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ABSTRACT
This research was aimed to develop the analytical model of functional spinal unit with the
intent of understanding the contribution of Intervertebral disc condition on the failure
mechanism of End-plates under high rate dynamic loading, The condition of the disc for
young people is healthy as compared to old person. The simple single degree of freedom
DRI (Dynamic response Index) model was utilized to measure the spinal deflection under
the influence of dynamic loading is incapable of estimating the potential injury due to
disc swelling .The failure considered is always the vertebral body failure due to crushing,
but in reality, condition of disc plays important role in deciding the failure of the
vertebrae. The detailed axis-symmetry model was utilized to understand the effect of
various factors on the end-plate failure mechanism and it is observed that deflection of
the end plate is critical failure criteria. The age and the peak load were found to be the
significant factors dictating end-plate failure. In young people the deflection of end plate
was higher as compared to the old people due to hydrated disc capable of swelling under
dynamic loads.
The simplified three dimensional model of vertebral motion segment L2-L3 was
developed in order to understand the effect of nucleus pulpous pressure in end-plate
deflection and to incorporate this model into the DRI model in order to estimate the effect
of dynamic loading on the resulting spinal injury. The three dimensional model utilizes
the MADYMO material models. The relaxation modulus for the nucleus and the annulus
are obtained from the published results and the material parameters were mapped from
these published data. Results of a sensitivity analysis indicated the major contribution of
age on the end-plate failure. The result clearly indicated the need of modifying the
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present way of modeling the nucleus as incompressible fluid to viscoelastic
incompressible fluid.
This study indicated that failure of the end-plate was an important link in the failure
mechanism of the spinal unit; this failure lead to the transmission of the disc tissue into
the vertebrae and caused the burst fracture.
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CHAPTER 1
Introduction

1.1 Statistics of Fatal Accidents
With the advent of fast moving vehicles on the road the human is now more
vulnerable to fatal injuries even with all safety measures. According to GASP [General
Aviation Safety Panel] the frequency of spinal fatal injury is highest among the various
body parts such as head, neck and spine as seen in Figure1.1.The cervical spine injury is
more often in automobile as well in aircraft accidents compared to lumbar spine injuries,
which are rare in automobile crash scenario but common for aircraft accidents i.e. vertical
drop of rotorcraft or high speed seat ejection. This study was more focused on the lumbar
spine injury due to vertical impact loading which compels more attention towards aircraft
crash scenarios as this type of injury occur more frequently in this mode of transportation.

Figure 1.1 Frequency of specific body part fatality [GASP].
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Lumbar spine fatality is common on the vertical impact of the aircraft on soil or water in
which the impact loads acts along the spine direction. The load is transferred through seat
and the seat cushion making these two components extremely important in attenuating
these vertical loads if properly selected and designed. Crashworthiness[1] of aircraft can
be defined as “the capacity of the aircraft structure to serve as a protective container
during potentially survivable impact conditions”, that is, the ability of shell to maintain
its shape and thus prevent crushing of the occupant. The vertical impact on the occupant
in the aircraft can be reduced by increasing the stroking distance and using energy
absorbing material between structural floor and fuselage.

Pilot Error
16%

Undetermined or
missing
23%

Pilot Error (w eather
related)
7%

Other Cause
1%

Pilot Error
Pilot Error (weather related)
Pilot Error (mechanical related)
T otal Pilot Error
Other Human Error
Weather
Mechanical Failure
Sabotage
Other Cause
Undetermined or missing

Sabotage
4%

Mechanical Failure
10%

Pilot Error
(mechanical related)
2%

Weather
7%

Total Pilot Error
27%

Other Human Error
3%

Figure 1.2 Pie chart for accident causes in aircrafts.
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1.2 “G” Load
It is a common practice to report the declarative load in G-levels. The ratio of
particular acceleration (a negative acceleration is considered for deceleration) to the
acceleration due to gravity is termed as “G” value; G = a / g. In crash studies unless
specified all the acceleration values are at Center of gravity of the body and it is
measured in “G”s. To elaborate it is well understood that when an acceleration of 10
G is reported it is actually 10 × 9.81 = 98.1m / sec 2 and the crash load acting in this case
will be mass times this deceleration of the body.
1.3

Human Body Coordinates
To reduce the confusion about the body co-ordinate system (usually used to

describe the directions of force acting on the body) a group of NATO scientists have
developed a terminology for body acceleration as shown in the Figure1.3. In this report
terms and directions used are compatible to NATO terminology.

Figure 1.3 Terminology for force directions on the body [2].
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1.4 Impact Biomechanics
Injury to human body occurs when external load especially impact loads deforms
various body shapes beyond there strength. Viano, D.C and King, A.I [3] describes the
objective and methodology of impact biomechanics as “The broad goal of injury
biomechanics research is to understand the injury process and to develop ways to reduce
or eliminate the structural and functional damage that occur in an impact environment”.
“To achieve this goal, researchers must identify and define the mechanisms of impact
injury, quantify the response of body tissues and systems to range of impact conditions,
determine the level of response at which the tissue or system will fail to recover, develop
protective material or structures that reduce the level of impact energy and force
delivered to the body, and develop tests devices and computer models that responds to
impact in a humanlike manner, so that protective system can be evaluated”.
1.5 Injury Mechanism
The mechanism of injury can be defined as description of the cause of injury which
results due to external loading of human tissues. It is the description of how the state of
stress, strain or the deformation is set up in the body organ which causes injury. The
deflection of end-plates in lumbar spine beyond the limit can cause to set stress level
above the strength which cause fracture of the plate. The end-plate deflection is due to
vertical compressive load on the spine.
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1.6 Spinal Injury Mechanism
The mechanism of injury can be of great importance in terms of understanding the
spine trauma under various accident scenarios. Analysis of injury mechanism can be
beneficial and can be used to select best technique to reduce the injury to the spine. The
instantaneous axis of rotation of the functional spinal unit during the accident dictates the
pattern of the deformation of the functional spinal unit. For example, a vertical force
applied anterior to the Instantaneous axis of rotation will cause flexion and the same force
when applied posterior produces extension.

Figure 1.4 Various load conditions for mechanism of injury [4].
In Figure 1.4 condition A is violent flexion which can cause wedge fracture of the disc
along with posterior ligament tearing. Condition D is compressive loading which causes
fracture of the disc or end plates and condition G is extension which can cause the
fracture of posterior process and facets joints.
Type of Spinal injury
1. Neck Injury.
•

Upper Cervical Injury.

•

Middle / Lower Cervical Injury.

2. Lumbar Injury.
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1.7 Cervical Injuries
Fracture of occipital condyle.
Mechanism of injury
There are three classification of this injury.
•

Impacted occipital condyle fracture.

•

Occipital condyle fracture associated with basilar skul fracture.

•

An avulsion fracture of the occipital.
The injury mechanism for the first two types is vertical (Y-axis) compression and
for the third type of fracture is combination of anteroposterior (z-axis) translation
and axial rotation.

Figure 1.5 C0-C1-C2 (occipital-atlas-axis) Region of upper cervical spine [5].
Occipital-Atlantal Dislocation.
This dislocation results due to sudden abnormal anterior translation of the head
relative to the Atlas (C1).
Mechanism of injury
There is a major force vector of high magnitude actING in +Z axis direction which
cause the skull to translate anteriorly in relation to atlas. These motion causes shear
loading at the atlantooccipital joints, rupturing the articular capsule and causing the
dislocation. It is noted that C0-C1 dislocations are common in children.
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This injury is fatal and cause spinal cord injuries which usually cause death. The
type of injury occurs frequently by pedestrian structure by a vehicle. The atlantooccipital joint integrity is maintained primarily by ligaments which are torn during
this injury.

Figure 1.6 Major forces in +Z direction cause dislocation of occipital atlantal joint
[5].
Posterior Arch Fracture of C1 (atlas)
This fracture occurs in the posterior of atlas where the ring of the C1 is grooved by
the vertebral artery.
Mechanism of injury
The Fracture of C1 vertebrae in the posterior aspect of the arch occurs primarily due
to vertical compression force. The anterior arch of C1 is fixed due to the lateral
masses of C2 while the posterior of C1 is cauded in –Y direction .This motion results
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in tensile failure of the bone on the cephalad surface of the ring. This is the weakest
point of the ring due to low area moment of Inertia.

Figure1.7 Posterior arch fracture of atlas[6].
Jeffersion Fracture of the Ring C1.
In this fracture the ring of the atlas fractures at four different locations.
Mechanism of injury
This fracture occurs due to direct compression loading due to axial blow on the vertex
of the head. The spatial construction of occipital condyles is such that when it is
driven axially in caudad direction, they act as a wedge, causing fracture of the ring
from all the direction.

Figure1.8 Fracture of C1 at four different locations[6].
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Odontoid (dens) Fracture.
The fracture in the region of C2 has been classified by Anderson and D’alonzo into
three types.
•

Oblique fractures in the isthmus of the dens.

•

Fracture at the junction of Isthmus and vertebrae body.

•

This fracture is not of dens but of the C2 body.

Figure1.9 Three regions of fracture in C2[5].
Mechanism of injury
Previously it was suggested that pure shear force was a mechanism of injury for dens
fracture. Altoff by Well designed experiment showed that only pure shear force was
not sufficient for producing fracture of dens but he produced fracture by the
combination of vertical compressive and horizontal shear. It was observed that when
the compression/shear force vector acts in sagittal plane a Type III facture was
observed. Moving the force vector out of sagittal plan by 45 degrees it was observed
that a fracture of Type II occurred and for fracture type I the force was applied in the
Lateral direction. This is highlighted in Figure1.9.
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Figure1.10 Forward moving torso results face impact causing dens fracture[6].

Figure1.11 Forward displaced fracture of odontoid[6].

Figure1.12 Bending of cervical spine results fractures at odontoid base[6].
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Lower Cervical Injuries and Mechanism of this injury
Compression Facture.
Compression loading of the cervical spine can cause compression injury in both upper
and lower cervical vertebrae. Upper cervical compressions Injuries mostly consist of
Jeffersons Fractures as described earlier. Lower cervical injury due to compressive
load can occur at all level of vertebrae from C2-C7.
Mechanism of injury
In these fracture types a major vertical force act along Y-axis in negative direction
and mostly in the anterior region of the spinal unit. This type of fracture is the result
of magnitude of the force, location of the force vector and physical properties of
various anatomic structures of vertebra. A simple compression fracture with
minimum deformation is the result of a lower magnitude of vertical force.

A

compression fracture with central depression is the result of higher force magnitude
along with intrusion of Annulus fibrosis in the vertebrae body through end-plate. A
very high magnitude of compressive force also results in a “Tear drop fracture”, in
which the explosion of the vertebrae body is observed as seen in Figure 1.13. The risk
of spinal cord injury from theses fractures is 40-70%.

Figure1.13 Fragment displacement in Tear drop Fracture[5].

11

Figure1.14 Burst fracture of vertebral body due to compressive force[6].

Compression-Flexion.
This type of injury is produced due to eccentricity of compressive force on the head
with or without head rotations.
Mechanism of injury
In this type of injury a major vertical force acts along Y axis in the negative direction
slightly eccentric to the apex of the head which results the compression along with
flexion of the neck.
Wedge compression fracture of the intervertebral disc is the result of such injury .It is
observed that reducing the eccentricity results the compression and burst fractures.
These fractures usually occurs in the lower three cervical vertebrae. Compressivehyper flexion occurs when large force act on the posterior of the head which results
flexion and compression of the spine. The result of hyper flexion is anterior
displacement of superior vertebrae with respect to inferior vertebrae of the motion
12

unit causing the dislocation of the facet joints and tearing of ligaments. The most
common site of this injury is C5, C6 and C7 as seen in Figure 1.15 and 1.16.

Figure1.15 Wedge fracture of the disc[6].

Figure1.16 Flexion-shear injury[6].
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Figure1.17 Anterior dislocation of superior vertebrae body[5].
Compression-Extension
This injury occurs when sufficient force is applied to the front area of the head, which
result in extension of the neck and compressive loading on the vertebrae body as seen
in Figure 1.18.
Mechanism of injury
Extension of the neck is induced due to force acting on the frontal area of the face or
if frontal area of the head is arrested and the torso continues moving along the
longitudinal axis. The posterior element of the cervical spinal unit is fractured and the
anterior element of the unit like ligaments is ruptured. The posterior displacement of
the superior vertebrae induces narrowing of the spinal canal and compression of
spinal cord by enfolded ligamentum flavum as seen in Figure 1.19.
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Figure1.18 Posterior element fracture in Compression-extension[6].

Figure1.19 compression of spinal cord by enfolded ligamentum flavum[6].
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Tension
Pure tension injury in the cervical spine is restricted to the upper cervical spine.
Tensile loading tends to produce the occipitoatlantal dislocation in upper cervical
spine.
Mechanism of injury
Tensile force acts on the spine which results in the dislocation of C0-C1. This is
generally observed during the rapid deceleration of motor vehicle in which the head
tends to move due to inertia and the lower torso is restrained. High inertial tensile
force due to head/helmet mass is observed on the neck during rapid deceleration of
aircraft when crash into water. Estimates based on theses events establish that
deceleration must exceed 100g to produce injury.

Tension-Extension
In this type of injury the cervical spine is subjected to combine loading which tends to
fracture the posterior elements of the cervical spinal unit.
Mechanism of injury
This injury can occur in different ways like in motor vehicle crashes where the head
remains fixed at the windshield and the lower torso moves forward. This injury
occurs when the occupant is unrestrained which allows the body to move forward. In
rear end collisions the body is abruptly accelerated forward, which results the inertial
loading of the neck (whiplash). In judicial hanging also there exits tension-extension
as chin is loaded posterosuperiorly.
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Figure1.20 Various tension-extension injury mechanisms[7].

Tension-flexion
In this type of injury the posterior ligaments and anterior elements of the cervical unit
are ruptured.
Mechanism of injury
This type of injury is typical for frontal vehicle collisions in which the torso is
restrained by the seatbelt system and head is pulled forward due to inertia resulting
flexion of the neck. Lab experiments by Schmidt with 100 unembalmed human
cadavers restrained by 3 point belt system showed damage in C7-T1 area. Figure 1.21
illustrates the experimental methodology.
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Experimental Studies conducted to investigate cervical spine Injury

Figure1.21 Experimental methods employed to load cervical spine[8].
Experiments are carried out for various cervical spine injuries with specific loading
patterns exits within automobile crash. A number of spine testing and cadaver testing
are reported in Stapp car crash conferences. The first method is the realist one in
which the inertia of the body tend to load the cervical spine .In the second method the
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cervical spine is loaded using the pendulum and the third method is compromise
between the first two methods employed as observed from the Figure1.21.
1.8 Lumbar Injuries
Vertebral End-plate fracture
This type of injury occurs when the force along Y-axis acts downwards on the
lumbar spine and the occupant is in a sitting position which results in force
transmitted through the disc, as seen in figure 1.22.
Mechanism of injury
There are three types of end-plate failure: 1) Fracture of central portion of the disc, 2)
Fracture which is peripheral in the end plate, and 3) Fractures that produce transverse
fissures extending across the entire end-plate.

Figure1.22 Vertical force acting on the lumbar motion segment[5].
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Figure1.23 End plate fracture Mechanism (Schmorl’s nodes)[9].

Figure1.24 Compression of non-degenerated disc[5].
A non degenerated disc is one in which the nucleus pulposus is well hydrated as in
case of young people but with degeneration the disc is dehydrated and unable to
develop pressure on the application of force. Figure1.24 highlights the failure
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mechanism of end plate for non degenerated disc in which the nucleus produce the
pressure, which results in compression load at the middle of the end plate and some
tension at the periphery. Loading of this nature produces deflection at the center
which induces bending stress at the center which may cause central fractures.

Figure1.25 Compression of degenerated disc[5].
In a degenerated disc the compressive loads is transferred from one plate to other via
annulus. The nucleus is not capable to resist the load. The end plate is more loaded at
its periphery. The stress in the plate is uniformly distributed through out the end plate.
The fracture in this occurs in the vertebral body as seen in Figure 1.25.
Ejection Seat Injury
Compression fractures and end plate fractures usually occur when a pilot ejects the
ejection seat from the plane in an emergency situation.
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Mechanism of injury
The mechanism of this injury includes major compressive load acting on the pilot
spine in sitting position as a result of seat acceleration in upward direction. The extent
of spine compression depends on the acceleration levels and rise time of the pulse
along with the properties of seat cushion and energy absorbing capacity of seat
structure. The initial orientation of the vertebral column (i.e., Flexed, extended or
straight.) dictates the injury level.
Compression Fractures
Compression fractures are most frequent in lower thoracic and upper lumbar regions.
Generally these fractures show wedging of the vertebral bodies. Such fractures may
be associated with end plate fractures but go unnoticed due to presence of more
obvious wedging and burst fractures.
Mechanism of injury
This fracture is a result of vertical force acting along Y-axis or by moment about Xaxis or the combination of both. The effect of theses force on middle vertebrae is
shown in the Figure1.26 and Figure 1.26. In the figure the dot represents the centre of
rotation therefore, when the axial load acts along the rotation point there exists pure
compression of the vertebrae and if this load acts eccentric to the rotation point, the
vertebrae body is subject to rotation.
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Figure1.26 Pure compression of lumbar spine[5].

Figure1.27 Combined loading of lumbar spine[5].
The burst fracture of Vertebrae
This fracture is usually associated with the burst of the vertebrae under high impact
force.
Mechanism of injury
This is a high energy impact force which tends to burst the vertebrae and the pattern
of the force applied is similar to as shown in Figure1.26.
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Figure 1.28 Distribution of injuries in survivable U.S Army Aircraft Accidents
(1980-86) [10].
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1.9 Human Tolerance
Knowledge of human tolerance to impact loads is essential for designing any
crashworthy structure; any value above human tolerance is capable of producing injury.
Knowledge of human tolerance is vital to understand and apply the principles of
crashworthy design to reduce injuries. There are many problems in establishing the
tolerance level of human body; the most obvious problem is it’s not ethically allowable to
stress the live human beyond the failure point to establish the tolerance level. Tests are
conducted using human volunteers to determine the sub critical levels but often the test
with higher loadings are conducted with animals like chimpanzee, bears and swine.
Human tolerance is mostly described as ‘g’ load levels acting for a specific time interval,
Time is an important factor and dictates the possibility of injury, i.e. A human can
tolerate a 40g uniform acceleration parallel to the spine for .002sec but will sustain
serious spinal injury the exposure increases to 0.006 sec. The human tolerance to the
impact loads is function of many factors including the anthropometry. The tolerable level
of loads applied to the body in crash scenario varies with direction, magnitude,
orientation of body and the means of load application. In the loads applied parallel to the
spine produce fracture in the vertebral body which further depends on the orientation of
spine during the vertical impact. The whole body tolerance levels are obtained by
experiments in which the subject is sitting in proper upright position but during actual
crash scenario this position is not maintained and the values of tolerance can significantly
reduce.
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Figure 1.29 Human Tolerance limits to acceleration for 0.1sec [11].
The human tolerance perpendicular to the spine in X axis direction is much higher
than in Z direction which makes Z direction more vulnerable and important to consider
for injury reduction. The reason of lower value of human tolerance parallel to the spine is
due to failure of vertebrae and end-plate of the motion segment, which supports the upper
torso weight under dynamic loading which may result the compression fracture.
Nachemson [12] found that the force on the lumbar disc in the sitting position is three
times larger than the weight of upper torso. Dynamic conditions like jumping and injury
results in load twice that under static conditions. In extreme dynamic loading of human
body, like the vertical drop of a rotorcraft the body configuration allows for greater
displacement of viscera within the body cavity. This places greater higher strains on the
suspending viscera than do forces applied perpendicular to the spine, thereby increasing
the susceptibility of the viscera to injuries.
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Eiband curve in Figure1.30 gives the relation between maximum vertical acceleration
and time of exposure. In the curve the region of severe injury is defined by animal testing
and the limits highlighted for ejection seat design are taken from 1944 German ejection
seat study.

Figure 1.30 Eiband’s curve for vertical acceleration tolerance [12].

1.10 Factors Affecting the Human Tolerance
The tolerance to impact load from the structure is resisted by body and depends on
the individual characteristics like age, sex, and general health problem. In civil aviation
the passengers are of varying characteristics unlike in Military were individuals are
young and healthy. The vertical impact loads due to vertical crash induces the spinal
fracture which ultimately depends on the condition of spine which is the function of age
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and sex. Health problems like osteoporosis have a significant effect on the density of
cancellous bone which reduces the strength of the bone and thus results in reducing the
human tolerance [56]. The correct seating position also plays important role for example
if the occupant is seating in correct upright position with proper lumbar support than the
preload in the disc is less compared to slightly flexed position as in this the lumbar disc
carries higher static loads. However it is observed that such positions are difficult to
maintain through out the flight thus reducing the tolerance level further.
The restraint system can significantly reduce the loading levels by avoiding the
contact of head and upper torso with the surrounding vehicle structures. The effectiveness
of the restraint system depends upon the contact area over which the total force is
distributed, and it location related to the body and anchor points. The higher is the contact
area higher the tolerance of human body, the location of the restraint should be on those
body parts which are capable to withstand declarative force distribute it evenly through
out the body. The best points are pelvic girdle and the shoulders as larger area is present
for force to act. The restraint system across the ribcage increases the human tolerance in
eyeball out (-GX) direction. The tolerance of occupant with only lap belt is lower. In
forward facing seats under the effect of longitudinal acceleration the body tends to rotate
about the belt which results the head and torso injury. When vertical acceleration is also
acting along the longitudinal component then the occupant slips under the belt. This
phenomenon is also called “belt submarining” and causes the belt to slip over the
abdomen. The longitudinal component causes the body to rotate about this new point
instead of pelvis which results in reduction of human tolerance. In five point restraint
system were the upper torso applies pressure on the shoulder belts causing the pull of lap
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belt into the abdomen and against the lower margin of the rib which results the severe
flexing of spine. In this flexed position the vertebral body is more vulnerable to anterior
compressive fracture. To prevent this, one more strap known as “g” strap can be used to
hold the lap belt on the pelvic. This lap belt tie down strap prevents the lap belt
movement on the abdomen due to the shoulder harness and effectively doubles the
tolerance to impact.

Figure1.31 Belt submarining due to vertical and longitudinal loads[13].
The human tolerance knowledge is based on knowing impact load, which is not true
in actual crash scenario as there are many loads acting on the occupant and generally the
second impact after first are more severe. Human tolerance to actual multiple impacts
will be less than the tolerance for single impact. From Figure1.32 it is evident that spine
tends to flex about the higher point which can be fatal.
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Figure1.32 Occupant response without G-strap.

Figure1.33 Occupant response with G-strap.
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1.11 Injury Scaling
Injury scaling is defined as the classification of injury based on numerical value
which projects the severity of the injury. There are many schemes proposed to classify
injury but the most accepted is AIS (Abbreviated Injury Scale).AIS scales the injury itself
rather than the consequence of injury. The AIS has evolved as best choice for impact
injury severity.

Figure1.34 Table for Abbreviated injury scale [14].

The AIS does not assess the effect of multiple injuries in patients. One possible approach
to address this is use the highest AIS score for certain body regions as a measure for the
overall injury severity.
The Injury Severity Scale (ISS) is a measure of the probability of survival. It is obtained
by summing the square of the highest AIS in each of three body regions and was
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developed to account for the effect of injuries to multiple body regions: head and neck,
face, chest, abdomen and pelvic.

1.12 Injury Criteria
Injury criteria is defined as a physical parameter or a function of several physical
parameters which correlates well with the injury severity of the body under consideration.
The parameters used as injury criteria are those which can be determined in tests like
linear acceleration, force on the body or deflection of the structure. Tolerance level can
be defined along injury criteria as magnitude of load which result that injury severity .It is
important to note that the tolerance of each person is different and depends on many
factors as described under human tolerance.

1.12 Models Used In Impact Biomechanics
Human body cannot tolerate very high “G” loads and it is not possible to acquire
the response of human body in actual accidents as the sensors are not attached to the body
at that impact event. However it is necessary to obtain the dynamic response of the body
in such high load conditions to understand the loads at which injury occurs. Human
volunteer tests can be executed at tolerable levels of “G” load done below the pain
threshold. There are very strict rules limiting the acceleration levels that can be used for
volunteers. Thses limitations lead researchers to use the human surrogates for high
impact loads and these surrogates include human cadavers, human mechanical dummies,
and animals.

32

1.13 Dynamic Test Conditions
Two dynamic test conditions for seat/occupant/restraint in a crash situation are
specified in the FARs that is summarized in Table 1.1 These regulations identify the
performance requirements of the seat structure in addition to the injury criteria that is
specified in Table 1.1 Test 1 condition evaluates the response of the seat, occupant, and
restraint system to a combined vertical and horizontal load environment. Test 2 condition
provides a performance evaluation of the seat, occupant and restraint system to loads in
the longitudinal direction with floor deformation. Figure 6 shows the side view of test 1
and test 2 conditions.

Z

V

60 °

x

TEST 1 CONFIGURATION

TEST 2 CONFIGURATION

Figure 1.35 Federal aviation administration regulation part 25.

33

TABLE1.1
SUMMARY OF TEST CONDITIONS
DYNAMIC TEST
REQUIREMENTS
Test 1
Test Velocity – ft/sec
Seat Pitch Angle - Degrees
Seat Yaw Angle - Degrees
Peak Deceleration – G’s
Time to Peak - sec
Floor
Deformation
Degrees
Test 2
Test Velocity – ft/sec
Seat Pitch Angle - Degrees
Seat Yaw Angle - Degrees
Peak Deceleration – G’s
Time to Peak - sec
Floor
Deformation
Degrees
QUANTITATIVE
COMPLIANCE CRITERIA
HIC
Lumbar Load – lb
Strap Loads – lb
Femur Load – lb
– Passenger
2
– Pilot
1

PART 23

PART 25

PART 27

31 (9.5 m/sec)
60
0
19/15
0.05/0.06
None

35 (10.7 m/sec)
60
0
14
0.08
None

30 (9.2 m/sec)
60
0
30
0.031
10 Pitch/10 Roll

42 (12.8 m/sec)
0
±10
26/21
0.05/0.06
10 Pitch/10 Roll

44 (13.4 m/sec)
0
±10
16
0.09
10 Pitch/10 Roll

42 (12.8 m/sec)
0
±10
18.4
0.071
10 Pitch/10 Roll

1000
1500 (6675 N)
17501/20002
(7787N1/8900N2)
N/A

1000
1500 (6675 N)
17501/20002
(7787N1/8900N2)
2250

1000
1500 (6675 N)
17501/20002
(7787N1/8900N2)
N/A

1.14 Anthropometric Test Devices (Dummies)
ATD ( Anthrophometric Test Device) commonly known as “crash dummies” are
the mechanical surrogates of human body used for crash evaluation of systems in
automobile and aircraft. The ATDs are designed to mimic human body in characteristics
such as size, shape, mass, moment of inertia and stiffness so their response (body
trajectory, acceleration, deformation) simulate corresponding human response when
subjected to similar dynamic loading conditions. The dummies are attached with required
sensors (accelerometers, load cells) to evaluate the effectiveness of restraint system, seats
or bulkheads. The efficiency of this evaluation depends on three factor.
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•

The extent to which the mechanical dummy mimics the human behavior.

•

The measurement of response using accelerometers and load cell which relates to
injury criteria.

•

The correlation of response and the injury criteria.

The deficiency in any one of theses factors will greatly affect the evaluation of the
system. For example, if the dummy is not behaving dynamically like a human, than the
kinematics of dummy and the human will differ, and the results will be highly unreliable.
In addition if the sensors are not attached properly then the results will be questionable as
well.

Figure 1.36 Hybrid II and SID (Part 572) dummy for Aircraft system evaluation.
A SID (side impact dummy) is a hybrid II dummy with different chest, shoulder, and
arm structure compared to Frontal impact dummy. The chest structure consists of a very
heavy rib structure whose displacement relative to the spine is controlled by hydraulic
damper. For aircraft application the 50th percentile hybrid II (conforming part 572
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specification) is modified for the lumbar load evaluation and load cell is provided to
measure the compressive load on the lower torso of the dummy Figure 1.37 highlights
this modification of lumbar spine in PART 572. As for the automobile lumbar load is not
very important criteria compared to aircraft application.

Figure1.37 Part 572 pelvic segment with lumbar spine and load cell assembly [15].
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1.15 Mathematical Occupant Safety Model
With the advent of fast computing facilities, many occupant safety analytical codes
were developed. MADYMO is one of the widely used software for occupant safety.
MADYMO database consist of all required ATD models both Ellipsoidal and FEM
human models. These models are capable of measuring the wide range of injury
parameters. Hybrid II part 572 is used for aviation especially for the lumbar load
calculation. Hybrid III ellipsoidal dummy is developed with detailed neck model for neck
injury criteria.
1.16 Spinal Injury Tolerance
To understand

spinal injury tolerance, it is important to briefly describe the

anatomy of the human spine. The spine consists of 33 vertebrae, together with ligaments
and Intervertebral discs. Nine vertebrae at the bottom are fused and form the coccyx and
sacrum. The flexible part of the spine consists of three regions: the Cervical, thoracic and
lumbar spine.
Damage to the vertebral column, particularly the upper lumbar and lower thoracic
regions, occurs frequently in +Gz Impact, where the force is parallel to the spine. Age has
a negative effect on the strength of vertebral column. In a experimental and clinical study
Kazarian[16] found that ,in ejection or helicopter/aircraft crashes, the thoracolumbar
region of spine was vulnerable .The cervico-thoracic junction was most vulnerable after
the thoracolumbar region. The anterior wedge fracture represented the most common,
nonfatal injury. In this injury the anterior portion of the vertebral body is ruptured due to
wedging of the vertebral body. The threshold of spinal injuries for seated humans
subjected to +Gz loading was investigated by Coltmen,et al [17].Fifteen unembalmed
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cadavers were tested.In the study it was observed that the threshold of spinal injury in
cadavers 44 to 63 years of age was much lesser that the young healthy U.S army aviators.
Thus bone compression strength tests were conducted to provide a baseline for relating
the population of the cadavers used to the U.S Army aviator population. The parameter
used to evaluate the potential for spinal injury was the spinal load/strength ratio (SLSR).
It is the ratio of axial spinal load to the ultimate compressive strength of the vertebral
body.

Figure1.38 Spinal injury rate as a function of SLSR [15].
The data from cadaver tests are shown in Figure 1.38, which plots the SLSR versus the
spinal injury rate. This figure indicates that to maintain a 10% injury rate the SLSR
should be kept at or below 0.26.
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1.17 Dynamic Response Index [15]
The human response to the vertical acceleration upwards is modeled by single
lumped mass with spring-damper system as seen in Figure 1.39. In this it is assumed that
body mass responsible for the vertebral deformation represents the single mass. This is a
simple model of complex dynamic system, and the co-relation is made for the ejection
seat acceleration and not the crash pulse which can be greater in magnitude compared to
escape system pulse. The position of spine at the time of impact can have a significant
influence on susceptibility to vertebral damage. Thus a rotorcraft pilot leaning forward
(kyphotic) at the time of impact will respond differently and its tolerance will be lower
compared to restrained pilot.

Figure1.39 Spinal injury model [17].
An analytical effort [17] was conducted to determine the degree of correlation between
the spinal injury (DRI) model and injuries experienced in operational aircraft ejection
seats. It can be observed from the Figure1.40 that injury rate depends on the DRI. It is
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observed that the cadaver data highlighted a higher probability of injury than do the
operational data. The DRI has been shown to be effective in predicting spinal injury
potential for +Gz acceleration environment in ejection seats.

Figure 1.40 Spinal injury rate as a function of DRI [18].
At CAMI (Civil Aerospace Medical Institute) the dummies were modified to
incorporate a load cell as shown in figure 1.37 which simulates the spinal column and
the dummy pelvis. The dummies were refurbished and they were used for investigating
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the performance of energy absorbing seat with rigid bucket. Data was collected which
enabled the calculation of the DRI and comparison of that DRI with the collected load
cell value. From the recommendation of GASP, a load limit of 1500lb was chosen. This
would correspond to DRI of 19.Data from military population indicate that the
probability of detectable spinal injury at DRI=18 is about 5%, and is about 20% at
DRI=22.Thus a DRI of 19 indicated an anticipated detectable spinal injury probability of
about 9 percent as seen in Figure1.41.

Figure1.41 Relation between Pelvic load and seat pan DRI [19].
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1.18 Influence Of Seating Posture
As described in an earlier section, the human spine tolerance to vertical impact
loads is reduced if the seating posture is slightly flexed or if its not upright posture. Thus,
the orientation of spine during impact conditions dictates the type of fracture occurances.
When a person stands erect, the vertebral column is curved in the saggital plane and the
resulting curvature is referred to as cervical lordosis, thoracic kyphosis, and lumbar
lordosis. The lumbar curve is lordotic because the IVD(Intervertebral disc) are thicker
anterior compared to posterior region. The upper surface of sacrum is inclined at some
angle to the ground and it is forward sloping thus the spine curves on the top of it. In the
upright posture the spine moves towards the lordosis to maintain the upright posture.
When the pelvic is rotated backwards the spine tends to flatten which increase loads on
the IVD.

Figure1.42 Moment due to upper torso in erect posture [20].
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Nachemson and Morris[21] found compressive preloads in the lumbar spinal unit
L3-L4 to be very high in a standing posture with flexion of 20deg.This higher preload can
be explained by the Figure 1.42 as in this it is observed with erect posture the weight of
upper torso acts along the anterior of lumbar disc thus reducing the moment arm. This
moment tends to rotate the spinal unit about the instantaneous center of rotation. This
moment is resisted by the tension in ligaments and muscles are posterior of the spine
which in turn produces the compression of the spinal unit. Thus, with increase in flexion
the moment arm increase the preload on the spine. The least preload on the spine was
observed in standing erect posture.
Radiographic studies have verified that pelvic rotates backward and spine flattens
when sitting. Keegan, Schoberth[4] and others found that the flattening of the lumbar
lordosis in sitting can be prevented by the use of a well designed low-back support.
Moving from standing posture to sitting posture it was observed that lumbar lordosis was
reduced by average 38 degres. This occured due to backward rotation of the pelvis. When
the back support was used there was an increase in the lumbar angle. It was observed that
lumbar support had a remarkable influence on the lumbar angle, which changed from a
mean of 9.7deg to 46.8deg.The curvature of lumbar spine when the lumbar support is
4cm in front of the plane of the backrest, closely matched the standing posture results.
This reduces the preload on the SMS in lumbar region. Nachemson and Morris published
data on in vivo disc pressure measured on various subjects in standing and sitting posture.
It was observed that the disc pressure when standing is 35% less compared to sitting
posture. The study showed that disc pressure when sitting straight is lesser compared to
flexed sitting, this can be explained as in flexed position the moment about SMS
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increases and the ligaments and muscles applies more compressive force on the SMS and
the flattening of the lumbar causes deformation of the disc increasing the pressure. From
all the studies it can be concluded that if lumbar curvature is maintained as in standing
erect position and if the angle of sacrum with horizontal is increased in sitting posture,
the preload can be significantly reduced.

Figure1.43 Disc load in different postures [22].

Figure1.44 Disc pressure for various configuration of seat back [5].

44

Adams,M.A and Hutton,W.C conducted experiments on 12 SMS to investigate the
pressure across the facets joints. The compressive component of resultant force on the
motion segment was resisted mostly by the disc but small part of that is also resisted by
the facets joints depending on the posture. It was observed that 16% of compressive load
was shared by facets joints when standing erect but none is supported when person is
sitting erect. This finding can explain why the disc pressure is higher in sitting erect
posture compared to standing, this finding is also important from the point of human
tolerance as we can say that while standing the pre-load on the disc is lesser than in
sitting erect posture. The creep behavior of the disc is important from the point of
preload. In the experiment conducted by Adam and Hutton they used pressure sensitive
paper which is placed between the joint to measure the pressure between the joint.

Figure1.45 Apparatus used to apply combined shear and compressive force [42].
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CHAPTER 2
Biomechanics of Spine
2.1 Introduction
The spine is a complex and the most significant mechanical structure of the body.
The vertebrae articulates with each other in a controlled manner with the help of various
Ligaments, Facets joints and Activations (muscles).The spine structure has developed to
protect the spinal cord which passes through the neural arch of posterior elements of the
vertebrae.
The fundamental biomechanical function of the spine can be listed as:
1.

Transfer weight and moment of upper body and any weight lifted to the
Pelvis (lower body).

2. Permits sufficient physiologic motion between head, upper body and lower
body.
3. Protect the spinal cord which passes through the spine (neural arch).
The human spine consists of seven cervical vertebrae, twelve thoracic vertebrae, five
lumbar vertebrae and five fused sacral vertebrae. The spine viewed in the sagittal plane
will appear curved. The curve is convex anteriorly in cervical and lumbar region and
concave in thoracic region. The cervical and lumbar region is due to the wedge shape
intervertebral disc, and the concavity in the thoracic region is due to the lesser vertical
height of anterior vertebral borders. This curved structure of the spine gives the spinal
column more flexibility and shock absorbing capacity without compromising the stiffness
and stability at the intervertebral joint [5].
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Cervical Vertebrae

Thoracic Vertebrae

Lumbar Vertebrae
Sacrum

Figure 2.1 Human spine as observed in frontal plane.
Figure 2.1 highlights the spine arrangement with respect to other body parts, in the upper
cervical region the occiput which is also referred as C0 is integral part of the skull which
pivots about the axis that is C2, The stability to this motion is provided by Atlas C1
together this makes C0-C1-C2 arrangement.

Figure 2.2 C0-C1-C2 (occipital-atlas-axis) Region of upper cervical spine [5].
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Figure 2.3 Human spine as observed in saggital plane and transverse plane [23].
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The spine consist of 33 vertebrae in which 24 vertebrae belongs to movable part and
remaining 9 vertebrae are fused together to form the immovable Sacral part.
Classification of vertebrae in various regions of the spine is Listed below

Upper cervical

C0-C1-C2

Middle Cervical

C3-C5

Lower Cervical

C5-T1

Upper Thoracic

T1-T4

Middle thoracic

T4-L8

Lower thoracic

T8-L1

Lumbar

L1-L5

Lumbosacral

L5-S1

2.2 Spinal Motion Segment
The spinal motion segment (SMS) is the basic functional unit of the spine .All the
segments together develops the flexible spine. The SMS fairly represents the behavior of
spine in different loading conditions, which allows the possibility of studying specific
effect due to various loading conditions on the individual segment.
The SMS consist of two vertebral bodies, both superior and inferior (top and bottom),
along with the intervertebral disc (IVD) and cartilaginous end plate sandwiched between
them. This disc is further sandwiched between the end plate. Each vertebra consists of
posterior element with seven bony processes. The facet joints are synovial joints
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(allowing force transfer in the normal direction, but little in shear direction) adjoining two
adjacent vertebrae. The ligaments of the SMS are made of collagen tissues connecting the
two vertebrae. The biomechanical function of each element in SMS can be described as :
The vertebral bodies and the Disc provides support to the structure ; the facet joints and
ligaments control the movement of the SMS ;Finally the posterior bony elements protect
the spinal cord and nerve roots.

Figure2.4 Spine motion segment along with the ligaments (SMS).

2.1 The Vertebra
The vertebrae in all the regions are easily distinguished from each other due to special
features in each region. The lumbar vertebra is massive and heavier compared to other
vertebra of cervical region and thoracic region. In cervical interavertebrae foramina
(small hole for nerves) is present in transverse process and in thoracic vertebrae there
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exist facets for rib articulation. The body of lumbar vertebrae is kidney shaped with the
ring shaped bony element (neural arch) posteriorly consisting of articular transverse, and
spinous processes.
Vertebral Body
The vertebral body makes the front bony structure of the vertebra. It consist roughly
cylindrical mass of cancellous bone packed in the thin shell of cortical bone. The
cancellous bone is less compact compared to the cortical bone. The vertebral body size
increases from cervical region to lumbar region.

Posterior Bony Element
The neural arch consists of two pedicles extending from the vertebral body and two
laminae, from which arise seven processes. The points where the pedicles and laminae
join are two projections, one on each side, called transverse processes.

Facets Joints
The articular facets are covered by cartilage and contain a true synovial lining and a
joint capsule. The superior facet is slightly concave and the inferior slightly convex
forming together a curved mating surface. The facet angle is oriented in both saggital and
transverse plane. This orientation depends on the region of spine [5].In lumbar region the
facet is oriented at 90deg to transverse plane and 45 deg to the saggital plane as seen in
Figure 2.5.
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Figure 2.5 Orientation of Facet joints at lumber-thoracic-cervical level [5].
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Figure 2.6 Anatomy of vertebra in different regions of spine [23].
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Biomechanics of Vertebrae
The compressive strength of the vertebrae always remained an important issue, one
of the major factors for this attention is the pilot seat ejection problem in which the seat is
ejected from the aircraft using rockets, this results high ‘g’ loads on the spine in the
vertical direction. This requires a proper compressive strength of the vertebral body.
Messerer in year 1880 collected strength data for the cervical vertebrae and most recently
Perry [24] conducted static compression tests on 40 lumbar SMS in order to study endplate fracture. Weaver J.K [25] has shown by strength measurements of lumbar vertebral
cancellous bone cubes that material property of L3, L4 and L5 for cancellous portion
remained the same. This study concluded that the change in the strength of vertebral at
different level was due to the size of vertebral body alone.
It was also shown that strength of vertebrae decreased with age. Bell G.H [26]
investigated the relationship between the strength and ash content of the vertebrae, from
their observation a small loss of ash content results considerable loss of the vertebral
strength. Hansson and co-workers [27] have shown the relation between the bone mineral
content and strength of vertebrae.
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Figure 2.7 Vertebral compressive strength [5] (Data from bell,perry and Messerer).
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Cancellous Core of the Vertebral Body
This bone structure occupies a larger area of vertebral body compared to cortical
shell which surrounds this structure. Cancellous core is spongy bone with good energy
absorbing capabilities. Lindahl [27] studied the mechanical properties of small cube of
cancellous core from lumbar region subjected to compressive loads until failure. Three
types of load deflection characteristics of this spongy bone were reported; the difference
was in the end portion of the plot. Lindahl reported that vertebrae with type III
characteristic are superior and mostly found in the males below 40 years of age.The study
by Lindahl was done on trabecular structure without bone marrow but recently study
done by Hayes,W.C and Carter,D.R [28] highlighted the affect of bone marrow on the
energy absorbing mechanism of the trabecular structure and they showed that shock
absorbing capability of cancellous bone increases due to presence of bone marrow which
acts similar to hydraulic cushion on compressive failure.

Figure 2.8 Trabecular structure of vertebral body.
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Figure 2.9 Relation between ash content and vertebral body strength [26].

Figure 2.10 Variation of bone mineral with the age[27].
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TABLE 2.1
COMPRESSIVE STRENGTH PROPERTIES OF CANCELLOUS BONE OF
VERTEBRAE [5]
Physical Property
Proportional limit stress
compression at proportional limit
Modulus of elasticity
Failure stress
compression at failure

Magnitude
1.37-4.0MPa
6.0-6.7%
22.8-55.6Mpa
1.55-4.6Mpa
7.4-9.5%

Cortical shell of the vertebrae
The load on the vertebral body is transferred from the superior end plate to inferior
end plate by the two structures of vertebral body, the cortical shell and the cancellous
core. There is a conflict regarding the share of load transferred by these structures as one
study suggests that major part is supported by the cancellous core and other study suggest
the outer wall (cortical shell) supports major load. To resolve the conflict Rockoff [29]
performed the experiment in which loads were applied to the vertebra without the shell
and then compared with the intact vertebra strength, the resulting loss in the strength is
the share of cortical shell, they found that under compressive load the trabecular bone
contributes 25-55% of the strength of lumbar vertebral body.
2.2 End-Plate
SMS end-plates sandwich the IVD and transfers the load from vertebral body to the
disc. Perry,O [24] conducted experiments on the lumbar SMS to obtain a better
understanding of end-plate failure. The experiment involved applying a constantly
increasing compressive force on the SMS and recording the load-deflection data. The end
point was reached when the load suddenly dropped down indicating the failure of the
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SMS. In these experiments one third of the specimens had end-plate fractures with
herniation of nucleus pulposus. The fracture of the plate was more present in the younger
specimen and in the upper lumbar region, this is due to increasing strength of lumbar as
we move from L1 to L5.Age resulted in greater variation of the strength, below 40 years
SMS could bear 8000N of compressive load and between 40-60 years the strength
decreased to about 55% of this value. Perry also performed high loading rate tests on the
SMS and it was observed that the failure was due to end-plate or vertebral body failure.
In this test was a dynamic load of 13500N lasting for .006 seconds was applied. In the
crash landing scenario the pulse rise time for FAR part25 is 0.09sec and peak load is 16g.
Perry observed three types of fracture in end-plates: central, peripheral and one with
entire disc failure. The central fractures were observed more often in SMS with
nondegenerated discs and peripheral fracture was observed in the degenerated disc, were
the load was transferred through the annulus. The failure of the complete disc was due to
higher loads.
In hydrated discs when compression was applied it built up pressure in nucleus,
which produced the central deflection in the end-plate. This deflection was maximum at
the centre, thus inducing high bending stress at the center of the disc. When the nucleus
was not present there was no significant build up of pressure and there was no significant
bending of the end-plate, which resulted in failure at the periphery of the plate. Rolander,
and Blair, [30] conducted similar experiments but in addition they measured the centre
deflection of the plate and It was observed that the end plate buckled away from the
center about 0.6mm just prior to the failure. In all the experiments there was the fracture
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of one or both the end plates was observed but no fracture was observed in vertebrae
body.

Figure 2.11 End-plate fracture mechanism in Hydrated and non hydrated disc [1].
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2.3 Intervertebral Disc
The intervertebral disc is positioned between two end plates of the vertebra and it is
subjected to various loads and moments. The compressive load is the basic load under
which the disc can be subjected and it was observed by Nachemson [31] that the force on
the lumbar disc in sitting position was three times larger than the weight of upper torso.
Dynamic conditions like jumping and injury produced the loads twice that of static
conditions. The disc was also subjected to other types of loads like tensile and shear.
These stress acted in different regions of the disc which depended on wether the type of
motion was: flexion or extension.
The loads to which the disc can be subjected can be divided into two types: impact
loads in which high magnitude load acts for very short duration (e.g seat ejection or
vertical impact of rotorcraft) and loads in which small magnitude loads acts for long
duration (e.g lowering and lifting at workplace) .Perry, [24] conducted experiments with
both types of loading conditions and observed that end plates were the most vulnerable
element in the SMS during axial compression scenario.
The intervertebral disc makes up 20-33% of the vertebra height and it consists of
three regions: The nucleus pulposus, the annulus fibrosis and the cartilaginous end-plate.
The position of nucleus pulposus varies with the region of the spine and its move
posterior as we move from thoracic region to lumbar region.
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Nucleus Pulposus
The nucleus is centrally located area of the disc, consisting of a gel like substance
which is very stiff under compressive loads. The water content of pulposus ranges from
70-90% which tends to reduce with age. In the newborn the nucleus contains about 88%
water, which decreases to 83% by the age of 12 and at the age of 72 it is reduced to 70%
[32]. The nucleus region in the lumbar region accounts for 30-50%of disc area and in the
lower lumbar region the nucleus is more posterior compared to the thoracic region. The
size of nucleus is larger in the lumbar region and cervical region compared to thoracic
region. The load acting on the disc determines the water content of the disc. As the load
on the disc increase it develops the intradiscal pressure which forces the water out in
Vertebrae through perforated end-plate. When the load on the disc is reduced the water
again returns to the disc; this mechanism ensures the flow of water, nutrients and
metabolic waste across the disc [43].
Annulus Fibrosis
The annulus is the portion of the disc surrounds the nucleus region and it
gradually differentiates from the nucleus region. The annulus region is composed of
concentric rings composed of annulus fibers embedded in the ground substance of the
ring. The fibers of the ring are inclined at 30deg to the disc plane and 120deg to each
other in adjacent bands. In the inner region the fibers are directly connected to the
cartilaginous end-plate and towards the outer layers the fibers attach to the osseous tissue
of vertebral body and they are called sharpeys fibers [1].Francoise and Abdul [33] have
done a very detailed study on the structure of the lumbar disc annulus. The aim of their
study was to quantify the characteristics of the laminate organization, which is the
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individual layer structure, and the geometry and orientation of fibers in the annulus. In
their experiment they used a partially dehydrated disc which will enhance the visibility.
The partially dehydrated annulus specimens were examined over three surfaces: the
circumferential surface throughout the annulus thickness as gradually revealed by layer
bye layer, the radial and transverse cross- section. The experiment revealed that there
were at least 40% incomplete layers in the annulus. The fiber orientation near the
superior end plate was greater than usually assumed value of 30 deg.The structure of
annulus was highly irregular as compared to the regular concentric structure thus the
structure of the laminate structures is more irregular than assumed till now.
This structure of fibers and base substance together is responsible for anisotropic
characteristic of the disc material. As a result, the fibers are loaded always in tension
when compressive load acts on the disc.

Cartilaginous End-plate
The End-plates consists of hyaline cartilage that separates the other two
components of the disc from the vertebral body. It is thought to play an important role in
transmission of nutrition to the disc. The thickness of the end plate is approximately
0.6mm with the thinnest portion at the center. Similar to the nucleus the end-plate has
higher water content and lower collagen content in the center than at the periphery.
Bernick, and Cailliet, [34] have provided excellent histological study of the
lumbar vertebral end-plate and its changes with age (0-37years). The end plate in early
ages is cartilaginous but with growth the cartilage, which disappears with time, is
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replaced by bone. This effect makes the end-plate more brittle and vulnerable in vertical
deflection of the end-plate.
In addition to providing the shock absorbing capacity to the SMS, end-plates also
acts as a semi-permeable membrane which facilitate the diffusion of solutes from
vertebrae body.

Figure 2.12 vertebral disc highlighting the annulus rings surrounding nucleus [1].

64

Figure 2.13 vertebral disc highlighting the annulus fibers at 30deg to end-plates [1].

Biomechanics of Intervertebral Disc.
The intervertebral disc is viscoelastic in nature, which means that it is load rate
sensitive .The elastic properties of the disc can be measured at slow loading rate to
minimize the viscous effect. The disc is the major load carrying element in the spine,
especially compressive loads. Many tests on SMS have been carried out at constant
compressive load applied on the disc and slice of adjacent vertebral body or the disc with
the whole vertebral body. The test was carried out on universal testing machine capable
of applying large controlled compressive force. The load vs. deflection plots is acquired
from such tests which was found to be useful to comment on the physical properties of
the disc. The shape of the curve is usually sigmoid type implying that the disc produce a
less resistance for small loads, but it increases with increase in the load. Virgin, [35]
observed during the compressive testing of SMS that there is no disc herniation even
when long incision was made in the annulus fibrosis. Brown,[36] conducted similar
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compressive test on SMS without posterior elements of the lumbar spine and they found
out that the first element to fail was vertebral body because of the fracture of end plate.
This varied with osteoporotic condition of vertebra and early failure of vertebral body
adjacent to the end plate was observed. In the entire test there was no failure of the disc
due to herniation, thus concluding that excessive compressive force was not responsible
for the disc herniation but Schmorl’s node may be the result of excessive compressive
force. Schmorl’s node is displacement of disc tissue into the vertebral body from the endplate.

Figure 2.14 Schmorl’s nodes due to fracture of end-plate in compression [37].

The disc is seldom subjected to pure tensile loads but part of disc is subjected to
the tensile loads in various physiologic conditions like flexion and extension along with
lateral bending. In flexion the posterior part of the disc is in tension and in extension the
anterior part of the disc is in tension. Brown[36] conducted experiment on the disc by
cutting the vertebra-disc-vertebra into multiple ,axially oriented rectangular sections .This
was done with the intent of understanding the variation of strength with the location and
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orientation on the disc. The results showed that the anterior and posterior of the disc are
stronger in resisting the tensile force and the disc is the weakest at the center .Markolf,
K.L [38] conducted an experiment in which he loaded the SMS under tensile load using
the universal testing machine. The disc showed poor resistance in tensile load compared
to the compressive load. Nucleus pulposus can be held responsible for this result as there
is no pressure builds up in tensile load condition.
Galante, [39] conducted tests on the annulus material .He cut the disc annulus in
thin rectangular samples along various orientation and conducted tensile test to document
the variation of tensile strength in different direction. It was observed that axial samples
were the least stiff and the samples at 15deg to end-plate showed greatest stiffness.
Farfan, [40] tested some disc from lumbar region and found that resistance to torsion was
better in non degenerated disc compared to the hydrated disc and larger disc exhibited
larger torsional strength.
Nachemson and Morris [21] were first to determine the intradiscal pressure in
vivo. They used In vitro experiment on vertebra-disc-vertebra to calibrate the pressure
and the compressive force responsible for that pressure. Once the technique was
developed they inserted the needle in the L3-L4 disc to measure the in vivo pressure.
Various results were studied for different body posture. It was observed that load carried
by the disc was large than the weight of torso above the disc.
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Figure 2.15 Calibration of needle pressure tranducer [1].

Figure 2.16 In vivo measurements of intradiscal pressure for various postures [1].
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Disc Bulge
Radial bulge and axial bulge of the disc was observed in the hydrated disc (up to
age 30).As the pressure is applied the disc bulge and pushes the annulus outwards and
end-plate outwards. Brinckmann, and Horst,.[41] subjected the SMS to pure axial loads
of up to 9000N and recorded the axial bulge. There result is highlighted Figure 2.17.

Figure 2.17 Relation between end-plate compression and axial bulge [22].
Shah J.S and Jayson [44] conducted experiments with L4-5 discs from six cadavers with
detail strain gauge analysis with controlled loading. They observed that the radial bulge
of the disc increases with the load on the disc in non-linear fashion which highlights the
fact that disc behaves stiffer with higher load and changes with loading condition on the
disc. Steindler (1935) suggested the possibility of nucleus movement under eccentric load
without experimental evidence. Shah and Jayson conducted the experiment to detect such
nucleus movement by loading the lumbar segment in anterior and posterior portion. It
was observed that such movement occurs in flexion and extension in life. The
degenerated disc behaved different in this case as it applies pressure on nucleus nonuniformly.
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Figure 2.18 Possibility of nucleus movement under eccentric load [44].
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2.4

Spinal Ligaments
The Spinal ligaments are effective in carrying load in axial direction in which the

fibers of the ligaments are oriented. The ligament have many important functions in the
spine like: restrict the motion, apply required force and balance external load and provide
the required stiffness in high loading rate.

Figure 2.19 Various ligaments of the Spine. [1].

Anterior longitudinal ligament
The Anterior longitudinal ligament is the fibrous tissue structure which arises
from the anterior aspect of the basioccipital and is attached to the atlas and the anterior
surface of the entire vertebra including the sacrum. It is attached firmly to the vertebral
bodies but it is not fixed firmly at Intervertbral disc. This ligament is narrower and
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thicker in thoracic region and these are wider at vertebral level and the width decreases at
disc level.
Posterior Longitudinal ligament
The Posterior longitudinal ligament is the fibrous tissue structure which arises from
the posterior aspect of the basioccipital covers the den of axis and runs over the posterior
surface of the spine. This ligament is interwoven with disc and the width of the ligament
at disc level is higher compared to vertebral body level.
Intertransverse ligaments
The Intertrasverse ligament passes between the transverse process of the posterior
element in thoracic region and are round intimately connected with the deep muscles of
the back.
Capsular ligaments
The Capsular ligaments are attached beyond the facet joints and the fiber
orientation is perpendicular to the plane of the facet joints. These ligaments are short and
stiff in thoracic and lumbar region.
Ligamenta flava
The Ligamenta flava extend from the anteroinferior border to the laminae above to
the posterosuperior border of laminae below. These ligaments connect the borders of
adjacent laminae from the second cervical vertebra to the first sacral vertebra. This
ligament is composed of elastic tissue and represents the most elastic tissue in the body.
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Interspinous ligament
These ligaments connect adjacent vertebral bodies and their attachment extends
from the root to the apex of each process. They are broad and thick in the lumbar region
and long and slender in thoracic region. These are not well developed in the neck region.

Supraspinous ligament
This ligament originates in the ligamentum nuchae and continues along the tips of
spinous processes as a round, slender strand down to the sacrum.
Physical property of ligaments
The strength of ligaments is important during the spinal trauma and there are
important characteristics that help provide the physiologic functions. The load
displacement curve for the ligaments is non linear and it is near to sigmoid shape as
shown below.

Figure 2.20 ligament load-deflection property [1].
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In the Figure2.20 NZ is the neutral zone in which the displacement after this zone is due
to slight force. EZ is the elastic zone this is the displacement from NZ and up to
physiologic range .PZ is plastic zone which is beyond the EZ zone and this is the region
of failure.
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CHAPTER 3
Finite Element Analysis of Simple Model of An Intervertebral Disc Under Gradual
Compressive Loading
3.1

Introduction
The spinal motion segment is a very complex structure because of material non-

linearity and geometrical non linearity. The vertebrae consist of soft bone which is
cancellous bone surrounded by the hard bone which is cortical bone, the end plate is soft
made up of cartilaginous material. The incompressible fluid of the disc is termed as
nucleus pulpous. The vertebral body is made up of isotropic cancellous and cortical bone.
The disc of the SMS is anisotropic in nature due to the Annulus fibrosis material. All
these properties of the SMS make it extremely complex system to analyze experimentally.
Stress level is very difficult to analyze in SMS due to material and geometrical non
linearity. The experimental methods to measure the end-plate bending and radial bulge is
complex and requires lots of efforts and facilities. The measurement of this phenomenon
will facilitate the understanding of failure mechanism of the end plates in vertical
compressive loading.
To solve this problem and for better understanding of failure mechanism, The finite
element method has been utilized and shown its capability to study the structure of
SMS.FEM model of the SMS has been developed by many researchers (shirazi-Adl
[1984], Goel et al, [1988] and others) to understand the effect of failure mechanism due
to occupational hazards like lifting, twisting, repetitive loading and exposure of spine to
the vibrations. In these conditions the lower lumbar is more vulnerable and the analysis
of this level is mostly done. In aircraft vertical impact conditions it was observed that
upper region of the lumbar is affected along with the cervical spine. This chapter
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describes about the Lumbar load injury criteria and corresponding Test regulation . The
simple Axis-symmetry model of the SMS is developed to validate the material property
of Annulus Fibrosis followed by Sensitivity analysis carried on the SMS to understand
the effect of geometry and material property on the Radial bulge of the Disc. The detailed
model will be developed with end-plates to understand the failure mechanism of same
under high dynamic loads.
3.2 Finite Element Model of Vertebrae-Disc-Vertebrae
A simple axisymmetric finite element model of vertebrae-disc-vertebrae was
developed. This model consisted of three different structures corresponding to vertebral
body along with the endplates, disc and nucleus pulposus. This model was used to
examine the effects of gross disc geometry and material property on the radial disc bulge
and vertical deflection under compressive load. This model is developed with the intent
of understanding which level of the lumbar spine was more vulnerable during vertical
compressive impact. Brinckmann, and Frobin,[45] has measured the axial bulge of the
end plates under compressive loads often responsible for the Schrmols node and they
have developed relationship between the radial bulge and axial bulge developed. This
model tries to investigate the significant factors which dictate the axial bulge. In this
model the end-plate and the vertebral body are modeled as a one rigid structure and the
radial bulge of the disc is observed. The annulus material properties used are published
results by Spilker, [46].The model was analyzed in commercially available software LSDYNA970.
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3.2.1 Axis symmetry model
The model consisted of simple geometry which considers the equivalent geometry
of the Vertebra-disc-vertebra. The disc was considered round and the effect of end plates
was neglected; the dimension of the disc was equivalent to 42 lumbar segment tested by
Schultz et al. (1979).The disc height was 1.40cm and an equivalent circular radius of
2.19cm.In the analysis the axis symmetry solid element is used with a Y axis of
symmetry as seen in Figure 3.1.

y
VB

NP

AF

VB

x

Figure 3.1 Finite element model of Motion segment.
The VB (vertebrae body) was modeled as linear isotropic elastic material and the
AF (annulus) is modeled as elastic orthotropic material, material properties and model
used is described in section 3.2.2.

77

TABLE3.1
SPECIFACTION OF FEM MODEL
SMS COMPONENT
Vertebral body(VB)
Nucleus pulposus(NP)
Annulus fibrosis(AF)

FEM REPRESENTATION
Axissymmetry Solid
element
Axissymmetry Solid
element
Axissymmetry Solid
element

NO OF
ELEMENTS
352
867
363

TABLE3.2
DIMENSIONS OF FEM MODEL
1519mm2

DISC AREA

3.2.2

DISC RADIUS

22mm

DISC HEIGHT

14mm

NUCLEUS RADIUS

15mm

Material model used
Knowledge of proper material properties is very essential for FEM model as the

accuracy solely depends on the proper selection of material model and exact material
properties. The material properties used for SMS components are obtained from various
literature .In the current model the posterior elements and the ligament is not considered
so property of theses components are not listed. The vertebrae body is modeled as linear
isotropic elastic material with modulus (E) of 1336000Mpa and poisson ratio of 0.2.The
modulus value for VB selected is very high in comparison to the actual value; this
ensures rigidity.The Annulus fibrosis is modeled as linear orthotropic material and the
nucleus pulposus is modeled as incompressible fluid using *MAT_ELASTIC_FLUID
and using bulk modulus of 1667Mpa.
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TABLE3.3
MATERIAL PROPERTY FOR A.F
ANNULUS FIBROSIS
EX
950N/cm2
EZ
682 N/cm2
EY
608 N/cm2
GYX
287 N/cm2
GYZ
807 N/cm2
GXZ
248 N/cm2
VYZ
0.626
Vyx
0.023
Vzx
0.021

3.2.3

Load application
The vertical compressive load is applied on the superior Vertebrae of the

axisymmetric model .The load is gradually applied as the material for the AF is
viscoelastic in nature. The total load of 400N is applied to the disc as this is the pre load
acting on the lumbar disc L2-L3.This load is applied by the uniform pressure on the
Superior vertebrae using *LOAD_SHELL_ELEMENT card in the software model.
3.2.4

Validation criteria
The validation of this disc model was done by comparing the result of FEM with

the experimental results for vertical deflection, disc pressure and radial bulge. Schultz et
al (1979) conducted test on some 42 segment. The current model was validated against
there test results. Figure 3.3 highlights that the radial bulge is not linear which explains
that resistance of the disc in radial direction increase with increasing load as in this case
the load is gradually increasing from zero to 400N.Pressure in the Nucleus pulposus
remains constant as it behaves like incompressible fluid.
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Comparison of fem model with the experimental results
FEM results
1. Disk height : 14mm
2. Disk equivalent circular radius :
22mm

Experimental Results
1. Disk height : 14mm
2. Disk equivalent circular radius :
21.9mm
Response under 400N compression Load
1. Vertical displacement : 0.51mm
2. Intradiskal pressure : 0.28MPA
3. Radial bulge
:0.32mm

Response under 400N compression Load
1. Vertical displacement : 0.5mm
2. Intradiskal pressure : 0.21MPA
3. Radial bulge
: 0.36mm

The above comparison shows a good agreement between the Analytical model
and the experimental results observed by Schultz et al (1979).This model was validated
for 400N load with equivalent circular dimensions, thus this model is capable of
predicting the physical changes for varying parameters. The Annulus Fibrosis material
behaved satisfactorily and this model can be used for further parametric study.

1

2
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Figure 3.2 Radial bulge of the disc due to vertical compressive load.
The figure3.2 highlights the radial bulge of the disc, as can be seen in the sequence of the
simulation.
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Figure 3.3 Radial bulge of the disc.

Figure 3.4 Intradiscal Pressure along radial direction.
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3.3

Parametric Study
In the aircraft crash scenario the vertical impact force acts along the spine, making

the lumbar region vulnerable to injury. In order to understand about the level of injury of
the lumbar spine, it was important to know the effect of geometry and material property
on the strength of the SMS. A sensitivity analysis was carried out with the intent of
understanding the significance of certain geometrical and material factors in relation to
the injury occurring at a certain level of the spine. This study identified the level of the
spine which is the most vulnerable to the injury. The response selected is radial bulge and
the vertical deflection of the spine.
TABLE3.4
FACTORS SELECTED FOR THE ANALYSIS
FACTOR
Low
DISC AREA (A)
POISSIONS RATIO
(B)
DISC HEIGHT(C)

LEVEL
High

706 mm2

2826 mm2

0.2

0.449

10 mm

14 mm

Brinckmann, and Frobin[22] have developed a relation between the radial disc
bulge and axial disc bulge. It is observed that axial disc bulge is more responsible for the
injuries of the end-plate. A proper understanding of radial bulge highlighted the
possibility of axial bulge responsible for Schmorl’s nodes. The factors selected were
geometry and the material property, especially the Nucleus pulposus of the disc.
A 2k Factorial Design was used in the sensitivity analysis. The basic design of the 23
factorial is shown below; this design is in terms of actual factors.
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TABLE3.5
FACTORIAL DESIGN.

Response:

TREATMENT
COMBINATION

A mm2

TREATMENT 1

FACTORS
B POSSION
RATIO

C mm

706

0.2

10

TREATMENT 2

2826

0.2

10

TREATMENT 3

706

0.499

10

TREATMENT 4

2826

0.499

10

TREATMENT 5

706

0.2

14

TREATMENT 6

2826

0.2

14

TREATMENT 7

706

0.499

14

TREATMENT 8

2826

0.499

14

DISC BULGE

ANOVA for Selected Factorial Model
Analysis of variance table [Partial sum of
squares]
Sum of
Source
Model
A
B
C
AB
Residual
Cor
Total

Squares
0.41
0.33
0.05
0.01
0.019
4.81E-03
0.42

Mean
DF
4
1
1
1
1
3

Square
0.1
0.33
0.05
0.01
0.019
1.60E-03

F
Value
64.44
208.44
31.44
6.33
11.56

Prob > F
0.0031
0.0007
0.0112
0.0864
0.0425

7

The Model F-value of 64.44 implies the model is significant. There is
only
a 0.31% chance that a "Model F-Value" this large could occur due to
noise.
Values of "Prob > F" less than 0.0500 indicate model terms are
significant.
In this case A, B, AB are significant model terms.
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significant

DESIGN-EXPERT Plot
DISC BULGE

Half Normal plot

A: DISC AREA
B: POSSION RATIO
C: DISC HEIGHT

99

Half Normal % probability

97
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85

80
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C
40

20

0

0.00

0.10

0.20

0.31

0.41

|Effect|

Figure 3.5 Half normal plot for response Radial Disc bulge.

DESIGN-EXPERT Plot

One Factor Plot

DISC BULGE

0.7

X = C: DISC HEIGHT

DISC BULGE

Actual Factors
0.5375
A: DISC AREA = 1766.00
B: POSSION RATIO = 0.35

0.375

0.2125

0.05

10.00

11.00

12.00

13.00

14.00

C: DISC HEIGHT

Figure 3.6 Effect of disc height on the radial bulge.
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DESIGN-EXPERT Plot
DISC BULGE

Interaction Graph
B: POSSION RAT IO

0.7

X = A: DISC AREA
Y = B: POSSION RATIO

DISC BULGE

B- 0.200
0.523447
B+ 0.499
Actual Factor
C: DISC HEIGHT = 12.00
0.346894

0.170342

-0.00621111

706.00

1236.00

1766.00

2296.00

2826.00

A: DISC AREA

Figure3.7 Interaction between Possion ratio and disc area.
3.5 Observation
The half normal plot as seen in Figure 3.5 for the Disc bulge response highlights
that disc area is the most significant factor which dictates the radial bulge of the disc
followed by the condition of the nucleus pulposus which also dictates the radial bulge. It
was observed that disc height compared to the disc radius is not that significant. It is also
highlighted that hydrated smaller disc like upper level of the lumbar or the lower level of
the thoracic spine develops higher radial bulge and axial bulge compared to bigger disc of
lower lumbar. The Condition of disc was significant more in the upper level of the spine
compared to lower level with vertical compressive loads.
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SMS DEFLECTION
ANOVA for Selected Factorial Model
Analysis of variance table [Partial sum of
squares]
Source
Model
A
B
C
AC
Residual
Cor
Total

Sum of
Squares
1.51
1.36
0.051
0.076
0.026
2.00E-03

DF
4
1
1
1
1
3

1.52

7

Mean
Square
0.38
1.36
0.051
0.076
0.026
6.67E-04

F
Value
568.11
2041.87
76.8
114.07
39.67

Prob > F
0.0001
< 0.0001
0.0031
0.0018
0.0081

The Model F-value of 568.11 implies the model is significant. There is
only
a 0.01% chance that a "Model F-Value" this large could occur due to
noise.
Values of "Prob > F" less than 0.0500 indicate model terms are
significant.
In this case A, B, C, AC are significant model terms.
Values greater than 0.1000 indicate the model terms are not significant.
.
DESIGN-EXPERT Plot
SMS DEFLECTION
A: DISC AREA
B: POSSION RATIO
C: DISC HEIGHT

Half Normal plot
99
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Half Normal % probability
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Figure3.8 Half normal plot for response SMS Deflection.
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significant

DESIGN-EXPERT Plot

One Factor Plot

SMS DEFLECTION

1.3

X = B: POSSION RATIO

SMS DEFLECTION

Actual Factors
1.0025
A: DISC AREA = 1737.35
C: DISC HEIGHT = 12.05

0.705

0.4075

0.11

0.20

0.27

0.35

0.42

0.50

B: POSSION RAT IO

Figure3.9 Effect of Possion ratio on the SMS Deflection.

DESIGN-EXPERT Plot

Interaction Graph

SMS DEFLECTION

C: DISC HEIGHT

1.3

X = A: DISC AREA
Y = C: DISC HEIGHT

SMS DEFLECTION

C- 10.000
1.0025
C+ 14.000
Actual Factor
B: POSSION RATIO = 0.35
0.705

0.4075

0.11

706.00

1236.00

1766.00

2296.00

2826.00

A: DISC AREA

Figure3.10 Interaction between Disc height and disc area.
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3.6 Observation
It was observed from the half normal plots Figure 3.8 that disc area, possion ratio
and disc height are significant in dictating the SMS vertical deflection. In figure 3.20 it is
highlighted that with increase in the passions ratio the vertical deflection was reduced this
is true because at 0.499 Poisson ratio the Nucleus behaves as incompressible fluid.
Interaction plot as seen in Figure 3.10 highlights that deflection is higher for disc with
smaller area like Upper lumbar disc compared to lower lumbar disc. This can be one
important reason for failure of upper disc of lumbar when subjected to vertical load.
3.7

Summary of Observation
•

Disc Area was important factor dictating the radial bulge and was higher with
smaller disc area. This explains that upper level of lumbar is more vulnerable to
vertical load which resulted Schmorl’s nodes.

•

The condition of nucleus pulposus played an important role in resisting the
compressive load. Smaller discs with good condition developed higher radial and
axial bulges which can result the injury to end-plate.

•

Disc height did not affect radial bulge more and was not responsible for the
end-plate failure.

•

Vertical deflection was higher in smaller disc compared to larger discs for the
same compressive load. This explained the failure of the end-plate in the upper
level.

•

Degenerated disc showed lesser deflection compared to the well-hydrated disc.
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3.8 Detailed Axisymmetry Model of Lumbar SMS
Annulus fibrosis material parameters used for the simple axisymmetry model
worked well and gave better results when compared to the experimental test. The
sensitivity analysis on the simple model confirmed that upper level of the spine like T12L1, L1-L2 and L2-L3 are the most vulnerable SMS in the spinal system when subjected
to the vertical crash loads. It was also confirmed that condition of nucleus pulposus
played an important role in load transfer and radial/axial bulge of the disc. In the simple
model the Cortical bone and End-plate were modeled as a single body with very rigid
properties, To understand the effect of vertical loads on the spine it was important to
model the detailed SMS including end-plate and the thin compact bone was(Cortical
bone) surrounding the cancellous bone. In order to understand the end-plate failure and
effect of cancellous bone property on this failure a detailed Axisymmetry model is
developed for L1-L2 region. The required material properties for all the component of the
SMS are taken from various sources. The model is developed using Patran2003[MSC
Software] and it is analyzed using commercially available software LS-DYNA[LTC].
The details of the model and material are provided in the Table 3.6.The load applied on
the SMS will be 400N in starting phase and then this model will be compressed to 7000N
which is suppose to be the failure strength of the SMS, the load will be applied gradually
from zero to the required limit. The load is applied by applying the pressure on the top
vertebral body to produce the required load. The dynamic lumbar load obtained from the
MADYMO result will be applied to the SMS with the intent of understanding the
behavior of end-plate in high dynamic loads.
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Figure3.11 Detailed Axisymmetry model of lumbar spine.
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TABLE 3.6
FEM SPECIFICATION OF AXIS SYMMETRY SMS MODEL.
MOTION SEGMENT
COMPONENT
Cancellous Bone
Cortical Bone
End-plate
Nucleus pulposus(NP)
Annulus fibrosis(AF)

FEM REPRESENTATION
Axissymmetry Solid
element
Axissymmetry Solid
element
Axissymmetry Solid
element
Axissymmetry Solid
element
Axissymmetry Solid
element

NO OF
ELEMENTS
599
59
212
999
419

TABLE 3.7
MATERIAL PROPERTIES USED IN THE MODEL.
Motion segment
component

Youngs
ModulusE(Mpa)

poisson's Ratio
v

Reference

12000

0.3

Brown ,1981

Cancellous Bone

100

0.2

Yamada,1970

Cartilagneous end plate

24

0.4

Yamada,1970

Nucleus Pulposus

1.5

0.499

Cortical Bone

ANNULUS FIBROSIS
EX
950N/cm2
EZ
682 N/cm2
EY
608 N/cm2
GYX
287 N/cm2
GYZ
807 N/cm2
GXZ
248 N/cm2
VYZ
0.626
Vyx
0.023
Vzx
0.021
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Figure3.12 Initial state of the SMS without load.

Figure3.13 Final State of the SMS under 400N.
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Figure3.14 Radial Bulge of the Disc under 400N.

Figure3.15 Intradiscal pressure of 0.3 Mpa under 400N axial load.
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Comparasion with other FEM model.
LS-DYNA Model

Shirazi-Adl model
1 Disk height : 11mm
2
Disk equivalent circular radius :
21.8mm

1 Disk height : 11mm
2 Disk equivalent circular radius :
21.8mm

Response under 400N compression Load
4. Vertical displacement : 0.5mm
5. Intradiskal pressure : 0.326MPA
6. Horizontal
disc
bulge
: 0.52mm

Response under 400N compression Load
3 Vertical displacement : 0.5mm
4 Intradiskal pressure : 0.30MPA
5 Horizontal
disc
bulge
: 0.54mm

Figure3.16 Axial Bulge of the Disc under 400N.

95

Stress in annulus from Inner Radius to outer radius
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Figure3.17 Stress in annulus fibrosis from inner surface to outer surface under 400N.

The disc modeled as elastic member behaves accurately under constant loads as the
actual disc behaves as seen in Figure 3.17. This disc cannot be employed to study the
dynamic loads as the rate of loading is affected by the viscoelastic nature of disc and
presently this disc is incapable of exhibiting viscoelastic property. Chapter 4 highlights
the viscoelastic nature of the disc which can be employed to understand the behavior of
Lumbar motion segment under high dynamic loads.
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CHAPTER 4
Viscoelastic Behavior of The Intervertebral Disc
4.1 Introduction
The Intervertebral disc of the human spine exhibits a time dependent behavior
which results different load-displacement characteristic of the disc at higher loading
rate. This study involved the dynamic loading of the spine similar to that observed
during an aircraft crash landing scenario which makes mandatory to understand the
viscoelastic characteristics of the disc and its effect on the failure mechanism. The
viscoelastic behavior of the disc can be exhibited by creep, relaxation and hysteresis
test conducted on the spinal unit. In the previous chapter the elastic behavior of the
disc was observed under slow loading condition and radial disc bulge was correlated
with the axial bulge with the intent of understanding the effect of disc area and disc
condition on the axial bulge. Due to the viscoelastic behavior of the disc the
condition at higher loading rate was different than gradual loading as the annulus
and nucleus of the disc will demonstrate stiff behavior at higher loading rate [Iatridis
50] .This behavior will induce totally different failure mechanism as compared to
the failure due to static loads.
4.2 Viscoelasticity
It is the time-dependent material property which exhibits a sensitivity to loading rate.
This behavior of the viscoelastic materials is due to its elastic and viscous behavior.
Creep and relaxation characteristics of this material is used to document there
viscoelasticity. The load-deformation curve of the viscoelastic material is dependent
on the rate of loading, higher the loading rate steeper is the loading curve. The area
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between loading and unloading curve for viscoelastic material projects the energy
loss during the loading of this material which is termed as hysteresis loss. It is
observed that biological tissues highlight the viscoelasticity and their behavior can
be simulated using various combinations of spring and damper. Some of the basic
combinations are Kelvin, Maxwell and three element models.
4.2.1

Creep
Viscoelastic material deforms under a suddenly applied

constant load. The

deformation is time dependent and approaches steady-state asymptotically. This
property of the spine is responsible for increase in a height of a person in morning
as compared during night. Under constant load the deformation continues as time
progress this property is termed as creep behavior of the material.
4.2.2 Relaxation
Viscoelastic material held under constant deformation exhibits a decrease in the
stress with time .This phenomenon is termed as stress relaxation. Biological tissues
exhibits this property which is the manifestation of their viscoelastic nature.
4.2.3 Hysteresis
Energy dissipated by a viscoelastic material is termed as hysteresis loss and it is
represented by the area enclosed between the loading and unloading curve. The
Figure 4.1 below highlights the energy dissipated by a viscoelastic seat cushion.
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Figure 4.1 Hysteresis is area between loading and unloading curve [55].
4.2.4 Methods of specifying the viscoelastic material properties.
Weber [1835] observed that silk thread under load followed the law of
proportionality for a short time and found continuous elongation of the thread for the
same load. This was the point when first time the phenomenon of viscoelasticity was
observed. Thereafter the investigation of mechanical behavior of the viscoelasticity
materials has greatly increased. This increased the need of methods to specify the
properties of these materials. There are several methods to specify the properties of
viscoelastic materials [54] out of which some are specified here.
The common method employed to obtain the viscoelastic characteristic is to map out
the required properties of the material from the experimental creep curve, relaxation
curve or dynamic modulus curve of that material. The another method which can be
employed is to develop the viscoelastic models from basic mechanical models of
spring and damper like Voigt model, Maxwell model or combination of these. The
following section gives some basic models utilized for the viscoelastic materials.
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4.2.5 Representation of viscoelastic material using models
In Kalvin model Figure 4.2 the spring is in parallel with the damper; this model
handles the creep behavior of the viscoelastic material fairly well as compared to the
relaxation behavior.

Figure 4.2 Kelvin model.
The Maxwell model Figure 4.3 is represented by a series combination of the spring and
the damper; this model handles the relaxation behavior of the viscoelastic material better
than its creep behavior.

Figure 4.3 Maxwell model.
The three element model Figure 4.4 which is also known as standard linear solid model
exhibits good creep as well relaxation behavior. This model can be used to model
biological tissues satisfactorily.

Figure 4.4 Standard linear solid model(Zener model).
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The method employed in this research to model the viscoelastic behavior of IVD
(annulus and nucleus) consisted of mapping out the properties of the material using
experimental relaxation curves obtained from experiments conducted on the
specimens[paper of curves] which is described in coming sections.
4.2.5 Relaxation modulus for standard linear solid
The Maxwell linear solid exhibits the unrestricted flow but for most of the material
there exists a relaxed modulus. This behavior can be achieved by placing spring parallel
to the Maxwell model as shown in the Figure 4.5

F

C
A

B
F
Figure 4.5 Standard linear solid model.

For very rapid deformation of the linear solid the dash-pot in the system will not deform
and it can be replaced by an inextensible tie which makes the system made up of two
springs in parallel and solid will display unrelaxed modulus, similarly for very slow
deformation the dash-pot will deform readily and the system will be left with spring A
and solid displays relaxed modulus.
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The relaxation modulus is given by

E (t ) = E R + (EU − E R )exp (−t / τ )

4.1

In this ER is relaxed modulus and EU is unrelaxed modulus. When time is in the region of
τ the modulus decays from unrelaxed to relaxed value.
4.3 Experimental Analysis Of Lumbar Spine Segment For Its Load Relaxation
Characteristics.

Holmes [46] al conducted experiments on cadaveric lumbar spine to measure its loadrelaxation characteristic.They compressed six specimens at six different strains
(corresponding to initial loads of 0.5-2.5KN) and load relaxation was measured for 20
mins.The specimens were the lumbar intervertebral disc with adjacent vertebrae
attached ,were obtained from autopsy and stored in a deep freeze. The specimens were
from old people all about 60 years and above,in which the disc condition is
severe.Specimens were compressed in the specially built frame and total load was applied
in about 10sec gradually. Load relaxation was monitored over the period of 20 mins .all
the tests were conducted at constant temperature as relaxation is dependent on
temperature.
The load relaxation curve obtained is for L2-L3 specimen with degenerated disc the
curve was plotted and shown in the Figure 4.6.The required properties of the IVD were
mapped out from these relaxation curves which are utilized for material model
parameters for Finite element analysis. The material model used was generalized
Maxwell model for which the input of relaxed and unrelaxed modulus was required along
with the relaxation time. As for the experiment the disc is obtained from old people in
which the viscoelastic behavior of the nucleus pulposus is diminished and all thus the
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total viscoelastic behavior can be considered to be from annulus only. The viscoelastic
characteristics of the nucleus are obtained from the research results of [iatridis].To model
the young disc the viscoelatic properties of nucleus are important.

Compressive Stress (N/m^2)

Stress_relaxation curve for L2-L3 disc
2.50E+06
2.00E+06
1.50E+06
1.00E+06
5.00E+05
0.00E+00
0

1

2

3

4

5

Time (hours)
Figure4.6 Experimental stress relaxation curve obtained for specimen.
Figure 4.6 shows the stress relaxation which is obtained from the load-relaxation curve
after dividing the curve with the area of the disc. The output of actual experiment was the
load-relaxation curve. The properties of the annulus are mapped out from the plot shown
above, the values of glassy modulus and the relaxation modulus were obtain by plotting
the relaxation modulus curve with logarithmic time .
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Relaxation Modulus

Relaxation Modulus
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Figure4.7 Experimental stress relaxation curve obtained for specimen.
The modulus is calculated from the strain value recorded during the experiment and the
relaxation modulus curve is plotted this same curve is plotted with logarithmic time is
shown below in Figure 4.8
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Figure4.8 Experimental relaxation modulus curve obtained for specimen.
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The standard linear solid is three parameter models capable of describing the general
features of viscoelastic relaxation, thus the parameters like spring stiffness are chosen to
fit the unrelaxed and relaxed moduli, and the τ is chosen to place the relaxation in the
correct time interval as can be observed in Figure 4.8.This forces the linear model to fit
the data predicted to match experimental data at three points.
K e = Er
K1 = E g − E r

τ = Er +

(E

g

4.2

− Er )
e

F

C
Ke

K1

F
Figure4.9 Standard Linear solid model with parameter chosen to fit the curve.
This model relaxes from unrelaxed to relaxed model in two decades of time which is very
abrupt transition. This can be avoided by spreading the relaxation time for longer time by
incorporating more Maxwell element in Standard linear solid model. This model is also
termed as Wiechert model.
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4.4 Creep Behavior of The Spinal Unit

Intervertebral Disc exhibited creep behavior when subjected to constant load. This
was observed by many experimenting researchers. Kazarian [45] carried out number of
experiments on human spinal functional units to observe its creep characteristics. In his
experiments the disc conditions were graded as grade0, grade1, grade2 and grade3.This
classification was based on the condition of nucleus pulposus of the disc under
observation. Grade0 discs are the discs with shiny nucleus pulposus and unruptured
annulus fibrosis. Grade3 are severely degenerated disc. The experiment consisted of
placing the thawed specimen on the loading frame and applying constant compressive
axial load of 21lb at constant temperature. The creep behavior was due to viscoelastic
nature of the IVD, which continued the deformation of the disc with an increase in time.
In all experiments it was observed that the deflection of the degenerated disc is higher
than the hydrated disc. The nature of measured creep was the rate of creep decreased with
time for a constant load. The tests were carried out on various levels of spinal disc and it
was observed that the creep behavior was dependent on the level of the disc, condition of
the disc and applied load. The degenerated disc reached the equilibrium point earlier than
the hydrated disc.

Figure4.10 Creep behavior of the spinal unit Karzrian [45].
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4.4.1 Validation of creep behavior for L2-L3 spinal unit using Finite element model

It was observed that creep and relaxation behavior of the disc was attributed to its
viscoelastic property. This research dealt with the loading of IVD with dynamic loads
similar to observed during crash landing situation which makes it essential to incorporate
the viscoelasic nature to the disc as the disc under high loading rate behaves differently
compared to static load. The creep behavior was observed by utilizing finite element
modeling of the spinal unit and loading it with 21lb load to collect the deflection-time
data. The required material parameters for the model were mapped out of load relaxation
curve plotted for IVD in the published data [46]. The dimensions for L2-L3 [47,48,49]
were taken as the average size of the disc from all the observations, the unit was modeled
as a IVD with an adjacent end-plate . An axis symmetric model of the spinal unit was
modeled for the analysis to save computational time. The disc was assumed to be circular
and the pulposus in the center for the L2-L3 level. Modeling and the meshing of the
model was achieved by PATRAN code and model is submitted to DYNA for the analysis.

Figure4.11 Meshed model of the L2-L3.
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The annulus fibrosis is model using linear viscoelastic material and the nucleus pulposus
is modeled as incompressible invicid fluid. The degenerated disc is modeled as elastic
material .The material properties and the details of the model are tabulated in table 4.1.
TABLE 4.1
FINITE ELEMENT MODEL DETAILS
SEGMENT

FEM REPRESENTATION

NO OF ELEMENTS

Vertebral body

Axissymmetry Solid Element

240

Nucleus Pulposus

Axissymmetry Solid Element

930

Annulus Fibrosis

Axissymmetry Solid Element

750

TABLE 4.2
FEM DIMENSIONS
DISC AREA(mm2 )

1387

DISC RADIUS(mm)

21

DISC HEIGHT(mm)

8

NUCLEUS AREA(mm2 )

690

TABLE 4.3
MATERIAL MODEL
SEGMENT

MATERIAL PROPERTY

REFERENCE

Vertebral body

Axissymmetry Solid Element

Goel[52]

Nucleus Pulposus

Axissymmetry Solid Element

Goel[52]

Annulus Fibrosis

Axissymmetry Solid Element

Holmes[46]
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Creep Behavior Grade0 and Grade2 disc
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Figure4.12 creep behavior of the L2-L3 with Finite element model.
The Figure 4.12 highlights the creep behavior of the grade0 and grade2 disc with 21 lb
load .It can be observed that grade2 disc reaches equilibrium faster compared to the
grade0 disc and for grade2 disc there is instantaneous deformation .This behavior of
hydrated and degenerated disc matched the observation of Kazarian. The exact
correlation was possible because of the disc shape; here in this study the shape was
circular as compared to the actual elliptical shape. This creep behavior explained the
viscoelastic nature of the disc. Iatrdis[ 50] observed the viscoelasticity of the hydrated
and degenerated nucleus, but for the present analysis the nucleus was modeled as
incompressible fluid with bulk modulus of 1.6 Gpa.
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Figure4.13 pressure distribution in hydrated disc.

Figure4.14 pressure distribution for degenerated disc.
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The creep behavior of the disc indicated the validity of annulus linear viscoelastic
material model. This model, along with the vertebrae can be utilized for dynamic testing
to comment on the effect of age on the strength of the vertebrae.
In the previous chapter the disc was modeled as an elastic member as the loads on the
disc are not dynamic. This model showed good correlation with the experimental results.
The same model could not be utilized for the dynamic load as in actual condition the disc
exhibited large resistance to suddenly applied loads, and acts as a tough solid. In actual
condition there is a disc swelling under high dynamic loads which sometimes can be the
rcause of end-plate failure. This swelling of disc was observed only with viscoelastic
nature of the pulposus.
4.5 Lumbar Loads Due To Dynamic Conditions

Seat dynamic performance standards found in CFR 14, FARs Part 23, 25, and 27
require two dynamic seat tests and an evaluation of associated pass/fail criteria for
aircraft seat certification. One of these tests is a combined vertical/longitudinal impact
test that measures, among others things, the lumbar-column pelvic load in the Part 572
Subpart B Hybrid II Anthropomorphic Test Dummy (ATD). The maximum lumbarcolumn pelvic compressive load in the ATD must not exceed the 1,500 pounds pass/fail
criterion. This test, illustrated in Figure 4.15 and described in Table 4.3, was intended to
evaluate the means by which the lumbar load produced by the combined
vertical/longitudinal environment, typical of an aircraft crash event, is reduced.
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Figure4.15 Federal Aviation Regulation Test-1 Condition.

TABLE 4.3
TEST 1 DYNAMIC TEST REQUIREMENT (COMBINED
VERTICAL/LONGITUDINAL TEST)
Part 23
Velocity Change
gp
tr

ft/s
g’s
Sec

Pilot
31
19
0.05

Passenger
31
15
0.06

Part 25

Part 27

35
14
0.08

30
30
0.031

The dynamic test is carried out to measure the lumbar load experienced by the ATD
which is related to the injury criteria. The seat structure and the Seat cushion can play
important role in reducing the lumbar load. A full-scale dynamic seat test, such as the one
shown in Figure 4.16, is currently required to recertify the new seat cushion and seat
system. Located in the primary load path between the seat occupant and the seat structure,
seat cushion acts as a spring/damper. It is considered a primary component in the seat
system, and must be included and certified as part of the seat system during the dynamic
seat test program. It has been demonstrated that the seat cushion’s physical properties, if
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improperly chosen, can amplify the lumbar-column pelvic load of the seated occupant
during a vertical impact.

Figure 4.16 .Full-scale sled tests for certification of seats.
4.6

Validation of Madymo Model

Sled test no 22 is selected for the validation of the MADYMO model, this test is
conducted with DAX 4 Inch cushion foam and 14G pulse as shown below.

Figure 4.17 Sled test result for DAX 4 inch 14g pulse.
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Figure 4.18 Load-deflection curve for DAX 55(4inch) at room temperature.
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Figure 4.19 Load-deflection Property used for Seat belt.
4.6.1

MODEL SETUP

The load-deflection response of the cushion was modeled in MADYMO Model to
study the occupant response. Figure 4.20 shows the set up of the model used to
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validate the dynamic sled test with a DAX 4 inch cushion and actual 14G pulse.
The details of the inputs are shown in Figure 4.17, 4.18 and 4.19.

Figure 4.20 Model setup
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Figure 4.21 Occupant kinematics subjected to actual 14g pulses.
As described, the dynamic load on the lumbar segment can be obtained using biodynamic
simulation tool MADYMO.In dynamic situations the magnitude of load on the spine was
115

high for short duration which have the capabilities of producing injuries to the spine as
described in Chapter 2. Under axial dynamic compressive load the strength of the bone
and condition of the disc dictates the type of fracture observed. Chapter 5 of this study
explores the effect of the disc conditions and the vertebra strength on the failure criteria
of the end-plate. An axial bulge of disc at the center due to pulposus swelling is usually
found to be responsible for the end-plate fracture. Rolander and Blair did experiments
similar to Perry, but in addition they also found the end plate deflection at the center and
found 0.6 mm increase in the height of the disc prior to the failure.
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CHAPTER 5
Evaluating The Effect Of Age Related Factors On The End Plate Fracture Using
Finite Element Model.
5.1

Dynamic Loading of Spine

The loads observed during the crash-landing scenario are significant enough to
cause spinal injuries .In such situations very high compressive loads act on the spinal
unit .Currently there has been no study conducted at such a high magnitude of
compressive dynamic loads to investigate the spinal behavior. In addition no studies have
been conducted at such a high speed on the spinal unit to understand the end-plate
fracture. The stress distribution and pressure development in the spinal unit was studied
by utilizing FEM model .Many researchers have successfully used the FEM
technique{shirazi-liuw-gharpuray} to comment on the failure of Spinal elements. The
current study explored the failure of the end-plate under axial dynamic compressive loads
and effect of age on the failure limit. A recent study of compressive follower loads can
explainED the magnitude and direction of load experienced by the spine which can
further explainED the end-plate failure mechanism.
5.2

Schrmols Node and Factors Effecting It Cause

Nucleus tissue can be displaced in any direction from the disc space depending
upon the type of loading; gradual fatigue loading can cause disc herineation causing the
pulposus to move through the annulus fibrosis or sudden trauma loads can cause it to
move through end-plate. Virgin[35] observed that annulus is strong enough to resist the
vertical compressive load without failure but the end-plates are vulnerable in this
situation. Hircs and Markolf found that the first component to fail in compressive load
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was vertebrae or end-plate. This lead to migration of nucleus pulposus into the
neighboring vertebrae. It was concluded that disc herniation was not caused by
compressive loads but schrmols node was observed in such loading condition. This study
dealt with very high compressive dynamic loads which makes the end-plate and vertebrae
vulnerable in the functional spinal unit. The bone ash content, condition of nucleus
pulposus and the magnitude of load showed noticeable influence on the rate and amount
of pulposus migration into the neighboring vertebrae. The disc height increase was
observed due to osteoporosis as the resistance offered by osseous tissue of trabaceu
below the disc was reduced compared to the pressure developed in the nucleus pulposus.
This condition become worse in dynamic loading situation when disc have tendency to
swell due to viscoelastic characteristics. This study highlighted the effect on end-plate
due to high compressive dynamic load when the strength of osseous tissue was reduced.

Figure 5.1 Migration of pulposus in vertebrae after end plate fracture.
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Figure 5.2 Schmorl nodes due to fracture of bottom end-plate.
5.2.1

Osteosporosis

Bone loss is normal phenomena observed with the aging process, the amount of
loss and rate of loss varies widely from case to case. The most commonly used
definition for osteoporosis is reduction is the amount of bone loss .This reduction
can be due to age or some disease. This study intends to find out the effect of this
bone reduction in the trabecular part of vertebra on the end-plate fracture due to
high axial dynamic loads. As observed by Bell et all[26] that there is much higher
decrease in strength of vertebrae as compared to loss in osseous tissue. All thses
factors made the vertebrae more vulnerable to impact loads.

Figure 5.3 Normal trabeculae structure.
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Figure 5.4 old trabeculae structure.

Figure 5.5 axial bulge of the disc in osteoporosis spine.
Figure 5.3 and 5.4 highlights the structure of normal and degenerated trabecular
structure .In the degenerated structure the horizontal connection between the vertical
trabeculae which acts as a tie are reduced .This decreases the strength of the trabecular
structure. It was observed that 50% of decrease in the mass reduces the strength by one
quarter.
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5.2.2

Nucleus pulposus

The condition of nucleus pulposus changes with aging process .The water content
of the nucleus decreases with age. The condition of nucleus pulposus plays an important
role in dictating the end-plate fracture under high dynamic loads. The swelling action of
the disc in young people makes them more vulnerable to high vertical impact loads. The
finite element analysis of the IVD was conducted with the intent of understanding the
stress conditions in the disc. The majority of Finite element analysis model of the disc
modeled the disc as incompressible fluid [52]. Iatridis[51] exhibited the viscoelastic
property of the nucleus which compels the nucleus to be modeled as viscoelastic element
under high dynamic load as under higher loading rate the nucleus exhibits the property
change with load rate. The uncertainty of modeling the nucleus as viscoelastic or
incompressible fluid could lead to large errors as the nucleus occupies large area of the
disc. In this study the nucleus is modeled as viscoelastic element as loading on the spine
is dynamic, observed during crash landing scenario of the aircraft. The viscoelastic
properties of the nucleus are obtained by shear stress relaxation test as described by
Iatridis[51].

Figure 5.6 Normal nucleus pulposus.
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5.3 Finite Element Model for L2-L3

To understand the effect of age on the failure mechanism of the end-plate Finite
element model was utilized. To reduce the computational time the Axis symmetry model
is developed with circular disc area. The nucleus and the annulus are modeled as linear
viscoelastic model. The property of annulus is mapped out from the published loadrelaxation curve for disc compression [46].In this study the nucleus was modeled as
viscoelastic material rather than modeling it as incompressible fluid. This changes the
behavior of the disc under high speed loading. The material property and element type
are tabulated below.
TABLE 5.1
FEM DETAILS OF THE AXIS SYMMETRY MODEL USED.
MOTION SEGMENT
COMPONENT
Cancellous Bone
Cortical Bone
End-plate
Nucleus pulposus(NP)
Annulus fibrosis(AF)

FEM REPRESENTATION
Axissymmetry Solid
element
Axissymmetry Solid
element
Axissymmetry Solid
element
Axissymmetry Solid
element
Axissymmetry Solid
element

NO OF
ELEMENTS
1055
59
520
781
680

TABLE 5.2
MATERIAL PROPERTIES USED.
Motion segment
component

Youngs
ModulusE(Mpa)

poisson's Ratio
v

Reference

12000

0.3

Brown ,1981

Cancellous Bone

100

0.2

Yamada,1970

Cartilagneous end plate

24

0.4

Yamada,1970

Relaxation modulus

0.499

Cortical Bone

Nucleus Pulposus
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Holmes [46]

Figure 5.7 Axis_symmetry model about Y axis for L2-L3 spinal unit.
Load is applied on the top surface of the vertebra by applying pressure .The load is
applied as a triangular pulse with rise time similar to the crash pulse of FAR 23.562 and
FAR 25.562. The magnitude of load applied on the vertebrae is the threshold limit of
1500 lbs. The threshold limit was obtained by considering the vertebra strength alone
without any consideration of the disc condition and end-plate failure. These parametric
studies conducted on the axis symmetry provided the failure mode and the threshold limit
of the end-plate. The computation time for each run was high enough to find out the
effect of each parameter on end-plate deflection responses. To reduce the number of runs
it was decided to perform a factorial design at two levels, which highlighted the
significant factors controlling the end-plate deflection.
5.4 Factorial Design

A factorial design was employed to figure out the joint effect of factors thought to
influence end-plate failure. In this study the factors were selected based on age. The two

123

most important changes with age in the spinal unit relevant to the present study was ash
content of the trabucule structure and the condition of the nucleus pulposus. In the
loading condition the magnitude of load and the loading rise time are considered to be
important. The response is almost linear between levels of the factor selected so two
levels were selected for each factor. This study was conducted with the intent of
understanding the interaction between the factors and to investigate how much the load
rise time affected the failure mode of end-plate. The factor levels were selected from
actual conditions observed. For example the strength of vertebrae was reduced to one
quarter if the ash content of the trabacule was reduced by 50%. The strength of the
vertebral body was related to the age by using linear relation [57].
TABLE5.3
FACTORS SELECTED FOR THE STUDY
FACTOR

LOW

HIGH

AGE(A)

30 years

60 years

PEAK LOAD(B)

1000lb

1500lb

RISE TIME(C)

0.05sec

0.08sec

The nucleus undergoes a significant change with age as there is significant loss of
hydration along with changes observed in composition of collagens. This changes the
property of nucleus with age. The majority of FEM models utilized to date assumed the
nucleus as a incompressible and invisicd fluid, i.e. material of high bulk modulus
[52].This assumption was based on the state of pressure developed in the nucleus
pulposus similar to hydrostatic pressure which transmits load on the walls of annulus and
end-plate. Iatridis [51] observed that nucleus pulposus was capable of sustaining the

124

shear stress, so the assumption of the nucleus as incompressible inviscid fluid can be
inappropriate. In this study the nucleus was modeled as viscoelastic for the first time to
observe actual swelling effect of the pulposus on dynamic loading. In this study the two
levels are achieved by modeling the nucleus as viscoelastic and solid element. The 23
Factorial design is tabulated below.
TABLE 5.4
FACTORIAL DESIGN.

Treatment

Factor 1
A:age

Factor 2
B:load(lbs)

Factor 3
C:rise time

1
2
3
4
5
6
7
8

30
60
30
60
30
60
30
60

1000
1000
1500
1500
1000
1000
1500
1500

0.05
0.05
0.05
0.05
0.08
0.08
0.08
0.08

The nucleus condition for the young person is more hydrated as compared to the old
person. The nucleus at the age of 30 years is hydrated as compared to that at the age of 60
years.
5.3

Results

TABLE 5.5
FACTOR EFFECT ESTIMATES

Model
Term
A
B
AB

Sum of
Squares
4.30E-03
0.027
1.10E-03

Percentage
Contributation
16.92
77.64
6.0
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DESIGN-EXPERT Plot
endplate def lection
A: age
B: load
C: rise time

Half Normal plot
99

Half Normal % probability

97
95

B
90
85
80

A

70

AB

60
40
20
0

0.00

0.06

0.03

0.12

0.09

|Effect|

Figure 5.8 Half normal plot of the factor effects.
Figure5.8 highlights the contribution of each factor influencing the end-plate deflection.
In this figure it can be observed that there is a significant interaction between the
magnitude of load and the bone strength.

Load (lb)

Nature of load applied on the top surface of
vertebrae
1500
1300
1100
900
700
500
300
100
-100

0

0.02

0.04

0.06

0.08

0.1

0.12

Time (sec)

Figure5.9 load curve applied on the top surface of the vertebrae with rise time.
0.06sec.
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Response:
endplate deflection
ANOVA for Selected Factorial Model
Analysis of variance table [Partial sum of squares]
Sum of
Mean
Source
Squares
DF
Square

F
Value

Prob >

F

Model
A
6.962E-003
B
0.034
AB
2.592E-003
Residual1.050E-004
Cor Total 0.043

0.043
1
1
1
4
7

3
6.962E-003
0.034
2.592E-003
2.625E-005

0.014
265.22
1277.73
98.74

547.23
< 0.0001
< 0.0001
0.0006

< 0.0001

The Model F-value of 547.23 implies the model is significant. There is only
a 0.01% chance that a "Model F-Value" this large could occur due to noise.
Values of "Prob > F" less than 0.0500 indicate model terms are significant.
In this case A, B, AB are significant model terms.
Std. Dev.
Mean
C.V.
PRESS

5.809E-003
0.34
1.72
5.400E-004

R-Squared
Adj R-Squared
Pred R-Squared
Adeq Precision
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0.9963
0.9936
0.9853
42.235

5.6 Simulation Run Sequence for End-Plate Deflection

0sec

.01sec

.03sec

.06sec

.08sec

1.0sec

Figure 5.10 Simulation sequence for Treatment combination ab.
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Figure5.11 highlights the disc swelling mechanism due to viscoelastic nucleus .The axial
bulge is highest at the peak load which occurs at 0.06sec.The value of deflection is
provided in Factorial design .

Figure 5.11 Disc swelling and end-plate deflection at peak load for Teatment4.

Figure 5.12 Maximum nucleus pressure for Treatment4.
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Figure 5.13 Compressive stress development patterns in vertebrae for Treatment4.
From Figure5.12 and 5.13 it was observed that the rise in nucleus pressure and the rise in
the compressive stress in the vertebral body followed the loading curve trend. This was
exactly opposite to what was observed when the annulus and nucleus were modeled as an
elastic member in Chapter 3 which concluded that for dynamic loading the viscoelastic
modeling of nucleus and annulus was important.

Figure 5.14 Disc swelling and end-plate deflection for treatment7.
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5.7 Interaction Plot for Disc Deflection Response
DESIGN-EXPERT Plot
endplate def lection

Interaction Graph
B: load

0.460113

X = A: age
Y = B: load
0.409431

endplate deflection

B- 1000.000
B+ 1500.000
Actual Factor
C: rise time = 0.07

0.35875

0.308069

0.257387

45.00

37.50

30.00

52.50

60.00

A: age

Figure 5.15 Interaction Between age and peak load.

Load (lb)

End-plate failure load Vs age
1200
1180
1160
1140
1120
1100
1080
1060
1040
1020

y = 4.8786x + 885.75
R2 = 0.9816

25

30

35

40

45

50

55

60

65

Age

Figure 5.16 Linear relationship between end-plate failure load and the age.
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Figure5.15 illustrates the effect of age on the end-plate deflection at different levels of
peak loads. It was observed that end-plate deflection was higher for younger people,
which means the propensity of end-plate failure is much higher for hydrated disc
compared to degenerated disc under high axial dynamic loads. The interaction plot 5.15
indicated that deflection was always higher for young people at both the loading
conditions. At lower loads the difference between the response for young and old person
is less as compared for higher level of loads. The role of disc health was a very effective
factor dictating the burst fracture which occurred due to end-plate failure. Figure 5.16
highlight the approximate relation between end-plate failure load and age, the linear
relation is due to selection of two levels of each factor. Further detailed analysis is
required to investigate the intervertebral disc contribution to high speed vertebral injuries.
The current study shows that end-plate deflection in good condition disc is higher
compared to the degenerated disc which leads to fracture of end-plate and transmission of
disc tissue into vertebra causing burst fracture. From the above study it can be concluded
that for same loading condition but different disc condition the failure mechanisms were
different. The failure mechanism of the lumbar spine unit in older population was due to
vertebrae crushing rather than the vertebrae burst fracture. It is important to investigate
the hydrated discs contribution for vertebra burst fracture, as the conservative method of
DRI (Dynamic response index) [17] does not take into account of disc condition into
account (section 1.16-chapter1).
5.8 Three Dimensional Model of Spinal Unit Utilized To Predict Spinal Injury

The Simple spinal injury model (1.16) consisted of a single degree of freedom
model of the human upper torso used for study of impact response of spine under parallel
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load to it. The spring and the damper represent the characteristic behavior of the spine.
This model was utilized to predict the maximum deflection of the spine under a given
acceleration input. The properties of the model element (spring and damper) were
obtained from an actual vertebral body load deflection plot, and the damping ratio has
been calculated from measurement of mechanical impedance during vibration tests. The
acceleration of the seat was input to the DRI, which gave the value of maximum
deflection .The various DRI values were compared to the probability of injuries (Figure
40) by cadaver testing for same the input acceleration. The disadvantage of this system
was that it failed to consider the contribution of the hydrated disc in inducing the vertebra
burst fracture. The failure mechanism in DRI was considered as vertebral crushing and
not the end-plate failure followed by vertebra burst fracture. This shortcoming of DRI
method was overcome by developing a three dimensional model of the spinal unit with a
hydrated disc, and applying a load similar to the load observed in the crash scenario. To
achieve this single degree of freedom model was utilized and coupled with a three
dimensional finite element model of the vertebrae-disc-vertebrae model. The input to this
model was acceleration as observed during the crash scenario.

Figure 5.17 Three dimensional model of Vertebra-disc-vertebra.
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TABLE5.6
FEM MODEL DETAILS
SEGMENT

FEM REPRESENTATION

NO OF ELEMENTS

Vertebral body

8 node solid element

2800

Nucleus Pulposus

8 node solid element

2400

Annulus Fibrosis

8 node solid element

1600

End-plates

8 node solid element

1000

Cortical body

8 node solid element

450

Material properties used for this three dimensional model were similar to that used for the
axis-symmetry model, but the material model used are different. As for the three
dimensional model, the MADYMO finite element models were used.
5.8.1 Coupling of FEM model with MADYMO rigid body.

The main idea of this coupling was to develop a single degree of freedom system
similar to the one used for DRI measurement, but capable of including the contribution of
the disc condition. This model will give more realistic values compared to the actual
model used. The value of bone strength and the properties of the nucleus in this case were
obtained from published data as described previously during analysis of the axis
symmetry model. The DRI model is incapable of predicting the end-plate fracture during
parallel loading of spine but this model can predict the nucleus pressure developed along
with the deflection of end-plate during the crash scenario.
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Figure 5.18 Coupling of Fe model with multibody.
The upper torso mass above the L2-L3 is 53% of body weight [53] which was placed
over the finite element model of the vertebra-disc-vertebra model. This model had a
single degree of freedom which exerts load on the finite element unit under the influence
of an acceleration pulse. The disadvantage of the DRI model can be solved by this model
as this model was capable of highlighting the disc deflection and it incorporated the
contribution of the hydrated disc into the failure of the spine.
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Load vs Nucleus pressure

Nucleus Pressure
(Mpa)

5
y = 0.0035x - 0.8113
R2 = 0.9102

4
3
2
1
0
200
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1000

1200

1400
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Figure5.19 Increase in nucleus pressure with the dynamic load on the spine.
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Disc deflection vs Nucleus Pressure
0.45
0.4
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0.3
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0.05
0

y = 0.0651x + 0.0917
R2 = 0.9013

0
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3

4

5
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Figure 5.20 Disc deflection increase with increase in pressure.
In Figure 5.19 and 5.20 both the plots are for healthy vertebra-disc-vertebra units which
means for the young person in which the modulus of vertebral body was 100Mpa.
Figure5.20 indicates that pressure in disc should be limited to 3 Mpa to prevent end-plate
failure. This also explained the reason for failure at higher level of spine, as the area of
nucleus pulposus is small for the same load.
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CHAPTER 6
Discussion of Results, Conclusions And Recommendation
6.1

Introduction

This chapter presents the discussion of results observed from the parametric study
and sensitivity analysis carried on the analytical model of L2-L3. These studies are
applied to the overall goal of developing a detailed spinal unit capable of highlighting the
actual behavior and failure mechanism under high axial dynamic loads. For a long time
the DRI model was successfully utilized for predicting the spinal injury potential, but this
model is incapable of highlighting the propensity of burst fracture occurring in a young
spinal unit, and it does not account the contribution of the intervertebral disc in the failure
mechanism. It is observed in studies that under the high dynamic loads parallel to spine
the burst fracture is more common as compared to wedge fracture{refer to Chapter 1}
when a shoulder harness is present. The modified single degree of freedom system
developed using a multibody and finite element body was capable of giving the
deflection of spinal unit in addition to deflection of end-plate. This model can be readily
used to certify the performance of military aircraft ejection seats.
6.1.1

Disc Condition

Age has a significant impact on the condition of disc; the young discs are well hydrated
as compared to the old degenerated disc. The viscoelastic properties of the nucleus was
responsible for its solid like behavior on the application of dynamic loads, it was
important to consider the effect of nucleus and the whole disc during impact loading to
understand the failure mechanism. Sensitivity analysis on the analytical model revealed
that for same magnitude of loading the end-plate deflection was higher in young discs.
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This deflection leads to the failure of the end-plate and transfer of disc tissue into the
vertebrae causing the burst fracture of the disc. Thus young discs are more vulnerable to
failure by burst fracture compared to old disc. The modified model of DRI can be readily
used to incorporate the effect of disc nucleus pressure while evaluating ejection seat
performance.
6.1.2

Vertebral body cancellous core strength

The 50 percent reduction in the osseous tissue in trabulcae reduced its strength to one
quarter of its original. This reduction further increased the end-plate deflection leading to
its failure. The reduction in the strength of the bone was accompanied by degeneration of
the disc with age. Due to this reason the end-plate deflections were reduced compared to
the young disc. The injury will be severe with osteoporosis affected bone and a healthy
disc (Figure 5.10) .The DRI model was a single degree of freedom model which did not
consider the flexion of the body, which resulted in anterior wedge fracture. The use of
proper shoulder harness could reduce this type of fracture but will definitely induce a
burst fracture due to failure of the end-plate. This burst fracture is the contribution of the
disc which means that the DRI model must have a disc effect to be considered in failure
estimation. Thus, reduction in the bone strength can lead to either the burst fracture or
crushing of the bone, depending on the disc condition.
6.1.3

Peak load

The threshold load for the spine is 1500 lbs as explained in section 1.17 of Chapter one.
The contribution of the Intervertebral disc is not considered during defining this threshold
limit. It is observed in this study that a healthy disc contributed to the failure of the end-
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plate which leads to a burst fracture. The deflection of the end-plate beyond 0.35mm is
considered unsafe. The presence of the disc effect must reduce the defined limit of 1500
lb for young as well as old people. Sensitivity analysis highlighted about deflection of
end-plate >0.3 under high magnitude of loads for both hydrated and degenerated disc.
This clearly indicates that spinal failure will definitely occur below 1500lbs.
6.1.4

Load rise time

From the sensitivity analysis it was observed that load rise time was not a significant
factor for end-plate failure, but it was found that shape of the input acceleration pulse
dictated the failure mechanism.
6.1.5

Modified DRI model (Multibody FEM coupling)

The DRI model utilized to comment on the probability of spine injury on the basis of
deflection of lumped mass system (section 1.17) was incapable of incorporating the
contribution of the IVD disc in the failure mechanism. In actual conditions the young
people are more vulnerable to vertical impacts due to swelling of hydrated disc and
transfer of disc tissue into the vertebra as compared to old people. This modified DRI
model was utilized to correlate the disc deflection with nucleus pressure which will
comment on any failure due to end-plate fracture.
6.2

Conclusions

Based on the results of this study, the following conclusions can be drawn.
1. The nucleus pulposus condition had a significant effect on the end-plate failure
mechanism which resulted in the schrmols node. The end-plate deflection was
proportional to the nucleus pressure developed.
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2. The vertebral body failure mechanism depends on the failure strength of end-plate.
If the end-plate resists the load the weak bone below it will crush to failure. This
phenomenon was observed in old people where the disc was degenerated and
unable to swell under high loads, resulting in less end-plate deflection.
3. Younger person are more vulnerable to burst fracture as compared to old person
and the injury occurs at much lower load than the injury criteria of 1500lbs.
4. The rise time of the load was an insignificant factor but the time for which the
maximum load acts played an important role in dictating the end-plate fracture.
5. The peak load was a significant factor; failure of end-plate was proportional to
peak load.
6. The nucleus pressure generated depended on the strength of the vertebra below.
7. Weaker vertebra tended to deflect the disc more as compared to the stronger
vertebra.
8. The modified DRI model with single degree of freedom took the disc condition
into consideration as compared to present DRI model.
9. The present DRI model did not comment on the contribution of disc in failure
mechanism.
10. The pressure rise in the nucleus followed the same nature as load applied on the
disc, unlike for the disc modeled as elastic member.
11. The swelling behavior of the disc was observed with visoelastic model of nucleus.
12. The shape of the input pulse has significant effect on the failure mechanism.
13. The elastic model of the disc was not a good choice to comment on effect of
dynamic loads.
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6.3 Recommendations

The result of the sensitivity analysis presented in this study constituted a big step to
attain the goal of understanding the effect of age on the failure mechanism of end-plate
which was usually followed by burst fracture of vertebrae. The sensitivity analysis
highlighted the disadvantage of the DRI model currently used to evaluate the energy
absorbing structures. This study presented a new model with a single degree of freedom
capable to incorporate the contribution of disc condition in failure mechanism. However;
there were some important areas which required some additional works. The area of the
disc was assumed to be circular; this could be modeled to actual shape along with the
vertebra using the digitizer technique. The detailed model of upper lumbar spinal unit
could be incorporated into the present FEM dummy of MADYMO. This study must be
carried out with a changing pulse shape to understand the effect of pulse shape on the
failure mechanism. There is a need to modify the 1500 lbs limit, and this can be achieved
by developing a geometrical non-linear viscoelastic model of vertebra-disc-vertebra
model and apply the dynamic load to it.
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