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Abstract 

Spinal fixation systems using pedicular screws have gained popularity in 

manging the damaged spine. However, the loading to which individual components of 
a fixator are exposed are largely unknown. This thesis describes the use of a 
Corpectomy injury model to investigate the mechanical response of a commercial 
internal spinal fixator and the resultant loads acting on its rods and screws, under four 

separate loading regimens. The fixator was instrumented with strain gauges and tested 

using specially designed jigs. The results were then compared to theoretical models 
and any differences highlighted. An evaluation was also performed on a range of 
transpedicular screw designs under tensile loads. 

An increase in the tightening torque of the fixator clamps, ranging from 5 to 
15Nm, and the inclusion of transverse elements across its vertical rods produced a 
combined increase in overall torsional rigidity of 89%. However, no such changes 

were found under axial compression and both simulated flexion and extension tests. 
The relative ineffectiveness of the transverse elements under sagittal loads was probably 
due to their spatial relationship with the fixator. The results from the instrumented 
fixator indicated several load response pathways, as predicted by the theoretical 

analysis. These pathways were influenced by several factors including, the screw 
angulation, the boundary conditions of the test and the addition of the transverse 

elements. Clamp design was critical in minimising rotational slippage of both screws 
and transverse elements. 

The results from the instrumented fixator revealed that the transpedicular screws 
were exposed to complex loads under each of the tests. Under tensile loads, both the 
increase in screw insertion depth and a decrease in screw pitch were found to be the 
important parameters which affect screw performance. Analysis showed the state of 
stress and strain along the thread was the overriding factor in the tensile performance of 
these screws. 

This work has emphasised the importance of a full biornechanical evaluation of 
any future designs of spinal fixators. 
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Finite Element Analysis A computational method for structural analysis. 

Free Body Diagram A method used to described the forces and 
moments acting on the section of interest. 

Functional Spinal Unit (FSU) The FSU is defined as composing of two 

adjacent vertebrae, their intervertebral disc and 
associated ligaments. 

Moment The product obtained by multiplying the force by 

a distance from the chosen point of reference. 

Neutral axis The line of zero fibre stress in any given section 
of a member subjected to bending. 

Second moment of area The sum of the products obtained by multiplying 
each element of area by the square of its distance 
from the neutral axis of the body. 

Slenderness ratio The ratio of the length of a beam to its radius of 
gyration. 

Stereophotogrammetry A method of elucidating the three dimensional 

posrtun of a body using optical means. 

Stiffness modulus The rate of change of unit tensile or compressive 
stress with respect to a unit tensile or 
compressive strain for conditions of uniaxial 
stress within the proportional limit. 

Strain The change in form or dimensions of a body. 

Page xvii 



Strain gauge A measurement device made of extensible metal 
foil specially arranged for the measurement of 
axial strains. It is based on the change in 

electrical resistance of the metal in response to a 
change in its cross section. 

Stress The intensity of the force distributed over a given 
cross section. 

Ultimate Compressive stress The maximum stress sustained by the material 
calculated on the basis of the ultimate load and 
the original un-strained dimensions of the body. 
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List of Engineering Symbols 

A Cross sectional area of the body under consideration 
[A] Coefficient matrix. 
[A] Matrix inverse. 
b Width of a beam. 
B The torsional constant of a section 
[B] Unhomogeneous matrix. 
C Frame section form coefficient, often with subscripts HV, VfL 
[D] Displacement matrix. 
DI A determinant of a matrix. 
E The material modulus of elasticity. 
FA single force applied to a beam or other structure in the direction of the axis 

indicated by the subscript, often with subscripts, x, y, z, v. 
F Force vector. 
G The material modulus of rigidity. 
h Height. 
i Indicate vector quantity in the X axis. 
I Second moment of area, repeated coordinate subscripts indicate a principal 

axes. 
Indicate vector quantity in the Y axis. 

i The torsional second moment of area of a section. 
k Indicate vector quantity in the Z axis. 
L Beam length; or length in general. 
LFV Frame loading term 
mA discrete mass. 
M Bending or twisting moment applied to a beam or other structures, often with 

subscripts, A.. C[(x.. z), bend, tor]. A moment taken with respect to a point. 
r Radius of a cylinder. 
rn Indicate distance along Cartesian coordinates, often with subscripts, x, y, z. 
r Position vector from the coordinate origin to the geometric point under 

consideration 
R Radius of a body. 
S Stiffness; force divided by the cross sectional area of the investigated body. 
Sn Indicate reaction force along Cartesian coordinate, often with subscripts, 

x9y9z9 
T Torque. 

X'Y'z Cartesian coordinates that locate the body under consideration with respect to 
the overall system or structure. 
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[X] Solution matrix. 
V Reaction force. 
(X An angle. 

An angle. 
Vertical displacement at the centre of a beam under bending moment. 
Motion of the body under consideration, displacement indicated by, x, y, z and 
rotation indicated by, q(x.. z), subscripts. 
Unit shear strain. 
Longitudinal strain. 

V Poisson's ratio. 
P Density. 

Cy Compressive or tensile stress, often with subscripts, x, y. 
t Shear stress, often with subscripts, y, v. 
Tu Ultimate shear stress 
0 Diameter 
I Algebraic summation. 
X Cross product 

Dot product 
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CHAPTER 1 

Anatomy, Function and Mechanical Properties of the Lumbar Spine 

1.1 The spinal column 

The spine is an articulated structure composed of 33 vertebrae joined by 
ligaments and for the most part, separated by intervertebral cartilaginous discs. 
Typically, the spine may be classified into 5 vertebral regions involving; 7 cervical, 
12 thoracic, 5 lumbar, 5 fused sacral vertebrae and I coccygeal, the latter a result of 
the fusion of four bodies. Of these regions only the cervical, thoracic and lumbar 

vertebrae are mobile. In each region, vertebral morphology changes in accordance to 
their functional role. The normal spinal column is sigmdfdal in shape, composed of 
two anteriorily convex cervical and lumbar curvatures, termed lordosis, and two 

anteriorily concave thoracic and lumbosacral curvatures, termed kyphosis. The 

thoracic and lumbosacral curvatures exist in utero and are called primary curvatures 
whilst the cervical and lumbar curvatures develop with the rising of the head and the 

assumption of erect posture. 
The main functions of the spine can be listed, namely; 

0 To support the upper body namely, head, arms and trunk and any weight that 
is imposed on them through its musculoskeletal structures and via its attachment to 
the pelvis by the lower body. 

0 To protect vital organs that are situated inside the thoracic cage and inside the 

spinal cord. 
0 To allow for upper body motions through its articulations, whilst its own 
restraining structures, particularly the facet joints, protect the intervertebral disc and 
ligaments from damage caused by large deformations. 

In this thesis, discussion will concentrate its attention to the features of the 
lower mobile spinal region, the lumbar spine. 

1.2 The lumbar spine functional spinal unit (FSU) 

The basic spinal unit that exhibits the anatomical, mechanical and functional 

characteristics of the spine is the Functional Spinal Unit (FSU). It is composed of 
two adjacent vertebrae and their ligamentous structures. 

Function: The function of the lower spine FSU can be listed, namely; 
(i) To support the loads imposed on it via the thoracic spine. 
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(11) To protect the spinal cord and associated structures. 
(iii) To allow for vertebral articulations in flexion and extension motions, whilst 
restraining torsional motions through the facet Joints to protect the intervertebral disc. 

Mechanical properties: A number of experimental studies have been carried out in 
Otro to establish the load carrying role of various FSU structures by the sequential 
removal of these structures, in particular the intervertebral disc and the posterior 
elements. 

The vertebral body is reported to resist mainly compressive loads with the 
facet joints resisting between 16-33% ofthe load M, increasing up to 47% in the case 
of an degenerated joint 121 

. In response to extension moments, the facets sustained up 
to 39% of the overall load 11,3,41 their resistance increasing in a non-linear fashion 

thought to occur by the contact of the superior facet mfcrior borders with the laminae 

of the inferior vertebrae 11,51. The facets joints have also been found to be important 

in resisting axial torsion 11,6.71 and up to 33% of the anterior shear forces 1" 81, 

thereby protecting the disc from damage. Although the pedicles have not been 

studied with respect to their load carrying role, they most likely form a part of the 
load transfer path from the facet joints and posterior elements to the vertebral body 

and help to protect the neural cord. The following description of the FSU of the 
lower spine will be presented in terms of its individual elements. 

1.2.1 The ILImbar vertebrae 

Anatomy: The lumbar vertebrae, can be divided into three structural regions namely, 
the vertebral body, the pedicles and larninae and the posterior elements (Figure 1.1). 
Typical morphological data for the five lumbar vertebral bodies is presented in 

Table 1.1. 

Spinous SUperior 
process facet 

Vertebral 
body 

Transverse 
process 

Inferior facet Pedicle 
Figure 1.1 LLImbar vertebrae morphology. C) L- 
(Adapted from Bogduk, et al. 19 1) 

End plate 

Neural 
canal 

Laminae 
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Table 1.1 Lumbar vertebrae morphological data. 

\ 

L- Vt'(s, i, fli)t 

Definition of abbreviations 
............. 

VbSt ............................................................... I ........... .... ........... ........ ........... Nct Vertchrid body supcnor transvuse 0 
.... ...................................................................... 

Neural citmil triuisverse 0 
Wit Vertebral body inferior trwisverse 0 Ncs NeUral cimil sagittal 0 
VbSS Vertebral body superior salittal 0 SPI Spinous proccss length 
Vbms Vertebral body mid height 10 pt Pedicle tninsverse 0 
Vhis Vertebral body inferior sýioitud 0 : PS Pcdicle sagittal 0 
VbIl Vcrtcbnd body hei-ht P(x Pedicle traiisverse aiiglc 

.............. . ........................ 1. ........ I .... ... ...... I ................................ : VL 
................................. 

Vertebrill length 
.... ..................................................................... Dimensions of features at vertebral levels 

FeýItUre LI 
........... ......... 

L2 
.............. I ............. I ................. 

U 
.................... I ........... 

L4 L5 
..... ............... I ..................................................... Vbst 43(28-50) 45(42-52) 46(36-54) 49(45-56) 50(41-58) 

Vbjt 46(42-52) 49(44-58) 49(47-57) 50(46-55) 51 (47-55) 
Vbjjjýý 30(23-34) 34(30-36) 33(26-35) 35(31-38) 34(27-39) 
Vbss 29(25-32) 30(26-33) 31(28-34) 33(30-35) 32(30-35) 
Vbi S 31 (23-35) 34(30-36) 33(26-35) 35 (31-38) 34(27-39) 
VbIl 24(23-30) 25(24-30) 26(25-36) 25(23-27) 

- 26 ( 22-32) 
Nct 22 (18-26) - 23 (20-24) 23(18-27) 24(21-26) 26(20-33) 
Ncs 18(16-20) 17(15-19) 17(14-19) 17(15-19) 18(13-2-)) 
SPI 34 38 38 35 25 
Pt 7(4-12) 8(5-9) 9(4-12) 13(9-15) 13(7-19) 
P 15(12-19) 15(14-16) 1401-17) 15(12-16) 17(9-25) 
P" I 1' (4-21) 12' (2-2 1 16' (11-22) 17' ( 12-25) 27" (15-31) 
try OIN ýý 0,1ý OC -711 ill\ 01< IOA till, 

Mean (range)mm, (! ý) - Mean (range) deorees and 0: Diameter 1ý 1ý -- 

Based on data from references: [ 10 - 14]. 
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The anterior region consists of the Vertebral body, a large kidney shaped body with a 
thin outermost shell of cortical bone containing a core of cancellous bone. Its 

superior and inferior surfaces, slightly concave, are the vertebral end-plates. The 

vertebral body increases in size from the first lumbar to the fifth lumbar vertebrae, 
Table 1.1. 

The middle region, known as the neural arch, consists of a pair of Pedicles 

which are ellipsoidal in shape composed of a cancellous bone core surrounded by a 
relatively thick cortical bone shell and two Laminae projecting from each pedicle 
toward the vertebral mid-line fusing with one another in the mid-line. The neural 
arch encloses the spinal cord and its associated structures. 

The posterior region includes seven processes arising from the neural arch. 
Two pairs of Articular processes extending superiorily and inferiorily from the 
junction of the each pedicle and lamina. The medial aspect of the superior joint and 
lateral aspect of the posterior joint are covered by articular cartilage, termed Facet 
joints, where each pair forms part of the vertebral Zygapophysial synovial joint. The 

shape of the facet joints vary considerably in the transverse plane from a flat to aC 
or J shape. They are oriented approximately perpendicular to the vertebral transverse 

plane and their angle with respect to the sagittal plane increases from LI to L5. Two 
Transverse process of rectangular shape extend laterally from the junction of the 

pedicle and lamina to which various muscles are attached. In addition, there is one 
Spinous process, in the shape of a narrow blade which projects posteriorly from the 
junction of the two lamina, to which are attached various muscles and ligaments. 

The basic building unit of vertebral bone is made from, plate shaped crystals 
of hydroxyapatite, arranged in parallel layers within a collagenous framework. This, 

results in a highly complex ordered mineral-organic composite which in turn make up 
bone lamellae 1151. Cancellous bone can be characterised as a cellular solid consisting 
of a connected network of either rods, which exists as an open network at low relative 
density, or as plates, which form a more closed network at higher relative density [161. 

Both the rods and plates are made from continuous flat lamellar structures while some 
of the plates will contain small opening to provide interconnecting marrow spaces 
[171, Figure 1.2. Cortical bone is characterised by Haversian systems or osteons, a 
result of secondary bone remodelling, consisting of 4-20 concentric lamella - 
suffounding the Haversian canal. 

Vertebral cancellous bone was reported to exhibit significant structural 
anisotropy in both the transverse and sagittal vertebral planes 1181. In the transverse 
plane, this anisotropy is particularly marked in the central and posterior regions of the 

centre of the vertebral body. In the sagittal plane, the vertebral body was reported to 

exhibit 5 morphologically distinct areas comprised of superior and inferior areas each 
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occupying approximately 30-35% of the total segment height, consisting primarily of 

rod like trabecula forming open cell Structures at the centre and two transitional areas 

consisting primarily of plate-like trabecula forming closed cell structures. This 

structural anisotropy has been suggested to have important consequences on the 

mechanical behaviour of the vertebrae as a whole. 

s 

le 
41 

PT'i r 

Figure 1.2 The siructural o Z: ý 
fi rins ofcancellous bone. 

(based on Whitehouse 1171) 

Function: The main functions of the vertebrae can be listed, namely, 

(1) To resist mainly compressive and, to a lesser extent, lateral bending, whilst 
the facetJoints *- resist torsional and shear loads. 

To protect neural structures 
t-j To provide kinematical constraints , noted in section 1.1. 

Mechanical and material properties: Under nornial physiological activities the 

vertebral body carries rilainly cornpressive loads, shared between the cortical bone 

shell and cancellous bone composite structures. The relative load bearing roles of 
these two StrUCtUral cornponcrit have yielded conflicting results. The cortical shell I 
was reported to be the main load bearing structurel 191 whilst a number of other studies 

120,211 have found that cancellous bone rnay support Lip to 90% ofthe overall load 
. 

In 
1221, ar vertebral sections were tested under compressive a recent study whole lumb, 

axial loading to 25% axial strain with the simultaneous recording of the deformation t, 71 

of bone trabeculae using a videocainera. The collapse of the cortical shell was 

suggested to occur after the cancellous bone had fractured, thereby lending support to t' 

the role of cancellous bone as the major load bearing structure. 

Pac, e 5 
I- 

Plate structurc COILIHIM11' 'S'tl'LICtLlI'C 



Lumbar vertebrae have been shown to exhibit a wide range of failure loads 

ranging from 0.3 to 7. OMPa [21,23,241. For each individual lumbar segments, higher 

values were recorded from L5 specimens compared to those from LL This difference 

was most likely caused by increase in size rather than any inherent changes in the 

material properties of the vertebrae [251. It was also clear that lower values for failure 

loads were associated with specimens from aged donors. 

Apparent density, a function of the individual trabecular material density and 
the volume fraction of bone present in the bulk specimen, typically ranges from 0.1 - 
1.9 Mg. M-3 [22,26,271. Both Young's modulus and strength have been reported to be 

strongly related to apparent density, although their exact relationship is still open to 
debate. A linear relationship between strength and apparent density was reported [261, 

whilst more recent studies have suggested that a power law, with an exponent of 1.8- 

2.1, best describe the relationships between both modulus and strength to apparent 
density for vertebral bone [18,22,281. A summary of the main studies which detail the 

mechanical and material properties of vertebral cancellous bone is presented in Table 

1.2. 
However, such models can typically only account for about one half of the 

observed results. The vertebrae clearly exhibit both mechanical and material 

anisotropy with an increased bone density and ultimate compressive strength at the 

posterior-lateral regions of the vertebral body compared to the anterior region [18,29, 

301. Similarly, bone stiffness and energy absorption is reported to be higher in the 

vertical axis th% in the transverse axis [311. These results highlight the problems of 

using density as a predictor of the mechanical properties of such an anisotropic 

material as vertebral cancellous bone. 
A number of studies using three point bending [321 and four point bending 

fatigue tests [331, have described the mechanical behaviour of single trabecula. They 

concluded that the mechanical properties of cancellous bone trabecula are reduced by 
20-30% in comparison to similar cortical bone specimens. This difference might be 

related to the difference in mineralization and microstructure between the tissues 133, 
341. The mechanical properties of cancellous bone have been reported to depend on 
age, exhibiting a significant reduction, 35-57% in compressive strength, from the age 
of 20 to 80 years [311. The reduction with age in other mechanical properties, such 
as stiffness and energy absorption was reported to be direction dependent, with 75- 
80% and 90-96% reductions in the vertical and transverse axis respectively. 
However, some compensation for the above reduction, approximately 11%, is 

associated with the reported increase, 25-30% in the vertebral cross sectional area 
during the same time interval [35,361. These mechanical differences probably reflect 
both the changes in bone architecture and / or apparent density with age and also the 

established mechanical changes of the intervertebral disc with age. 
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Table 1.2 Vertebral cancellous bone material and mechanical properties. 

Refemice Materials & Methods Mechanical properties /MPa 

number Specimen shape, Volume /1,11,13/, atid density /M(,. 111-3 

agelyeai-sl, vei-tebral level and 

(nUmbei, tested), specimen 

pi-epai-ation, test, o6entation. 

[221 Cube, /125/, [62-911,1-1 -1-4 (n= 15), E 104±101.16±12,15±11 

d6ed defatted & deliydi-ated, G(ij): 7± 8( 12), 1 2±1 1 (2 3), 9±4 (13) 

compi-cssion, S-1, M-L, A-P. Papp: 0.19 

1261 Cylinder, /1538-3140/, [-], I., 3-L4 Ucs: 21.0,8.0.8.0 

(n=23)coilipression. S-1, M-L, A-P. PIpp: 0.20 

1391 Rectangular, /1260/, 114-891, Ll- ET mean 56, range (I - 139) M 

L4 (n=60), dried defatted & Eý nican 35, rangc (5-104) F 

dehydrated, compression, S-1. 

1311 Cylinder, /769/, 115-871, LI (n=42), UCS: 2.5±0.2,0.9±0.1 

fresh frozen, compression, S-1 M-L. E 'ý : 67 ± 7,20 ±3 

1401 Cylinder, /5425-8478/, 154-901, L2- Eý: 272± 195 

L4 (n=33), fresh frozen, EO 232± 164 

compression and tension, S-1. 

[411 Cube, / 1000/, 178 inean 1, LI -L4, UCS: 1.6±1.1 

(n=3), fi-esh frozen, compression. E*: 22.8±15.5 

S-1. Papp: 0.15 

1421 Cylinder, /1570-3532/, [-], '1'12- E -j. - : 297±183,158±67,254±88 

L2(n=2), fresh frozen, Ultra sonic G(lj): 75±43(12), 58±33(23), 

continuous wave, S-1, M-L, A-P. 78±27o n 

1431 Rectall, (, 'Lllal-, /308/, [-1 , L- L (n=) E* 135-165,30-36,30-36 

fresh, compression & Shear, S-1, Tu 0.4,0.6-0.8,0.6-0.8 

M-L, A-P. 
A-P: Anterior-Postenorý M-L: Medial-Lateral-, S-1: Supenor-Inferjor; 

Papp: Apparent bone density; E (Gi 1): Stiffness (Bulk) modulus, TLI: Shear stress, 
. 1. 

. 1,: Compression; 0: Tension; 

M: Male and F: Female. no age reported; 4: 1 
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For example, histomorphometric studies have shown a progressive reduction in the 

number and thickness of trabeculae with corresponding increase in inter-trabecular 

spaces, leading to a reduction in the structural load bearing elements [37,381. 

A recent stereology study indicated a decrease in the transverse trabeculae at 
twice the rate of the corresponding vertical trabeculae, effectively reducing the 
buckling load of the former [221. In addition, a number of studies have reported that 

the cancellous bone from FSU exhibit strength and stiffness which is inversely 

proportional to the degree of degeneration within the discs [29,441. This indicates the 
importance of disc properties to the overall mechanical integrity of the FSU. 

Lindhal [391 have observed three categories of failure in vertebral dried 

defatted bone under compressive loads (Figure 1.3). Type I decreased its stiffness 

after failure, as defined by initial peak in compression force; type II, the most 

commonly observed, retained its load bearing capacity after failure, whilst type III 

increased its stiffness after failure. The type II stress-strain relationship for 

cancellous bone shows an initial linear region at low strains, a plateau region of 

almost constant stress after the bone has yielded and finally a sharp increase in slope 

up to gross failure (Figure 1.3). 

500 

400 
z 

40. 

300 

E 
0 U 200 

100 

0 

Displacement (mm) 

Figure 1.3 Vertebral cancellous bone load-displacement curves, type I to III 

(Adapted from Lindhal [39]) 

Page 8 

10 



A number of models were proposed based on porous materials in an attempt 
to explain the failure mechanism of cancellous bone failure [161. Depending on 
structure and loading direction, individual trabecula were assumed to deform either 
axially or in bending and to fail by either elastic buckling, plastic hinge or in a 
catastrophic manner [16,221. These models with their basic assumption of a regular 
repeating cell arrangement are able to provide a basic understanding of the probable 
deformation and failure mechanisms of individual trabecula, although they can not be 

employed to describe the complex behaviour of vertebral bone. 
Time dependent or viscoelastic properties of cancellous bone have been 

reported to be similar to those of cortical bone. Carter and Hayes 1451 reported 
compressive modulus and strength to be weakly dependent on rate of loading or strain 
rate with a power law with an exponent of magnitude 0.06. The creep properties of 
cancellous bone have been reported to be similar to those of cortical bone 1461. In 

related studies involving vertebral bovine bone, high cycle fatigue testing was shown 
to cause only small changes in modulus until fatigue failure occurred, whilst under 
low cycle fatigue there was a continual decrease in modulus up to fatigue fracture [471. 

1.2.2 The intervertebral disc 

Anatomy: The intervertebral disc comprises of three parts. The Nucleus pulposus 
situated at the centre of the disc, occupies 30-50% of its cross section. It is composed 
of an irregular network of collagen fibres, 0.10-0.15min in diameter, embedded in a 
granular mucopolysaccharide gel with a 70-90% water content (Figure 1.4). The 
Annulus fibrosus, which encloses the Nucleus pulposus, is formed from a series of 
concentric collagenous laminae embedded in a ground substance. The fibres of each 
lamina are inclined at about ± 30 degrees to its adjacent lamina with respect to the 
vertebral transverse plane. The inner laminar fibres are connected to the vertebral end 
plates, whilst the outer laminar fibres, known as Sharpey's fibres, are connected to the 
vertebrae. The cartilaginous end plates separate the disc from each vertebra and are 
composed of about Imm thick hyaline cartilage and fibrocartilage with a very tight 
collagen framework arranged in parallel with the vertebral bodies. The end plates 
play an important role in disc metabolism by allowing the diffusion of water and 
metabolites from the vertebrae into the largely avascular disc. 
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fiber orientation 
Vertebral Cartilaue Annulus r-- body End Plate Fibrosus 

Figure 1.4 Intervertebt-al disc anatomy. 
(Adapted from Bogduk, et al. 191) 

0: represents the angle of fibres within a single lamina. 

Function: The main functions of the intervertebral disc can be listed, narnely 

(i) To resist mainly compressive and bending loads and to a lesser degree, Z: ý 

torsional and shear loads. 
(ii) To enable motion between adjacent vertebrae. 
(iii) To provide dynamic load attenuation as a result of its visco elastic mechanical 
behaviour. 
(I V) To provide a possible role in regulation of cancellous bone structure in the 

vertebral body through the vertebral end plates. 

Mechanical properties: The intervertebral disc exhibits a highly complex 

viscoelastic behavIOUr arising frorn its mechanical properties which is determined by 

the interaction of its structural components. The annithisfibrosus is reported to be 

anisotropic and strongly dependent on fibre orientation, with specimens parallel to 
fibre orientation exhibiting a stiffness threefold greater th "- n those along the 

transverse plane [481. Although supporting compression, the mechanical properties of 
the nucleus putposus are difficult to assess due to its gel-likc consistency with an 

overall behaviour Of a VISCOUS fluid. 

In the context of the current work only the gross mechanical behaviour of the 
disc will be discussed. The disc is subjected to a complex loading regime with 

magnitude ranging from 0.6 times body weight (i. e. 0.613M. ) in the standing and the 

sitting positions to 3. OBW in it subject holding a weight of 20kg 'In the hands at L3-1-4 

levels in Vivo 149 1. In term of its in vitro characteristic,,, the disc exhibits it load- 

displacement Curve in compression, which may be divided into three phases. At low 
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loads the curve is concave in shape, followed by a linear increase in stiffness with a 
final convex shaped phase up to failure 1501. A similar response is seen when the disc 

is loaded in torsion with the phases occurring at angular deforniat ions of 3' and 12' 

mid failure at 20' 151 1. The disc stit'hicss was estimated at 

0.7-2.5MN. m- I in compression 150,521 LOMN. in- I in tension 1531 

0.26M. Nm- I in shear 1531 2. ONni. deg-I in torsion 1511 

The hysteresis demonstrated by repetitive loading of the disc was depended on age, 

spinal level and the magnitude and frequency of loading 154,551. It was also reported 
to be related to its pathological state with degenerated discs exhibiting reduced load 

attenuation and higher stiffness 1551. 

It is clear in vivo, that the interaction of the different Sti-LICtUres of the FSU, 

secondary coupled motions and the structural properties of the disc will lead to a 

complex state of loading on the disc [561 
. L- 

1.2.3 The ligaments of the lumbar spine 

Anatomy: The ligaments of the lower spine can be classified topographically into 

four -roups-, ligaments connecting the vertebral bodies, li(Tairicrits connectim, the L- 47, 
posterior elements, ilio-lumbar ligaments and false ligaments. The anatomical origins 

and insertion of the ligaments are described in Table 1.3. A diagram of the Z71 

arrangement of the FSU lumbar ligaments is presented in FigUre 1.5. 

Li 
, (-millentum 

FI, IVLIIII (LF) 

Posterior I-on 
Livament (Pl- 
Supraspillous 
ligniment (SSI 

Intcrspinous 
I ig am e 
Anterior Longitudinal 
Li-ament (ALL) 

Figure 1.5 Lumbar FSIJ ligaments. 

(Adapted from Pan labi et al. 1571). 
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Table 1.3 Anatomical description (ýfthe lumbiir ligaments. 

Ligaments Origin / Insertion General feýItUres 
I Vertebral bodies interconnecting ligaments 

Anterior Anterior aspects ofthe basioccipital RLIns as continuous bands 
Longitudinal Vertebral bodies attaching firmly (town the ailter'oi , i- surface of 
Ligament to the edges of the vertebral bodies the vertebra IcoI Li in n 
(ALL) down to and including part of the: narrowing down at the level 

sacruni. of the disc. 

Posterior Posterior aspect of the basloccIpItal Runs as continLIOUS hands 
Lon(, itudinal At the level ofthe disc Lip to the clown the posterior surface of' 
Ligament coccyx. the vertebra I Column 

(PLIL) w idening at the level of' the 
disc. 

11 Posterior elements connecting ligaments 

Ligarnentuin Antero-inferlor border oll'the lainina 
FlaVUni (LF) / Postro-superior border of lamina 

of the vertebrae below. 

Ilitel-spillous Root ot'superior spinous process 
ligaments Apex ofinferior spinous process. 
(ISL) 

Supraspinous Bridges the spinous process runnin( -, ligaments posterior to their posterior edges. C- Ssf-) 

III Ilio-Lumbar Ligaments 

Made from paired ligaments 
having a high clastin content, 
approximately 80%. 

Fibres arranged in three 
distinct regions. 

Ilio-Lumbar Transverse process of the fifth Forms a complex systern 
li, uaments lumbar vertebrae / Antcro-medial between 1-5, the sacrurn and 
(ILL) surface of the iliUln and the inneri the ileum. 

lip of' the Hiac crest on each side of'::: 
the spine. 

IV The False Ligaments 

Intertransverse Inferior border of the transverse 
ligament process / Superior border of caudal 

vertebrae transverse process. 

Transforami- Transversing the outer end of the 
nal fininent intervertehral foramen. 

Divides the anterior and 
posterlor musculature of the 
lumbar spine. 

Five narrow ligaments named 
according to their insertion 
Points. 

Mamilo- lpsilateral mamilary of each ILIMbar Mlde from two (I istinct 
accessory vertebra / Accessory process ofeach ligaments. 
lioament lumbar vertebra. 

Capsular Inferior articular process margins 
li(-, aments (CL) Superior articular process margins. 
Based on data from Booduk et al. 
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Function: The function of the spinal ligaments arise from their mechanical 
properties, their spatial location and orientation with respect to the moving vertebrac. 
They can he conveniently listed as; 

(1) To allow the spine a full range of physiological movenicrit with minimal 

energy expenditure, whilst protecting it from injury due to high impact loading. Z% Z- 

(11) To provide some measure of stability to the spine and motion restrainment. 
(Iii) To contain neural elements which might have an "active" role in the stability 

and control of the spine. These elements, which are important sensors in the feedback 

neural control system of the spine, could have the inputs Involving the position of I 
vertebrae, mechanical strains and rate of strain on spinal functional units. 

Mechanical properties: Table 1.4 details representative values of the mechanical 

properties of' lumbar ligaments. The mechanical properties of ligaments have been 

reported to be both material and age dependent with their deformation to failure C, 
exhibiting increased values with increased distance of the centre of rotation of the 

1581 
vertebra . Ofthe spinal ligaments, the ALL and PLL ligaments were reported to Z-- 
be the strongest whilst the ISL and SSL ligaments were the weakest 1581. 

Table 1.4 Mechanical properties ofthe lumbar ligainews. 

Ligaments Failure load /N 

Mean (Range) 

Cross sectional 

area /InIp2 

Stress 

/MPa 

Strain to failUrC 

/% 

ALL 450 (390 - 510) 53 12 (2 - 21) 37 (16-57) 
PLL 324 (264 - 384) 16 120 -20) 26(18-44) 

LF 285 (230 - 340) 67 9(2- 15) 26(10-46) 
CL 222 (160 - 284) - 8(s) 12(12) 

ISL 125 (120 - 130) 26 3 (2 -4) 13 (13) 
SSL 150 (100 - 200) 23 5(2-9) 23(26-39) 

Ba.,, cd on data fi-oin-, Pan 
. 
labi et al. 1581 and Chazal el al. 1591 

The stress-strain curves were typically non-linear in form, similar to that of 
the intervertebral disc, with typical strain values of; 
6-20% in the first phase, terined the Neutral Zone 158.591, 

15-45% for the second phase, termed the Elastic ZoneJ591 

16-59% for the third phase, termed the Plastic Zone. 

Ligament failure was reported to be either by sharp drop in the stress-strain curve or 
to be preceded by rebound and subsequent fall depending on the ligarnent Linder test 

C- 159 1. The mechanical behaviour of ligaments can be correlated to their histological 
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structure. At rest the collagen fibres are arranged in a zig-zag pattern with respect to 
the ligament long axis, whilst under load the fibres lose this pattern becoming 

stretched and smooth. In some parts of the ligament, especially in areas with elastin 
fibres, some collagen fibres retain their zig-zag pattern which might explain the 
rebound seen in the stress-strain curve. Their mechanical behaviour have important 
implications to the mechanical behaviour of the FSU with the ligaments found in 

vitro to operate inside the 'neutral zone' throughout the spine range of movements 158, 
601. This behaviour minimises damage to the ligaments, whilst allowing ample spinal 
mobility with minimum energy expenditure [581. 

1.3 The muscles of the lumbar spine 

Anatomy: A description of their anatomical origin and insertion areas are presented 
in Table 1.5. The muscles of the lumbar spine can be divided into three groups 
according to their position with respect to the spinal column. These are the antero- 
lateral group comprising of the Psoas Major and Psoas Minor, the medial group 
comprising the Quadrartus Lumborum and Intertransversarii Laterales anteriorily to 
the transverse process and the posterior group comprising of the Erector Spinae and 
short Intersegmental muscles. 

Function: The main functions of these muscles are: 

(i) To produce work against external forces and reduce any non-beneficial 
vertebral movement caused by such movements. 
(ii) To produce voluntary and involuntary movements of the vertebrae and the 
spinal column. 
(iii) To actively stabilise the spine throughout its range of physiological 
movements and the loads imposed on it. 
(iv) To play a possible role in neural system feedback with inputs including 

contracting force, muscle strain, muscle length and contraction rate. 

Mechanical properties: The muscles are contractile elements able to produce work 
against external forces or to produce movement, where the work produced depends 

on the muscle resting length, fibre type composition and activation level. A widely 
accepted mathematical model describing their mechanical behaviour was proposed by 
Hill [611 and later modified by Fung [621, consists of three components. An elastic 
component 'PEC, representing the muscle passive elasticity in parallel to an elastic 
component 'EC in series with a contractile component 'CE' representing the active 
component of the muscle. 
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Fable 1.5 Aiiatomical description (ýfthc lumbar muscles. 

MLiscle Oi-igin / Inseftion 

I Antero-medial group 
Psoas MaJol, Ti-ansverse Proccss and sidcs ofthe vci-tchi-al hodies ol''1'12-L5 

Lesser trochantcr of the Fcmur 

Psoas Minor T 12-1-5 intervertebral discs/ Iliopubic cminence 

11 Medial group 
Quadratus Iliolumbar ligament, iliac crest and tips of L5 transverse process 
Lurnborum Anterior surface of L4-1- 1,12th rib lower anterior surf( ace 

Intertransversarn i) Ventrales: margins of consecutive transverse process and ii) 
Laterales Dorsales: accessory process / both insert into tile margins of the 

transverse process of the vertebrae above. 
Intertransversai-11 Accessory process, the adjoinim, mamilary process and inanillo- 
Mediales accessory lipment / Superior aspect of* the manillary process of' 

vertebrac below 

Intuspinales Either side of the spinous process / Spinous process of vertebra 
below 

Multifidus i) Caudal and dorsal areas of the lamina / Mamilary process of 
vertebrae two levels below with L5 fibres inserts above the Ist 

sacral foramen 

ii) lUrnbar spinous process / Mamilary process of'L4, L5, S 1, SIS 

and Iliac crest to S3 

III Posterior group 
The Erector spinac 

a) Iliocostalis 0 Thoracic: Lowerseven to eight ribs TI/ ilit-1111 and sacl'Ltlll. 
Lumborurn 

ii) Luinhar: tip of LI-L4 transverse process / Lateral to the PSIS 

than dorsolaterally on the Iliac crest. 

h) Longissimus i) Thoracis: The ribs and transverse process ol"I'l or T2 to 'I'l 2 
Spinous process of U to S3 and caudal extent ofthe PSIS. 

ii) Lumbar: 5 ftiscicics, each arising From the accessory process 
and dorsal surface of transverse Process / Medmi aspects of the 
PSIS and common tendon at ilium 

Based on data fi-oin BogdLik et al. l')l 
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The CE is freely extensible at rest, but when activated is able to produce tension and 
shortening. The muscle stiffness behaviour is non-linear increasing rapidly at small 
loads whilst saturating at high loads, therefore limiting the increase in its stiffness 
above a certain level. 

1.4 The nerves of the lumbar spine 

Anatomy: The lumbar spinal nerves emanate from the spinal cord via the nerve roots. 
The spinal cord is housed within the vertebral neural canal protected and supported 
by three main adjacent soft tissue structures. Outermost of these structures, the Dura 
Mater, is a long cylindrically shaped sac of dense connective tissue enclosing the cord 
and also enveloping the spinal roots, ganglia and spinal nerves as they pass through 
the intervertebral foramen. The Arachniod Membrane has a delicate cobweb-like 
form which follows the contours of the Dura matter and is separated from it by the 
Subd---al space and from the Pia Mater by the Subarachniod space which is filled by 

cerebrospinal fluid. The Pia Mater is a vascular membrane covering the spinal cord. 
The spinal cord terminates as a rule at the LI-L2 intervertebral disc level. 
Consequently the nerve roots of the lower lumbar spine and the sacrum must travel 

within the lower vertebrae neural canal being covered by the Dura Mater. 
The lumbar spinal nerves lie in the intervertebral foramen and are numbered 

according to the superior vertebrae. Peripherally to the foramen they divide into a 
larger ventral ramus and a smaller dorsal ramus. The relative size of the vertebral 
foramina, with respect to the nerve which passes through it, is important in terms of 
spinal pathology. The cross section of the foramen increases from Ll-L2 to L4-L5, 

although it is significantly smaller at L5-SI. However, with the L5 nerve being the 
largest of the lumbar nerves occupying 25-30% of the foramen cross section, 
compared to 7-22% for the rest of the lumbar nerves, it is the most vulnerable to 

spinal foramen Stenosis. 

Function: The function of the spinal cord in neural control and activation of the 
muscular system, sensory input and its role in back pain is beyond the scope of these 
work. The function of neural elements innervating FSU structures is presented in 
Table 1.6. 

Mechanical properties: The mechanical behaviour of the spinal cord is similar in 
form to that of ligaments. In the first phase, it elongates by 10% under its own 
weight, while in the second phase, it resist loads three order of magnitude higher than 
in the first phase. 
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Table 1.6 Lumbar FSU neltral elements Ilinctioti. 

Function Innervation 

TiSSLIC or joint positiori Facet Joint CIPSLIIC, antCrIOr i1nd lateral SUrface of 
arintill-IS fibrosus, ALL, PLL, SLIPI-WSPHIOUS ligM11CIlt, 

Intraspinous ligament and the vertebra] periostcLin-1. 
Pressure Facet joint CaPSUIC, anterior and lateral AlrfaCC 01' 

annulus fibrosus, and the periosteLim. 
Vasornotor & Vasosensory, Cartilage end plate, vertebrae and the blood vessels. 
nociceptors 
Chcrnical & Mechanical AnIMILIS fibrosLis, facet joints and the ligaments. 

nociccDtors 
Based on clata fi-om references: 163 - 661. 

The behaviour seen in the first phase is caused by its structure, where 70-75% of 

relative length changes from full extension to flexion occur by folding and Unfolding 
of the cord. The second phase is indicative of its inherent tensile stiffness. Its visco- 
elastic behaviour shows a non linear stress-strain relationship beyond 4-5% strain and 
large hysteresis which was deformation dependant. This is partly due to the high 

content of fluid and the interaction and mechanical properties of its structural 
components. 

1.5 The blood supply of the lumbar spine 

Anatomy: The arterial blood supply of the lumbar spine is derived from a pair of 
lumbar arteries which arise from the posterior aspects of the Aorta at 1-1-1-4 levels 

and frorn the median sacral artery at L5 level. Each artery travels backwards along its 47- 

respective vertebra concave lateral face and, upon reaching the intervertebral Z- 
foramen, divides into several branches. The supply of vertebral structures frorn these 
branches is detailed in Table 1.7. 

Several veins including, the ascending and descendino lumbar veins and It, 
several venous complexes are involved in the venous drainage of the lumbar spine. 
These in turn drain into the inferior Vena Cava, the AzYgous and the Hemiazygous 

veins. The venous drain of vertebral structures is detailed in Table 1.7. 
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Table 1.7 Arterial and venous suppýy (ýffhe lumbeir FSU. 

Artery branches Structures Supplied Venous drain 

Primary perlostcal Vertebral perlositcuin and the anterior LUmbar vein 

aspects of the vertebral body. 

Posterior Back muscles, Zygapophysial joints, 
larninac and the spinous process. 

Lateral Abdominal wall, paravcrtebral and back 

muscles and the posteriorjoints. 

Medial Neural canal, larninae and the spinOLIS 

process. 

Posterior internal 

VCIIOUS PICXLPS 

Ascending lumbar 

veins 

Posterior internal 

VCIIOLJS PICXUS 

Anterior Posterior face of the vertebral body and Basivertebral and 

through ascending and descending Internal and external 
branches, the vertebral body and end plexuses 

plates. 

Radicular Nci-ve roots and the nerve of the Proximal and distal 

interveilebral foramen. radicular vems 
Based on data from Bogduk, et al. 191 

zn 

Function: The main functions ol'blood vessels can be conveniently listed as: - 

(1) To supply oxygen and nutrients to the various tissues via the arteries, whilst 

removal of metabolic tissue product and carbon dioxide is done by the veins. 
(il) To ensure tissue honicostasis via delivery of hornional and protein 

messengers. 
(ill) To contribute to the immune system. 
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CHAPTER 2 

Mechanical Behaviour qf the Lumbar Spine 

2.1 Lumbar spine kinematics 

2.1.1 Rangeofmotion 

Kinematical analysis of the whole lumbar spine has been carried out both ill 

1, iVo 167-69 1 and ill Vitro 170-721 
.A number of methods have been employed ranging 

from stereophotogrammetry, involving either the use of biplanar radiographs 167 1 or 

optical markers 1711, to the use of displacement transducers 1711 and instrumented 

mechanical links 1731. Common to all methods, were the identification of vertebral 
landmarks which were used in the computation of the spatial motion of each vertebra 

relative to its adjacent vertebra. The computation was based on the assumptions of 

three dimensional rigid body mechanics, as detailed by Pearcy 1671. A summary of the 

estimated relative motions within the lumbar spine is presented in Table 2.1. 

Tablc 2.1 A summary of the reported ranges qI'motion within the lumbar FSU. 

Reference number 
.............. I ................. 

Motion ofthe vertebral levels in delgrees 
......... I ............................................................................................. .............................. 

(study) U-1-2 1-2-1-3 1-3-1-4 1-4-1-5 1-5-S I 

Flexion + Exte nsion 
167] (2) 13 (3 - 23) 1400 - 18) 13 (9 - 17) 16(8-24) 14(4-24) 
[68] (3) 7(l - 14) 9(2- 16) 10(2- 18) 13(2-20) 14(2-27) 
[691 (2) 12 (9 - 18) 1500 - 19) 15 (2 -21) 1802-26) 17(6-24) 
171](1) 10(5 - 13) 11 (8- 13) 11 (6- 15) 15(9-20) 18(10-24) 

Lateral hending 

167](2) 6(4- 10) 5 (2- 10) 5 (3 - 8) 30 -6) 1 (1 -6) 
168](3) 10(4- 17) 12(3-21) 12(0-20) 10H - 18) 5 (-) 
[71] 5(4-7) 7(5-10) 6(5-8) 6(3- 8) 6(4-8) 

Axial Rotation 

167](2) 1 (-1 -2) 1 (-1 -2) 2(0-4) 2(0-3) 1 (2-2) 

[7 11 (1) 
-1 

(1 - 5) 3 (1 -5) 3(1 -4) 2(l -5) 1 (1 -2) 
Mean (Range); (1) In vitro ; (2) In (3) 11, nicasured from neutral to one 
direction only. 
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Motion associated with voluntary flexion/extension of the lumbar spine 
generally increased from Ll-L2 levels reaching a maximum at L4-L5 level [67,711. In 

contrast, axial rotation was found to be small at all vertebral levels, with mean values 
not exceeding 3 degrees. Pearcy 1671 observed that the central levels of the lumbar spine 
exhibited the highest mobility in lateral bending, whereas, Yamamoto et A [711 reported 
all levels to have similar ranges of motion. Translational motions associated with 
flexion/ extension motions were reported to range up to 4mm [67,741. 

The in vivo passive FSU flexion/extension and lateral bending range of motions 
were reported to be higher than the corresponding voluntary motions with values of, 
110 to 130% and 93 to 125% respectively [691. Similar findings were reported for 

translation motions in both the sagittal and the cranial-caudal planes. 

Paradoxical motions, the term employed to describe a motion of opposite sense 
to that of the overall FSU motion pattern, were reported under axial rotation at L4-S 1 
levels [671. Similar finding were reported at the L5-S I level for lateral bending [671 and 
flexion/extension [691. These paradoxical motions, emphasise the importance of all 
tissue structures in assessing the motions of the FSU. In particular, the associated 
muscle and ligament structures connecting these lower levels to the pelvis may impart 

additional kinematic constraints at these levels. 

2.1.2 Coupled motions 

Coupled motions may be defined as out-of-plane motions associated with the 

primary motion. Coupled motions, caused by the structural interaction of the spine 
bony elements, are likely to be affected by the action of spinal musculature and were 
reported to be significantly affected by spinal posture [751. Pearcy [671 reported minimal 
accompanying coupled axial rotation and lateral bending motions with voluntary flexion 

and extension motions in vivo. However, during both axial torsion and lateral bending, 
there were large accompanying rotations in other planes. For example, in lateral 
bending, there were consistent pattems of coupled axial rotation and flexion / extension 
motions. The former tended to be in the opposite direction to the primary movement at 
the upper levels, but in the same direction at L5-SI levels (Figure 2.1). Asummaryof 
the coupled motions under axial torsion and lateral bending as a function of the lumbar 
level are illustrated in Figure 2.1. During lateral bending to both sides, the upper levels 

consistently demonstrated extension, whilst L5-SI generally flexed. There was no 
direct coffelation between the magnitude of the primary and the coupled motions. 
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LI-L2 L2-1-3 1-3-1-4 1-4-1-5 L5-Sl 

Vertebral levels 

(a) 

Bending to the right 

61 Lateral bending 
Coupled torsion 

4 Coupled flexion / extension 

.0 

0 

-4 

-6 

Bending to the left 

HT 

LI -L2 L2-1-3 L3-L4 L4-1-5 L5-S I 
Vertebral levels 

(b) 

Figure 2.1 Coupled motions associated with axial twist (a) and lateral bending (b) 

primary motions. 
(Based on Pearcy [671) 
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2.1.3 Instantaneous axis of rotation 

The in-plane motion of a rigid body undergoing both translation and rotation 
motions, can be described as a motion about a fixed centre using a concept known as 
Instantaneous Axis of Rotation (IAR). Its three dimensional equivalent is termed, 
Instantaneous Centre of Rotation (ICR). The LAR or ICR represents the centre about 
which the muscles exert their moment during spinal motion and therefore are important 
for both the understanding of spinal kinematic behaviour and ultimately the modelling 
of this behaviour. Under flexion, IAR location ranged from anteriorily to the disc 

geometric centre to the region of the superior end plate of the subjacent vertebra 176-791. 
[791 Under extension, it was reported to be slightly behind and below that of flexion 

whilst at L2-L3 it was reported to be anterior to the disc space 1801. Under lateral 
bending, it was reported to be located on the side of the disc opposite to the primary 
motion, whilst under axial rotation, it was reported to migrate towards the compressive 
facet joint under both counter and clockwise rotations [781. Taking into account spinal 
motion patterns, strong coupling motions, and experimental errors, reported to 
significantly affect measurement errors [79,8 11, it is unlikely that IAR which describes 

2-D motion can represent the lumbar spine motion in vivo. However, until a more 

accurate in vivo measurement method can be developed, the reported LAR locations can 

act as an indicator of the pattern of spinal motion. 

2.2 Lumbar spine kinetics 

2.2.1 Quasi-static mechanical behaviour 

The quasi-static mechanical responses of both a single lumbar FSU [3,4,73,82] 

and a whole lumbar spine [70-72,781 are of sirnilar form (Figure 2.2). The response is 

clearly non-linear with two distinct phases. The first phase termed, the Neutral Zone, is 

characterised by large displacements which depending on motion type range from 0.6* 
to 5.0', for relatively low loads [3,731. This behaviour minimises the energy 
expenditure required by the muscles under physiological motions. The second phase 
termed, the Elastic Zone, is characterised by decreasing levels of displacement, ranged 
from 5.0* to 7.0% in response to increasing loads until a maximum is achieved [3,731 

. 
This behaviour, caused by the increase in the interaction between osseous structures, in 
particular the posterior elements, protects the soft and neural spinal tissues. The overall 
range of motion (ROM) is the summation of these two regions. 
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Figure 2.2 A typical lumbar FSU load-displacement curve. 
(Based on Schultz et al. [3]). 

The lumbar FSU was found to be stiffest in axial compression, its torsional 

stiffness was twice that of the stiffness in extension, whilst its flexion stiffness was 20- 
50% of its extension stiffness [3,83,841. A summary of properties of the lumbar FSU 

reported in response to single and complex loads are presented in Table 2., 4. The FSU 
lateral bending stiffness was reported to range from 25% to 65% of its extension 
stiffness [3,731. Both the posterior and lateral shear stiffness were reported to be twice 
as stiff as the anterior shear stiffness of the FSU [841. In response to increasing shear 
loads and bending moments, the joint resisted a maximum of 539N shear loads and 
59Nm bending moments without failure [821. Although, in a similar manner to previous 
reports, the FSU lateral shear and posterior shear stiffness exhibited the lowest and 
highest values respectively, both the torsional and bending stiffness of the tested FSU 

were between two to six times higher than those previously reported. 
For several reasons, interpretation of the reported FSU mechanical responses 

has to be performed with great care. 
(i) The studies generally employed single isolated loads unlike normal in vivo 
conditions, although little is known about the exact nature of the in vivo loads. 
(ii) These studies are also highly sensitive to the testing methodology employed, in 

particular, with respect to coupled loads which are either unaccounted for or difficult to 
measure. Such motions could lead, as suggested by analytical studies [881, to the 

underestimation of the actual loads acting on the structure examined. 
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Table 2.2 Mechanical behaviour (Y'the lumbeir FSU: Comparative mble. 

Mode of loading 
.... .............................. [831, 

FSU stiffness 
....................... I .................................. [8612 [871, 

/N. mm- I 
..... I ................... I ... 18414a .... I .......................... ............... 18815a [8216a 

Anterior Shear 145 -- 45.5 125 97 

Posterior Shear 143 384 294 90.9 - 140 

Lateral Shear 128 643 400 142.9 250 53 

.. 
ýprnpression 

............................ - .............. I. ....... I ...... - 403 
.......................................................... 

500 
............................. -- ..................... .... .......................... 

FSLJ stiffness /Nni. de,, - I 
.............................................................................................................. ;; ý ........................................................... 

18414h '156 192 16b [317 15318 1" 
........................ ........................................................................................................................................................... 

Flexion 0.9 (3.3) 2.7 0.9 (2.2) 1.7 5.5 

Extension 3.0 (8.5) 3.6 2.1 (3.4) - 7.6 

Torsion 8.2 7.7 5.1 18.8 10'9 

Lateral Bending 1.0 (5.1) 2.0 1.3 (2.6) 2.3 4.4 

NeUtral and (Elastic) zones stiffness. 
Values in represent references numbers 

Mechanical tests loading parameters 
................................................ I ......................................................................................................................................................................... 

1: 86Nshe, irl'orce, ind4OONcoiiipi-essioiilo,, id', 2: 0-10ONshearload, 

3: 10ON and 440 N compression load*, 4a: 90N shear loads, 823N compression, 

4h: 11.2Nm flexion & extension, 14.7 Nin lateral bending & 12.9Ni-n torsion, 

5a: 150N shear force; 5h: 150N shear force & 7.5 Nin moment loads-, 

oa: 980 anterior and posterior shear, 480N lateral shear forces, 6h: 70Nrn flexion, 

extension and torsion & 60Nrn lateral bending moments, 

7: 205 N shear loads & 20.5Nin moments: and 8: 5.4Nrn inornents. 
.................................................. I ....................................................................................................................................................................... 

(111) The testing protocols employed failed to include the effect of spinal muscles likely 

to have a significant influence on the measured properties. 
(iv) The reported FSU stiffness or flexibility coefficients ("'enerally represent an average 

of the motion measured in the EZ region divided by the maxii-nurn load. They therefore 
fail to account for the biphasic mechanical behaviour ofthe spinc. Furthermore, a direct 

comparison between the stiffness or flexibility matrices employed to report FSU 

mechanical behaviour is not valid as the two are not linearly related. 
In view of the current state of knowledge on the mechanical behaviour 01' 

lurnbar FSU, extrapolating the reported data to forecast the behaviour of' a whole 
lumbar segment under in 14i, o conditions, is extremely difficult. Thus, more 

sophisticated testing methods which include the contribution of muscle systems and the 
direct measurements of spinal kinernatic response in i4i, o are needed. 
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2.2.2 Time dependent mechanical behaviour 

Chronic loads encountered in the daily working environment, for example, the 

vibrational loads during the driving of large vehicles, although relatively small in 

magnitude might lead to accumulative damage to spinal structures. Under these 

conditions, the rate of damage could exceed the ability of biological repair mechanisms 
thus leading to weakening and, to the ultimate failure of spinal tissues. 

The human body is reported to have an in vivo resonant frequency of 4-6HZ 189- 
911, whilst the resonant frequency of the lumbar FSU has been shown in vitro to range 
from 30-4OHz [921. Conflicting results were reported with respect to the FSU stiffness 
characteristics under dynamic loading. In response to cyclic axial compression at a 
loading frequency of MHz, at levels ranging from 37-80% of UCS, the FSU was to 

exhibited a non linear decrease in stiffness [931. By contrast, recent studies reported 
FSU stiffness to exhibit a non-linear increase under axial compression [941, combined 
compression-flexion [951 and axial torsional loads [961. The FSU stiffness was reported 
to increase significantly during the initial (0 to 1500) load cycles, reaching a value in 

excess of that at steady state. These changes were thought to be related to the fluid 

exchange mechanism between the vertebra and the disc and the cumulative damage to 
the FSU soft tissues [93,94,961. In addition, depending on the type and magnitude of 
the applied loads, an increase of up to 2.5 times in the compressive stresses acting on 
the underlying cancellous bone, compared to the stresses acting under static loading, 

may occur 1971. The detrimental effect of dynamic loads on the soft tissue, particularly 
the degeneration of the nucleus pulposus, was suggested to cause an increase in the 

resonant response frequency of the FSU. Furthermore the fatigued lumbar spine 
exhibited an increase in FSU motions in extension and in anterior-posterior translation, 
thus indicating the partial loosening of the disc structures [981. 

The viscoelastic properties of the lumbar FSU were found to be age dependant. 
In comparison to younger spines, the aged spines exhibited a significant increase in 

creep rate, reduced load recovery 1991. The pre-loaded FSU exhibited a reduced 
compliance and hysteresis whilst its resonant frequency and dynamic stiffness increased 

with the increase in compressive preload [971, thus suggesting an active role for the 
muscles in regulating FSU stiffness. 

2.2.3 Spinal stability 

Spinal instability is thought to be one of the important causes of low back pain, 
a well known problem in the general population with unknown aetiology for most types 
[571. Although the term, spinal instability, has been widely used, it is not well defined 

either clinically or in mechanical terms. The most prevalent definition was stated by 
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Panjabi and White [571 "Clinical instability is the loss of the spine under physiological 
loads to maintain its pattern of displacement so that there is no initial or additional 
neurological deficit, no major deformity, and no incapacitating pain". 

The posterior elements, especially the facet joints, were reported to have a 
paramount function in FSU stability. Their dissection caused a significant increase in 

FSU motions, with their removal causing the failure of the FSU [74,1001. The 

correlation of increased vertebral motions as an indication of spinal instability has 

provided conflicting results. Pearcy et aL I 10 11 reported patients with low back pain to 

exhibit a smaller range of flexion/extension motions and coupled axial rotation and 
lateral bending motions associated with flexion/extension motions. However, the 
degenerated FSU was reported to exhibit increased dispersion of the FSU ICR in 

flexion and extension and a significant increase in the migration of centroid location and 
the length of its motion pattern [1021. 

Panjabi [1031 reported that although the flexion/extension range of motion did 

not show a significant increase as a consequence of disc degeneration, the neutral zone 
increased significantly in vitro. Similar observations were made by Ching et A[ 1041 

and Slosar et aL 11051, employing compression fracture and burst fracture trauma 

models respectively. Thus suggesting the neutral zone as a more accurate indicator of 
spinal instability or injury. 

2.3 Mechanical models of the lumbar spine 

2.3.1 Spinal stability 

The role of spinal musculature in affecting the mechanical stability of the 
lumbar spine in the sagittal and lateral planes haS - been investigated by several authors 
[106-1081. The modelled muscles were partitioned into 'local' muscles having vertebral 

[1061 insertion and origins and'global' muscles having pelvic and thoracic insertions 
Recent models incorporate intervertebral disc stiffness and muscles having a stiffness 
dependant on their activation level [1081. Given the posture of the lumbar spine, global 
multi-segment muscles were computed to counter external forces with pelvic originating 
muscles computed to be 90% more efficient than single level muscles. The single inter- 
level muscles were computed to function locally, their function being determined by 

spinal posture, whilst a segment devoid of musculature became unstable 1106,1071. A 

reduction in FSU stiffness due to injury was compensated by increase in muscle 
stiffness with the injured FSU 'neutral zone' being restored with the application of 
muscle force. However, this suggests that the injured spine may become unstable with 
time due to muscle fatigue and therefore, to point to the inability of the spinal system to 

stabilise the spine for a long duration. 

Page 26 



2.3.2 Loads acting on the lumbar spine 

Theoretical models of the whole lumbar spine were employed to estimate the 
loading of spinal FSU under quasi-static sagittal plane 1109-1111, bending and twisting 
loads [112,1131 and under dynamic loads [1141. The need for such models arose in the 

absence of an easily implemented or non-invasive method of measuring such loads in 

vivo. Typically these models have incorporated the external forces and accelerations 
acting on the upper body, the anatomical relationships and mass properties of upper 
body structures above the modelled vertebral level and the mechanical and geometrical 
properties of active and passive spinal tissues. 

The main obstacle in the modelling of spinal mechanics arises from its 

mechanical indeterminacy, i. e. the number of spinal structures which generates force 

and moment greatly exceeds the number required to satisfy mechanical equilibrium 
conditions. Several studies 1110,115,1161 aimed at reducing this indeterminacy by 

representing the posterior muscles as a single equivalent force producing structure 
operating in parallel to the vertebrae at a moment arm between 50mm and 60mm. 

However, in response to the lifting of relatively moderate loads, up to 500N, the 

predicted compressive force, 2200 to 540ON depending on posture, was of the same 
order of magnitude in vitro failure loads for vertebral end plates, namely 250ON 
[1171 

In view of the above, several studies proposed supplementary mechanisms 
associated with a reduction in disc compression and muscle extension. The measured 
increase in the intra-abdominal pressure during lifting, was suggested to create tensile 
forces on the diaphragm. Thus the diaphragm indirectly creates an extension moment 
on the spine, which reduces the effective compression force through the vertebra P1 ()- 
118 1. A second model, of Gracovestsky et aL 11191 suggested that the Lumbar Dorsal 
Fascia acted as an extensor generating structure, either passively through posture or 
actively through the abdominal oblique muscles via the Poisson's effect. However both 

models have yet to be substantiated experimentally. 
A second approach, employed detailed anatomical models with the spinal 

muscles and ligaments divided into passive and active structures. The contribution of 
each structure to the overall spinal response was obtained using either optimisation 
methods [1121 or EMG output of the active tissues 11111. The models, predicted a5 to 
25% reduction in compressive loads. They suggested the potential of extensor muscles 
to resist external loads and, by providing a posterior shearing force, to offset the 
anterior shear force on the vertebrae 1111,112,1201. However, clearly the values 
reported, in particular for load carriage and weight lifting (Table 2.3), remain above 
tissue injury limits. A summary of the predicted forces and moments acting on the 
lumbar FSU are presented in Table 2.3. 
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Table 2.3 Lumbar spine loads as predicted by spinal models. 

Posture or External Modelled load acting, on lUmbar FSU 

Motion loads Compression Shear Moment 

AT M-L 

/N /N /N /N /Nni 

standill(T - 470 to 500 - 
Flexion 150 1390 to 4801 110 to 193 44 to 227 

Extension 150 690 to 970 - 150 to 70 40 

Lateral bending 100 to 200 880 to 1150 - 10 to 50 110 to 150 28 to 56 

Twist 100 to 200 970 to 1100 50 to 130 -50 to 150 26 to 51 

WeiLjht liftinLy 273 to 909 557 1 to 8852 39 to 1272 290 to 471 290 to 471 

Based on data from refewnces: [II 1- 113,1201 

Negative sign indicates force in an opposite sense to the main motion. L- 

To improve the predictive power of these models, certain areas need to be 

addressed: - 
(1) The control variables by which the central nervous system (CNS) operates are 

currently unknown. Moreover these variables are likely to change in response to 

changes in both motion pattems and imposed loads. 

(ii) The current use Of Surface electrodes positioned above maJor muscle groups is 

inadequate as it is unable to account for the depth and Organisation of specific lumbar 

muscles and the changes in the neural activation of the Muscles II1 11. Furthermore, the 

Muscle generating force potential is likely to change with the change in then- cross 

section area and direction of pull throughout the modelled motion 11201. 

(111) The definition of spinal muscles as either an agonist or in antagonist is made 
difficult due to inter-muscle geometrical relationships, the spinal joint three dimensional 

nature and the possible changes in the functional requirements of the muscles during the 

modelled spinal motion. 
Thus, due to the lack of direct measurements, these models can only provide 

some insight to the role of spinal muscle and ligamentous structures in the load carrying 
I'Unctions of the spine. 
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CHAPTER 3 

The Damaged Lumbar Spine 
Surgical Treatment and Design Aspects ol'Spinal Instrumentation 

3.1 Spinal trauma, pathology and their effect on spinal mechanics 

3.1.1 Fractures of the lumbar spine 

Spinal fracture are (generally caused by one of the following 

(1) a traumatic event in which the applied loads exceed the vertebral injury threshold 

(ii) series of atraurnatic events in which damage to osseous Structures caused by chronic 
loads exceed the ability of bone repair mechanisms and 
(iii) as the consequence of spinal pathology. Current clinical classification of spinal 
fractures is based on their perceived mode of injury in terms of the forces and moments 

which caused the injury. Their clinical classification is commonly described using the 

three columns concept 1121,122 j. The anterior column, comprises the anterior two- 

thirds of the FSU including the ALL ligament, the middle Column comprises the 

posterior middle of the FSU including the PLL ligament and the posterior column 

which comprises of' the posterior FSU structures and thcIr associated ligaments. The 

most common fracture patterns observed in the lumbar spine are illustrated in Figure 

3.1. Spinal trauma to which the application of spinal instrumentation has been 

recommended is detailed below (Table 3.1). 

Table 3.1 Spinalfi-actures: mode qfin. juty tind observed chifical patterns. 

Fracturc type Mode of inýjury Clinically observed init. 11-Y 
Vertical-compression Application of' compressive Vertebral body wedge fractures. 

Burst forccs on the crect, flexed DIS111ption of the posterior and 
Flexion-compression and laterally bent spine middle colunins could OCCLIr in 
Lateral-cornpression respectively. flexion and latcral compi-cssion 

fraCtLIFC-S 
..................................................................................................................................................................................... ........................... 

Distraction-flex ion Application of' tensile and Posterior COIL111111 failure to 

Torsion-flexion torsional loads on the flexed increased involvement ofall three 

Columns 
.......... 

pne 
.................................................. . ........ I ............................. I ....... ...... .............. - ....................... I .......................... I ............................ 
Translational Straight AT displacement of' Posterior elements failure 

the vertebral.. body 
...................................................................................................................... ..................... I .......................................................... ......... . 

on clata irom reierences: Iii/, iiz, -) 1. 
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Flexion -compression fracture 
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Disruption fracture 
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Transverse fracture 
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Irr- 

Burst fracture 

Figure 3.1 Clinical patterns of conimon fracturesof the himbar spine. 
(adapted from Samberg 11261) 
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As a consequence of the mechanical insult leading to the structural disruption of 
ligamentous and osseous tissues following trauma, several pathological processes 
occur in the spinal cord. These may include alterations in the nerve cells and 

myelinated fibres and haernorrhage within the cord grey matter, which is usually 
followed by oedernatous changes in the white matter [127,1281. The extent of these 

changes is grossly correlated to the magnitude of the causative forces and the extent of 
bony fragments in the neural canal [1271. 

3.1.2 Pathology of the lumbar spine 

Spinal pathology to which the application of spinal instrumentation have been 

recommended include spondylolisthesis, spinal turnours and osteoporosis. 
Spondylolisthesis is associated with the anterior translation of the involved 

vertebrae with respect to the subjacent one, the levels most affected being 1A-L5 
followed by L5-S I and L3-L4. Clinical manifestatioifinclude; fractures of the articular 
joints with possible reorientation of the facets in the sagittal plane [1291, calcification of 
PLL and capsule ligament [1301 and stretched and hypertrophied ALL with degenerative 

changes to the disc structure and function [1311. It is likely to be caused by degenerative 

changes to the disc followed by fatigue fracture of the posterior elements [129,1321. The 

structural changes as seen in the affected FSU are probably due to bone remodelling in 

response to the large loads occurring at these levels. 
Spinal turnours caused by lesions such as, osteoid osteoma, and osteoblastoma 

tend to effect posterior elements, whilst lesions, such as hemangioma and eosinophilic 
granuloma tend, to affect anterior elements [133-1351. Among the physiological 
manifestations of spinal turnours are up to 70% neurological signs [1351, with the rate of 
neurologic deficit in patients having malignant lesions being far higher then those with 
benign lesions [136-1381. Treatment of either benign turnours causing neurological 
deficit or malignant tumours, is by the complete excision of the lesion, which is 

reported to provide best survival results [1381. 

Osteoporosis is the end result of normal and abnormal bone loss which could 
cause a number of atraurnatic fractures patterns including; anterior and central wedge 
fractures and whole vertebral body crush fractures [1391. The mechanical consequence 
of osteoporosis with respect to cancellous bone were previously discussed in section 
1.2.1. c. 
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3.1.3 The mechanical behaviour of the lumbar spine with pathology 

Quasi-static behaviour: FSU structural failure under axial compressive loads is 

reported to be dependent on the disc pathology. Thus FSU failure generally occurred at 
the vertebral body in the presence of a: - 

healthy disc and at the annulus in the presence 
of a degenerated disc [ 140,1411. The application of hyperflexion combined with axial 

compression is reported to cause disc prolapse [1411, whilst the application of axial 
torsion loads is reported to cause disc failure following the removal of the facet joints 
[142,1431 

Dynamic behaviour: the primary motions of the degenerated FSU were reported to 

show a significant increase, particularly under flexion loads and to a lesser extent 

under lateral bending and axial torsion loads in vitro [1441. However, no such 
increases were observed under extension loads. Conflicting results were reported with 

respect to the effect of injury on FSU coupled motions. Panjabi et aL [1451 reported a 

significant increase in all coupled motions under complex loads, with the simulated disc 

injury causing asymmetry in the kinematic response of the FSU. However, the 

response might be a direct result of the injury model employed by Panjabi et aL [1451 

involving a large rectangular cut in the lateral section of the disc. By contrast, OxIand 

et aL reported such a significant increase to occur only in coupled lateral bending under 

axial rotation [701. 

The intervertebral disc was reported to exhibit structural changes in response to 

cyclic compression and flexion loads, manifested as peripheral migration of nuclear 
material in the healthy disc [1411. Under similar loads the degenerated disc was 
observed to prolapse, the occurrence of which was significantly increased by the 
formation of disc fragments [1461. The degenerated FSU was reported to offer reduced 
resistance to impact and deformations, related to its reduced stiffness and energy 
absorption properties [1471. This mechanism suggests the possible role of chronic loads 
in disc failure. 

The onset and progression of FSU injury was examined in vitro using impact 
loads producing either axial compression or combined shear and flexion 1701. These 

caused a reduction in the flexion stiffness of the FSU and an extension of the neutral 
zone in the response curve. The changes in stiffness were thought to indicate a 
reduction in structural elasticity, increased laxity of the ligaments and/or lesions in the 
disc and end plate. At high impact loads, the FSU's exhibited either total disruption of 
the soft tissues or permanent deformation with a decrease in the FSU elastic zone, thus 
indicating the transfer of loads to the stiffer osseous structures. This study would seem 
to support the observation of Panjabi [1481, in which the neutral zone was identified as 
the most sensitive indicator of the onset and progression of FSU injury. 
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The role of complex loads as predisposing factors for spondylolisthesis were 
highlighted by a number of studies [149,1501 with the pars-intrarticularis reported to be 

subjected to large strains during hyperextension, axial compression and axial rotation. 
By contrast, conflicting results have been reported for the effeqt of spondylolisthesis on 
the degenerated spine. A clinical study by Pearcy et aL 11011 indicated a significant 
reduction in the primary motions and an increase in coupled motions under flexion/ 

extension motions. In comparison, there were no differences in either translatory 
motions or the pattern of coupled motion. In contrast, Stokes [1501, reported a 
significant increase in mid-lumbar motions in axial rotation, some motion in lateral 
bending, whilst no such differences were observed in flexion or extension, under 
complex in vitro loads. 

3.2 General surgical methods 

Surgical treatment of the injured or the degenerated spine aims to attain the 
following goals 
(i) to relieve pain and allow rehabilitation and restoration of overall function, 
(ii) to restore spinal alignment and mechanical function, thereby preventing the 
development of progressive spinal deformity and 
(iii) to provide an optimal environment for the healing and functional restoration of 
neural elements. 

The precise procedures will depend on the extent of injury and neurological 
damage. They may involve the removal of soft tissues ranging from nucleotomy, either 
by mechanical or chemical means, to discectomy. The procedures may also involve 

osseous tissues including laminectomy, facectomy and radical vertebral excision in the 

case of specific spinal tumours. However, care must be taken as any form of removal 

of bony and ligamentous structures could lead to the disruption of the mechanical 
integrity of the spine. Clinical studies on the efficacy of such procedures have, not 

surprisingly, produced conflicting results. Webber [1511 reported surgical treatment to 
be significantly more effective for the relieving of symptoms in the short term than 

conservative treatment, although the difference became less significant after 9 years. 
However, a number of studies have discussed the negative effects of surgical 
procedures, such as recurrence of herniations at the levels above the operated level with 
radiographic evidence of the operated level hypermobility [1521 and a decrease in the 
flexion/extension primary motions with an increase in coupled motions at the level 

[1531 above the injury 
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3.2.1 The effects of general surgical methods on the mechanical behaviour of the 
lumbar spine 

Total discectomy was reported to cause significant changes in the affected IA- 
L5 FSU motions under all loading modes, except that of extension, with the adjacent, 
superior FSU exhibiting significant increases in anterior-posterior translational motion 
[721. All forms of lateral facectomies were reported to cause a significant increase in the 

range of movement in flexion and axial rotation (1541. In addition, facectomies were 
reported to cause a change in FSU coupled flexion to coupled extension under axial 
rotation, a significant increase in coupled axial rotation under lateral bending and a 
significant change to the insta" axis of rotation of the FS U [70,15 5 1. Analytical 

methods have provided further insight into the behaviour of the degenerate disc. 
Indeed total discectomy with partial laminectomy, were shown to cause a two fold 
decrease in axial stiffness and an increase in both flexion and rotation [1561. In 

addition, it was suggested that disc denucleation caused an 80% increase in the load 

transfer onto the facet joints. Thus the kinematical changes could act as predisposing 
factors for the changes observed in the adjacent FSU. 

3.3 Spinal fusion 

3.3.1 Clinical rational and longterm effects 

The solid union or fusion of two adjacent vertebrae, termed arthrodesis, has 

been advocated for several surgical procedures and pathological conditions. These 

include extensive decompression, degenerative spondylolisthesis, laminectomy, 

discectomy and excessive vertebral posterior displacement [132,157,1581. Fusion is 

performed to reduce abnormal motions at the affected levels and to re-establish stability 

of the FSU. It is performed using either autologous bone mass, generally taken from 

the iliac crest containing plentiful quantities of cancellous and cortical bone, or bone 
from a bone bank to replace the disc space or the vertebral body. 

The long term effects of spinal fusion as opposed to conservative treatment is 

still a highly controversial area. Some of the long term iatrogenic effects include 
increased spinal stenosis both above and below the fused FSU 11591 and adjacent 
FSU's disc degeneration in over 50% of patients treated with anterior spinal fusion for 

prolapsed disc [1601. In addition, complications such as pseudoarthrosis, neurological 
deficiency and cancellous interbody bone graft failure have been reported [161.1621. Of 
importance was the observation that following fusion up to 45% of the adjacent FSU's 

exhibited accelerated degeneration leading to segmental instability [1631. It was also 
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noted that the necessity to perform secondary corrective operations often yielded 
[1641 progressively poorer results 

3.3.2 Mechanical behaviour of the fused lumbar spine 

In response to complex loads, the fused segment was reported to exhibit 

increased stiffness in comparison to the unfused segment 1165 1. From this data, a 

comparison of FSU stiffness under posterior, anterior and lateral fusion could be 

made, as surnmarised in Table 3.2. The data also revealed that the loads acting on the 

facetjoints were notably higher in posterior fusion than in anterior fusion. However, 

even a complete posterior fusion could not eliminate FSU n-iovement whilst causing 
increased stresses within the disc of the fused FSU 161 

. 
The fused spine was reported 

to exhibit kinernatic changes including a significant increase in a4jacent FSU primary 

and coupled motions and the transfer of the IAR of the unfused adjacent segment in a 
1153,1651 cephald direction 

11651). 

, 
/ýcts (ýffitsion localion onfiised FSU stýb Table 3.2 E. f fiiess (f-om Lee et al. 

Flcxion Anterior 21% 92% 

Lateral 11% 48% 
..................... I .......................................... I .................................. I .................................................................................................... 

Posterior 91% 31% 
Extension Anterior 31% 13% 

Lateral 20% 25% 

It would, therefore, seem that fusion imposes both changes in the load transfer 
between segments and, possibly, a redirection and intensification of stresses on the 

unfused segments. These changes provide clues to the processes which have led to the 

reported increase in the degeneration and hypermobility of adjacent segments [ 167ý 168 1. 

The strains imposed along the fused FSU undoubtedly influence the success of the 
fusion. Nagel et al. 1168 1 employing an animal model with strain measurement between 

the dorsal laminar surfaces of adjacent vertebral body, reported that a lurnbar FSU 

exhibiting strains up to 10% always fused, whilst lurnbo-sacral FSLJ exhibiting strains 
above this value up to 36%, never fused. Thus, a delicate balance has to be reached 
between initially protecting the graft from excessive stresses, which Could lead to bone 
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resorption and graft failure, and progressively increasing the stresses taken by the 
fusion mass up to maximum load bearing capacity. To promote spinal fusion, the use 

S. 
of internal spinal fixators ha: ý - been recommended [169-1711. Although external fixators 

are also available they are fraught with practical difficulties. In the context of the 
current work, discussion will be confmed to the performance of posterior internal 

spinal fixators. 

3.4 Internal posterior spinal fixator (pedicular) systems 

3.4.1 Development and classification of intemal pedicular spinal fixators 

Harrington has described the use of a vertebral pedicle as a specific location for 

the attachment of spinal fixators for the treatment of spondylolisthesis 11721. The first 

practical method for screw fixation was developed by Roy-Camile et A [1731 using 
transpedicular screws, i. e. screws inserted into the vertebral body through the pedicles, 
to attach specially designed bone plates for spinal stabilisation. The rationale for the 
development and use of such systems was the need to replace systems using laminar 
hooks and wires for attachment to the spine [174,1751. Problems associated with these 

existing systems included the need to constrain a number of adjacent FSU's leading to 
degenerative changes in the normal segments, neural cord injury caused by the passing 
of the larninar wire around the lamina and the loosening and breakage of laminae wires. 
In the last decade, two main families of pedicular instrumentation have been developed, 

the internal plate systems and the internal fixator systems. 
The internal plate system is an adaptation of similar systems used for the 

fixation of long bones. In these systems the transpedicular screws are attached to the 

plate-through either pre-drilled fixed holes [1731 or milled slots allowing for height 

adjustment of the screws [1761. The plates are then secured using various arrangements 
of locking nuts on the screw shank. Newer systems, such as the Wiltse pedicle system 
[1771 use solid or tubular rods with the screw secured directly onto the rods via the 
screw head - locking nut design. An example of such a designed system is presented in 
Figure 3.2. a. 

The internal spinal fixator systems, such as the'Fixateur Interne'[1781 which is 

presented in Figure 3.2. b, and the Vermont Spinal Fixator [1791, are based on similar 
principles to external fixators used for the repair of long bones. The transpedicular 
screws are attached to cylindrical rods, via adjustable clamps having threaded links, 
with the screw-clamp assembly secured using locking nuts. In addition, transfixation 
elements, namely transverse metal links connecting the fixator longitudinal using of 
clamps or other locking elements, are sometimes used to enhance fixator rigidity. 
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a) Varigrip Spinal System (Advanced Spinal Fixation Systems, Irvine, CA, USA) 

b) AO l'ixatui-e Interne (Mathys AG, Bettlach, Switzerland) 

(FC: Fixator Clamp; TS: Transpedicular screw; VR: Vertical Rod; TE: Transverse 
Element; TEC: Transverse Element Clamp). 

Figure 3.2 Ititernal. vpiiial. fix(itioii, ýysteiii: a) plate ýype antl b). fixator type. 



3.4.2 Clinical performance of pedicular spinal fixators 

The clinical success of spinal instrumentation in treating conditions ranging 
from spinal trauma to degenerative changes of the spine have been reviewed in the 
literature 1180,1811. Such studies have reported excellent results up to 30 percent of 

cases, as classified by complete alleviation of symptoms, some improvement in a 
further 30 percent of cases, with the remainder showing no change or worsening 

conditions. The use of internal rigid spinal instrumentation has been reported to 

significantly increase the rate of posterior fusion, up to 97% 1169-171 1. However, their 

use was associated with a number of complications, some of which are detailed in 

Table 3.3. The consequence of mechanical failures was reported to lead to short term 

re-operations in LIP to 80% of cases 11811. 

Table 3.3 Reported tlýfficulties associated with the internaLypinalfixation. 

Reference Coil II)l icatl oils Reported difficulty 
nUrnber 
1181184,1851 OWrative Insertion and positioning of' pediCUlar screws, 

breakage of' the pediclcs and mirologic InjUry 

caused by screw insertion 
...................................... I ............................................................................ ... ............... ..................... ................................................... 
1186-1881 Long terin 5-50% fusion pseudarthrosis rate for one or two 

level fusion, loss of post openitive kyphotic angle 

correction and about 22% post operative 're- 

s sli p 
..................................... ................ ........................................ 

Pe in correctint ondy. lolistliesis 
..... . ......... .... ...................... .. I...... I .... ................................................. 164,167,187, Component Up to 25% breakage and 3501c bending of 

1891 failures pedicular screws, corrosion of screws and 

clamps, and loosening ofthe clamps or conncctor 
locking nLIts at a approximately one nionth post 

operation. 

3.4.3 Mechanical behaviour of the instrumented lumbar spine 

A relatively large number of studies have exan-fined the effect of spinal internal 

fixator systems on the mechanical behaviour of the instrumented lurnbar spine, termed 

spinal constructs, and their ability to restore the inechanical stability of the injured 

spine. These studies, using both human and aninial ILIMbar slMnal segments, have 

employed several IRjury models ranging frorn corpectorny 119M, posterior and middle 

column deficiency 1182,1911 and compression -flexion fracture 11921. A summary of the 

loading conditions imposed on spinal constructs in the various studies is given in Table 

3.4. 

Page 38 



Table 3.4 Input loading conditionsfiv the testing qfspinal construct in vitro. 

Reference 

number 

Test type Compression 

/N 

Flexion 

/Nin 

Extension 

/Nm 
Torsion 

/Nin 
[178] Static (100 to 200) (0 to 25) 5 
[192] Static 100 (0 to 10) (0 to 10) (0 to 10) 
[1931 Static 310 (9 to 18) (9 to 18) (2 to 6) 
[1961 Static 200 (0 to 2) (0 to 2) 8 
119 Static (I to 11) (1 to 11) (1 to I I) 

i ixinnn-iii, Z Lal rlr- Im -) II 1-t-n 

(Range), mean ± Std. Dev. 

Two distinct methodologies have been followed. One used axial loads applied 

eccentrically with respect to the perceived FSU axis of rotation to achieve flexion/ 

extension and lateral bending moments. Although relatively simple to perform, it 

imposed coupled bending moments and, due to spinal curvature and postural changes 
during the test, was likely to create different load vectors along the tested segment. 
The alternative method, involved the application of coupled moments, which, although 
difficult to establish, has the advantage of producing a uniform moment distribution 

along the segment independent of postural changes of the spine 11931. The use of the 
latter experimental technique was one of the main selection criteria in the following 

review of testing literature. 

(i) Quasi-static: The instrumented spines were reported to exhibit restored stability 

Linder extension, flexion and lateral bending loads with the spine,,, showing increased 

stiffness, 40-100%, in comparison with the intact spine. Table 3.5 details the 

performance of a number of commercial posterior pedicular spinal fixators with respect 

to their ability to restore spinal function and stability. However no significant 
difference were found between the various devices. Conflicting results were reported 

with respect to their performance under torsional loadino, with the instrumented spines 

reported to exhibit either comparable or reduced overall torsional stiffness with that of 

the intact spine. Of importance were the significant reduction in the transverse and 

angular shear stiffness for most of these systems under the applied loads 1921 s 119(), 

Several studies have reported that instrumented spines exhibit sic'nificantly altered 
kinematic patterns at both the instrumented and adjacent levels in 1, ij, e) 11941 and in vitro 
1194-1961 In comparison to the intact spine, the instrumented FSU exhibited 
significantly reduced motions, whilst the aqjacent FSU exhibited significantly increased 

motions, Lip to 48% in extension, 79% in flexion and 9417c in lateral bending. it is clear I- 
IN1,1971 that the fixators altered the mechanical behaviour of the instrumented spine 
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Table 3.5 The effectiveness of pedicular spinal fixators to restore the mechanical 
behaviour of the injuredspine. 

Reference 

number 

Specimen, level, 

injury, Measurement 

& loading method 

Fixator Device performance 
(with respect to the intact s ine) 

... I ............. ........................................... 
P 

.................. exion Extension Lat. Ben Torsion 
ATATATAT 

[191] Human, TI I-L3, Kaneda + + + 
Posterior & Middle 

............................. 
columns, ( 1), (3), CM 
........................................................ ......................... ..... ...... ......... .......... .................... ......... [192] Human, LI -SI, AO 

figaments+annulus, CD 

............................. 
(1), (3), CM 

......................................................... 
VSP 

......................... :+ ... 
:+ :+: + 

.............. 

[1931 Human, T5-L4, one RC + +1 + 
to three columns, VSF 
(1), (2) (3), EL 

Definitions of terms 
(1) 3 axis angular measurements; (2) Constrained; (3) Unconstrained; 

CM: Couple moment; EL Eccentric force; 

A: Anterior; T: Transverse; 

AO: Fixateure Interne; CD: Cottrel-Dubboust; RC: Roy-Camile; VSP: Variable 

Spinal system; VSF: Vermont Spinal Fixator; Kaneda: Kaneda fixator & 

Kaneda fixator in a transfixed configuration 
Symbols: +, (-) & (-): increased (decreased) & (similar) stiffness. 

........................................................................................................................................................................................................................... 

In comparison to the intact spine, the instrumented spines exhibited linear load- 

displacement behaviour (section 1.2). These changes are likely to cause increased 

stresses on the unconstrained adjacent FSU's, which in turn, could lead to degeneration 

and hyper-mobility of these segments. This might explain some of the iatrogenic 

effects seen at adjacent levels of instrumented spines. 

(ii) Dynamic teýtin : The effects of cyclic loading on fixator performance were 
investigated using various compressive loading regimes f192,1981. The instrumented 

spines were reported to exhibit negligible loss of stability in flexion and lateral bending, 

whilst some of the systems were less stiff in extension and, generally, in torsion. The 

plate-screw system, with an inherently higher structural stiffness, exhibited reduced 
fatigue strength, with 80% screw failure occurring at an average of approximately 
21,000 cycles. In comparison, the internal fixation system exhibited a higher fatigue 

strength with system failure occurring after approximately 73,000 load cycles and 
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reduction in screw failure to 50% [1981. Component failures were observed to occur at 
the beginning of the screw thread and either side of the screw-rod locking nuts, which 
correlated with reported clinical failures. These studies clearly indicate the importance 

of fixator design, especially the way in which the screws are attached to the plates or 
rods, on both their short and long term performance. 

However such studies, as recently demonstrated from in vivo measurements of 
the loading to which spinal fixators are exposed to during range of daily activities 11991, 

could only partially reproduce realistic loading patterns. The reproduction of such test 
conditions in vitro apart from requiring highly sophisticated and costly test equipment, 
are fraught with several problems. These include both the effects of the test equipment 
on the tested spinal construct, for example inertial effects, and the long term 
degradation of biological specimens. In view of the complex environment and time 
duration under which spinal fixators are required to function, the development of test 

systems able to simulate in vivo loading patterns is critical for both the development of 
predictive models and the improvement of the design of spinal fixators. 

3.4.4 The effect of internal fixators on the fused spine 

The efficacy of spinal instrumentation [200-2021 and fixator rigidity [203,2041 in 

promoting vertebral bone graft fusion, have been investigated employing animal models 

and experimental studies. Animals with both bone graft and spinal instrumentation, 

exhibited a significant increase in fusion rate, ranging from 71% to 100%, compared to 

the use of bone graft alone with values ranging up to 57 % [200,2011. Animals without 

either system showed no spontaneous fusion. The spines, harvested six months post 

surgery, underwent mechanical testing. The tests showed that the instrumented spines 

exhibited a significant increase in torsional stiffness, a higher bone volumetric density 

and bone trabecular mean diameter, and a significant reduction in both axial and flexural 

strains when compared to non-instrumented spines [2001. These studies clearly indicate 

the beneficial effects of spinal instrumentation in promoting fusion, thus lending 

support to clinical findings (section 3.4.2). 

However several questions remain unresolved, in particular, the ability of spinal 
fixators to effectively control the immediate region of the fusion. A clear demonstration 

of this question was provided in recent study by Rohlmann et aL 11991, which 
suggested that excessive deformation of the fixator in vivo, with screw displacement in 
the vertical axis estimated to be 2-3mm., prevented fusion. In addition, a significant 
increase in the flexion moments was noted after the fusion process, with different 

patients exhibiting marked differences in both the pattern and magnitude of loads 
imposed on the fixators. Such questions are difficult in the absence of a standard injury 
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model, the difficulties facing long term test programmes employing complex loads of a 
dynamic nature and the paucity of reliable data on either the type or the magnitude of the 
complex loading which acts on spinal fixators in vivo. 

3.5 Internal spinal fixator design 0 

During the last decade, the recognition that spinal fixators face unique 
requirements has lead to a growing interest in investigating the effects of their design 

on the mechanical behaviour of the spine. In particular, the effects of fixator stiffness 
on the success of bone fusion, fixator configuration and components on its structural 
stability and transpedicular screws design on their performance in vertebral bone have 

all recently been investigated. 

3.5.1 The effect of fixator stiffness on the mechanical properties of fused FSU 

A number of experimental studies [200,2031 have reported that the instrumented 

segments exhibited reduced bone volume density, mineral content and width of bone 

trabeculae. These changes due to 'stress shielding', are caused by the disparity 
between the stiff fixator and the adjacent less stiff bone which effectively reduces the 
loads borne by the bone. The mechanical stimuli applied to the bone are thus decreased 
leading to remodelling of the bone. Although 'stress shielding' implies a structurally 

weakened spine, the instrumented spines were reported to exhibit an increased cross 

sectional area of fused mass and a significantly higher mechanical stiffness in 

comparison to non-instrumented spines ex vivo. 
It was also interesting to note that the bone content actually increased after six 

months when compared to three months post surgery [2031. The change in bone content 

was thought to occur due to loosening occurring at either the fixator components or the 

screw-bone interface, which led to an increase in the effective load borne by the spine. 
This observation could support the reports that the failure of spinal fixator after a period 

of five to six months did not affect the clinical outcome [182,1831. 

The possible advantages of an experimental fixator with time dependent 

stiffness in promoting bone fusion have been investigated [204]. Spines instrumented 

with an experimental fixator containing biodegradable viscoelastic washers at the nut- 
plate junction, harvested at 60 and 180 days post-surgery, revealed a reduction in 

porosity within cancellous bone when compared to spines instrumented with a rigid 
fixator. The analytical part of the study predicted that the experimental fixator increased 

vertebral body stresses by 20% whilst reducing localised stresses around the implanted 

screws. These studies clearly indicate the effects of fixator stiffness on bone quality 
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and point to the likely benefits of varying implant rigidity with time in promoting spinal 
fusion. 

3.5.2 The effect of fixator configuration and component design 

Effect of configuration on structural stability: Spinal fixators are required to 

maintain the spatial relationships of the instrumented spine, as established during 

surgery, under physiological loading over relatively long time periods. This is of 

paramount importance, as studies on the fixation of long bones have shown that 

uncontrolled excessive strains, due to fixator instability, will delay or disrupt the fusion 

processes [205,2061. 

Structural stability of spinal fixators depends on fixator geometry both initially 

and with time, for its ability to share load with spinal elements. Carson et al. 12071 

investigated the effects of screw insertion angles and fixator transfixation on fixator 

stability under complex loading, using a strain gauged instrumented fixator in a 
corpectomy model. Under loading in the transverse plane, the un-transfixed construct 
became unstable as the vertebral-screw transverse angle approached the sagittal plane, 

associated with a non-linear increase in the posterior reaction forces. Under axial 
loading, the system became unstable when displaced from a vertical configuration with 
the construct collapsing unless supported by a substantial fusion mass or by the facet 

joints. This behaviour was not seen for other loading modes. Transfixation of the 

vertical members stabilised the constructs under all loading modes, whilst reducing the 
forces and moments associated with linkage instability. 

Components design: Ashman et aL [2081 employed a corpectomy model to 
investigate the ability of internal plates and spinal fixator systems components, namely 
the longitudinal rods and transpedicular screws, to sustain the stresses developed under 

various loading regimes. The internal plate systems, one of which allowed for some 
degree of screw motion at the rod-screw junction, and the internal fixator system, were 
instrumented with strain gauges and tested under the following three test conditions; 
(i) Quasi-static loads of up to 45ON axial compression. 
(ii) 12.5 degrees of torsional rotation and dynamic loads over the range of 0±45ON 

axial compression and ± 2.3N-m axial torsion up to 1000 load cycles. 
(iii) Axial compression loads were used in combination with plastic vertebrae to test 
each system at 2 Hz loading frequency for up to 1 million cycles. 
Each of the systems exhibited low bending stresses at their vertical members with stress 
levels below 310 MPa, the endurance limit of 316L stainless steel. However, apart 
from the system which allowed for screw motion, termed screw toggle, the remaining 
systems exhibited stresses which exceeded the material endurance limit at relatively low 
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(175-270N) loads. Reported system failures were at the pedicle screw-plate junction, 

which correlated with previous clinical observations. 
It is clear that the role of the connecting elements and their structural 

relationships have important implications with respect to the loads acting on both the 

components of the fixator and the bone-screw interface. In contrast to the extensive 

studies carried out for fixators employed for the fixation of long bones, involving the 

effects of configuration [209,2101, frame stiffness and screw loosening [210,2111 and 

connecting elements [212,2131, little is known on their effects on the performance of 

spinal fixators. Such studies face great difficulties when applied to the more complex 

environment involving internal spinal fixators, particularly related to the inaccessibility 

of these devices in vivo. However it is paramount that this type of research be applied 
in order to enhance current understanding of the processes, which occur due to the 
interaction of the injured spine and the fixator and for the continual improvement of the 

performance of spinal fixators. 

3.5.3 Transpedicular screws performance in vertebral bone 

Screw design parameters: The majority of studies which have investigated the 

effects of transpedicular screws design parameters on their performance have used a 
quasi-static tensile test, termed the pull-out test. The procedure mechanically distracts 

the embedded screw along its longitudinal axis until failure, defined as a sudden 
reduction in the load-displacement response. A summary of the failure loads reported 
for transpedicular screws under tension is presented in Table 3.6. 

An increase in both the screw major diameter and the major to minor diameter 

ratio [13,1791, were clearly found to increase screw holding power in vertebral bone. 
However, the increase in the screw major diameter is limited as inserting a screw with 
major diameter of greater than 80% of the pedicle transverse diameter could cause 
pedicle expansion and fractures with consequent neurological consequences [215]. 

Similarly, a substantial reduction in flexural rigidity would occur when increasing the 

ratio of major to minor screw diameter from 1.2 to 1.4 [1791. Conflicting results were 
reported with respect to screw pitch. Krag et al. [1791 reported a finer thread pitch to 
increase pull-out strength, whilst Skinner et al. [2141 found that screws with coarser 
pitch exhibited higher failure loads and larger displacements to failure. However, it 

should be noted that the latter study included a variety of screw designs from several 
manufactures. Thread form, i. e. Buttress versus V-shape, were reported to exhibit 
only small differences although the buttress thread was recommended [179]. A common 
observation to all the reports was the overriding effects of the mechanical properties of 
the bone, with considerable inherent variability, on the performance of the screws and 
the overall experimental results. 
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Table 3.6 Peift)rmance qftranspedicular screws mider pull-oul testing. 

rence 
.................... 

Ncrewphysicalyropýrties Mean tailure load /N 
her Screw Diaineters /nuu Pitch (Standard deviation) ..... .... ........ -....... ..... * ........... 

[131 Steffe 6.5 3.0 2.75 903.0 
cancellous 6.5 3.0 366J) 

11 6.5 3.2 6551) 
Louis 4.8 3.0 653.0 

-11141 --- ---------------- - ---------------------------------- --- ................... ................................................................ ................. 
Wead shape 

v Butwess 

Steth 6.0 3.8 2.0 1376(692) 1978(868) 

6.0 3.8 3.0 1645(944) 1435(624) 

6.0 5.0 2.0 976(330) 1132(600) 

.......................... .......... ...................................... 
6.0 5.0 

............................... ..... 
3.0 

....................... 
715(253) 1248(440) 

........................................... ...................................... 
12141 Stet*l'c 6.5 2.9 2.8 1242(334) 

Howmedica 6.0 4.3 2.5 625(425) 

AO Schanz 5.0 3.8 1.75 828(395) 

Roy-Camile 3.5 1.7 1.25 418(268) 

AO-modified 6.5 5.0 1.75 1136(479) 

Controversy still remains with respect to the clinical validity of the pull-out test. In 

i4vo failures oftranspedicular screws are generally considered to be caused by bending 

stresses 1173 1. However, the pull-out test does have a number ofadvantagcsý 
(1) it may be considered as the 'sirnplest' loading case which can provide information in 
the initial stages of screw design and 
(ii) systerns based on the internal plate principle, which rely on close contact with 

vertebral osseous structures, will subject the screws to a higher axial load than those 

used by internal fixators. The axial loading of the screws is also important in systems 
involving unconstrained screw-plate arrangements. Thus with the absence of reliable 
data on either the type and magnitude of the complex loading which act on Such screws 
in vivo, the pull-out test is still useful in the initial stages of screw design, 

At present, little data exists with respect to the mechanisms underlying either the 
interface failure process, or the state of stress-strain at the screw-bone interface as 
affected by screw design. In a related study Evans et al. 

12161 
, cuiploying photo elastic 4D Z71 

models, observed the majority of the load to be distributed along the first few threads 

closest to the applied load. In addition, the area between the crests of the threads was 

subjected to high shear loads. However, the authors did not report the effects of screw 
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design parameters on the stress distribution along the thread. Although this study was 
carried out on a uniform material, and therefore differs from the three dimensional 

structure of cancellous bone, it highlights the complex state of stress likely to exist at 
the screw-cancellous bone interface. 

Dynamic testing: Wittenberget A E2171 employed both human and bovine lumbar 

vertebrae to investigate the degradation of the bone-screw interface under cyclic 
compression loads. The loads, 217±33 N, were applied under displacement control at 
3Hz loading frequency up to 5,000 cycles. These loads were selected as they 

corresponded to the estimated static values sustained by such screws in vivo. The 

study revealed no significant differences between the various screws designs in human 

vertebrae, a significant difference when embedded in bovine bone. The results were 

explained by the differences in bone density between bovine (0.15±0.10 Mg. m-3) and 
human (0.90 ± 0.04 Mg. M-3) specimens. Of interest was the observation that the 

reduction in the ability of the bone to sustain the loads at the interface was similar 
between both test mediums. 

Fatigue failures of transpedicular screws, reported to occur at the first screw 
thread [1791, have highlighted the importance of avoiding stress risers at the screw- 
thread junction. Similarly, bending of the screws, which can occur during screw 
insertion, was reported to cause a reduction in fatigue strength [2181. For example, a 
30* bending deformation of the screw caused a 50% reduction in fatigue strength. Of 

the screw design parameters, the screw major diameter was reported not to affect the 

screw fatigue strength [2191, whilst an increase in the minor diameter caused a 

significant increase in both the static and fatigue strengths [2201. 

Effect of screw placement with respect to vertebral morphology: The 

extent of screw insertion has been debated in the clinical literature with conflicting 

views based on safety [1731 and overall screw performance [178,2211. Experimental 

studies have also reported conflicting results, as summarised in Table 3.7. Zindrick et 

aL [131 reported that increased insertion depth had no significant effect on pull-out 

strength, unless an encroachment of the vertebral anterior cortex was achieved (Table 

3.7). By contrast, Krag et aL [2221, reported that an increase in insertion depth 

produced a significant effect on pull-out strength. Similarly, under moments [2221 and 
cyclic loads [131 applied in the sagittal and transverse planes, the increase in insertion 
depth caused a significant increase in screw performance. Although a direct inter-study 

comparison is difficult due to the limited data regarding the material or mechanical 
properties of the tested vertebrae, it might be concluded that increased insertion depth 

probably increases screw performance. 
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Table 3.7 Screw pcýtý)rmunce tis (Ififliclion (#'111sci-lioll 

Reference Test (Plane) Screw insertion Increase in screw fallure 

IlUmber depth /% loads (sk-mificance) 
[131 Pull Out 50 to 100 N. S 

Cyclic (Transverse) 50 to 100 

11 (sagaittal) 11 

[2221 Pull Out 50 to 80 1ý 
Monicnts, (Transm-se) 11 ý1ý 

11 (Sagittal) II 

Screw insertion dcpth such 1001/c I'Cfel'S tO the MaXIML1111 available distance 

between the insertion point of the screw Lip to and including the anterior cortex. 
P<0.05, N. S: Not significant, P>0.05. L- 

3.6 Ainis and Objectives 

This literature survey has demonstrated that the overall stability of a spinal fixator is 

dependent on the components used and the way in which these components are 

assembled. Thus, it is hypothesised that, with specific reference to the AO Fixature 

Interne, the design of the fixator clamps and the HICILIsion of transverse elements are 
likely to affect the inechanical response of an internal spinal fixator. To test this 
hypothesis: - 

I)A series of jigs have been developed in association with a corpectomy model 

Litillising a plastic vertebral analogue, to test the fixator under senes of' prescribed test 

modes. 

2) The fixator was instrumented with , train gauocs and the loading on individual 

components measured and compared to analytical models. This approach enabled the 
determination ofthe nature ofthe load response pathways. 

An initial study also examined the design of transpedicular screw thread parameters on I 
the failure ofthe screw-bone interface under tensile loads. 
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CHAPTER 4 

The Development of a Constrainmentfigfor the Testing of a Single 
Vertebra 

4.1 Introduction 

The first phase of the research was designed to evaluate the effects of screw 
design variables and vertebral morphological features on the holding power of 
transpedicular screws. This evaluation would be achieved under the application of a 
quasi-static tensile force using a materials testing system to pull-out a transpedicular 
screw embedded in vertebral bone. Previous studies have constrained the vertebra to 
the load train of the material testing system by the use of a jig with the vertebra 
embedded in cement or a low melting metal [13,1791. However, such an approach is 
limited and may lead to inherent changes in the measured stiffness of the encased 
vertebra, as well as restricting examination of the integrity of the osseous structures 
during the test. Therefore it was decided to design a testing jig with the following 
design requirements: - 

a) The jig will locate and constrain a single vertebra or a whole lumbar segment for 

the purpose of mechanical testing, in the form of single and complex loads. 

b) The constrainment method must not damage or interfere with the function of spinal 
structures and allow for full access and observation of spinal structures. 

c) The jig could be used with either a material testing system or custom built loading 

platform in a saline environment. The tested specimen is required to remain moist 
throughout the test. 

The approach taken was to design the jig as a modular system incorporating a 
number of functional units. The design would feature a basic unit, termed the 
vertebral jig, which would be responsible for the location and constrainment of the 
spinal specimen. A number of auxiliary units would be designed acting as adapters 
between the loading platform and the basic unit, with functions appropriate to the 
specific test. Such a design approach permits ease of modification, where required, 
and greater flexibility by uncoupling the functions of location and constrainment 
from that of the overall jig function. 
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4.2 Design specifications 

The first two sections detail the design of the vertebral jig and the adapter used 
for the tensile test respectively. Section 4.2.3 details the force analysis carried out for 
both single and complex load conditions. Section 4.2.4 details the decisions taken in 
the dimensioning of jig components. 

4.2.1 Vertebraljig 

An annotated diagram of the design of the vertebral jig is presented in Figure 
4.1. Its specific features will be discussed in detail. 

Location and constrainment: Location refers to the ability of the jig to establish a 
dimensional and positional relationship between the vertebra and a reference point on 
the jig. This condition required specific, well defined, vertebral feature(s) with spatial 
positions which were both repeatable and unambiguous. These requirements were 
most optimally satisfied by the neural canal of the vertebra, which is nearly circular in 

shape, exhibiting relatively constant dimensions and to be located at the anterior- 
posterior axis of symmetry. The use of a cylindrical insert, (part number 3 in Figure 
4.1) with a diameter corresponding to the minimum sagittal diameter of the neural 
canal (Table 1.1), permitted the location of the vertebra in the horizontal plane. 
Vertical location was provided by the jig base plate, (part number 2a). 

Constrainment refers to the ability of the jig to maintain the spatial location of 
the rigid body during applied loading. In the context of the design, this refers to the 

clamping of the vertebra after it had been located. To fully constrain a rigid body the 

number of constraining reactions must equal its degrees of freedom, for example, 3 

reactions for 2-D and 6 for 3-D cases. However, this conditions does not ensure 
equilibrium, as geometrical inter-relationships between constraints will affect the 
overall constrainment of the body. For example, parallel constraining reactions will 
allow small rotational motions to take place. Thus, a series of design requirements 
had to be met namely, 

(i) the clamping method must not cause the deformation of the vertebral osseous 
structures. Two vertebral features were identified as providing large surfaces of 
relatively uniform shape, namely, the anterior concave surfaces of the vertebral body 
and the posterior border of the spinous process. The clamping arrangement involved 
two vertebral body clamps (part number 1c), with flat contact surfaces which 
conformed fully or partially to the anterior surface of the body from its base to mid 
height. This arrangement offered constrainment of the vertebra in both sagittal and 
horizontal planes, via the interaction of the clamps and the neural canal insert. 

,, ý, --ý 
027ý 
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Ia JTY base plate(vertcbra) I 2b Clamp leading , crew I L- 
lb Clamp leading screw 2 2c Spine process Clamp I 
Ic Vertebral clamp 2 2d Base plate end plate I 
Id Base platc end plate 23 Neural canal insert I 
2a Jig base plate(spinc 14 M5,1-0.91i cap screws 8 

process) 5 M5-10.8h Slottcd headscrew I 

1--'igLii-c 4.1 Vertebral. iig assenibh, diagram. 
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Constrainment in the vertical plane was provided by the interaction of the clamps with 
the jig base plate. A separate clamp (2c), which contained a V-notch in its contact 
surface, conformed to the full length of the posterior border of the spinous process. 
This clamp ensured vertebral constrainment under torsional and posterior and lateral 

shear loads. The vertical compressive loads were largely resisted by the 
_jig 

base 

plate. 

(ii) The clamping method had to be positive with the forces directed towards the 
location elements. This clamping method is of particular importance if reciprocating 
dynamic loads are applied to minimise the potential loosening of the clamping 

arrangement. Clamping devices, such as cam actuated clamps and lead screw driven 

clamps were considered. The latter design solution was chosen due to the relative ease 

of operation and manufacture. 

(111) As the jig may be used by other researchers, an additional requirement was that 

the clamping method would be designed so that it could only be operated in the 

manner for which it was originally intended. 

Range of adjustments: Most of the changes in vertebral n-iorphology occur at the 

medial-lateral and anterior-posterior planes of the vertebra as sunimarised in Table 

4.1. This includes the range of morphological dimensions and definitions which have 

previously been defined in Table 1.1. 

Table 4.1 Desigiir(iii, ýeof'(it6iistments, 10r, fi-v(itioii. jig. 

Vertebral structure Measuremcnt Range Adjustment 

site /111111 /111111 

ertebral body width VI), 
, ss 20.3-28.9 8.5 

the sagittal plane Vblll,, 17.9-25.5 7.6 
WIS 22.7 -29.8 7.1 

Vertebral body width "t Vb, 40.6-57.8 17.2 

in the ti-ansvei-se plane Vbit 45.4-59.6 14.2 

Neural canal diameter N c,,, 13.5-20.2 6.7 
Nct 19.8 -28.5 8.7 

Spinotis process lengtb SPI 16-47 1 31 1 1 X/ 1 -1 k/k, - -ý- NJ( -, II . . 

VI - Vertebral length (its defined in Table 1.1 ) 
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To provide for the variability in vertebral morphology, each clarnp traversed on a lead 

. screw with each clarnp-screw arrangement adjusted independently. The lead screws, 
each with aI nim pitch to allow for fine adjustments, were supported at both ends by 

the jig base plate to ensure smooth travel of the clamps. Each clarnp could be locked 

separately using locking nuts to ensure the retention ol'claniping force. This method 
has the additional advantage of ensuring the quick assembly and disassembly of the Z-- 
specimen Without the need for special tools 

Test loads: Previous studies involving the mechanical tcstln- of single vertebra 113ý 

1791 and single and multiple spinal levels [3,7,70,711 have generally employed quasi- 

stati tý 
194,0 

Z7, c loading. A few studies 51, however, have incorporated dynamic testing 

employing loads ofrelatively small amplitude at fi-equencies between I and 2 Hz. In 

the present study, the 
'jig 

was designed to accommodate the range of test loads 

detailed in Table 4.2. 

(i) Pull-out test: the pull-out test, as discussed in section 3. ý, -. -. 3, is a uniaxial quasi- 

static tensile test. It was therefore decided to use 1.5 times the maximum reported 

average screw-bone interface failure load, Table 3.6, leading to a desion test load of 
3kN, Table 4.2. 

Table 4.2 The range ofloadingfi)r test rig. 

Mechanical test Loading mode Load / Moment 

rainge 

Single vertcbra Telislic 0 to RN 

Single & Multl- Compressive 0 to I OOON r7l 

segment FS U's Sagittal and transverse shear 0 to 50ON 

Flexion, extension & lateral bending 0 to 36N in 
Torsion 0 to 15Nm 

(11) Multi-segincrit test: Under dynamic tests due to inertial effects, the loading on the 
jig components are likely to be of a higher magnitude than the 111PLIt test loads. 

Z-- 1-1 Z- In 

addition, the loading regime may involve the reversal of the applied loads leading to a I Z-1 
decrease in the fatigue life ofthe jig components. As defined in the literature review, Z7, 
little is currently known of the in vivo loads to which the spinal segments are exposed. 
It was therefore decided to use a factor of between 1.5 and 2.0 times the maxinium 
loads reported for spinal implant testing, Table 3.2. Z-- The one exception involved the 

compression loads, which were set to 2 times the static compression load OCCUrring in 
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a relaxed position (Schultz et al. [1121, Table 2.3). Although the adequacy of such a 
factor of safety can only be assessed under actual test conditions, it was thought 

reasonable for tests up to a loading frequency of I Hz. 

Materials: To simulate physiological conditions, the jig had to function in a saline 
environment. Therefore, the material(s) chosen must comply with properties which 
include corrosion resistance, adequate mechanical properties and good machinability 
characteristics. Three suitable materials were considered, namely Aluminium (series 
3 and 5), stainless steels (type 316L) and brass. No single material matched all of the 

above requirements, so more then one material was required. This approach would 

undoubtedly establish a galvanic cell and hence corrosion. Thus only two materials 
were chosen, namely stainless steel and brass. Stainless steel, being difficult to 

machine, was used for components of simple shape requiring structural strength, 
namely, the jig base plate, lead screws, neural insert and end plates, Figure 4.1. The 

clamps, involving more complex shapes, were made from brass. 

Safety: The jig must not: - 

(i) Deform or break throughout its operation. The structural integrity of jig 

components was provided through adequate dimensioning. 

(ii) Endanger or injure the operator due to either loose jig components or 

components with sharp edges. 
(iii) In addition, as the jig is to be used with animal and human tissues, it is 

essential that all of its components were accessible for cleaning. 

Operational constraints: - 

(i) The vertebral jig had to function in association with commercial materials 
testing systems. 
(ii) Manufacture was to be performed in the engineering workshop at Queen Mary 

and Westfield College. 

4.2.2 Jig adapter for tensile test 

A tensile test adapter was required to connect the vertebral jig to the material 
testing system. A diagram of the designed tensile test adapter is presented in Figure 
4.2. The overall experimental set up was designed to be fully floating to minimise 
the imposed bending and torsional moments under applied load. 
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3d 

AA 

018.00111111 

--------------- 

27.96 inni 80.00 111111 - 
99.00 

52.00 

SECTION A-A 110.000111 

Part Dcscription QTY Part Description QTY 

3a L- plate base plate 1 4 N KI 9/18 bearing 

3b L- plate vertical plate 1 5 NHK 7/10 bearing 

3c Bearing vertical shalt 1 6 M5*0.8h cap screws 
3d T-sliapc loadarm 1 7 M3 grub screw 
3c 'F- load arm bearing shaft 1 8 IRR Se 1000 retainino rino I 

9 Mg"- 1.75 flex nut 

Figure 4.2 Tensile test adapter assembly diagram. 

Page 54 



The design Solution employed an assembly of two structures. The L-plate (part 311 and 
3b), which is connected by a vertical shaft (3c) to the vertebral ji- base plate through 

it ball bearing (4), allowing it to freely rotate along the X-Y plane of' the jig. The T- L- L, 
shaped load arm (3d and 3e) incorporating two ball bearings (5) was inserted into the 

L-plate vertical section through the vertical slot and Secured to the lower crosshead. 
This arrangement allowed free travel of' the L-plate in the Y-Z plane of the jig. The 

embedded screw was secured to the Lipper crosshead which, in turn, was secured to 

the material testing system via it ball link coupler. A photograph of' the complete Z7 
assembly with it model vertebra is presented in Figure 4.3. 

ii 

Fh, ure 4.3. Photograph qI'vertebmijig- tensile test adapter assemblv. 

(The individual components are detailed in Figures 4.1 and 4.2) 
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4.2.3 Theoretical analysis 

This section is divided into three main parts. Firstly, vertebral spatial 
constrainment by the Jig is assessed analytically. The loads occurring at the various 
components under both tensile and complex load cases are then computed. Finally, 

the decision taken for components dimensioning are discussed. 

J223 Adequacy of constraint: Based upon the jig configuration and geometrical data 1, 

illustrated in Figure 4.4, the constrainment force vectors (Sxy, z), and the 

displacement vectors (rx, y, z) were established (Table 4.3). 

F 
J 

c 

S 

5min 

44.00nim 

22.00inni 

Figui-e 4.4 Vertebralfig constrailits: a schematic diagram and reactions numbering 
ft)r the three constraining clamps (ýfthe vertebralfig. 

The calculation of forces and moments acting on a constrained rigid body in space Z71 
requires that they are statically determinate, i. e. the number of supports or 

constraining reactions must be equal to the number Of unknown forces and moments 

to maintain mechanical equilibrium. This calculation involves the formulation of six 

linear homogenous equations, describing the six constraining reactions with reference Lý 
to a fixed point on the body. The body will be assumed to be fully constrained in 

space it' all of the displacements and rotations are equal to zero or the determinant of 

the resulting 6 by 6 matrix is not equal to 0 12231. 
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The following assumptions were used for establishing the constraining reactions with 
the reference to point B, identified in Figure 4.4: - 
(i) The vertebra acts its a rigid body clamped by the threejio clamps. 
(ii) The opposing vertebral clamps apply constraints in the X, -Y and -Z ax. s tn 
(Iii) The vertebral jig base plate applies a vertical constraining force modelled to 

be located at the centre of the vertebral body. 

(iv) The posterior spine clamp applies constraints in the A and Y axis only. 

Table 4.3 Vertebralfig constraints: model elata. 

k-011SLIU111111(y : 

L- i 3nx 
reaction 

3nY 3nz Inx 
/111111 

I nz 
/mIll 

n=l 1 0.00 44.00 0.00 

n=2 0 -1 0 ROO 4400 090 

n=3 0 0 -1 0.00 44.00 0.00 

n=4 1 16.00 22.00 -12.25 
n=5 0 6335 2200 235 

n=6 1 0 6335 2200 255 

The displacement and rotations terms of the constrainnient matrix were 
12231 calculated using equation 4.1 

Snx- Ax + Sny - Ay + SlIz. Az + 
(I*ny - Snz+ I*nz - Sny)AOx+ (r[lz - Snx+ I'nx ' Snz)AOy+ ("nx - Sny+ "ny - Snx)AO/, 

(4.1) 

The resultant displacements and rotations were arranged in matrix form, D, 

and the determinant, IDI, of the matrix was computed as below: - 

AX Ay AZ AOX Aoy AOZ 

n= 1 0 0 0 -44.00 

n=2 0 -1 0 0 IDI 
Dn=3 0 0 -1 -44.00 0 0 => =28 64.6 8 : ý, - 0 (4.2) 

n=4 0 0 1 22.00 -16.00 0 

n=5 -1 0 0 0 -2.75 22.00 

n=6 0 1 0 -2.75 63.35 

where Ax, y, z refer to body displacements and AO x, y, z to body rotations. As the 

computed determinant is not equal to 0, it can be assumed that the jig is able to fully 

constrain the vertebra. 
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Pull-out test: The analysis of forces and moments acting on the various jig 
components through the constrained vertebra was performed with an external load of 
RN (Table 4.2). 

Model assumptions: A fully annotated diagram of the vertebral jig under the pull-out 
test with the relevant radius and force vector quantities is illustrated in Figure 4.5. 

For the purpose of analysis, the following assumptions were made-- 

(i) The vertebral body clamps were rigidly coupled to the vertebral anterior surface, 
thereby applying resultant force and moment reactions to be conferred 
perpendicularly to the vertebra-clamp surface. For convenience, the resultant vector 
of clamps A and B, (Figure 4.5) were converted from spherical co-ordinates (clamp 
A: 0= 305% 0= 105% clamp B: 55% 0= 105*) to Cartesian co-ordinates using the 
following relationships: - 

i= sinO coso 
j= sinO sino 
k= cosO 

(4.3) 

(ii) The neural canal pin was considered to be frictionless, thereby the reaction 
resultant acts in the X-Y plane of the jig. 
(iii) The posterior spinous process clamp was not rigidly connected to the spinous 
process, thereby applying reactions in X, Y and Z axes. 

The requirements for the static equilibrium of a three-dimensional rigid body 

are that both the resultant forces and moments are equal to zero 12233. The appropriate 
equations are detailed below with moments taken about reference point 0 (Figure 
4.5). 

JFx = Fsx + FAX+FBX- Fcx - 
FDX =0 (4.4) 

2: Fy=-F -F +F +F +F SY AY BY CY DY ý0 (4.5) 

JFz =Fcz -FAZ- FI3z =0 (4.6) 

IM, =r xF +r xF +r xF +r xF +r xF (4.7) AABBccDDs S+MA+MB =0 
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B and C; D: Neural insert; S: screw; 0: point about which moments were taken; 

(x, p and y. angles between resultant forces-, FI) & FC. and thejio X-Y and PI-4 X-Z planes) 
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The numerical values as indicated in Figure 4.5 were then employed to produce the 
following equations. 

1 Fx = 0.554FA+0.554FB- sinßcosyFc - cos(xFD+ 2673.02 =0 (4.8) 

EFy =-0.791FA +0.791FB +sinpsirryFc +sin(xF, ) -1361.98=0 (4.9) 

Y, Fz =-0.259FA- 0.259F11 + cosýjFc =0 (4.10) 

IMO= [-33.35i 22.00j 12.25k]XFA[0.554i -0.79lj -0.259k] 
+[-33.35i -22.00j 12.25k]XFB. [0.554i 0.791j -0.259k] 
+[-33.00i Oj 15.00k]xFc. [-sinPcos^ý sinpsin, ý cosAl (4.11) 

+[Oi Oj 30.00k]XFD'[-COS(X' sin(xlj Ok] 

+[-8.50i -21.45j 1125k]XI2673.02i -1361.98j Ok] 

+MA. [0.544i -0.792j -0.259k]+MB. [0.544i 0.792j -0.259k]=O 

The cross product of equation 4.11 was computed and, combined with 
equations 4.8-4.10, was re-written in matrix notation in the following equation. 

0.544 0.544 -sinßcosy -COS()( 0 0 

-0.791 0.791 -sinßsiny sina 0 0 

-0.259 -0.259 COS-f 0 0 0 
0.004 -0.004 0.015sinßsiny -0.03sin(x 0.544 0.544 

-0.002 -0.002 -0.03cosý+O. 015sinßsiny 0.03cos(x -0.791 0.791 

_O. 
014 -0.014 -0.03sinßsin-t 0 -0.259 -0.259j (4.12) 

FA 2673.02N 
FB 

-1361.98N 
Fc ON 
FD 16.68Nm 

MA 32.74Nm 
MB- 68.91Nm 

It is apparent that the above matrix containing 6 equations and 9 variables is 

under-determined. In order to reduce the system to static determinacy the following 

additional set of assumptions were required: - 

(i) In the X axis: the load is shared between the three clamps and the neural canal 
insert. However, due to the direction of the pull-out force, some of the load acting on 
the two anterior vertebral body clamps is reduced, thereby imposing most of the load 

on the neural insert and the posterior vertebral clamp. As the neural insert is 
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connected via a screw to the jig base plate, its structural stiffness is much smaller then 
that of the posterior vertebral clamp. Therefore, for the purpose of analysis, the 

majority of the pull-out force directed along the X axis is considered to be taken by 

the posterior vertebral clamp. 
(ii) In the Y axis: the load is likely to be resisted by the vertebral body clamp 
opposing the direction of loading, the neural canal insert and the posterior vertebral 
clamp. Although the vertebral body clamp and the posterior vertebral clamp are 
likely to be the main load bearing structures, it is difficult to asses the load sharing 
between the three structures. 
(iii) In the Z axis: although there is no external force in the Z axis, the height 
differential between the screw load vector and the vertebral body clamps will impose 
loads in this axis. However, the load sharing between all of the three clamps is 

difficult to asses. 

These assumptions have led to the following conditions: - 
- The resultant force for the posterior vertebral clamp was set at a ratio of 3: 2: 1 

with respect to the clamp X, Y, Z axes. The unit vector of this force was established 
from the following equation [2231. 

[Xji [Y]i [z]k 
+ Y2 + Z2 

VXT+ 
YF--jT ,ý ý2 + Y2 + Z2 x+x 

Using the prescribed ratio, yields: - 

FC=FC[-0.802i 0.535j 0.267k] N 

(4.13) 

* The X and Y components of the resultant force for the neural canal insert were set 
at a ratio of 1: 1. The vector quantity of force, FD, was set using the prescribed ratio 

and equation 4.13, leads to: - 

FD = FD'[-0.707i 0.707j 0.000k]N 

The appropriate values were incorporated into equations 4.8 - 4.11, the cross product 
of equation 4.11 re-computed to produce the following matrix. 

0.544 0.544 -0.802 -0.707 0 0 FA --2673.02N- 

-0.791 0.791 0.535 0.707 0 0 FB 1361.98N 

-0.259 -0.259 0.267 0 0 0 Fc ON 
* (4.14) 

0.004 -0.004 -0.008 -0.011 0.544 0.544 FD 16.68Nm 

-0.002 -0.002 -0.020 -0.011 -0.791 0.791 MA 32.74Nm 

L 0.014 -0.014 -0.016 0 -0.259 -0.259j LMBJ L 68.91Nm j 

Page 61 



The above linear set of equations in the form of, [A]. [X]=[B] were solved by the 
following equation. 

[BI = [A] -1 - (4.15) 

with [A]: Coefficient matrix, [XI: Solution vector [A]-I: Matrix Inverse, to 
produce a solution vector for the pull-out test equal to: - 

3575. OON FA 

462.90N FB 

3874. OON Fc 1x1pull 

- out 2505. OON FD (4.16) 

-32.37Nm 
MA 

L145.92Nmj LMBJ 

Multi segment testing: A force and moment diagram for the multi-segment test is 

illustrated in Figure 4.6. This analysis examined the FSU and multi-segment tests, 
*J 

which involve the application of forces and moments along all three ax. , of the 
jig. The forces were taken to act at the geometrical centre of the top vertebra, Ll, 

of a whole lumbar segment, i. e. 5 vertebrae and 4 intervertebral discs. The mean 
vertebral height was approximately 25.2mm(Table 1.1) and the mean 
intervertebral disc height set to 11.2mm [561. For the appropriate computation the 
following assumptions were made. 

(i) The horizontal shear force, FV= -50ON (Table 4.2), along the X axis is 

resisted by the neural canal insert and the posterior vertebral clamp. 
(ii) The horizontal shear force, FS =-50ON (Table 4.2), along the Y axis is resisted 
by the vertebral clamp (B), the neural canal insert and the posterior vertebral clamp, 
(iii) The vertical force, Fp = -I OOON (Table 4.2), is resisted predominantly by the 
jig base plate and, to a lesser extent, by the vertebral and spinous process clamps. 
(iv) The applied external moments, MExternal, = i. e. flexion / extension, lateral 
bending and torsional moments, were set as [36i, 36j, 15k]Nm, from Table 4.2. 
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Spatial dimensions and force data 
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-0.259k 
0.267 

0.000k 

0.000k 

- 1.000k 

0.000k 

15.000k 
.................... 

The appropriate cquations are detailed below, in a similar manner to the pull-out test, 

with moments taken about reference point 0, Figure 4.6. 

Y, Fx =F2ýx +Flix -Fý x -F1)x -V=O (4.17) 
4c 

jFy =-FAY + Fliý, - F, 
ý, + FI, y -S=0 

Az 
F+Fp0 (4.19) 1 F�, =F liz CZ 

M, = r,, x F,, + r, x FB + r(. x F(, + r, ) x F, ) + rs xS (4.20) 
rl, xP+r., XV+ MExtersial 
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The numerical values as indicated in Figure 4.6 were substituted into the 

above equations and re-written in matrix notation in the following equation: - 

0.544 0.544 -0.802 -0.707 

-0.791 0.791 -0.535 0.707 

-0.259 -0.259 0.267 0 

0.004 -0.004 -0.015 0.011 

-0.002 -0.002 -0.022 -0.011 
0.014 -0.014 -0.030 0 

0 Fý\ 

0 Fli 

0.544 0.544 F, ) 
-0.791 0.791 m 

i\ 
-0.259 -0.259 -mli 

-500. OON 

-500. OON 

-1000. OON 

(36 + 85.4)Nm 

(-36 - 85.4 - 16)Nin 

(15 + 8)Nm 

(4.21) 

The above linear set of equations were solved using equation 4.15, to produce a 

solution vector for the multi-segment test of: - 

[x1 
Nikill, C. LIllcllt ý 

- 115 1. OON 

-504.0 1N Flý 

-529 1. OON f(ý 

5398. OON F� 

2 20.2 1N in mA 

-19.66Niii -Mil 

4.2.4 Jig components design 

(4.2 4) 

The final procedure in the design of the jig was the dimensioning of its 

components. The maximum values as computed from both test cases (equations, 
4.18 and 4.24) as detailed in Table 4.4, were than employed for the dimensioning 

of the appropriate components. 

Table 4.4 Vertebralfig components design loads. 

Vertebral body clamps 3575-[0.554i. 0.791,0.259k] 220-10.5541,0.79 1j, 0.25 

Pa-e 64 

SpinOLIS process clamps 5291. [0.800i, 0.530,0.270k] 



Vertebral jig: The following jig components were identified as critical; the jig 
vertebral body clamps, the posterior vertebral clamp, the neural canal insert and the 
clamps lead screws. However, the exact calculation of the stresses acting on these 
components using analytical methods [2241, would lead to erroneous results. This 

error is a direct result of the methods based on Saint Venant's principle, not being able 
to accommodate the geometry of the jig clamps with a height to width ratio of 
approximately 1: 1. 

However, with the need for the dimensioning of theses components, an initial 

estimation of the stresses acting on the each of the above components were derived 

using analytical methods. The major design constraint was established suchythe 

stresses experienced by each component will not exceed the yield stress of the 

material. To account for uncertainty in the analysis, a safety factor of 3 was used 
throughout. The forces and moments acting on the clamps and lead screws assembly, 
it being an indeterminate structure, were computed using the design formulas 

provided in Shigley and Mischke [2251. 

Tensile test adapter: The following adapter components were identified as critical; 
(i) the vertical plate (part 3a, Figure 4.2), at the seat of the bearing demonstrates its 

minimum cross sectional dimension. 
(ii) the load arm (3d) and its associated bearing shaft (3e) and 
(iii) the screws (6) which secure the vertical plate (3b) to the base plate (3a). 
The stresses occurring at these structures were estimated using analytical methods 
[2241 and the dimensions set with the criteria stated for the jig components. 

4.3 Jig design validation - equipment and procedures 

A validation procedure was carried out to evaluate the jig performance and its 

compliance to the design specifications 
vertebral constrainment was evaluated. 

In addition, the reproducibility of the 

4.3.1 
. 

Materials and equipment 

Source of specimens: Three complete LI-L6 lumbar spinal segments harvested from 

pigs aged between 3 and 5 months were obtained from an abattoir two days post 
slaughter. On the day of retrieval, each lumbar spinal segment was disarticulated and 
the associated soft tissues were removed. Special care was taken in preventing 
damage to osseous structures during this process and the specimens were kept moist 
by spraying with saline solution. Each vertebra was re-wrapped in saline soaked cloth 
and inserted into a tagged self sealing plastic bag. The specimens were then frozen at 

-20* C until the day of mechanical testing. 
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Transpedicular screws: AO Schanz commercial screws having a major diameter of 
6mm. and a minor diameter of 4.8mm (Mathys AG., Bettlach, Switzerland, Cat N* 
296.69) was used for this validation study. 

Vertebral jig: The specially designed vertebral jig as illustrated in Figure 4.3 was 
employed. 

Tensile test adapter: The specially designed tensile test adapter as illustrated in 
Figure 4.3 was employed. 

Materials testing system: A universal screw-driven materials testing machine 
(Instron Ltd. UK, model 1124) was employed for the application of axial tensile 
forces. A 50ON load cell (Model 2518-204) was employed with a guaranteed 

accuracy ±0.5N. The crosshead displacement recorded on an X-Y chart recorder was 

guaranteed to ± 0.0 1 mm. 

4.3.2 Test procedures 

On the day of mechanical testing, each wrapped specimen was thawed in its 

plastic bag at room temperature for 3 hours. A pilot hole, equivalent to the minor 
diameter of the screw, was drilled into the pedicle under saline irrigation using 
landmarks described by Louis [2261. The Schanz screw was then inserted along the 
long axis of the pedicle to an insertion depth of 35mm. Special care was taken during 

screw insertion to align the screw parallel to the long axis of the pedicle. A second 

screw was then inserted in an identical manner into the contra-lateral pedicle. 
Each vertebra was then located onto the vertebral jig, via the neural canal 

insert, and the overall orientation established by fixing both the spinous process and 
the vertebral body with the appropriate clamps. The two vertebral body clamps were 
then tightened followed by the tightening of the spinous clamp. At this stage, a 
number of supplementary procedures were carried out. First, both horizontal and 
vertical markers were scribed on the anterior face of the vertebral body using a water- 
proof marker pen, to indicate any subsequent vertebral movement. Second, two 
screws, each having a flat metal rectangular surface with an area of 100MM2 soldered 
to the top of the screw, were inserted into the vertebral body surface. One of the 

screws was inserted orthogonally to the centre of the vertebra superior end-plate and 
the other, orthogonally to the lateral surface of the vertebral body. Both screws were 
inserted to a depth of 5mm. The vertebra was then covered with a saline soaked 
cloth to keep it moist until testing. 
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The upper crosshead of the material testing machine was displaced to its uppermost 
position to accommodate and secure the transpedicular screw into its V-notched jaws. 
The upper crosshead was then lowered until the jig T- load arm was within the V- 

notched jaws of the lower crosshead and secured in position, with the adapter 
assembly in a slack position. At this time, the load cell and chart recorder were reset 
to zero. The tensile test experimental set up is presented in Figure 4.7. 

The specimen was kept moist by wrapping its exposed surface with a saline 

soaked cloth throughout the mounting process. During the tensile test the specimen 

was exposed to allow the measurements of vertebral motion and to detect the overall 
integrity of the osseous structures. These conditions were not deemed to have any 

adverse effects on test results. The test was carried out at a room temperature of 
23*±2"C. 

Initial test: The dial gauges (Mitutoyo Ltd, Japan, Model guaranteed accuracy 

-H). O I mm), were mounted onto the material testing system in an arrangement allowing 
for the measurement of jig motions along the three orthogonal axes (Figure 4.7). 

Initially, the crosshead was moved at a low speed of 0.1 mm. min- I until the applied 
force reached 50N. At this time, adjustments were performed to ensure that the jig 

was aligned with the load train of the material testing system. The dial gauges were 
then assembled at their respective vertebral targets and reset to zero. The main test 

was then performed at a crosshead speed of 1.0 mm. min-1 as the screw was distracted 

until a maximum load was reached, followed by a rapid decrease in load, indicating 

failure of the bone-screw interface. Provided that there was no structural failure of 
the vertebra, the second screw in the contralateral pedicle was tested. For each test, 
jig motions for increasing amounts of tensile loads were registered and where 

appropriate, evidence of screw bending, vertebral failure or lack of vertebral 

constrainment was noted. Finally, the specimen was removed from the system with 

care, using the reverse of the setting-up procedures. 

Tensile adapter modifications: A number of modifications were required to the tensile 

adapter subsequent to the initial tests. It was found that the adapter was unable to 

ensure the alignment of the screw long axis with the material testing system load 

train, which led to the vertebrae being subjected to coupled bending and torsional 
loads. Examination of the adapter-jig structural relationship, revealed that the jig 

connection to the adapter did not coincide precisely with the direction of pull, due to 
the large transverse angle of the pedicle. This led to a difference in the force path for 
both the X-Y and X-Z axes, which caused bending and torsional loads to develop on 
the screw-vertebra assembly. In view of these observations, a two stage modification 
programme of the adapter was initiated. 
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Figurc 4.7 Tensile test experimental system., mitial coi ifigi Ira tiol 1. 

Intermediate test: The first modification stage aimed at the conversion of the fixed 

connection point to a fUlly ad'ustable one. This permitted a 11101-C aCCUrate alignment .1 11-1 
with the direction of force as applied via the transpedicuiar screw. The design 

solution used consisted of' the connection of both a flexible cable to the vertebral Jto 

via two cable posts and a band sling to the machine crosshead, as illustrated in Figure 

4.9. 

The procedure described in the preceding section was used to evaluate the 

performance of the modified Jig assembly. The test highlighted the need for Curther 

modifications ofthe tensile adapter. 
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Figure 4.8 Tensile test experimental system: final configuration. 

Final test: The final modifications involved the addition of height adjustment to the 
whole adapter assembly by the use of shims to elevate the cable locks above their 
posts, (Figure 4.8). The procedure previously described in section 4.3.2 

, was used 
to evaluate the performance of the modified jig assembly. 

4.3.3 Reproducibility test 

The reproducibility of the jig's ability to constrain the vertebra under applied 
tensile loads was evaluated employing similar procedures to those stated in section 
4.3.2. However, in this case separate vertebrae were tested each with a single Schanz 

screw inserted into the pedicle. For each test, jig motions were registered for 

increasing amounts of tensile loads. 
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4.4. Results 

4.4.1 Validation tests 

Initial test: Large motions were recorded by the dial gauges under increasing applied 
tensile load, Figure 4.9. For example, values of 2.0min were recorded in the initial 

test for an applied load in excess of 400N. These arose from a combination of 
displacement along the X-Y plane, while simultaneously displacing along and rotating 
about the jig X-Z plane. The majority of the measured jig motions occurred beyond a 
load of 20ON as evident by the sharp rise in slope at this load level (Figure 4.9). It 

was therefore clear, that the tensile adapter was unable to compensate for coupled 
bending and torsional loads, which were causing the observed jig motions. However, 

throughout the tests, the jig maintained vertebral constrainment with the marked lines 

remaining within O. lmni of their initial position, which was equivalent to the 

guaranteed accuracy of the mechanical vernier (Mitutoyo LTD, Japan). 
All of the tests ended with a sudden failure of the vertebra, occurring either at 

or close to the vertebral body - pedicle junction. The failure loads, as illustrated in 

Figure 4.10, yielded a mean value and a standard deviation of 773N and 85N 

respectively. However, in all cases, it was the vertebral body which had failed and 
the screws had remained firmly embedded in the pedicle. 

Intermediate tests: The modified system yielded a reduction in jig motion in both 

measurement planes. In particular, there was a four fold decrease in the jig X-Y 

plane, but only a 30% decrease in the jig X-Z plane (Figure 4.9). These changes 

yielded a corresponding increase of 21% in the vertebral failure load (Figure 4.10), 

although the vertebrae continued to fail prior to the failure of the interface. However, 

the jig still exhibited relatively large displacements in the X-Z plane with the jig 
demonstrating a sudden change in configuration at loads ranging from 20ON to 400N. 
This change in configuration could have been attributed to the height differential 
between the line of pull of the screw and that of the adapter when testing a range of 
differently sized vertebrae. 

Final tests: The modified system exhibited a further reduction in the X-Y and X-Z 

plane, with displacements up to loads in excess of 80ON not exceeding 0.017mm 
(Figure 4.9). There was an associated increase in vertebral failure loads with a mean 
value of 1170 ± 141N (Figure 4.10). However, the vertebral specimens were still 
exhibiting evidence of structural failure, prior to any observed macrodamage of the 
bone-screw interface. 

Page 70 



250 - 

200 

150 

loo 

50 

50 

100 

-150 

Initial : X-/ planc 
0 Initial : X-Y plane 
LI Interinediate X-Y plane 
Z hiterniediate X-Z plane 
0 Final X-Y plane 

Final X-Z plane 
0 

El 1 
-1 

n 

000 

T 

200 400 600 800 1000 
Applied tensile Force (N) 

0 

Figure 4.9, /ig design validation: measured. jig motion. 

1400 

1200 

- 1000 z 
7) 

800 

600 

400 

200 

0 
234 
Test nuniber 

Figure 4.10 Porcine vertebraefililure loads. 
=: Initial tests, M: Intermediate tests and E]: Final tests; n= 10. 

Page 71 



4.4.2 Reproducibility test 

The results of the reproducibility test with the systen-1 established in the final 

configuration are most conveniently presented in Table 4.5. It was clear that the jig 

exhibited sn-iall changes with respect to the motions for both measurement planes 

using three separate vertebrae of different sizes. For example, in the worse case with 

a force of 500N, the inotions of three vertebrae produced a mean and standard 
deviation of 0.04 ± 0.01 (min) and 0.12 ± 0.02 (mm) for the X-Y and X-Z planes 

respectively (Table 4.5). It was clear that increments of applied load did not always 

produce associated increases in jig motions. This change in pattern may have been 

caused by friction between the moving parts of the jig and, possibly, by motion ofthe 

screw within the vertebra. 

Table 4.5 Vertebral. jig reproducibilitY test: measured X, Yjig motions. 

Applied tensile 
force /N/ 

Measured. lig inotions /10- 11111) 
Test N' 1 Test N'2 Test N' 

........................ . ................... . ................................................................ . .................. . ....... . ............ 
X axis Y axis X axis y axis X axiý, 

3 
...................... 
Y axis 

0.0 0.0 0.0 0. () 0.0 0,0 0.0 

50.0 0.0 3.0 0,0 4.0 0.0 4.0 

100.0 0.0 5.0 0.0 6.0 0. () 6.0 

150.0 0.0 8.0 0.0 6.0 0. () 8.0 
200.0 0. () 7.0 2.0 6.0 2.0 6.0 

250.0 2.0 8.0 2.0 8.0 2.0 8.0 

300.0 2.0 IM) 3.0 10,0 2.0 10.0 

350.0 2.0 10.0 3.0 10.0 3.0 9.0 

400.0 4,0 12.0 3.0 10,0 4.0 10.0 

450.0 3.0 11.0 3.0 12,0 3.0 12.0 
500.0 5.0 13.0 4.0 14,0 3.0 10.0 

550,0 5.0 14.0 5.0 14.0 4.0 14.0 

600.0 5.0 16.0 5.0 16.0 5.0 16.0 

650.0 7.0 16.0 7.0 16.0 7.0 14.0 

700.0 7.0 18.0 8.0 16.0 7.0 16.0 

750.0 8.0 18.0 9.0 18.0 9.0 17.0 

800,0 9.0 16.0 9.0 18.0 9.0 18.0 
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4.5 Discussion 

In this initial investigation, a specialised jig was designed for assessing the 
mechanical performance of transpedicular screws and spinal fixator systems, under 
both quasi-static and dynamic loads. The design was intended to fully constrain the 

vertebra with minimal damage to its structures, whilst being able to accommodate 
differences in vertebral morphology. The jig was also required to permit easy access 
to the vertebral surfaces and provide observation of the vertebra during testing. 
Consequent to the design and fabrication of the jig and its associated adapter, a 
validation programme was carried out to assess the compliance of the design within 
its stated aims and the testing protocol. The results of both the tensile and 
reproducibility tests have clearly shown that the jig was able to successfully constrain 
the vertebra. The jig design also facilitated the observation of the vertebral surfaces 
during the test, which was of importance in determining the initiation and progression 
of the tested vertebrae structural failures. 

Although the measured failure loads were within the range previously reported 
for transpedicular screws pull-out tests, with mean values ranging from 375 to 1978N 
[13,1791, all of the failures in the present study occurred prior to the failure of the 

screw-bone interface. Thus these failure loads were not totally representative of the 

screw performance. However, the constraining method were not thought to influence 

the observed vertebral failures, as none of the failures occurred at or near the clamps. 
An additional advantage of the this constrainment method, is that unlike previous 

studies [179,214,2181, the vertebrae were not encased in cement. The present method of 

constrainment is less likely to affect the vertebral structural failure, compared to 

cement, which might have caused the reported screw-bone interface failures. In 

addition, the present system had the added advantage of providing a reduced time for 

the mounting of consecutive vertebrae for testing of the embedded screws. 
The initial method used to transmit the tensile loads from the material testing 

system through the jig via the tensile adapter, was shown to cause large coupled jig 

motions and visible bending of the screws during the tests. Consequently, the tensile 

adapter underwent a series of modifications to achieve both improved alignment and a 
continuous adjustment of the line of pull with the screw long axis (Figure 4.9). These 

modifications were shown to successfully reduce the coupled loads by two orders of 
magnitude. Although, these loads were not completely eliminated, some of the 
measured jig motions were probably caused by the motions of the jig-adapter system. 
These improvements led to a measured increase in the vertebral failure loads, with 
values approximately 47% higher in the final configuration compared to the initial 

system configuration. 
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Although porcine vertebrae were both relatively easy to obtain and 
convenient to test, the results suggested that they were not ideally suitable for the 
proposed testing programme. The tested vertebrae were noted to fail near or at the 
vertebral pedicle junction, with one vertebra actually failing at the pedicle. On further 
radiographic examination of the failed porcine vertebrae, it was clear that the 
vertebrae failed along their growth lines which, on visual inspection, were noted to 
exhibit areas of cartilaginous tissue along the failure lines. It was therefore decided to 
use bovine vertebrae for the subsequent studies with all vertebrae radiographed prior 
to testing to ensure they exhibited skeletal maturity. 

To summarise, the jig performed adequately by meeting all of its design 

requirements with respect to both the basic unit and the tensile test adapter. Similarly, 
the tensile test protocol developed in the present study was validated and could prove 
suitable for the assessment of the design variables on the performance of 
transpedicular screws under tensile loads. It is was therefore considered that the jig 

was successful in the combined roles of constraining the vertebrae, accommodating 
vertebral morphology and allowing access to vertebral structures. 
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CHAPTER 5 

The Performance of Pedicle Screws in a Single Vertebra 

5.1 Introduction 

Spinal internal fixators based on transpedicular screw fixation have been 

employed in cases involving spondylolisthesis, fractures, degenerated spines, and total 

vertebral replacement [176,186,2011. However, relatively few studies have evaluated the 

effect of design parameters on the performance of transpedicular screws in vertebral 
bone. Indeed of these, the effects of screw insertion depth and angle of insertion on 
performance in vertebral bone produced conflicting results (section 36.3). 

The aims of the current study are most conveniently listed as follows: - 

a) To evaluate the effects of the following screw design variables on screw performance 
using a number of commercial and experimental pedicular screws. 

Increased major diameter at the pedicle portion of the screw. 
Variable pitch involving a linear increase or decrease in screw pitch from the 
middle of the screw thread to its tip. 
Variable minor diameter involving a linear decrease in screw minor diameter 
from the thread root to screw tip. 

b) To evaluate the following effects of screw placement and dimensions on vertebral 
morphometry. 

The insertion depth of the screw into the vertebra along the pedicle-vertebral 
body axis. 
The transverse diameter of the pedicle with respect to screw design parameters. 
The major diameter of the screw on pedicle expansion 

c) To assess the nature and extent of failure at the bone screw interface using 
histological techniques. In addition, measurements of bone density and mechanical 
properties of selected vertebral specimens were performed. 
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5.2 Materials 

5.2.1 Source of specimens 

Sixteen complete Ll-L6 lumbar bovine spinal segments harvested from calves 
aged between 3.5 and 4.0 months, were obtained from an abattoir two days post 
slaughter. At retrieval, each lumbar spinal segment was disarticulated and the 
associated soft tissues were removed. Special care was taken in preventing damage to 
osseous structures during this process and the specimens were kept moist by spraying 
with saline solution. Each vertebra was re-wrapped in saline soaked cloth and inserted 
into a tagged self sealing plastic bag. The specimens were then frozen at -20* C, until 
required for mechanical testing. 

5.2.2 Transpedicular screws 

A total of twenty one transpedicular screws were tested, of which three were 
commercially available and the rest, the experimental screws, were specifically designed 
for the study. A photograph of selected screws representing the different test groups is 

presented in Figure 5.1. 

Commercial screws: Two AO Schanz screws having major diameters of 5mm and 
6mm (Mathys AG, Bettlach, Switzerland, Cat No 296.68 and 296.69 respectively), 
and one Cotrel-Dubousset (CD) having a major diameter of 6mm (SOFAMOR Ltd, 
France, Cat No 9136 ) were employed. Their physical dimensions are detailed in Table 
5.1. 

Experimental screws: Eighteen experimental screws, whose designs were based on 
the thread shape parameters of the AO Schanz screw, were manufactured to standard 
specification by Mathys AG, Bettlach, Switzerland. All screws had a 40mm thread 
length (Figure 5.2) which was divided into two reference sections each of 20mm. 
length, namely the cortical (CR), corresponding to the portion of the screw embedded 
in the pedicle and pedicle-vertebral body junction, and the cancellous (CA), 
corresponding to the portion of the screw embedded in the vertebral body. 

The experimental screws designs, numbers 4 to 19, were divided into three main 
groups: - 

(i) Major diameter: the major diameter of two screws (numbers 4 and 5) were increased 
by 0.5mm. in the CR region compared to the AO generic design dimensions, although 
the minor diameter and pitch were identical (Table 5.1). 

Page 76 



(ii) Minor diameter: the minor diameter of two screws (numbers 6 and 7) were 
decreased continuously from the thread root to the screw tip compared to the AO 

generic design, although the major diameter and pitch were identical (Table 5.1). 

iii) Variable pitch: the screw pitch of the remaining twelve experimental screws were 

modified compared to the AO commercial screw design in the following manner. The 

pitch in the CA section of two pairs of screws (numbers 9 and 14, and II and 17) were 
increased continuously from 1.75mm to 2.25mm, with a constant pitch in the CR 

section of 1.75mm and 1.5mm respectively. The pitch in the CA section of two pairs 

of screws (numbers 9 and 15, and 12 and 18) were decreased continuously from 

1.75mm to 1.5mm, with a constant pitch in the CR section of 1.75mm and 1.51Tii-n 

respectively. The pitch in the CA section of two pairs of screws (numbers 10 and 16, 

and 13 and 19) were decreased continuously from 1.75mm to 1.25mm, with a constant 

pitch in the CR section of 1.75mm and 1.5mm respectively. 

2Com 

2Exp 

M'5 

N" 7 

r 
. Tom- N" 14 

N" 16 

Figure 5.1 Selected commercial and experimental screws employed jbr inechanical 
testing in vertebral bone. 
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Figure 5.2 The physical characteristics qj'the experimental transpedicular screws. 

Table 5.1 The physical details oftommercial and experimental screws. 

Screw T pe Screw Design Parameters 
n. ur....................... 

y 
.............. I ......................................................................... .............................................................................. 

Major 0 /mm Minor 0 /mm Pitch /min 

Commercial 

I W, I Exp AO Schanz 5.0 3.8 1.75 
2(t), 2Exp 11 6.0 4.8 1.75 
P) Cottrel- 6.0 5.0 3.0 

Dubousset 

Experimental 
.......................................................................................................................................................................................................................... 
4,5 AO Schanz 5.5,6.5 (C R) 3.8,4.8 1.75 

.......................................................................................................................................................................................................................... 
6,7 AO Schanz 5.0,6.0 3.8-3.3 

4.8-4.2 
.............................................................................................................................................................. CX......................... CR ............. 

8,14 AO Schanz 5.0 6.0 3.8 4.8 1.75-2.25 1.75 
9,15 1.75- 1.50 
10,16 1.75- 1.25 11 
11,17 1.75-2.25 1.50 
12,18 1.75- 1.50 
13,19 1.75- 1.25 
CA and CR regions detailed in Figure 5.2, 

M: screw thread length = 35mm; all others screws had a thread length = 40mm; 
Screws denoted by bold numbers correspond to the higher values of maýjor and minor 
diameters. 
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5.2.3 Experimental test matrix 

The vertebral segments were conveniently divided into upper (T 12-1-2) and 
lower (1-3-1-5) segments. The 05 and 06 screws were allocated to the upper and lower 

segments respectively. This choice was based on clinical practice, where the 5rnrn 
diameter (05) screws are likely to be used at the higher lumbar levels which 
incorporated the relatively small pedicles. The use of both pedicles was designed to 

reduce biological variability by testing two screws in the same vertebra. Each 

experimental screw was compared to its respective generic design and to the appropriate 

screws in its design group, resulting in a minimum number of 9 pull-out tests per 

screw. The allocation of the screws to right and left pedicles were made in a random 

manner. The complete test matrix is summarised in Table 5.2. 

Table 5.2 Transpedicular screw test matrix. 

Variable Screw comparisons Vertebra level 

Commercial designs 
Insertion depth I" IExp LI-L3 

................ I ................................... 
2 <-4 2Exp &2"3 

.......................................................... I ................................ .......... 
1-4-1-6 

................ I ........... I ........................ 
Experimental designs 

Major diameter I Exp<-> 2Exp &I Exp <-4 4 1-1-1-3 

........... I ....................................... 
2Exp "5 

..................................... I .................................................................... 
1-4-1-6 

..................................................... 
Minor diameter I Exp <-4 6 1-1-1-3 

2Exp <-->7 
........................ ...................... I ............... . 

1-4-1-6 
.... ........ ....... Var . iab .I. e.. P. i. t. C. h....................... ..................... . ................... ...................................................... 

a) CA region (8" 9) " 10 

(I N-4 12)<-> 13 

b) CA and (14<--> 15)<-->16 

CR regions (17<-4 18)<-->19 

: (8,9,10) <-> I Exp LI-L3 
(11,12,13)<-> 1 Exp L4-L6 

................................................................. I ......................... 
: (14,15,16)<-4 2EXP LI-L3 
: (17,18,19)<-> 2EXP L4-L6 

<-4: Indicates comparison between ,, crew numbers; 

5.3 Test Equipment 

5.3.1 Vertebraljig 

The specially designed vertebral jig, which was described in detail in chapter 4 and 

illustrated in Figure 4.8, was employed for the quasi-static tensile testing of the 

embedded transpedicular screws. 
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5.3.2 Testing systems 

Screw testing: A universal screw-driven material testing machine (Zwick AG, 
Germany, Model 1474) was employed for quasi-static tensile testing of the embedded 
transpedicular screws. The load cell was employed in the range of RN, with a 
guaranteed accuracy of ± 3N. The displacement of the actuator was accurate to a value 
of ± 0.0 1 mm. The load displacement curve was recorded on the machine integral X-Y 

chart recorder with a guaranteed accuracy of 0.0 1% of the load range. 

Bone specimen testing: A universal screw-driven material testing machine (Instron 
Ltd., UK, Model 6025) was employed for quasi-static compression testing of the 
bovine bone specimens. The load cell (Model 2518-204) was employed at its full scale 
range of lkN with a guaranteed accuracy ±lN. The deformation of the specimens was 
measured with an extensometer (Model 2620-602), with a guaranteed accuracy of 
±0.01mm, with input and output connections to the Instron. The load-displacement 

curve was recorded on the machine integral X-Y chart recorder. 

5.3.3 Image analysis system 

An image analysis system was employed for the measurements of the screw 
displacement to failure. The system consisted of a camera (BTS Ltd, Germany, Model 
TYK 91) mounted on an illumination table via a clamping arrangement allowing for 
height and tilt adjustments. The resulting image, was analysed using image analysis 
software (MaJiScan M2, Applied Image International, Sunderland, UK) programmed 
on a 286 IBM PC. 

5.3.4 Bone specimens preparation system 

The EXACT cutting/ grinding system (EXACT, Germany) was employed in the 
preparation of vertebral specimens for both density and mechanical measurements and 
for the preparation of histological specimens. The system employs a diamond coated 
band saw to section the specimen under water irrigation. The clamping device, mounted 
onto an undercarriage via a lead screw, permitted specimen advancement by O. Imm 
increments with respect to the cutting blade. Sectioning of the specimen was facilitated 
by the translatory motion of the undercarriage with respect to the blade cutting plane, 
with the cutting feed rate regulated by the use of staked dead weights. 
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5.3.5 X-ray device 

A self contained X-ray device (Hewlett Packard Ltd., USA, Faxitron Model 
43805N) was employed to radiograph the vertebral specimens, using 800 ASA 
Polaroid film (Polaroid Ltd., USA). The system was optimised at 80keV for a 45 
seconds exposure time. A ratio of 0.99 was employed to account for radiographic 
parallax. 

5.4 Test Procedures 

5.4.1 Morphometric measurements 

On the day of mechanical testing, each wrapped specimen was thawed in its 

plastic bag at room temperature for 3 hours. A series of morphometric measurements 
were then made using a mechanical vernier (Mitutoyo Ltd, Japan), with a range of up to 
150mm and a guaranteed accuracy of 0.1mm. These included, 

a) Three measurements of the transverse diameter of the vertebral body through top, 
mid-height and bottom sections. 
b) Two measurements of the anterior-posterior diameter of the vertebral body through 
top and bottom sections. 
c) Measurements of the transverse and sagittal diameters of the right and left vertebral 
pedicles. 

All the measurements were carried out with the vernier parallel to the transverse plane of 
the vertebral body and recorded on a specimen registration form. The specimens were 
kept moist between measurements by wrapping in a saline soaked cloth. 

5.4.2 Transpedicular screw insertion 

A similar procedure to that detailed in section 4.3.2- was followed with two 
modifications. First, the screws were inserted to an insertion depth of 35mm for 
commercial screws and 40mm for experimental screws. In addition, the pedicles were 
inspected for external signs of damage and their transverse and sagittal diameters re- 
measured using the procedure described in the above section. If pedicle damage had 
occurred, the pedicle was excluded from the test. 
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5.4.3 Radiographic measurements 

Each specimen was positioned at the centre of the X-ray device tray with the 
Polaroid film underneath it and radiographed. The resulting photograph. was inspected 
to examine both the position of the embedded screw and the physical state of the 
vertebral bone. Specimens presenting screw encroachment of the anterior cortex or 
vertebral pathology were eliminated from the study. 

5.4.4 System preparation 

The preparation procedure, including the mounting of the vertebral specimen on 
the experimental jig, was performed similarly to that described in section 4.3.2, 

although vertebral body marker screws were not used in the present study. 

5.4.5 Testing environment 

The specimen was kept moist by covering its exposed surface with a saline 
soaked cloth throughout the mounting process. During the tensile test, however, the 

specimen was exposed to allow observation of the location and progression of any 
failure within the vertebral structure. The test was carried out at room temperature of 
23 ± 2"C. 

5.4.6 Tensile test 

Pilot study: It was important to establish the load displacement behaviour of the 

experimental system. This was achieved using a series of tests with a vertebral 
analogue made from aluminium. The pilot test set up is illustrated in Figure 5.3. 

An initial tensile force was applied at a crosshead speed of 5.0 mm. min-1 up to 
a force of 150 N. At this time, any adjustment was performed to ensure that the jig 

was aligned with the load train of the materials testing system. The test was then 
commenced at a crosshead speed of 1.0 mm. min-1 as the screw was distracted until a 
maximum load of 2.5kN was reached, at which time the load was reduced to zero. The 
test consisted of 3 repeat sets. Within each set, there were 2 separate tests separated by 
2 minutes. Between sets the intervals were 15 and 30 minutes. 

Main study: It was essential in the main test to adjust the jig and align it with the load 
train of the material testing system. This alignment was achieved by a pre-test 
procedure at a load rate of 0.1 mm. min- I up to a small load of 50N. The test was then 
commenced at a crosshead speed of 1.0 mm. min-1 as the screw was distracted until a 
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maximum load was reached followed by a rapid decrease in load, indicating failure at 
the bone-screw interface. Provided no structural failure of the vertebra was observed, 
the second screw in the contralateral pedicle was tested. 

Figure 5.3 Experimental set up j6r the measurement of the test system load- 

displacement behaviour. 

At the end of each test, the specimen was removed from the jig following the reverse of 
the steps taken in the mounting procedures. The vertebral specimen was radiographed 
again to examine its internal structure for any signs of gross failure. Finally, the 
specimen was wrapped in the saline cloth, inserted into the tagged self sealing plastic 
bag and re-frozen at -20*C for any subsequent processing. 
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5.4.7 Data analysis 

For each screw the failure load was registered in addition to, where appropriate, 
evidence of screw bending or vertebral failure. The screw displacement to failure was 
also measured. This displacement was estimated by drawing a line through the 
linear portion of the load-displacement curve. The point of maximum load on the 

response curve was identified and its horizontal deviation from the corresponding point 
on the linear marked line was then measured, using a mechanical vernier (Mitutoyo Ltd, 
Japan). In addition the screw-bone interface stiffness was estimated from the linear 

portion of the load-displacement curve. 
For each of the three measured parameters, the results for each screw design 

group were combined and compared using a two tailed unpaired Students Mest. 

5.4.8 Supplementary Procedures 

A number of additional procedures were carried following the main tensile test. 

Radiographic evaluation of vertebral specimens: A calibration method to 
define system resolution involved an object, a one pound coin, acting as a calibration 
benchmark. The camera was set at a distance of 300mm, from the coin, its image 

acquired, and its diameter measured from two points on diametrically opposite edges 
with a light pen. The coin diameter, previously measured at eight separate diameters 

with a mechanical micrometer (Mitutoyo Ltd, Japan, range 0-25mm, accuracy ± 
0.0 1 mm), with a mean value of 22.45 ± 0.0 1 mm. was used to establish the resolution 
of the image analysis system, computed to be 0.005nim per pixel. It should be noted 
that this calibration constant is only valid for one specific object to camera distance. 

A typical measurement of screw displacement was carried out in four stages. 
Initially, the pre-test X-ray photograph was positioned at the centre of the photographic 
plane and the image acquired. The contours of both the surface and the neural canal of 
the vertebra were detected and the image background removed by the use of a selected 
threshold level. The zone around the screw tip was magnified four-fold, the screw tips 
marked using a pen marker and the spatial position of the markers saved on a file. A 

second file was then saved involving an image of the vertebral contours without the 
screw markers and presented on the screen. This second image allowed for the accurate 
alignment of the post-test photograph to that of it pre-test, whilst preventing 
measurement bias. The post-test photograph was then acquired and processed in a 
similar manner to the pre-test image. Finally, the pre-test screw markers were 
superimposed on the post-test image and the distance between both set of markers 
measured. 
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Mechanical evaluation of vertebral bone specimens: Six of vertebrae were 
chosen for furthcr investigation to include those which exhibited pull-out loads, which 
represented both mean and extreme values. These vertebrae, as detailed in Table 5.3, 

yielded a number of distinct bone specimens. Several specimens obtained from the 

vertebral body were subsequently employed for bone density and mechanical properties 

measurements, whilst two specimens obtained from the pedicles were used for 

histological investigation. 

Table 5.3 Vertebral specimens chosen, forfiirther tests. 

Specimen 
number 

Screw number 
Left pedicle Right pedicle 

5L6 2Exp 14 

6L2 98 

1 OL6 15 16 

1 IL2 13 12 

1 IL6 19 17 

14L2 III Exp 

(i) Specimen preparation: On the day of mechanical testing, each wrapped specimen 

was thawed in its plastic bag at room temperature for 3 hours. Ideally, the sectioning 

of the vertebrae would be carried out with the transpedicular screws in position. 
However, the sectioning of the interface with the still embedded screw was found to 

cause irreversible damage to the interface. Therefore, the screws were carefully 

extracted to avoid damage to the interface. Each vertebra was mounted onto the 

specimen holding device of the EXACT system with the vertebral inferior end plate 

parallel to the saw blade. The first cut removed this inferior end plate using the band 

saw under constant water irrigation, exposing the cancellous bone. The vertebra was 

advanced by a distance of 7nim, with compensation for saw thickness, and a second cut 

performed. This method ensured a parallel sided specimen of 7mm thickness, as 

shown in Figure 5.4. The kidney shaped specimen was wrapped in a saline soaked 
cloth and inserted into a tagged self scaling plastic bag. 

At this tirne, each vertebra underwent further processing. A 2mm diameter long 

wood cylinder was gently inserted into each of the tested pedicles, to mark the direction 

of the screw tract. Two parallel cuts were made, each 7 mm outward from the centre of 
the marker, leading to a kidney shaped parallel sided specimen of l4rnrn thickness 

containing both pedicles. The remains of the vertebrae were discarded and the 

specimen was sectioned at its middle, producing two serni-circular specimens. 
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Vertebral specimen at the end of tensile test with 
the transpedicular screws removed 

Histology sectioning procedure 
(section 5.4.8.0 

Specimen used for bone-screw interface evaluation 

. 00111in 50-55mm 

Specimen dimensions 14.00mm 

I 

Density specimens procedure 
(section 5.4.8.11) 

Specimen used for density and mechanical tests 
(section 5.4.8. b (ii and ill) 

)IIIIII 

07.00mm 

Vertebral section thickness Coring out of 
cylindrical specimens 

Figure 5.4 Processing oj'specimens from bovine vertebrae. 
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Each specimen was re-positioned in the holding device and two perpendicular cuts were 
made, each 7 mm. outward from the centre of the marker. This procedure produced two 

cube shaped specimens spanning from the screw insertion point to the vertebral anterior 
cortex (Figure 5.4). Finally, each of these specimens was inserted into a plastic capped 
glass bottle tagged with the tested screw number, filled with solution containing 10ml 
Formalsaline, (0.9g NaCl and made up to 100ml with distilled water). These specimens 
were used for the histology protocol. 

(ii) Densijy measurement: A number of cylindrical specimens were cored out from the 

vertebral specimen using a trephine drill, (produced at Mathys AG, Bettlach, 
Switzerland) under constant saline irrigation (Figure 5.4). The drill produced 

specimens with a diameter of 7mm, with minimal mechanical and thermal damage to the 
bone during coring. Each cylindrical specimen was wrapped in saline soaked cloths 

and inserted into self sealing tagged plastic bags. 
The measurement of the actual density of the specimens was carried in 

accordance with the protocol reported by Sharp et al. [2271. Each specimen was 

swabbed in a moist cloth to remove excessive saline, prior to insertion into a previously 

weighted small capped plastic bottle, and weighed on a balance (Sartorious AG, 

Germany, Model 1712, accuracy ± 0. lmg). The weight of the specimen, termed the 
'dry' weight, was calculated by subtracting the net bottle weight from the combined 

weight. A second weighing was carried out with the specimen suspended in a small V- 

shaped tray submerged in a canister filled with water. The carriage was suspended 
from the load arm of hanging pan scales (Mettler AG, Switzerland, Model H20, 

accuracy ± 0.01g). The weight of the specimen, termed the 'wet' weight, was 

calculated by subtracting the weight of the submerged carriage from the combined 

weight. The density of the specimen was calculated from the following formula. 

Dry weight Pbone -ý Dry weight - Wet weight * Pwater 

At the end of the test, each specimen was re-wrapped in the saline cloth and inserted 
into the self sealing plastic bag, prior to mechanical testing. 

(iii) Mechanical* Properties: Bone specimens used for mechanical testing were of 
cylindrical shape with a diameter to length ratio of 1, i. e. 7mm diameter by 7mm. height. 
The test set up, consisted of two cylindrical load platens, made from hardened stainless 
steel with polished loading surfaces, which were mounted directly onto a material 
testing system (Instron Model No 6025). The compression test experimental set up is 
illustrated in Figure 5.5. The upper crosshead of the material testing machine was 
displaced to its uppermost position to accommodate the bone specimen. 

Page 87 



Figure 5.5 Cylindrical bone specinzen subjected to uniaxial compression. 

The specimen was mounted onto the centre of the lower load platen and the load cell 

was reset to zero. An initial tare compressive load, at a low crosshead speed of 0.01 

mm. min- 1, was applied up to a value of 2-3 N, and an extensometer (Instron Model No 
2620-602) was then mounted onto the compression jig platens and re-initialised. The 

test was then commenced at crosshead speed of 0.07'"J" -I -s , corresponding to a strain 
rate of 0.0 1 %. s- 1, and the specimen compressed until the maximum load was reached 
followed by a marked reduction in load. The load-compression data was converted into 

a stress-strain graph, from which three parameters were calculated, namely, stiffness, 
ultimate compressive strength and strain to failure. 

Histological evaluation of vertebrae: The rectangular specimens of dimensions 
(14niiii-14mm-50-55mm) obtained from the vertebrae sectioning process (section 
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5.4.8J) were preserved in the Formalsaline solution for 4 days, to ensure complete 
fixation of the tissue. At the end of this period, each specimen underwent a dehydration 

process involving immersion in increasing concentrations of alcohol from 70%, 80% 

and 100% for 48 hours at each concentration. 
At the end of the dehydration process, the specimens were infiltrated with 

Polymethymethacrylate (BDH chemicals, Poole, UK). Following solidification, each 
embedded specimen was sectioned down the middle under water irrigation using the 
EXACT system and each half was mounted using Technovit 7210 VCL precision 
adhesive (Mederex, Bath, UK) on a Plexiglas slide (Mederex, Bath, UK). The slide 
was mounted on to the appropriate attachment and the specimen was cut transversely to 
produce a thick (100-200gm) plane parallel section. The combined slide, section and 
glue thickness was measured and the slide and glue thickness calculated. The slide was 
mounted in the EXACT microgrinding machine, and the specimen surface prepared for 

examination using increasingly finer grinding phases, ranging from 800 to 4000 grit. 
The process was continued until the attached section reached a thickness of 20-30gm. 

The polished surface of the specimen was viewed under a light source at various 
magnifications using an optical microscope (Zeiss Ltd. Welwyn Garden City, UK). 

5.5 Results 

5.5.1 Morphometric measurements 

Vertebral morphometry: A summary of the morphometry of the sixteen 
complete lumbar bovine spines is presented in Table 5.4. The transverse diameter 

of the vertebral bodies showed a continuous increase from Ll to L6 levels, whilst 
the sagittal diameter was relatively consistent between LI and L5 levels, decreasing 

at L6 level. The transverse and sagittal diameters of the pedicle and the screw path 
length exhibited little variation from Ll to L5 levels. L6 level exhibited a reduced 
pedicle sagittal diameter and screw path length, whilst exhibiting an increased 

pedicle transverse diameter compared to the other lumbar levels. There was no 
discernible difference between the dimensions of the left and right pedicles. 

Effect of screw insertion on pedicle diameter: The pedicle transverse and 
sagittal diameters before and after screw insertion are summarised in Table 5.5. 
The insertion of the test screws caused a small increase in the pedicle transverse 
diameter at levels Ll to L5, although this was not observed at the L6 level. Screw 
insertion had no observable effect on the sagittal diameter of the pedicles at any of 
the lumbar levels. 

Page 89 



Table 5.4 A summary of the dimensions of the 16 bovine lumbar vertebral 
specimens. 

Level Vertebral bodv transverse 0 Vertebral bodv sagittal 
Top Mid-height Bottom Top Bottom 

LI 40.4 (2.4) 35.8 (2.3) 45.0(2.1) 37.7 (1.9) 35.7 (2.6) 

L2 41.1 (2.1) 36.8 (2.3) 46.4 (2.2) 38.5 (2.3) 36.3 (21 .5) 
L3 42.2 (2.6) 39.4 (2.9) 48.3 (2.8) 38.8 (2.9) 36.8 (2.5) 

LA 44.6 (2.5) 41.2 (2.8) 52.5 (3.1) 38.2 (2.5) 36.3 (2.3) 

L5 47.0 (3.1) 44.1 (3.5) 55.9 (3.5) 36.9 (2.4) 35.0 (1.5) 

L6 52.0 (4.9) 51.1 (6.6) 64.1 (7.1) 34.4 (1.8) 32.8 (2). 1) 

Pedicle transverse 0 Pedicle sagittal 0 Screw path length 
Left Right Left Right Left Right 

LI 11.2 (0.8) 11.2 (0.8) 24.2 (1.6) 24.2 (1.6) 49.1 (3.0) 49.9 (2.8) 

L2 11.5 (0.9) 11.5 (0.8) 25.5 (1.8) 25.2 (1.8) 50.9 (2.3) 50.6 (2.0) 

L3 11.9 (1.2) 11.9 (0.9) 25.4 (1.4) 25.9 (1.5) 50.8 (5.3) 52.0(2.9) 

LA 11.7 (1.0) 11.9 (1.0) 26.3 (1.2) 26.2 (1.3) 52.2 (3.5) 52.1 (3.3) 

L5 11.3 (1.1) 11.4 (0.9) 25.1 (1.4) 25.4 (1.4) 50.9 (3.5) 51.9 (3.2) 

L6 14.6 (2.3) 14.9 (2.4) 21.7(2.6) 22.8(1.4) 46.2 (2.8) 47.2 (3.1) 
Mean (S. D); All dimensions are in min; Vertebral features defined in Table 1.1. 

. 
Ject o 'screw Hisertion on the transverse andsagittal diameters (ýf the Table 5.5 Ej, 

pedicles. 

Spinal Pedicle transverse diameter 
level Left p eclicle Ri ht p eclicle 

Pre- 
................................ 

Post- 
.... I ............................ I .................. 

Pre- 
................................. 

Post- 
I ............................................. 

Ll 11.2 (0.8) 11.3 (0.8) 11.2 (0.8) 11.4(0.8) 

L2 11.5 (0.9) 11.5 (0.6) 11.5 (0.8) 11.6 (0.6) 

L3 11.9 (1.2) 12.0 (1.1) 11.9 (0.9) 11.9 (0.8) 

L4 11.7 (1.0) 11.8 (1.0) 11.9 (1.0) 12.0 (1.0) 
L5 11.3 (1.1) 11.4 (0.9) 11.4 (0.9) 12.6 (0.9) 
L6 14.6 (2.3) 14.6 (2.3) 14.9 (2.4) 15.0 (2.4) 

Pedicle sagittal diameter 
Left p eclicle Right peclicle 

Pre- 
..................................... 

Post- 
................................................... 

Pre- 
.................................. 

Post- 
................ I .............................. 

Ll 24.4(l. 6) 24.4 (1.6) 24.2 (1.6) 24.2 (1.5) 
L2 25.5 (2.8) 25.5 (2.6) 25.2 (1.8) 25.2 (1.7) 
L3 25.4 (1.4) 25.4 (1.5) 25.9 (1.5) 25.9 (1.2) 
LA 26.3 (1.2) 26.3 (1,1) 26.2 (1.3) 26.2 (1.5) 
L5 25.1 (1.4) 25.1 (1.4) 25.4 (1.4) 25.4 (1.4) 
L6 21.7 (2.6) 21.7 (2.5) 22.8 (1.4) 22.8 (1.3) 

Mean (S. D)-, All dimensions are in mill; Vertebral t, eatures defined in Table 1. 
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5.5.2 Pilot tensile test 

The results of the pilot tensile tests in the form of load-displacement curves are 
presented in Figure 5.6. Apart from the initial curve (Test 1 (1)), the curves are fairly 

repeatable, exhibiting two adjustment regions. The initial region of the curve exhibited 
increasing levels of displacement for low load levels up 150N, caused by the settling of 
various jig moving parts and the cable-sling arrangement. This region was followed by 

an approximately linear region demonstrating constant gradient up to the maximal 
applied load of 2500N. The corresponding values of the estimated stiffness of the 

system are detailed in Table 5.6 

2500 

2000 

I. -N 
z 

, 1500 
"Cl cl ' Test I (I) 

A 

Test 1(2) 

luuv 
a Test 20) 

r. Test 2(2) 
E% 'V Test 3(l) 

$ Test 3(2) 
500 1B 

I------ rA 

0- .... I.. I 

05 10 15 20 
Displacement (mm) 

Figure 5.6 Pilot tensile test. - experimental system load-displacement curves. 
(A: Crosshead speed of 5mm. min-1; B: Crosshead speed of I mm. rnin-1) 

The initial test produced the relatively low stiffness value of 139.3 N. mm-1 for the 

system, probably caused by consolidation of the jig load sling, identified as the jig 

weakest structure. The subsequent tests produced a convergent mean stiffness value of 
167.5 ± 6.5 N. mm-1 (Table 5.6). 
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Table 5.6 Experimental system perj6nnance - stiffness measurements. 

Time interval Test number System stiffness 
/minutes /N. mm- I 

0 1 (1) 139.3 
2 1 (2) 173.0 
17 2(l) 156.5 
19 2(2) 170.0 
32 3 (1) 167.2 
34 3(2) 170.8 

5.5.3 Main tensile test 

Of tile 96 vertebrae tested, 87.5% were successfully tested without structural 
failure. Of the remaining vertebrae, the majority of failures, 67%, occurred at the 

pedicle-vertebral body junction, 25% of the failures occurred at the vertebral body, 

whilst the remainder failed at the pedicle. The complete set of failure loads is presented 

with respect to screw designs (Figure 5.7) and vertebral levels (Figure 5.8). The latter 

figure showed little obvious difference between pull-out failure loads at any of the six 
lumbar vertebral levels. Indeed the variability at all levels were relatively high, ranging 
from 25% to 31 

The following sections examine the effect of; the individual design variables of 
the screws on the screw-bone interface failure loads (Section 5.5.3.1) and both the 
displacement to failure and interface stiffness (Section 5.5.3.2). 
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5.5.3.1 Main tensile test - effect of screw design variables on screw failure load. 

Insertion depth: Table 5.7 summarises the results of the mean failure loads with 

respect to the two insertion depths for three pairs of screws. It is clear that there was a 

statistically significant increase in failure loads for the screws inserted to 40mm into the 

vertebral body. Inter-group differences at the same insertion depth revealed no 

statistically significant differences at the 5 per cent level. 

Table 5.7 E ffects q screw insertion depth on, failure load. 

Insertion depth Failure Load Insertion depth Failure Load Significance 

351nm /N 40i-nm /N (D. F) 

1 1030(222) 1 Exp. 1770(436) (32) 

2 1238(266) 2 Exp. 1930(386) (30) 

3 1143(304) 2 Exp. It (3 1) 

Mean (S. D); D. F: Degrees of freedom; **: P<0.01; ***: P<0.001 

Major diameter: Table 5.8 summarises the results of the mean failure loads with 

respect to the screws major diameter, ranging from 5.0 to 6.5mm, for four pairs of 

screws. It was clear that there was no statistically significant differences in 

performance between any of the pairs of screws with different major diameters. 

Table 5.8 Effects oj'major diameter. 

Screw 
No 

Om 

/mill 
Failure Load 

/N 
Screw 

No 

OM 

/mm 

Failure Load 

/N 

Significance 

(D. F) 

1 5.0 1030(222) 2 6.0 1239(266) N. S (9) 
1 Exp. 1770(436) 2 Exp. 1930(386) N. S (52) 
1 Exp. 11 4 5.5 1757(207) N. S (31) 

2 Exp. 6.0 1930(386) 5 6.5 1547(378) N. S (28) 

4 5.5 1757(207) 5 it 11 N. S (7) 
Mean(S. D); Om: Major diameter; N. S: Not significant P>0.05. 

Variable minor diameter: Table 5.9 summarises the results of the mean failure 
loads with respect to variable minor diameter, ranging from 3.3 to 4.8mm, for three 
pairs of screws. The comparison of screw performance having a variable minor 
diameter to their generic designs showed conflicting results, which were partially 
dependent on the major diameters. Thus, the variable minor diameter screws 
demonstrated a statistically significant reduction in failure load at the I per cent level for 

a 6mm major diameter, although there were no such statistical differences for the pairs 
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of screws with 5mm major diameter. No significant difference were found when 
comparing screws of variable minor diameters and different major diameters, i. e. 
screws 6 and 7. 

Table 5.9 
. 
fects of variable minor diameter. 

Screw Om Failure Load Screw Om Failure Load Significance 

No hrim /N No /mill /N (D. F) 

I Exp. 3.8 1770(436) 6 3.8-3.3 1305(549) N. S (28) 
2 Exp. 4.8 1930(386) 7 4.9-4.2 1273(219) ** (28) 

6 3.8-3.3 1305(549) 7 if 11 N. S (10) 
Mean (S. D); Om: Minor diameter; N. S: Not significant P> 0.05; **: P< 0.0 1 

Variable Pitch: Table 5.10 summarises the results of the mean failure loads with 
respect to variable pitch, ranging from 1.25mm to 2.25mm at the CA screw section and 
1.75mm and 1.50i-nm at the CR screw region respectively. It was clear that in the 

majority of comparisons, there was no statistically significant difference in screw 
performance at the 5 per cent level. Indeed, most of the experimental designs exhibited 
a significant reduction in failure loads compared to their respective generic designs. 

However, it would seem that the reduction in pitch will increase screw perfon-nance. 

. 
fects of screw variable pitc Table 5.10 Ff A 

Screw No CA 

/inm 

Failure load 

/N 

Screw No CA 

/i-nm 

Failure load 

/N 

Significance 

n=16 

................... ................................... 
CR region pitch = 

..................................... ........................... 
1.75mm 

.............................. .................................. ................................... 
8 1.75-2.25 1290 (409) 9 1.75-1.50 1373 (232) N. S 

11 it 11 10 1.75-1.25 1106 (277) N. S 

9 1.75-1.50 1373 (232) 10 11 11 

14 1.75-2.25 1490 (478) 15 1.75-1.5 1598(303) N. S 
14 11 It 16 1.75-1.25 1472 (349) N. S 
15 1.75-1.5 1598(303) 16 

. 
11 it N. S 

.................. 

............. 

.................................... 

............. I ...................... 

............................................. ................................................. CR region pitch= 1.50mm 

............................................................................ 

.................................. .................................... 

..... 
11 1.75-2.25 1322 (278) 12 

................... 
1.75-1.5 

.................................. 
1778(455) 

.................................... 

II tf 11 13 1.75-1.25 1672 (376) 
12 1.75-1.5 1778(455) 13 ti ff N. S 
17 1.75-2.25 1706(402) 18 1.75-1.5 1585(286) N-S 
17 11 1. 19 1.75-1.25 1131 (318) 
18 1.75-1.5 1585(286) 19 11 11 
Mean (S. D); N. S: Not significant P>0.05; *: P< 0.05; **: P<0.001 
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For example, the screws having a 5mm. major diameter with a constant pitch of 1.50mm. 

at the CR region and a reduced variable pitch at the CA region (1.75-1.25mm or 1.75- 
1.50mm. ), showed statistically significant increase in failure load when compared to the 
screws designed with an increased pitch at the CA region, 1.75-2.25mm, (Table 5.10). 
In contrast, for the screws with a major diameter of 6min, there was an opposite trend 
with screw No 19 with a variable pitch of 1.75-1.25mm (CA) yielded the lowest failure 
load. Thus it would seem that the effect of pitch is partially depended on the screw 
major diameter. 

5.5.3.2 Main tensile test - screw displacement. 

Screw displacement to failure: A typical load-displacement curve for a pedicular 
screw inserted into bovine vertebral bone, includes three distinct phases as illustrated in 
Figure 5.9. The initial region exhibits a toe-in for low loads up to approximately 200N. 
This region is followed by an approximately linear region demonstrating a constant 
gradient. In the final phase the curve attains a maximum load followed by a sharp 
decrease in load, as mechanical failure of the screw-bone interface is demonstrated. 

2000 

AX-. -A 

1500 

40. 1000 

E- 

500 

0 

S 

0 

0 

05 10 15 20 25 
Displacement (mm) 

Figure 5.9 A typical load-displacement curvefor an experimental screw. 
(Screw No lExp) 

Radiogr4ie measurements: Typical radiographs of two screws (numbers 11 and 
12) inserted in a single vertebra (code M) both pre and post pull-out tests is illustrated 
inFigure5.10. a. There is a discernible displacement in the location of the screw ends 
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Vertebra 7L3 pre test (a) Vertebra 7L3 post test 

600 
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m 
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0 

Displacement (mm) 

(b) 

Figure 5.10 Comparison of the displacement measurements of two screws in a single 

vertebra (7L3) as measured from (a) radiographs and subsequent image analysis 

and (b)from the associated load - displacement responses. 
(White lines represent end of screws pre- and post-test) 
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following this test, which can be measured to estimate overall screw displacement. The 

associated pair of load-displacement curves is presented in Figure 5.1 O. b. Clearly, in 

these cases, the displacement measurements for the two screws are comparable for both 

techniques. However, in some cases this was not found to be the case, as illustrated in 

Figure 5.11 (a) and (b), for two screws tested in a separate vertebral specimen (code 

IOU). The screw number II displaced considerably more, as represented by the 

radiographs, than that indicated from the load-displacement curves. This difference 

might be attributed to the displacement of the screw at the interface, even at low loads 

following maximum pull-out load. 

In view of the differences between the radiographs and the load-displacement 

curves encountered in some of the radiographs, it was decided to measure the screw 
displacement exclusively from the load-displacement curves. 

Effect of screw design variables: The tensile load-displacement response yielded 

the parameters, screw displacement to failure and the screws-bone interface stiffness, 

the latter measured from the linear region. Mean values of both parameters are detailed 

for all screws in Table 5.11. Although the variability for stiffness values did not exceed 
30% for any of the screws, the corresponding value for displacement to failure was 

considerable in some reflecting the variability of this measured parameter. A 

comparison between screws was performed using the unpaired Student's mest and the 

results with respect to displacement to failure and estimated stiffness presented in 

Tables 5.12 and 5.13 respectively. 

Table 5.11 Tested screw perforniance: displacement toftiflure and screw-bone interf(ice 

stiffiiess. 

110.0 (13.5) 

99.1 (12.1) 

118.6 (33.7) 

Screw Displacement Stiffness(T) Screw Displacement StiffnessM 

No /mM /N. mrn- II No /mm. IN. mm- I 

I 

I Exp 

2 

2Exp 
3 
4 
5 
6 
7 
8 

0.6 (0.3) 
0.8 (0.3) 

1.2 (0.3) 
1.0 (0.4) 

1.4 (0.6) 

0.6 (0.3) 

1.1 (0.6) 

1.0(0.1) 

1.4(0.4) 

1.0 (03) 

100.3 (20.8) 

118.9 (18.6) 

104A (13.8) 

114.9 (20.5) 

79.9 (13.3) 

118.6 (13.4) 

90.5 (8.0) 

9 
Mean(S. D); 

10 

11 

12 

13 

14 
15 
16 
17 

18 
19 

0.7 (0.2) 

0.8 (0.3) 

0.9 (0.5) 

0.5 (0.1) 

0.9 (0.4) 

1.3 (1.0) 
0.9(0.4) 

1.2 (0.2) 

0.9 (0.3) 

0.7 (0.3) 

112.4 (19.7) 
111.8 (20.0) 
116.3 (14.2) 
120.0 (12.3) 
106.0 (22.4) 
111.2 (12.8) 
113.6 (10-1) 
112.3 (15.0) 
112.2 (19.4) 
100.3 (16.1) 

1.3 (1.1) 123.3 (11.5) 1 
M: Stiffness was estimated from the linear region of the curve. 
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The analysis of the effect of screw design on the estimated screw displacement to failure 

and the screw-bone interface stiffness revealed, in a similar manner to the analysis of 
the screw failure loads, a complex interaction between screw variables. However, it 

was clear that the reduction in pitch significantly affected both parameters. This effect 
is most clearly observed for screw number 13 with the lowest combined pitch, i. e. a 
constant pitch of 1.50mm at the CR region and a reduced variable pitch at the CA region 
(1.75-1.25mm), which exhibited a significant reduction in displacement to failure when 
compared to the majority of the screws (Table 5.12). In addition, this screw design 

yielded the second highest estimated bone-screw interface stiffness which was X^ 
statistically significantly greater than several of the tested screws (Table 5.13). 

contrast, screw number 3 having the highest pitch of 2.75mm was noted to exhibit a 
significant increase in displacement to failure and a significant decrease in bone-screw 
interface stiffness when compared to the majority of screws (Tables 5.12 and 5.13). 

Table 5.12 Comparisons of screw performance: displacement tofailure. 

No 

3 

Screw Sig. 

No (D. F 

Screw Screw 

No No 

Sig. 

(D. F) 

7 (8) 

2 (9) 
2Exp (28) 

3 (11) 

8 
............. .................. I .......... 

(12) 
..................... 

47 ** (7) 
2Exp (27) 

3 (10) 
8 

17 

18 
................................... 

(12) 
....................... 

10 3 (13) 
7 (10) 

2Exp (30) 

crew Screw Sig. 

No No (D. F 

2 

7 
6 
9 

17 

(10) 
*** (10) 

(10) 

(14) 

(33) 

(30) 

(13) 

(16) 

(16) 

(15) 

(16) 

(13) 

(t6) 

I Exp 
2Exp 

3 
14 

16 
18 
11 

9 

19 

10 8* (14) 
.... I ..... ....................... I ........ I ......... 
19 7 (10) 

3 (13) 
2 (11) 

........... ,...... ....... ... * .... * ..... -* ...... -** ..... ", I Exp 3 (30) 
7 (27) 
17 (3 1) 
9 (30) 

.......... 
15 (32) 

............. -* ....... - ................. , ... "" 17 (14) 
20 1) 
3 (13) 
7 (10) 

....................................... .................... 18 17 * (14) 
117 (9) 

Sig.: Significance; P<0.05; P< 0.01; ***: P< 0.001; 
All other comparisons were not significant at the 5 percent level, i. e. P>0.05. 
The main screws numbers are ordered in an ascending order of their values of 
displacernent to failure as detailed in Table 5.11. 

Page 101 



Table 5.13 Comparisons of screw perfonnance: screw-bone interface stiA .. 
)ýhess. 

Screw 

No 

Screw 

No 

Sig. 

(D. F) 

Screw 

No 

Screw 

No 

Sig. 

(D. F) 

Screw 

No 

Screw 

No 

Sig. 

(D. F) 
2 

..................... 
3 

....................... 
* (7) 

............................... 
16 

.................... 
3 

..................... . 
*** (13) 

. ............................... 
1 Exp 3 (31) 

6 
..................... 

3 
....................... 

* (7) 
............................... 

2Exp 
.................... 

3 
...................... 

*** (28) 
................................ .................... 

5 
.................... 

(28) 
......................... 14 

..................... 
3 

....................... 
* (13) 

............................... 
12 3 (13) 13 3 (13) 

18 
..................... 

3 
....................... 

** (12) 
............................... 

5 * (10) 5 (10) 
15 3 (13) 

................ I ... 
19 

...................... 
* (10) 

................. II 
7 * (10) 

.......... " ......... 
5 

....................... 
(10) 

............................... 
8 
....... I ..... 

3 
................ 

* (10) 
....................... .................... 

19 
.................... 

* (16) 
.............. . 17 3 (11) 4 3 (10) 9 3 

. ......... 
(10) 

.................... 
5 

....................... 
(8) 

................................ 
5 (7) 5 (7) 

10 
.................... 

3 
....................... 

*** (13) 
................................ .................... 

19 
...................... 

(13) 
................................ 

7 (7) 
16 5 ** (10) 1 Exp 19 ** (34) 19 *(13) 

Sig: Significance; *: P<0.05; **: P<0.01; ***: P<0.001; 

All other comparisons were not significant at the 5 percent level, i. e. P>0.05. 
The main screws numbers are ordered in an ascending order of their bone-screw 
interface stiffness values as detailed in Table 5.11. 

The complex interaction between the screw design parameters may be clearly 

observed for the design having a partial increase in the major diameter within the CR 

section, screw number 4, which exhibited the third lowest displacement to failure and a 

relatively high value for bone-screw interface stiffness (Table 5.11). 
-. contrast, the 

comparable design having increased ma . or diameter, screw number 5, exhibited the 

second lowest estimated stiffness value, which was significantly lower than the 

majority of screws (Table 5.13). 

In a similar manner, the increase in the major to minor diarneter ratio exhibited a 
partial dependence on the screws major diameter. Screw number 7 with a 6mm, major 
diameter and a variable minor diameter of 4.8-4.2 exhibited a significant increase in 
displacement to failure (Table 5.12) and a reduced stiffness with respect to the majority 
of screws (Table 5.13). However, no such significance was found for the 
corresponding screw with a5 rnrn major diameter, (No 6). 

It is worth of noting that unlike the results for the effect of screw insertion depth 

on screw failure loads, the increase in insertion depth had little effect on , either the 
estimated screw displacement to failure (Table 5.12) or bone-screw interface stiffness 
(Table 5.13). 
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5.5.4 Bone specimens properties 

Density measurement: A summary of the density values for the 17 specimens 
derived from 5 vertebrae is presented in Table 5.14. There were minimal differences 
between the individual specimens with a mean value of 1.025 Mg. m-3. 

Table 5.14 Bovinespecimens physical properties. 

Vertebral 

code 

Number of 

specimens 

Length 

/mm 

Area 

/mM2 

Volume 

/mm3 

Density 

[Mg. M-3 
5L6 4 6.91 (0.10) 38.47 265.90 (4.00) 1.02 (0.003) 
6L2 3 7.02 (0.04) it 270.20 (1.46) 1.03 (0.002) 
1 OL6 1 7.15 () 275.06 (-) 1.03 (-) 
I IL2 2 7.03 (0.01) 270.40 (0.50) 1.02 (0.000) 
111-6 7 7.07 (0,10) 272.82 (3.53) 1.02 (0.001) 
Mean (S. D) 

Mechanical properties: A typical compressive stress-strain curve for a single bone 

specimen, as illustrated in Figure 5.12, is non-linear in form. The initial region of the 

curve, the toe-in region, is characterised by a relatively large increase in strain for small 

stresses up to a value of 2.5MPa. A linear region with an approximately constant 

stiffness modulus follows this toe-in region. A third region, in which the specimen 

yielded, is characterised by the attainment of a maximum stress within a plateau, 
followed by a decrease in stress, at which point, the test was terminated. 

14 

12 

10 

6 
r- 

2 

0 

Strain % 
Figure 5.12 A typical compressive stress-strain curve. for an isolated bonespecimen. 
(Vertebral code 5L6, Table 5.15) 
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A summary of the results for the three derived compressive parameters is presented in 
Table 5.15. It is clear that for each vertebra there was considerable variability in the 

mechanical properties of the individual specimens. For example, the stiffness modulus 
for the seven specimens derived from vertebra I IL6 produced a variability of 65%. 

However, despite this significant variability it is tempting to suggest that specimens 
derived from the upper vertebral level (1-2) exhibited an increase in both modulus and 

ultimate compressive strength, when compared to specimens derived from the lower 

vertebral level (1-6). 

Table 5.15 Bone specimens mechanical properties. 

Vertebral 

code 

Number of 

specimens 

Failurestrain 

/% 

Stiffness modulus 
/MPa 

Ultimate compressive 

strength /MPa 

5L6 4 584.8 (349.2) 13.5 (1.3) 

61,2 3 3.4 (1.0) 1048.1 (94.4) 15.9 (4.9) 

101-6 1 3.8 (-) 675.3 (-) 10.2 (-) 

111-2 2 2.5 (0.1) 1233.3 (252.1) 16.1 (3.4) 

1 IL6 7 3.6 (1.2) 453.7 (293.4) 12.5 (1.8) 

Mean (S. D) 

The relationship between both the stiffness modulus and ultimate compressive strength 

were examined, as was their relationship with bone density for all 17 individual 

specimens, as illustrated in Figures 5.13,5.14 and 5.15 respectively. Linear models 

showed a significant relationship for both UCS with stiffness modulus (r = 0.67, 

Figure 5.13) and for density (r = 0.48, Figures 5.14), with associated probabilities at 

the 0.3 per cent and 5.1 per cent levels respectively. By contrast, density was poorly 

related with stiffness modulus, as indicated by the relatively low value for the 

correlation coefficient (Figure 5.15). 
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Figure 5.13 Ultimate compressive strength of cylindrical specimens of bone vertebrae 
(n=17) versus stiffness modulus. 
(y = 10.149 + 0.005 -x, r= 0.67 p<0.0 1) 
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Figure 5.14 Ultimate compressive strength of cylindrical specimens of bone velfebrae 
(n=17) versus density. 
(y = -600 + 598. x, r-- 0.48, p>0.05) 
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Figure 5.15 Stiffness modulus of cylindrical specimens of bone vertebrae (n=17) 

versus density. 
(y = -24651 + 24728. x, r-- 0.15, p >0.05) 

5.5.5 Histological evaluation of the screw-bone interface. 

A typical histological section of the failed screw-bone interface is presented in 

Figure 5.16. The section exhibited a typical appearance of cancellous bone with the 

thin bon (-0 trabeculae arranged in a random manner. By contrast, at the bottom half of 
the section, thick trabeculae were observed at the pedicle entrance and near the neural 

canal portion of the section (Figure 5.16). These thicker trabeculae indicating 

structurally denser regions, probably represented the transitional region between the 

outer cortical bone shell and the inner cancellous bone 

The failure of the interface appeared in all cases to be confined to the immediate 

zone of the thread, with some of the bone appearing in the form of small particles. The 
bone outside the immediate interface did not exhibit any signs of structural disturbance 

and did not include any small bone particles. It is probable that some of the observed 
particles may have been caused by several factors including; the drilling of the screw 
pilot hole, the action of the self tapping head of the screw during its insertion and, as a 
consequence of the three-dimensional structure of the bone, by out-of-plane bone 

trabeculae. 
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Figure 5.16 Histological section through thefailed screw-bone interface. 

5.6 Discussion 

The present study involved the tensile testing of twenty one different 

commercial and experimental screw designs employing a bovine spine model. Both the 

specially designed jig, whose design and validation procedures were described in 

chapter 4, and the bovine spine model, which replaced the porcine spine model, proved 
to be successful throughout the test programme. In particular, the jig was able to 

accommodate the various screw designs and vertebral morphology and there was an 

absence of structural failures in the majority, over 85%, of the bovine vertebrae. 
A comparison with previous studies for screws with similar design features 

[13,179,2 141 
' revealed that tensile failureý loads in the present study were of similar 

magnitude as summarised in Table 5.16. The present data also exhibited reduced 

variability probably reflecting the benefits of employing bovine bone specimens. 

Table 5.16 Comparative results oj'tensilefidlure loadsft)r transpedicular screws. 

Study Vertebral 
Specimen 

Screws design parameters hrim 
Major 0 Minor 0 Pitch 

Failure loads /N 
Mean (S. D) 

Present Bovine 5.0 3.8 1.75 1030(222) 
6.0 4.8 1ý 1238(265) 

Krag 11791 Hui-nan 6.0 5.0 2.00 1132(600) 
11 11 3.00 1248(440) 

_Skinner 
et al. [2141 Human 5.0(AO) 3.8 1.75 82ý(395) 
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A comparison of the physical and mechanical properties measured from the 

present sample of bone specimens with previous data is summarised in table 5.17. The 

ultimate compressive strength of the bovine bone specimens was within the values 
reported for human vertebral bone, whilst being somewhat higher than previously 
reported for 6 to 8 week old calves 12281 (Table 5.17). By contrast, the stiffness 
modulus was found to be markedly higher than previously reported for both types of 
bone specimens. This table also indicates that the density in the present study exhibited 

small variation, with a coefficient ot'variation of 0.19%. However, due to the protocol 

employed in the present study which measured the actual density of bone, a direct 

comparison between the present results and those reported previously are not 

appropriate. 

Table 5.17 Comparative results qfphysical and mechanical properties of vertebral bone. 

Study Specimen Density UCS Stiffness modulus 
[m, ,, -3 IMP'l /MPI 

Present Bovine 1.025 (0.002) 13.6 (2.8) 694.2 (385.2) 

Swartz et al., 12281 Bovine 0.17 2.7 to 9.2M 173.0 (97) 
Table 1.2 Human 0.15-0.20 1.6 to 21.0G) 35.0 to 272.0(T) 

Mean (S. D); W: range of mean values. 

The use of linear models revealed a positive relationship between density and 

UCS (Figure 5.14) which supported the data reported by Swartz et al. [2281 and a 

strong relationship between UCS and stiffness modulus which supported the data 

reported by Rice et al. 1281. By contrast, the poor relationship between the density and 

the bone stiffness modulus (Figure 5.15) was surprising, particularly in the light of 

studies which reported strong linear relationships between the apparent density of 

human vertebral bone with both modulus and strength [22,24,271. However, the 

similarity in the results of the failure loads would seem to suggest that the bone 

modulus has little effect on the pull-out perforrnance of the tested screws. 

The morphological properties of the bovine vertebrae used in this study (Table 

5.4) were found to be similar to those of the lower human lumbar vertebrae, Table 1.1 
- 

This data supports the finding that the bovine vertebrae of young calves exhibit similar 
[2291 anatomic features to the human thoracolumbar spine 

The increase in screw insertion depth from 35mm to 40mm serves to increase 

the amount of bone engaged by the screw thread and would therefore be expected to 

increase its performance. The radiographic measurement pen-nitted the measurement of 

the maximum path length for insertion of each pair of screws up to the anterior cortex. 

As the complete thread was inserted, a percentage value of screw insertion depth was 
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calculated for each screw. Values of 67-77% were calculated for 5.0mm, diameter 

screws (I vs. I Exp. ) with a corresponding increase in failure load of 72% (Table 5.7). 
The corresponding values for 6.0mm diameter screws (2 vs. 2Exp. ) were 68-80% 

with an increase in failure load of 56%, statistically significant at the 1 per cent level. 
Other studies involving human vertebrae, although not directly comparable, 

indicated conflicting results. Krag et al. [2221 using a Steffe screw, of 6.5mm. diameter, 
found that an increase in insertion depth from 50 to 80% produced a statistically 
significant increase in failure load. A similar increase in percentage insertion depth did 

not produce a corresponding significant increase in failure load, as reported by Zindrick 

et al. [131. However, this latter study employed aged specimens with a mean age of 75 

years (range 49-95), which contributed to the considerable inter-specimen variability. 
From the present data, it is recommended that the screw should be inserted to a 
maximum insertion depth provided anterior structures are not compromised during 

normal physiological activities. 
The increase in the screw major diameter serves to increase the cross sectional 

area of the screw thread and would therefore be expected to reduce the shear stresses at 
the screw-bone interface per applied load. For example, using simple stress analysis, 
the increase in major diameter from 5nim. to 6mm should result in an increase of about 
30% in the screw pull-out failure load. However, the increase in major diameter for 

two pairs of screws (1 vs. lExp and 2 vs. 2 Exp) produced increases in mean failure 
loads of 20.2% and 9.0% respectively (Table 5.8). Similarly, a comparison between 

the majority of experimental screws revealed an increase in mean failure loads ranging 
from 13.4 to 22.5%, Table 5.10. These results are in general agreement with those 

reported by Krag et al. [ 1791, although in contrast to the results of Zindrick et al. 1131 and 
Skinner et al. [2141, both of whom reported a significant increase in screw performance 
with an increase in the screw major diameter. However, it should be noted that the 

screws used in the latter studies were of different commercial designs each varying 
from the other by more than one variable. 

The increase in major to minor diameter ratio which serves to increase the 
volume of bone interposed between the screw threads and as a consequence, is intended 
to improve screw perfonnance by reducing the stresses acting along the screw-bone 
interface. However, in comparison to the appropriate generic designs, screws lExp. 

and 2Exp., both screws numbers 6 and 7 with a ratio of major to minor diameter of 
1.43 and 1.31 respectively, produced a marked decrease in mean pull out force 

corresponding to, 36% and 52% respectively (Table 5.9). Indeed the latter decrease 

was found to be statistically significant at the I per cent level. Similar findings have 
been reported [179,2301, although a single screw design with a ratio of 1.6 did produce a 
significant increase in failure load compared to other designs. However, in order to 

achieve such a ratio either the major diameter must be large, which is severely limited 
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by pedicular size, or the minor diameter must be small, which would lead to low values 
of bending stiffness. Thus neither solution is optimal. 

It is worthy of noting, that both variables exhibited a complex inter-relationship 

which significantly affected overall screw performance. This interaction was clearly 
illustrated in the results of screws (4 vs. 5 and 6 vs. 7) in which the latter screw 
designs having a higher major diameter, showed high displacement to failure and poor 
screw-bone interface stiffness. 

The reduction in pitch serves to increase the number of bone trabeculae engaged 
by the thread and therefore would be expected to reduce the stresses bome by individual 
bone trabeculae. The data, although revealing conflicting patterns which were strongly 
influenced by both the major diameter and the location of the reduced pitch with 
reference to vertebral anatomy, would seem to support this prediction. This increase in 

performance was noted with respect the three estimated parameters (Tables 5.10,5.12 

and 5.13). These results are in agreement with previous studies employing either 
vertebral bone [179,2321 or synthetic foam [2301. However, the majority of the screws 
having a variable pitch, exhibited reduced mean failure loads in comparison to their 

respective generic designs. In addition, in a similar manner to the previous design 

variables, a complex relationship was observed to occur between the screw major 
diameter and screw pitch. This interaction was clearly observed for groups of screws 
with similar characteristics, for example numbers II- 13 and 17 - 19, the latter group 
with a6 mm major diameter (Table 5.10). Thus, the data, although not being 

conclusive, would seem to suggest that screw pitch plays a more dominant role in 

affecting screw performance then either screw major or minor diameters 
It is tempting to suggest that the mechanism underlying the reduction in screw 

performance, as observed for both the variable pitch and minor diameters, involved a 
differential state of stress and strain at the interface. Such a stress differential could 
have been caused by; 
(i) an increase in the local stresses at the transition area from a constant to a variable 
thread 
(ii) the possible degradation of the bone interface caused by the change in pitch between 

consecutive threads during screw insertion and 
(Hi) the presence of stress concentrations at the initial portion of the thread, which 
effectively reduce the ability of the interface to sustain the applied stresses. 

In view of the measured and inferred results, a failure mechanism for the screw- 
bone interface under tensile loads may be proposed. The general load-displacement 
relationship for all the screws indicated that there was little or no displacement occurring 
up to a situation near to the failure load. As the interface begins to fail, indicated by the 
flattened region of the load-displacement curve (Figure 5.9), the majority of screws 
displace by approximately half to three quarter of their mean pitch. This failure process 
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may progress along the interface via several mechanisms such as; the yielding of bone 

trabeculae via either bending or buckling of the trabeculae and local catastrophic failure 

of the trabeculae [161. The wide range of estimated values for mean screw displacement 

to failure may be attributed to both the number of bone trabeculae engaged by the thread 

and their orientation with respect to the thread as evident from the histological 

evaluation of the failed interface. These proposed mechanisms are supported by 
[2321 previous studies involving tibial cancellous bone [2311 and vertebral bone 

At the failure load, evident from the sharp decline in maximal load (Figure 5.9), 

the interface failure occurs catastrophically via brittle failure of bone trabeculae, caused 
by the load exceeding their shear strength [161. This failure mechanism is clearly 
indicated from the histological evaluation of the failed interface, characterised by an 
accumulation of small bone particles with the bone damage restricted to the immediate 

zone of the screw-bone interface. However, it should be noted that some of the bone 

chips were present either, as a direct result of the drilling and screw insertion or 
probably as 2-D artefacts which would not be revealed in a 3-D structure of cancellous 
bone. The possibility of the histological sectioning and preparation process causing the 
bone particles is unlikely, as none of these particles were observed outside the failed 

zone. 
To conclude, the study has highlighted the significant effect of screw pitch and 

increased insertion depth whilst in contrast to previous studies, the increase in major 
diameter was found to be of less significance to overall screw performance. A failure 

mechanism was proposed, which indicted the role of both structural morphology and 
shear strength of cancellous bone in determining the strength of the screw-bone 
interface. 
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CHAPTER 6 

The Development of Jigs for Testing a Spinal Fixator 

6.1 Introduction 

The daily exposure of instrumented spines to static and dynamic loads, caused 
by external loads and consequent internal reactions, affect the mechanical integrity of 
both the fixator and the screw-bone interface. Depending on the magnitude and 
duration of such loads, the mechanical failure of the fixation system and or the screw- 
bone interface could ultimately occur. However, little has been reported about the 

nature of such loads and their effect on the long term performance of embedded 
transpedicular screws and fixators. 

It was therefore decided to measure the forces and moments acting on a 
commercially available system, AO Fixateur Interne, in response to a number of 
defined test conditions. The derived loads could then be used in the design of a fatigue 

test protocol for either the complete spinal fixator system or its components, for 

example, the transpedicular screws. 

6.1.1 Experimental model 

In vitro studies which have investigated the mechanical behaviour of C4.1 
instrumented spines (section 3. -',. ) have used a wide range of injury models including 
discectomy, laminectomy, posterior elements resection and corpectomy. Depending on 
the extent of the injury and the intrinsic mechanical behaviour of the spine, such models 
will represent various degrees of load sharing between the spine and the fixator. 
Although they may offer a close simulation of the mechanical environment, they are 
affected by a large number of variables, including the reproducibility of the injury. The 

model chosen in the present study, corpectomy, represents a 'worst' case, in which 
there is no load sharing between the fixator and the spine, therefore emphasising the 
mechanical function of the fixator. 

Testing medium: Human lumbar vertebrae would seem to be the natural choice. 
However, their use as a reference model is problematic for various reasons. The 

specimens are difficult to obtain and might exhibit variable mechanical properties due to 
either long period of donor recumbency or pathological processes, such as 
osteoporosis. There is also the inherent variability associated with the mechanical 
properties of healthy human cancellous bone [17,28,301, combined with the boundary 
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conditions at the screw-hone interface, which are likely to have a large influence on the 
load transfer between the spinal model and the fixator. In addition, in i, itro degradation 

of human specimens could have an effect on the outcome of lonor term tests. Bovine L, 

vertebrae, whilst having similar morphometric properties to those of human spines do 

possess more consistent mechanical properties. However, they are still prone to many 
of the problems associated with human vertebral bone, Including availability of 
specimens. 

By comparison, the use of plastic vertebral analogues ofter the advantages of 

uniform interface boundary conditions, established mechanical properties and resistance 
to material degradation. These factors are particularly important when undertaking a 
theoretical analysis of the experimental system. However, it must be accepted that such 

a model does not adequately represent the structural properties of the cancellous bone- 

screw interface. In the present investigation a number of pre-fabricated plastic vertebral 

analogues, termed plastic vertebrae, were used. A photograph of such an analogue is 

presented in Figure 6.1, with a schematic diagram presented in Appendix B. 

I, -, tI wo. cI 11 ph I. S I ic III It Ih 

6.1.2 Mechanical tests 

A series of' inechanical tests were employed including axial compression, axial torsion 

and bending. In the absence of in vivo measured loads and in view of past studies 
1190-192,208,2171, the range oftest conditions were set as follows: 
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0 to 25ON compression loads, 
0 to 3.8Nm bending moments and from 

-5Nrn to +5Nrn in torsion. 
The tests methodologies are discussed separately in the following paragraphs. 

Compression test: The test was carried out by applying axial compressive loads to 
the centre of the vertebral body. 

Torsion test: The test was carried out by applying axial torsional loads on the fixator 

through the centre of the vertebral bodies. 

Bending test: The test was carried out by applying coupled bending moments on the 
fixator through the centre of the vertebral body. Coupled moments, considered as free 

vectors, i. e. independent of point of application, would ensure a uniform moment 
distribution along the fixator-vertebral structure. The test was further divided into: 
(i) spinal flexion, in which the moments tended to rotate the vertebrae in mutually 
opposite directions and 
(ii) spinal extension, in which the moments tended to rotate both vertebrae in the same 
direction. 
A combination of these two tests would allow for a complete characterisation of the 
bending response of the system. In all three tests, the effects of transfix configuration 
and the clamp tightening torque on the overall fixator stiffness were investigated. 

6.2 Experimental loading jigs design 

The following paragraphs describe the design procedures for the test jigs, 
involving the three modes of loading 

6.2.1 Compression loading jig 

Both a biaxial hydraulic (NTFS systems Co., USA, Model Bionix 851) and a 
universal screw driven (Instron Ltd, UK, Model 1124) materials testing systems were 
employed to apply, in a dynamic and quasi-static mode respectively, a compression 
load to the fixator system via two indenters secured to the system crossheads. Each of 
the indenters has a spherical head with a diameter corresponding to, and mating with, 
the central dimple of the plastic vertebra on which the ftator was mounted as seen in 
(Figure 6.1). This method ensured loading through the centre of the vertebra, whilst 
allowing minimal constrainment of the fixator-vertebral assembly and minimising 
bending moments. For force calculation and stress analysis, see section 6.2.4. 

Page 114 



6.2.2 Torsion loading jig 

The test employed a biaxial hydraulic materials testing system (Bionix 85 1, 

MTS Co., USA) to apply axial torsional moments onto the fixator-vertebral system. 
This system involved constraining the plastic vertebra to the testing system load train, L- 

whilst allowing the fixator system to freely deforin under the applied load. Thus a 

method was required to locate and constrain the plastic veilebra with minimal associated 

change in its mechanical behaviour. For example, fully encasing the vertebra in a 

structure of higher stiffness would change its deformation behav1OL11- and hence the load 

transfer between the vertebra and the embedded screw. In addition. the test was to be 

performed on a complex system involving a nUmber Of Structures, SOnIc of' which are 

inter-connected via fully adjustable clamps. Therefore, the method employed had to 

ensure the complete alignment of the vertebra with the materials testing system. 
The chosen solution, was to suspend each plastic vertebra through a metal insert 

shaped to fit the neural canal, in an open ended structure terined the vertebral cage 
(Figure 6.2). A photograph of the vertebral cage is presented in Figure 6.2. 

The insert, protruding by 3mm from the top and bottom surfaces of the plastic vertebra. 

was connected to the appropriate sections of the vertebral cage via 3 screws on each 
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side. This arrangement constrained the plastic vertebra and its complete alignment with 
the axes of the vertebral cage, whilst allowing for both height adjustments and ease of 
assembly. The effect of the metal insert on the vertebral mechanical behaviour had to 
be assessed. To ensure the alignment of the vertebral cages with the material testing 
system, each vertebral cage was located in aU shaped metal frame, which in turn, was 
connected to the load actuators using specially machined threaded couplers, via two M8 

stainless steel screws. A schematic diagram of the test jig is illustrated in Figure 6.3. 
Throughout the manufacture and assemblage on the U-frames, particular care was taken 
to ensure its complete alignment with that of the material testing system. For force 

calculation and stress analysis, see section 6.2.4. 

6.2.3 Bending loading jig 

Specimen constrainment: The design solution presented in the preceding section 
was employed for the location and constrainment of the spinal model. 

Loading method: The test was required to apply bending loads to the spinal model. 
This requirement was achieved by the application of two tensile forces of equal 
magnitude and opposite direction onto the constrained vertebral cages. In addition, the 
ability to provide bending moments of varying magnitude in both directions was 
required. However, as this could not be achieved by the material testing system alone, 
it was decided to design an external loading system with the material testing system 
used effectively as a support platform . 

The loading system, Mk I, consisted of two independent sub-systems, as 
shown schematically in Figure 6.4. The first termed, inner load loop, involved two 
50mm diameter pulleys, termed main load pulley, each bolted onto the side of one of 
the two vertebral cages with their centre aligned to that of the plastic vertebra. The 

pulleys were inter-connected by a Bowden cable (A), secured to the vertebral cages via 
cable shoes inserted into a cylindrical recess, milled at either the top or bottom of the 
main load pulleys. Two small load pulleys were employed, one secured to the material 
testing system frame via a specially made attachment, termed pulley A, and the other 
(C) was mounted on the Bowden cable (A). 

The second system, termed outer load loop, consisted of a third pulley (D), 
secured to the opposite post of the test system via a specially made attachment. This 
pulley supported a second Bowden cable (B), one end of which was connected to a 
load tray, whilst the other end was connected to pulley C (Figure 6.4). 
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Figure 6.3 Torsion testjig: schematic diagram 
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The loading system was operated as follows: - The tensile force, as determined 

by the weight stacked in the load tray, was transferred via cable (B) onto the inner 

Bowden cable (A). This process! tensioned cable A which applied the required forces 
kwrrt e#4 

to the veilebral cages. The required flexion termed MF (Figure 6.4) or the 
KI-4-* 

extension termed ME (Figure 6.4), were achieved bv changing the position of I 
pulley A into pulley position (B), and transferring cable (A) line of pull to tile 

appropriate recess. To ensure the perpendicular alignment ofthe Bowden cables line of' 

pull with the vertebral cages axes, the attachment arrangement of load pulleys (A. B 

and Q were fully adjustable with respect to the axes of the testing machine. For I, orce 

calculation and stress analysis, see 'section 6.2.4. 
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Jig modification: Initial tests highlighted the need to modify the jig load system as it 

was unable to apply a uniform moment. In addition, the system was observed to 

exhibit a non-finear relationship between the load and the fixator response, particularly 
during the unloading phase. These results were attributed to the method of loading, 

whilst the non-linearity was attributed to friction occurring both at the pulleys and in- 
between the Bowden cable and the pulleys. The loading system thus required 
modification. The modified loading system, N& II, consisted of two independent 

systems as shown schematically in Figure 6.5. 
The first system, termed inner load loop, consisted of two load beams to 

which a Bowden cable (A) from each vertebral cage was connected via a cable post. 
The cable post could, in turn, be independently adjusted for height and secured into 

position by means of a grub screw. Each load beam had a load pulley (A), mounted 
between the cable posts through a clevis with the pulley V-shaped rolling surface 
matched to a corresponding V-notch groove on the load beam. 

This arrangement ensured reduction in both rolling friction and free motion of 
the pulleys between the cable posts. In addition, one of each pair of Bowden cables 
(A), contained an adjustment bolt to allow for equilibrating the tension between the 

cable pair (Figure 6.5). 
The second system, termed outer load loop, consisted of a second pulley 

(D), secured to the posts of the testing system via specially made attachments. Each 

pulley supported a second Bowden cable (B), one end of which was connected to a 
load tray, whilst the other end was connected to the clevis of pulley A (Figure 6.5). To 

further reduce the effect of friction the bush-type bearings of the load pulleys A and D, 

were replaced by ball bearings. This complete arrangement ensured that both inner 

load systems were self adjusting to ensure a uniform loading of both vertebral cages. 
An additional advantage was the simplification of the load path compared to the N4k I 

system, with a consequent reduction in the rolling friction of the Bowden cables. 
The loading system was operated as follows: - The tensile force as determined 

by the weight stacked in the load tray, was transferred via cable (B) onto each load 
beam via Pulley (A). This processes tensioned cables A which applied the required 
forces to the vertebral cages. By changing the position of the cable posts and 
transferring cable (A) line of pull to the appropriate recess, the required flexion and 
extension tests, termed MF and ME respectively (Figure 6.5), were achieved. To 

ensure the perpendicular alignment of the Bowden cables line of pull with the vertebral 
cages axes, the attachment arrangement of load pulleys (A, B) were fully adjustable 
with respect to the axes of the testing machine. 
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Figure 6.5 Betulhig test loadingsystem (Mk II): 
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6.2.4 Theorctical analysis 

Compression loading Jig: From loading symmetry, the reaction force on each of 
the compression jig rods termed, Fz, (Figure 6.6) was set to hall' of the maximum Zý 
compressive load of 1000N, Table 4.2. The maximum coupled shear load caused by 

the deformation of the fixator termed, FV (Figure 6.6), was estimated at 10% of the 

overall compressive load, i. e. IOON, with each indenter, from symmetry, exposed to 
4ýn half of this force. The rod diameter was set to 8mm, the minim. diameter able to be 

held by the MTS 851 V-notch grips. 

z 

;t ill o 
; head 

ýbra - 
ibly 

Figure 6.6 Foav diagranifiv compression jig- vertebral asselllbl. ý. 
(FZ: Con-ipressive force [0i, O, i, -500k]N; FV: Shear force 1501,01, Ok]N; 

r: Radius vector [0i, 0j, 100k]mm. 

Under the applied compressive load, the rod is subjected to compressive, shear and 
tensile stresses caused by the coupled shear force. The maximurn tensile stresses acting 

on the rod were calculaAýIa 6ng moments about point 0 (Figure 6.6). The following 

equations apply- 

,5 =-FZ+M. 
y -FZ 

(rxFV)-r 

xx l' 4 
Fv FV 

(6.2) 
yA 
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with ax: is the tensile stress; Ty: is the shear stress; A: is the cross sectional area of the 

rod; M: is the bending moment and Ixx: is the second moment of area 12241. Inserting 

the chosen values for the components yields: - 

(yx = 109.47 MPa and cy=1.00 MPa 

Both values are significantly less than the yield stress for stainless steel (50OMPa) 12241 

Torsion loading jig: A schematic diagram of the forces and moments acting on the 
U-frame under torsional loading is illustrated in Figure 6.7. Examining the overall 
structure of the jig, it became clear that the U-frame was the critical component, as the 

vertebral cage possessed a much higher structural rigidity. For analysis purposes due 

to the syrni-netry of the frame, only half of the frame was considered and the following 

assumptions were made: - 
(i) From the U-frame symmetry with respect to its X-Z plane, each half of the U-frarne 
is under half the overall torsional moment, T, set to withstand at least three times the 

maximal torsional mornent stated in Table 4.2. 
ii) In a similar manner to the previous analysis, the centre of the U-frame is fully 

constrained to the material testing load actuator with the frame joints modelled as rigid. 

Mbend 

Figure 6.7 Torsion test: U-11-ame, force and moment diagram. 

(The centre of the U-frame is fully constrained to the material testing machine actuator) 
(T: Applied torque (45Nm); p: Reaction force; Mtwist: Twisting moment; Mbend: 
Bending moment; LI, L2, L3: the length of beams 1,2 and 3 and El, E2, EY 
Stiffness modulus of beam 1,2 and 3; rI-2 and r3-2 are radius vectors). 
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From the assumptions of mechanical equilibrium, the torsional moment applied by the 
material testing system (T) is reacted by a couple (P) acting at the U-frame-vertebral 

cage joint and at the centre of the U-frame, Figure 6.7. The magnitude of the reaction 
forces, P, was calculated from static equilibrium conditions: - 

P. (L, 
-L =T 2) 2 

i. e. P=T 
2(Ll -L 2) 

Substituting the numerical values yields: - 

P= 287N. 

(6.3) 

Force, P, creates two additional moments, which acts on the U-frame, the first being a 
twisting moment along the X axis of the U-frame, termed Mtwist, and the second a 
bending moment along the Y axis of the U-frame, termed, Mbend (Figure 6.7). These 

moments were calculated from the following cross product: - 

M=rxP (6.4) 

with M is the total moment acting at the junction of beams No 3 and I respectively 
(Figure 6.7); P is the reaction force and r is the distance between the point of force 

application i. e. the connection between the location screw and the vertebral cage and 
point of interest, namely, rl-2 is the distance between centre of the U-frame and the 

point of application of force P, r3-2, is the distance between and the point of 

application of force P and the junction of beams 1 and 3. Ile distances were 
measured, using vector notation, as follows: - 

rl-2 [-39.2i, Oj, -54k]mm 
r3-2 I 18.3i, Oj, -54k]mm 

Employing similar notation, the reaction force is: - 

P= [0i, 287j, Ok]N 

Using equation 6.13, yields: 

Mtwist (1 -2) =- 15.5Nm and Mbend (1-2) =- 11.3Nm 

Mtwist (1-3) ý 15.5Nm and Mbend (1-3) = 5.3Nm 
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Bending loading jig: A schematic diagram of the forces and moments acting on the 
U-frame is illustrated in Figure 6.8. In a similar manner to the analysis performed for 

the torsion jig, the following assumptions were made with respect to the U-frame: - 

J-frame axis 
A symmetry 

-ol* VB 

MB 

L I= 57.5mm 

L2= 18.3mm 

L3= 54. Omm 

EI=E2=E3= 200GPa 

Figure 6.8 Bending test: U-ftamejorce and moment diagram. 

(The centre of the U-frame is fully constrained to the material testing machine actuator) 
(VA, VB, HB: Reaction forces; MB: Reaction moment; W: Applied load (500N)- L I, 

L2,1-3: the length of beams 1,2 and 3 and E I, E2, E3: Stiffness modulus of beany 1,2 

and 3). 

(i) the joint between the material testing machine actuators and the U-frame was 
modelled as fully constrained. 
(ii) the U-frame joints were modelled as rigid and 
(iii) to a first approximation, the joints between the vertebral cage and the locating 

screws were modelled as a pin joint, with a vertical force of 50ON applied at each joint. 

Thus the jig was designed to withstand at least twice the maximal compressive load 

stated in Table 4.2. The second mornent of areas for the beam and location bolt were 

calculated from following equations 12241: 
- 

II":::: 3 
(6.5) lyy 3yy 12 

2yy =r24 (6.6) 
4 

with b 1, b2: the width of beams I and 2 (25.4mm); 
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hl, h2: the height of bearns I and 2 (12.5nim) and 
r2: the root radius of the M8 bolt (3.5mm). 

Inserting the chosen values for the components yields: - 

I lyy ý- 13yy = 4.13-10-9 m4 and 12yy= 4.86.10-10 m4 

From Figure 6.8, it is clear that the U-frame is an indeterminate structure. Therefore, 

analysis of the reaction forces and moments which occur at the frame, was carried out 
using standard engineering design tables [2331. The frame load constants were 
calculated using the general expression detailed in design table No 4 for one end fixed 
([2331, page 126). However, as the distance of the applied load from the joint was 
equal to zero, CHH = 0. The appropriate equations are: - 

c HV: -- c VH =23 
(21, 

-12)+ 
13 

TE 
212 E313 

32+133 
VV E212 3E 313 

(6.7) 

(6.8) 

The numerical values were substituted to yield: - 

c HV 2-- c VH-2 4.97 - 10-'(m. N-1) and c-I 0-'(m. N- vv"-: 6.13 

The loading terms defining the frame loading conditions Zere calculated using a 
[2331 modified equation of case 5f , because the applied load acts dithe centre of the joint. 

LFV= W-CVH (6.9) 

with LFV: is the loading term, W: is the Applied force = 50ON and a is the distance 

between the point of force application and the centre of the beam = Orn. The numerical 
values were substituted to yield: - 

LFV= 2.49-10-4 

The axial reaction force, VA, Figure 6.8 was calculated in accordance to the appropriate 
load conditions of case No 9 [2331 as follows: - 

VL FV (6.10) C VV 
The numerical values were substituted to yield: - 

VA = 405.72N 
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The reaction forces and moments at the U-frame MTS actuator joint were then 
established from static equilibrium The appropriate equations are detailed below, with 
moment taken at the centre of the constrained top beam (Figure 6.8). 

EF 
x= -V A-vB =0=>V B= -V A 

EF =W-H =0=>H =W ,yBB 

Y, mB =r v xv A +r w xw=o 

with rV = rW: are the radius vectors =[ -39.2i, Oj, -54.0k](mm), 
VA: is the reaction force =[-405.72i, Oj, Ok](N) and 
W: is the applied force =[Oi, Oj, 500k](N). 

Substituting into equations 6.11 - 6.13 yields: - 

VB= -405.72N, HB=50ON and MB= 41.48Nm 

6.2.5 Jig component design 

(6.11) 

(6.12) 

(6.13) 

The moments and forces found in both analysis cases were then used for the 
design and dimensioning of the U-frame components. It was essential that the 
dimensions of each component was such as not to exceed the yield stress of the material 
(Stainless steel, 50OMPa) [2241. 

6.3 Jig validation - equipment and procedures 

Validation procedures were carried for the designed jigs with the following 

aims: - 

i) To estimate the effect of the metal neural insert on the response of the fixator system 
under compressive loads. 

ii) To assess the effect of the assembly preparation procedures carried out for both the 
fixator and the experimental system, on the reproducibility of the mechanical behaviour 
of the fixator under compression, torsion and flexion and extension tests. 
iii) To assess the ability of both torsion and bending jigs to apply the required loads 
onto the fixator whilst causing minimal coupled loads. 
iv) To assess the ability of the bending jig to apply the flexion and extension loads 

under both planned tests. 
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6.3.1 Materials and equipment 

AO internal fixator: The AO internal fixator system (AO Fixateur Interne, Mathys 
AG, Bettlach, Switzerland) as presented in Figure 3.2, was employed. It is composed 
of four transpedicular screws (AO Schanz, 6mm or 5mm major diameter, CAT No 
296.69 and CAT No 296.68 respectively), two vertical rods (7mm major diameter, 
length 155mm, CAT No 296.85 ) and four adjustable clamps with lateral nuts (CAT 
No 296.72). In addition, a cross bar link (3mm diameter, length 70mm, CAT No 
296.98) and two cross link clamps, one left (CAT No 296.90) and one right (CAT No 
296.91) were used to transfix the fixator. The fixator clamps bolts were tightened to 

pre-determined closing torques of 5,10 and 15Nm, employing a precision torque 

wrench (Britool Ltd, RS CAT No 575-447, Range 0- 30Nm) with a guaranteed 
accuracy of ±0.1 Nm 

Vertebral analogue: Two plastic vertebral analogues with pre-drilled holes for the 
insertion of the transpedicular screws (Figure 6.1), were used for each fixator. Each 

vertebra was fabricated from Polyoxymethacrylate at Mathys AG (Bettlach, 
Switzerland). The quoted material properties included a stiffness of 3GPa, 

and a yield stress of 17 MPa. 

Test systems: 
A universal screw-driven materials testing machine (Instron Ltd, UK, model 1124) was 

employed for the application of axial compression force. The load cell (2518-204, 

0.5kN full scale) was employed at the full scale with guaranteed accuracy ±0.5N. 

A biaxial hydraulic materials testing machine (MTS systems Co., USA, Model Bionix 

85 1) was employed for the application of torsional moments. In addition, it was used 

as a load support platform during the measurements of axial forces and torsional 

moments during both bending tests. The NITS load cell with a guaranteed accuracy of 
0.5% full scale was employed at the full scale (2.5kN axial force and 30Nm axial 
torque) for the measurement of axial forces and torsional moments respectively. The 

NITS RVDT transducer was employed for angle measurement with a guaranteed 

accuracy of ± 0.05 degrees. 

6.3.2 Compression tests - equipment and procedures 

Two pairs of 5mm Schanz transpedicular screws were inserted into pre-drilled 
'pedicle' holes in each of the plastic vertebrae along the pedicle axis. At this time, 
where appropriate, the neural insert was assembled into the vertebral neural canal. The 

vertebra was then assembled onto a jig which ensured mutual aligrunent in orthogonal 
axes, with a distance of 92. Omm between the centres of the two sagittally opposing 
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screws. The fixator vertical rods were attached onto the Schanz screws through the 

ad 
'. 
ustable clamps, with their flat surfaces perpendicular to the sagittal mid-line of the 

plastic vertebra. The clamps were set to a distance of 24mni from the screw-vertebral 

Junction and using tile torque wrench, secured by tightening the vertical adjustment nuts 
to 15Nni. Finally, the screws locking nuts were tightened to 5Nrn and the system 

released from the alignment ji,,. The Lipper crosshead of the materials testing machine 

was displaced to its uppermost position to accommodate the experimental system and 
the compression jig, indenters were secured to the crossheads grips. The fixator was 
then located onto the spherical end of the lower indenter through the dimple of the Z-- 
lower vertebra and the load cell reset to zero. The upper crosshead was then lowered 

Linder displacement control with the spherical end of the Lipper indenter mating with the 

cliniple of the upper vertebra, until a compression force of 2N wits registered. The Z. -- 

displacement transducer was then resct to zero. The test configuration is presented in L- 

Figure 6.9. Z: I 
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Effect of neural insert: The fixator assemblage and mounting on the material test 

system were described in the previous section. The MTS 851 was used to apply a 
ramp load onto the fixator under load control to a compression value of 25N. This was 
followed by cyclic compressive loads ranging from 25N to 225N, at a frequency of 1 
Hz for 10 load cycles, at the end of which, the compressive load was reduced to ON 
(Figure 6.10). The test programme (NITS systems Co., USA, Teststar SX), was 
employed to simultaneously record the applied compressive force and the deformation 

of the overall system. The stiffness of the system was calculated from the linear region 
of the load-displacement curves for both the loading and unloading phases. The tests 

were performed on separate occasions in the presence and absence of the metal neural 
insert in the vertebral canal. 
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Figure 6.10 Loading templatefor cyclic compression test. 

Reproducibility test: The fixator assemblage and mounting on the material test 
system were previously detailed, although the neural insert was not employed for this 
reproducibility study. The Instron model 1124 was used to apply a compressive load at 
a crosshead speed of 10mm. min-1 until a maximum load of 250N was reached, then 
unloaded at the same crosshead speed until the load of ON was reached. An XY chart 
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recorder (Instron, UK) was employed to simultaneously record the applied 
compressive force and the displacement of the crosshead. 

The fixator was tested at each of three clamp tightening torquJ namely, 5Nm, 
lONrn and 15Nm. In addition, the fixator rods were fitted with the transfix link clamps 
at top and bottom, the clamps connected by the transverse bars and their bolts tightened 
to 3Nni using the torque meter. At the end of each test the fixator was dismounted 
from the jig, dis-assembled following the reverse steps taken for its assembly and 
inspected visually for signs of deformation. If none had occurred, the tests were 
repeated twice for each of the test conditions. 

6.3.3 Torsion tests - equipment and procedures 

A schematic diagram of an exploded view of the vertebral cage and plastic 
vertebral assembly is illustrated in Figure 6.11. Initially, the vertebral cage top and 
bottom sections, (part No 1), and side sections, (2), were assembled using M3 cap 
screws, (9). The load pulley, (3), and the cylindrical connector, (4), were then 
assembled onto the side sections using M3 cap screws. The transpedicular screws, (7), 

and metal insert, (6), were assembled onto the plastic vertebra, (5), in accordance to the 
procedures described in section 6.3.2. Each vertebra was centrally located between the 
top and bottom plates of the vertebral cage and secured using M3 cap screws. The two 

vertebral cages were then mutually aligned and the fixator system completed by 

mounting the vertical rods (not shown in Figure 6.11). The NITS grips were removed 
and the metal U-frames mounted onto the MTS actuators using the specially designed 

threaded couplers. At this time, the mutual alignment of the upper and lower U-frames 
in orthogonal axes was verified using an engineering spirit level. The upper U-frame 

was then displaced upward and the U-frames location screws turned anti-clockwise to 
accommodate the fixator-vertebral cage assembly (Figure 6.3). The upper vertebral 
cage was located at the centre of the U-frame via the location bolts, which were secured 
with a double locking nut arrangement. The upper U-bridge was then lowered and the 
lower vertebral cage secured to the lower U-bridge in a similar fashion. Finally the 
NTFS transducers were reset to zero. 

Effect of fixator constrainment: The fixator assemblage and mounting on the 
torsional jig were described in the previous section. The MrS 851 was employed to 
apply torsional moments in a triangular form ranging from ±2.5Nm to ±5. ONm with a 
mean value of ONm. The moments were applied in 6 equal increments at a rate of 
0.5Nm. s-1. 
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part number Part description QTY 

I Vertebral cage top & bottorn sections 2 
2 Vertebral cage side sections 2 
3 Vertebral cage load pulley 
4 Vertebral cage cylindrical connector 11 
5 Vertebral analogue 
6 Neural canal insert 
7 Transpedicular Sclianz' screw 
8 M5*0.7 Cap screw 6 

M3*0.4 Cap screw I () 

Bowden cable locking shoe 2 

Figure 6.11 Vertebral cage and plastic vertebrt, C- assembly diagram. 
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Both the test programme (MTS systems Co., USA, Teststar SX) data logging facilities 

were employed to simultaneously record the applied torque and resultant torsional 
angle. In addition, the axial force response of the fixator was recorded throughout the 
test ranges. These measurements would indicate either the existence of coupled loads 
imposed by the jig or _, a structural asymmetry of the fixator caused by misalignment 
of the axes of the fixator with respect to that of the test system. The fixator system 
stiffness was calculated from the linear region of the torque-angle response for both the 
loading and unloading phases. 

Reproducibility test: The fixator assemblage, mounting on the torsional jig and the 
test and data collection procedures, were detailed in the previous section. At the end of 
each test, the fixator was dismounted from the jig and its components inspected visually 
for deformation. If none had occurred, the fixator was then re-tested using the above 
procedure with the test repeated a total of three times. 

Effect of fixator configuration and clamp tightening torque: The procedures 
employed for both the preparation of the test equipment and consequently, the testing 

and data collection, were described in previous section. These procedures were 
employed to test the fixator under both configurations and increasing clamp torque 

ranging from 5 to 15Nm, with the each test repeated twice. 
Two parameters were selected from the torque-angle response (Figure 6.12). 

The stiffness of the fixator system measured from the cord modulus and the hysteresis 

measured from the difference in the rotational angle between the loading and unloading 
phase curves at the mid-point of the applied torque level. 
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Figure 6.12 Fixator torque-angle curve parameters: stiffness and hysteresis. 
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6.3.4 Flexion and extension tests - equipment and procedures 

The experimental set-up for the bending tests required three separate procedures 
as follows: - 

The procedures described in section 6.3.3, were employed for both the 
assembly of the fixator-vertebra system and mounting the U-frames and the Exator 

system onto the material testing system (MTS 85 1). 
The procedures described in section 6.2.3 were employed for the assembly of 

the jig load system with a schematic diagram presented in Figure 6.4. At the end of the 
assembly procedure, the MTS 851 transducers were reset to zero. 

Initial tests: The fixator underwent two test procedures, distinguished by whether the 
bending couples were applied in the opposite sense, termed flexion, or the same sense, 
termed extension. These were illustrated in Figure 6.4. The test programme (MTS 

systems Co., USA, Teststar SX) data logging facilities were employed to 
simultaneously record the resultant torque and axial force throughout the test ranges 
with the programme initiated 30 seconds before the test. The relationship between 
these measurements and the applied moment, for example, a change in pattern, would 
indicate the failure of the loading system to apply coupled bending moments. The 
bending moments were applied via static weights in six increments up to a maximum 
of 3.8Nm (Figure 6.13). Each bending moment was maintained for a period of 30 

seconds. The loads were then reversed down to a zero moment value, with the data 
logging programme terminated at the end of the test. The tests were repeated at three 

clamp torques for both fixator configurations under both flexion and extension tests. 
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Figure 6.13 Flexion and extension test load template. (ONm to 3.8Nm) 
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Modified jig tests: A modified loading system was found to be required. The 

system was assembled using the procedure previously described in section 6.2.3 with a 
schematic diagram presented in Figure 6.5. The procedure described in the proceeding 
section was then employed with the applied moment increased to a maximum of 5. ONm 
for both test modes. 

6.4 Results 

6.4.1 Compression tests 

Effect of neural insert: Under both tests, the fixator load-displacement response 

exhibited a typical loop behaviour. After the first load-unload cycle, the cycles could be 

superimposed. A typical load-displacement response of the fixator for one load cycle, 

cycle No 3, in the presence and absence of the neural insert is presented in Figure 6.14. 

The inclusion of the metal neural insert did not cause a describable effect on the 
fixator stiffness, estimated from the gradient of the linear region of the loading and 

unloading phases (Table 6.1). For example during the loading phase, the fixator 

without the neural insert exhibited a- stiffness of 39.4N. mm-1, compared -to - 
39.9N. mm-1, when the insert was in place. 

2501 
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ý /' (2.6mm, 58.5N) 

(1.2mm, 42.2N) 

. 6mm, 166.2N) 
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0 
0234567 

Crosshead displacement (mm) 

Figure 6.14 The load-displacement response of the fixator over one load cycle of 
compressive loading, in the presence or absence of a neural cwu-d insert, at a single 
clamp torque of Mtn. 
(Stiffness values were calculated from the linear regions of the curves as shown) 
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Table 6.1 The effect of the neural canal insert on the fixator stý&ess under c-vcli(,. 
compression loads. 

Loading Fixator stiffness /N. mm- I 
............... ............. .................................... I ......... ........ ...... " ........... ......................................................................... phase With neural insert Without neural insert Difference 

Loading 39.4 39.9 1.3% 

Unloading 36.2 35.9 0.8% 

It was worthy of note that the initial region of the unloading phase for both tests 

showed a higher stiffness (Figure 6.14). This difference may be a result of the 
interaction between the testing system and the fixator rather than actual behaviour of the 

system. 

Reproducibility test: For all load conditions the compressive force through the 
fixator increased monotonically with the overall displacement up to a value of 250N. A 

typical load displacement for a single load cycle in the absence of the neural 'Insert is 

presented in Figure 6.15. Hysteresis was observed in the load-unload cycle. The 
loading response exhibited a significant linear region, from which the fixator stiffness 
was estimated for each of the loading conditions. The values of estimated fixator 

stiffness for the loading phase are summarised in Table 6.2. The results indicated a 
relatively small range of estimated stiffness values, from 22.3 to 26.2 N. mm- 1. 
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Figure 6.15 Fi. vator load-displacenient curve under axial compression: un-transfi. A: 
configuration at a single clamp torque of IONm. 
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Table 6.2 The effect of system preparation, fixator configuration and clamp tightening 
torque onfixator stiffiiess under compressive loads. 

Clamps tightening 
..................... 

F. i. x. at. o. r.. c. o. mpressive stiffness /N. mm- I 
torque level /Nm . ..... .... .... .... ............................. I ...................................................... 

Un-transfix mode Transfix mode 
Test run No I 

5 22.6 23.8 

10 22.3 25.3 

15 25.0 24.3 

Test run No 2 
5 23.8 24.5 

10 25.0 25.5 

15 26.2 24.7 

There was clearly little effect of changing the clamp tightening torque or transfixing the 

system on the fixator stiffness. For example, in the worse case, under un-transfix 

configuration at the IONm clamp torque level, a comparison of both test runs shows a 

mean stiffness of 23.7 N. mm- 1, with a coefficient of variability of only 8.0%. 

6.4.2 Torsion tests 

Effect of fixator constrainment: The fixator exhibited an approximately linear 

relationship between the applied torque and the resulting rotation at each torque range. 
A typical graph of this response over several cycles of torque, in the range ±5Nm, is 

presented in Figure 6.16. During the test, a lag in the rotational angle response was 

observed, culminating in an effective drift of approximately 0.3 degrees. This lag 

might indicate a progressive slippage of the screws in the fixator clamps with the 

applied load cycles at this torque level. 

An estimate of the mean coupled axial force measured over two cycles for each 
of the seven applied torques is presented in Figure 6.17. The mean values vary 
between 2N and 5N, the latter value associated with applied torque of 4.5-5. ONm. 
Similar values for axial forces were recorded for all tightening clamp torques. The 

coupled axial force was most likely caused by a either 'setting in' of the system or 
frictional effects at the clamp-fixator component interface. The large standard 
deviations were associated with the measured values, which were at the sensitivity of 
the force transducers. 
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Both strongly suggests that the torsion jig was successful in applying the required 
moments, whilst ensuring the alignment of the fixator axes with that of the test system. 

Reproducibility test: A typical set of curves representing the applied torque- 
rotational angle behaviour of the fixator, for a clamp tightening torque of 5Nm, is 

presented in Figure 6.18. It is clear that, apart from the initial load cycles, the 
procedures involved in setting up the experimental system did not have a marked effect 
on the mechanical response of the fixator under either positive or negative applied 
torques (Figure 6.18). However the initial load cycle (designated Tests l(l)), 

exhibited a non-linear response. This cycle was excluded from a summary of the 
estimated torsional stiffness values (Table 6.3), calculated from the gradient of the 
linear regions of the loading and unloading phases, for both configurations. As no 
discernible deformation of the fixator components was observed, the results suggest 
that slippage of the screws inside the clamps was restricted to the first load cycle. 
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Figure 6.18 The f4ator torque-angle response when subjected to 3 cycles of ONM 
±SNm applied torque, at a clamp tightening torque of 5Nm. 
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Table 6.3 The effect qf system preparation on the fixator torsional stýftjhess under 
applied torques of ONm to +5Nm or -5Nm. 

Applied torque Fixator torsional stiffness /Nm. (mm)- I 
.............................................. I ....... I ........................................................................... 

/Nm Load phase (n=2)T Un-load phase (n=3) 

0 to +5 1.77 (0.04) 1.69 (0.02) 
0 to -5 1.68 (0.05) 1.50 (0.03) 

Mean (S. D); 
T: The first cycle loading phase was excluded due to its non-linearity 

Effect of fixator configuration and clamp tightening torque: A series of 

curves relating the applied torque to the rotation of the fixator, for increasing clamp 
tightening torques at both configurations, is presented in Figure 6.19. A summary of 
the estimated values for hysteresis and stiffness is presented in Table 6.4. 

Clearly the most significant changes in hysteresis were observed in the un- 
transfix configuration, a decrease of approximately 68%, occurring predominantly 

when the clamp tightening torque was increased to IONm (Figure 6.19). The 

corresponding value for stiffness was observed to increase by 21% (Table 6.4). An 

increase in clamp torque to 15Nm produced less marked changes to either hysteresis or 

stiffness. 
The addition of the transfix elements increased the fixator stiffness (Figure 

6.19) with the highest increase, 86%, observed at clamp torque of 5Nm (Table 6.4). A 

decrease in system hysteresis, 65% and 33% was noted for clamp torques of 5 and 
IONm respectively. The effect of clamp torque on the torsional stiffness in the 

transfixed configuration indicated small changes which followed no reliable trend. 
However, the overall results suggested a change in the load mechanism due to an 
interaction between the fixator and transfix bars. From the overall results, it is clear 
that both the increase in clamp tightening torque and the transfixing of the fixator have 

a substantial effect on the torsional response of the fixator. 

Table 6.4 The eftýct of fixator configuration and clamp tightening torque on its 

torsional stýffness and hysteresis. 

Clamp tightening Un-transfix configuration Transfix. confi. gu. ration 
... : ......... . .... I ... ... .... ... .... .... torque /Nrn .......... ti .. f. f. n. e. s. s.............. I ...... H. yIs. te . re .s. i. S... .... ............. SIt. I. ffn .e. s. sI. Hysteresis 

/Nrn. dejý. - I Ideg. /Ni-n. cleg. - Ideg. 
5 1.33 1.00 2.47 0.35 
10 1.61 0.43 2.62 0.29 
15 1.68 0.32 2.52 0.36 
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Figure 6.19 The effect of jixator configuration and clamp tightening torques on the 
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6.4.3 Flexion and extension tests 

Initial tests: Typical fixator responses with respect to coupled torsional moment and 
axial force under both flexion and extension tests, for the two configurations at a single 
clamp torque level, are presented in Figure 6.20. It is clear that for all tests the 
torsional response increased with an increase in applied bending moments up to a 
maximum of 3.8Nm (Figure 6.20). A similar trend was also observed for the axial 
force response under the flexion test, reaching values of approximately 70N. 

However, the axial force response did not follow these trends with increasing 
decreasing levels of applied bending under the extension test. The axial forces were 
largely negative in sense, suggesting compressive forces which generally increased 

with bending moments. In contrast, when the bending moments were reduced the 
trend was unpredictable (Figure 6.20). Indeed for bending moments between 3.8 and 
2.5Nm, the axial forces were tensile in nature. 

Analysis of the system might predict small values of torsion due to the response 

of the fixator and inherent inaccuracies of the experimental system. However, the 

values observed were significant reaching values of 5.9Nm (Figure 6.20) which, at a 

moment arm of 39mm, would be equivalent to the application of a 150N tensile load. 

This moment arm corresponds to the distance of the line of pull of the Bowden cable 
from the long axis of the test machine. 

The results suggested that the loading method used was unable to apply the 

coupled bending moments, as intended. In addition, the irregular nature of the axial 
force response under the extension test, suggested the presence of frictional forces 

along the loading path of the system. 
The above finding prompted the modification of the loading system, as 

illustrated in Figure 6.5. In addition, as the system appeared to respond in a fairly 
linear manner, the applied moments were increased up to a maximum of 5. ONm. 

Modified jig results: Typical fixator responses with respect to coupled torsional 

moment and axial force under both bending tests, for the two configurations at a single 

clamp torque level, are presented in Figure 6.21. It is clear that for all tests the 

torsional and axial force responses exhibited an increase in value with applied bending 

moments up to a maximum of 5. ONm (Figure 6.21). When comparing the modified 
and initial bending jigs (Figure 6.22), it is evident that the coupled torsional moments 
recorded by the fixator were significantly reduced. For example, under an applied 
extension moment of 3.7Nm, the fixator registered mean torque of 0.3Nm under the 

modified jig compared to approximately 6Nm under the initial configuration. A 

comparison of the un-transfixed fixator responses for the initial and modified jigs, at 

applied extension moments of 3.8 and 5. ONm respectively, is presented in Figure 6.22. 
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Figure 6.22 The effect of applied bending moment on the un-transfixed fixator 

torsional and axial responsesfollowingjig modification. 

In the modified jig, the fixator torque response reached a maximum of 0.7, which at a 
moment arm of 39mm, would correspond to a force of 19.2N. This relatively small 
level of response might be attributed to either an intrinsic response of the fixator or to 
inherent inaccuracies of the test system. As a further evidence of the more direct 
loading of the system, a marked increase in the axial force response, 156% (Figure 
6.2 1), was recorded under the extension test. 

Effect of fixator configuration and clamp tightening torque: Typical fixator 

responses with respect to coupled torsional moment and axial force for both flexion and 
extension tests, for the two configurations and variable clamp tightening torque, are 
presented in Figure 6.23. It is clear that for the un-transfix. configuration, the increase 
in the clamp. torquOýdid not cause a significant change in either fixator responses 
during the flexion test. The addition of transverse-,, elements under two clamp torque 
levels of 5 and 1ONm did not cause a marked effect on either the torsional or axial force 

response for both test modes. However, for the transfixed fixator under the extension 
test, increasing the clamp torque to 15Nm caused a significant reduction in the axial 
force (Figure 6.23). 

The above finding suggest that, similar to the compression and torsion tests, the 
addition of transfixing elements 

' 
and in some cases, the increase in clamp torque level, 

can affect the mechanical behaviour of the fixator. 
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6.5 Discussion 

A series of specialised. jigs were designed to enable the testing of a 
commercially available spinal fixator system under several loading regimes namely, 
axial compression, axial torsion and flexion and extension bending. Consequent to 
their design and fabrication, a validation programme was carried out to assess the 

compliance within their stated design requirements. In addition, the effects of fixator 

configuration and clamp tightening torque on the mechanical behaviour of the fixator 

were evaluated. The results of all three loading regimes have clearly shown that the 
injury model, the test medium chosen and the designed jigs, were effective in 
demonstrating the behaviour of the fixator. The spinal model chosen, corpectomy, 
represents a'worsecase in which there is no load sharing between the fixator and the 

spine, thus modelling the case involving the total disruption of the spinal osseous 
structures. Clinically however, there is likely to be some load sharing through either 
the remaining osseous structures or through the bone fusion mass. It should be stated 
that the plastic vertebra chosen as the test medium represents an ideal interface. 

However, the advantages of injury reproducibility, constant material and mechanical 
properties and lack of degradation, enabled the evaluation of both the jigs and test 

protocols. The model chosen is therefore seen as a reference model, to which future 

injury models with increasing complexity, could be compared. 
The ability of the torsion and bending jigs to constrain the fixator-vertebral 

assembly whilst imposing mHmal coupled loads, was important in investigating the 

effects of both clamp tightening torque and fixator configuration. Similarly, the results 

of the reproducibility tests have shown that the procedures employed for the preparation 
of the experimental system caused minimal effect on the fixator response. In contrast, 
the initial bending tests showed that the design solution employed for the loading of the 

model in bending did not meet its design requirements (Figure 6.20). Problems were 
identified as being the result of the loading method and the existence of friction between 

a number of the loading system moving parts. Subsequent modifications and testing 

were successful in achieving the design aim (Figure 6.22). It should be noted, that 

although the design solutions employed for both torsion and bending jigs aimed at 
providing minimal interaction with the model, some interaction cannot be avoided due 
to the constraints applied by the material testing system. Such interactions, may lead to 
the partial masking of the in vivo fixator mechanical behaviour and thus, limit the 
resultant analyses. 

The present results have shown that the addition of transfix elements caused a 
significant increase in the fixator torsional rigidity, manifested by a significant increase,: ' 
in stiffness and a reduction in hysteresis (Table 6.4). Similarly, an analysis of the 
fixator coupled torsional response under extension (Figure 6.2 1) has indicated that the 
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addition of the transfix elements caused an increase in the bending stiffness of the 
system. Thus, the data supported the findings of Carson [2071 who reported that 
transfixation of the vertical members stabilised the constructs under all loading modes, 
whilst reducing forces and moments associated with linkage instability. By contrast, 
the addition of the elements caused no remarkable change in the fixator response under 
either axial compression (Table 6.1) or the coupled torsional and force responses 
during the flexion test (Figure 6.23). This lack of effect may suggest that the specific 
design of the constraining structures of the transverse elements win influence their 
overall performance. 

The increase in clamp tightening torque was observed to increase the rigidity of 
the fixator, most pronounced under torsional loads. For example, increasing the clamp 
torque from 5Nrn to I ONm caused a marked increase in torsional stiffness, of the order 
of 21%, and a significant 68% decrease in hysteresis (Table 6.4). These results clearly 
indicated that slippage of the screws inside the clamps took place under torsional 

moments. Such a phenomena may change the structural configuration of the fixator 

and impose additional unplanned loads on the lumbar spine. Experimental evidence for 

this was observed during the torsion test on transition from positive to negative torque 
ranges (Figure 6.18). Although the long term performance of the fixator were not 
assessed in the present study, it is clear that the effects of wear and loosening of the 
fixator clamp-screw assemblies would affect the interface and thus the long term clinical 
performance of a boney fusion. Such loads may disrupt the healing processes of the 
fusion mass causing the degeneration of adjacent FSU's and ultimately the failure of the 
fusion. These results also have important implications with respect to theoretical 

studies which have generally assumed the clarnp-screw assembly to be rigid in nature. 
In conclusion, the designed jigs and testing protocols were successful in 

fulfilling the test aims. The present results have highlighted both the effects of fixator 

configuration and clamp tightening torque on the mechanical response of the fixator and 
the complex interactions occurring between the fixator and the transfix elements under 
some of the tests. Indeed, the increase in the tightening torque of the fixator clamps 
and the inclusion of transverse elements produced a combined increase in overall 
torsional rigidity of 89% (Table 6.4). In 0 tests, there was only a small difference 
observed when the clamp torque was increased from 10 to 15Nm. Thus, due to the 
lack of data available in estimating the torque levels achieved in the clinical setting, a 
clamp tightening torque of lONrn was recommended for subsequent investigations. 
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CHAPTER 7 

The Mechanical Performance qf an Instrumented Spinal Fixator 

7.1 Introduction 

There is a body of research which details the mechanical behaviour of intemal 
192,2171 

spinal fixators in response to a number of external mechanical loads 1191, 

However, little has been reported about the load response pathways underlying this 
fixator response. In addition, although the use of transfix elements have been shown to 
increase the structural stability of the fixator and reduce the stresses occurring on its 

screws [2071 
, their effect on the load response pathways has not been investigated. 

The test protocols developed in the previous chapter were employed to measure 

the effect of transfixation and clamp torque on the fixator load response pathways using 
the corpectomy injury model. Several methods of assessing the strains at various 
points on the fixator assembly were considered and a comparison of the appropriate 
methods, all potentially available at Queen Mary and Westfield College and sumi-narised 

in Table 7.1 

Table 7.1 Experimental strain measurement methods. 

Measurement category Photoelasticity Brittle Strain Holography 
Coating gauge 

1) Well proven technique ++ ++ ++ ++ 
2) Suitable for the present study + ++ ++ 
3) Readily available equipment + ++ ++ ++ 
4) Minimal effect on the fixator 

++ ++ ++ 
mechanical behaviour 

5) Characterise the system 3-D 
++ ++ ++ 

mechanical behaviour 

-, +, ++ : Indicatc inadequate, partial and full characterisation 

This table suggest that strain gauges are the method of choice offering high 

measurement accuracy and reliability and providing the most versatility for the stated 
aims. However, it must be accepted that the gauges will only measure strains at a 

specific number of locations. It was therefore decided to directly measure the bending 
loads acting on the fixator by configuring the appropriate gauges in a Half-bridge 
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configuration and the torsional loads with the appropriate gauges connected'in a Full- 
bridge configuration. The shear loads acting on the fixator could also be estimated by 

subtracting the output from two consecutive pairs of bending gauges. This process is 
justified if both the rods and the screws can be considered to act like elastic beams. No 
instrumentation was applied to the clamp assemblies which were small in size and 
complex in structure. 

7.2 Calibration test - equipment and procedures 

Calibration procedures were developed for each of the instrumented components 
namely, the vertical rods and the transpedicular screws. These procedures involved 

recording the gauges output in response to bending and torsional moments. 

7.2.1 Materials and equipment 

Spinal fixator: The AO internal spinal fixator system, previously described and 
illustrated in Figure 6.9, was used. 

Strain gauges: A number of foil type strain gauges (Showa Co., Japan), each with an 

effective gauge length of Imm, were used for the measurement of the moments on the 
instrumented components. These included, uni-axial gauges (Cat No KFG-I-Cl- 

120), 45 degrees two gauge rosettes (Cat No KFG-I-D17-120) and three gauge 

rosettes (Cat No KFG-I-D17-120). All the gauges were bonded to the fixator 

components using Cyanoacrylate adhesive (Showa Co., Japan, CAT N* CC-33A). 

Instrumentation of fixator components: 
(i) Vertical rods: The flat surfaces of each rod was secured to the vice of a milling 

machine (Bridgeport, Adcock-Shipley Ltd., UK). At a pre-detennined distance from 

its centre, two sections, of 10mm length and 0.9mm depth, were milled from the 

threaded surface of the rod, as shown in Figure 7.1. A metal probe was then used to 
lightly inscribe four lines at the edges of the prepared sections, the lines representing the 

section mid-length and mid-width. This preparation ensured both precise location and 

alignment of the strain gauges. The rod was then turned through 180 degrees and the 

procedure repeated for the opposing threaded surface. A similar procedure was adopted 
to locate the gauges onto the flat surfaces of the fixator rods. Finally, the rod was 
degreased using alcohol. 
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(a) 

LX 

(h) 
Figure 7.1 (a) Photograph of instrumented fixafor vertical rod and (b) assembly diagram with gauge type and location. 
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Four pairs of uniaxial strain gauges and a pair of strain -auge rosettes were bonded to Z- 
the appropriate Ilat and threaded surfaces using the Cyanoacrylate adhesive. Each 

gUlge was checked for electrical insulation using a digital voltmeter (Fluke Ltd, U K, 
Model 70). A number of soldering tags were bonded onto each rod, the lead wires 
fi-orn each gauge soldered to Its respective tag and completion of the bridge performed LI 
by interconnecting the tags. The complete procedure resulted ill five bending bridoes 

and one torsional bridge (Table 7.2). At this time, the connection between bridge 

outputs and the appropriate D-plug were verified using the digital voltilleter. Finally the Cl 
instrumented rods were connected to a data logger and conditioned for 48 hours at a 

room temperature ot'25'C. 

Table 7.2 ldentýfication qfstrain gauge onfixator rods. 

Gauge Gauge location GaUgC function 

dentification (confin,, uration) 
133 1, B4 I Rod-clamp topjunction: threaded section Bending (Hall) 
1332,1142 Rod-clanip top Junction: flat section 
T3 1, T4 1 Mid distance bctwcen clamps: flat scction Torsion (FLIII 
1133,1143 Mid distance between clamps: flat section Bending (Hall-) 
B34,1144 Rod-clamp bottom Junction: threaded sect ion 
B35,1145 Rod-clanip Bottom junction: flat section 

(ii) Tran sped ic u lar screws: Each screw was mounted on a rotating table attachment of 
the milling machine. At pre-determined distances from the screw tip, alignment 

markers were li-htly inscribed on the smooth surface of the screw to ensure both 

precise location of' the strain gauge and their alignment with the screw axes. Finally, 

each screw was degreased using alcohol. 
The procedure, described in the preceding section, was l'ollowed in the 

application and verification of the strain gauge bridges for each of the screws. This 

procedure resulted in two bending bridges and one torsional bridge, with their 
identification surnmarised in Table 7.3 and shown in Figure 7.2. 

Table 7.3 ldeiitýlication qf'strain gauge on 
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111 1,112 1,115 1, B6 I Pedicle-scicw, l uncl ion Bending (Half) 
'I'l 1, T2 1, T5 1, T6 I Mid distance betwcen bending gauges Torsion (FLIIH 
B12,1322, B52, B62 Screw-clamp junction Bending (Hal I') 
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Data logger: A data logging system (Orion, Schlumberger Ltd, UK, Model 3530) 
was used to simultaneously amplify and monitor each strain gauge output. A 

programme was written using the propriety software to enable the device to carry out 
the above functions. Several 37 and 25 way latch type D-plug connectors (RS, UK, 
Cat No 453-038 and 453-022 respectively), were connected to the input modules using 
screened 7/0.1mm six core electrical cable (RS, UK, Cat No 367-375). This method 
ensured that correct polarity was maintained and reduced the detrimental effects 
involved in the connection and removal of the electrical wires from the data logger input 

modules for each experiment. 

7.2.2 Bending calibration - equipment and procedures 

A four-point bending test jig, was employed for the bending calibration of the 
instrumented components. A photograph of an instrumented rod positioned in the four- 

point bending test is presented in Figure 7.3. 
The device consisted of a metal ring with a calibrated dial gauge at its centre 

(Baty International, RS, Cat No 733-659, guaranteed accuracy ±O. Olmm), which 
indicated the load applied on the ring. The top of the ring was connected to a screw 
driven plunger, whilst the bottom was connected to a moving platform to which two 
knife edge load supports were secured. Two outer stationary knife edge load supports 
were secured to the device frame, whilst mounted at its centre was an identical dial 

gauge to measure the centre deflection of the beam. Aluminium. cylindrical sleeves were 
manufactured to slide over the threaded sections of the rods and the threaded and 
smooth sections of the screws. This ensured the application of uniform loading along 
the tested components, as initial tests revealed that the interaction between the jig 

support and the exposed threads caused a non-uniform load profile. 
The inner and outer load supports were set at distances of 40mm and 50 mm 

respectively from the jig centre and the upper platform, to which the inner load supports 
were bolted, was displaced upwards to accommodate the instrumented component. 
Each instrumented component was then mounted onto the jig with its centre 
corresponding to that of the outer load supports and the upper platform lowered until 
both the deflection and load ring dial gauges registered zero. 

For each component, the strain gauges were connected to the data logger, 
initialised and the acquisition proceeded at a scan rate of 40 channels. s-1. The jig was 
then used to apply bending moments ranging from 0 to 5Nrn in 10 equal increments and 
then reversed to zero. At each of the twenty one load steps, the load, the central 
deflection of the component and the strain gauges output were recorded. The bending 
test procedure was repeated three times for each of the rods and screws. 
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Fi, "Llre 7.3 The instrumented rod under the , if/ ) /it llý lig. Z- jo --poilltle li 
, testi 

7.2.3 Bcildingg calibration - supplementary proccdure 

To validate both the bending calibration , 'jig 
and the resulting OLItpUt of the data 

logger, the strains occurring at the centre of each of the instrumented components, 
tenned estimated strains (ES), were estimated from the measurement of their central 
deflection. The theoretical basis for this procedure is detailed in Appendix A. 

7.22.4 Torsion calibration - equipment and procedures 

A hydraulic materials testing system (Bionix 85 1, MTS Co., USA), previously 
described in section 6. -3.1, was employed for the torsional calibration. Two pairs of' 

alurniniurn adapters were Lised to secure the instrumented screws to the crossheads. A 

schematic diagraninie ofthe adaptor is presented in Appendix C. The adapters were Ilat 

on the side mating to the crossheads grips and had a cylindrical recess, which were 
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either smooth or had an imprint of the screw thread, on the side mating to the screw. 
Each section of the adapter had a 1.5mm wedge on the top, which could be positioned 
in the grips, to ensure the alignment of the screws with the long axis of the test 
machine. 

The upper crosshead of the test system was displaced upwards to accommodate 
the instrumented component, which was then secured to it. The upper crosshead was 
then lowered and the component secured to the lower crosshead under load and torque 
control, to ensure minimal coupled loading. Finally the strain gauges were connected 
to the data logger and the gauges and transducers initialised. 

Torsional moments were applied in the range from ONm to 5. ONm in 5 equal 
increments at a rate of 0.2Nm. s-1, with each moment value held constant for 5 

seconds. The applied torque was then reversed back to zero torque. The applied torque 

and strain gauge output were recorded using the procedure described in section 7.2.2. 
The torsion test was repeated three times for each of the rods and screws. 

7.3 Main tests on instrumented fixator 

Procedures were developed for testing the instrumented fixator in four different 
loading modes. 

7.3.1 Materials 

Instrumented spinal fixator: The instrumented AO internal spinal fixator was used 
in the present study. The fixator clamps were tightened to a pre-determined torque 

employing a precision torque wrench. A schematic diagram of the assembled fixator 
detailing the location of the gauges for both the un-transfix and transfix configuration 
are presented in Figures 7.4a and b respectively. 

Vertebral analogue: Two plastic vertebral analogues, as detailed in section 6.4.1, 

were used. 

7.3.2 Test equipment 

Compression testing: The procedure described in section 63.2 was employed to 
assemble the instrumented fixator. A universal screw-driven materials testing machine 
(Instron Ltd, UK, model 1124) was employed to test the instrumented fixator under 
axial compression, using the jig described in section 6.2.1. 
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Torsion testing: The procedure described in section 6.3.3 was employed to assemble 
the instrumented fixator and mount it onto the test system. A hydraulic materials testing 
system (Bionix 851, NITS Co., USA) was employed to test the instrumented fixator 
under torsion, using the jig described in section 6.2.2. 

Flexion and extension testing: The procedures described in section 62Y, were 
employed to assemble the fixator system, mount the fixator onto the test system (NITS 
851) and then assemble the Mk II bending jig (Figure 6.5). The bending jig was then 
used to test the instrumented fixator under flexion and extension bending tests. 

7.3.3 Compression test procedure 

An identical procedure to that described in section 6.9.2 for the reproducibility 
test was employed for testing the instrumented fixator under axial compression at a 
loading rate of l0mm. min-l, up to a maximum load of 250N. The output of the strain 
gauges were recorded using the procedure described in section 7.2.2. Both the applied 
force and the displacement of the crosshead were recorded throughout the test. 

7.3.4 Torsion test procedure 

The hydraulic testing machine (Bionix 851) was employed to apply torsional 

moments in a triangular form ranging from -5Nm to +5. ONm with a mean value of 
ONm, at a rate of 0.5Nm. s-1. The machine was programmed to simultaneously record 
the applied torque and the resultant rotation. In addition, the axial response of the 
fixator was recorded throughout the test. The output of the strain gauges were recorded 
using the procedure detailed in the previous section. A picture of the experimental set 
up is presented in Figure 7.5. 

7.3.5 Flexion and extension tests procedure 

The procedures described in section 6. -R. q and summarised in Figure 6.16, were 
employed up to a maximum applied moment of 5. ONm. Under both flexion and 
extension tests, the test machine was programmed to simultaneously record the axial 
force and torsional responses of the fixator. The output of the strain gauges were 
recorded using the procedure described in section 7.2.2. 
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FigUre 7.5 Instrumented. fixator test: experimental set up. lor torsimi test. 
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7.4 Results - Calibration tests 

For each of the two calibration procedures, an analysis of the stresses acting on 
the component was performed and its results compared to the those measured. 

7.4.1 Bending 

7.4.1.1 Vertical rods - theoretical analysis 

The bending strain, exx, acting on an elastic beam under applied moments, is 

given (2241 by :- 

c= 
M-Y 

Xx E- lxx (7.1) 

where M is the applied moment, y is the distance from the neutral axis, Ixx is the 

second moment of area and E is the Young's modulus of the rod material. The 
calculation of the second moment of area, Ixx, was complicated by both its complex 

shape and the need to account for the machined region at the location of the gauges 
(Figure 7.1). As a consequence, the rod cross section could be divided, as illustrated in 
Figure 7.6, into; 

(i) a flat section corresponding to the product of the flat side of the rod and its width, 
termed A, 
(ii) a segment of a circle which remained after the milling operation, termed B and 
(iii) a full threaded section termed C, which includes section B. 

As defined in Figure 7.6, angles, a and P and, h, the section height of the rod 
flat, could be calculated from geometrical relationships: - 

a= sin` 
0.5b 

(7.2) R 

cos-I 
ý2 

(7.3) R 

h= 2R. cos(x (7.4) 

For the fixator rod, R=3.14mm, b=5.00mm and Y2=2.23mm. Therefore; 

(x= 52.77* P= 45.12" and h=3.8mm. 
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Figure 7.6 Vertical rod cross section: schematic diagram. 4-7 

The second moment of area of the rod flat section in the X axis is given 1224 1 by: - 

IXX: I'lat section :: -- 112b- 
h' 

Inserting the values yields: - Ixx: Flat seciion z-- 22.91,11,14 

(7.5) 

The contribution of the remaining portion of the threaded section (B, Figure t-I 

7.6) to the rod second moment ofarea in the X axis, is given by: - 

lxx: thread=2. 
s y12dA- fy2'dA= fyi 2x, dyda -f y2 2 X2dydß (7.6) 

n TI ir Tr 
, 

-(x --ß --(x li 2 

Using the following trigonometric relationships, xj = R-smý, x-) = R-smu, Z7, t7 
yI= R-cos(x and y2 = R-cosý, the integral was re-written as 

TI 7T 

I? 

lxx: thread=2 
f(Rcos(x)Rsin(x(-Rsinoc)da- f(Rcosý)-'Rsinp(-Rslnp)dp 

(7.7) 
Tr 

Equation 7.7 can be reduced to 
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'm 11 
22 

Ixx: thread= R4f Cos 2 
cc sin 

2 
ada -R4f Cos 2P 

sin 
2 Pdo (7.8) 

E-a 2- -. 8 
22 

and using the trigonometric relationships (sin2cc = 2cos(xsin(x) 

xR 

lxx: uu--au7-- 
R 

sin'2ada- sin 2 20dp (7.9) 
4 Ij 

-2 
a 

substituting the relationships (sin2a = 1-cos2a), yielded 

R422 lxx: 
tiuc; au- 4f 

(1-cos4a)da 
71 

f (1 - cos 40)dp (7.10) 

-2 
-a ý-p 

The solution of the integral yielded 

R4 
Ixx: uuc; au- cc - 

! 
sin 4ccl 0-1 sin 40 2 

444 
2 

Inserting the values yields, Ixx: thread = 6.33mm4 

The rods threaded section second moment of area in the X axis is given by: - 

Ixx: threaded section = lxx: flat section + 2. lxx: thread = 35.6mm4 (7.12) 

From equation 7.1 and using the values, M=lNm, y=2.23mm and E=180GPa 
(quoted stiffness modulus of the rod, Mathys AG), yields: - 

I F-xx: threaded section = 347.2p. (Nm)-1 I 

The second moment of area of the rod with respect to its Y axis and resulting 
strains were calculated in a similar manner, although for the rod central section the full 
threaded cross-section was used. These calculations yielded: - 

Iyy: threaded section = 45.33nun4, 

lyy: centre section = 51.03mm4 

Cyy: threaded section = 306.4gc. (Nm)-! j 

ý_Eyy: 
c-entre section = 272.2p. (N 
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7.4.1.2 Vertical rods - measured response 

Figure 7.7 represents the response to applied bending moments of several 

gauges mounted on the flat and threaded sections of the vertical rods. A monotonic 

increase is observed for all gauges. This figure also includes the predicted relationship 
(Estimated strain, ES) based on the analysis detailed in Appendix A, which is only 

appropriate for the central position of the flat surface gauges, i. e. the location of gauges 
B33 and B43. A comparison of this predicted relationship with the best fit linear model 
(Gauge response =c+ m-Bending moment) through the experimental data during the 

applied loading phase is presented in Table 7.4. It is clear that there was excellent 

correlation for the gauges located at the rods centre section. For example, at an applied 
moment of 3Nm, gauge No B43 exhibited a value of 863.4gF- compared to the value 

estimated from centre deflection namely, 86 1.0ýw (Table 7.4). 

Table 7.4 Instrumented rods strain gauges response under ftmr-point bending 

calibration. 

Bending Gauge load response 
............ , ...... ....... , ....... * .... ............ ........................ ........................................................................ gauge number Strain gauge output (linear models) Theoretical 

cMM 
B 31 -7.4 315.3 347.2 
B 32 9.1 313.2 306.4 

B 33 7.8 282.0 272.2 (283.9) 

B 34 8.9 322.4 306.4 

B 35 -5.1 319.5 347.2 

B 41 -1.8 321.2 347.2 

B 42 10.4 313.2 306.4 

B 43 7.2 285.4 272.2 (287.0) 

B 44 14.2 321.9 306.4 

B 45 -9.3 300.2 347.2 

c IgF- and m /[tc. (Nm)- 1; ( ): Strains estimated using equation A. 5, Appendix A. 
All linear models yield a value for r2 > 0.95. 

However, the gauges on the threaded surface yielded a strain value based on the linear 

models, which was lower than that predicted from stress analysis. For example, at an 
applied moment of 3Nm, gauge B45 exhibited a value of 891.3prt, compared to a 
theoretical value of 1041.6pe. This difference could be attributed to several factors, 
including the use of an average cross-sectional area employed for theoretical analysis 
and the possible interaction between the adapters and the rods causing a reduction in the 

applied moment. 
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There was also an increased response hysteresis during the loading/unloading cycle 
exhibited by the bending gauges on the rod threaded surfaces (Figure 7.7). This 
behaviour was also probably a direct result of the adapters used in the calibration test. 

7.4.1.3 Transpedicular screw - theoretical analysis 

The screw second moment of area is given [2241 by: - 

xx "nr4 (7.13) 
4 

where r is the radius of the smooth shank of the screw, i. e. r--2.5mm. Thus: - 

lxx = 30.7mm4 

From equation 7.1, using a stiffness modulus for the screw of 170 GPa (quoted by 
Mathys AG) then; - 

I Cxx: screw = 479.6gc. (N 

7.4.1.4 Transpedicular screw - measured response 

Figure 7.8 represents the response to applied bending moments of several 

gauges mounted on the screws. A monotonic increase is observed for all gauges. This 
figure also includes the predicted relationship (Estimated strain, ES) based on the 

analysis detailed in Appendix A. A comparison of this predicted relationship with a 
best fit linear model (Gauge response =c+m. Bending moment) through the 

experimental data during the applied loading phase is presented in Table 7.5. It is clear 
that there was excellent correlation for the gauges located further away from the screw 
thread, as illustrated in Figure 7.8. For example, at an applied moment of 2Nm, gauge 
No B21 exhibited a value of 843.4ge compared to the value estimated from centre 
deflection namely, 840.8ge (Table 7.5). The gauges further from the screw thread 

particularly for screws number I and 2, however, yielded a linear model with strain 
values higher than predicted (Table 7.5). For example, at 2Nm applied moment gauge 
B 12 exhibited a value of 882.3[te, compared to gauge B 11 which exhibited a value of 
846.4ge. This difference was probably caused by the proximity of the adapter which 
acted as a stress concentration region. However, all of the gauges yielded a linear 

model with a strain value lower than that predicted from stress analysis (Table 7.5). 
For example, at 3Nm applied moment gauge B52 exhibited a value of 1338. OAC, 

compared to a theoretical value of 1438-01te. These lower measured values, in a similar 
way to those recorded from the gauges on the threaded surfaces of the rods, could be 

attributed to the use of the cylindrical adapters. 
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Table 7.5 Instrumented screws strain gauges response under four-point bending 

calibration. 

Bending Gauge load respqjýse 
gauge number Strain gauge output (linear models) Theoretical 

CMM 
B 11 -2.4 424.4 479.6 (410.1) 
B 12 1.9 440.2 11 
B 21 -1.2 422.3 (420.4) 
B 22 -3.4 443.5 11 

B 51 -7.9 434.4 (432.0) 
B 52 -11.7 449.9 11 

B 61 2.5 437.7 (435.4) 

B 62 4.9 443.8 11 

c /pc and m /[tF-. (Nm)- 1; ( ): Strains estimated using equation, Appendix A. 

All linear models yield a value for r2 > 0.95. 

7.4.2 Torsion 

7.4.2.1 Vertical rods - theoretical analysis 

The shear stresses,, T, which act on a rod is given by 12261: - 

T-B 

y3 
(7.14) 

where T is the torsional moment, y is the distance from the neutral axis and B is the 

section torsional constant of the rod given [2331 by: - 

B=0.637+2.53( 11.157( 
h )' 

+ 49.568( 
h )3 

- 85.866( 
h )4 

+ 69.849( 
h' 

(7.11 
h)- 

RRRR 
)(R 

were w is the half of the width of the rod flat section (5mm), R is the rod radius 
(3.14mm) and h= R-w (0.64mm) Inserting these values in equation 7.15 and 7.14 

yields: - 

B=0.99 and T= 31.81 MPa 

The shear strain, y, can be calculated from following standard equations - 

T=G-y 
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and 

2(l + 
(7.17) 

where G is the modulus of rigidity, E is the Young's modulus of the rod and v is the 
Poisson's ratio = 0.3. Inserting the appropriate values yields: - 

G= 69.23 GPa and T. centre section = 459.5 1 gc. (Nm)- 1 

However, in the present configuration with the gauges arranged at 45 degrees to the 

screw axis, the tensile strain measured by each gauge is in effect the summation of two 

shear strains. In addition, the full bridge configuration increases their output by the 

gauge factor, which is equal to 2.12. Thus dividing the theoretical result by a factor of 
4.24, leads to a predicted output for each gauge per applied moment: - 

17-. 
rod centre section : -- 108.4grr,. (Nm)-1 I 

7.4.2.2 Vertical rod - measured response 

Figure 7.9 presents the response to applied torsional moments up to 5Nrn of the 

appropriate gauges on the flat surface of the vertical rods. A linear model (Gauge 

response =c+ rn . Applied torque) was fitted for each of the gauges and revealed 
excellent correlation with a mean value of slope estimated as 113 g&(Nm)-l. This value 
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Figure 7.9 Calibration of the instrumented rods under 0 to 5Nm applied torque. 
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is slightly higher than that predicted by theoretical considerations. The difference is 

probably due to an approximation in the polar moment for the rod, as estimated from 

equation 7.15. The associated axial forces did not exceed 6N for any applied torsion 
moments, the value corresponding to the low range of the capacity of the load cell. 
This suggests the absence of any measurable coupled loads during the torsion 

calibration procedures. 

7.4.2.3 Transpedicular screws - theoretical analysis 

The screw second polar moment, J, is given [2241 by: - 

7cr (7.18) 

where r is the radius of the smooth shank of the screw (2.5mm). Inserting these 

values yields: - 

J =61.37mm4 

The shear stress is given 12241 by: - 

T-r 
i 

(7.19) 

Again using equations 7.16 and 7.17 with Young's modulus of the screw, E=170MPa, 

yields: - 

T= 40.74MPa and 7. screw = 623.13ge. (Nm)-l 

Using the same argument as stated in the preceding section, the predicted response for 

each torsion gauge is obtained by dividing the above results by a factor of 4.24, leads to 

a predicted output for each gauge per applied mornent: - 

1 7. screw = 147gc. (Nm) 

7.4.2.4 Transpedicular screws - measured response 

It is clear that the torsional gauges on the screws exhibited a monotonic increase 
with the applied torsional moment up to 5Nm as illustrated in Figure 7.10. There was a 
clear relationship between the predicted value and experimental data with the linear 

model (Gauge response =c+. m. . Applied torque) revealing an excellent correlation 
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with a mean value of slope estimated as 143.9 ± 2.811c. For example, at an applied 
moment of 3Nm, gauge No T 11 exhibited a value of 420.3ge compared to the value of 
441[te predicted from stress analysis. The slight difference could be attributed to the 

precise location of the rosette gauge on the long axis of the screw. 
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Figure 7.10 Calibration of the instrumented screws under 0 to 5Nm applied torque. 
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7.5 Result - tests on instrumented fixator 

It was important to compare the gauge data obtained from each of the tests with 
that predicted from the theoretical analysis of the load response pathways underlying the 
mechanical response of the fixator. For each of the following test sections, an analysis 
of the mechanical test is presented, followed by the measured response of the fixator 

culminating in a comparison between the estimated and measured responses of specific 
gauges. The theoretical analysis was based on the following assumptions, 
(i) The fixator, an indeterminate structure, was able to support several load 

response pathways, which were analysed using the assumptions of mechanical 
equilibrium. 
(ii) The material of each fixator component undergoes deformation within its elastic 
region. 
(iii) The fixator screw-clamp assemblies were considered to be rigid. 

To aid description of the results from each test, a diagrammatic representation of 
the fixator was employed including the type and location of the gauges. The numbered 
gauges as located on the fixator with the appropriate dimensions, are illustrated in 
Figure 7.11. 

NxB 21 
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B 12 

B42 X B32 
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B51 B43 2 B33 

B52 0% 
%xz 

B61 

B44A B3z 

Screw-vertebral 
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B35 

Figure 7.11 Diagrammatic representation of the instrumented fixator with numbered 
strain gauges. 
(X: Bending gauges on the screws and the flat surfaces of the rods, & Bending gauges 
on the threaded surfaces of the rods, 0: Torsional gauges on the screws and flat 

surface of the rods) 
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7.5.1 Comprcssion test 

7.5.1.1 Theoretical analysis: The following two load response pathways lerined, Z7, 

Statically equivalent, were idcntit'lcd. The first pathway analysed the response of the 
fixator with axial reaction forces contributing to the main response mechanism (Case 
A), whilst the second, analysed the response with bending mornents its the main 

response mechanism (Case B). The appropriate force and moment diagrams under in 

applied compressive force are illustrated in Figure 7.12. For reasons of structural 

integrity and diagram clarity, the rod-clarrip assemblies were treated as single units. t. - L, 

Case A: The applied axial compression force termed, Fz (Fi, ('Ure 7.12. A), is reacted 
by axial forces equal to half its magnitude at the top and bottom screw-clanip j unct ions, 
termed FStz and FSbz respectively. The axial forces at the vertebral-screw and screw- 

clarnp. 1unctions effectively apply couple moments along the screws teri-ried, MSty and 
MSby, respectively (Figure 7.12). Static equilibrium cons iderations require the 

presence offorces and moments of equal magnitude and opposite sense at the top (FRtz 

and MRty) and bottom (FRbz and MRby) rod-clarrip. junctions. The above system of' 

forces and moments results in the screws and rods bending Outwards in the fixator Z-X 

plane, with the rodS Undergoing compression. 

z 
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The bending moments acting in the Z-X plane of the fixator (Figure 7.12) along a screw 
and at the corresponding screw-clamp junction may be estimated from symmetry with 
respect to the fixator transverse plane. The compressive load, Fz, through each screw 
would be equal to half of the applied compressive load. Thus the moments acting on 
the screw were calculated from: - 

Msty = Fz' - Li (7.20) 

With MSty is the bending moment at the location L on the screw; Fz' range from 0 to 
125N and from Figure 7.2, 

Ll= 39mm for the gauges at the screw-vertebral junction and 
L2= 46mm. for the gauges at the screw-clamp junction. 

For example, at maximum applied load, the formula yields: - 

MStyl = 4.88Nm and MSty2 = 5.75Nm (7.21) 

The moments generated on the rod (Figure 7.12) were calculated from the following 

cross product: - 

MRty =rx Fz' (7.22) 

where MRty is the bending moment at the rod-clamp junction, r is the distance between 

the centre of the rod and the point of force application, i. e. the centre of the vertebra. 
This distance was measured, using vector notation, to be: - 

r= [I 1.83i, 60.86j, 46.00k]mm. 

Employing similar notation, the applied force 

Fz' = [0i, Oj, 0- 125k]N. 

Thus, at the maximum applied load, the formula yields: - 

MRty = [-7.61i, 1.48j, 0.00k]Nm (7.23) 

Case B: The applied compression force, Fz, is reacted by bending moments of equal 
magnitude but opposite sense at the top and bottom screw-clamp junctions termed, 
MSty and MSby respectively (Figure 7.12. B). These moments necessitate the presence 
of corresponding moments of equal magnitude and opposite sense at the top and bottom 
rod-clamp junctions, MRty and MRby, respectively. However, the fixator is not in 
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equilibrium as the spatial geometry of the screws in the X-Y plane of the fixator causes 
resultants bending moments to project along the vertebral Z-Y plane. To restore 
equilibrium, torsional moments act at the top and bottom rod-clamp junctions, termed 
TRtx and TRbx (Figure 7.123). These torsional moments are balanced by equivalent 
moments acting on the appropriate screws, termed TStx and TSbx respectively. The 

above system of bending moments results in the screws and rods deforming outwards 
in the fixator Z-X plane. The torsional moments acting on the screws will cause the 

rods to deform outwards in the fixator Z-Y plane. 
Due to the complex structure of the clamp-screw assembly, a simple analytical 

model was not attempted. 

7.5.1.2 Measured response: The response of the strain gauges during the compression 
test for both fixator configurations, at a single clamp tightening torque of l0Nm, is 

presented in Figures 7.13. a, b and c. The numbering of the gauges is as presented in 

Figures 7.4 and 7.11. One of the torsional gauges, T41, was found to be defective on 
data analysis and the corresponding results have been ornitted. 

It is clear that for both configurations, the majority of the gauges exhibited a 

monotonic relationship with the applied load. Linear models were employed for a 

combination of both loading and unloading phases, to predict the response of the 
bending gauges located on the screws (Figure 7.13. a) and the flat surfaces of the rods 
(Figure 7.13. b). A summary of the resulting coefficients of the linear models (Gauge 

response =c+m. compressive force) are presented in Table 7.6. Each model yielded 

a highly significant correlation coefficient. 
Close examination of the response of the individual gauges and their location on 

the instrumented fixator revealed several differences for both configurations. The 

bending gauges near to the screw-clamp junction consistently exhibited a greater 

response than the corresponding gauges located near to the screw-vertebral junction. 

These differences could be illustrated by a schematic diagram, indicating the values of 
the response as predicted by the linear models for the gauges in the plane of bending at 

a single compression force of 25ON (Figure 7.14. a). For example, for the un-transfix. 
configuration, it is clear that gauge B 12 exhibited a value of 5.95 Nni compared to 5.08 
Nin. exhibited by gauge B 11. 

The mean difference in response for each of these paired gauges on the four 

screws in the un-transfix configuration, at a maximum compression load of 250N, was 
estimated as 0.83 ± 0.05Nm. Each pair of gauges is located at a distance of 7mm along 
the screw axis. This produces an equivalent shear force of 117.9 ± 6.6N, which is 

close to the expected theoretical difference of 125N (Section 7.5.1.1). There were 
small differences in the response of the bending gauges located on the flat surfaces of 
the rods, ranging from -6.86 to -6.97 for rod 4, signifying a uniform bending moment. 
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Figure 7.13. a Response of the gauges located on the transpedicular screws during the 

compression test. 
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Figure 7.13. b Response of the gauges located on theflat surface of the vertical rods 
during the compression test. 
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Figure 7.13. c Response of the gauges located on the threaded surface of the vertical 
rods during the compression test. 
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Table 7.6 Resit/ts ofthe linear models to predict the response qf'some ofthe gauges 
11111-ing flic (, O?? I/)/*i,, V, vl oil fest. 

Gauae Fixator configuration Gauue Fixator configuration .................................................... ;:., ..................................... ...................................... Ll No Uil-transfix Transfix No ull-transfix " ................. Tr*a'i'i's'l"i'x'* 
c In cmc ni c in 

Screws No I& 2 
a 

Screws No 5& 6 
1311 -0.17 0.021 -0.0 1 0.021 B51 0,18 -0.018 -0.08 -0.016 
B 12i -0.05 0.024 -0.02 0.024 B52 -0.10 -0.020 0.03 -0.019 
B21 -0.29 0.020 -0.13 0.019 B61 0.04 -0.021 0.32 -0.024 
B22!. -0.30 0.023 -0.02 0.022 B62 i 0.06 -0.025 0.29 -0.028 

Rod No 3 Rod No 4 
B32': 0.00 -0.032 0.12 -0.032 B42 0.26 -0.029 0.38 -0.029 
B33: 0.06 -0.032 0.16 -0.032 B43 0.22 -0.029 0.37 -0.029 
B34: 

1 
0.08 -0.031 0.05 -0.031 B44 0.39 -0.029 0.39 -0.029 

c/Nm and m /Nni. N- Iý 

All lincar models yield a valtie t, (), - 1-2 > 0.95 

It is important to note that the bending moments recorded by gauges located oil Z-1 
the threaded (latCral) Surfaces of' the rods was an order of niaonitUde lower than the r_1 

equivalent gauges on tile flat (posterior) surftices i. e. gauge B41 compared to gauge 
B42 (Fiourc 7.14). ]'his large difference was observed for all values of' compression 

the test (Figure 7.13). 

, Hic addition of' the transverse elements had little effect oil tile response of the 
inaJority of bending gauges located on the screws (Figure 7.1 3. a) and on the flat 

SUrface of' the rods (Figure 7.13. b). However, the transverse elements caused it 
reduction in the hysteresis of the gauges located on threaded surface of' the rods (Fi('Lire 1 
7.1 3. c). For example, at a single compression load of 125N. pupe No B3 I exhibited 
a response hysteresis, as defined in Figure 6.12, of approximately 0.43Nin compared 
to 0.62Nni Linder the Lin-transfix configuration. This clearly shows that the transverse Z: ) 

elements provided a significant increase in fixator stiffness in the Z-Y plane. It 11ý 
worthy of' note that the response of' the torsional gauges located on the screws was 
SIMil, 11- under the un-transfix coil I'l gurat ion, compared to a markedly asymmetrical 
response on the addition of tile transverse elements (Figure 7.13. a). For example, 
gauges TI I and T21 exhibited Values of 0.63 and 0.66Nrn respectively under the Lin- 
transfix configuration compared to -I. 2ONrn and -0.12Nrn for the transfix 
configuration (Figure 7.14. b). 
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(a) based on the linear models (Table 7.6) for the bending gauges located on the flat 

surface of the rods and screws. 
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(b) based on the response curves (Figures 7.13. a and c) for the bending gauges located 

on the threaded surface of the rods and for all torsional gauges. 
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Figure 7.14 Diagrammatic representation of the estimated gauge response (Nm) to an 

applied compression load of 250N. 
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For both configurations, the comparisons of the bending gauges response between 

pairs of screws (I and 2,5 and 6) and the flat surface of rods Q and 4) showed some 
differences. For example, in the un-transfix configuration (Figure 7.14. a), 
gauges B 11 and B61 yielded values of 5.08Nm and -5.29Nm respectively compared to 
gauges B21 and B51 yielded values of 4.66Nm and -4.32Nm respectively. 
These differences suggest some asymmetry in the fixator response to applied 
compressive loading. It should be noted that the torsional gauge located on rod No 3, 
T3 1, exhibited only a minimal response for all values of compression (Figure 7.13. b). 

7.5.1.3 Comparison of theoretical and measured response: predicted values as 
estimated form the theoretical analysis (section 7.5.1.1) and the measured response for 

the bending gauges located on screw No 1 and on the flat section of rod No 4 under the 

un-transfix configuration are presented in Figure 7.15. It is clear that the theoretical 

response, as indicated in the linear model, and the measured response values of the 
bending gauges were in close agreement, particularly for gauges located on the screw. 
This can be illustrated by examining the slopes of the linear models under the un- 
transfix configuration as detailed in Table 7.7. 
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Figure 7.15 Comparison of the theoretical and measured response of bending gauges 
located on screw andflat surfaces of the rod under applied compressive loadfor the un- 
transfix configuration. 
(ScrewNol: E3BI1(- - -TheOretical);, OB12( -------- Theoretical); 

Rod No 4: 11 B42, * B43,0 B44 and (- -- Theoretical) 
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Table 7.7 Result of'the linear models to predict the theoretical and measured response 
slopes (m) of selected bending gauges during the compression testfiv the un-tran#ix 
configuration. 

Bending gauge Theoretical (m) Measured (m)(T) Diffei-ence %, 
Screw No I 

Bll 0.039 0.042 3.7 
B 12 0.046 0.048 2.1 

Rod No 4 

B42 0.061 0.058 2.5 
B43 11 11 

B44 tv It .1 

m /Nm. N- 1; 

(*): The coefficients were corrected for the loading on individual components (125 N) 

All linear models yield a value for r2 > 0.95. 

The highest difference between the predicted and measured gauge response, 

approximately 4%, was recorded for the bending gauge located near to the screw- 

vertebral junction, BII (Table 7.7). This difference may be related to the proximity of 
the gauge to the screw thread which may have represented a local stress concentration. 
It is worthy of' note that for the un-transfix configuration, the maximum measured 
bending moments acting on the rod transverse plane, yields a mean value of 0.38 ± 

0.3 1 Nrn (Figure 7.14. c) compared to the theoretical value of 1.48NI-n (equation 7.23). 

This markedly reduced measured response strongly suggest that slippage has occurred 

at the clanips. 

7.5.2 Torsion test 

7.5.2.1 Theoretical analysis: Three load response pathways were identified. The first 

two, ten-ned Statically equivalent, analysed the response of the fixator with either 
torsion moments (Case A) or axial forces (Case B) contributing to the main response 

mechanism. The appropriate force and moment diagrams under an applied torsional 

moment are illustrated in Figures 7.16. A third mechanism, termed Self equilibrating, 

analysed the effect of fixator assemblage on its response with the force and moment 
diagram illustrated in Figure 7.18. For the following analysis, the application of a 

positive (counter-clockwise) torsional moment is assumed. 

Case A: The applied axial torque, ten-ned Mtorsion, (Figure 7.16. A) is reacted by 

torsional moments at the top and bottom screw-clamp junctions, ten-ned MStz and 
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MSbz respectively. Static equilibrium considerations reqUires the presence of torsional 

moments of equal magnitude and opposite sense at the top (MRtz) and bottom (MRbz) 

rod-clampJunctions. The torsional moments result in a uniform bendina moment along 
the X axis of the screws with the top vertebral screws deformiriLt-, in all opposite inanner 
to that of the bottom vertebral screws. Consequently, the vertical rods deform in an S- 

shape along the Z-Y plane of the fixator. 

%'Rbz 

Mtorsioll 

"Sivy 
I- ý&- Rh-N 

AB 
Figure 7.16 Torsion testjorce and moment eliagram. 

1ý Rhz 

Case B: The applied axial torque, Mtorsion, (Figure 7.16.13) is reacted along the X-Y 

plane ol'the fixator by axial forces it the screw-clarnp junctions, ternied FSty and FSby 

and at the centre of the corresponding vertebra, termed FVty and FVby respectively. 

Static equilibrium considerations requires the presence of forces ofeclual magnitude and 

opposite sense at the top (FRty) and bottom (FRby) rod-clarnp 
_junctions. 

The latter 

forces cause the rods to deform in an S-shape along the Z-Y plane of the fixator. 

Consequently, torsional moments, termed TRtx and TRbx, develop at the rod-clarnp 

junctions (Figure 7.16.13) which in turn are balanced by equivalent moments acting on 

the appropriate screw-clarnp. junctions, termed TStx and TSbx. Duetothescrewspatial 

relationships with the X-Y plane of' the fixator (Figure 7.16), the resultant of the 

torsional moments impose a clockwise torsional moment along the top vertebral X axis 

and an anticlockwise torsional inornent along the bottom vertebral X xis. a These 

torsional moments are then reacted by axial forces along the screws Z axis at the top 
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(FStz) and bottom (FSbz) screw-clamp junctions, effectively creating couple moments 

which oppose the torsional moments (Figure 7.163). Static equilibrium 
considerations require the presence of axial forces at the top (FRtz) and bottom (FRbz) 

rod-clamp junctions. Due to the constraimnent of the vertebrae, the latter forces are 
reacted at the top and bottom vertebra by torsional moments, termed Mvt and Mvb 

respectively. The axial reaction forces in the Z-Y plane of the fixator impose a uniform 
bending moment along the screws, with screws located on the same vertebra 
undergoing opposite deformations. In a similar manner to the preceding case, the axial 
forces in the X-Y plane of the fixator result in the vertical rods deforming in an S-shape 

along the Z-Y plane of the fixator. 

From the theoretical analysis, the bending moments along the X axis of the 

screws, having an opposite sign to the applied external torque, effectively reduce the 
torque applied on the rods. However, as the resulting structure of the torsion test jig- 
fixator assembly is statically indeterminate, the following model was employed (Figure 
7.17). The screws were modelled as a beam undergoing bending with the end 
connected to the rod modelled as rigidly fixed whilst the one connected to the jig was 
modelled as simply supported. 

FSty FRty 
-"I- 

tt 

(I 

MýTýorsion MRU 

-62. Omm 

7.17 A schematic force and moment diagram of the modelled jig-screw and rod 
assembly under torque. 
Worsion is the applied torque per screw, MRtz is the torsional moment acting at the 

rod-clamp junctions and FSty and FRty are the reaction forces at the neural insert and 

the rod-clamp junction respectively. 

The moment acting at the clamp-rod junction, MRtz, was calculated from [2331: _ 

m Torsion m- -(3a Rtz 20 (7.24) 

With MTorsion representing the applied torque per screw, a is the distance of moment 

applied from the beam end (=Omm) and L is the beam length (= 62. Omm). 
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Thus, at the maximum applied torque, 2.5 Nm, the equation yields: - 

MRtz = -1.25Nm (7.25) 

C Self equilibrating case: The tightening of the clamps, creat 6,, torsional moments at 
the top and bottom rod-clainp junctions, termed TRtx and TRbx respectively, which 

effectively try to prevent the fixator from rotating by 'holding the screws' (Figure 
7.18). These moments necessitate the presence of corresponding moments of equal 

magnitude and opposite sense at the top and bottom screw-clamp junctions, termed 
TStx and TSbx respectively. However, the fixator is not in equilibrium as the spatial 

geometry of the screws in the X-Y plane of the fixator causes these resultant moments 
to project along the vertebral Z-Y plane (Figure 7.18). To restore equilibrium, bending 

moments act at the top and bottom screw-clamp junctions, termed MSty and MSby 

respectively which, in turn, are balanced by equivalent moments acting on the 
appropriate rods, termed MRty and MRby respectively. 

The torsional moments result in the rods deforming in an S-shape along the Z-Y 

plane of the fixator. Consequently, the rods apply axial forces in the Y axis of the rod 
at the top (FRty) and bottom (FRby) rod-clamp junctions (Figure 7.18) which, in turn, 

are balanced by equivalent forces at the screw-clamp junctions (FSty and FSby). 

Similarly, the bending moments tend to deform the rods in an S-shape along the Z-X 

plane of the fixator. This deformation is then reacted by axial forces along the X axis 
of the screws at the screw-clamp junctions, termed FStx and FSbx respectively. To 

restore equilibrium axial forces, termed (FRtx and FRbx), act at the appropriate rod- 

clamp junctions (Figure 7.18). 

7.5.2.2 Measured response: The response of the strain gauges during the torsional test 
for both fixator configurations, at a single clamp tightening torque of 1ONm, is 

presented in Figures 7.19. a, b and c. The numbering of the gauges is identical to that 
in Figures 7.4 and 7.11. One of the torsional gauges, T41, was defective and was 
omitted from further analysis. 

It is clear that for both configurations, the majority of the gauges exhibited a 
monotonic relationship with the applied torque. Linear models were employed for a 
combination of both loading and unloading phases, to predict the response of the 

gauges located on the screws (Figure 7.19. a) and the rods (Figure 7.19. b and c). A 

summary of the resulting coefficients of the linear models (Gauge response =c+ rn . 
torque) are presented in Table 7.8. Each model yielded highly significant correlation 
coefficients. It is worthy of note that, unlike the axial compression test, both the 
bending gauges located on the threaded surfaces of the rods (Figure 7.19. c) and the 
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torsional gauges located on the screws (Figure 7.19. a) exhibited a linear relationship 
with the applied tor(luc. 
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Figure 7.19. a Response of the gauges located on the transpedicular screws during the 

torsion test. 
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Figure 7.19. b Response of the gauges located on the flat surface of the vertical rods 
during the torsion test. 
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Figure 7.19. c Response of the gauges located on the threaded surface of the vertical 
rods during the torsion test. 
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Comparisons of the bending gauge response between pd, of bending gauges 
and the torsional gauges located on each of the four screws showed little difference, 

under the un-transfix configuration (Figure 7.19. a). For example, gauges T 11 and T21 

exhibited values of 1.34 and 1.33Nm respectively for the maximum applied torsional 
moment. A schematic diagram indicating the values of the gauge response predicted 
from the linear models at the single torsional moment of 5Nm is presented in Figure 
7.20. This figure also revealed minimal differences in the response of the bending 

gauges located on the threaded surfaces of either rod. For example, gauge B35 

exhibited a value of -0.97Nm, compared to -0.95 Nm, exhibited by gauge B45 (Figure 
7.20). 

However, close examination of the response of the individual gauges and their 
location on the instrumented fixator revealed several differences. The bending gauges 
located on screws (I and 6) and on the flat surface of the rod 3, consistently exhibited eqw V'd_1U-t higher response valukOr a given applied torque than the -_- - --__ , gauges located on 
screws (2 and 5) and the flat surface of rod No 4 (Figure 7.19). For example, for the 

un-transfix configuration, gauges B 11 and B 61 yield values of 0.63Nm and 0.7 6Nm 

compared to values of -0.47Nm and -0.62 Nm, for gauges B21 and B51 (Figure 
7.20a). There were also marked differences in the response hysteresis (Figure 6.12), 
for pairs of bending gauges located on the screws and on the flat surfaces of the rod No 

4 (Figure 7.19. a and b). For example, for the un-transfix. configuration at an applied 
torque of ONm, gauge B43 on rod No 4 yielded a response hysteresis of 0.20Nm 

compared to a value of 0.07Nm for gauge B33 on rod No 3. In contrast, the bending 

gauges located on the threaded surfaces of rod No 3 showed a higher response 
hysteresis than those located on rod No 4 (Figure 7.19. c). These differences suggest, 
in a similar manner to the compression test, a degree of asymmetry in the fixator 

response to the applied torsional moments. 
Although the torsional gauge located (T3 1) on rod No 3 exhibited a monotonic 

increase with applied torque, the response was somewhat irregular with the gauge 
demonstrating some response hysteresis (Figure 7.19. b). 

The addition of the transverse elements caused a significant decrease in the 

response of the bending gauges of the screws, in particular, those located near the 

screw-vertebral junction (Figure 7.19. a). For example, at 5Nm applied torque, gauge 
B 11 exhibited a response of 0.08Nm compared to a value of 0.63Nm under the un- 
transfix configuration (Figure 7.20. a). Similarly, the torsional gauges on the screws 
also demonstrated a reduction, approximately 50%, in response value (Figure 7.19. a), 
Thus gauge TII exhibited a value of 0.66Nm when the transverse elements were 
employed, compared to 1.34 Nm under the un-transfix. configuration (Figure 7.20. b). 

Page 188 



Table 7.8 Results (ýfthe finear models to pre&ct the response of some of tile gauges 
during the torsional test. 

Gauge 
No ................... 

Fixator confi. pration 
Un-transKx- ........ *, ........ -Ti: a. ns. (. *. i. x .............. 
cmcm 

Gauge 
.. No 

Fixator configuration 
....................... ...................................... ............... Un-transfix Transfix 
cmcm 

Screws No 1&2 Screws No 5& 6 

BII 0.03 0.121 0.05 0.006 B51 -0.04 -0.116 -0.04 0.002 
Tll -0.28 -0.232 -0.03 -0.125 T51 -0.02 -0.254 0.07 -0.130 
B 12:: 0.02 0.122 0.05 0.053 B52 -0.07 -0.116 -0.05 -0.009 
B21 0.08 0.092 0.03 0.013 B61 0.04 0.144 0.05 0.020 

T21 0.11 0.247 0.07 0.130 T61 -0.13 -0.230 -0.14 -0.107 
B22; -0.03 -0.084 -0.03 -0.040 B62 0.02 0.146 0.04 0.019 

Rod No 3 Rod No 4 

B31:: 0.03 0.140 -0.00 0.169 B41 0.07 0.144 0.00 0.155 

B32: 0.09 0.083 -0.05 0.206 B42 -0.04 0.103 -0.04 0.190 

B33: 0.02 -0.009 -0.06 0.015 B43 -0.10 0.009 0.06 -0.014 
B34:: 0.02 -0.086 -0.04 -0.161 B44 :: -0.17 -0.095 0.01 -0.219 

c/Nm and m /Nin. (Nm)- 1; 

All linear models yield a value for r2 > 0.95. 

It is also important to note that in the transfix configuration, the bending gauges located 

on the flat surface of the rods showed a marked increase in response per applied load 

(Figure 7.19. b) and an associated decrease in response hysteresis. For example, at 
5Nm applied torque, gauge B32 exhibited a response value of 0.98Nm compared to 
0.5lNm in the un-transfix configuration (Figure 7.20. a). These differences clearly 

suggest a change in the load response pathways along the fixator. 

7.5.2.3 Comparison of theoretical and measured response: predicted values, as 

estimated froin the theoretical analysis (section 7.5.2.1) and the measured response for 

the torsional gauge located on rod No 4, under the un-transfix configuration, are 

presented in Figure 7.2 1. The associated slopes of the linear models are presented in 

Table 7.9. It is clear that the theoretical response, as indicated in the linear model, was 

markedly higher, approximately 14%, than the measured response values of the 
bending gauges. This difference may be partially attributed to both the simplifying 
assumptions used 1*or the theoretical model and the suggestion that slippage has 

occurred at the clamps. Any slippage could also lead to the irregular shape of the gauge 
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"'ý 

-0.68 

9 0.35 
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V, 
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ýý 
-0.5 

-1.5 

Applied torqLIC (Nm) 

FigUre 7.2 1 Comparison ofthe theoretical atul measiti-ed t-espoiise oftorsional gauge 
located on flat sm. fiwes of the roil under applietl tot-elite 

. 
/Or the im-translix 

coilligunitiOll. 
(Rod No 3: 0T31 Theoretical 

Table 7.9 Result (? f the Iiiietir models to predict both the theoretical wid measurcil 

response Slopes (M) ol'the forsional gauge located on rod No 3 during the torsion test 
/Or the 1111-trallslix coilligill-ation. 

Bending gauge Theoretical (m)( t) Measured (m) Difference % 

Rod No 3 

T31 0.50 0.38 13.6 

m /Nni. (Nnir I- 

The coefficient value was, obtained from equation 7.25. 

response CIII-Ve (11"Ure 7.21) which clearly include several regions in which the t-- Z-- 

II1Ca, SLI1-Cd moment does not change for applied torque, i. e. between -0.5NIII and ONm- 
These regions indicate free rotation of the screws in the clamp. 
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7.5.3 FIcxloll tcst 

7.5.3.1 Theoretical analysis: Three load response pathways were identified, two 

representing statically equivalent cases and one a self equilibrating case. The appropri Z- III ý-- iate 
force and moment diagrams under an applied flexion mornent are illustratcd in Figurcs r-- 
7.22 and 7.23 respectively. 

Case A: In the first statically equivalent case, the overall fixator response was similar 
to that previously discussed in section 7.4.2 (Case A, Figure 7.12). However, the I- 
axial forces at the screw-clanip and rod-clanip. junctions were opposite in sense, leading 

to the rods Undergoing tension (Case A, Figure 7.22). In addition, due to the L- 
constrainnicia of the vertebrae by the material testing systern, these axial forces are 
balanced by tensile I'Orces occurring at each vertebra, termed Fvtz and FVbz. 

Case B: The second statically equivalent case, illustratcd in Figure 7.22 (Casc B), was I- 
identical to that previously diSCLIssed in section 7.4.2, (Case 13, Figure 7.12). 

I" 

---- 

I 1c \I( 

II/I 

Rh/, 

Iýx 
"Flexion 

A 
Figure 7.22 Fleximi lestjOrce and mometit diagrams - shitically equivaletil cases. 

Sell' equilibrating case: The third mechanism investigated thc cffect of fixator 

asscii-iblape on its rcsponse as illustratcd in Figure 7.23. 
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Figure 7.23 Flexion lest. 10rce and moment diagram - seffequiliblylting case. 
In a similar manner to the axial compression test (case B, Flzgure 7.12) the resultant Of 
the bending moments at the rod-clamp. junctions, termed MS1y ind MSby (Figure 7.23) 
are reacted by the resultants of the torsional moments, termed TRtx and TRhx. These 
inornents necessitate the presence of moments of equal magnitude and opposite sense, Z_ 
narnely, torsional niornents at the screw-clamp junctions terined, TStx and TSbx and 
bending moments at (lie rod-clarnp junctions, ten-ned MRty and MRby respectively. 
These moments tend to deforin each rod into an S-shape along both the ZA and Z-Y 
planes ofthe fixator. Conscquently, the rods apply axial forces at the top and bottom 
screw-clanip junctions at right angles to the ZA plane of' (lie fixator termed (FSt(x, y) 
and FSb(x, y)) respectively, Figure 7.23. Static equilibrium considerations require the 
presence of' forces of equal magnitude and opposite sense at the top (FRt (x, y)) and 
bottom (Flzh (x, y)) rod-clanipjunctions. 

From the theoretical analysis (Figure 7.22), the axial forces in the Z axis of the 
screws effectively reduce (lie bending mornent along the screw and, as a consequence, 
the bending moment on (he rods. However, the structure of the flexion test jig-fixator 
assembly is statically indeterminate. Therefore, the model Previously detailed in section 
7.5.2.1 was again employed, with the appropriate diagram illustrated in Figure Z-1 L_ 

L) 

7.24. The reaction force acting at the neural insert ternied, 
F 

V 

rod termed, 
F 

-Z, were calculated from the following 12-131 
,., and at the centre of the 

i f, 
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= 
-3 - MFlexion 

a') (7.26) V41 2V 

3. M Flexion a') (7.27) 
21ý 

Where MFIexion is the applied flexion moment per screw (= 2.5Nm), a is the distance 

of the applied moment from the end of the beam (= Omm) and L is the beam length 
(= 62.00 mm). 

Lý7.5mm 

FVtz 
FRtz 

MStYl M§ty2 

MFlexion -. 11 v "" MRty 

"O-39. Omm - 
-*-46. Omm 
199 L--62. Omm- 

Figure 7.24 A schematicforce and moment diagram of the modelled jig-screw and rod 
assembly underflexion moment. 
MFlexion is the applied flexion moment per screw, FVtz and FRtz are the reaction 
forces at the neural insert and the rod-clamp junction respectively and MStyl, MSty2 

and MRty are the bending moments at the screw-vertebral, screw-clamp and rod-clamp 
junctions respectively. Inserting the appropriate values yield: - 

RV = -60.48N and RR = 60.48N (7.28) 

The moments acting at the location of the bending gauges along the screw and at the rod 
clamp junction were calculated by subtracting the couple moment created by the axial 
forces from the applied flexion moment [2331: - 

m"m +RV. (L-x)l (7.29) S, R(ty)i-ý Flexion 

where x is the distance of reaction force acting at the neural canal from the end of the 
beam (17.5mm), L is the distance of the gauges located on the screw and the rod centre 
from the end of the beam (Ll= 39mm, L2= 46mm and LR = 62mm respectively 
(Figure 7.24)). 

Thus, at a maximum applied flexion moment of 2.5 Nm, then: - 

MStyl = 1.20Nm; MSty2 = 0.78Nm and MRty = -0.19Nm (7.30) 
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7.5.3.2 Measured response: The response of the strain gauges during the flexion test 
for, both fixator configurations, at the single clamp tightening torque of 1ONm, is 

presented in Figures 7.25. a, b and c. The numbering of the gauges is identical to that 
in Figures 7.4 and 7.11. One of the torsional gauges, T4 1, was defective and was 
omitted from further analysis. 

It is clear that for both configurations, the majority of the gauges exhibited a 
monotonic relationship with the applied load. Linear models were employed for a 
combination of both the loading and unloading phases, to predict the response of the 

gauges located on the screws (Figure 7.25. a) and on the flat surfaces of the rods 
(Figure 7.25. b). A summary of the resulting coefficients of the linear models (Gauge 

response =c+ rn . flexion moment) are presented in Table 7.10. Each model yielded a 
highly significant correlation coefficient. 

Detailed examination of the response of individual gauges and their location on 
the instrumented fixator revealed the overall response to be similar to that exhibited 
under axial compression, as detailed in section 7.5.1. However, several differences 

were observed. In the present case the bending gauges located near to the screw- 

vertebral junction consistently exhibited a greater response than the corresponding 
gauges located near to the screw-clamp junction. These differences could be illustrated 
by a schematic diagram indicating the values of the response as predicted from the linear 

models for the gauges in the plane of bending at the single bending moment of 5Nm 

(Figure 7.26). For example, for the un-transfix configuration, it is clear that gauge B 11 

exhibited a value of 1.23Nm compared to the 0.72 Nrn exhibited by gauge B 1: 2 (Figure 

7.26. a). The mean difference in response for each of these paired bending gauges on 
the four screws in the un-transfix configuration at a maximum applied flexion moment 

of 5Nm, was estimated as 0.46 ± 0.05Nm (Figure 7.26). Each pair of gauges is 
located at a distance of 7mm along the screw axis. This produces an equivalent shear 
force of 65.4 ± 7.7N. 

The comparison of the response of bending gauges located on the top screws (1 

and 2) and the torsional gauges located on the bottom screws (5 and 6) showed some 
differences. For example, in the un-transfix configuration (Figure 7.26); 

gauges BII and T51 yielded values of 1.23Nm and -0.17Nm respectively compared to 

gauges B21 and T61 which yielded values of LIONrn and -0.22Nm respectively. 
However there was little difference in the response of the bending gauges located on the 
flat and threaded surfaces of the rods. For example, the bending gauge B51 exhibited 
a value of -0.99Nm, compared to a value of -1.03Nm exhibited by gauge B61 (Figure 
7.26). These differences were clearly less marked than those observed under the axial 
compression test. In addition, there was only a small output from the torsional gauge 
located on rod No 3 throughout the flexion test (Figure 7.25. b). 
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Figure 7.25. a Response of the gauges located on the transpedicular screws during the 
flexion test. 
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Figure 7.25. b Response of the gauges located on theflat surface of the vertical rods 
duringflexion test. 
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Figure 7.25. c Response of the gauges located on the treaded surface of the vertical rods 
during theflexion test. 
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Table 7.10 Results ofthe linear models to predict the response of some qf the gauges 
during theflexion test. 

................... 
Gauge Fixator configuration Gauge Fixator configuration 

................... I ..................................... I ..................... No Un-tran*sKx .... "Train's, fi, x, ...... ***.... No Un-transfix Transfix 
CmCmCmCm 

Screws No I& 2 Screws No 5& 6 
BI1 0.04 0.237 0.00 0.245 B51 0.02 -0.202 0.00 -0.202 
TI 1 -0-01 0.046 0.00 0.041 T51 0.01 -0.036 0.04 -0.033 
B 12:: 0.01 0.141 0.02 0.157 B52 0.00 -0.119 0.01 -0.115 
B21 -0.03 0.221 -0.02 0.237 B61 0.01 -0.208 0.00 -0.192 
T21 : -0.01 -0.046 0.03 0.040 T61 -0-00 -0.043 0.01 -0.029 
B22:: -0-01 0.125 0.00 0.135 B62 0.01 -0.120 0.02 -0.110 

Rod No 3 Rod No 4 

B32:: 0.00 -0.060 0.02 -0.068 B42 1 0.01 -0,058 0.03 -0.058 
B33:: 0.01 -0.059 0.01 -0.058 B43 0.02 -0.051 0.02 -0.051 
B34: -0.01 -0.056 0.02 -0.046 B44 0.03 -0.045 0.01 -0.048 
c/Nm and m /Nm. (Nm)-', 

All finear models yield it value for r2 > 0.95 

The effect ofthe selfequilibrating rnechanism (Figure 7.23) was clearly evident 
frorn the differential response of' the gauges located on the flat surface of the rods, for 

example, gauges B42, B43 and B44 (Figure 7.25. b). A similar trend was also 

observed when comparing the response of the bending and torsional gauges between 

pairs of screws (I and 2) and (5 and 6) with the former exhibiting increased response 

value per applied moment. For example, in the un-transfix configuration (Figure 

7.26. b) 

gauges BII and B21 yielded values of 1.23Nm and 1.1 ONm respectively, compared to 

gauges B51 and B61 which yielded values of -0.99Ni-n and - 1.03Nrn respectively. 
In a similar manner to the response under axial compression (section 7.5.1), the 

addition of' the transverse elements had little effect on the majority of the bending 

gauges in (lie plane of' bending, i. e. on the screws and the flat surfaces of the rods 
(Figures 7.25. a and 7.25. b). However, the transverse elements caused a significant 
increase in the response hysteresis of the gauges located on threaded surface of the rods 
(Figure 7.25. c). For example, at a bending moment of 2.5Nrn, gauge B45 exhibited a 
response hysteresis of approximately 0.06Nm compared to 0.03Nm under the un- 
transfix configuration (Figure 7.25. c). It was also noted that with the transfix elements 
the ma jority of' the gauges demonstrated both response hysteresis at all bending 

Moments 111d a residual response t'ollowing the unloading phase (Figure 7.25). 
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b)based on the linear models (Table 7.10) for the screws torsional gauges and on the 

response curves (Figures 7.24. c) for the bending gauges located on the threaded 

surface of the rods the torsional gauge of rod No 3 

Un-transfix Transfix 

Figure 7.26 Diagrammatic representation of the estimated gauge response (Nm) to an 

appliedflexion moment of 5Nm. 
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For example, gauges B42 and B45 exhibited values of 0.03Nm and 0.02Nm at ONm 

applied moment (Figures 7.25b and c). In contrast to that predicted by the theoretical 
analysis, the bending gauge located on rod No 3, B35, exhibited a change in the 
response sense. Thus at an applied bending moment of 5Nm, the gauge recorded a 
value of -0.06 and 0.11 Nm in the transfix and un-transfix configurations respectively 
(Figure 7.25. c). 

7.5.3.3 Comparison of theoretical and measured response: the predicted response 
values, as estimated from theoretical analysis (7.5.3.1), and the measured response for 
the bending gauge located on screw No I and rod No 4, under the un-transfix 
configuration, are presented in Figure 7.27. It is clear that the theoretical response, as 
indicated by the linear model and the measured response values of the bending gauges 
located on the screw were in close agreement. This can be illustrated by exan-dning the 

slopes of the linear models under the un-transfix configuration, detailed in Table 7.11. 

1.4 

-1' 2- 
Z 

g 0.8 
-. 0 

g 0.6- 
GA 

'- 0.4 -/ l* 
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0.2- 

0 ve 
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0 0.1 
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-0.3- 

-0.4 
0 0.5 1 1.5 2 2.5 0 0.5 1 1.5 2 2.5 

Applied flexion moments (Nm) Applied flexion moments (Nm) 

Figure 7.27 Comparison of the theoretical and measured response of bending gauges 
located on screw and on flat surfaces of the rod, under applied flexion load for the un- 
transfix configuration. 
(Downward and upward arrows indicate loading and unloading phases respectively); 
(Screw No 1: 13 B 11 (- -- Theoretical); *B 12 ( -------- Theoretical); 

Rod No 4: 13 B42, * B43,0 B44 and (- -- Theoretical) 

The values for the measured response have been increased by a factor of two, from 
those quoted in Table 7.10, to account for the loading of the individual components. 
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Table 7.11 Result qf the linear models to predict both the theoretical and measured 
response slopes (m) oj' selected bending gauges during the flexion test for the un- 
transfix coqfiguration. 

Bending gauge Theoretical (m) Measured (m)(T) Difference % 

Screw No 1 
B 11 0.480 0.474 0.6 
B 12 0.312 0.282 

Rod No 4 

B42 0.076 0.116 20.,, 

B43 0.102 'LO-6, 

B44 0.092 

m/Nm. (Nm)-l. 
(T): The coefficients were corrected for the loading on individual components (2.5 Nm). 

All linear models yield a value for r2 > 0.95. 

Although the values were similar for the gauges on the screws, the response of the 
bending gauges located on the flat surface of the rod were higher ranging, 10 to 21 %, 

to that predicted by the theoretical analysis (Table 7.11). Although these differences 

may be attributed to the assumptions employed for the present model, it is tempting to 

suggest that the decrease in slope for the measured response from gauges B42, B43 and 
B44, indicate the existence of a self-equilibrating mechanism. 

7.5.4 Extension test 

7.5.4.1 Theoretical analysis: Three load response pathways were identified, two 

representing statically equivalent cases and one a self equilibrating case. The statically 

equivalent cases were analysed with either bending moments (Case A), or axial forces 

along the Z-X plane of the fixator (Case B), contributing to the main response 

mechanism of the fixator. The appropriate force and moment diagrams under an 

applied extension moment are illustrated in Figure 7.28. 

Case A: The applied extension moments, MExtension (Figure 7.28. A) are reacted by 

bending mornents equal to half of the applied extension moment at the top and bottom 

screw-clamp junctions, termed MSty and MSby respectively, with all the moments 
having a similar sense. Static equilibrium considerations require the presence of 
moments of equal magnitude and opposite sense at the top and bottom rod-clarnp 
junctions, termed MRty and MRby respectively. Consequently, the rods deform in an 
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S-shape along the Z-X plane of the fixator with the centre of the rods corresponding to 

point of inflection of the curve. 

z 

týx 
FXtellsion 

NI- 

AB 
Figure 7.28 Extensim lest. -Jot-ce wid moment diagaim. 

Case It: The applied extension moments, MExtension (Figure 7.28. B) are reacted al 

the top and bottom screw-clamp Junctions by axial forces along the X axis of the 
-1 

screws, termed FStx and FSbx. To restore equilibrium, axial forces act at both the rod- 

clamp junctions, termed FRtx and FRbx, and as a consequence, at the vertebrae, termed 
FVtx and FVbx respectively (Figure 7.28.13). Each force pair, 1or example, that of' 

screws I and 5 (Figure 7.4), effectively creating a couple to counter the applied bending 

moment. These inonicrits necessitate the presence of corresponding moments of' equal 
Magnitude and opposite sense at the screw-clarnp (MSty and MSby) and rod-clanip 
(MRty and MRhy) junctions. The fixator deformation pattern is similar to that 

described for case A. 

Self equilibrating case: The third mechanism, the sell' equilibrating case, was 
identical to that preViOUsly discussed in section 7.5.3 and Illustrated in Figure 7.213. 

From the theoretical analysis (Figure 7.28.13), the axial forces acting along the 
fixator Z-X plane effectively reduce the bending moment acting on the rods. However, tl Lý 
its a result of the interaction between the test jig and the fixator. estimation of the 
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magnitude of these forces is complex and requires the estimation of the relative 
structural stiffness of the various components. Therefore, as a first approximation, the 
magnitude of these forces, FRtx and FRbx (Figure 7.28. B) at an applied extension 

moment of 5Nm for the un-transfix configuration, may be estimated from the external 
torsional response of the fixator, a value of 19.2N, as detailed in section 6 ! 4.3. b. Each 

rod sustains half of this force, i. e. 9.6N. Using a distance of 92mm between screw 
centres (Figure 6.3), then the resulting couple: - 

MRod = 92. Omm - 9.6N = 0.88 Nm (7.31) 

It is worthy of note that unlike the case of the flexion in which the forces acting in the 

screw Z axis reduce the bending moment acting on the screws (Figure 7.22), such an 
interaction does not occur in extension. For example, the bending gauges located on 
the screws, MSty and at the rod-clamp junction on the flat section surfaces of the rods, 
MRty, should record the following values at a maximum applied moment of 2.5 Nm: - 

Msty = 2.5ONm; MRty = (MSty - MRod) = 1.62Nm (7.32) 

7.5.4.2 Measured response: The response of the strain gauges during the extension 
test, for both fixator configurations, at the single clamp tightening torque of 1ONm, is 

presented in Figures 7.29a, b and c. The numbering of the gauges is identical to that in 
Figures 7.5 and 7.11. One of the torsional gauges, T41, was defective and was omitted 
from further analysis. 

It is clear that for both configurations the majority of the gauges exhibited a 

monotonic relationship with the applied bending moments. Linear models were 
employed for a combination of both the loading and unloading phases, to predict the 

response of the gauges located on the screws (Figure 7.29a) and on the flat surfaces of 
the rods (Figure 7.29. b). A summary of the resulting coefficients of the linear models 
(Gauge response =c+ ni . extension moment) are presented in Table 7.12. Each 

model yielded a highly significant correlation coefficient. 
Close examination of the response of the individual gauges and their location on 

the instrumented fixator revealed several differences from the behaviour predicted by 

the theoretical models. The torsional gauges located on pairs of screws from the same 
vertebra showed a difference in response magnitude (Figure 7.29a). These differences 

could be illustrated by a schematic diagram indicating the values of the response 
estimated from the response curves, at the single extension moment of 5Nm (Figure 
7.30). For example, for the un-transfix configuration, gauge T51 exhibited a value of 
0.45Nm compared to 0.14Nm exhibited by gauge T61 (Figure 7.30. a). 
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Figure 7.29. a Response of the gauges located on the transpedicular screws during the 

extension test. 
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Figure 7.29. b Response of the gauges located on theflat surface of the vertical rods 
during the extension test. 
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Figure 7.29. c Response of the gauges located on the threaded surface of the vertical 

rods during the extension test. 
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Table 7.12 Results of the linear models to predict the response of some of the gauges 
during the extension test. 

Gauge 
No 

Fixator configuration 
"Un"ir'an fix ... s 
cmcm 

Gauge 
No 

Fixator configuration 
..................................................... ..................... : ................ Un-transfix Transfix 

cmcm 
Screws No I& 2 Screws No 5&6 

BI1:: 0.02 -0.512 0.06 -0.518 
:: B51 :: 

-O. ll -0.498 -0.01 -0.499 
Bi 12: 0.02 -0.476 0.07 -0,495 B52 -0.11 -0.482 -0.11 -0.467 
B21: - 0.16 -0.364 -0.18 -0.367 B61 : -0.03 -0.497 -0.02 -0.495 
B22:: - 0.15 -0.332 -0.13 -0.331 B62 :: 

-0.02 -0.515 -0.02 -0.508 
Rod No 3 Rod No 4 

B32: : - 0.04 0.265 -0.04 0.230 B42 0.0 1 0.207[0.81 0.06 0.166[o. 91 
B33:: B43 0.00 -0.043[o. 81 0.02 -0.083[o. 8] 

c/Nin and m /Nrn. (Nm)-l, 

All linear models yield a value for r2 > 0.95, unless stated otherwise in brackets. 

In addition the torsional gauges located on the top vertebral screws exhibited 

approximately twice the value of response hysteresis compared to the equivalent gauges 

on the bottom vertebral screws. For example, for the un-transfix configuration at the 

applied extension moment of 2.5Nm, gauge T21 exhibited a response hysteresis of 

approximately OANrn compared to 0.2Nm exhibited by gauge T51 (Figure 7.29a). It 

was also noted that the majority of the gauges also demonstrated both a response 
hysteresis and a residual response following the unloading phase (Figure 7.29). In 

addition, similar to the flexion case, there was only a small output recorded by the 

torsional gauge located on rod No 3 during the extension test (Figure 7.29. b). 

The addition of the transverse elements, in a similar manner to the axial 

cornpression and flexion tests, caused no remarkable effect on the gauges in the plane 

of bending. For example, in the un-transfix configuration (Figure 7.30. a) 

gauges 1351 and BII yielded values of -2.6ONm and -2.46Nm respectively, 
in comparison to, 

values of -2.5 1 Nni and -2.48Nm, for the transfixed configuration. 
Howevcr, the addition of the transfixing elements did cause a significant reduction in 

the response hysteresis of the gauges located on threaded surface of the rods (Figure 
7.29. c) and the torsional gauges located on the top vertebral screws (Figure 7.29. a). 
For example, at an applied extension moment of 2.5NiTi, gauge B41 exhibited a 
response hysteresis (Figure 6.12), of approximately 0.05Nm compared to 0.30Ni-n 

under the un-transfix configuration. This reduction clearly shows an increase in the 
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stiffness of the fixator in the Z-Y plane of the fixator when the transverse elements were 
employed. 

7.5.4.3 Comparison of theoretical and measured response: predicted values, as 
estimated from the theoretical analysis (7.5.4.1) and the measured response for the 
bending gauge located on screw No 1 and rod No 4 under the un-transfix 
configuration, are presented in Figure 7.3 1. It is clear that the theoretical response, as 
indicated by the linear model and the measured response values of the bending gauges 
located on the screw and located on the flat surface of the rod, B44, were in close 

agreement (Figure 7.3 1). This agreement can be illustrated by examining the slopes of 
the linear models under the un-transfix. configuration as detailed in Table 7.13. The 

values for the measured response have been increased by a factor of two, from those 

quoted in Table 7.12, to account for the loading of the individual components. 
However, in a similar manner to the flexion test, gauge B42 showed marked 
differences (Table 7.13). In addition, gauge B43, exhibited a measured response at 

variance with theory which predicted a zero response at the middle of the flat surface of 
the rod (Case A, Figure 7.28). These differences, which may partially be attributed 
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Figure 7.31 Comparison of the theoretical and measured response of bending gauges 
located on screw and onflat surfaces of the rod, under applied extension loadfor the 

un-transfix configuration. 
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Table 7.13 Result qf the linear models to predict both the theoretical and measured 
response slopes (m) (ýfselected bending gauges during the extension test for the un- 
transfix coi? figuration. 

Bending gauge Theoretical (m) Measured (m)M Difference % 
Screw No I 

BI1 1.00 1.02 1.0 
B 12 1.00 0.95 2.6 

Rod No 4 
B42 0.65 0.41 22.6 
B43 0.00 0.09 - 
B44 -0.65 -0.62 2.4 

m /Nm. (Nni)- 1; 
(T): The coefficients were corrected for the loading on individual components (2.5 Nm). 

All linear models yield a value for r2 > 0.95. 

to the assumptions employed for the present model, were thought to be the result of the 

self-equilibrating mechanism. 

7.6 Discussion 

The vertical rods and screws of a commercial internal spinal fixator systern, AO 

Fixature Interne, were instrumented with strain gauges with the aim of' measuring the 

specific load response pathways underlining the mechanical response of the fixator. For 

this purpose, the gauges were arranged to measure both bending and torsional moments 
of the instrumented components, which had been calibrated in appropriate mechanical 
tests. Using the protocols developed in chapter 6, the instrumented fixator was tested at 
a single clamp tightening torque of IONm under both un-transfix and transfix 

configurations. The results were compared with a theoretical analysis of the system 
based on the assumptions associated with mechanical equilibrium. 

The calibration tests have shown that the majority of the strain gauges sensitive 
to bending and torsional exhibited a linear relationship with the applied loads/moments. 
The response of the gauges located on the flat surfaces of the rods showed a close 
correlation with theoretical values estimated from both the stress analysis and the 
measurement of deflection of the centre of the rods. For example, the response slope of 
the bending gauges B33 and B43 (Figure 7.5) yielded a mean coefficient of 283.7 + 
2.4pE. (Nm)-I, which was in close agreement to that estimated from the central 
deflection of the beams, narnely 284.9 ± 1.5[tF-. (Nm)-l (Table 7.4). However, there 
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were sorne difference in the response of the bending gauges located on both the 

threaded surfaces of the rods and on the screws and the predicted values from stress 

analysis. These differences may have been caused by either as a result of the 

preparation procedure employed for the threaded surfaces of the rod (section 7.2.1 ), or 
due to the use of the aluminium adapters which, whilst essential for the calibration of 
the gauges, may have caused a reduction in the magnitude of tile applied moments. The 

latter was clearly demonstrated when comparing the i-nean response slope for the screw 
bending gauges, narnely 437.0±9.6 pc. (Nm)-l, with that estimated from the central 
deflection of the screws namely, 424.4 ± 11.5pF,. (Nm)- I (Table 7.5). It was therefore 

felt that the use of the alumimum adapters was justified. With respect to the torsional 

gauges, those located on both the rods and the screws showed a close agreement to that 

estimated from stress analysis. 
The results of the present study showed that the mechanical response of the 

fixator under each of the tests consisted of several distinct load response pathways. For 

example under torsion, the primary response pathway, as evident by the large gauge 

outputs, involved the torsional gauges on the screws and the bending gauges along the 

threaded surfaces of the rods (Figures 7.19. a and c). The secondary response 

pathways, i. e. the resultant response from the spatial relationship of the screws with 

respect to the transverse plane of the fixator, involved bending moments along the 

screws and the flat surfaces of the rods (Figures 7.19. a and b). These alternative 

pathways clearly indicate significant coupling between the screws and the rods. A 

summary of the gauges involved in the primary and secondary response pathways 

under each of the test for both configuration, are presented in Table 7.14 

Table 7.14 A summary of the primary and secondary response pathways under each of 

the four mechanical tests under both configurations. 

.................................................... ............................................ ............... I ................ . ........................ y Secondary Primar 

.......... 9 .................................. .......................................................................................... ............ crew Rod Screw Rod 
I 

Compression Bending Bending(F) Torsion Bending(T), Torsion 
Torsion Torsion Bending(T), Torsion Bending Bending (F) 
Flexion Bending Bending (F) Torsion Bending(T), Torsion 
Extension Benclinu Bending (F) Torsion Bending(T), Torsion 
(F): Indicates gauge location on the flat surface of the rod 
(T): Indicates gauge location on the threaded surface of the rod. 

The majority of the bending gauges involved in the primary response pathways were 
found to be in close agreement with the values estimated from theoretical analysis. This 
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is well illustrated with the bending gauges located on the screw and on the flat surfaces 
of the rod under axial compression (Figures 7.13. a and b). However, in contrast to 
the theoretical models, the relationship between the secondary response pathways and 
the applied loads was generally found to be non-linear in nature. This non-linearity was 
clearly demonstrated from the response of the bending gauges located on the threaded 

surface of the rods, i. e. B31, B35, B41 and B45, under axial compression (Figure 
7.13. c) and under extension tests (Figure 7.29. c). It was also reflected in the response 
of the torsional gauges on the screws under both tests (Figures 7.13. a and 7.29. a 
respectively). Although such differences could be the result of the boundary conditions 
imposed on the fixator by the torsional and bending jigs, such interaction could not 

occur under axial compression where the fixator was free to deform. These results 
therefore suggest that provided there was no plastic deformation of the fixator 

components, of which there was no evidence, then motion must have occurred at the 

clamps attaching the screws and the rods. This supposition is further supported by the 

apparent difference between the measured and estimated response of the bending 

gauges located on the threaded surface of the rods (Section 7.5.1.3). 
The clamps were designed to accommodate several design constraints. They 

had to allow for adequate adjustment of the spatial relationships between the 

transpedicular screws and the fixator rods. This relationship, once established, needed 

to be maintained throughout by mechanically constraining the screws to the vertical 

rods. The ability to constrain the screws is important in the long term stability of the 
[2071 fixator, as demonstrated in a related study . The solution employed in the AO 

Fixature Interne relies on the frictional properties of the screw-clamp interface to 

constrain the screw from rotating along its long axis. These properties are governed by 

both the normal force developed at the interface by the clamp bolt and the relative 

stiffness of the clamp assembly. However, the present study showed that rotation of 
the screws about their long axes does take place under each of the four tests. This 

rotational slippage was clearly demonstrated by the marked difference in the measured 

and estimated response of the torsional gauge, T3 1, located on rod No 3 (Figure 7.2 1 ). 

It was also demonstrated by the relatively large hysteresis in the response of the 

torsional gauges on the screws and the bending gauges located on the threaded surface 

of the rods. For example, on the removal of the bending moment in flexion, gauge No 

B45 exhibited a residual response value of 0.02Nm (Figure 7.25. c), a value 
corresponding to approximately one-tenth of the maximum response of the gauge. The 

majority of the gauges exhibited a residual response and, in addition, some 
demonstrated significant hysteresis under each of the tests. This hysteresis was likely 

to be a direct result of the work done by the fixator in overcoming the friction at the 

clamp, which led to the development of residual strains along the fixator components. 
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Screw slippage was also thought to be partially responsible for the asymmetry 
observed in the response under axial compression (Figure 7.13) and both flexion and 
extension tests (Figures 7.25 and 7.29 respectively). In response to the unconstrained 
loading mode in the axial compression test (Figure 6.9), the initial structural asymmetry 
was enhanced by the screw slippage at the clamps, in effect allowing the vertebrae to 

rotate 7, their X axis. This deformation resulted in an sideways inclination of the 

vertebrae and in an increase in the loading on the individual components of the fixator, 
for example, for the worst case under axial compression, gauges B12 and B52 

exhibited a difference of 20% (Table 7.6). The presence of such asymmetry, although 
less than the 31% value previously reported for a similar implant and injury model [2341, 

indicates that a 'perfect' system might not be feasible. The difficulty in achieving a 

symmetrical system was the result of the requirement of the current clamp design to 

provide for the adjustment of the screw long axis with respect to the sagittal plane of the 
fixator. The solution employing two matching spiral knurl surfaces with discrete, 

graduated in 6 degrees, divisions, which provided ease of assembly, almost continuous 

adjustments and a high resistance to bending moments. 
The effect of both fixator assembly and the test boundary conditions on the load 

distribution on the fixator components were clearly demonstrated. Due to the spatial 

relationship between the screws and the rods, the assembly of the fixator led to the 
development of associated moments along the fixator, as previously described for the 

self equilibrating theoretical models (sections 7.5.2 to 7.5.4). These moments caused a 
differential moment distribution along the flat surfaces of the rods under both flexion 

(Figure 7.25b) and extension tests (Figure 7.29. b). Further evidence of the effects of 
this mechanism could be observed by comparing the theoretical and measured gauge 

responses under the flexion test (Figure 7.27). This mechanism was also reflected in 

the asymmetrical increase in bending and torsional moments acting on the screws, for 

example, screws 1 and 2 under flexion (Figure 7.25. a). 
The effect of the test boundary conditions was evident from the response of the 

bending gauges located on the screws under flexion (Figure 7.25. a). The vertical 

constrainment of each vertebra caused the gauges located at the rod-screw junctions to 

exhibit a higher response than the equivalent gauges located at the rod-clamp junctions. 

Also noted was the reduction in response asymmetry under both the flexion (Figure 
7.25) and exten§ion tests (Figure 7.29), caused by the rotational constrainment of each 
vertebrae 

"'rtheir X axis, when compared to the axial compression test (Figure 
7.13). These results may indicate a possible mechanism underlying the asymmetrical 
failure patterns reported in vitro [198], in which the majority of failures occurred at the 
bottom screws. Moreover, due to the mechanical coupling of the fixator and the spine, 
the disparity in loading may affect the healing process of the bone mass and the adjacent 
non-instrumented FSU. 
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The addition of the transverse elements mainly affected the torsional rigidity of 
the fixator. This was demonstrated by the significant reduction in both the bending 

moments and the torsional moments acting on the screws (Figures 7.19 and 7.20). 
These reductions, in particular the bending moments, was the result of the alternative 
load path offered by the transverse elements. In contrast to the theoretical models, an 
increase in the bending moments along the X-Z plane of the fixator was noted (Figure 
7.19. b). This increase was probably a direct result of the transverse elements 
deforming in bending, which effectively produced increased bending moments on the 
rods. 

For the majority of the tests, the presence of transverse elements resulted in a 
marked reduction in both response hysteresis and in the linearization of the relationship 
between the gauge output and the applied loads for the gauges involved in the 
secondary load response pathways (Table 7.14). For example under axial 
compression, a significant reduction in hysteresis was observed for the bending gauges 
located on the threaded surface of the rods (Figure 7.13. c). In addition to supporting 
previous finding [2071, these results demonstrated that the transverse elements increase 
both the structural rigidity and stability of the fixator under sagittal loads. 

A complex interaction between the transverse elements and the fixator was 
observed under each of the tests. This interaction included, the non-linear response of 
the bending and torsional gauges located on screw 5 under the axial compression test 
(Figure 7.13. a), which also reflected in the response of the gauges located on the 
threaded surface of rod 4 (Figure 7.13. c). In addition, under torsional moments, 
specific bending gauges located at the screw-clamp junction (1321) and at the screw- 
vertebral junction (1162), were observed to change their response sense (Figure 7.19. a). 

In contrast to the theoretical models, the use of the transverse elements had no 
remarkable effect on the primary load response pathways under the majority of the 
tests. The lack of effect was directly related to both the spatial relationship of the 

elements with respect to the fixator axes and their constrainment by the appropriate 
clamps. Under axial compression and flexion tests, the vertical rods are likely to 
deform either in uniform bending (sections 7.5.1.1 and 7.5.3.1) or in an S-shape under 
extension (section 7.5.4.1). The parallel arrangement of the transverse bars with 
respect to the plane of bending imposes rotational loads on the bars around their long 

axes. The clamps of the transverse elements, are of a similar design to those of the 
main fixator and thus offer little resistance to such a rotational motion and are thus 
unable to constrain fixator movement along these axes. The result thus suggest that the 
current design and location of the transverse elements design to not provide an optimal 
in performance for the fixator. 
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The present study clearly demonstrated that the rods and screws were subjected 
to complex loads under each of the four tests. For example, under the maximum axial 
compression load, the screws were subjected simultaneously to, 
5.7Nm bending, 
0.6Nm torsional (Figure 7.14) and 
118N mean shear loads (section 7.5.1.2). 
The effect of such loads and moments on the structural behaviour of the fixator and as a 
result, on the injured spinal segment, is of paramount importance. The resulting 
complex load environment is likely to cause accelerated failure of the interface and 
ultimately may lead to the premature failure of the surgical procedure. Although the 
ideal interface offered by the plastic vertebra used in this study was likely to yield 
values which differ from those obtained using human vertebrae, the present values can 
provide guidelines for a more detailed study examining the dynamic performance of 
screws in vertebral bone. 

In summary, the results of the present chapter have shown that the mechanical 
response of the fixator consists of several distinct load response pathways, which were 
clearly affected by both the design of the fixator and the use of transverse elements. 
The design of both sets of clamps, involving either the fixator or the transverse 
elements, was paramount in affecting the behaviour of the fixator. As a consequence, 
the fixator components are exposed to complex loads, which are likely to affect both the 
screw-bone interface and the long term performance of the fixator. 
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CHAPTER 8 

Discussion and Future Work 

The application of internal spinal fixators employing transpedicular screws for 

vertebral purchase in the posterior fixation of the lumbar spine, has emerged rapidly in 

recent years. Their use has been encouraged by the reports of increased fusion rate, the 
reduction in the number of involved spinal levels and early patient mobilisation [58,169- 
1711. However, several clinical studies have reported that these devices adversely affect 
both the clinical outcome and the adjacent lumbar FSU's [174,1751. These conflicting 
reports has prompted a limited amount of research on the gross mechanical performance 
of spinal fixators and their effects on the mechanical behaviour of the instrumented 

spine, as discussed in section 3.4.3. By contrast, little is known of the effects of both 
fixator design and configuration on the mechanical response of the spinal construct and, 
in particular, the loading to which individual fixator components are exposed. This 
information could ensure the provision of a beneficial environment for the healing bone 

mass, to enhance the short and long term performance of spinal fixators, with particular 
consideration of the performance of transpedicular screws. 

8.1 Fixator design 

The mechanical interaction between the injured spine and the internal spinal 
fixator is complex due to a variety of reasons including: - 

i) the mechanical properties of the spinal tissue as affected by injury and pathological 
processes (section 3.1.3). 
ii) the effect of the surgical procedure (section 3.2.1) and spinal fusion (section 3.3.2), 

on the mechanical behaviour of the lumbar spine. 
iii) the design (section 3.5.1) and configuration (section 3.5.2) of the fixator. 

In the present study both the injury model, known as Corpectomy, and the test 

medium, a plastic vertebral analogue, to which the fixator was mounted were carefully 
selected. Both attempted to avoid the inherent variability associated with the properties 
of vertebral bone and the injury model. The significant effect of the injury model, itself 

critically affected by the individual, on the type of loading in vivo to which the fixator is 

exposed to was recently demonstrated by Rohlmann et al. 11991. Thus the use of a 
reference model enabled the mechanical behaviour of the spinal fixator to be fully 

evaluated in the first instance. 
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Previous studies [ 190-1941 have indicated that spinal constructs exhibit either 

equivalent or reduced overall torsional stiffness compared to that of the intact spine 
(Table 3.5) and a significant reduction in stiffness in both the transverse and anterior- 

posterior planes. The resultant increase in such motions and, as a consequence, in the 

shear stresses transferred across the fusion, will undoubtedly have a detrimental effect 

on the healing process of the bone fusion mass. However, although the precise level 

of shear stress which will impair bone fusion is still unknown, it is important to keep 

its magnitude to a minimum. The role of the fixator is therefore to provide the 

necessary stiffness throughout the healing process. 
The present study clearly showed that the increase in screw-rod clamp 

tightening torque, in particular from 5Nm to I ONm, significantly increased the torsional 

rigidity of the fixator. This increase was demonstrated by a significant reduction in the 

response hysteresis and a marked increase in stiffness (Table 6.4). Therefore, such an 

increase is of clear benefit to the overall objectives of the fixator. 

However, by increasing the tightening torque of the clamp, the effective torque 

transmitted to the spine is likely to increase. In accordance with Newtonýthird law, this 

increase has to be reacted by the spine itself. As a consequence, additional loads, for 

example, an increase in the transverse shear loads at the medial-lateral plane of the 

spine, are likely to be imposed on the spine. The increase in the loading across the 

segment may result in a delay in healing of the bone fusion mass and could cause 

increased degeneration of adjacent FSU's. Furthermore, the torsional moments applied 

during the tightening of the clamps, although not directly assessed in the present 

investigation, will lead to increased asymmetry in the loading across the fixator. This 

asymmetry was clearly demonstrated from the differential loading distributions on the 

fixator rods and in the loading of the individual vertebra under both bending tests, 

described in sections 7.5.3 to 7.5.4. Consequently, an increase in the bending and 

torsional moments acting on the screws of one of the vertebra (Figure 7.2 a) may lead 

to the accelerated failure of these components. In addition, due to the structural 

coupling between the fixator and the spine, the loading asymmetry will subject the FSU 

to higher loads with possible accelerated degeneration of this level. These findings may 

explain the asymmetry in the failure patterns of the components of the fixator under 
dynamic loads, where the superior screws were reported to fail in preference to the 

failures associated with the inferior screws [1981. Furthermore, accelerated 

degeneration of superior FSU segments was noted in comparison to the inferior 

segments. Although little is known concerning the comparative failure rates of spinal 

components and consequently the degradation rates of superior and inferior FSU 

levels, it is tempting to suggest that such asymmetry may exist in the clinical 

environment. 
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The addition of transverse elements has been proposed to markedly increase the 
structural integrity of the fixator [2071 

. The results of the present investigation partially 
support this proposal. The addition of transverse elements caused a significant increase 
in the torsional rigidity of the fixator (Table 6.4), indeed, this effect was more 
pronounced than the equivalent effect of the increase in clamp tightening torque. The 
increase in torsional stiffness was reflected in the response of the strain gauges, in 

particular, the torsional and bending gauges located on the screws (Figure 7.19. a) and 
those located on the flat surface of the rods (Figure 7.19. b). It was also noted that the 

addition of these elements caused an increase in the stiffness of the fixator in the 
transverse plane. This increase was demonstrated under extension by the significant 
reduction in the coupled torsional response of the fixator (Figures 6.20 and 6.21) and 
by the significant reduction in response hysteresis of the gauges located on the threaded 

surface of the rods for each of the four tests, as described in section 7.5. 
In contrast, an increase in clamp tightening torque and the addition of the 

transverse elements, did not markedly increase the stiffness of the fixator under the 

axial compression and both flexion/extension tests. Thus minimal changes were 
demonstrated for both the external response of the fixator (Figures 6.21 and 6.23) and 
the majority of the strain gauges (Figures 7.13,7.25 and 7.29). The ineffectiveness of 
either design features to increase the stiffness of the fixator, was thought to be the 

product of the following factors, 

(i) The design of the clamps for both the fixator and the transverse elements, allowed 

rotational slippage of the screws or the transverse bars along their long axes. This 

slippage resulted in both hysteresis and residual load response of the strain gauges on 
the removal of the external loads, under each of the four tests (Section 7.5). In 

addition, it was suggested that the rotational slippage was the underlying mechanism 
for both the significant change in configuration under torsional load (Figure 6.18) and 
in the response asymmetry exhibited by the fixator under axial compression and flexion 

tests (sections 7.5.1 and 7.5.3 respectively). 
Although the extent of screw slippage is a product of the present clamp design, 

it is not unique. It has been previously reported to be the cause of loss of the fixator 

structural integrity under lateral and axial forces and the increase in the loading on 
individual fixator components for a plate type fixator [2071. Although little is known 

about the long term performance of spinal constructs, particularly under torsional 

moments, the results suggest that such slippage may be partially responsible for the 

reported loss of stiffness under such moments [192,1981. 

Slippage between the screws and the rod / plate may develop over a short period 
due to the loosening of the locking elements, in particular the locking nuts, employed 
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for both types of spinal fixation devices. It is therefore likely that slippage at the 
connecting elements may develop when exposed to either continuous or intermittent 
loading, which, in turn, could lead to mark changes in fixator configuration. Indeed, a 
recent study by Gardner et al. [2351, suggested that screw slippage was partially 
responsible for the progressive decrease in shear and angular stiffnesses of several 
external fixation systems in response to complex cyclic loads. 

As a consequence, both the loss of surgical correction and construct stability 
may occur. Furthermore, these changes may ultimately result in the development of 
additional loads on the spine, leading to further disruption of the healing process and 
may adversely affect the adjacent FSU's. In view of the above proposed sequence of 
events, further research is needed to establish the optimum design criteria of the clamp. 
These criteria should comply with both anatomical and mechanical constraints whilst 
being practical in the clinical environment. 

(ii) The current configuration of the transverse elements with respect to the main axes of 
the fixator was demonstrated as less than optimal (Figure 7.4. b). Their ineffectiveness 

was thought to be directly related to the parallel arrangement of the transverse bars with 
respect to the plane of bending. Both this spatial arrangement and the inability of the 

clamps, which connect the transverse elements to the vertical rods, to offer rotational 
constrainment, will result in the the transverse elements failing to constrain the fixator 
in the sagittal plane. 

It is therefore necessary to investigate alternative configurations. For example, 
a cross-bar configuration might improve the bending stiffness of the fixator as the 
transverse elements will be mainly subjected to bending loads. However, it is 
important to note that any alternative configuration will have to ensure negligible 
damage to spinal structures. For example, the need for the removal of spinous process 
and associated ligaments in order to fix the elements from one rod to the other, is not 
feasible as it will cause damage and/or further deterioration in the overall structural 
properties of the injured segment. Furthermore, the increase in fixator stiffness may 
be such that 'stress shielding' of the injured bon;,, y segment occurs, leading to the 
accelerated degeneration of the adjacent FSU. 

Overall, the present study clearly show that the two independent design 

parameters, namely clamp design and fixator configuration, must be carefully optimised 
to enhance . -'. - 

both the structural and long term performance of spinal fixators. This 

optimisation will enhance the likelihood of successful healing of the injured spine. 

8.2 Transpedicular screw design 

One of the aims of the present work was to optimise the design parameters of 
transpedicular screws to improve their overall performance. This was required in the 
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light of the reported loosening and mechanical failure of such screws in ViVO 1187,1891 
. 

The study involving the instrumented fixator clearly demonstrated that the screws were 

exposed to complex loads. It Is important to note however, that the values obtained in 

the present study were under ideal conditions where both the interfaces associated with 

the plastic vertebra and the corpectomy injury model are likely to differ from those 

expected in the clinical setting. For example, the complex interface between the screw 

and the cancellous bone with its inherently poor shear properties (Table 1.2) are likely 

to reduce the magnitude of the torsional moments, as measured by gauges located on 

the screws (Table 8.1). 

A summary of the maximum bending, torsional and shear loads acting on the 

screws under the load conditions for each of the four tests, in the un-transfix 

configuration at a single clamp tightening torque of ION, is presented in Table 8.1. 

The shear loads were estimated by dividing the mean difference of the response of 

consecutive pairs of bending gauges located on the screws and on the flat surfaces of 
the rods, for example, gauges B42 and B44 (Figure 7.4. a), by their distance (74mm 

for the rods (Figures 7.1) and 7mm for the screws (Figure 7.2). 

Table S. I Estimated maximum moments andforces acting on the screws in the un- 
transfix conliguration at a single clamp tightening torque oj' IONin under each Qf the 

. 
16ur tests. 

Test Applied Load Bending /Nm Torsion /Nm Shear /N 

or Moment Sagittal A -P 
Compression 250N 5.8(0.8) 1.1(0.2) 119.6(8.9) 3.0(2.1) 

Torsion 5Nrn 0.6(0.1) 1.3(0.1) 16.1(13.0) 13.9(2.0) 

Flexion 11 1.1(0.1) 0.2(0.0) 66.1(9.5) 0.6(0.1) 

Extension It 2.3(0.3) 0.3(0.2) 18.6(4.3) 7.1(0.4) 

Mean (Std. Dev); A-P: Anterior-Posterior. 

Although the shear loads in the anterior-posterior plane were found to be small, such 
loads are likely to be significantly higher for plate type internal fixator. For example, in 

the un-transfix configuration under 44.5N lateral bending force, the anterior-posterior 
force acting on one of the screws, was predicted to reach a value of 133N for an inter- 

pedicular angle of 20 degrees 12071. In this light, it was decided to proceed with 

examining the effects of screw parameters on screw performance and the resulting 
failure processes at the interface under tensile loads. Although we except that such a 
study represented the simplest loading case to which the interface is exposed to in vivo, 
it is essential to the understanding of screw performance whilst allowing comparison 
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with previous studies. The main findings of the present study on the effect of screw 
parameters may be summarised in Table 8.2. 

Table 9.2 Effect of screw parameters on its perfonnance under tensile loads 

Screw parameter Performance Table 

Increased insertion depth 5.7 
Increased major diameter 5.8 

Increased major to minor diameter ratio 5.9 

_Decreased 
pitch 5.10 

ý: an increase, a decrease, * p<0.05 

The results clearly suggested that an increase in major diameter does not markedly 
improve screw performance. These results contradicts previous reports [13,1791, which 

suggested that such an increase will improve screw performance. Similarly, the present 

study did not support the suggestion that improved screw performance may be attained 
by an effective increase in screw diameter at the pedicle [131. Moreover, such an 
increase is severely limited due to pedicle expansion and possible fracture with 

consequent neurological consequences when the screw major diameter exceeds 80% of 
the pedicle transverse diameter [2151. The increase in major to minor diameter ratio was 
largely ineffective in increasing screw performance under tensile loads. 

The present resul&hus infer that the bone interposed between the screw threads 
does not make an important contribution to the failure process at the interface. Similar 

observations were reported by several studies [216,2361, who noted that inserting a 

screw into cortical bone through a pilot hole, equivalent to 88 - 93,70 of the screw major 
diameter, did not decrease screw performance. However, the interposed bone between 

the screw threads may have an important role in resisting the loads applied to the 
interface under more complex loading patterns than pure tension, for example under 
bending moments, which were found to be of relatively high magnitude under axial 

cornpression and flex ion/extension tests(section 7.5). In these cases the screw may 

react by applying shear forces at the tip of the threads parallel to its long axis in effect, 

effectively creating a couple of equal magnitude and opposite sense to the applied 
bending moment. The forces acting on the screw-bone interface under pure bending 

are illustrated in Figure 8.1. Due to the change in geometrical configuration of the 

screw and, as a consequence, the curvature of the threads with respect to the bone, a 
compressive force, denoted by Fsy (Figure 8.1), is transmitted to the bone 

Juxtapositioned to the thread. The magnitude of such a force will depend upon both the 

relative vertical constrainment of the vertebra by the adjacent levels, discussed in 
section 7.5.3, and the level of the external applied compressive force. Under such 
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conditions, the failure mode may consist of bending and buckling of the bone 
trabeculae, the exact mode being dependent on both the local structure of the trabeculae 
and their orientation with respect to the screw threads (161. Further research is therefore 
needed to ascertain the effects of the bone interposed between the thread on screw 
performance under complex loading conditions. 

- 

I'b FS 

Figure 8.1 Diagrammatic representation of theforces acting at the screw-bone interface 

under applied bending moment, 
(MBext: applied bending moment, Fs: resultant screw force, Fsx: shear force, Fsy: 

compression force) 

Several parameters of screw design, however, were shown to significantly 
increase screw performance. In particular, the increase in insertion depth from 35MM 

to 40mm, caused a significant increase, ranging from 56 to 77% (Table 5.7), in screw 
performance. However, this present finding, which was more significant than that 

previously reported [13,1791, cannot be explained by the predictions of a stress analysis 
model. It is possible, that in a similar manner to those reported for human vertebrae 
[29,301, changes in the material properties of the bovine cancellous bone particularly 
near the anterior cortex may be responsible for these differences. The decrease in pitch 
increased screw performance with the results clearly showing the existence of a 
complex interaction between the screw pitch and major diameter (Table 5.10). In 

contrast, the majority of the screw designs with variable pitch exhibited a marked 
decrease in performance when compared to screws with uniform pitch. 

When considering the effect of pitch on both screw displacement to failure and 
the screw-bone interface stiffness (Table 5.11), it is tempting to suggest that the 
differential pitch employed for the designs in the present study (screws No 8- 19, 
Table 5.1) led to an early failure of the interface. As clearly demonstrated by Evans et 
al,. [2161, the stress distribution along the thread is complex with high stresses 
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coincident with the initial portion of the thread. It is proposed, that as result of a 
differential stress distribution along the screw thread, an early failure of the interface 

was initiated leading to a decrease in the ability of the interface to sustain the imposed 
loads. Such early failures may have also occurred at the transition between the constant 
and differential threads found in the experimental designs and at the transition between 

the two major diameters (screws No 4 and 5, Table 5.1). The results therefore strongly 
suggest, that it is the state of the stress at the interface which predom inanny 
determines screw performance. 

The interface between the screw threads and the cancellous bone is not ideal for 
the transference of loads. It is governed by the complex structure and the inherent 

variability in the properties of cancellous bone. Analysis of both the screw 
displacement to failure (section 5.5.3.2) and the histological evaluation of the failed 

interface (section 5.5.5), clearly suggest that failure under tensile loads occurs in shear. 
Moreover it was clear -' ,t that once the failure had been initiated it rapidly progressed 

along the thread (Figure 5.9). These results clearly support the findings, which have 

reported a significant reduction in the ability of cancellous bone to sustain shear stresses 

post failure [43,2311. 

The screw optimisation study carried under tensile loads, although self limiting, 

clearly indicated the need for a reduction of shear stresses along the screw thread- 

cancellous bone interface. Moreover, in view of the relative ineffectiveness of the 

majority of screw parameters tested to significantly enhance screw performance, there 

is a clear need for an alternative design solution. Such a solution may involve the use 

of alternative geometry, modulus matched materials or the use of coupling material, 

which will enhance the load transfer between the screw and the cancellous bone. Such 

a material, Polyrnethylmethacrylate (PMMA), which has been extensively employed in 

the fixation of artificial hip and knee implants, has been reported to significantly 
increase screw performance in vertebral bone [131. However, its use in spinal fixation 

has several potential drawbacks including a highly exothermic curing temperature, of 
80-90 T, which may have severe consequences due to the proximity of the neural 

elements, relatively high modulus and low toughness [2371. In addition, there are 

reports that degradation of the material has caused immunological reaction resulting in 

inflammation and tissue damage [2381. 

8.3 Future work 

Fixator design: The present work has clearly shown that the components of the 
Q'ý-e selected fixator - subjected to complex loads in response to different loading regimes. 

However, the use of both the corpectomy model and the test medium, a plastic vertebral 
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analogue, need further development. The following work should therefore be 

considered. 

(i) In the present investigation the plastic vertebral analogue was used to provide an 
ideal interface. To investigate the effects of the bone structural and material properties 
on the loads which develop on the screws, the tests carried out for the instrumented 
fixators should be repeated using either bovine or human vertebra. To carry out this 
work, some modification will be required to the jigs which were described in chapter 6. 
For example, the method presently used for the constrainment and alignment of the 
vertebra with the vertebral cage using the shaped neural insert, may ý- - 

be inappropriate 
due to the inherent shape variability of the neural canal of natural vertebrae. Alternative 

constrainment methods might include the use of PMMA with the addition of elements to 
ensure repeatable location of the vertebral axes with respect to those of the fixator. In 

addition, such a test programme must include the estimation of the material and 
structural properties of the vertebrae, to allow for the development of empirical 
relationships between the bone properties and the resultant loading on the fixator 

components. For this purpose, non-invasive methods are indicated which allow for 

accurate mapping of the whole interface, for example, radiographic based methods such 
as QCT. The data gained from such a programme could help in both the clinical 
prediction of screw loosening and the validation of theoretical models. 

(ii) The injury model used in the present work, corpectomy, was employed to highlight 

the mechanical behaviour of the fixator. Different injury models could be employed in 

the future to examine their effect on the load sharing between the spine and the fixator. 
The following areas must be considered. 

- Test medium: Both human and bovine spines have been previously used for studies 

on the mechanical behaviour of spinal constructs [190-198,200-2041. However, little is 

known of the nature of the differences, if any, between the kinematics of human and 
bovine spines [2291. Such differences could significantly affect both the behaviour of 
the tested system and the effect of the injury on the resultant behaviour. Thus 

extrapolation on bovine data to a similar injury on human spines is problematical. In 

addition, due to the current difficulties in obtaining intact bovine spines, human spines 
are clearly the preferred medium for subsequent studies, it is accepted, that their 

availability also limited. 

- Injury model: At present, there is no standard definition of the various injuries as 
clinically described [121-1251 with respect to the extent and location of the insult to the 
spinal tissues. It is therefore that the definition of appropriate injury models need to be 
established. 
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- Effect of instrumentation: To quantify effect of instrumentation on the injured spine, 
the kinematical behaviour of the spinal segment will have to be measured. For this 
purpose a wide variety of methods could be employed including instrumented links and 
stereophotogrammetric techniques. The method chosen will have to provide both high 

spatial resolution and minimal interference with the motion of the spine. 

(iii) The present work clearly demonstrated the effect of both design and configuration 
on the mechanical behaviour of the fixator and the loading to which its components are 
exposed. Future work should incorporate: - 

- Alternative clamp designs, which provide both adequate adjustments of the spatial 
relationship of the screws with respect to the fixator rods and increased torsional 

rigidity. In addition, an effort should be made to reduce the number of parts involved 
in the clamp assembly, which proved cumbersome in the present study. 

- Alternative configuration of the transverse elements, which minimises the damage 

caused to spinal tissue during the assembly of such elements and provides increased 

torsional and lateral rigidity of the fixator. 

- An assessment of the - structural symmetry which is likely to be achieved in the 

clinical setting. It is evident that any resultant asymmetry will affect the structural 
response of the fixator and, consequently, that of the instrumented spine. For example, 
an asymmetrical increase in the distance between the vertical rods and the vertebrae with 
respect to the transverse plane of the fixator. This data may than be used to provide 
both guidance for the clinical use and for improvement in the design of such systems. 

b) Transpedicular screws: The current work on the optimisation of transpedicular 

screws should be extended to include a study to investigate the effect of screw design 

parameters on the fatigue life of embedded transpedicular screws. The test protocol 
would be controlled at selected levels corresponding to percentages, for example 10% 

to 50%, of the maximum loads recorded in the present study (Table 8.1). These tests 

should be carried out using both single loading, under for example tensile loads, and 
combined loading to include both bending and torsional loading profiles. For this 

purpose, a new test apparatus would have to be designed to facilitate the dynamic 
loading of the embedded screw, although the constrainment jig employed for tensile 
testing (Figure 4.8) could be used for the constrainment and location of the vertebral 
specimens. A new loading apparatus would have to ensure that the test loads were 
applied in a non-constrained manner and be of relative small weight to minimise any 
additional loads on the test specimen due to inertial effects. 
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Appendix A 

Supplemented procedure for bending calibration of instrumented Exator 

- Tbeoretical basis 

The strain, e, acting on an elastic beam under a uniform bending moment, is 

given [2241 by -- 

R 
(A.! ) 

where y is distance of outermost fibre from the neutral axis and R is the beam radius of 

curvature. From simple geometry, the relationship between the radius of curvature of 
the beam and the beam vertical deflection 8, is given by: - 

R2= (R _ 
8)2 +L (A. 2) (2) 

with the symbols indicated in Figure A. 1. Expanding equation A. 2 yields: - 

R2=R2 -2-R-8+82+ 
L 

(A. 3) 
4 

Bending jig 
Load supports 

Loaded beam 

A. 1 Deformation of a beam under bending moment using a four-pointjig 
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However, if 52 is assumed to be negligible then equation A. 3, can be rearranged to 

yield, 

I 
-, (A. 4) 

R 'ý 

Combining equation A. 1 and AA for a beam of width h, i. e. y=0.51, yields 

F- = 
4. h. 8 

(A. 5) 
xx c 

This relationship was then used to estimate the strain occurring at the centre of each of 
the instrumented components, henceforth termed estimated strain (ES), from the 
measurement of the central deflection for each applied bending moments. 
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Appendix B 

Vertebral analogue employed for the testing of the internal spinal fixator 
Schematic diagram 

53.60 mm 

17.06 mm 

50.61mm 

66.81 mm 

R12.50 mm 
11.90 

21.50 nim 

A: Hole dimensions 
3.8mm. or 4.8mm. 
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R 1. . 500 mm 1 J1 

10.00mm 
t 25.50 mm 

Lvr-[- i 20.00 mm 1 

-4 19.10 mm 

52.99 mm -- 

NAME - Plastic vetrebral analogue 
QTY- 4 PART NUMBER -1 
MATERIAL - HDPE 
TOLERANCE-±0.01 ISURFACE-ý9 

SCALE - 1: 1 
DRAWN BY- Ron Alkalay I CHECK - 
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Appendix C 
Aluminium adapters used for calibration of the instrumeted spinal fixator 

Schematic diagram 

1) Adapter for the calibration of the transpedicular screw in torsion 

A: MiH radius for 
40.00 mm either 3.8 or 4.8nun 

III 
mml 

DIA 
4.00 

-, - 24.50 mm 

8.00mm 
8. OOMM 40.00 mm 1 5.00 

. 
mm A il 36.00 nim 

25.00 mm 
4- 

2) Adapter for the calibration of the rod in four-point bending 

I I B: Drill hole size for 
1 

I 1 20.00 mm a sliding fit for either I I13.8 
or 4.8nun DIA. 

R7.00 mm 

(9 
B 

14.00 mm 

NAME - Aluminium adapters 
QTY- 4 PART NUMBERS - 1,2 

MATERIAL - HDPE 
TOLERANCE-±0.01 SURFACE - 

4ý 

SCALE - 1: 1 
DRAWN BY- Ron Alkalay ICHECK-4 
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