

10 
Muscle action has been measured by application of gauge in a 

non-destructive manner to the tendon in the heel of the foot, this 

gauge being connected to a dynamometer and readings made. As this 

tendon is connected to a muscle the dynamic action was thus determined. 

Application of the same type gauges to the spinal muscles would be dif¬ 

ficult to accomplish on a living specimen in a non-destructive manner, 

and to date has not been accomplished. The problem of determining to 

what degree the muscles furnish lateral support in a static condition 

would be particularly difficult. 

6.4 Measuring Applied Load 

Using the instrumentation as it is developed with the present 

method of load determination, the resistance of the spine to the load 

as it is applied is difficult to determine. The jack could be cali¬ 

brated to read the value of load transmitted to the spinej however, 

the reaction of the spine with respect to time would still be diffi¬ 

cult. 

A method proposed would be to insert a washer shaped load cell 

on the instrument shaft between the sleeve and the loading hook as 

indicated in Figure 25. The load cell could be constructed much like 

those used for determination of the tension in pre-stressed tendons 
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Figure 25 
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in structural members, except on a smaller scale. The basic operation 

of the cell would be based on the deformation that would occur under 

load, such deformation being measured by electrical resistance strain 

gauges connected to a balancing bridge. Such gauges would be connected 

to an electronic strain gauge indicator, either direct reading, or a 

plotting type which would plot load against time. 

There would be problems involved in the use of such a gauge since 

the loading would be eccentric to the cell and the shaft of the instru¬ 

ment. The following steps could be taken in the calibration of such 

a gauge. The instrument and the gauge could be loaded using a standard 

engineering testing machine, being careful that the load is applied 

through the hooks as it would be in actual operation. The gauge should 

be attached to a standard strain gauge indicator, preferably the one 

to be used in the test, and the instrument then loaded. Values of the 

strain should be recorded at even intervals of load and a curve plotted 

with the indicator reading as the ordinate and the corresponding loads 

on the abscissa. 

One point to be considered would be the orientation of the load 

cell on the strut. This would be necessary due to the fact of the ec¬ 

centricity of the load and the possible non-symmetry of the cell. 

Using the same load cell and instrument, loading curves should be 

plotted, as mentioned before, with the cell in various degrees of 

orientation to determine whether or not extreme care would be neces¬ 

sary in the orientation of the cell in actual use. It would be desir¬ 

able to develop a cell that would be symmetrical in all degrees of 



orientation so that variations in orientation would cause no change 

in the calibration curve. 

Another type of washer gauge has been developed which is construc¬ 

ted in the form of a washer. The strain measurement is determined by 

circling the outer edge of the washer with a small diameter wire and 

that wire connected to an electronic resistance meter. The principle 

of the gauge would be much the same as that of the standard SR-4 gauge 

in that the elongation of the small wire due to the strain of the wash¬ 

er changes the resistance of that small wire, thus making measurement 

possible. The washer cell with the wire around the edge would be less 

sensitive to the orientation of the cell where the load is eccentric 

to the axis of the washer. Such washers are now available commercially 

however not in the small size necessary for the use with the Harrington 

Spine Instrumentation. 

Since the cell would remain in the body in most cases, it would 

of necessity be made of a material which the body would not reject. 

The electrical nature of the cell would make fluid tightness of the 

cell and connections a necessity. 

The smallness of the cell and the instrument would necessitate 

accurate fabrication in order to be able to expect consistent results 

without having to calibrate each cell used. Tests should be made on 

various cells on various instruments to determine what measure of con¬ 

sistency can be expected. 

This type of cell could be used with an indicator that would re¬ 

cord the force in the instrument with respect to time. This would be 
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useful in determining the reaction of the spine to the applied load as 

to the rapidity of the deformation. Creep of the spine as a unit would 

be a factor that could be investigated, even though as mentioned pre¬ 

viously, the creep of the discs is negligiblte under normal loads. 

Dynamics of the spine under various conditions such as walking, 

running, bending in all directions, and abnormal exterior forces, could 

be investigated with such instrumentation in connection with the plot¬ 

ting indicator. 

6.5 Dynamics 

This work considered only kinematics of the spine, which is a very 

simplified basic beginning. The spine is continually subjected to dy¬ 

namic loading which could seriously affect the effictivemess of the 

instrumentation. 

As a human being walks, the spinal column is alternately eccen¬ 

trically loaded in the frontal plane on each side of the base because 

of the manner in which the femurs are joined with the pelvis at the 

sides of the pelvis. The spinal column due to muscular action compen¬ 

sates for the major curve caused by the eccentricity with compensatory 

curves above the major curve. Also the body shifts from side to side 

so that the center of gravity of the body is as close to directly 

above the point of support as possible. The compensatory curves which 

develop in the frontal plane alternately have much the same purpose 

as the curves in the saggittal plane in that the center of gravity of 

the total body mass is kept above the support point. 

Such action complicates the analysis of the spinal column to a 
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great degree since this, even more so than in kinematics, depends on 

the specimen since each human being walks differently and postural be¬ 

havior varies. 

The purpose has been in this section to at least outline a method 

that could be used for future testing and to mention various factors 

which could be used to sophisticate the program. 



APPENDIX A 

DETERMINATION OF AXIAL LOAD CURVE 

Data from normal spine of 150 pound human 

Bearing Area of 
Vertebral Body Difference in 

Vertebra x 5.52* Bearina Area 

L-5 10.72 
0.12 

L-4 10.60 
1.03 

L-3 9.57 
0.17 

L-2 9.40 
0.15 

L-1 9.25 
1.41 

T-12 7.84 
1.32 

T-11 6.52 
0.21 

T-10 6.31 
0,44 

T-9 5.87 
0.17 

T-8 5.70 
0.34 

T-7 5.36 
0.40 

T-6 4.96 
0.54 

T-5 4.42 
0,59 

T-4 4.03 
0.18 

T-3 3.85 
0.45 

T-2 3.50 
0,06 

T-1 3.44 
0.33 

0-1 3.11 
0.11 

C-6 3.00 
0.00 

A-1 



A-2 

DETERMINATION OF AXIAL LOAD CURVE 

(Continuation) 

Bearing Area of 

rtebra 
Vertebral Body 

x 5.52* 
Difference in 
Bearing Area 

C-5 3.00 

f 

0,00 
04 3.00 

03 3.00 
0.01 

02 2.99 
0.00 

01 2,99 

^Average of values found in Virgin and those taken from drawings at 
the end of this APPENDIX. 

6.9% of body weight above the first cervical vertebra.** 

59.0j£ of body weight above the pelvic bone where the last lumbar 
vertebra is attached.** 

Total Difference *— 52.10# 

Total Area Difference — 7.72 sq. in. 

The ratio then used to calculate load on each vertebra is, 

J>£ - -£A 
AP AA 

where SP is unknown, AP is the total percent difference, 8A is the 
difference in area between the last lumbar and the vertebra desired, 
and AA is the total difference in areas. 

**Saunders, J. W., Kinesiology. Thomas, London, 1940 



The following table gives the percent 
body weight carried by each vertebra. 

A-3 

Vertebra % Vertebra % 

L-5 59.0 T-5 16.64 
L-4 58.49 T-4 12.65 
L-3 51.52 T-3 11.43 
L-2 50.37 T-2 8.38 
L-1 49.35 T-1 7.97 
T-12 39.80 C-7 7.64 
T-11 30.86 C-6 6.90 
T-10 29.44 C-5 6.90 
T-9 26.46 C-4 6.80 
T-8 25.31 C-3 6.80 
T-7 23.01 C-2 6.80 
T-6 20.30 C-1 6.80 

Using the Parabolic Law of the Least Squares Method where three normal 
equations are solved, 

EV = a N + a. Ex + a„Ex2 
0 1 z 

ExV = a Ex + a.Zx2 + a0Ex
3 

EX
2V = aQEx

2 + a1 Ex
3 + a2E*4 

where -"V"' equals the percent total body weight and ’V equals the ver¬ 
tebra number, and "N" equals the number of values known. 

For this case 

E V = 563.2 Ex4 = 79,948.0 

Ex2 = 1012.0 ExV = 3,616.4 

Ex3 =0.0 EX
2
V = 29,486.6 

N = 23 

o 
so that percent load on vertebra = 18.6V + 2.4V + 0.13V , with the 
origin at the sixth thoracic. The desired equation with the fifth 
lumbar vertebra as the origin is, 

% load on vertebrae = 66.12 - 5.52V + 0.13V2 

The plotted curve is Figure 17 in Chapter III. 
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APPENDIX B 

COMPRESSION TEST 

HARRINGTON SPINE INSTRUMENT 

STRUT DIA. 0.246 IN. 

DESIGNATION 1250 10" 

5 5^ 
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