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Abstract - As many as 85% of adults experience back pain that 
interferes with their work and leisure activities, and 25% of 
people between the ages of 30–50 years report lower back 
symptoms. Much of the pain and discomfort in later life results 
from an untreated condition during adolescence. Stress 
fractures of the vertebral lumbar laminae are given the clinical 
name spondylolysis. This vertebral defect is an acquired fracture 
with 7% prevalence in the paediatric population. This fracture 
has a mechanical aetiology, and fair evidence exists to support 
the role of facet tropism (geometric asymmetry) as a 
predisposing factor. Tests were carried out on porcine lumbar 
vertebrae, on which a series of angular asymmetries were 
simulated. Strain was recorded using 3-element stacked rosette 
strain gauges placed on the vertebral laminae. These tests 
showed that as each subsequent step of asymmetry is applied 
there is an increase in both Von Mises stress and strain on the 
ipsilateral side, this increase has a complex non-linear 
progression and pathological values for strain (>3000µε) are 
recorded indicating potential damage, which is supported by an 
average 17% reduction in facet/laminae stiffness (N/mm). An 
FEA model of the vertebra was created using µCT scans and 
published formulae linking bone mineralisation to material 
properties. This model successfully replicated both the 
facet/laminae stiffness (N/mm) and strains that were measured 
during test. The degree to which facet asymmetry is a 
predisposing factor and the knowledge of potentially 
pathological strain levels in the vertebra are important 
parameters when evaluating new implant devices and surgical 
techniques. 
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1. Background
1.1. Introduction

As many as 85% of adults experience back pain 
that interferes with their work and leisure activities, and 
25% of people between the ages of 30–50 years report 
lower back pain symptoms [1]. Vertebral stress fractures 
in otherwise healthy, athletic adolescents are a well-
documented problem [2] [3] [4] [5]. The neural arch of 
the lumbar vertebrae, specifically the portion between 
the articular facets, known as the pars interarticularis, is 
particularly susceptible. Stress fractures in this region 
are given the clinical name spondylolysis. This vertebral 
defect is an acquired fracture with a 7% prevalence in 
the paediatric (<18 years old) population, however, this 
number increases in the athletically active population 
with up to 11% of female gymnasts [6], 10.5% of 
Swedish athletes [7] and 10.7% of Canadian gymnasts 
(>10 years old) [8] . It can occur unilaterally which 
ordinarily leads to healing, or bilaterally, which in 
chronic cases can lead to grade 1 or 2 spondylolisthesis 
(anterior displacement of the vertebral body) [9]. The 
fracture occurs at the lowest lumbar level in 90% of 
cases and fair evidence exists that paediatric patients 
with spondylolysis will develop significant lumbar 
symptoms in later life [10].  
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While a considerable volume of work exists on the 
links between athletic technique and spondylolysis [11] 
[12] [13], particularly among athletes who participate in 
hyperextension sports where a prevalence of 21% of 
spondylolysis has been recorded [14], the role of the 
underlying bony anatomy remains unclear. It is clear 
from the increase in prevalence between the normal 
paediatric population and those that are athletically 
active that the fracture has a mechanical aetiology, and 
evidence exists to support the role of facet tropism as a 
predisposing factor [15], particularly those with a more 
coronal orientation of one facet joint [16] [10].  
The pars interarticularis is loaded when a bending force 
created by extension of the spine in the sagittal plane is 
transmitted to the facet joints. The force inducing this 
bending is applied perpendicular to the principal axis of 
the pars, on a plane which is 30˚ from the mid-plane of 
the intervertebral disc. In this plane, the extensor force 
can be divided between the left and right hand facet 
joints. If one of these facet joints is more coronally 
orientated the portion of extensor force on that side will 
be increased, thus the force acting in the posterior 
direction on that side will be greater than the less 
coronally orientated side. The research question under 
investigation is that if this difference in coronal 
orientation of the facets causes a difference in facet 
loading, is a difference in strain created between the left 
and right pars interarticularis? And can this difference in 
strain be replicated with an FE model developed from 
µCT scans. 

 
1.2. Related Work 

The assessment of strain in bones is best achieved 
by measuring the bone surface deformation. The use of 
bonded resistance strain gauges is a well-established 
method for taking these measurements [17] [18] [19] 
[20]. To date only a moderate amount of attention has 
been given to the measurement of strain in the posterior 
portions of the vertebrae. The most significant work 
done to date is that of Shah [21] where function spinal 
units (FSU) from human cadavers were fitted with 
rosette strain gauges and loaded in tension and 
compression. The authors measured strain on the 
ventral and dorsal surfaces of the pars interarticularis at 
a compressive load of 1472 N applied to the entire FSU 
which resulted in a dominance of tensile principal strain 
on the ventral surface of the pars, and compressive 
principal strain on the dorsal surface, indicating that the 
pars interarticularis itself is undergoing bending. 
Recorded values for compressive principal strain on the 

dorsal surface were between 2400µε and 2450µε. Sawa 
et al. [22], in an in-vitro study of facet loads calculated 
using strain measurements, reported facet loads of 75.4 
± 39 N in full spinal extension where bending moments 
of 7.5Nm were applied to T12-L2 spinal segments with 
400N follower load.  Szivek [23], studied the in vivo 
strains on lower thoracic vertebral laminae with 
biologically bonded strain gauges reported maximum 
strains in the vertebral laminae during twisting. Values 
from 495 – 1450µε were reported over a period of 
weeks, increasing as the calcium phosphate coated 
gauges became fully bonded to the bone surface. The 
highest laminae strain values were reported during stair 
climbing at 1795µε. Kuo [24] in a study of porcine pars 
interarticularis strains during swaying motions, stated 
that strains were highest (≤ 1700 µε ) during motions in 
the posterior and posterolateral directions (extensions 
of the spine with twisting). This lends support to the 
hypothesis that like the physical motion of twisting the 
asymmetric bony anatomy causes twisting and the 
strains on one side of the pars interarticularis are 
increased. 

Bone tissue is known to behave differently 
depending on strain level. The strain level and local 
strain history dictate the cellular response [25]. The 
fracture under investigation in this study is known to be 
a fatigue fracture, that is, a fracture which has occurred 
due to cyclical application of load. This cyclical loading 
action leads to a strain concentration around a geometric 
feature and the initiation of a crack which grows with 
each successive application of load. As with any 
engineering fatigue problem, the loads applied typically 
lead to stresses well within the yield values. The 
expected strains in this study should fall close to, or 
below the pathological level (< 3000µε) [26]. It is 
typically the presence of a stress raiser, flaw or some 
other pre-disposing factor along with the cyclical 
application of the load that creates the initial crack; in 
this case the predisposing factor is hypothesised to be 
geometric (bony) asymmetry.  

The availability of suitable human specimens, 
particularly from the young population poses a 
significant challenge. Many researchers therefore use 
animal specimens, with advantages being the 
homogeneity of specimen, plentiful supply and the 
avoidance of harmful pathogens associated with un-
embalmed human cadavers [27] [28] [29]. Popular 
alternatives to human specimens are rusine, ovine, 
bovine [30] and porcine [31] [32]. The choice of porcine 
specimens for this study, and particularly those from 
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animals of 6 months old is further supported by the fact 
that they represent an immature skeleton, such as that of 
a paediatric patient. The 6 month old porcine vertebrae 
are at a transitional stage of strength development from 
a bone density dominant strength to a structural 
anisotropy strength dominance [33]. 
 
2. Materials and Methods 
2.1. Specimens 

For this study, porcine lumbar vertebrae were 
selected, the 4th lumbar vertebra from 3 different 6 
month old animals. Specimens were labelled S1, S2 and 
S3 with weights of 60kg, 62kg and 85kg respectively. The 
vertebrae were dissected of all soft tissue then cleaned 
using a scalpel. Two TML 45˚ /90˚ 3-Element Stacked 
Rosette gauges (∅4.5mm) were fitted, one each on the 
right hand and left hand vertebral lamina (Figure 3 & 
Figure 4). Before fitting, the bone surface was prepared 
by cleaning with grade 400 sandpaper; the bone was 
then degreased using Vishay GC-6 isopropyl alcohol. The 
gauges were fitted using cyanoacrylate adhesive (TML). 

 
2.2. Experimental Method 

A series of angular asymmetries were simulated by 
casting a polymer resin (Smooth Cast 300) around the 
inferior articular facet surfaces (Figure 1). Angles were 
cast at zero degrees, 1.5˚, 2.5˚, 3.5˚ and 5.0˚. Casting 
molds were produced by first creating a 3D model of the 
desired part in a commercial 3D modelling software 
(Creo); this model was then printed using an additive 
manufacturing process (Makerbot Replicator). From this 
printed plastic mold a flexible silicone (Mold Max 40) 
mold negative was produced which in turn was used to 
cast the polymer resin around the bone. The superior 
end of the vertebral body and superior facets were also 
fixed in a casting resin before the specimen was placed 
in the test apparatus (Figure 2). The apparatus was 
manufactured to hold the vertebrae such that the force 
acting on the facets was equivalent to the resistance to 
anterior slippage along a plane through the L4-L5 
intervertebral disc. 

 

 
Figure 1. Specimen Mounting Process: Solid model – 3D Print 

– Silicone Mold – Prepared Specimen. 

 
This force is comprised of the mass of the body 

above the L4-L5 intervertebral disc acting with gravity 
along this plane. The apparatus design was an adaptation 
of that used by Cyron et al. [34]. Tests to failure carried 
out as a precursor to this study established an average 
ultimate failure load of 1600N (based on 5 lumbar 
porcine specimens). Half of the ultimate failure load was 
chosen as a suitable test load for repetitive tests on each 
specimen without the risk of failure [35], in this case 
800N. The apparatus was mounted in an MTS Bionix 
servo hydraulic test machine; the machine was 
programmed to initially apply 250N and unload to zero 
Newton’s as a pre-conditioning cycle, before applying 
the full test load (800N) at a rate of 0.2mm/s. 

 

 
Figure 2. Test Apparatus – Load Applied at 30˚ from the plane 

of the intervertebral disc, perpendicular to the mid plane of 
the pars interarticularis. 
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2.3. Finite Element Analysis 
The finite element model was developed by taking 

both geometry and material property information from 
micro CT scans of a porcine 4th lumbar vertebra. The 
vertebra was scanned using a Scanco Medical µCT 100 
scanner, power 55kV; resolution 73.6µm. Scan images 
were stored as 16bit DICOM files. Scanner calibration 
was carried out using a hydroxyapatite phantom 
allowing equivalent density values to be related to 16bit 
grey values using Equation 1 below. 

 

  37.17008.2734096  GVHA  (1) 

 
Young’s Modulus for bone tissue (Et) in GPa was 

calculated using the published formula of Wagner [36] 
(Equation 2). Solutions to Equation 2 depend on 3 input 
values, the densities of the 2 constituents of the bone 
matrix, mineralised bone (𝜌𝐻𝐴), collagen (𝜌𝑜), and the 
volume fraction (𝑅𝑜) of organic material (collagen). In 
this case the density of mineralised bone is taken as the 
equivalent density of the hydroxyapatite phantom used 
to calibrate the micro CT scanner, this number varies 
throughout the specimen with the degree of bone 
mineralisation. The remaining 2 values are fixed; the 
organic volume fraction is taken from the Wagner study 
and represents the lowest volume fraction of organic 
material. The density of organic material differs to that 
used in the Wagner study, as their study was based on 
human bone, instead a value was used from the porcine 
bone matrix density study of Cao [37]. From these 
equations a table of material property data was 
calculated and presented in .xml format for use with the 
CT scan segmentation software. The calculated values 
for Young’s modulus were in good agreement with the 
values for porcine cortical bone (10 – 15GPa) measured 
by Feng [38]. 

Young’s Modulus for bone tissue (Et): 
 
    OOHAHAt RE  400log05.458.8log 1010

 

(2) 

Where: 
 𝜌𝐻𝐴 = Density of Hydroxyapatite [g/cm3] 
 𝜌𝑜=Organics (collagen) Density [g/cm3] 
 𝑅𝑜=Organics Volume Fraction 
The CT scan data, in DICOM format, was analysed 

using segmentation software (Materialise, Luven, 
Belgium) and from this a geometry file was created and 
subsequently meshed. The material property table was 
used to assign material properties to each tetrahedral 

element based on the DICOM grey values contained 
within each meshed volume. The cast polymer mounting 
pieces mentioned in the experimental method section 
above were then integrated into the vertebra model 
using Boolean subtraction tools. The entire assembly 
was then exported to a commercial finite element 
modelling package (Ansys) for analysis. There were 
193799 tetrahedral elements in the vertebra model. 

The workflow from experimental to FE model is as 
follows: 

1. Experimental tests were carried out on 

porcine specimens for each level of asymmetry 

2. Displacements were recorded at maximum 

load for each level of asymmetry 

3. The recorded displacements were then applied 

in the FE environment 

4. FE strains were recorded 

 
Figure 3. Rosette Strain Gauge Fitted to Ipsilateral Side of 

Specimen. 

 

 
Figure 4. Rosette Strain Gauge Fitted to Contralateral Side of 

Specimen. 

 

3. Results 
3.1. Static Force vs. Displacement Tests 

The static stiffness (N/mm) of each specimen was 
measured at zero degrees of asymmetry in order to 
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establish a baseline for comparison of results. 
Specimen’s S1, S2 and S3 were tested with values of 
903N/mm, 976N/mm and 838N/mm respectively.  Of 
particular interest was the stiffness value for the 
specimen that was used for µCT scanning, this correlated 
very well (0.96% difference) with the value found in FEA 
(894N/mm). 
 
3.2. Principal Strain Results 

The analysis of strain results focusses on the 
ipsilateral side of loading. This is the side on which the 
results of the increasing asymmetry are most evident. 
Figure 5 shows a comparison of tensile and compressive 
principal strains on the ipsilateral side, averaged across 
3 specimens, increasing in magnitude as the degree of 
asymmetry increases, conversely Figure 6 for the 
contralateral side shows a decrease in strain magnitude. 
These figures show excellent agreement between FE 
predictions and test results, on the ipsilateral side with 
5% average error, and fair agreement on the 
contralateral side with 40% average error. What is clear 
from the data is that as the degree of asymmetry 
increases, so the resulting principal strains increase on 
the ipsilateral side. Figure 7 shows the ipsilateral 
principal strain data from all tests, including FEA. 
 

 
Figure 5. Tensile and Compressive Principal Strains 

(Ipsilateral) for Test Specimens S1, S2 & S3 Compared with 
FEA. 

 

 
Figure 6. Tensile and Compressive Principal Strains 

(Contralateral) for Test Specimens S1, S2 & S3 Compared 
with FEA. 

 
4. Discussion 
4.1. Specimen Facet/Laminae Young’s Modulus 
Strain Asymmetry 

Bone density is a measurement of the degree of 
mineralisation within a given volume of bone and is 
known to correlate strongly with bone strength [39] [40] 
. Porcine bone is known to be up to 30% greater in terms 
of density [32], studies by the World Health Organisation 
[41] Indicate an average human bone density of 1.2 
g/cm3.  The average calculated density for this porcine 
study is 1.28 g/cm3; using the formula of Wagner 
(Equation 2) these density values return tissue Young’s 
Modulus values of 1GPa and 7GPa respectively. This is 
not intended to be used as a scale factor, simply an 
observation of how differing average bone density 
values can affect specimen Young’s Modulus. 

The force vs. displacement tests carried out at the 
beginning of the study were repeated at the end to 
explore the possibility that the specimens had been 
damaged, and although no external damage was visible 
on any specimen, the data suggested that yielding may 
have occurred internally. Specimen S1 showed a 39% 
reduction in facet/laminae stiffness (N/mm), specimen 
S2 showed 26% reduction in facet/laminae stiffness 
(N/mm), specimen S3 was unchanged. Specimen S1 
showed the greatest reduction, this was due to the 
unavoidable drying during µCT scanning and the 
associated additional freeze-thaw cycles, this process 
reduces the elastic effect of the collagen and makes the 
vertebra more brittle and although initially stiffer more 
susceptible to damage in the longer term. Specimen S3 
suffered no reduction in facet/laminae stiffness; this 
vertebra came from an animal that was 40% heavier and 
the vertebra itself was more elongated (anterior to 
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posterior) which leads to a different apportionment of 
stress. 
 

 
Figure 7. Maximum and Minimum Principal Strain – 

Ipsilateral Side - Specimens S1, S2. 

 
4.2. Strain Asymmetry 

The hypothesis under investigation is whether 
facet tropism, or geometric asymmetry, causes an 
asymmetry of loading in the vertebral laminae, and if so, 
to what degree. The data suggests that as asymmetry 
increases the level of strain in the bone increases, 
however, this does not occur in a linear fashion. As the 
first step of asymmetry is applied an increase of 73% 
(8390µε) in Von Mises strain is recorded (Figure 8). The 
state of strain at this point indicates that damage is likely, 
strain values in the range 3000µε to 25000 µε  are known 
to be pathological [17], as the following step of 
asymmetry is applied the average Von Mises strain value 
reduces by 16% indicating a stiffening, perhaps as a 
result of local yielding and collapse of some trabeculae. 
With the subsequent 2 remaining steps of asymmetry 
applied an initial increase in Von Mises strain of 50% is 
observed followed by a decrease of 8%. It is not clear if 
this is a repeat of the yield and stiffening effect seen 
earlier, with a change in loading mode/direction due to 
the earlier yielding. Or perhaps further yielding followed 
by the beginning of  a plateau as described by Kelly [42], 
whereby the confined trabecular structure suffers 
breakage and buckling under increased loading. It is 
clear from the reduction in stiffness that some form of 
trabecular yielding has occurred.  

 

 
Figure 8. 2D Von Mises Strain - Ipsilateral & Contralateral 

Sides - All Specimens (S1, S2, S3). 

 
4.3. Stress Asymmetry 

Principal stress values were calculated for the area 
of bone located directly beneath each strain gauge. The 
values for Young’s Modulus were taken from the FE 
tetrahedral elements located in the corresponding 
locations in the model, average values were calculated 
(Ipsilateral = 5.45GPa, contralateral = 5.34GPa). These 
values were then multiplied by the average principal 
strain values recorded during all tests (S1, S2, and S3), 
these values are quasi test results, being a combination 
of real strains and FE stiffness value. Figure 9 shows the 
Von Mises stress results calculated using these quasi test 
values, compared to the results from the FE model. At the 
baseline test reading of zero degrees a stress value of 
approximately 26MPa is present on both the ipsilateral 
and contralateral side; these stress values diverge as the 
degree of asymmetry increases with the contralateral 
side reducing to 7.1MPa and the ipsilateral side 
increasing to 57.7MPa at 3.5˚ asymmetry before 
reducing slightly to 53.2MPa.  

 

 
Figure 9. Von Mises Stress - Quasi Test Values for Average of 

Specimens S1, S2 & S3 Compared with FEA. 
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The results of force vs. displacement tests and the 
strain data analysed thus far indicate that some sort of 
internal yielding is taking place. In order to explore this 
further the FE model was used to examine the Von Mises 
stress values for the trabecular volume underneath the 
vertebral laminae. On the ipsilateral side, at the 
maximum degree of asymmetry, values of 6.8 – 8.8MPa 
are computed, this is more than double the σyld value 
reported by Morgan & Keaveny [43] for yielding of 
vertebral trabecular bone indicating that the stress 
values are sufficient to cause yielding. 

 
4.4. Principal Strain Direction 

In order to better understand the mode/direction 
of loading as each step of asymmetry is applied the 
principal strain directions were analysed for specimen 
S2. This was done using the inverted 2D strain 
transformation equations in matrix form to initially 
calculate the values for Ɛx, Ɛy and gxy (Equation 3) 
where subscripts P, Q and R refer to the rosette gauge 
elements. These values were then used to calculate the 
principal strain angle using Equation 4. 
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The principal strain direction on the ipsilateral 

side made little or no deviation in orientation as each 
step of asymmetry was applied. However, the 
contralateral side shows a sudden shift of 74˚ between 
the readings at 2.5˚ and 3.5˚ of asymmetry indicating a 
change in the deformation direction has occurred 
(Figure 10). This change in the principal strain direction 
is caused by 2 main factors, the physical change in 
loading brought about by the differing geometry at each 
step of asymmetry and the local yielding of the internal 
trabecular structure as discussed previously. An effect of 
this change in direction is that the vertebra is now loaded 
on a path which is different to the principal orientation 
of the trabeculae and osteonal structure of the bone, 
which could explain the sharp increase in strain between 
2.5˚ and 3.5˚ of asymmetry. 

 

 
Figure 10. Direction of Max Principal Strain - Contralateral 

Side of Specimen S2, Image Inset with Arrows Representing 
the Change in Principal Strain Direction between 2.5˚ and 

3.5˚. 

 

5. Conclusion 
The values for strain recorded in this study were 

broadly larger than the values reported in literature. 
However, the values reported in literature were 
recorded during sitting, walking and stair climbing. None 
of these motions involve deliberate hyper-extension of 
the spine; this is the first study to elucidate the 
relationship between loading due to hyperextension and 
strain, and the role of facet asymmetry. 

In conclusion, tests were carried out to determine 
if and to what degree geometric asymmetry affects the 
difference in strain between the laminae on the 
ipsilateral and contralateral sides of the vertebra. These 
tests showed that as each subsequent step of asymmetry 
is applied there is an increase in both Von Mises stress 
and strain on the ipsilateral side, this increase has a 
complex non-linear progression; however pathological 
values for strain are recorded indicating potential 
damage, which is supported by the data. 

An FEA model of the vertebra was created using 
µCT scans and published formulae linking bone 
mineralisation to material properties. This model was 
successful in replicating both the stiffness and strains 
that were measured during test. 
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