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Trillingstesten van de lumbale wervelkolom:
ontwikkeling van een diagnostisch instrument 
voor de bepaling van segmentstijfheden

SAMENVATTING

Trillingstesten worden gebruikt om de structurele conditie van constructies zoals 
bruggen en vliegtuigen te onderzoeken. Deze zijn gebaseerd op de theorie dat schade 
aan een constructie leidt tot veranderingen in stijfheid, massa en energie dissipatie, 
die tot gevolg hebben dat de bewegingsrespons van de constructie verandert als deze 
in trilling wordt gebracht. Ook schade aan structuren in de wervelkolom, traumatisch 
of door degeneratie, leidt tot veranderingen in stijfheid, welke kunnen leiden tot 
wervelkolom deformiteiten en lage rugklachten. Echter, een specifieke oorzaak kan 
slechts bij een minderheid van de patiënten met rugproblemen worden vastgesteld. Dit 
is waarschijnlijk het gevolg van een gebrek aan geschikte diagnostische methodologie 
om aangedane structuren te identificeren. Aangezien trillingstesten niet-destructief 
zijn en slechts gebruik maken van lage krachten en kleine vervormingen om eventuele 
schade vast te stellen, wordt deze methode beschouwd als een veelbelovende 
meettechniek om de mechanica van de wervelkolom te onderzoeken. 

Het doel van het onderzoek in dit proefschrift is de geschiktheid van trillingstesten 
van de lumbale wervelkolom vast te stellen teneinde de stijfheid van wervelsegmenten 
te onderzoeken en te bestuderen of deze methodologie ontwikkeld kan worden tot 
een klinisch instrument voor het diagnosticeren en evalueren van de behandeling van 
wervelkolom afwijkingen, degeneratieve aandoeningen van de tussenwervelschijf en 
lage rugklachten.

De diagnose van lage rugklachten is typisch gebaseerd op lichamelijk onderzoek, 
eventueel uitgebreid met beeldvormende technieken. Echter, de behandeling van lage 
rugklachten is vaak gericht op de mechanische eigenschappen van het wervelgewricht, 
terwijl deze niet of niet nauwkeurig worden gemeten. In Hoofdstuk 2 werd 
onderzocht hoe groot de meetfout is, die gemaakt wordt door het gebruik van huidige, 
per-operatieve meetinstrumenten die alleen de belasting en vervorming van een 
enkel segment in beschouwing nemen. Met behulp van een stochastisch mechanisch 
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model werd het verschil onderzocht tussen segmentstijfheden die gevonden werden 
door een enkel segment te beschouwen, en de stijfheden die gevonden werden door 
alle segmenten binnen de lumbale wervelkolom in beschouwing te nemen. De 
resultaten toonden aan dat de stijfheden die gevonden worden door het testen van 
een enkel segment, sterk gecorreleerd zijn aan de werkelijke stijfheid, maar deze 
gemiddeld overschatten met 18%. Verder werd aangetoond dat de stijfheden binnen 
gedegenereerde wervelkolommen sterk variëren, wat kan leiden tot meetfouten tot 
400% en daardoor tot foutieve chirurgische beslissingen.

In Hoofdstuk 3 werden de mogelijkheden van trillingstesten voor het bepalen 
van segmentstijfheden onderzocht en bepaald of trillingstesten gevoelig zijn voor 
specifieke schade aan het bewegingssegment. Teneinde de modale eigenschappen van 
de wervelkolom te bestuderen, werden in vitro trillingstesten uitgevoerd op lumbale 
bewegingssegmenten van de geit waarvan het spierweefsel was verwijderd. Vervolgens 
werden structurele defecten gecreëerd door achtereenvolgends de ligamenten te 
verwijderen en een gat te maken in de anulus fibrosus. De resultaten laten zien dat 
het verwijderen van de ligamenten geen effect heeft op de eigenfrequenties, maar dat 
het maken van een gat in de anulus leidt tot het dalen van de eigenfrequentie voor 
torsie en dus torsiestijfheid. Deze studie heeft ook aangetoond dat een wervelsegment 
zich lineair gedraagt indien kleine deformaties worden toegepast. Dit betekent 
dat trillingstesten en modale analyse in principe toegepast kunnen worden op de 
wervelkolom.

In Hoofdstuk 4 werden trillingstesten uitgevoerd op humane bewegingssegmenten. 
Hoewel de structurele schade in Hoofdstuk 3 succesvol geïdentificeerd kon worden als 
een verlaging van torsiestijfheid, betekent dit niet dat trillingsanalyse ook toegepast 
kan worden op humane segmenten, waarbij de schade is ontstaan door fysiologische 
processen. De bewegingssegmenten werden getest op een vergelijkbare manier als de 
segmenten in Hoofdstuk 3 en de segmenten werden additioneel getest door middel 
van gouden standaard quasi-statische buig- en torsietesten. De resultaten van de 
trillingstesten laten duidelijke frequentie-pieken zien, wat aantoont dat trillingstesten 
ook toegepast kunnen worden in humane bewegingssegmenten. Verder resulteerde een 
tweevoudige verhoging van de belasting in een even grote verhoging van de respons, 
wat aantoont dat ook de humane segmenten lineair gedrag vertonen. Bovendien 
waren de eigenfrequenties significant gecorreleerd aan de statische stijfheden, wat een 
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belangrijke bevinding is, aangezien het empirisch aantoont dat eigenfrequenties een 
valide maat zijn voor stijfheid. Een tweede belangrijke implicatie van de correlatie 
is dat deze suggereert dat eigenfrequenties de potentie hebben onderscheid te maken 
tussen de verschillende graden van degeneratie zoals statische stijfheid kan. Het 
voordeel van het meten van eigenfrequenties is dat dit veel kleinere belastingen en 
vervormingen vergt en daardoor veiliger is voor het gebruik in patiënten.

Aangezien Hoofdstuk 3 en 4 lieten zien dat de aanwezigheid van schade aan het 
wervelgewricht kan worden aangetoond door middel van trillingstesten, was het 
volgende onderzoeksdoel het lokaliseren van de schade. Schade lokalisatie vergt 
analyse van de trilvorm en methoden voor het schatten van parameters (zoals stijfheid, 
massa) indien er geen nullijn informatie over mechanische eigenschappen voorhanden 
is. De schattingsmethode die gebruikt werd in deze dissertatie is model updating 
(letterlijk: model bijwerken). Voor model updating is een numeriek trillingsmodel 
nodig gebaseerd op materiaal eigenschappen en geometrische informatie van de 
werkelijke constructie. Het trillingsmodel dat hier gebruikt werd is beschreven in 
Appendix I. 

In Hoofdstuk 5 wordt beschreven hoe model parameters van de lumbale wervelkolom 
kunnen worden verkregen door middel van kwantitatieve computertomografie. 
Daarna werd een gevoeligheidsanalyse uitgevoerd om te onderzoeken welke 
model parameters en welke nauwkeurigheid nodig zijn om met model updating 
succesvol segmentstijfheden te schatten. De analyse liet zien dat de trilvormen en 
eigenfrequenties het meest gevoelig zijn voor veranderingen in stijfheid, wervelmassa 
en wervelhoogte. Dit impliceert dat het huidige numerieke trillingsmodel geschikt 
is voor model updating indien de parameter waarden voor wervelhoogte en massa 
voldoende accuraat zijn.

In Hoofdstuk 6 wordt de model updating procedure beschreven. Teneinde 
wervelkolommen te verkrijgen met gezonde bewegingssegmenten en 
bewegingssegmenten met milde discusdegeneratie, werden lumbale wervelkolommen 
van zes Nederlandse melkgeiten geïnjecteerd met chondoitinase-ABC op willekeurige 
niveaus. 12 weken na de injecties werden de wervelkolommen geïsoleerd, opgedeeld 
in specimens met twee gezonde en 2 gedegenereerde segmenten en werden quasi-
statische stijfheidtesten verricht en trillingstesten. Wervelhoogten werden gemeten op 
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magnetische resonantie beelden en wervelmassa werd berekend op basis van de relatie 
die in het vorige hoofdstuk werd gevonden tussen wervelhoogte en wervelmassa. Deze 
subject-specifieke informatie werd gebruikt om de trillingsmodellen te parametriseren. 
Voor massatraagheid en locatie van het massamiddelpunt werden de gemiddelde 
waarden en standaard deviaties gebruikt die werden verkregen van zes vergelijkbare 
wervelkolommen in het vorige hoofdstuk. Helaas leidde model updating tot een 
suboptimale overeenkomst tussen de trillingsdata verkregen door middel van de 
experimentele testen en de numerieke testen, zoals werd vastgesteld door middel van 
het modale nauwkeurigheid criterium (MAC) en de residuele eigenfrequenties. Meest 
waarschijnlijk werd de lage correlatie veroorzaakt door onnauwkeurigheden in de 
geschatte wervelmassa. De segmenten met de laagste geschatte dynamische stijfheid 
correspondeerden in 50% van de gevallen met de segmenten met de laagste geschatte 
statische stijfheid, wat betekent dat het niet mogelijk was de gedegenereerde niveaus 
te identificeren met voldoende zekerheid. Hoewel deze resultaten teleurstellend 
zijn, wijzen ze er wel op dat de voorgestelde methodologie kan werken, mits betere 
waarden voor wervelmassa worden verkregen, waarvoor de in Hoofdstuk 5 beschreven 
methode perspectief biedt.

Concluderend, in dit proefschrift wordt de complexiteit van de wervelkolom 
teruggebracht tot een massa-veer systeem. Door middel van deze vereenvoudiging 
was het mogelijk aan te tonen dat trillingsanalyse toegepast kan worden op de 
lumbale wervelkolom en dat het een betrouwbare en valide methode is om informatie 
te verkrijgen over de aanwezigheid van specifieke schade aan het wervelgewricht, 
ook in natuurlijk gedegenereerde segmenten. Hoewel het niet mogelijk was om de 
locatie van de schade te bepalen, laat dit proefschrift wel zien wat een mogelijke 
aanpak is voor trillingstesten van de lumbale wervelkolom, en geeft het aan welke 
methodologische verbeteringen mogelijk zijn. Door middel van toekomstige 
onderzoeksinspanningen kunnen trillingstesten en modale analyse ontwikkeld 
worden tot een klinisch instrument voor de diagnose en evaluatie van behandeling van 
wervelkolom afwijkingen, degeneratieve discus aandoeningen en lage rugklachten.
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Structural vibration testing of the lumbar 
spine: development of a diagnostic tool for 
assessment of segmental stiffness

SUMMARY

Structural vibration testing is a measurement technique that is used in engineering 
to examine the condition of structures, such as bridges and airplanes. The basic idea 
behind structural vibration testing is that damage will alter the stiffness, mass or energy 
dissipation properties of a system, which in turn will change the dynamic response of 
the system when it is excited with a forcing function. Also damage of spinal structures 
is followed by alterations in stiffness, which might lead to spinal deformities and 
low-back pain. Yet, a specific diagnosis is made in only a small minority of patients, 
and this may be due to the lack of diagnostic tools to pinpoint the structures involved. 
Since structural vibration testing is non-destructive and requires only low forces and 
small deformations to detect changes in the mechanical properties it is considered a 
promising technique to study spinal mechanics.

The aim of this thesis is to study structural vibration testing of the lumbar spine for 
the assessment of segmental stiffness and to examine whether this methodology may 
be developed into a clinical tool that is applicable in the diagnosis and evaluation of 
treatment of spinal deformities, degenerative disc disease and low back pain.

Typical diagnostics of low-back pain rely on physical examination, occasionally 
extended with imaging. Moreover, while many interventions address the mechanical 
properties of the joint, these are not measured or are not measured accurately. Chapter 
2 examined the measurement error that might result from using current per-operative 
measurement devices that take only the loading and deflection of a single segment into 
account. A stochastic mechanical model was constructed to investigate the effect of 
measuring an isolated single segment compared to measuring a single motion segment 
in an intact spine. The study showed that stiffness estimates obtained by loading 
a single segment in an intact spine are highly correlated with actual stiffness, but 
overestimate stiffness by a median of 18%. Moreover, the stiffness within degenerated 
spines was shown to vary largely, which can cause errors up to 400%, and might lead 
to erroneous surgical decisions. 
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In Chapter 3 the feasibility of structural vibration testing for the assessment of 
intervertebral stiffness was examined. To study the modal characteristics of the spine, 
goat single motion segments without muscle tissue were tested in vitro. Large structural 
disruptions were created consecutively by removing the ligaments and creating a hole 
in the annulus fibrosus. The results showed that removal of the ligaments caused 
no significant changes in the mode shapes and eigenfrequencies, but the hole in the 
annulus decreased the eigenfrequency of the torsion mode, thus torsion stiffness. This 
study also showed that a motion segment, which is not a linear structure, behaves 
linear if only small forces and deformations are applied. This implies that structural 
vibration tests and modal analysis techniques can in principle be applied in the spine.  

In Chapter 4, structural vibration tests were performed on human motion segments. 
Although the type of structural damage was identified successfully in Chapter 3, the 
question remained whether vibration analysis can also be applied to human motion 
segments with structural alterations that occurred naturally. The specimens were 
tested under similar conditions as in Chapter 3, but the segments were also tested 
quasi-statically to obtain ‘gold standard’ static stiffness values. The results showed 
clear frequency response peaks indicating that vibration testing is also feasible in 
human motion segments. In addition, an increase in the force amplitude by a factor 
two resulted in an equally large increase in the response amplitude, indicating that the 
system behaved linearly. Moreover, the eigenfrequencies were significantly correlated 
to the static stiffness values, which is an important finding since it suggests that 
eigenfrequencies provide a valid measure of segmental stiffness. A second important 
implication of the correlation between static stiffness values and eigenfrequencies 
is that it shows that eigenfrequencies have the potential to discriminate between 
different levels of degeneration just as static stiffness values can. The advantage of 
eigenfrequencies over static stiffness values is that eigenfrequencies can be obtained 
with small forces and deformations and might therefore offer a safe approach for 
assessment in patients.  

Since Chapter 3 and Chapter 4 showed that the presence of specific structural damage 
can be assessed with vibration testing and modal analysis, the next step was locating 
the damage. Damage localisation requires modal analysis and parameter estimation 
techniques, especially when baseline stiffness information is not available. The mode-
shape based parameter estimation technique that was used in this thesis was model 
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updating. Model updating requires the construction of an analytical vibration model 
based on material properties and geometrical information. The model that was used in 
this thesis is described in Appendix I. Chapter 5 describes how model parameters of 
the lumbar spine can be obtained from quantitative computed tomography. A sensitivity 
analysis was performed to establish the necessary accuracy of the model parameters to 
ensure successful estimation of the stiffness values. The sensitivity analysis revealed 
that the modal parameters of the model were most sensitive to changes in vertebral 
height and mass and joint stiffness. This implies that the presented model can be used 
for model updating of the stiffness matrix, provided that the parameter values for 
vertebral height and vertebral mass are sufficiently accurate. 

Chapter 6 describes the actual model updating procedure. The lumbar spines of six 
Dutch milk goats were injected with chondroitinase-ABC to create mild degeneration 
at random levels, their lumbar spines were harvested and the spinal mechanics were 
tested statically and dynamically. Vertebral height could be measured on MR-images; 
vertebral mass was calculated from vertebral height, based on the relation between 
mass and height that was found in the previous chapter. These subject specific values 
were used to parameterize the model, as well as average values over six goats from the 
previous chapter for inertia and location of the vertebral centre of mass. Unfortunately, 
model updating resulted in a suboptimal fit between experimental vibration data and 
numerical vibration data as was assessed with the Modal Assurance Criterion (MAC) 
and the residual of analytical and experimental eigenfrequencies. Most likely this was 
due to inaccuracies in the estimated vertebral mass. The segmental levels with the 
lowest estimated stiffness values corresponded in 50% of the cases to the levels with 
the lowest static stiffness, which means that it is not possible to identify the degenerated 
levels with sufficient certainty. Although these results were disappointing, they also 
indicate that the proposed methodology can work, provided that better estimates of 
vertebral mass are obtained.  

In conclusion, in this thesis the complexity of the spine was reduced to a system 
containing just springs and masses. Using this simplification, this thesis shows that 
structural vibration testing and modal analysis is feasible in the lumbar spine and that 
it is a reliable and valid method to obtain damage specific information on segmental 
stiffness, also in naturally degenerated segments. Although it was not possible to 
localize degenerated segments within the spine, this thesis shows a feasible approach 
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for such a measurement method and plausible directions for further improvement 
of the methodology. With future efforts, this methodology may be developed into a 
clinical tool for the diagnosis and evaluation of treatment of low-back pain. 
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List of key symbols and abbreviations

~ tilde operator
_ vector
T transpose
[ ] matrix, vector

c damping coefficient [N·s·m-1]
ci location of the centre of mass of vertebra i relative to the assumed 

rotation point at the geometrical centre of the vertebra, in x-, y- and 
z-direction; ci = [cx, cy, cz] [m]

f, f0 frequency, eigenfrequency [Hz]
F,  F force, force vector [N]
H(ω) frequency response or modulus [-]
h, hi vertebral height, height of vertebra i
I unit matrix
Jxx second moment of inertia for torsion [kg·m2]
Jyy second moment of inertia for lateroflexion [kg·m2]
Jzz second moment of inertia for flexion-extension [kg·m2]
Ji second moment of inertia tensor of vertebra i with diagonal 

components Jxx, Jyy and Jzz. Off-diagonal components were set to zero.
k, ki Bending or torsion stiffness [N·m·rad-1] of joint i
kNZ neutral zone stiffness [N·m·rad-1]
K stiffness matrix 
m, mi mass [kg] or angular mass [kg·m2] of vertebra i
M, Mi mass matrix, mass matrix of vertebra i 
M moment vector [N·m]
MACi modal assurance criterion of mode i [-]
Φ mode shape vector [-]
ψ phase angle [rad]
ω, ω0 frequency, eigenfrequency [rad]
θ angular displacement [rad] or [degree]
x, x(t) displacement, displacement in the time domain [m]
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x first derivative of displacement, i.e. velocity [m·s-1]

x second derivative of displacement, i.e. acceleration [m·s-2]

X displacement in the frequency domain [m]
ζ damping ratio [-]

AP anteroposterior, i.e. from front to back 
AR axial rotation, i.e. torsion
com centre of mass
CT computed tomography
FE flexion-extension, i.e. forward-backward bending
FRF frequency response function
LF, LB lateroflexion, lateral bending, i.e. sideways bending
ML mediolateral, i.e. sideways
MRI magnetic resonance imaging
NRS normalized relative sensitivity
NZ neutral zone
qCT quantitative computed tomography
T torsion, i.e. axial rotation

List of key symbols and abbreviations
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Figure i. Structural vibration set-up with the electromagnetic shaker on the left 
and the goat specimen on the right. The shaker was attached to the spinal section 
via a stinger (thin flexible rod). The applied vibration force was quantified by the 
piezoelectrical load cell in between the shaker and the stinger and the response was 
collected by laser-Doppler vibrometry (not in the image).

List of key symbols and abbreviations
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1
General introduction

Structural vibration testing is a measurement technique that is used in engineering 
to examine the condition of structures, such as bridges and airplanes. Over the 
last decades, extensive research has been conducted in vibration-based damage 
identification, and a broad range of techniques, algorithms and methods has been 
developed to solve various problems encountered in different structures [1]. The basic 
idea behind structural vibration testing is that damage will alter the stiffness, mass 
or energy dissipation properties of a system, which in turn will change the dynamic 
response of the system when it is excited with a forcing function. Also damage of 
spinal structures is followed by alterations in stiffness, which might lead to spinal 
deformities and low-back pain. Yet, a specific diagnosis is made in only a small 
minority of patients, and this may be due to the lack of diagnostic tools to pinpoint the 
structures involved. Since structural vibration testing is non-destructive and requires 
only low forces and small deformations to detect changes in the mechanical properties 
it is considered a promising technique to study spinal mechanics.

The aim of this thesis is to study structural vibration testing of the lumbar 
spine for the assessment of segmental stiffness and to examine whether this 
methodology may be developed into a clinical tool that is applicable in the 
diagnosis and evaluation of treatment of low-back pain, spinal deformities and 
degenerative disc disease.

In this general introduction first, an indication will be given of the size of the socio-
economic burden that low-back pain poses on society. Second, the anatomy of the spine 
and degenerative changes of the spine will be discussed. Third, current methodology 
for diagnosing low-back pain and assessment of spinal mechanics will be described 
with its advantages and drawbacks. Finally, the method of structural vibration testing 
and experimental modal analysis will be introduced.
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Figure 1.1. Annual prevalence of neck and back complaints in 2004, per age group 
and sex. The prevalence increases until the age of 55 in men and 70 in women, then 
decreases again. The prevalence is higher in women. 

BACKGROUND

Societal impact of low-back pain
60% to 90% of the people in Western societies suffer from low-back pain at some 
point in their life. In 1982 an extensive study was performed in the Netherlands that 
showed that the point prevalence of low-back pain among the urban population was 
22% for men and 30% for women. 10% of the men and 18% of the women visited 
their general practitioner because of the pain [2]. In 2003, general practitioners 
registered an annual prevalence of neck and back pain of 1,612,800, of radiating low-
back pain of 243,800 and of hernia nuclei pulposi of 48,000 [3]. The age specific 
annual prevalence of neck and back pain and radiating low-back pain increases with 
age until the age of 55, thereafter the prevalence remains the same (Figure 1.1). Based 
on demographic developments, the expectation is that the absolute number of persons 
with back problems will increase by 6.7% between 2005 and 2025 [4]. 

The total societal costs of back pain in the Netherlands in 1991 was estimated at 4200 
M€, 1.7% of the gross national product [5]. Surprisingly, in 2007, the total costs were 
decreased to 3500 M€, 0.6% of the gross national product [6]. However, when this 
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Figure 1.2. Vertebral column defining the vertebrae.

decrease is examined more closely, it becomes clear that from 1991 to 2007 only the 
indirect cost decreased. Indirect costs are production losses due to sick leave and 
disability pensions. The 22% decrease was mainly due to changes that were made in 
the social security and health care system. The direct costs, which are inpatient and 
outpatient care, medical and diagnostic procedures, drugs, general practice and allied 
health care, were 66% higher in 2007 compared with 1991 [6]. 

The demographic developments in the Netherlands will result in an increase in the 
number of people that suffer from neck and back pain and an increase in the direct 
costs. Evidence based medicine, or administration of efficient and effective treatment 
of back pain might help to temper the increase in direct medical costs. To enable 
this, knowledge is needed about spinal physiology, pathophysiology of back pain and 
effective and efficient ways to treat spinal pathology. 

The anatomy of the spine
The human vertebral column is a complex anatomical structure that provides axial 
rigidity to the body to provide resistance to bending or collapse. Furthermore, it 
protects the neural structures that run through the vertebral canal. Due to the activity 
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Figure 1.3. Motion segment consisting of two vertebrae, the intervertebral disc and 
ligamentous tissue.

of back and abdominal muscles the spine is mainly loaded in compression. This is 
also true for quadruped spines, like the spines of the Dutch milk goats that were used 
for the experiments in this thesis [7]. Due to the erect  position of men, the spine 
is also loaded by the earths’ gravitational field that also results in a compression 
force on the spine. Additional loads that might be carried in the arms further increase 
this compression force. From an engineering perspective the simplest structure to 
withstand these loads is a (hollow) strut. However, since the vertebral column also 
provides mobility it needs joints. Therefore the spine is composed of several motion 
segments (Figure 1.2, 1.3). A motion segment is the smallest functional unit of the 
vertebral column and consists of two neighbouring vertebrae, the ligamentous tissues 
and the intervertebral disc in between, and allows motion in six degrees of freedom 
(Figure 1.3, 1.4). It is conceivable that the conflicting task of the spine to provide 
rigidity on the one hand and mobility on the other hand might lead to failure when one 
of the spinal components is dysfunctional.

The bony components of the spine are the vertebrae. The spine has 7 cervical, 12 
thoracal and 5 lumbar mobile vertebrae above the sacrum (Figure 1.2). The thoracic 
and lumbar vertebrae each consist of a vertebral body, two pedicles, two transverse 
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Figure 1.4. Top view of a vertebra, showing two parts of the intervertebral disc; the 
nucleus pulposus and the annulus fibrosus.

processes, a laminar arch, and a spinous process. Also, on both sides of the vertebral 
body between the laminae and the pedicles lie the zygapophysial or facet joints with 
a cranial and a caudal facet (Figure 1.3, 1.4). In the lumbar spine the facet joints 
are designed to guide motions in flexion-extension (forward-backward bending) 
and lateroflexion (sideways bending) and resist torsion. Although the vertebra is 
very interesting from a biomechanical perspective, in this thesis the vertebrae are 
considered to be nothing more than rigid bodies with mass properties. 

Between each pair of vertebral bodies lies an intervertebral disc. Their main task is 
to separate the vertebrae and enable their movement. Furthermore, the disc height 
and the specific shape of the posterior part of the vertebrae “create” the intervertebral 
foraminae that give the spinal nerves passage to and from the central nerve. 
Intervertebral discs have an external fibrous ring, the annulus fibrosus, and a hydrated 
jelly centre, the nucleus pulposus. 

Superiorly and inferiorly the disc is attached to the vertebral body with a cartilaginous 
endplate. The annulus fibrosus consists of 10 to 20 concentric lamellae of tight 
collagenous type I and type II fibres [8]. The fibres in each layer are oriented parallel 
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to each other and run from one vertebra to the next under an angle of approximately 
30° to the endplate. At each consecutive layer, the fibres are roughly orientated in 
the opposite sense, allowing the annulus to resist tension in a variety of directions 
(Figure 1.5). The nucleus pulposus has a water binding capacity and during loading of 
the disc, the hydrostatic pressure of the nucleus pulposus exerts force on the annulus 
fibrosus and on the vertebral body in the same manner as the air in a car tire. 

Of course the above description of the intervertebral disc is a simplification. The nucleus 
pulposus is not just a amorphous gelatinous structure; research had demonstrated that 
the nucleus can carry substantial tensile loads and contains highly structured fibres 
[9, 10]. The annulus fibrosus contains elastic fibres between the lamellae and the 
lamellae themselves are much more complicated than just layers of parallel fibres 
[11]. However, for the purpose of this thesis understanding of the gross biomechanical 
functioning of the spinal motion segment suffice. 

Spinal motion
The spinal vertebrae have six degrees of freedom. They can rotate around a horizontal 
axis that lies in forward-backward direction (lateroflexion) and an axis in sideways 
direction (flexion-extension), and around a vertical axis (torsion or axial rotation) 
(Figure 1.6). However, these axes do not intersect at one point; research showed that 
flexion occurs around an axis located somewhat anterior of the geometrical centre 

Figure 1.5. Oblique (left image) and lateral view (right image) of the intervertebral 
disc. As shown, the disc is composed of an inner part; the nucleus pulposus (NP) and 
an outer part; the annulus fibrosus (AF). The AF is build-up from concentric layers of 
fibres that are oriented clockwise and anticlockwise in helical turns
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of the disc, while extension occurs around an axis located somewhat posterior to the 
centre of the disc [12]. Moreover, these axes migrate around the nucleus pulposus 
during movement of the spine. Torsion motions are especially complicated since they 
involve rotation around a vertical axis that is originally located somewhere in the 
posterior annulus fibrosus and translates towards the ipsilateral facet joint [13, 14]. 
Besides rotations, the vertebrae can also translate in forward-backward, sideways and 
up and downward directions. 

Vertebral motion causes complex simultaneous loading of the intervertebral disc, 
ligaments and facet joints [15]. In flexion, the supraspinous and interspinous 
ligaments and posterior part of the intervertebral disc can provide 25% of the total 
passive extension moment, the rest of the forces are delivered by passive elongation 
of muscles and fascia [16, 17]. In moderate bending, the disc contributes more to the 
total passive moment than the ligaments, whereas at the end of the range of motion, the 
ligaments make the largest contribution [17]. In extension, the resistance to backwards 
bending comes from the intervertebral disc and the anterior longitudinal ligament. 
When the motion segment is extended to its elastic limit, 60-70% of the bending 
moment is resisted by the posterior bony elements of the vertebra. Lateroflexion has 
not been examined in much detail. Most of the resistance to lateroflexion comes from 
the ipsilateral facet joints, and from stretching the contralateral annulus fibrosus and 
capsular ligaments [14]. Torsion is resisted more by the bony surfaces of the facet 

Figure 1.6. Schematic drawing of a motion segment showing the six degrees of 
freedom.
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joints than by ligaments or annulus fibrosus. At maximum rotation, 30-70% of the 
torque is resisted by the facet joints, 20-50% by the disc and 0-15% by the ligaments, 
mainly the capsular ligaments [14]. Translational motions over the longitudinal axis 
of the spine, caused by compressive forces, are mostly resisted by the intervertebral 
disc. 

When compressed, the nucleus pulposus expands in radial direction and stretches the 
annulus fibrosus. However, in degenerated discs with a severe loss of disc height, up 
to 70% of the compressive forces are resisted by the facet joints [14]. Translational 
motions caused by shear forces arise mostly from muscular and gravitational forces 
and are directed forward due to the inclination angle of the lumbar vertebrae. The 
contribution of the disc to resist forward slip of one vertebra compared to another is 
substantial, though most of the resistance to shear comes from the facet joints and 
possibly from the erector spinae muscles [18].

Structural damage, degeneration and pain
Currently in literature it is heavily debated whether degeneration is the result of 
unfavourable genetic inheritance, mechanical damage, a combination of the two in 
which genetic factors predispose for damage or inhibit repair of damage, or other 
environmental factors [19]. Notwithstanding this discussion, it has been shown that 
excessive mechanical loading causes structural damage of the disc. Annular tears, 
disc prolaps, endplate damage and Schmorl’s nodes are types of structural damage 

Figure 1.7. Excessive mechanical loading causes structural damage of the disc. An-
nular tears (left image), disc prolaps (middle image), endplate damage and Schmorl’s 
nodes (right image) are types of structural damage that could be reproduced in cadav-
eric experiments and mathematical models by combinations of compression, bending 
and torsion.
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that could be reproduced in cadaveric experiments and mathematical models by 
combinations of compression, bending and torsion [14] (Figure 1.7). Interestingly, 
repetitive “fatigue” loading led to disc prolaps already at low loads and small 
deformation, which indicates that structural disruption not only occurs during heavy 
lifting or falls, but might also occur during daily activities [14].

Animal studies have shown that structural disruption of the disc leads to a cascade of 
non reversible cell-mediated responses leading to further disruption [19]. Disc prolaps 
and endplate damage lead to a drop in nucleus pressure and increased vertical loading 
of the annulus that might cause delamination, the development of tears and inward 
collapse of the annulus. Also age-related changes, such as the breakdown of nuclear 
proteoglycans leading to diminished water binding capacity, cause a drop in nucleus 
pressure. The result is that the disc starts to behave like a “flat tire”; the annulus (and 
intervertebral ligaments) becomes slack and capacity of the disc to dissipate loads is 
reduced. Panjabi called this “segmental instability”; the neutral zone in which little 
force is needed to cause movement is enlarged (Figure 1.8) [20]. Instability marks 
early degeneration. Moreover, instability might lead to unphysiological movements 
that cause overload of adjacent tissues and progression of the disruption. Literature 
shows that in response to excessive tissue loading, bony peaks will develop that can 
eventually merge, forming bridging osteophytes that block the motion segment and 
thereby restabilize the spine. Osteophytes mark advanced degeneration [21].

Figure 1.8. Typical load-discplacement curve (solid line). The neutral zone (NZ) is 
defined by the minima and maxima of the second derivative (dotted line) of the load-
deformation curve according to the method of Smit et al. and the neutral zone stiffness 
(kNZ) is quantified as the mean stiffness of this region.
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The relation between structural damage to the intervertebral joint and low-back pain 
is unclear. First, the pain might originate from the disc itself; although a healthy disc 
is poorly innervated, literature shows that the innervation and the blood supply is 
increased in degenerated discs [22, 23]. Second, the pain might arise due to stress-
shielding; since damaged tissues cannot sustain loading, adjacent healthy tissues 
might become overloaded and painful [24]. A third pain pathway might result from 
the loss of segmental stiffness and increased segmental motion under physiological 
loading. The increased motion response might cause nerve impingements and 
increased tensile stress in the damaged tissues. A complicating factor in the relation 
between pain and structural disruption is that structural degenerative changes are 
often found in asymptomatic spines [25, 26], and painful spines do not always show 
structural disruptions [27]. Still, the literature suggests that there is an association 
between structural damage and back pain, especially when not only the disc itself, but 
surrounding tissues such as the endplate are taken into account [28, 29].

Assessment of disc degeneration and quantification of spinal segment stiffness
Intervertebral disc degeneration is mainly assessed with imaging techniques. Of these 
techniques discography, computed tomography (CT), magnetic resonance imaging 
(MRI) and plain radiographs are currently most frequently used. Discography 
involves injection of a radio-opaque dye into suspected discs which provokes a pain 
response that might be similar to patients’ regular symptoms, thereby identifying the 
painful discs. The spread of the dye might reveal annular tears. Discography is less 
and less commonly used due to its invasiveness; moreover, needle puncture injury 
has been shown to cause disc degeneration in animal models [30]. Although each 
imaging modality has its own specific ability to visualize specific structural defects 
[31], it is important to realize that imaging scores contain no direct information on 
intervertebral stiffness. While on the other hand, most therapeutic interventions, 
ranging from conservative treatment by muscular stabilization of the spine to surgical 
treatment repairing or fusing the intervertebral joint, target intervertebral stiffness. 

The relation between an abnormal image and altered intervertebral stiffness has 
received little attention. Comparisons between in vitro biomechanical tests, imaging, 
macroscopic assessment and histology reveal that the range of motion increases with 
increasing degeneration scores, and decreases again at high levels of degeneration. 
However, the degeneration grade at which the range of motion starts to decrease is 
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dependent on movement direction and lumbar level [32, 33]. Specific studies into 
the presence of different types of annular tears on MRI and their effect on the range 
of motion show that transverse and radial tears both increase the range of motion 
in torsion and in flexion-extension, but not in lateroflexion [34]. Additionally, in 
collapsed discs the axial rotation is lower than in discs with tears, but still higher than 
in healthy segments [34]. 

Due to the non-monotonous relation between imaging scores and stiffness, it is clear 
that stiffness might be better assessed directly. Direct assessment of intervertebral 
stiffness in vivo is traditionally performed by manual palpation. In manual palpation a 
force is exerted on a spinal segment of a prone lying subject and subsequently relaxed, 
and the mechanical properties are graded from the tactile feedback. To objectify these 
assessments, devices have been developed that measure the applied force and the 
motion response. However, these assessments do not take into account that a part 
of the load is sustained by adjacent segments, that therefore will also show motion 
that needs to be recorded and accounted for in the stiffness calculations. Regrettably, 
correct evaluation of the mechanical properties of the spine has, to date, almost 
exclusively been done in vitro, using quasi-static testing of the dissected spine. 
These measurements typically involve slow rotations and/or translations of spinal 
sections that are mounted in a device that allows motion in the desired degrees of 
freedom. Loads are applied by a materials testing machine, while the deformations 
of the individual motions segments are recorded. Subsequently, a force-deformation 
curve can be reconstructed for each of the motion segments, from which the stiffness 
can be calculated. As clear as this may seem, the reported stiffness values show a 
large variation, that only to some extend can be explained by biological variation and 
differences in loading rate. Probably a better explanation is that the force-deformation 
curve is nonlinear and is approximated by three linear segments (toe, elastic and 
yield). For each of these regions a stiffness value can be calculated [35]. Moreover, 
the definition of these regions depends on rather arbitrary criteria [36]. In this thesis, 
the stiffness of the toe region was considered. The toe region, which was defined by 
Panjabi as the “neutral zone”, is the region around the equilibrium position of the 
spine, in which the stiffness can be considered linear. The neutral zone was defined 
by the minima and maxima of the second derivative of the load-deformation curve 
according to the method of Smit et al. and the neutral zone stiffness is quantified as 
the mean stiffness of this region (Figure 1.8) [36].  
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Structural vibration testing 
Although quasi-static stiffness assessment of dissected spines is of great scientific value, 
it has no clinical use for the assessment of the structural integrity of motion segments. 
In engineering, the mechanical modal properties and integrity of structures are assessed 
by structural vibration testing. The rationale is that all structures possessing mass, 
stiffness and damping start to vibrate when they are loaded dynamically. When a force 
is applied to the system, it will oscillate around its equilibrium point. Since the motion 
response depends on the mass properties and the spring and damper characteristics of 
the structure, these properties can be derived from the relation between the force and 
the motion response. Given its non-destructive nature, structural vibration testing has 
the potential to be used in vivo.

Of particular interest in vibration testing is the resonance frequency. Resonance is the 
tendency of a system to oscillate at greater amplitude at some frequencies than at others, 
because at these frequencies the system is able to store and transfer energy between 
two or more different storage modes (such as kinetic energy and potential energy). 
The principle of resonance might be best explained by the example of somebody 
pushing a child on a swing. When the child is pushed at the right frequency, the swing 
will go higher and higher; when the pushing is not done at the right frequency, the 
motion amplitude will not increase. Since the resonance frequency is related to the 
mass properties and the spring and damper characteristics of the structure, it can give 
information about the structural integrity of the system. 

Structural vibration testing can be performed by impacting the structure with a hammer 
or by introducing a forcing function into a structure with an electro-dynamical shaker. 
Typical forcing functions are a pulse, a single sinusoid (one frequency at a time), or 
random (all frequencies at a time). The response of the system can be measured with 
accelerometers (acceleration response) or with laser-Doppler vibrometry (velocity 
response). The dynamic characteristics of the structure are found by relating the input 
to the output response in the time domain or in the frequency domain. 

As an example, for a system with one degree-of-freedom, the relation between input 
and output is defined by the equation of motion (Equation 1.1), in which m is the mass 
of the system, c the damping coefficient, k the stiffness, x the displacement and F the 
input force:

(1.1)mx t + cx t + kx t = F t�� �( ) ( ) ( ) ( )
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By introducing the eigenfrequency ω0 and the damping ratio ζ, Equation 1.1 can be 
rewritten as Equation 1.4:

�� �x t x t t
k
F t( ) + ( ) + ( ) = ( )2 0 0

2 0
2

ζω ω
ω

(1.4)

ζ
ω

ζω→ =c
m

c
m2

2
0

0= (1.3)

(1.2)ω ω0 0
2= → =k

m
k
m

This differential equation can be solved by assuming that at a certain frequency, 
the forcing function is given by Equation 1.5 and the solution can be formulated as 
Equation 1.6:

F t Fei t( ) = ω (1.5)

x t Xe x t X i e x t X ei t i t i( ) = → ( ) = ⋅ ⋅ → ( ) =− ⋅ ⋅ω ω ωω ω� �� 2 tt (1.6)

After substitution of these relations and some rearranging, Equation 1.4 becomes:
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Using the found expression for the force F and the displacement X, the ratio between 
the input and output in the frequency domain, or frequency response function (FRF) 
can be obtained according to Equation 1.8. From this equation it can easily be observed 
that when the damping ratio ζ is set to zero, and the excitation frequency ω is equal to 
the eigenfrequency ω0, the response will go to infinity (resonance).
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Figure 1.9 shows the excitation and response as a function of time. Figure 1.10 shows 
the real and imaginary part of {H(ω)} as a function of the frequency. The excitation 
is a sinusoidal function with frequency ω and amplitude F. Because the system is 
linear, the response is a sinusoidal with the same frequency ω, but with amplitude 
|H| ∙ F. Note that the response characteristic has shifted compared to the excitation 
characteristic over the phase angle ψ. In order to understand how the response and the 
excitation relate in time, it might help to realize that FRFs are complex functions that 
can be written as:

H Re H i Im Hω ω ω( ) = ( ){ } + ⋅ ( ){ }� � (1.9)

And that:

e t i ti tω ω ω= +cos sin (1.10)

For the ratio between response x and the excitation force F holds: 

x
F

Re H ei t= ( ) ⋅{ }ω ω � � � (1.11)

Substitution of Equations 1.9 and 1.10 results in:
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With modulus:
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Figure 1.9. Excitation and response as a function of time. The excitation is a sinusoidal 
function with frequency ω and amplitude F. The bottom graph shows the complete 
response, which is a sinusoidal with the same frequency ω, but with amplitude |H| ∙ 
F. The response characteristic has shifted compared to the excitation characteristic 
over the phase angle ψ. Here can be observed that the real part (Re, second panel) is 
in-phase with the excitation force, and that the imaginary part (Im, third panel) has a 
90o-phase difference with the excitation force. The value Re{H(ω)} can therefore be 
interpreted as the displacement response x / F at the moment the excitation force is at 
its maximum, and Im{H(ω)} is the displacement at the moment the excitation force is 
equal to zero.
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Figure 1.10. The imaginary (Im, top panel) and real (Re, middle panel) part of H(ω) 
as a function of the frequency. It can be observed that Im{H(ω)} shows a peak when 
the angle is 90o (bottom panel). From this figure, the damped eigenfrequency of the 
system can easily be determined by “peak-picking”
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Experimental modal analysis
In systems that have more than one degree of freedom, eigenfrequencies can help to 
detect the presence and severity of damage, but cannot identify the location of the 
damage [37]. However, when a structure is excited in its eigenfrequency, the structure 
always vibrates in a certain shape that is called the “mode shape”. Mode shapes can 
provide spatial information and as such can help to detect discrepancies. Since the 
mode shape reflects the motion of the entire structure, experimental modal analysis 
requires the measurement of the ratio between the load at the excitation point and the 
motion response from many points on the structure (Figure 1.11). From these FRFs, 
assuming free vibration and no damping, the eigenfrequencies and mode shapes of a 
multi degree-of-freedom system can be derived according to Equation 1.15, where M 
represents the mass matrix; K the stiffness matrix; ω2 the angular eigenvalues, and Φ 
the mode shape vector: 

− +  ( )  =ω 2  0M K Φ (1.15)

Figure 1.11. Experimental modal analysis of a tuning fork. Here, three accelerometers 
are placed on the tuning fork, and the FRFs are shown between the excitation and 
each of the accelerometers. The resonances are the peaks that appear in all the FRFs 
at the same frequency, the mode shape is described by the relative amplitude of the 
peaks. 

For further reading on advanced dynamics see [38].

Vibration analysis in biomechanics 
There is a huge amount of literature that describes vibration testing of biological 
structures; much of it results from experiments that studied fracture healing and 



callus formation in long bones such as the ulna and the tibia [39-46]. Especially the 
studies of Christensen et al. and Cornelissen et al. are of interest, since they show how 
boundary conditions and soft tissues affect the estimation of stiffness parameters in 
experimental modal analysis [36, 39-41]. 

Vibration testing has also been performed in the spine. However, most studies used 
low frequency dynamic loading to examine how segmental stiffness values are 
influenced by loading frequency, injury and magnitude of the load, or to study the 
dynamic characteristics of the spine in general [47-52]. Other studies were performed 
to determine whether whole body vibrations, such as experienced by truck drivers, 
can be harmful to the spine [53-56]. Also the therapeutic use of vibrations for low-
back pain and vibration testing as a diagnostic tool were examined previously [57-
61]. However, the methodological approach that was taken in this thesis differs from 
previous studies. Here, the FRF itself is not analysed for differences before and after 
structural defects, but is used to derive the eigenfrequencies and the corresponding 
mode shapes to analyse alterations in intervertebral stiffness.

OUTLINE OF THE THESIS

Chapter 2 describes how current measurement devices for the direct assessment of 
local spinal segment stiffness might lead to a systematic overestimation of segmental 
stiffness plus substantial random errors, especially in degenerated human spines 
where the stiffness is divided heterogeneously over spinal levels. 

As an alternative to current measurement techniques, Chapter 3 investigates the 
feasibility of vibration testing. Single segment goat specimens were loaded with an 
excitation signal that consisted of white noise and the vibration response was measured 
before and after different manipulations of the structural integrity. 

Although Chapter 3 showed that vibration analysis is sensitive to damage of the 
disc, the question remained whether vibration testing is also a valid method to study 
degeneration in human spines. Therefore, in Chapter 4, eigenfrequencies from 
vibration testing were compared to static stiffness values from gold standard quasi-
static mechanical tests in human motion segments. 
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Chapter 5 and Chapter 6 examined whether it was possible to discriminate between 
healthy and naturally damaged discs in a multisegmental spinal section using model 
updating. In model updating, an optimisation problem is set-up in which the differences 
between experimental vibration data and vibration data from a mathematical model are 
minimized by adjusting the uncertain parameters of the model (such as stiffness, mass 
and vertebral height). Chapter 5 describes how the mass properties and geometrical 
information to construct the analytical model were obtained from computed-
tomography images. Furthermore, the sensitivity of the modal characteristics for 
changes in these parameters were analysed to select the most important parameters 
for model updating. Chapter 6 describes model updating in six lumbar goat spines 
that contained two healthy and two mildly degenerated motion segments. Derivation 
of the analytical model is described in Appendix I.

Finally, in Chapter 7 the experiments and their results from Chapters 2 to 5 are 
discussed and recommendations for future work are given.
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