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Abstract 

Background: A fibre optic force sensor (two transmitters and receivers, a driver 

circuit and the load sensing optic fibre) was designed, built and tested to be used in in 

vitro and in vivo patella tendon experiments. 

Methods: Hysteresis in the sensor output, the sensor's frequency response and 

its measurement repeatability were quantified through two loading tests in a hydraulic 

press and a cadaveric patella tendon. The sensor and loadcell measurements of the 

cadaveric patella tendon loading test were also used to derive five constants of a 

mathematical expression that models soft tissue stress relaxation. The results obtained 

from the sensor measurements (local stress relaxation) were compared to the results 

obtained from the loadcell (overall stress relaxation). The loads in the anterior third and 

posterior third of the right patella tendon were measured when volunteers performed a 

one leg squat and a leg extension as well as a step and jump exercise. 

Results: The sensor has an average hysteresis error of 20% full scale output 

(FSO), its measurement repeatability is 93% FSO and its measurement sensitivity de

creases when the loading frequency increases. The stress relaxation measured by the 

loadcell differed from the relaxation measured by the sensor (loadcell: 70%, sensor: 

57%). The in vivo study results were submitted for statistical analysis and showed that 

posterior loads were significantly higher than anterior loads as the ratio of the peak an

terior load over the peak posterior load indicates (squat: concentric = 0.56 [SD = 0.4] 

and eccentric 0.54 [SD = 0.41], leg extension: 0.33 [SD = 0.17], step: up = 0.28 [SD = 

0.094] and down= 0.29 [SD= 0.066], jump: 0.34 [SD= 0.14]). 

Discussion: The hysteresis was within acceptable limits for the study. The meas

urement repeatability and frequency response results suggest that it will be best to 

make use of subject and rate specific calibrations for the sensor. The sensor gives the 

possibility of measuring local stress relaxation, something that is not possible with the 

loadcell. The in vivo results provide insight into the loading patterns within the patella 

tendon. 
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Uittreksel 

Agtergrond: 'n Veseloptiesekragsensor (twee senders en ontvangers, 'n drywer

baan en krag sensitiewe optiese vesel) is ontwerp, vervaardig en getoets wat gebruik 

kan word tydens in vitro en in vivo patellapees eksperimente. 

Metodes: Histerese in die omsetter uitreesein, die omsetter se frekwensierespons 

en metingherhaalbaarheid was gekwantifiseer m.b.v. twee belastingstoetse in 'n hidrou

liesepers en 'n kadawer patellapees toetsopstelling in 'n trektoetsraam. Die omsetter 

en lassel metings van die in vitro belastingstoets is gebruik om vyf konstantes van 'n 

wiskundige model waarmee die ontspanningsgedrag van sagte weefsel gesimuleer 

word, te bepaal. Die resultate verkry deur die lassel. data (totale ontspanning) en die 

omsetter data (lokale ontspanning) is met mekaar vergelyk. Die kragte in die voorste en 

agterste derde van vrywilligers se regter patellapees is gemeet tydens 'n stel oefeninge: 

hurk, een-been-ekstensie, trap en spring. 

Resultate: Die gemiddelde histeresefout is bereken op 8.9%-vol-skaal-uitset 

(VSO) en metingherhaalbaarheid was 93% VSO. Die omsetter se sensitiwiteit het afge

neem vir toenemende frekwensie. Die ontspanning gemeet deur die lassel verskil van 

die ontspanning gemeet deur die omsetter (lassel: 70%, omsetter: 57%). Die in vivo 

studie resultate is ingehandig vir statistiese analise en die bevinding was dat agterste 

maksimum kragte in die patellapees aansienlik grater was as die voorste maksimum 

kragte. Die verhouding van die voorste maksimum krag oor die agterste maksimum 

krag· vir. die oefeninge was: hurk - konsentries = 0.56 [SD = 0.4] en eksentries 0.54 [SD 

= 0.41 ]; been-ekstensie - 0.33 [SD = 0.17]; trap - op = 0.28 [SD = 0.094] en af = 0.29 

[SD= 0.066]; spring = 0.34 [SD= 0.14]. 

Bespreking: Die histeresefout was binne aanvaarbare limiete vir die studie. Die 

metingherhaalbaarheid en frekwensierespons resultate dui daarop dat die omsetter se 

kalibrasies afhanklik is van die tempo van belasting en varieer tussen optiesevesels. 

Die omsetter kan gebruik word om lokale ontspanning te meet, iets wat nie moontlik is 

met 'n lassel nie. Die in vivo resultate ondersteun die hipotese dat agterste patella

peesvesels meer belas is as die voorste patellapeesvesels. 
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Chapter 1: Introduction 

Chapter 1: Introduction 

The mechanical properties of the patella tendon have been derived from various in 

vitro studies (Almekinders, Vellema & Weinhold, 2002; Basso, Amis, Race & Johnson, 

2002; Hashemi, Chandrashekar & Slauterbeck, 2005; Haut & Powlison, 1990; Johnson, 

Tramaglini, Levine, Ohno, Choi & Woo, 1994) but it is results from in vivo studies (Finni, 

Komi & Lepola, 2000; Komi, Belli, Huttunen, Bonnefo'y, Geysantt and Lacour 1996; 

Hansen, Bojsen-Moller, Aagaard, Kjaer & Magnusson, 2006) that are of greater value to 

researchers and clinicians (Komistek, Kane, Mahfouz, Ochoa & Dennis, 2005). This 

has led to the development of various techniques and methods (mathematical modelling 

and experimental techniques) with which soft tissue and joint loads can be approxi

mated in the biomechanics field (Meyer, 2003). One cannot, however, apply the two 

techniques separately, since experimental results serve as validation for mathematical 

model results and mathematical models use experimental results to simulate situations 

that are not easy to monitor experimentally. 

The need for experimental procedures has seen the development of advanced 

transducers with which the necessary measurements can be taken, as described by 

Ravary, Pourcelot, Bortolussi, Konieczka and Crevier-Denoix (2004). Since introduced 

by Komi et al. (1996), the fibre optic force sensor (sensor) has been used in biome

chanical studies (Arndt, Komi, Bruggemann & Lukkariniemi, 1998; Finni et al., 2000; 

Finni, Komi & Lukkariniemi, 1998) and its properties have been investigated (Erdemir, 

Hamel, Piazza & Sharkney, 2003; Erdemir, Piazza & Sharkney, 2002). The tech'nique 

provides a minimally invasive and inexpensive method of taking in vitro and in vivo force 

measurements in ligaments and tendons for biomechanical studies. 

The viscoelastic behaviour of soft tissue have mainly been investigated through in 

vitro test set-ups (Abramowitch & Woo, 2004; Hashemi et al., 2005; Johnson et al., 

1994; Moon, Woo, Takakura, Gabriel & Abramowitch, 2006; Nigul & Nigul, 1987; Toms, 

Dakin, Lemons & Eberhardt, 2002; Wu, Levenston & Chaikof, 2006) although one in 

vivo study have been found that looks at the viscoelastic creep behaviour of the patella 

tendon (Hansen et al., 2006). The sensor provides an attractive method with which in

vestigations into the viscoelastic nature of soft tissue - both in vitro and in vivo - can be 

conducted due to its minimally invasive character. The measurement capabilities of the 

sensor were compared to those of a loadcell during a stress relaxation test on a patella 

1 
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Chapter 1: Introduction 

tendon complex in a hydraulic press. Experimental data have been combined with a 

mathematical model (Fung, 1972) that simulates the stress relaxation behaviour of soft 

tissues. 

Two in vitro investigations have been conducted on the differential loading pat

terns of the anterior and posterior patella tendon fibres (Almekinders et al., 2002; Basso 

et al., 2002). The results on whether the anterior or posterior side of the patella tendon 

endures greater loads are conflicting for these two studies and more research into the in 

vivo loading patterns of the anterior and posterior patella. tendon fibres are needed (Al

mekinders et al., 2002; Basso et al., 2002; Hamilton & Purdam, 1973). 

Tasks for this study can be summarised as: 

• The development and testing of a sensor that is suitable for the in vitro and 

in vivo measurement of connective tissue loads; 

• An in vitro investigation into the stress relaxation behaviour of the patella 

tendon with a loadcell, the sensor and a mathematical model. 

• An in vivo investigation into the differential loading patterns of the patella 

tendon with the sensor. 

1. 1 Scope of work 

The literature survey focuses on four distinct areas. The anatomy and biomechan

ics of the knee joint is investigated with the centre of attention directed to the connective 

tissues that act as supporting structures for the knee joint. The study is largely based 

on the patella tendon, and therefore the properties and characteristics of connective tis

sue are needed for the successful completion of the study. A mathematical model has 

to be solved which approximates the stress relaxation nature of the patella tendon. This 

model is indeterminate, and methods that have been employed in the past to solve in

determinate systems need to be investigated. Drawbacks of these methods also need 

to be considered, since the mathematical model is based on a biologic system, and a 

mathematically correct answer might not correspond to a physiologically correct answer. 

Transducers that have been employed in· biomechanical studies are investigated. A 

transducer needs to be found with which the required measurements for the study can 

be taken. A fibre optic force sensor was decided upon and therefore the mechanics of 

light propagation through an optic fibre are considered next. The investigation is di-
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rected towards the principles that influence the effective propagation of light through an 

optic fibre. 

In Chapter 3 a discussion on the hardware that was developed for the project is 

provided. The working principle of the sensor is explained after which the components 

making up the sensor are discussed in more detail. Thereafter the data acquisition sys

tem that was developed is discussed. Since the sensor was custom designed and de

veloped, it was necessary to characterise its properties and measurement capabilities. 

The methods that were used are described in Chapter 4. 

Chapter 4 is comprised of three major sections that describe the three test set-ups 

that were used to characterise the sensor's properties. A hydraulic press loading test, 

an in vitro patella tendon loading test and an in vivo patella tendon loading test are de

scribed. During the discussion on the characterisation tests, the focus rests on the hys

teresis effect in force recordings, the signal-to-noise ratio of the measurements as well 

as the frequency response of the sensor. Applicable calibrations and measurement re

peatability for the two channels of the sensor are also considered. The difference in 

sensitivity between the two channels is considered as well as the influence that two op

tic fibres in close proximity have on the force measurements. 

In Chapter 5 the viscoelastic behaviour of the patella tendon was investigated with 

the main focus on a phenomenon known as stress relaxation. Two transducers were 

used to measure the stress relaxation that results when the tendon undergoes a con

stant increase in strain that is maintained afterwards. A loadcell inside the MTS hydrau

lic press was used as well as the sensor. The purpose of the study was to compare the 

local stress relaxation measured by the sensor to the stress relaxation measured by the 

loadcell. A mathematical tool, known as Quasi-linear Viscoelastic (QLV) theory (Fung, 

1972) was used as a method to compare the local and overall measured stress relaxa

tion. 

The sensor was used in an investigation of the differential forces that occur in the 

anterior and posterior fibres of the patella tendon. In Chapter 6 the test method and re

sults of this in vivo study is described. The results of this study provide insight into the 

question of whether anterior or posterior loads in the patella tendon are greater, since 

results in the literature are conflicting. 
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Chapter 2: Literature survey 

The purpose of this chapter is to provide the necessary background on the work 

that is presented in this report. The topics that are discussed include the following: 

• the basic anatomy of the knee joint; 

• the basic anatomy and biomechanics of connective tissue; 

• mathematical model solution techniques; 

• the transducers that have been used in previous biomechanical studies to 

measure connective tissue loads and strains ; and 

• the basic science of fibre optic systems, with the focus on light propagation 

through an optic fibre. 

2.1 Knee anatomy 

The knee joint, shown in Figure 1, consists of skeletal elements (two femoral 

condyles, a tibial plateau and the patella) that are connected to one another through 

ligaments. Knee joint articulation is established through the excitation of the quadriceps 

muscles and the hamstring muscles that is connected to the skeletal elements through 

tendons. During articulation, the femoral condyles roll across the medial and lateral 

meniscus whiles the patella, shown in Figure 2, slides inside the femoral groove. The 

menisci, situated between the femoral condyles and the tibial plateau, are fibro-cartilage 

pads that conform to the articulating surfaces. 

In ex ten slon: posterior view In flexlon: anterior view 

Figure 1: Knee anatomy, adopted from http://lipscombclinic.com (23/06/06) 
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Knee joint articulation can be described by means of three translations and three 

rotations that act along three principle axes. These axes are the tibial shaft axis, the 

epicondylar axis and the anterior/posterior axis. The orientation of the axes and the 

kinematics along each axis are illustrated in Figure 2. 

Ligaments inside the knee joint together with the quadriceps muscles and the 

hamstring muscles are responsible for knee joint stability. The medial collateral liga

ment (MCL) and the lateral collateral ligament (LCL) support the medial and lateral sur

faces respectively when the knee joint is in full extension. Anterior and posterior 

movement of the tibia relative to the femur is limited by the anterior cruciate ligament 

(ACL) and the posterior cruciate ligament (PCL). Support at the front of the knee joint is 

provided by the patella tendon-patella-quadriceps tendon complex. 

Figure 2: Schematic diagram illustrating the six degrees of freedom of the human knee joint. Edited ver

sion from www.aclsolutions.com (23/06/06) 

Ligaments are therefore the structures that provide stability by keeping the differ

ent skeletal elements of the joint together. Although tendons also provide some stabil

ity, their main function is the transmission of the skeletal muscle forces to the skeletal 

elements that they connect to. In the next section the emphasis falls on the basic anat

omy as well as the biomechanicsi of these connective tissues. 

i Biomechanics is the research and analysis of the mechanics of living tissue. (Fung YC, 1993) 
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2.2 Connective tissue 

2.2.1 Anatomy 

Tendons and ligaments are composed of water and densely packed elements that 

have a hierarchical structure 0fVoo, Debski, Withrow & Janaushek, 1999). The different 

organisational levels in this hierarchical structure are illustrated in Figure 3. Connective 

tissue is a composition of fascicles that are subdivided into smaller units known as fi

brils. The fibrils have a zigzag crimp configuration when the connective tissue is 

unloaded. Each fibril contains sub-fibrils that in turn contain micro-fibrils. Type1 Colla

gen, the major load bearing structure, is located inside the micro-fibrils 0fVoo et al., 

1999). 

micro fibril 

collagen chain zigzag crimp pattern 

connective 
tissue 

fascicular 
membrane 

Figure 3: Hierarchical structure of a tendon, adopted from 

http://www.engin.umich.edu/class/bme456/ligten/ligten.htm (23/06/06) 

It was seen in the previous section on the anatomy of the knee joint, that a ten

don's major function is the transmission of skeletal muscle forces. In order to accom

modate these tensile forces, the tendon's fibrils are arranged parallel to the direction of 

loading. A ligament is responsible for knee joint stability and therefore it should be able 

to accommodate loads that are exerted from different directions. A ligament's fibrils are 

therefore arranged longitudinally as well as oblique or spirally. 

Connective tissue will only function properly if the transition from the soft tissue 

into the harder bone material is of good quality. There are two insertion types (Tho

mopoulos, Williams, Gimbel, Favata & Soslowsky, 2003). A direct insertion consists of 

four morphological zones that include the connective tissue, fibro-cartilage, mineralised 

fibro-cartilage and the bone material. An indirect insertion refers to the direct transition 
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from the soft connective tissue to a superficial layer that connects directly to the perio

steumu, with deeper layers that anchor to the bone material via Sharpey's fibresm. 

When the strength of connective tissue is considered, both the material properties 

and the quality of the insertion of the soft tissue into the skeletal element must be kept 

in mind. This project focuses exclusively on the biomechanics of the soft tissue of the 

patella tendon. It is therefore not necessary to consider. the biomechanics surrounding 

the insertion site, as was done by Thomopoulos et al. (2003). 

2.2.2 Biomechanics 

The biomechanics of connective tissue are based on empirical results, for example 

the derivations from the characteristics on a stress vs. strain curve (Woo et al., 1999). 

An idealised stress vs. strain curve from a load to failure test will typically resemble the 

curve that is shown in Figure 4. This curve can be used to derive the tissue's ultimate 

stress and strain, its modulus and its stiffness (Woo et al., 1999). Two types of tests will 

be discussed in this section from which the biomechanics of connective tissue can be 

derived. These are a load to failure test and a loading test by which the viscoelastic na

ture of connective tissue can be investigated. 

yield and 
failure 
phase 

strain 

Figure 4: Idealised stress vs. strain curve from a load to failure test 

The load to failure test has three distinct phases: the toe phase, the linear phase 

and a yield and failure phase (Woo et al., 1999). During the toe phase, the fibrils of the 

connective tissue extend. from its crimp pattern as the applied load increases. It is evi

dent from the slope that the stiffness of the connective tissue increases gradually with 

the load during this phase. 

ii Periosteum is a layer of fibrous connective tissue that surrounds a skeletal element. Definition supplied 
py: http://www.medterms.com/script/main/art.asp?articlekey=7907, (26/10/2006). 
111 Sharpey's fibres are strong collagenous fibres that extend from the periosteum to the outer circumferen
tial and interstitial lamellae of the skeletal element. Definition supplied by: 
http://www.amershamhealth.com/medcyclopaedia/medica1Nolume%20111%201/SHARPEYS%20FIBRES. 
asp; (19/07/2005). 
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As the fibrils become fully stretched, they align in the loading direction and the col

lagen chains become the major load bearing units. This signifies the beginning of the 

linear phase, which is the general operating range of the connective tissue. The 

modulus (the slope of the curve) and the stiffness (product of the slope and the ratio of 

the reference area and length) of the connective tissue are based on this part of the 

curve. 

If the applied load is further increased, some of the. collagen chains start to fail. 

This point indicates the transition from the linear phase to the yield phase. The load ca

pacity and the stiffness of the connective tissue decrease as more of the collagen 

chains fail. The connective tissue will ultimately rupture upon further loading. There are 

two rupture modes, namely intra-substance failure, i.e. the connective tissue ruptures, 

or insertion site failure, i.e. the connective tissue tears from the skeletal element. The 

ultimate stress and ultimate strain of the connective tissue are derived from this part of 

the curve if the failure mode was intra-substance. 

Although the properties derived from a load to failure test are valuable, it only 

gives estimates of the derived properties and it does not account for all the properties of 

the connective tissue. Connective tissue is a viscoelastic material and its response to 

induced loads or elongations is therefore time and history dependent 0fVoo et al., 1999). 

A viscoelastic material's behaviour is described according to three quantities known as 

stress relaxation, creep and hysteresis. Figure 5 illustrates each of these properties 

schematically. 

stress relaxation creep hysteresis 

Jc bk= 
t t E 

E 

Figure 5: Illustration of stress relaxation, creep and hysteresis. The top graphs signify the input and the 

bottom graphs show the connective tissue's response. 

Stress relaxation is a term that describes the decrease in stress over time that oc

curs when a body is suddenly strained and the strain is maintained at a constant magni-
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tude afterwards (Fung, 1993). Creep on the other hand. describes the increase in de

formation over time that occurs when a body is suddenly loaded and the load is main

tained at a constant magnitude afterwards. Hysteresis refers to the difference between 

the energy needed when a material is loaded and the usable energy available when the 

material unloads, i.e. the loading and unloading paths are different. 

The viscoelastic properties can be derived from specific characteristics on a stress 

vs. time curve or a strain vs. time curve as will be discussed hereafter. When the con

nective tissue is strained to a level and that level is maintained over a period of time, the 

resulting stress vs. time curve together with a mathematical model can be used to char

acterise the stress relaxation behaviour of the tissue. The same applies to the creep 

behaviour. Instead of a constant strain level being held, a constant stress level is main

tained for a period of time. Hysteresis can be characterised by applying a cyclic load 

over the connective tissue and using the resulting stress vs. time curve with a mathe

matical model. 

Fung (1972) derived mathematical models that can be employed together with 

data from the stress vs. time curve and the strain vs. time curve to derive the parame

ters that describe the stress relaxation and creep respectively. Different expressions 

exist for the hysteresis, e.g. based on energy (Erdemir et al., 2002) or actual force val

ues (Figliola & Beasly, 2006). When the expression that is based on the energy princi

ple is employed, the hysteresis is defined as the ratio of the areas under the loading and 

the unloading curve. The expression based on the actual stress or force values, is de

fined as the ratio of the maximum difference between the corresponding loading and 

unloading value and the difference between the maximum and minimum load or stress. 

The viscoelastic properties of connective tissue play an important role in everyday 

joint function (Woo et al., 1999). The laxity of a person's joints increases with time dur

ing physical exercise. This serves as a protective measure during sports since the per

son's joints are able to endure greater degrees of motion without rupturing the connec

tive tissue. After a period of rest however, the joints regain their original laxity. 

Stress relaxation together with hysteresis serve as a protective mechanism 

against fatigue failure in connective tissue. During cyclic loading the connective tissue 

experiences a continuous decrease in stress and the peak loads thus decrease. After a 

number of cycles, typically ten (Fung, 1972), the loading and unloading curves become 

Utl\VERSITEIT STELLENBOSCtt 
B113LIOTEEK 
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repeatable. This phenomenon is important to keep in mind when experimental testing is 

performed on connective tissue, since repeatable results will only be achieved after the 

tissue has been preconditioned. 

When the results of different studies are compared, it is important to keep the fol

lowing in mind: Reported values of a property from different studies might display vari

ability. This variability can be ascribed to biologic factors, i.e. effects of maturation and 

age, effects of exercise and effects of immobilisation and remobilisation, and experi

mental testing factors, i.e. specimen orientation, effects of testing temperature, testing 

strain rate and specimen storage and freezing ryvoo et al., 1999). It is therefore impor

tant to pay attention to the test samples that was used, the test procedure that was ap

plied and the assumptions that were made for a study when its results are compared to 

the results of another. 

The biomechanics can therefore be based on in vitro or in vivo measurements. 

Parameters can be directly derived from the experimental data but some parameters 

are derived from empirical models. The results are then verified with additional experi

mental data. 

2.3 Solution techniques for mathematical models 

In the biomedical field, mathematical models are used to describe the behaviour 

and function of a system inside the human body (Komistek et al., 2005). The utilised 

mathematical model will normally have limitations in its application since it will only ap

proximate a response to a defined condition, i.e. stress response of a tendon to a step 

increase in strain (Meyer, 2003). These models are normally indeterminate and nu

merical solution techniques should be applied to solve the model unknowns. 

Optimisation techniques are used when the governing equation(s) of the mathe

matical model can be rewritten as an objective function, f(x), where x represents the 

model unknowns. After the objective function has been derived and equality constraints 

and inequality constraints as well as bounds for the model unknowns have been de

rived, the objective function is optimised by means of a suitable optimisation algorithm, 

e.g. Newton's method. The choice of a proper cost function is critical since it will deter

mine the kind of optimisation algorithm that will work best. Optimisation techniques 

have been applied by Abramowitch et al. (2004), Anderson & Pandy (2001), Crowin-
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shield (1978), Johnson et al. (1994), Piazza & Delp (2001), Seireg & Arvikar (1973a), 

Seireg & Arvikar (1973b), Toms et al. (2002). 

Another method that has been utilised is reduction methods (Komistek, Sthiel & 

Dennis, 1998; Lu, O'Connor, Taylor & Walker, 1998; Lu, Taylor, O'Connor & Walker, 

1997; Mikosz, Andriacchi & Anderson, 1988; Schipplein & Andriacchi, 1991 ). The logic 

of this technique is based on the fact that some muscles do not influence the system 

significantly when a specific motion path of a joint is modelled (Komistek et al., 2005). 

When reduction methods are applied, elements that play an insignificant role are ig

nored or grouped together. The model is then reduced to a determinate set of equa

tions. 

There is need for caution when one of the abovementioned techniques is used. 

Although the results obtained with an optimisation technique or a reduction method may 

be mathematically correct, it will not necessarily be physiologically correct. The mathe

matical results therefore need to be verified against experimental results. 

2.4 Force and strain transducers used in biomechanical studies 

The need for the measurement of. muscle, ligament and tendon loads or elonga

tions in biomechanical studies has lead to the development of application specific trans

ducers. Muscle loads are recorded via electromyography (EMG) whereas many types 

of transducers exist that can be used in the recording of ligament or tendon loads. The 

latter can be divided into three groups namely transducers that work on the principle of 

variation of electrical resistance, variation of magnetic fields or light intensity modulation 

(Ravary et al., 2004). 

There are also more advanced transducers that have been used before which fall 

in different categories. Examples of these are the application of photoelasticity (Yama

moto, Hirokawa & Kawada, 1998) and ultrasound (Hansen et al., 2006) in the meas

urement of connective tissue loads or strains. For the purposes of this study, only the 

conventional transducers were considered, the reason being that these have been most 

widely applied. In the remainder of this section the working principle and examples as 

well as the main advantages and disadvantages for each category will be presented. 

For more information on these transducers, the reader is referred to the review of 

Ravary et al. (2004). 
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The Hall-effect transducer is an example of a transducer that is based on the 

variation of a magnetic field. This transducer consists of a magnetic core that slides in

side a steel tube connected- to a Hall generator. The opposing ends of the core and 

tube are fixed to the connective tissue in a proximal/distal direction. When the connec

tive tissue elongates, the magnetic core translates relative to the steel tube. The volt

age output from the Hall generator changes and the change is proportional to the mag

nitude of the connective tissue's elongation. The transducer is effective and accurate 

over short distances. The installation cost for the transducer is expensive and the 

.transducer is maximally invasive, which will lead to prolonged recovery periods. 

Liquid metal strain gauge (LMSG's), a transducer that is based on the variation of 

electrical resistance, consists of soft polymer capillaries that are filled with a liquid metal 

at room temperature. The capillary ends are closed with platinum wire onto which lead 

wires are soldered. The liquid metal resistance is proportional to the liquid metal tem

perature and capillary length and indirect proportional to the capillary cross-section. 

When the LMSG is inserted into the connective tissue, it is fixed to the connective tis

sue's fibres in a proximal/distal direction. As the connective tissue's fibres are strained, 

the LMSG's length and cross section change, which lead to a change in resistance. 

The LMSG has a constant current supply and therefore the change in resistance will 

lead to a change in the voltage output that represents the magnitude of the connective 

tissue's strain. 

LMSG's are small in size and will have a small influence on the orientation of the 

connective tissue fibres. The transducers are hazardous due to the toxic liquid metal 

and care should be taken when inserting it into the ligament or tendon. The service life 

of the transducer is limited and the transducer's output is temperature dependent. 

Buckle transducers, implantable force transducers and pressure transducers are 

also examples of transducers that work on the principle of varying electrical resistance. 

These transducers are inserted into the tendon or ligament in such a way that the nor

mal orientation of the tendon or ligament fibres is disturbed. When the ligament or ten

don is then loaded, the disturbed fibres tend to return to their original orientation, caus

ing a transverse force to the loading direction being exerted onto the transducer. A 

strain gauge is fitted to the transducer in such a way that it measures the strain resulting 

from the transverse force. The transverse force is proportional to the tensile load in the 

connective tissue according to Poisson's ratio. A buckle transducer and an implantable 
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force transducer are shown in Figure 6. Pressure transducers are modified commercial 

pressure transducers with a Teflon button fitted onto the diaphragm. 

Strain gauge 

2. 

Tensile load 

Tensile load 

Buckle trans
ducer 

Implantable force 
transducer 

Connective tissue 

Strain gauge 

Transverse force 

Transverse force 

Figure 6: 1. Buckle transducers and the insertion of a buckle transducer into a ligament or tendon. 2. 

Implantable force transducers and insertion of an Implantable force transducer into a ligament or tendon. 

Adopted from Ravary et al. (2004). 

Buckle transducers, implantable force transducers and pressure transducers are 

rigid and small in size, but still have a noticeable effect on the normal orientation of the 

connective tissue's fibres. The transducers are easy to manufacture and are also 

commercially available. There is a risk of possible impingement onto the bone when 

these transducers are used, and this together with the maximal invasive nature of these 

transducers, will lead to prolonged recovery periods. Calibration of the buckle trans

ducer can be standardised, but the calibrations of the implantable force transducer and 

pressure transducer are subject dependent. 

Optic fibres consist of a core through which a light signal propagates and a clad

ding material, which induces internal reflection of the light signal into the core and cov

ers and protects the core. Light propagation through the optic fibre is dependent on the 

geometry as well as the properties of the optic fibre, as will be discussed in the next 

section. Therefore, it is possible to manipulate the output from the fibre optic system, by 

means of modifying the geometry of the optic fibre. If the optic fibre is inserted through 

the cross section of the ligament or tendon, the transverse force will cause the geometry 

to deform, which will induce a change in the output signal that represents the tensile 

load. 
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These types of transducers are easy to implant since they are minimally invasive 

and only the optic fibre need to be inserted through the ligament or tendon. This makes 

the experience less traumatic and speeds up recovery. The optic fibre has negligible 

influence on the connective tissue's fibres. C~libration of the transducer is subject de

pendent and the transducer output is also dependent on optic fibre bending and relative 

movement to the connective tissue. 

For this study, it was decided to make use of a fibre optic force sensor. The deci

sion was largely based on the minimal invasive characteristic of the transducer since in 

vivo tests would be conducted. The technology is also less expensive than the other 

options would be (Erdemir et al., 2002, 2003). The shortcomings surrounding the cali

bration of the transducer were not of a big concern, since actual force values of the pa

tella tendon were of secondary concern. A transducer was needed with which the ante

rior and the posterior loads in the proximal patella tendon could be compared. In order 

to be able to do this, the raw transducer output would be sufficient. 

2.5 Fibre optic technology 

A fibre optic system consists of a transmitter unit, a receiver unit, the two unit's 

driver circuit and a communication channel (optic fibre) that connects the two units to 

one another. It is normally used for the quick transfer of information over relatively short 

distances. Information enters the fibre optic system as a voltage signal and is con

verted into an electromagnetic wave in the near visible light region (transmitter unit) for 

transmission through an optic fibre. On the other end of the optic fibre the receiver unit 

senses the transmitted light and converts it back to a voltage signal. This information is 

then ready for output from the fibre optic system. In this section the fundamental princi

ples of the physics surrounding the transmission of a light signal through the optic fibre 

is explained. 

When a light signal propagates through the core, it will strike the core/cladding in

terface sooner or later. The light ray will then either undergo total internal reflection 

(Figure 7 .1) or it will disperse into the cladding material leading to communication losses 

(Figure 7.2). A combination of reflection and dispersion is also possible (Figure 7.3). 

The former is desirable for successful transmission and it is dependent on two factors: 

the angle of incidence on the core/cladding interface, and the refractive indexes of the 

core and the cladding material. 
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core 

cladding cladding \ -- ... 
Figure 7: Illustration of the possibilities when a light ray strikes the core/cladding interface. 

A materials refractive index, N, is defined as the ratio of the speed of light in a 

vacuum, c, to the speed of light in the material, V, as (Bailey, 2003) 

c 
N=

V 
Equation 1 

A core with a higher refractive index than that of the cladding, will lead to a greater 

percentage of the incident light being internally reflected. As the angle of incidence is 

increased, the angle of refraction grows until it is equal to go·. The critical angle refers 

to the angle of incidence at which the angle of refraction is equal to go· as is depicted in 

Figure 7. An angle of incidence greater than the critical angle will result in total internal 

reflection of the incident light signal. 

The main purpose of fibre optic systems is the sufficient transfer of information be

tween two distant points. Losses due to diffraction are therefore undesirable. Success

ful operation of the sensor on the other hand is dependent on induced losses in the _fibre 

optic system as will be discussed in the next chapter. Chapter 3 will introduce the 

hardware that was used. 
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Chapter 3: Hardware and software 

3. 1 Fibre optic force sensor 

3.1.1 Working principle 

In the previous chapter the principles of refraction and internal reflection was dis

cussed on the basis of the incidence angle and the core and cladding material's refrac

tive indexes. During the operation of the sensor, of these two, only the angle of inci

dence can be modified and this is achieved through the mechanical modification of the 

optic fibre's geometry. The light intensity that is sensed by the receiver unit is indirect 

proportional to the amount of light rays that refract into the cladding material of the optic 

fibre. The sensor's output can therefore be modified by changing the angle of incidence 

of the incident light (deformation of the optic fibre geometry) to induce incidence angles 

smaller than the critical angle. 

The deformations that alter the angle of incidence can be subdivided into macro

bends and micro-bends (Bailey, 2003). Figure 8 and Figure 9.1 illustrates how a macro 

and a micro-bend will alter the incidence angle. Macro-bends are associated with bends 

having radii typically ten times that of the optic fibre's diameter while micro-bends result 

from imperfections in the cladding material or ripples in the core/cladding interface or 

tiny cracks in the optic fibre (Bailey, 2003). An external applied load on the optic fibre 

surface will also induce a micro bend, as is shown in Figure 9.2. 

' ' ' core, N1 

Figure 8: Illustration of a macro bend 

2 

Figure 9: 1. Illustration of a micro bend. 2. Il

lustration of a micro bend induced by an external 

load. 

The sensor's working principle is therefore based on light intensity modulation 

through the mechanical deformation of the optic fibre's geometry. The mechanical de

formation is caused by an external force that is exerted onto the optic fibre. If the exter-
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nal force is increased, the effect of the micro bend on the sensor output becomes more 

prominent. In other words, a larger external force will result in a lower sensor output 

since more light rays will refract into the cladding material. The aim therefore is to insert 

the optic fibre into the connective tissue in such a way that the induced loads inside the 

connective tissue will induce a micro-bend. In order to achieve this, the mechanics of 

connective tissue need to be considered more closely. 

F F applied load 

r~- Sx 
x longitudinal length 

y-oy · .. y transverse width 

OX longitudinal elongation 

F oy transverse compression 

Figure 10: Elongations that result from tensile loading 

When the connective tissue is loaded, its fibres are strained along the loading di

rection and along the transverse direction as is illustrated in Figure 10. Poisson's ratio, 

vPoisson, relates this longitudinal strain, ex , and the transverse strain, ey, through (Shigley 

& Mischke, 2001) 

&y 
Vpoisson = -

&x 

where Equation 2 

8x 8y 
&x =-and &y =-

Xo Yo 

Since connective tissue are viscoelastic, the strain is both a function of the induced 

stress, (j, and time, t. The stress, ax and (jY, inside the connective tissue can be re-

lated to the strain, ex and ey, through the connective tissue's modulus, Ex and Ey, as 

Equation 3 

By substituting Equation 3 into Equation 2, the compressive stress (jY can be 

mathematically related to the tensile stress, (jx, as 

Equation 4 

If the optic fibre is passed through the connective tissue in a direction normal to the 

loading direction, the compressive stress will induce a micro bend in the optic fibre. 

Since the compressive stress is proportional to the tensile stress as is shown through 
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Equation 4, the sensor output will be indirect proportional to the tensile stress. An in

crease in the tensile stress will result in an increase in the compressive stress that will 

lead to a decrease in the sensor's output. 

Erdemir et al. (2002, 2003) reported a non-linear relationship between the sensor 

output and the applied compressive load. These findings contradict the results of Finni 

et al. (1998) who reported a linear relationship. Hysteresis effects as well as the differ

ence in loading rate during calibration and measurement have however not been inves

tigated thoroughly by Finni et al. (1998). 

3.1.2 Composing elements 

The sensor comprise of a pair of transmitter units, a pair of receiver units, two 

pieces of optic fibre that connect the transmitter and receiver units through ST

connectors and a driver circuit. A schematic presentation of the sensor's driver circuit is 

shown in Figure 11. The voltage input to the transmitter unit and the receiver unit was 

supplied by 9 V batteries that drove voltage regulators (LP2951, National Semiconduc

tor). The voltage regulator output was governed by capacitor, C1, to give a 5 V output 

signal. 

The transmitter driving circuit consisted of the transmitter unit (HFBR 1414T, 

Agilent Technologies Inc.), the voltage supply circuit and resistors R1 and R2. Resistor 

R1 governed the maximum current in the transmitter circuit while variable resistor: R2 

gave the possibility of varying the transmitted light intensity. The receiver driving circuit 

consisted of the receiver unit (HFBR 2416T, Agilent Technologies Inc.), the voltage 

supply circuit, an instrumentation amplifier (AD620, Analog Devices Inc.) and a passive 

low pass filter. The variable resistor, R3, varied the DC offset of the output signal (pin 2) 

to ensure that it fell within the range of the AID converter. Amplification of the output 

signal was not necessary. The low pass filter was designed to have a cut-off frequency 

of 16 Hz, since testing frequencies would initially not go beyond 10 Hz. 
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Transmitter Component Description 

HFBR 1414T Transmitter 

1 !vl a c,TiLJP gv 2,6, 7 

HFBR 2416T Receiver 

VR Voltage regulator 

IA Instrumentation 

amplifier 

HFBR 

3 
1414T 

R1 330 

Rz 200 n potentiometer 

R3 10 kn potentiometer 
Receiver 

R4 1.a kn 

Rs R5 10 n 

c ~!vla 'T F~l".J p 9V 

____ _.'.:=- 1 0 8 I ~ R 5 

_L
j A b --
4 5 ----iI--

c~ 

C1 4.7 µF 

·C2 4.7 µF 

C3 0.1 µF 

Output 

HFBR CI 2 
2416T 

Figure 11: Schematic of the driving circuit for the sensor. 
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3.2 Data acquisition 

The data acquisition strategy entailed the following: Sensors that were used dur

ing the project were connected to a PC .through an USB based 1/0 module (PMD-

1608FS, Measurement Computing). This device has eight 16-bit single-ended ana

logue channels. Each channel has its own AID converter and all channels could be 

scanned simultaneously during data sampling. The sensors connected to this device 

through BNC cables. 

Data acquisition was performed with a customised LabVIEW application (Lab

VIEW 7.1) that consisted of universal libraries that was supplied with the USB based 1/0 

module. The amount of channels that need to be scanned on the module, the amount 

of required data points, the sampling frequency and the voltage range in which the 

sampled data fell were specified by the user. After data collection of each trial, all the 

sampled data was exported to a *.txt file from where it could be loaded into a post

processing application. 
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Chapter 4: Characterisation of the sensor output 

4. 1 Introduction 

Although fibre optic force sensors hav~ been used before (Arndt et al., 1998; Finni 

et al., 2000, 1998) it is subjected to significant error. Erdemir et al. (2002, 2003) exam

ined different phenomena that lead to erroneous force recordings with a sensor similar 

to the one that was used during this project. Hysteresis error, varying loading rates be

tween calibration and experiments as well as loading at different locations along the op

tic fibre were investigated. 

These parameters were based on the force recordings with the optic fibre inserted 

through an Achilles tendon complex inside a materials testing machine. The Achilles 

tendon was loaded at different loading rates, i.e. 20 N/s, 200 N/s and 1000 N/s, from 0 

N to a maximum load of 1000 N. The discussion in Chapter 3 showed that the sensor's 

output is influenced by a compressive transverse load that can be related to the tensile 

load through Poisson's ratio and the modulus of the connective tissue. 

Values of the Poisson ratio for connective tissue are not widely published though . . 

Hewitt, Guilak, Glisson & Vail (2001) conducted a study on the hip joint ligaments and 

determined a Poisson value of vPoisson = 1.4 (so= o.a, n = 1 O) . It was also stated in Chap

ter 2 that there exists significant variability in the published results on· biomechani.cal pa

rameters. The lack and uncertainty of biomechanical properties of connective tissue 

0f'Joo et al., 1999) therefore render it an unsuitable testing medium when the sensor's 

behaviour needs to be considered. It is unfortunately difficult to simulate the loading 

mode of connective tissue with another test medium. 

In this chapter the behaviour of the sensor was investigated by means of three test 

set-ups: 

• A hydraulic press loading test 

• An in vitro patella tendon loading test 

• An in vivo patella tendon loading test 
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4.2 Hydraulic press loading test 

4.2.1 Introduction 

A hydraulic press was used to apply pressure on a segment of the optic fibre that 

was connected to the sensor. This setup had the following advantages above the in vi

tro and in vivo setup. The applied load on the optic fibre was measurable and its magni

tude was controllable, which lead to repeatable loading conditions. This was not 

achievable with the in vitro or in vivo setup because of the uncertainty and unavailability 

of the biomechanical properties of connective tissue. It is for instance difficult to quan

tify the hysteresis effect in the sensor recordings since connective tissue is viscoelastic. 

The hydraulic press loading test was based on two tests. The optic fibre's hys

teresis effect, signal-to-noise ratio and frequency response were typified from the force 

measurements taken during a sequential test. The static sensitivity and measurement 

repeatability of the two channels were derived from force measurements taken during a 

random test. 

4.2.2 Hardware setup 

A schematic of the hardware setup for the hydraulic press loading test is shown in 

Figure 12. The transverse compressive force that results when connective tissue is 

tensioned was simulated by the piston of the hydraulic cylinder (1) that pressed onto the 

optic fibre inside the hydraulic press. A servo valve (Moog Inc. Jamison Rd. East 

Aurora, NY 14052, 02-307a; 2) regulated the fluid pressure to the cylinder and governed 

the magnitude of the applied force on the optic fibre. The servo valve's solenoid re

ceived a control signal from a V/I driver that was connected to a PIO controller (3). 

The PIO controller had two reference inputs and one feedback input. A variable 

resistor (single turn 10 k.Q potentiometer; 4) regulated a voltage signal from a DC power 

supply (Dual tracking DC power supply, 63060, Topward Electric Instruments CO., 

LTD.; 5) that was used as the reference signal for DC load control. A signal generator 

(723963, Topward Electric Instruments CO., LTD.; 6) generated a sinusoidal signal 

which was used as a reference signal for AC load control. The feedback signal was 

supplied by a loadcell (506335-04, Rever Transducers Inc.; 7) in the hydraulic press 

whose output was amplified by a full bridge amplifier (KWS 0373, HBM; 8). 
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1. Hydraulic cylinder 6. Signal generator 11. Oscilloscope 
2. Servo valve 7. Loadcell 12. USB based 1/0 device 
3. PIO controller 8. Bridge amplifier 13. Personal computer 
4. Potentiometer 9. Sensor 
5. Power source 10. Sensor driver circuit 

Figure 12: Schematic of the hydraulic press test hardware setup. 

Figure 13 illustrates how the sensor (9) was mounted inside the hydraulic press. 

The optic fibre was compressed between two polished metal plates. The first plate 

rested on top of the suspended optic fibre and the second plate rested on top of the 

loadcell. The hydraulic cylinder pressed down onto the first polished plate. 

Force input from 
hydraulic cylinder 

Transmitter Optic fibre 

Loadcell 

Polished plates 

Figure 13: Suspension of the optical fibre in the hydraulic assembly 

An oscilloscope (TDS 2014, Tektronix Inc.; 11) was used to show the control sig

nals and the sensor output during the experiment. Data acquisition was done with the 

system described in Chapter 3 (12: USB based 1/0 module, 13: Personal computer (ln

tel(R) Pentium 4, CPU 2.8 GHz, 496 MB RAM). Only the loadcell's output and the sen-
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sor's output was sampled. Theoretically, this hardware setup enabled the application of 

repeatable loads on the suspended optic fibre inside the hydraulic press during the se

quential test and random test. 

4.2.3 Test procedure 

The sensor's behaviour was investigated through the measurements of a sequen

tial and a random test as described by Figliola R.S. et al. (2006). During the sequential 

test the force input was varied sequentially over the force input range and the force in

put was applied in a random order over the force input range during the random test. 

Before commencement of a test, the sensor was allowed to reach a state of equilibrium, 

i.e. the sensor's output changed only due to noise levels in the signal, after which a zero 

reading was recorded. 

During the sequential test, the sensor was subjected to a sinusoidal load that var

ied between the minimum and the maximum load of the current force input range at a 

fixed loading rate. The sequential test was repeated for a set of loading rates, i.e. fre

quencies, for each test. The measurements recorded during these tests were used in 

the investigation of the sensor's hysteresis error and its frequency response. Sample 

times were chosen for each trial to contain at least ten cycles when the sampling rate 

was 100 Hz. 

After completion of the sequential test trials, the random test followed. The current 

force input range was divided into ten equal intervals to form ten sub loads. These sub

loads were arranged and applied in a random order according to the hat methodiv. A 

sub-load was held for ten seconds, with a transition period between the sub-loads last

ing twenty seconds. 

The sensor output was recorded for ten optic fibres at each input range of 0 N to 

250 N and 0 N to 500 N respectively. Two polished plates having different widths were 

used, i.e. 20 mm and 15 mm. Ten trials were performed on the one channel with a 

force input range of 0 N to 500 N and a polished plate with a width of 15 mm. All other 

tests were conducted with the 20 mm polished plate. 

iv Each state is assigned a number. The numbers are thrown into a hat and then taken out one by one to 
form a random sequence of numbers. 
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4.2.4 Data processing 

The aim of the sequential tests was to.obtain a value of the maximum hysteresis 

error for the sensor in the applied loading ranges as well as a signal-to-noise ratio and 

the frequency response of the sensor. Measurements from the sequential test were 

also used in the calculation of the force prediction error in terms of a RMS error when a 

straight line was fitted through the cyclic measurements. The processing procedure can 

be divided into a pre-processing stage and a processing stage, as shown in Figure 14. 

Hysteresis/ signal-to-noise/ frequency 
response calculation 

Pre-processing 

Import data: Reference 
data and sequential data 

Smooth data 

~ Conve~oadcell 
Calculate FSO L measurements: • 

Processing 

Import data: 
All cycles 

Fit a polynomial to measurements 
of each cycle 

i • .. V-+N 
Calculate the maxi- Combine all the Import refer-

Perform FFT on 
data 

Divide data sets in 
cycles 

mum hysteresis error 
for each cycle 

cycles into one ence data 
cycle .. 

. 

• + Calculate noise 
Plot data in a FFT 
window 

Calculate Aout
put/Ainput 

Write data of each 
cycle to a *.bet file 

Calculate the 
average hystere-
sis error 

Fit a straight line levels 

through the cycle • • Calculate signal-
Calculate the to-noise levels 
RMS error 

Figure 14: Hydraulic press loading test: data processing of sequential test recordings 

During the pre-processing stage, each trial's measurements were imported into 

Matlab (Version 7.0.1.24704 (R14)) and smoothed to minimise the effect of noise by 

applying a moving average (10 points). The loadcell's voltage output was converted to 

its corresponding force output, i.e. voltage values to Newton values. 

Before the sensor's frequency response could be calculated, the sensor's full 

scale output (FSO) was calculated by subtracting the force output from the reference 

measurements, i.e. the zero load recordings. After the FSO was calculated, the N-point 

one-sided absolute value FFT of the sensor signal and loadcell signal were calculated. 

A preliminary investigation showed that 10 cycles per sample gave good results. The 
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peak output in the FFT that contained the output from the loadcell, was inspected to see 

whether it corresponded with the peak output in the FFT that contained the sensor out

put. The peak sensor output, Aoutput, was divided by the corresponding loadcell value, 

Anput. to give the ratio AoutpulAnput· This ratio was calculated for both the 0.1 Hz and the 

1 Hz test. The calculated ratios were combined with the predictions of the static calibra

tions as will be shown in the results. 

After the calculation of the frequency response, each trial's sensor recordings and 

loadcell recordings were subdivided into sub-cycles with a sub-cycle containing a load

ing and an unloading phase as is illustrated in Figure 15. 

Cycle 1 Cycle 2 Cycle n-1 

Figure 15: Subdivision of cycle into sub-cycles 

The sub-cycles were separated into its loading phase and unloading phase and 

polynomials were fitted to the two phases with Matlab's po/yfit-function. The po/yfit

function, based on a least squares method, provided the means of determining the qual

ity of the polynomial fit to the recorded data in terms of the error made in subsequent 

predictions. The best polynomial fit was chosen by comparing the maximum errors 

made by polynomials of different degrees fitted to the data. 

After the data was processed into the sub-cycles, the hysteresis error, eh.n.. , could 

be calculated in terms of the FSO, r0, according to (Figliola et al., 2006) 

01 _ IYi, up scale - Yi, down scalelmax 
1 

OO 
ro~ - x 

max 'o 
Equation 5 

The sensor recordings for the unloading phase, Yi, down scale. were subtracted from 

the corresponding sensor recordings for the loading phase, Yi, up scale· Equation 5 was 

applied on every cycle of every trial. The average values of the trials were then calcu

lated and taken as the average hysteresis error for that input range and sensor channel, 

i.e. the anterior channel or posterior channel. 

The RMS error was calculated by fitting a straight line through the combination of 

the loading and unloading measurements for each cycle. The root mean square on the 
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difference of the prediction of the straight line, Ye,;, and the actual measurement, Yi. was 

then computed as (Erdemir et al., 2002) 

n 

RMS= L (YcJ - Vi )2 (n = amount of samples) 
i=1 

Equation 6 

The reference measurements of each test were used in the calculation of the sig

nal-to-noise ratio, SIN. The reference measurements were scanned for the maximum 

deflection. Because the sensor was unloaded when the reference measurements were 

taken, the maximum deflection would correspond to noise in the signal and drift in the 

output signal. In order to avoid a situation where the drift was mistaken for noise, only 

local deflections were calculated. This was done by searching for a maximum deflec

tion in small blocks having user defined sizes in the output signal. The signal-to-noise 

ratio was based on the maximum noise level, Vs, and the FSO, Vn 

S/N = 20 log10 (Vs I Vn) Equation 7 

Sources of noise could primarily be attributed to electrical noise from the electric 

motor in the power pack of the hydraulic cylinder. 

Static sensitivity and repeatability calculation 

Import data: Data for all trials 

+ 
Smooth data 

+ 
Convert loadcell measurements: V-> N • Extract transducer output for each load level 

+ 
Sort transducer output in ascending order 

• Calculate average of each load for 
each trial 

Calculate overall average for each 
load J 

• + 

Import data: Reference measurements 

+ 
Smooth data • Convert loadcell measurements: V-> N 

Calculate average transducer output for each 
trial 

f 

Calculate overall average 
I 

Combine the two 
datasets 

__. Calculate repeatability 

Fit polynomials to 
data 

+ • Static sensitivity Sensitivitv error Linearitv error Zero error 

Figure 16: Hydraulic press loading test: data processing of random test recordings 

The recordings from the random tests were used to obtain calibrations from which 

the sensor's static sensitivity and the repeatability of force measurements were calcu-
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lated. The data processing procedure on the random test recordings are shown in 

Figure 16. 

Each random trial's recordings as well as the corresponding reference measure

ments were imported into Matlab. The signals were smoothed and the loadcell's volt

age output was converted to force output using· the same methods that were described 

earlier. Since the sub-loads were applied in a random order, it needed to be extracted 

and organised sequentially. The force measurements for each sub-load were aver

aged'. Each trial's sub-loads were combined with the reference measurements to form 

one vector and polynomials were fitted to the data with Matlab's polyfit-function. Based 

on these polynomial fits, the static sensitivity of the two channels and the repeatability of 

the sensor could be calculated. 

The average static sensitivity of the sensor was calculated from the average value 

of the first derivative of each polynomial fit. The sensor's repeatability, %eR , which is 
max 

based on the standard deviation of the sensor output, Sx, and the FSO ro, was calcu

lated with (Figliola et al., 2006) 

2S 
%eRmax = _x x 100 Equation 8 

fo 

The linearity error, static sensitivity, sensitivity error and zero error were calculated 

for the calibrations. The linearity error, e1..,., •• , was calculated in terms of the FSO of the 

loadcell, r0, by subtracting the measured loadcell output, Yi, from the corresponding 

value predicted by the polynomial fit, YcJ (Figliola et al., 2006) 

%el,.,.. = IYi - Y cJ lmax x 100 
fo 

Equation 9 

The linearity error, e1..,.,.. , provided a measure that described the maximum error 

that occurred for the current polynomial fit. The standard error of the polynomial fit, Syx, 

was calculated with (Figliola et al., 2006) 

Equation 10 

and was based on the summation of the squared error, L;=
1
(Y; -YcJ )2

, between 

the actual measurements, Yi. and the predictions of the polynomial, Yc,i. divided by the 

degrees of freedom, v. The degrees of freedom, v , depends on the amount of meas

urements, n, and the order of the polynomial, m, as defined by (Figliola et al., 2006) 
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v =n-(m+1) Equation 11 

The sensitivity error, 8 8 1, a statistical measure of the random error in the estimate 

of the slope of the calibration, can be calculated from the standard error of the polyno

mial fit, Syx, and the independent variable, x;, on which the calibration is based as (Figli

ola et al., 2006) 

Equation 12 

If the sensitivity is constant, but the zero intercept of the calibration drifts, the zero 

error, Sao, can be used to quantify the resulting error as (Figliola et al., 2006) 

n ""'n x~ s =S L...i=1 I 

ao yx [ ""'n 2 ""'n 2] n nL...;=1x; -(L...;=1x;) 
Equation 13 

4.2.5 Results 

The hysteresis error and the RMS error calculated from the sensor output taken 

during the sequential tests are shown in Table 1. In Table 2 the hysteresis of the force 

input from the hydraulic press is shown. The average hysteresis in the loadcell re

cordings was 9.83%FSO [SD = 2.69] while the average hysteresis in the anterior and 

posterior channel recordings was 16. 7%FSO [SD = 9.1 O] and 11.2%FSO [SD = 5.05] 

respectively. If the hysteresis in the anterior channel recordings for the 500 N and 15 

mm plate is ignored, the average hysteresis for the anterior channel measurements 

would be 11.5%FSO [SD = 1.22]. 

The average RMS error calculated when the straight line was fitted through the an

terior channel measurements and the posterior channel measurements were 

7.80%FSO [SD= 3.14] and 5.96%FSO [SD= 0.801] respectively. Erdemir et al. (2002) 

obtained an average RMS value of 5%FSO from their in vitro Achilles tendon study. 
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Table 1: Hysteresis error and RMS error for the sensor 

Channel Load, N (plate, mm) . Hysteresis, %FSO RMS error, %FSO 

Anterior 2SO (20) 10.6 7.61 

(n = 10) soo (20) 12.4 4.76 

soo (1 S) 27.2 11.0 

Average [SD] 16.7 [9.10] 7.80 [3.14] 

Posterior 2SO (20) 7.61 S.39 

(n = 10) soo (20) 14.8 6.S2 

Average [SD] 11.2 [S.OS] S.96 [0.801] 

Table 2: Hysteresis of the force input from the hydraulic press 

Channel Load, N (plate, mm) Hysteresis, %FSO 

Anterior 2SO (20) 12.1 

(n = 10) soo (20) 7.39 

soo (1S) 9.10 

Posterior 2SO (20) 13.2 

(n = 10) soo (20) 7.37 

Average [SD] 9.83 [2.69] 

The signal-to-noise ratio obtained for the anterior and the posterior channel for the 

five different tests are given in Table 3. 

Table 3: Signal-to-noise ratio for each channel 

Channel Load, N (plate, mm) Signal to noise ratio, dB 

. Anterior 2SON (20) 41.23 

(n = 10) SOON (20) S1.S1 

SOON (1S) 46.04 

Posterior 2SON (20) 47.97 

(n = 10) SOON (20) 60.4S 

The frequency response of the sensor was quantified by calculating the ratio of the 

maximum loadcell output and maximum sensor output as calculated by the FFT of the 

signals. Samples of the FFT signals are shown in Figure 17 and Figure 18 for the pos

terior channel when the input was 250 N at 0.1 Hz cycle and 250 N at 1 Hz cycle re

spectively. Table 4 shows the ratio AoutpulAnput of the anterior and posterior channel's 

output and the corresponding loadcell's output in terms of the FSO. The ratios in the 

static calibration and static sensitivity columns were derived from the static calibrations 

that were obtained from the random tests recordings. 
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i 002
1 ! ~' ~¥&&01 

Hz • l 
0o 0.5 1 1.5 2 

frequency, Hz 
loadcell output: one sided abs FFT (250 N cycle) i ~:f r~ N @001 Hz • • l 
0o 0.5 1 1.5 2 

frequency, Hz 

Figure 17: Posterior channel (20 mm plate) - 0.1 

Hz cyclic load@ maximum 250 N 
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transducer output: one sided abs FFT (250 N cycle) 
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Figure 18: Posterior channel (20 mm plate) -1 

Hz cyclic load @ maximum 250 N 

Table 4: Aoutput/Ainput for the static calibration, 0.1 Hz cycle and 1 Hz cycle 

Channel Load, N (plate, mm) Frequency, Hz Static, V/N Dynamic, V/N 

Anterior 250 (20) 0.1 7.50e-04 1.95e-04 

(n = 10) 1 7.64e-04 1.95e-04 

500 (20) 0.1 2.60e-04 1.84e-04 

1 2.60e-04 1.64e-04 

500 (15) 0.1 3.69e-04 3.22e-04 

1 3.78e-04 2.43e-04 

Posterior 250 (20) 0.1 3.94e-04 2.79e-04 

(n = 10) 1 3.95e-04 2.46e-04 

500 (20) 0.1 3.54e-04 3.56e-04 

1 2.28e-04 1.94e-04 

Table 5 contains the results from the random test for the anterior and the posterior 

channel and contain only the parameters that are based on the chosen calibrations. In 

Appendix A the results of all the calibrations for the two channels are shown. The aver

age static sensitivity for the anterior and the posterior channel were 2720 NN [SD = 

213] and 2710 NN [SD= 149] respectively. The repeatability of force measurements 

were poor with average values of 102%FSO [SD= 53.2] and 83.1%FSO [SD= 7.50] for 

the anterior channel and posterior channel respectively. 

31 

Stellenbosch University  https://scholar.sun.ac.za



Chapter 4: Characterisation of the sensor output 

Table 5: Calibration results for anterior channel 

Load, N Static 
Static Linearity 

Channel (plate, Calibration SD sensitivity Zero error Repeatability 
sensitivity error 

mm) error 

order N NN[SD] NN NN N %FSO 

Anterior 250 (20) 2nd 16.1 1890 [612] 9.06 147 9.93 163 

(n = 10) 500 (20) 2nd 10.3 3690 [361] 3.16 69.7 5.44 67.3 

500(15) 1st 32.9 2580 [206] 13.0 163 18.0 75.0 

Posterior 250 (20) 2nd 8.93 2690 [331] 5.87 94.1 4.91 88.4 

(n = 10) 500 (20) 2nd 14.5 2740 [154] 3.79 71.7 7.65 77.8 

4.3 In vitro patella tendon loading test 

4.3.1 Introduction 

The behaviour of the sensor was examined for the case where the optic fibre was 

inserted through a patella tendon that was loaded inside a hydraulic press. During the 

test the effect that two optic fibres in close proximity inside the patella tendon had on the 

sensor output was investigated. The hysteresis in the sensor recordings was com

pared to the hysteresis in the recordings of the MTS hydraulic press loadcell and dis

placement transducer. The signal-to-noise ratio was calculated as well· as the static 

sensitivity of the two channels of the sensor. 

4.3.2 Hardware setup 

The hardware setup is shown in Figure 19. The test sample consisted of a patella

patella tendon-tibial tubercle complexv that was harvested from a amputated: human leg 

(Female, ±80 years old). The bony ends were potted into the cylinders with an epoxy 

(Epidermix 372, ABE Construction Chemicals (Pty)Ltd.) and the connective tissue ex

posed· to the atmosphere. While the sensor was tested, the connective tissue was con

stantly hydrated with 0.9% saline as is described by Johnson et al. (1994) to prevent the 

sample from drying out. 

v The preparation of the patella-patella tendon-tibial tubercle complex is described in Chapter 6. 
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1. MTS unit 
2. MTS control unit 
3. MTS control computer 
4. Loadcell 
5. Patella tendon pots 
6. Patella tendon sample 
7. Hydraulic cylinder pis
ton 
8. Data acquisition com
puter 

Figure 19: Schematic of the in vitro patella tendon study hardware setup 

The steel cylinders were attached to clevis clamps and fixed inside the MTS hy

draulic press, Figure 20. One clevis clamp was fixed to the piston of the hydraulic cylin

der and the other clevis was fastened to the loadcell. The loadcell was fixed to a sta

tionary sleeve, which was adjustable along the guide rods of the MTS hydraulic press. 

The hydraulic cylinder piston's motion was controlled by a servo valve, whose solenoid 

was controlled by the MTS control unit that consisted of an MTS 442 Controller, an MTS 

425 transducer conditioner and an MTS 413 master control panel. 

steel cylin-

clevis 

clevis 

force trans-

patella tendon 

Figure 20: Steel cylinders fixed in MTS hydraulic press 

The control strategy was based on displacement feedback control. Input into the 

control system was supplied by a PC that ran the MTS hydraulic press control program. 

Four ranges of motion could be chosen on the MTS 442 controller. The sensitivity in 

terms of V/mm was known for each range of motion and the input and feedback voltage 

range was 0 V to 10 V. With the sensitivity and the maximum allowed voltage known, 

the desired motion of the cylinder's piston could be programmed as voltage values. 
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This was done in an Excel work sheet (Microsoft® Excel 2002 (10.6809.6804) SP3) that 

was then imported into the control program. 

Data acquisition was done with the system described in Chapter 3. The data 

sampling frequency was 100 Hz and four channels were utilised. Two channels were 

used for the anterior channel and the posterior channel of the sensor respectively, one 

channel was used for the loadcell of the MTS hydraulic press and one channel was 

used for the displacement sensor connected to the hydraulic cylinder's piston. 

4.3.3 Test procedure 

After the patella tendon complex was inserted into the MTS hydraulic press, the 

patella tendon was manually tensioned to a load level of 12 N by changing the position 

of the hydraulic cylinder's piston via an offset knob on the MTS 442 controller. The pa

tella tendon's length, depth and width were measured afterwards with a vernier calliper. 

The patella tendon's cross section was assumed to be rectangular as described by 

Hashemi et al. (2005). To precondition the patella tendon, it was cyclically loaded be

tween the reference state and 2% strain after which the patella tendon was left for 15 

minutes to reach a stable state, i.e. was kept at the reference state to minimise viscoe

lastic effects as described by Johnson et al. (1994). After the 15 minute period, the pis

ton's displacement was adjusted to ensure the reference load stayed at 12 N. 

Before the test began, two optic fibres were inserted through the mid-substance of 

the patella tendon in the fontal plane as shown in Figure 21 and were connected to the 

sensor. The patella tendon was cyclically loaded at 0.5 Hz between the reference state 

and 5% strain. It was ensured that the sample contained at least twenty cycles by 

choosing a suitable sampling time. After the first cyclic test, a 15 minute rest period fol

lowed . During this time, two extra optic fibres (unconnected) were inserted in close 

proximity to the already inserted optic fibres and the cyclic test was repeated. The data 

processing procedure is described in the next section. 

Figure 21: Optic fibres inserted through the patella tendon 
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3.3.4 Data processing procedure 

Investigation into influ
ence of optic fibres in 
close proximity 

Import data: Sequential 
test recordings for optic 
fibre's far apart and in 
close proximity 

• Filter the recordings with a 
high pass filter 

• Compute the FFT of the loadcell 
measurements and the force 
transducer measurements 

Compute ratio: 

Data processing procedure 

Hysteresis calculation 

Import data: Sequential 
test recordings of fibres 
far apart 

+ 
Smooth the data sets 

+ 
Divide data sets in 
cycles 

Fit a polynomial to measure
ments of each cycle 

• Calculate the maximum hystere-
sis error for each cycle 

+ Aoi.tput / A lnput 

Calculate the average hysteresis error 

Static sensitivity calcula
tion 

Import data: Sequential 
test recordings of fibres 
far apart 

Calculate noise Smooth the data sets 
levels 

Calculate sig
nal-to-noise 
levels 

Divide data sets in 
cycles 

+ 
Organise all the sub-cycle 
entries in ascending order 

Fit a polynomial to meas
urements of each cycle 

Figure 22: In vitro patella tendon loading test: data processing of sequential test recordings 

The steps in the data processing procedure are shown in Figure 22. The influence 

that two optic fibres in close proximity had on the sensor output was investigated 

through. a FFT analysis. The sensor recordings for both instances where the optic fibres 

were far apart and in close proximity were imported into Matlab. The hydraulic cylinder 

drifted while the sequential test was carried out. Unfortunately this resulted in a low fre

quency component (0.01 Hz) in the sensor output. The sensor output and the loadcell 

output were digitally filtered with a high pass filter to remove this low frequency compo

nent. The FFT was then computed for both tests using the same function that was used 

during the hydraulic press test. From the FFT signals the ratio of the sensor output to 

the loadcell output was computed. 

The hysteresis in the sensor recordings, loadcell recordings and displacement 

sensor recordings were calculated with Equation 5 and the procedure that was used for 

the hydraulic press test was repeated. The hysteresis was based on the recordings 

when the optic fibres were far apart. Another method was implemented to test the qual-
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ity of the polynomials that were fitted to the loading and unloading cycles, namely the 

x 2 -test. The x2 -parameter was calculated as (Chernoff et al. , 1954) 

Equation 14 

where Yc,i refers to the polynomial prediction and Yi refers to the actual test re

cording. The polynomial that had the smallest x2 -error was automatically chosen. It 

was found that the same polynomial would be chosen when the error in force prediction 

as determined by the polyval-function was used. The same method as was used during 

the hydraulic press test was used in the calculation of the signal-to-noise ratio. The 

static sensitivity was determined from the derivatives of first to fifth order polynomial fits 

to the sequential data since a random test was not performed. 

4.3.5 Results 

In Table 6 the FFT results that were obtained for different optic fibre configurations 

are shown. The ratio, AoutputlAinput. decreased (12.2%) while the ratio increased (1.66%) 

when the additional optic fibre was inserted for the anterior and posterior channel re

spectively. The FFT signals for the different sensors are shown in Figure 23 and Figure 

24. 

Table 6: FFT results on sensor output for different optic fibre configurations 

Optic fibres: Anterior Posterior 

mV Hz mV Hz 

far apart 6.96 0.490 10.6 0.496 

close proximity 9.81 0.495 17.1 0.495 

arferior ch&mel FFT FFT 
0.02 c 6.96 mv till 0.496 Hz . 4.74 mV till 0.992 Hz 
0.01 0 2.46 mV till 1.49 Hz . 0.646mV 1.96Hz 

00 1.5 2.5 
frequency, Hz 

pooteriof chamel FFT FFT 
0.02 c 10.6 mv till 0.496 Hz 

• 5.70 mv@ 0.992 Hz 
0.01 . 2.16 mv till 1.49 Hz . 0.768 mV 1.98 Hz 

00 0.5 1.5 2.5 
hequency, Hz 

loadcell chamel FFT FFT 
c 24.7 mV till 0.496 Hz 

0.02 
0 15.1 mV@ 0.992 Hz . 6.34 mv till 1.49 Hz 
0 1.33mV 1.98Hz 

00 1.5 2.5 
hequency, Hz 

Figure 23: FFT for optic fibres far apart 

Loadcell 

mV Hz 

24.7 0.496 

39.1 0.495 

0.02 

0.01 

00 

0.02 

0.01 

00 

0.04 

0.02 

00 

Anterior Posterior 

A output / A lnput A output / A lnput 

0.281 0.429 

0.251 0.436 

anterior chamel FFT 

- FFT 
c 98.1mvl!!I0.495 Hz 
• 7.03 mv l!!I 0.990 Hz 
• 3.48 mv till 1.49 Hz 
• 0.900 mv 1.98 Hz 

0.5 1.5 2.5 

post~A8~ - FFT 
c 17.1 mV l!!I 0.495 Hz 
• 9.66 mV till 0. 990 Hz 
• 4.02mVtlll1 .49 Hz 
tJo. 1.35mV 1.98Hz 

2.5 

loadcell cha.me! FFT - FFT 

1.5 
frequency, Hz 

c 39.1 mV@0.495 Hz 
• 23. 7 mv l!!I 0.990 Hz 
• 9.38 mv @1 .49 Hz 
' 1.95mV 1.98Hz 

2.5 

Figure 24: FFT for optic fibres in close proximity 
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Table 7: Hysteresis in the recordings of the sequential test 

Sensor Hysteresis FSO 
2 

% up scale 
2 

% down scale 

n = 10 %FSO [SD] V [SD] [SD) [SD] 

Anterior channel 33.6 (8.88) 0.101 [0.00885) 9.37e-6 [2.42e-6] 8.90e-6 [1.84e-6]" 

Posterior channel 25.7 (7.63) 0.142 [0.0111) 5.47e-6 [1. 79e-6] 4.31 e-6 [1.23e-6] 

Loadcell 15.2 (10.4) 0.331 [0.0152) 4.25e-4 [1.56e-4] 6.44e-4 [1 . 79e-4] 

Displacement 
10.7 [7.18) 0.473 [0.0106) 1.17e-6 [1 .29e-6] 4.67e-7 [4.03e-7] 

transducer 

Table 8: Signal to noise ratio and FSO of the loadcell and sensor 

Sensor Optic fibres far apart Optic fibres in close proximity 

n = 10 Signal to noise, FSO, Signal to noise, FSO, 

dB N-loadcell dB N-loadcell 

V-sensor V- sensor 

Loadcell 28.9 391 30.0 408 

Anterior channel 24.4 0.183 21.6 0.129 

Posterior channel 31.2 0.176 34.2 0.220 

Table 9: Best calibration and average static sensitivity 

Channel Calibration Static sensitivity 

n = 10 NN [SD] 

Anterior 5th order 3230 [677) 

Posterior 5th order 2320 [473) 

In Table 7 the hysteresis that occurred in the sensor recordings, loadcell re

cordings and displacement recordings are reported. A greater hysteresis effect was 

evident in the anterior channel recordings than in the posterior channel recordings. The 

hysteresis in the sensor and the loadcell output can be divided into the hysteresis that is 

inherent to the viscoelastic nature of the patella tendon as well as the hysteresis that 

was induced into the system. Unfortunately the hydraulic cylinder piston's displacement 

was subjected to hysteresis as can be seen from the output from the displacement 

transducer. The reported x2 -error was in acceptable limits for the polynomial fits to the 

loading and unloading cycles. 

In Table 8 the signal-to-noise ratio and corresponding FSO of the loadcell and 

sensor are shown. The parameters obtained for both instances where the optic fibres 

were far apart and in close proximity are reported. The entries in Table 9 show the best 

calibrations based on the error in force estimation as determined by Matlab's polyfit-
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function. The reported static sensitivity is the average sensitivity based on a first order 

to fifth order polynomial fit to the sequential test recordings. 

4.4 In vivo sensor calibration 

4.4.1 Introduction-

The next step in the investigation of the sensor's behaviour was to find approxi

mate calibrations with which the in vivo measured patella tendon forces could be ap

proximated. The calibrations had to be based on in vivo data because the same loading 

conditions that are experienced in vivo could not be replicated during the in vitro and the 

hydraulic press loading test. 

A test setup was needed with which the tensile force inside the patella tendon 

could be measured and against which the output from the sensor could be compared. 

The Biodex test system (Biodex Inc.) gave the possibility of an isokinetic test that the 

volunteer could perform and during which the torque produced by the quadriceps mus

cles could be measured. Since the quadriceps muscle is connected to the patella via 

the quadriceps tendon which in turn is connected to the patella tendon, the torque pro

duced by the quadriceps could be related to the patella tendon. If values for the mo

ment arm of the patella tendon with regards to the medial/lateral axis could be obtained, 

approximate tensile force values for the patella tendon could be calculated. 

This is a crude method of determining the tensile force inside the patella tendon 

since the quadriceps muscle isn't the only muscle responsible for extension. The Vas

tus medialis, Vastus lateralis and Vastus intermedius are also responsible for knee ex

tension. The patella also connects to the femur through other ligaments, i.e. the patello

femoral ligament etc., which dissipates the loads that are exerted on the patella through 

the quadriceps tendon. The patella tendon however is distally attached to the tibial tu

bercle and is therefore responsible for extending the tibia relative to the femur. 

Another phenomenon that must be kept in mind is the axis of rotation that shifts 

during knee flexion. The moment arm of the patella tendon with respect to the me

dial/lateral axis will therefore vary with flexion of the knee joint as is depicted by Herzog 

& Read (1993), Kellis & Baltzopoulos (1999) & Krevolin, Pandy & Pearce (2004). Al

though the procedure had its limitations, it still provided an approximate calibration that 
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could be used to express the in vivo voltage measurements of the sensor in terms of 

force values. 

4.4.2 Hardware setup 

A piece of optic fibre was inserted through the volunteer's right patella tendon. It 

was decided to record the force values of the right leg since it was the volunteer's domi

nant side. The following procedure was followed when the optic fibre was inserted 

through the patella tendon: 

The surrounding skin and flesh to the anterior proximal part of the right patella 

tendon was anaesthetised. After ample time was allowed for the local anaesthesia to 

take effect, a 22 gauge spinal needle was inserted under sonar guidance deep posterior 

to the patella tendon where more anaesthesia was injected into the fat pad. This pro

cedure ensured that the nerve supply to the patella tendon was completely anaesthe

tised which led to the experience being less traumatic and the recovery time as short as 

possible after the test ended. 

With the patella tendon anaesthetised, a 19 gauge needle was inserted under so

nar guidance through the midsection of the proximal patella tendon in a medial/lateral 

direction. A piece of sterilised optic fibre was drawn through the needle and the needle 

was removed. The piece of optic fibre was left suspended inside the patella tendon as 

is shown in Figure 25. Dressing was applied to the insertion sites to avoid any contact 

with the outside environment. 

Figure 25: Insertion of optic fibre into the patella tendon 

After the optic fibre was inserted through the patella tendon, the volunteer was 

strapped into the Biodex test system. To familiarise the volunteer to the test procedure, 

the system was setup for his left leg and he performed the whole set of exercises. After 

the familiarisation procedure, the system was setup for the volunteer's right leg and the 
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sensor was connected to the optic fibre. The same data acquisition system that was 

described in Chapter 3 was used to record the sensor output at a sampling frequency of 

100 Hz. The torque measurements were captured by the Biodex control system and a 

computer printout was supplied after each test which reported on the test results. 

4.4.3 Test procedure 

The volunteer completed three isokinetic tests that consisted of fifteen knee flex

ions in succession at maximum muscle output. The difference between the three tests 

was the rate at which each test was performed. The Biodex control program regulated 

the maximum rotational speed of the knee flexion and extension movement, which were 

60 °/s flexion, 180 °/s flexion and 300 °/s flexion. The control system of the Biodex sys

tem regulated the flexion speed by adjusting the resistance of the arm. The three tests 

were performed in succession with a rest period of 30 s between each test. 

4.4.4 Data processing 

The data processing procedure is illustrated in Figure 26. The sensor output re

corded for the three tests were imported into Matlab and smoothed using the procedure 

described previously. Since the three datasets consisted of extension/flexion cycles, 

the cycles were subdivided into loading phases and unloading phases. The maximum 

and minimum voltage output for each sub-cycle. The average and standard deviation of 

the maximum and minimum voltage outputs and FSOs for each test were calculated. 

I Data processing procedure J 

y 
Import data: Force trans
ducer recordings 

Smooth the data sets 

Divide data into sub
cycles 

Determine the maximum 
and minimum transducer 
output for each cycle 

I 
Export these transducer 

~ outputs to a *.csv file 

Calculate the FSOs and 
the averages 

Import the patella moment arms into the 
*.csv file and combine with posterior 
measurements of in vitro test 

Fit polynomials to data 

Figure 26: In vivo patella tendon loading test: data processing of cyclic recordings 
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The Biodex test system only gave a paper copy of the test results and the data 

could not be electronically extracted. It was therefore not possible to relate the entire 

sensor output to the measured torque produced by the quadriceps muscles. The report 

from the Biodex system only stated the maximum and average maximum torque and 

flexion angle at which the maximum torque occurred. The literature (Herzog et al., 

1993; Kellis et al., 1999 & Krevolin et al., 2004) was consulted to determine applicable 

moment arms of the patella tendon to the axis of rotation and its variation with flexion. 

These moment arms were used in the calculation of the patella tendon tensile 

load. The values from the in vivo test were combined with the sensor recordings from 

the in vitro patella tendon test. Using the polyfit-function of Matlab, first to fifth order 

polynomials were fitted to the data. The one with the best predictive nature according to 

Matalb's polyval-function were chosen. From these calibrations, the average static sen

sitivity over the FSO experienced during the in vivo test was calculated. 

4.4.4 Results 

The average maximum output, minimum output and FSO of the sensor for the 

three tests are shown in Table 10. The average maximum torque with its corresponding 

flexion angle for each test is reported in Table 11. Included in Table 11 are approximate 

values of the patella tendon moment arm in terms of Tibiofemoral contact point (Kellis et 

al., 1999). The approximate maximum tensile load as derived from the torque meas

urements and moment arms is given in Table 11. 

Table 10: Average sensor recordings for the three isokinetic tests 

Test Maximum output Minimum output FSO 

'/s V[SD] V [SD] ~[SD] 

60 2.85 [0.136] 1.43 [0.0780] 1.42 [0.077] 

180 2.77 [0.0620] 1.84 [0.161] 0.931 [0.193] 

300 2.87 [0.0440] 2.16 [0.117] 0.708 [0.127] 

Table 11: Maximum exerted torque as reported by the Biodex test system 

Test Torque Flexion angle Moment arm Tensile load 

O/s N.m. [SD] 0 mm [SD] N 

60 237 [10.2] 66 41.7 [2.80] 5670 

180 171 [6.56] 52 42.6 [4.50] 4110 

300 114 [5.12] 68 41.7 [2.80] 2730 
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Table 12: Sensor calibration results of in viitro and in vivo patella tendon loading test 

Calibration 

1st order 

2nd order 

3rd order 

4th order 

5th order 

Calibration constants 

1 2 

2.72e03 -58.7 

1.86e03 1.84e03 

-4.54e03 8.54e03 

1.44e04 -3.72e04 2.73e04 -852 

-3.42e04 1.03e05 -1.03e05 4.07e04 -1.66e03 

Table 13: Static sensitivity of posterior channel 

Calibration Static sensitivity 

NN [SD] 

1st order 2722 

2nd order 4476 1526 

3rd order 3870 2284 

4th order 4018 3527 

5th order 3972 6611 

Average 3812 3487 

SD 

N 

61.3 

49.4 

44.1 

37.5 

45.0 

The in vivo data was used together with the posterior channel data from the in vitro 

patella tendon test to derive calibrations. The results are shown in Table 12 where the 

calibration constants and error in force prediction are reported. It was found that a 

fourth order polynomial fitted the data best in terms of the error in force prediction. The 

average static sensitivity of the posterior channel is shown in Table 13. 

4.5 Conclusion 

The hysteresis effect in the sensor recordings was quantified through the applica

tion of a sequential test during the hydraulic press test and the in vitro patella tendon 

test. During the two tests it was found that the material properties of the optic fibre as 

well as the dynamics of the test medium caused a hysteresis error in the sensor re

cordings. 

The findings from the hydraulic press test gave an indication of the hysteresis ef

fect that the material properties of the optic fibre induced in the force measurements. 

The optic fibre is manufactured from polymethyl methacrelate, which is a viscoelastic 

material (Callister, 2000). When the optic fibre is loaded, the rate of deformation will dif

fer from the rate of recovery, due to its viscoelastic behaviour. If the applied load is fur

ther increased, the optic fibre deforms more, and the hysteresis effect becomes more 
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prominent due to the difference in the deformation rate and recovery rate of the optic 

fibre. 

There was significant variation in the hysteresis values of the hydraulic press test. 

The hysteresis in the loadcell output, as shown in Table 2, followed a diminishing trend 

as the applied loads on the optic fibre increased. The loadcell output was directly pro

portional to the displacement of the hydraulic cylinder's piston and the hysteresis in the 

loadcell recordings can therefore be related to the hysteresis induced into the system by 

the hydraulic cylinder. The displacement of the hydraulic cylinder during the application 

of the 250 N load was small and the servo valve that was used did not have a fast 

enough response and sensitivity. Load control at small loads was therefore difficult. 

Better load control was achieved for larger loads, i.e. 500 N, since these required larger 

displacements. 

The displacement control of the MTS control unit induced hysteresis in the meas

urements as seen in the displacement transducer. recordings, loadcell recordings and 

sensor recordings. The patella tendon complex in the in vitro patella tendon loading test 

also caused hysteresis, due to its viscoelastic nature. This can be seen in the larger 

hysteresis effect in the loadcell recordings than the displacement transducer recordings. 

The hysteresis effect in the sensor recordings was greater than the hysteresis e~ect in 

the loadcell recordings, and this can be attributed to the material properties of the optic 

fibre. 

Table 14: Overall hysteresis contribution from the sensor 

Test Anterior channel Posterior channel 

value=(1- Trans )·100% 
% Hysteresis, System 

value=(1- Trans )•100% 
% Hysteresis, System 

Hydraulic press test 70.2 13.8 

In vitro patella tendon test 120 67.9 

If the hysteresis in the sensor recordings for the different tests is expressed in 

terms of percentages of the hysteresis induced into the overall system, the results are 

as shown in Table 14. Sequential tests with the sensor should therefore be avoided, 

since hysteresis will play a dominant role in the sensor output. By subtracting the hys

teresis error from that of the test equipment used, a maximum hysteresis error of 20% 

FSO [SD = 8.88] is obtained. This value corresponds well to the reported value of 17% 

FSO by Erdemir et al. (2002). 
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The test results from the hydraulic cylinder press test showed that the signal-to

noise ratio was well in access of 20 dB with the minimum 41.2 dB. Although the FSO 

of the sensor was greater during the in vitro patella tendon loading test than it was dur

ing the hydraulic press test, the signal-to-noise ratio was lower, indicating more noise 

for the in vitro patella tendon loading test. The signal-to-noise ratios for the other two 

transducers, i.e. loadcell and displacement transducer, that were used during the in vitro 

patella tendon loading test shows that there was a significant source of noise. 

The USB based 1/0 module that was used to convert the analogue signals of the 

sensors into digital signals was placed beside the MTS control unit. Inside the control 

unit casing was a large electric cooling fan which was a source of electrical noise in the 

measured signals. Unfortunately the module could not be isolated from the fan motor. 

The noise in the reference values were therefore not measured by the sensors, but 

were induced into the system by means of the 1/0 module that lay beside the electric 

fan. 

The frequency response of the sensor was investigated through the sequential test 

performed during the hydraulic press test. The FFT of the 0.1 Hz test and 1 Hz tests 

were compared to the force values predicted with the static calibrations. The results 

suggested that the sensor's sensitivity diminished as the loading frequency increased. 

However, the following should be kept in mind. 

The optic fibre was loaded inside the hydraulic press by means of the hydraulic 

cylinder's piston that compressed the optic fibre between the two polished plates. The 

top plate lay on top of the optic fibre and it was therefore not parallel to the bottom plate 

due to the optic fibre's geometry when the load was applied. Part of the top plate there

fore pressed onto the bottom plate, leading to a fraction of the load not being applied on 

the optic fibre. This effect is clear when the results in Table 4 are considered. 

There is a significant difference in the prediction of the static calibration and the 

measured value of the 0.1 Hz test and the 1 Hz test of the anterior 250 N (20 mm plate) 

trial whereas. better results were obtained for the posterior 250 N (20 mm plate) trial. 

From these results it is thus not possible to give a statistical significant judgement on 

the sensor's frequency response. The results from Erdemir et al. (2003, 2002) showed 

that errors resulted for differences in loading rate between the calibration and test trial 

runs. The errors were larger when calibrations at lower loading rates were used to pre

dict loads from tests having higher loading rates. The calibrations of the sensor are 
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therefore rate dependent. This can be attributed to the viscoelastic nature of the optic 

fibre since its behaviour will be dependent on the applied stress and time. 

The repeatability of force measurements for different optic fibres was investigated 

during the random test of the hydraulic press test. The repeatability was based on the 

FSO of the sensor. In other words, the investigation was done to see whether the same 

FSO would be measured for different optic fibres when the same load was applied. The 

results in Table 5 suggest that the FSO between different optic fibres will differ consid

erably for repeating loads, yielding a low repeatability. Erdemir et al. (2003, 2002) 

found that the calibrations are not only rate dependent, but also subject dependent. 

The results from this study and the study conducted by Erdemir et al. (2003, 2002) 

therefore suggest that a general calibration will have much variability, and that better 

results will be achieved if calibrations are derived for each optic fibre. 

If the calibrations are based on the raw sensor output, more variability will be in

duced into the system due to the effect of the termination technique of the optic fibre at 

the ST-connector ends. It was clear during the hydraulic test that the termination pro

cedure influenced the magnitude of the zero-sensor output. 

Both the hydraulic press test and the in vitro patella tendon test indicated that the 

anterior channel is more sensitive than the posterior channel. The sensitivity of both 

channels of the sensor also increased with the FSO. This can also be attributed to the 

viscoelastic nature of the optic fibre. It was found during the hydraulic press test that a 

second order polynomial curve best fitted the majority of the data for both channels. For 

the in vitro patella tendon test, a fifth order polynomial fitted the data best and the final 

calibration derived from both the in vitro and in vivo results for the posterior channel, 

showed that a fourth order polynomial fitted the data best. The quality of the fits was 

based· on the predictive ability of the calibrations as calculated with Matlab's polyfit

function. Erdemir et al. (2002, 2003) came to conclusion from their test results that a 

third order polynomial fitted the data best and that the curve fit didn't improve for further 

orders. The FSO's differed between the abovementioned tests, and an applicable cali

bration will therefore depend on the FSO of the tests to be conducted. 

Finally the influence of optic fibres in close proximity to one another on the sensor 

output was considered. The influence was measured in terms of the ratio calculated 

from the FFT values. The results suggest that the effect is negligible since the ratio in

creased for the posterior channel and decreased for the anterior channel when the optic 
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fibre was inserted in close proximity. Since the calibrations are subject dependent, the 

influence that optic fibres in close proximity will have on the sensor output will not be a 

problem. This is because the effect will be accommodated in the calibration. 

Fibre optic technology provides an attractive methodology for the measurement of 

in situ loads. This is because the sensor's disturbance in the connective tissue is negli

gible, it is minimally invasive, easy to implement and inexpensive (Finni et al., 2000, 

1998; Erdemir et al., 2003, 2002; Komi et al., 1996) with regards to other sensors that 

have previously been employed, i.e. buckle transducers, liquid metal strain gauges, im

plantable force transducers and pressure transducers (Ravary et al., 2004). The results 

obtained through the study of Erdemir et al. (2003, 2002) and this study show that the 

sensor is subject to significant measurement errors if the technique is not applied care

fully. Care must therefore be given when making use of a sensor. 
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Chapter 5: Stress relaxation measured by a loadcell and the 

sensor 

5. 1 Introduction 

In Chapter 2 connective tissue was classified as a viscoelastic material. Its behav

iour will therefore be dependent on stress relaxation, creep and hysteresis. The behav

iour of viscoelastic materials has been described by means of mathematical models of 

mechanical analogues. Two popular mechanical models are shown in Figure 27 and 

Figure 28. These are Maxwell's model (Coleman & Li, 1994; Liu & Subhash, 2006; Wu 

et al., 2006) and the KelvinNoight model (Toms et al., 2002; Vriend & Kren, 2004; Wills, 

Picton & Davies, 1972). The mathematics of these models relates the stress and strain 

in the framework of linear viscoelastic theory. The elastic component is simulated by a 

mechanical spring and a dashpot approximates the viscous component. 

Figure 27: Maxwell model (Fung, 1965) Figure 28: KelvinNoight model (Fung, 1965) 

Maxwell's model and the KelvinNoight model are the simplest mechanical ana

logues that can be used to describe the behaviour of a viscoelastic material (Wil!s et al., 

1972). It is reasonable to expect that for small oscillations of small amplitude about an 

equilibrium state that the theory of linear viscoelasticity will be sufficient, but when the 

viscoelastic tissue experiences significant deformations, the non-linear stress and strain 

characteristic of the material must be accounted for. Oza, Vanderby & Lakes (2006) 

reports on mathematical models that are based on non-linear viscoelastic theory in a 

study where an interrelationship of creep and stress relaxation were investigated. One 

of the models is Quasi-linear Viscoelastic theory (QL V theory), a theory that have been 

applied extensively in the investigation of stress relaxation of connective tissue 

(Abramowitch et al., 2004; Hashemi et al., 2005; Johnson et al., 1994; Moon et al., 

2006; Nigul et al., 1987; Toms et al., 2002; Wu et al., 2006). 
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QLV theory, derived and developed by Fung (1972, 1965), approximates the vis

coelastic nature of a material with five (Abramowitch et al., 2004; Hashemi et al., 2005; 

Johnson et al., 1994; Moon et al., 2006; Nigul et al., 1987) or eight constants (Toms et 

al., 2002; Wu et al., 2006) in a mathematical expression known as the QLV-function. 

The constants' values are derived by fitting the QLV-function to the stress measure

ments recorded during a stress relaxation test. During a stress relaxation test, the test 

sample is strained at a constant rate until a predefined strain level is reached. That 

strain level is then maintained for a period of time, while the load in the test sample is 

recorded. After the QLV-constants' values have been derived, their predictive ability is 

examined by comparing the prediction from the QLV-function to the results of an addi

tional stress vs. strain test. 

QL V theory has been applied in this study to provide a measure for comparison of 

the overall stress relaxation measured by a loadcell and the local stress relaxation 

measured by the sensor in a patella tendon. Since the test sample was old (Female pa

tella tendon, ±80 years), the derived QLV-constants could not be used to shed more 

light on the biomechanical properties of the patella tendon. An in-depth analysis on the 

viscoelastic properties of the patella tendon has been done as depicted in Johnson et 

al. (1994). Patella tendons are used as graft materials for ACL reconstruction (Cooper, 

Deng, Burstein & Warren, 1993; Komistek, Dennis & Mahfouz, 2003), and samples be

tween the ages of 17 and 55 years are normally used. Since the test sample fell out

side this age range, the results of this in vitro investigation must only be considered for 

the purposes of comparing the performance of the sensor to that of the load cell. 

5.2 QL V theory 

The principles of QLV theory can be described through the consideration of a cy

lindrical material that is longitudinally loaded (Fung, 1972, 1965). If the specimen is 

stretched from its reference length, £0 , to a new length, £, the resulting strain, e, is de-

fined as 

f-f 
E:=--0 

f o 

The strain will induce a tensile stress, a , as is described by 

G' = f(t:) 

Equation 15 

Equation 16 
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From viscoelastic theory it is clear that the stress, a , will also be a function of 

time, and therefore Equation 16 becomes 

a=f(c,t) Equation 17 

Fung (1972, 1965) proposed an expression that included two parameters with 

which the history of the stress in the loaded specimen could be described. The QLV

function originated and can be written as 

a(c, t) = G(t) x a<e> (c(t)) Equation 18 

The QLV-function, a= f(e,t), consists of the reduced relaxation function, G(t), 

which is a normalised stress function of time, whereas the elastic response, a<e>(e(t)), is 

a function of strain, e(t). 

When an infinitesimal change in strain, & , is superposed on the specimen having 

a strain, e(t), at a time, r, the stress response, K(e,t), for t > r, can be calculated with 

Equation 19 

By applying the superposition principle, the tensile stress, a(e,t), at any time, t, is 

the sum of the contributions of the past changes in strain, & , which are governed by 

the same reduced relaxation function, G(t), as 

a(c, t) = f (G(f-T) Ba<e>(c(t)) b'c(T)JdT Equation 20 
-00 Be BT 

The lower integration limit in Equation 20 designates that the entire stress history, 

K(e,t), of the specimen should be included. In a test setup, the tensile test starts _at t=O, 

and the stress, a(e,t), and strain, e(t), at t<O, are assumed to be constant. Equation 20 

then becomes 

a(c,t) = a<el(O+)G(t) +tr( G(f-T) Ba<e>(c(t)) 8c(T)JdT 
il Be BT 

Equation 21 

Fung (1972, 1965) also derived an expression with which the creep can be de

scribed when a constant stress is induced on the specimen. Since creep was not con

sidered, the reader is referred to the literature [Dortmans, van de Ven & Sauren, 1994; 

Fung, 1972, 1965) if more information on the reduced creep function, J(t), is needed. 
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5.3 Elastic response 

The elastic response, u<e>(s(t)), is defined as the tensile stress that is instantane

ously generated inside a specimen when a step function of strain, 1(t), is imposed on 

the specimen (Fung, 172,1965). Abramowitch et al. (2004), Hashemi et al. (2005), 

Johnson et al. (1994), Moon et al. (2006) & Nigul et al., (1987) who employed QLV the

ory used an exponential expression with two constants, A and B, to describe the instan

taneous elastic response as 

a<e>(c(t)) = A(e8s(t) -1) Equation 22 

The product of the two constants, AB, describes the initial slope of the stress vs. 

time curve. Constant B influences the non-linearity of the elastic response which is pro

portional to the magnitude of constant B (Johnson et al., 1994). 

5.4 Reduced relaxation function 

When the trend of as stress vs. time curve from a stress relaxation test is consid

ered, the first tendency is to analyse the stress relaxation function, G(t), into a sum of 

exponential functions of a KelvinNoight or Maxwell function (Fung, 1972, Hashemi et 

al., 2005). Each exponential constant is then identified with a relaxation mechanism. 

However, when this approach is followed, the exponential constants derived from the 

experimental data might lead to faulty predictions of the behaviour of relaxation outside 

the tested time range or a measured characteristic time of a relaxation test might be the 

length of the experiment (Fung, 1972). 

The mechanical properties of the patella tendon are insensitive to a wide range of 

strain rate (Abramowitch et al., 1994). Blevins, Hecker, Bigler, Boland & Hayes (1994) 

showed that the values for biomechanical properties of the patella tendon will stay con

stant for loading rates that range between 10 %/s to 100 %/s. The behaviour of a me

chanical model that consists of a finite number of springs and dashpots is dependent on 

the strain rate though (Fung , 1972) and a discrete model will therefore correspond to a 

discrete spectrum of the behaviour of the connective tissue. Because of this principle 

the application of a continuous distribution of the exponents has to be considered 

(Fung, 1972). 
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Figure 29: Linear solid model (Fung, 1965) 

Fung (1972, 1965) based the QLV model on the standard linear solid model, which 

is a combination of the KelvinNoight and Maxwell model as is illustrated in Figure 29. 

The linear solid model's constitutive differential equation has been derived in Appendix 

C-1 and has been found to be 

Tea+ (j =ER ( rO"&(e) + (J"(e)) with rea(O) = ERrua(e)(Q) 

The definition of the reduced relaxation function requires that 

a<e>(Q) = a(O), G(O) = 1 

and hence 

Equation 23 

Equation 24 

Equation 25 

In order to find an expression for the reduced stress relaxation parameter, G(t), of 

the linear solid model, Equation 23 is integrated for the stress, o-(s,t), when there is a 

step increase in the elastic response 

a<el(e,f) = 1(f) Equation 26 

The result is 

Equation 27 

Equation 27 shows that the time constant, Te, relates to stress relaxation at con

stant strain. The time constant, Tu, relates to creep at constant stress. The constant ER 

can be described as the fraction of the elastic response that is left in the specimen after 

a period of long relaxation (Fung, 1965). 

Now that expressions for the reduced relaxation. function are identified, the con

tinuous distribution of the exponential constants can be considered in more detail. The 

argument begins with the substitution of 

Equation 28 
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into Equation 23. The result is 

Equation 29 

M(m), is defined as the complex modulus of the linear solid model and is a function 

of the angular frequency, m, and thus the strain rate, de. Its practical use is giving an 
dt 

expression with which the ratio of the stress, a(t), and the elastic response, a<e>(e(t)), 

can be calculated, similar to the elastic modulus in traditional structural mechanics. 

Recall that the QLV-function, Equation 20, relates the stress, a(t), to the elastic 

response, a<e>(e(t)), through the reduced relaxation parameter, G(t). Fung (1965) sub

stituted the time difference (t-r) with the parameter i; for convenience during the deri

vation procedure. Equation 20 then becomes 

a(t) = f (G(q) aa<e>(e(t-q))Jdq 
_

00 
at 

. 
Equation 30 

When Equation 30 is evaluated for the elastic response input of Equation 28, the 

result is 
CXl 

a(t) = J( G(q)ima6eleim(t-~) )dq 
0 

CXl 

=> a(t) = ima6e) J( G(q)eim(t-~) )dq Equation 31 
0 

:=> :~!? = im }( G(q)eim(t-fl )dq = M(m) = IM(m)iei0 

0 0 

The angle, o, represents the phase shift between the strain, e(t), and the stress, 

a(t), and the tangent of the angle, o, represents the internal damping of the viscoelastic 

material (Fung, 1972, 1965). If the modulus, IM(m)I, and internal damping, tan o, is plot

ted against the logarithm of m~rurs , as shown in Figure 30 it is clear from the graph that 

the internal damping reaches a peak at ~ . Since the connective tissue's internal 
'IJ1'c;1's 

damping, and therefore the hysteresis, is insensitive to the loading rate (Blevins et al. 
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1994 & Woo et al., 1999) the peak in Figure 30 needs to be spread out. This can be 

achieved by superposing a larger number of Kelvin models into the model and it leads 

to the introduction of a continuous spectrum of relaxation. 

Elastic 
modulus 

0.01 0.1 10 

Internal 
friction 

100 

Figure 30: Modulus and internal damping plotted against frequency OJ 

The idea of a continuous spectrum of relaxation is implemented by defining a pa

rameter Sas (Fung, 1972, 1965) 

r 1 
S = _!!... _ 1 and ER then becomes ER = --

re . 1+S Equation 32 

Rewriting Equation 27 and Equation 29 in terms of S, the following is obtained 

G(t) = -
1-(1 +Se -f.-J 

1 + s 

M(OJ)=-1-r1+S OJ•. +iS 1 l 
1+S OJT +-1- OJT +-1-• . 

OJT, OJr • . 

,. 

Equation 33 

The time constant, r
6

, is replaced by a continuous time constant, r, and the pa

rameter, S(r), becomes a function of the continuous time constant, r. The proposed 

function S(r) is (Fung, 1972, 1965) 

{
cf < < 

S(r)= 7 or '1 -'-'2 
0 for r < r 1, r > r 2 

Equation 34 

This choice for S(r) leads to the modulus, M(OJ), staying nearly constant over a 

wide range of frequency, OJ . The corresponding reduced relaxation function can then 

be evaluated in terms of the exponential integral function (Fung, 1972, 1965). Three 

constants C, 1r and r 2 are left that needs to be adjusted so it can be fitted to the ex-

perimental data. The final proposed reduced relaxation function is 
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G( I_') ~ 1 + C ( E,[ ~ ]- E,[ ~ ]J 
1+Cln(l() Equation 35 

where E1 [I:.'] is defined as the exponential integral, E1[y] ~ r e-1z dz 

Constant C relates to the elasticity of the material since the material is more elastic 

for decreasing values of C. The time constants r1 and r 2 govern the fast and slow vis

cous phenomena of the material respectively (Johnson et al., 1994). 

5.5 Test setup 

The same test setup that was used during the in vitro patella tendon loading test 

was utilised. A schematic of the test setup is shown in Chapter 4, Figure 19. Two sen

sors were used during the stress relaxation test to measure the load inside the test 

sample: The loadcell and the sensor. A displacement sensor that recorded the hydrau

lic cylinder's displacement was also used to quantify the elongation of the test sample. 

It was preferable to use a sensor that measured the local elongation of the test sample, 

since it would provide more accurate approximations of the strain. The laboratory unfor

tunately did not have the necessary equipment with which this could be achieved. The 

data acquisition system described in Chapter 3 was used. 

Figure 31: Harvesting of patella tendon complex 

The test sample consisted of a human patella-patella tendon-tibial tubercle com

plex that was cleared by the Anatomy Council. The patella tendon complex was har

vested from a donor's amputated leg (Female, ±80 years old) as is shown in Figure 31. 
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The patella tendon complex was wrapped in 0.9% saline soaked gauze and cling wrap 

to be stored at -20°C after it was harvested. The same procedure was followed by 

Cooper et al., (1993) and Johnson et al., (1994). The patella tendon was removed from 

the freezer and allowed to thaw at room temperature the day before testing. Afterwards 

the complex was wrapped in fresh 0.9% saline soaked gauze and the connective tissue 

was covered in cling wrap. 

The patella tendon complex was potted into steel cylinders with an epoxy (Epi

dermix 372, ABE Construction Chemicals (Pty)Ltd.) , as is shown in Figure 32, and the 

potted complex was left to cure over night at room temperature. Before commencement 

of the test, the potted complex was submerged into a 0.9% saline bath for at least fif

teen minutes (Johnson et al., 1994). During the experiment, the connective tissue was 

constantly hydrated with 0.9% saline to prevent it from drying out. 

Figure 32: Patella tendon complex potted into steel cylinders 

5.6 Test procedure 

After temperature equilibration in the saline bath, the patella tendon complex was 

inserted into the MTS hydraulic press. The same preconditioning procedure and refer

ence measurement procedure as described in Chapter 4 (reference length, reference 

width and reference depth) was used. After the preconditioning cycle, the patella ten

don was held for 15 minutes at the reference state. 

A stress relaxation test and a cyclic loading test were performed next. During the 

stress relaxation test, a ramp increase in strain was exerted on the patella tendon at a 

loading rate of 10 mm/min until the patella tendon reached a 5% strain level. Thereafter 

the patella tendon was kept at the 5% strain level for 5 minutes. A period of rest fol

lowed where the patella tendon was held at its reference state for 15 minutes. The pa

tella tendon was then cyclically loaded at 0.5 Hz between 0% strain and 5% strain. 
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The elastic response expression of the QL V-function requires the tests sample to 

undergo a step increase in strain. In practice, it is however impossible to apply a step 

increase in strain. It has been shown that the connective tissue is insensitive to strain 

rate over a wide range however. This result suggests that tests employing high exten

sion rates will therefore be sufficient, but this approach brings some difficulties of its 

own (Abramowitch et al., 2004). 

It is difficult to measure strain accurately, and if high extension rates are em

ployed, it might lead to poor approximations of the strain history. Further complications 

are strain overshoot and vibration problems. Abramowitch et al. (2004) investigated 

what influence longer ramp times had on the analytical method that was used to obtain 

the QLV-constants and developed a procedure that accommodated slower loading 

rates. 

5. 7 Matlab programming 

The "strain history approach" described by Abramowitch et al. (2004) was imple

mented in this study for the calculation of the QLV-constants. This approach is based 

on the simultaneous curve fitting of the QLV-function to the stress response of the ramp 

increase in strain section and the stress relaxation section. Recalling Equation 21, 

<Y(s,t) = <Y(e>(O+)G(t)+ tr( G(t-r) a<Y<e>(s(t)) os(r)Jdr 
dl as ar 

Equation 36 

it can be rewritten for the ramp increase in strain section as 

ABy tf{ ( [t-r] [t-r])} 8 as <Y(t:O<t<t0 ,B)= [ ] 1+C .E1 -- -E1 -- e rrarwherey=-
1+Cln "2 o "2 "1 at 

"1 
Equation 37 

and for the stress relaxation section as 

t { ( [ ] [ ])} 

AB 0 t - r . t - r as 
<Y(t:t>t0 ,B)= y[ ] f 1+C E1 -- -E1 -- e8rrar where y=-

1+Cln "2 o "2 r1 at 
"1 

Equation 38 

with B = f(A,8,C,r1,r2 ) (Abramowitch et al. , 2004). The steps followed in the deriva

tion of Equation 37 and Equation 38 is shown in Appendix C-2. 

Simpson's rule, was used to solve the integrals in Equation 37 and Equation 38 

and is defined as, (Stewart, 1999) 
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r f(x)dx ~Sn = t.; [f(Xo) + 4f (X1) + 2f(x2) + 4f(X3) + ... + 2f (xn-2) + 4f(xn-1) + f (xn)] 

where n is even and t.X = (b- a)/ n 
Equation 39 

The exponential integrals, E1[r], were solved with Matlab's expint-function. 

Since only two equations, i.e. Equation 37 and Equation 38, are available and the 

system needs to be solved for the values of five constants, it is indeterminate. In Chap

ter 2 two tools, namely optimisation techniques and reduction methods, have been de

scribed with which indeterminate systems can be solved. Abramowitch et al. (2004) 

made use of the former technique and combined Equation 37 and Equation 38 into an 

objective function. This objective function was based on the sum of the squared error of 

the stress recordings and the predictions of the QLV-function. The stress recordings 

taken during the ramp phase was grouped in a vector, r, while the stress recordings 

taken during the stress relaxation phase were grouped in a vector, s. This resulted in 

the objective function, OBJ1, as 

OBJ1 = f(B) + g(B) 

= L['i -CJ';(t: 0 < t; < t0 ,e)]2 + I[s; -CJ';(t: t0 < t; < t,e)]2 Equation 40 

i 

In this study, Equation 40 as well as another function was used. The second ob

jective function, OBJ2 , was based on a the x2 -error and was derived as 

Equation 41 

The aim therefore was to find· the combination of the QLV-constants for which the 

objective functions, i.e. Equation 40 and Equation 41, would be equal to zero. The re

sults from the two objective functions would also serve as a confirmation of the global 

minimum. 

Abramowitch et al. (2004) found that the fitted curves to the experimental data 

were non-Gausian and that the QLV-constants A and r1 became closely correlated as 

the ramp times increased. If the fits were found to be Gausian, the QLV-constants that 

were obtained with the "strain history approach" would be the same as for the case 

where a step input would have been used given that the global minimum was obtained. 

Since constant A did not describe the relaxation of the connective tissue during the re

laxation test and since the stress vs. time graph was insensitive to a wide range of 
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strain rate, it could be determined separately from the other QLV-constants. Constant A 

was obtained by fitting Equation 22 to the ramp part of the stress vs. time graph of the 

relaxation test (Abramowitch et al., 2004). Its value was kept constant for the remainder 

of the analysis. 

In this study, the same approach was followed. The difference was that the opti

misation process was started with the value of A being kept constant. When the objec

tive function converged for the first time, the optimisation process was started again us

ing the final values for constants B, C, r1 and r2 from the first trial as initial values for 

the second trial run. The value of constant A was also allowed to be varied by the opti

misation algorithm during the second trial run. 

Abramowitch et al. (2004) utilised the Levenberg-Marquardt-algorithm (Levenberg, 

1944). Since the objective functions are highly non-linear, it was decided to make use 

of an optimisation algorithm that does not depend on the derivatives, i.e. Hessian matrix 

of the second partial derivatives of the objective function with respect to the design vari

ables, B, of the objective function. It was found during the analysis that the objective 

function underwent small changes in its value, for large changes in the values of the de

sign variables. This indicates that the first derivatives are small, and an optimisation al

gorithm using the first derivatives, will therefore not perform optimally. 

The pattemsearch toolbox of Matlab provided a tool with which Equation 40 and 

Equation 41 could be optimised, and this optimisation tool did not require information 

regarding the derivatives of Equation 40 and Equation 41. The principles of the pattem

search-algorithm are described in Appendix C-3. It should be noted that Matlab also 

have a build-in function with which non-linear curve fitting problems can be solved 

namely the lsqcurvefit-tool. The lsqcurvefit-tool is based on the interior-reflective New

ton method Coleman et al. (1996, 1994) and was utilised to confirm the solution from 

the pattemsearch-algorithm. 

5.8 Data processing procedure 

The schematic in Figure 33 illustrates the optimisation procedure that was fol

lowed. The stress relaxation data was loaded into the Matlab workspace and stored 

under global variable names. In the previous section it was shown that the objective 

functions consisted of two parts, namely the ramp increase in strain section and the 
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stress relaxation section. The stress relaxation data therefore needed to be separated 

into these parts. 

During the stress relaxation test, the MTS hydraulic press cylinder drifted and 

therefore experienced small perturbations while the ramp strain was applied and when it 

was held at constant displacement. Since the QL V-theory does not account for these 

small fluctuations, the test data needed to be smoothed to remove these fluctuations. A 

moving average could not be employed since the amount of points that needed to be 

averaged was too large and the stress relaxation trend was modified too much when 

applying it. Instead, Matlab's po/yfit-function was used to fit a polynomial to the two sec

tions respectively. 

I Optimisation procedure I 

• Load test data into Matlab workspace 
and make it available to the objective 
function 

Configure the optimisation algo
rithm, i.e. pattern search tool or 
non-linear curve fit 

I 
Execute the optimisation algorithm. Start the algorithm, 

allowing only constants B, C, r 1 and 1' 2 to vary. After the 

algorithm converge, restart the algorithm, using the results 
as initial values. Allow all constants to vary. 

Verify the QLV-constants by predicting the 
peak and valley stresses of cyclic sampled 
data 

Figure 33: Optimisation strategy 

After the recorded stress relaxation data was loaded into the work space, the op

timisation procedure could be started. Initial values for the QLV-constants were gath

ered from the study conducted by Johnson et al. (1994) on human patella tendons. The 

initial values were loaded into the optimisation algorithm and the options were config

ured. The optimisation algorithm was first executed with only constants B, C, r1 and r 2 

allowed to vary. After the algorithm converged, the QLV-constant values were used as 

initial values for the next trial run and all the QLV-constants were allowed to vary. 

When the objective function converged on the new solution it was verified through 

the results of separate cyclic tests. The test sample was subjected to a cyclic elonga

tion between the strain limits used during stress relaxation tests, i.e. 0% and 5%. The 

same cyclic strain input that was applied onto the connective tissue was fed into 

Equation 21 and the maximum loads measured during the experiment were compared 

to the maximum theoretical loads predicted by the QLV-function. 
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5.9 Results 

The perturbations that occurred in the movement of the MTS hydraulic press cyl

inder are depicted in Figure 34. This resulted in perturbations in the loadcell and sensor 

output which are not accommodated in QLV-theory. The perturbations in the strain and 

stress data, was removed by fitting polynomials to the stress response as are shown in 

Figure 35 and Figure 36 for the loadcell and sensor output respectively. The polynomi

als were visually inspected to see which order maintained the trend of the relaxation test 

best. A straight line was fitted to the ramp increase in strain/stress response and third 

order polynomials were found to maintain the stress relaxation trend best. 
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Figure 34: Raw strain measured by displacement sensor 
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stress response: transducer measurements 

2 .., 

0'<'-~-'-~-'-~_._~~~~~~ 

0 50 100 150 200 250 300 
50 100 150 200 250 

time, s 
300 time, s 

Figure 35: 3rd order polynomial fit to loadcell 

measurements 

Figure 36: 3rd order polynomial fit to sensor 

measurements 

After the polynomials were fitted , discrete points (11 for the ramp increase in 

strain/stress response, and 11 for the stress relaxation phase) were entered into the op

timisation algorithms. The QLV-constants, e, as determined from the loadcell and sen-
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sor output are shown in Table 15 and Table 16 respectively. Included in the tables are 

the objective function values for the different objective functions and the two optimisa

tion algorithms. The average values for constants A, C, and T1 as derived from the 

loadcell and sensor output is in the same order of magnitude. There is an order of 

magnitude difference in the values for constant B between the loadcell and sensor out

put with the constants derived from the sensor output being greater. There was consid

erable variability for the time constant T2 values within the different optimisation algo-

rithms and the objective functions, i.e. SD1oadce11 = 3.37e05 and SDsensor = 6.03e06. 

Table 15: QLV-constants for the loadcell output 

Optimisation technique A B c '1 '2 OBJ 

MPa s s 

patternsearch-tool : squared error 10.0 7.72 0.322 2.00 36.3 0.172 

patternsearch-tool: chi-squared 6.94 9.37 0.259 0.942 2.21E+04 0.763 

Non-linear curve fit-tool 10.0 6.67 0.998 1.46 5.94E+05 0.295 

Table 16: QLV-constants for the sensor output 

Optimisation technique A B c '1 1' 2 OBJ 
r 

MP a s s 

Patternsearch-tool : squared error 10.0 13.6 0.444 2.00 51.3 0.735 

Patternsearch-tool : chi-squared 2.52 24.0 0.468 1.11 1.04E+07 0.359 

Non-linear curve fit-tool 10.0 11 .7 0.841 2.000 1.47E+04 1.03 

After values for the QLV-constants were derived, the stress relaxation curve as 

predicted by the QLV-function was plotted for the different sets of QLV-constants. 

Figure 37 and Figure 38 show the results for the loadcell and sensor output respec

tively. Both graphs were obtained when the QLV-constants that were derived with OBJ1 

were substituted into the QLV-function. The remainder of the curves for the different 

QLV-constant sets are shown in Figure 46 to Figure 49 in Appendix C-4. 

In Table 17 the percentage stress relaxation that occurred as well as the prediction 

in stress relaxation from the QLV-constants determined from the loadcell output are de

picted. The percentage stress relaxation was calculated as the percentage of stress left 

in the sample at the end of the relaxation period, a,, to the stress in the sample at the 

end of the ramp phase, a 0 , as 

%a,elax = O"f X 100 
O"o 

Equation 42 
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Figure 37: Loadcell stress relaxation prediction: 

squared error objective function 
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Figure 38: Sensor stress relaxation prediction: 

squared error objective function 

Table 17: Stress relaxation measured by loadcell for relaxation test 

Optimisation technique Maximum stress, O't Minimum stress, 0'0 Stress relaxation, %0' relax 

MPa MPa % 

Raw measurements 3.36 2.34 30.5 

patternsearch-tool : squared error 3.33 2.51 24.6 

patternsearch-tool : chi-squared 3.36 2.34 30.2 

Non-linear curve fit-tool 3.30 2.36 28.4 

Table 18: Stress relaxation measured by sensor for relaxation test 

Optimisation technique Maximum stress, O't Minimum stress, 0'0 Stress relaxation, 0/oO' relax 

MPa MPa % 

Raw measurements 6.47 3.68 43.1 

patternsearch-tool : squared error 5.23 3.97 23.9 

patternsearch-tool : chi-squared 6.61 4.09 38.1 

Non-linear curve fit-tool 6.43 3.71 42.4 

The predictive ability of the QLV-function was tested by comparing the predicted 

stress relaxation that would result from a cyclic strain input to the actual measurements 

of a cyclic test. Figure 39 and Figure 40 show the results for the loadcell and sensor 

output respectively. Both graphs were obtained from the QLV function when the QLV

constants that were derived from OBJ1 were substituted into the function. The curves 

for the other objective functions are shown in Figure 50 to Figure 53 in Appendix C-5. 

The values of the actual maximum stress level and predicted maximum stress level for 

each cycle of the cyclic tests are shown in Table 35 and Table 36 in Appendix C-5 for 

the loadcell and sensor output respectively. As a summary for Table 35 and Table 36, 
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the actual stress relaxation and predicted stress relaxation for the loadcell and sensor 

output are shown in Table 19 and Table 20 respectively. 

applied strain 
0.06 

~:~~ 
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time, s 
QLV prediction: squared error objective function 
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Figure 39: Loadcell output: squared error ob

jective function 
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Figure 40: Sensor output: squared error objec

tive function 

Table 19: Stress relaxation measured by loadcell for cyclic loading 

Optimisation technique Maximum stress, a, Minimum stress, o-0 Stress relaxation, %are/ax 

MPa MPa % 

Raw measurements 3.27 2.76 15.7 

patternsearch-tool: squared error 3.95 3.51 11.2 

patternsearch-tool : chi-squared 4.46 372 17.1 

Non-linear curve fit-tool 3.78 3.37 10.9 

Table 20: Stress relaxation measured by sensor for cyclic loading 

Optimisation technique Maximum stress, a, Minimum stress, o-0 Stress relaxation, %are/ax 

MPa MPa % 

Raw measurements 5.44 4.27 21 .5 

patternsearch-tool: squared error 5.86 5.42 7.4 

patternsearch-tool: chi-squared 9.31 7.59 18.5 

Non-linear curve fit-tool 7.693 6.725 12.58 

From the results in Table 17 to Table 20 it is apparent that the QLV-function over

estimates the stress relaxation, except for the cyclic loading results for the sensor out

put where the QLV-constants were obtained from OBJ1. The QLV-constants derived 

with OBJ1 resulted in an overestimation of 9.51 % [SD = 8.66]. OBJ2 and the least

squares-curve fit tool resulted in an overestimation of 3.84% [SD = 8.66] and 4.13% [SD 

= 3.64] respectively. The overestimation in stress relaxation for the loadcell and sensor 

output are shown in Table 21. 
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Table 21 : Estimation error for the QLV-constants 

Squared error objective Chi squared objective Least squares curve fit-
Measurements 

function,% function,% tool,% 

Loadcell: 
2.97 5.87 2.07 

stress relaxation test 

Loadcell: 
4.44 1.45 4.74 

cyclic loading test 

Sensor: 
19.1 4.99 0.728 

stress relaxation test 

Sensor: 
14.2 3.05 8.98 

cyclic loading test 

Overall error [SD] 9.51 [SD = 8.66) 3.84 [1 .98) 4.13 [3.64) 

5.10 Conclusion 

Figure 34 shows that there occurred overshoot in the ramp increase in strain. It 

was stated earlier in the chapter that fast loading rates will result in overshoot, but the 

loading rate for this study was 10 mm/min, which is slow. The displacement control of 

the hydraulic cylinder was therefore not tuned to perfection, which resulted in the over

shoot as well as the perturbations in the hydraulic cylinder displacement. The motion of 

the cylinder was however more stable during the cyclic tests. 

The system that was used dates from the 1970's, and it is therefore old and not in 

perfect condition anymore. It was attempted to improve the control over the hydraulic 

cylinder displacement but it could unfortunately not be improved. Although the test 

conditions were not perfect, they were sufficient for this study, since the aim was not the 

determination of representative QLV-constant values for the patella tendon, as was 

done by Johnson et al. (1994). 

The polynomials that were fitted to the stress data, i.e. stress response to ramp in

crease in strain and stress relaxation response, induced errors into the analysis, but it 

was attempted to minimise its effect. The straight lines fitted to the ramp increase in 

strain stress response are crude approximations of the actual non-linear stress re

sponse that would occur. The induced error stays constant however and it doesn't in

fluence the analysis since the loadcell and sensor output was processed similarly. 

The difference in the magnitudes of the different loads as measured with the load

cell and the sensor, can be ascribed to the alignment of the tendon in the test setup, as 

well as the difference in length of the tendon fibres (Basso et al., 2002). The alignment 
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of the patella tendon in the test setup might induce greater loads within regions of the 

patella tendon. This was unlikely in this study since it was ensured that the patella ten

don was correctly aligned with regards to its loading axis when it was potted into the 

steel cylinders. 

The loadcell measures an average value of the tendon load whereas the sensor 

measures local loads. The optic fibre was inserted through the patella tendon in a 

proximal posterior location. Basso et al. (2002) has shown that the posterior fibres are 

shorter than the anterior fibres, and it has been shown in Chapter 5 that the posterior 

patella tendon fibres endure greater loads. The loads measured by the sensor will 

therefore be different to the average load measured by the loadcell. The calibration that 

was used for the sensor was derived during the in vitro tests of Chapter 4. A first order 

calibration has been used, and the standard error that resulted from this has been 

shown to be in the region of 12.8 N or 0.105 MPa, which is negligible in terms of the 

FSO for these tests. Erdemir et al. (2002) have shown though that the sensor output 

must be calibrated with a third order polynomial. Some error will therefore be induced 

into the analysis with the use of the first order calibration. 

The values of constants A and B correspond to the ramp increase in strain stress 

response, and their magnitudes are therefore influenced by the approximation of the 

straight line. Constant C corresponds to the elasticity of the patella tendon. The values 

obtained in this study relates to the value obtained by Johnson et al. (1994) which was 

0.68. The elasticity of the tendon tested, therefore was in the same range as the ten

dons tested in the study of Johnson et al. (1994). The value of the constant r 1 is how-

ever an order of magnitude greater than the value obtained in the study of Johnson et 

al. (1994). 

This time constant relates to the lower boundary value of the continuous spectrum 

of relaxation. It is associated with the fast viscous phenomena of the patella tendon. 

The sample tested was old and it was stored in a frozen environment for at least six 

months. The moisture content in the tendon would· therefore differ from the moisture 

content of a fresh sample as is depicted by Moon et al. (2006), and this would influence 

its viscous behaviour. The same goes for time constant r 2 • 

Constant r 2 relates to the slow viscous phenomenon of the patella tendon. There 

is not only variability between the values derived from this study and the literature 
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(Johnson et al., 1994), but also between the loadcell and sensor output and within the 

different derivations from the optimisation procedures. The allowed relaxation times for 

the tests were short, i.e. 5 minutes. Other studies employed relaxation times of 15 min

utes (Johnson et al. , 1994) and one hour (Abramowitch et al., 2004). The expected 

value for r 2 , i.e. 5.03e+06 as derived in the literature (Johnson et al., 1994), falls out-

side the tested time frame of this study. It is hypothesised that there will be less vari

ability in the derived values if longer relaxation times were allowed. 

The test results indicate that the values of constants A, C, r1 and r 2 are not that 

sensitive to whether the loadcell or sensor output is used in their derivation. The values 

of constants B seem to be dependent on whether the loadcell or sensor output is used. 

The value of constant B corresponds to the non-linearity of the initial slope of the stress 

vs. strain curve. If the initial slope of the loadcell output is compared to that of the sen

sor's, it is clear that the local loads as measured with the sensor were greater than the 

overall loads measured with the loadcell. 

This occurrence of the difference in the measured load with the loadcell and sen

sor will therefore influence the value of constant B and can be considered the reason for 

the difference in the value of constant B. Overall, there seems to be a difference be

tween the values derived from the loadcell and the sensor output. More tests need to 

be done in order to see whether the differences are statistically significant. 

It was shown that the QLV-function overestimates the stress relaxation except for 

the case where the QLV-constants are derived from the loadcell output and OBJ1. 

Overall OBJ1 performed worse whereas OBJ2 seemed to be more stable in delivering 

good estimates of the QLV-constants. If OBJ2 is considered more closely, it is apparent 

that the error between the QLV-function prediction and the actual measurement, is di

vided through the value of the actual measurement and the errors are therefore normal

ised. This enables the optimisation algorithm to perform better. 

From the study, the following conclusions can be made: the sensor enables the 

measurement of local loads within the patella tendon. It is thus possible to investigate 

the stress relaxation of certain areas within the tendon, something that is not possible 

with the loadcell. This can help researchers to investigate the biomechanics of the pa

tella tendon and other connective tissues in order to explain certain phenomena and oc

currences. The use of OBJ2 yielded better results than the other applied optimisation 
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procedures. This can be ascribed to the normalisation of the error, something that was 

lacking in OBJ1. The non-linear curve fit-tool also applied a normalisation procedure, 

but was dependent on the derivatives of the objective function. Since the objective 

function is non-linear and the change in function value is small for a large change in the 

variable values, it did not perform as well as OBJ2 and the pattemsearch-tool. 
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Chapter 6: In vivo investigation into the loading patterns of 

the patella tendon 

6. 1 Introduction 

There is uncertainty on which part of the patella tendon - anterior or posterior - is 

more highly loaded. Two in vitro studies have been conducted with conflicting results 

(Basso, Amis, Race & Johnson, 2002; Almekinders et al., 2002). The two in vitro stud

ies were performed on cadavers and it was not possible to exert the patella tendon to 

everyday loading conditions. The fibre optic force sensor provides a minimal invasive 

technique, and the simultaneous instrumentation of the anterior and posterior patella 

tendon fibres of a volunteer is possible. This will enable the in vivo measurement of the 

differential forces within the patella tendon of a volunteer that performs everyday exer

cises. 

The results of this study will not only give an indication of what part is more highly 

loaded, but will also lay the way for in vivo investigations into the aetiologyvi and patho

genesisvii of pathologies that are known to affect the patella tendon. One of these is Pa

tellar Tendinopathy (PT) that exists within the posterior fibres of the proximal patella ten

don. It affects athletes that take part in sports that require jumping, running , cycling or 

kicking (Martens, Wouters, Burssens & Muller, 1982). This condition is associated with 

focal tenderness, pain and swelling in the central part of the proximal patella tendon and 

its characteristic features are disrupted collagen chains, increased ground substancevrn, 

more prominent and rounded tenocytesix, neovascularisationx and calcifying tendinopa

thy. Figure 41 shows the common location of PT lesions in the proximal posterior re

gion of the patella tendon on a MRI photograph. 

vi Aetiology: Science that deals with the causes or ongin of disease. As described by 
'r).ttp://www.medterms.com/script/main/art.asp?articlekey=2166, (11/07/2006} 
vu Pathogenesis: The mechanism by which a certain aetiological factor causes disease. As described by 
~.ttp ://en . wikipedia.org/wiki/Pathogenesis, (11 /07 /2006} 
vut Ground substance: The amorphous extra-cellular material, in which the cells and fibers of connective 
tissue are embedded, also referred to as the extracellular matrix. As described by 
http://en.wikipedia.org/wiki/Groundsubstance, (02/11/2006} 
ix Tenocyte: The cell of a tendon , as defined by http://www.neurolaw.com/lndex.cfm?file=t.htm, 
(02/11/2006) 
x Neovascularization: The formation of functional micro-vascular networks with red blood cell perfusion. 
Perfusion is the process of nutritive delivery of arterial blood to a capillary bed in the biological tissue. As 
described by http://en.wikipedia.org/wiki/Groundsubstance, (02/1112006) 
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Figure 41 : Indication of Patellar Tendinopathy on a MRI photograph 

The results of this study will be useful to the treatment and rehabilitative measures 

for patients suffering from PT and other pathologies. Although the aetiology and patho

genesis of PT is still unknown, it has been hypothesised that the condition might be the 

result of chronic stress overload (Warden & Brukner, 2003). The flexion angles at which 

loads inside the patella tendon is a maximum will be identified for the different exer

cises. Patients suffering from PT should avoid these exercises at these flexion angles 

since it might cause more damage. 

6.2 Hardware setup and test procedure 

The same anaesthesia procedure that was described in Chapter 4 during the sec

tion on the in vivo patella tendon test was followed. After the anaesthetic took effect, a 

19 gauge needle was inserted under ultrasound guidance through the anterior third and 

then through the posterior third of the proximal patella tendon in a medial/lateral direc

tion. A piece of sterilised optic fibre was drawn through the needle, leaving the pieces 

of optic fibre suspended inside the patella tendon after the needle was pulled out. 

The two pieces of optic fibre were connected to the sensor which was fixed on a 

knee brace containing a goniometer. Care was taken during the attachment of the knee 

brace onto the volunteer's leg to ensure alignment of the brace's hinge joint and the ro

tation axes of the knee joint. The test procedure involved four exercises that each con

sisted of at least three trials with a maximum of five trials. 

The first exercise was a one leg squat. The volunteer had to rise and sit back 

down from a chair unassisted. The exercise started with the knee at a flexion angle of 

110° and ended in the same position. During the exercise the volunteer was asked to 

keep a controlled contraction in order to load the patella tendon maximally. The second 
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exercise required a loaded one leg extension/flexion movement in a seated position. 

The volunteer sat in an upright position with the right leg hanging free at 90° with a 10 

kg weight attached to the ankle. The exercise started with the right leg being fully ex

tended, after which the extension was held for a few seconds. The volunteer then 

flexed the right leg again until the flexion angle was 90°. 

Next was a stair climbing exercise that consisted of two consultation room steps, 

onto which the volunteer needed to walk up and down from. The volunteer gave the 

first step with the right leg and ended the exercise on the right leg. The fourth and last 

exercise entailed a jump from a 34 cm high elevation where the volunteer needed to 

land only on the right leg. A comfortable landing was ensured by allowing the volunteer 

to flex the right leg as much as was needed on impact. After completion of the four ex

ercises and removal of the two pieces of optic fibre under sterile conditions, new dress

ing was applied onto the insertion sites and they were covered. Each volunteer re

ceived pain killers and were instructed by the orthopaedic surgeon to contact him if they 

experienced any discomfort. 

The test population consisted of ten volunteers (nine males {ages 20 to 32} and 

one female {age 20}) from the engineering faculty and the health sciences faculty of the 

University of Stellenbosch. Each volunteer was informed of the test procedure and the 

risks involved before commencement of a test and were free to abandon the test at any 

time. The study was approved by the Committee for Human Research of the University 

of Stellenbosch, project number N05/02/023. 

6.3 Data processing procedure 

The data processing procedure is illustrated in Figure 42. The data was imported 

and smoothed as described in Chapter 4. The anterior and posterior loads were then 

compared to one another on the basis of the FSO. Analysis of the raw sensor re

cordings showed that the anterior channel had a positive offset from the posterior chan

nel, i.e. the maximum sensor output from the anterior channel were greater than that 

from the posterior channel. The mean offset between the anterior channel and the pos

terior channel was 0.471 V [SD = 0.158V]. The test results in Chapter 4 indicated an 

inherent offset between the two channels averaging at 0.0367 V [SD= 0.00121V] when 

the optic fibre was unloaded, and this offset therefore represented 8% of the offset that 

occurred during the in vivo study. 
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When the forces were recorded during a test, it was unlikely that the patella ten

don was unloaded at any time during the test. The maximum raw voltage output from 

any two of the sensor's channels would therefore not correspond to a zero load condi

tion, but rather to a minimum load conditionxi_ When the FSO of the anterior channel 

was calculated, the anterior signal was scanned for the maximum voltage output and 

the remaining voltage outputs were subtracted from this value. Since the patella tendon 

was loaded, it meant that the proposed difference in load between the anterior tendon 

fibres and posterior tendon fibres would be measured by the sensor. This principle 

serves as a plausible explanation for the additional recorded offset in the anterior and 

posterior output. 

Data processing 

Import data 

Smooth data 

Extract maximum and minimum 
transducer output for both trans
ducers. 

Add inherent channel offset to 
posterior data 

Calculate the 
trleticr I ratio 

/ pBeria" 

-t 
Export to an Excel spreadsheet 

• Submit for statisti-
cal analysis 

Figure 42: Steps followed during processing of the in vivo data 

When the FSO of the posterior channel was calculated, the voltage values were 

also subtracted from the reference value determined for the anterior signal. In following 

this approach, it was ensured that the proposed difference in the anterior tendon fibres 

and posterior fibres for the maximum sensor output was maintained. The inherent off

set between the anterior channel and the posterior channel was then subtracted from 

the posterior FSO to remove the bias in the output signals. 

After the FSO was computed the ratio of the anterior and posterior values were 

computed. A ratio greater than one indicated that the load in the ant.erior tendon fibres 

was greater than the load in the posterior tendon fibres and vice versa for a ratio less 

than one. 

The static sensitivity determined during the in vivo calibration procedure in Chapter 

4 was used to give a ballpark indication of the force values for the recordings by the 

xi Recall that the force transducer output diminishes as the load increases inside the patella tendon 
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posterior channel. This static sensitivity was also used for the anterior channel, but 

since it became clear that the anterior channel is more sensitive, the static sensitivity 

needed to be adapted for the anterior channel. This was achieved by multiplying the 

static sensitivity for the posterior channel by the ratio of the posterior sensitivity and an

terior sensitivity determined during the in vitro patella tendon test. The results were also 

submitted for statistical analysis by a statistician. 

6.4 Results 

Tables with the results for the different tests are shown in Appendix B. A summary 

of the test results is shown in Table 22. It is clear that the posterior loads were all 

greater than the associated anterior loads when the ratios in Table 22 are considered. 

The FSO values for the anterior channel and the posterior channel were submitted for 

statistical analysis. A repeated measures analysis was done to see whether the poste

rior loads were greater than the anterior loads. 

Table 22: In vivo test results for: the different exercises 

Exercise anteriojlp Anterior load, Posterior load, 
posterior 

N [SD] N [SD] 

Squat: concentric contraction , n=8 0.556 [0.399] 1380 [878] 3870 [1810] 

Squat: eccentric contraction, n=8 0.540 [0.41 O] 1280 [790] 3880 [2040] 

Leg extension, n=8 0.331 [0.168] 693(336]. . 3280 (1557] 

Step up, n=7 0.278 [0.0939] 629 [349] 3090 [1440] 

Step down, n=7 0.294 [0.0662] 696 [309] 3280 [1520] • 

Jump, n=7 0.338 [0.145] 1150 [482] 6420 [3240] 

From the repeated measures analysis for the different tests the probabilities of the 

posterior loads being greater than the anterior loads could be derived. The following 

probabilities were derived for a confidence interval of 95% as given in Table 23. A 

probability value of p<0.025 indicated a statistical significant condition for the confi

dence interval of 95%. 

Samples of the sensor output for the anterior channel and posterior channel as 

well as box plots for the different tests are shown in Appendix B. The results of. Table 

22 suggest that the posterior loads in the proximal patella tendon were greater than the 

anterior loads for all the exercises. Table 23 shows that the results for the leg extension 

exercise, step exercise and jump exercise were statistically significant with p<0.025 for 

a confidence interval of 95%. The results for the squat exercise were not statistically 
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significant, but the trend of the posterior loads being greater than the anterior loads still 

applied. The assumption can thus be made that, had there been more volunteers, a 

statistical significant condition would exist for the squat exercise. 

Table 23: Probabilities as determined by the repeated measures analysis for the condition that the ante

rior loads are smaller than the posterior loads for the different exercises 

: Exercise Probability, p 

. Squat: concentric contraction 0.132 

Squat: eccentric contraction 0.115 

Leg extension: concentric contraction 0.0213 

Leg extension: eccentric contraction 0.0211 

Step up 0.0194 

Step down 0.0188 

Jump 0.00193 

6.5 Conclusion 

The results for this in vivo study support the hypothesis that there exist differential 

forces inside the patella tendon and that the posterior loads are significantly greater 

than the anterior loads for the exercises that were performed. The results of this study 

can provide some guidance in the rehabilitation and treatment of patients who suffer 

from pathologies such as PT. 

Table 22 and the graphs in Appendix B show that the loads in the posterior fibres 

were greatest when the volunteers took part in exercises where there were shock im

pacts on the knee joints, i.e. step and jump exercises. These exercises should there

fore be avoided, since the elevated loads might cause more damage to . the already 

damaged posterior tendon fibres. Non-impact exercises are proposed, but with the fol

lowing advice. During the squat exercise, the maximum load occurred at maximum flex

ion. It is suggested that patients should not perform squat exercises where the flexion 

angle exceeds 80°. The same principle applies for the leg extension exercise. In order 

to avoid stress overload, the patient should not fully extend the injured leg while doing 

leg extensions, but rather stop at 10° flexion. 

It has been shown that the posterior loads occurring in patella tendon when volun

teers jumped from an elevation are five times greater than the anterior loads. Since PT 

is most common in patients who take part in exercises that require jumping, and since 

the lesion occurs in the posterior fibres, the chronic stress overload. theory might be 
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true. More tests need to be done in order to prove the hypothesis beyond doubt. These 

tests' populations should include patients who suffer from PT. 

During the study the following limitations were experienced. When the first volun

teer was tested, the posterior optic fibre snapped when the subject performed his sec

ond jump. The reason for this was because the brace to which the sensor was attached 

shifted when the subject landed and this caused the fibre to tighten and snap. This was 

corrected by tightening the brace more during the jumps and also inserting longer 

pieces of fibre to allow relative movement. Tests confirmed that the allowed relative 

movement didn't influence the force measurements. 

During the test on the second volunteer, the batteries driving the optic fibre force 

transducer's circuit ran low and although it was still possible to distinguish between the 

anterior and posterior optic fibre outputs, the FSO for both channels were too low and 

the measurements were discarded. For the third volunteer and the step and jump exer

cises of the ninth volunteer, the anterior channel receiver circuit experienced technical 

difficulties which could not be rectified during the test. These recordings were also dis

carded. 
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Chapter 7: Conclusions 

Three types of transducers were considered for this study. The first type's working 

principle was based on the variation of magnetic fields, the second type on the variation 

of electrical resistance, and the third type was based on light intensity modulation. It 

was decided to make use of a sensor that is based on light intensity modulation through 

the mechanical deformation of the optic fibre geometry. This sensor is minimally inva

sive, which leads to fast instrumentation of volunteers and shorter recovery periods after 

testing. The optic fibre is inserted through the cross-section of the ligament or tendon 

and its presence has a negligible effect on the normal orientation of the connective tis

sue's fibres due to its small diameter. The sensor consisted of two transmitter units, two 

receiver units, two pieces of optic fibre and the transducer driving circuit. 

Three tests were conducted which aided in the characterisation of the sensor's 

capabilities and performance - a loading test in a hydraulic press and an in vitro loading 

test in a patella tendon. The aim was to characterise: 

• the hysteresis in the force recordings; 

• the sensor's frequency response; 

• the signal-to-noise ratio for the different tests; 

• the sensitivity of the two channels of the sensor; 

• the measurement repeatability of the sensor; and 

• the influence of two optic fibres in close proximity on force measurements. 

The sensor displays significant hysteresis in its force measurements, i.e. 20%FSO 

[SD = 8.88], which is in the same order of magnitude compared to the results of Erdemir 

et al. (2002) who tested a similar sensor. The frequency response of the sensor was 

found to be sufficient for the purposes of this study, although biomechanical experi

ments will require better frequency response in other applications. Due to the termina

tion technique of the optic fibre ends when it is connected to the ST-connectors, the 

force measurement repeatability of the sensor is poor, i.e. 102%FSO [SD = 53.2] and 

83.1 %FSO [SD= 7.50] for the anterior and posterior channels respectively. 

General calibrations for the sensor will lead to inaccurate force approximations of 

the actual occurring loads and subject specific calibrations should therefore be used in-
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stead of general calibrations, as was found in this study and by Erdemir et al. (2002). 

The influence of optic fibres in close proximity on sensor force recordings appears to be 

negligible if subject-specific calibrations are used. 

The use of the sensor for the derivation of the QLV-constants resulted in slightly 

different values from the QLV-constants derived from the loadcell during the in vitro 

loading test of the patella tendon. Since the sensor measures local loads, the derived 

QLV-constants will correspond to the local area where the measurements were taken. 

If the patella tendon had a uniform load distribution, the QLV-constants' values derived 

from the loadcell and the sensor would be similar. 

It was found that the x2 -error objective function gave the best results and that its 

use with the pattemsearch-tool resulted in the best predictions of the QLV-constants. 

Although test conditions were not ideal during the in vitro test, it was sufficient for the 

purpose of this study. It is however advised that similar experiments in future studies be 

conducted on more accurate and reliable test equipment, in order to deliver publishable 

results. 

During the in vivo study posterior fibre loads were found to be greater than anterior 

fibre loads in the proximal patella tendon for the set of exercises that were performed. 

The results were statistically significant (P = 95%, p < 0.025) for the leg extension, step 

and jump exercises. The results of the squat exercises support the tendency that the 

posterior loads are greater, but the results were not statistically significant. This is the 

first in vivo study that investigates the differential loads to the author's knowledge. 

The results have a positive contribution on rehabilitative and treatment measures 

for PT patients. It was possible to determine flexion ranges in which the loads were a 

maximum. If patients suffering from PT perform these exercises, they run the risk of 

damaging the patella tendon further due to the greater loads that occur in the affected 

areas. The following exercises should be avoided: 

• Squat exercise: avoid flexion beyond 90° 

• Knee extension exercise: avoid extension beyond 1 o· 

• Jump exercise: avoid exercises that involve jumping altogether 
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Chapter 8: Recommendations 

During the property characterisation of the sensor, it was apparent that the per

formance of the patella tendon is highly influenced by the material properties of the optic 

fibres as well as by the termination of the optic fibre ends at the ST-connectors. No 

published studies could be found that characterises the influence of the optic fibre prop

erties on the sensor output. There might be commercially available optic fibres that will 

be better suited for use with the sensor. The problem with commercial fibres is that they 

are designed to minimise transmission losses whereas the working principle of the sen

sor is based on transmission losses. 

The termination techniques of the optic fibre ends induce variability and have a 

negative impact on force measurement repeatability. Other connectors are available 

and might decrease the force measurement errors that result from the. use of the ST

connectors. A study that investigates the sensor performance for different types of optic 

fibres and connectors will definitely make a contribution to the biomechanical field, since 

sensors have a huge advantage over other sensors because of its ease of use and 

minimal invasive character. 

The in vitro study into the stress relaxation behaviour of the patella tendon with the 

sensor opened new possibilities since a more detailed analysis of the stress relaxation 

for different regions within the patella tendon can be done. This will yield more detailed 

empirical mathematical models. Due to the minimal invasive character of the patella 

tendon, its use in in vivo investigations into the viscoelastic properties of the patella ten

don can result in significant contributions to research, due to the novelty of such studies. 
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Appendix A: Results from the sensor output tests 

A-1 Hydraulic press loading test 

The calibration constants and standard deviation as calculated for the anterior and 

posterior channel of the sensor are shown in Table 24 to Table 28. 

Table 24: Anterior channel calibration: 250 N, 20 mm plate 

Calibration Calibration constants 

1st order 

2nd order 

3rd order 

4th order 

5th order 

Calibration 

1st order 

2nd order 

3rd order 

4th order 

5th order 

1 2 

2390 -21 .7 

1.19e04 112 

1.03e05 -3.61e03 1.70e03 

6.80e06 -1.31e06 8.90e04 -182 

-1 .19e08 3.75e07 -4.09e06 1.92e05 -1.50e03 

Table 25: Anterior channel calibration: 500 N, 20 mm plate 

Calibration constants 

1 2 

3.60e3 5.44 

-4.79e03 4.26e03 

-2.35e04 -20.5 4.01e03 

1.71e06 

-5.17e07 

-4.92e05 3.99e04 

1.94e07 -2.61e06 

2.93e03 

1.43e05 1.20e03 

Table 26: Anterior channel calibration: 500 N, 15 mm plate 

Calibration Calibration constants 

1 2 

2.54e03 4. 79 

1.21e03 2.31e04 

-5.84e04 

9.55e04 

2.82e03 

-1.36e04 3.09e03 

SD 

N 

19.4 

16.1 

17.5 

18.5 

20.6 

SD 

N 

13.2 

10.3 

11 .2 

10.9 

10.6 

SD 

N 

32.9 

35.9 

39.2 

43.7 

1st order 

2nd order 

3rd order 

4th order 

5th order 

2.51e04 

-1.96e05 

9.10e06 -4.49e06 8.04e05 -6.06e04 4.1 Oe03 2.00 49.1 
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Table 27: Posterior channel calibration: 250 N, 20 mm plate 

Calibration Calibration constants 

1st order 

2nd order 

3rd order 

4th order 

5th order 

Calibration 

1st order 

2nd order 

3rd order 

4th order 

5th order 

1 2 

2.81 e03 -4.27 

5.87e03 2.31e03 

-9.38e04 1.81e04 1.90e03 

-6.11e06 9.65e05 -3.95e04 2.91e03 

3.68e08 -8.52e07 6.92e06 -2.23e05 4.86e03 

Table 28: Posterior channel calibration: 500 N, 20 mm plate 

Calibration constants 

1 2 

2.63e03 

-2.51e03 

-1.18e04 

1.89e05 

-5.80e06 

5.77 

3.10e03 

805 2.87e03 

-8.25e04 9.03e03 

2.92e06 -5.30e05 

2.56e03 

3.86e04 1.90e03 

SD 

N 

9.41 

8.93 

9.67 

10.3 

10.7 

SD 

N 

16.1 

14.5 

15.8 

17.4 

19.4 

In Table 29 and Table 30 the parameters, i.e. linearity error, static sensitivity error, 

zero error, repeatability and sensor FSO, are reported which was based on the sensor 

calibrations. Table 31 and Table 32 contain the static sensitivity of the sensor's chan

nels. 
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Table 29: Results from the calibrations for anterior channel 

Linearity Static 
Load, N 

Calibration sensitivity 
Zero error, Repeatability, Sensor FSO, 

: (Plate) 
error, 

N FSO v 
~ %FSO error, NN 

250 1st order 9.31 182 12.6 

(20 mm) 2nd order 9.06 147 9.93 

3rd order 8.63 156 10.5 0.15423 0.101 

4th order 7.11 162 10.9 

5th order 7.26 179 12.0 

500 1st order 3.90 91.9 7.18 

(20 mm) 2nd order 3.16 69.7 5.44 

3rd order 2.85 73.9 5.77 0.0807 0.137 

4th order 2.58 70.8 5.53 

5th order 1.95 67.8 5.30 

500 1st order 13.0 163 · 18.0 

(15 mm) 2nd order 12.9 173 19.1 

3rd order 12.3 185 20.5 0.125 0.185 

4th order 12.0 202 22.4 

5th order 11.4 225 24.9 

Table 30: Results from the calibrations for posterior channel 

Linearity Static 
Load, N Zero error, Repeatability, · Sensor FSO, 

Calibration error, sensitivity 
(Plate) N FSO v 

%FSO error, NN 

250 1st order 5.38 102 5.32 

(20 mm) 2nd order 5.87 94.1 4.91 

3rd order 5.20 99.5 5.19 0.207 0.0859 . 
4th order 4.53 104 5.44 

5th order 4.62 107 5.60 

500 1st order 3.81 81.7 8.71 

(20 mm) 2nd order 3.79 71.7 7.65 

3rd order 4.21 76.3 8.14 0.0758 0.188 

4th order 3.81 82.8 8.82 

5th order 3.93 91.3 9.74 
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Table 31: Static sensitivity for each test - anterior channel. 

Sensor Load, N (plate, mm) Calibration Mean, NN SD 

Anterior 250 (20) 1st 2.39e03 

FSO = 0.101 2nd 1.83e03 390 

3rd 1.9e03 261 

4th 1.72e03 713 
: 

5th 1.58e03 1.08e03 

Average 1.89 e03 612 

500 (20) 1st 3.60e03 

FSO = 0.137 2nd 3.94e03 213 

3rd 3.86e03 149 

4th 3.65e03 287 

5th 3.41e03 793 

Average 3.69e03 361 

500 (15) 1st 2.54e03 

FSO = 0.185 2nd 2.42e03 75.1 

3rd 2.58e03 104 

4th 2.63e03 178 

5th 2.74e03 467 

Average 2.58e03 206 

Table 32: Static sensitivity for each test - posterior channel. 

Sensor Load, N (plate, mm) Calibration Mean, NN SD 

Posterior 250 (20) 1st 2.81e03 

FSO = 0.0859 2nd 2.57e03 167 

3rd 2.45e03 295 

4th 2.65e03 156 

5th 2.95e03 705 

Average 2.69e03 331 

500 (20) 1st 2.63e03 

FSO = 0.188 2nd 2.88e03 152 

3rd 2.80e03 93.1 

4th 2.74e03 100 

5th 2.65e03 272 

Average 2.74e03 154 
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A-2 In vitro patella tendon loading test 

The calibration constants and each calibration's estimated error in force prediction 

are shown for the anterior channel and posterior channel in Table 33 and Table 34 re

spectively. 

Table 33: Calibration constants for anterior channel 

Calibration Calibration constants 

1st order 

2nd order 

3rd order 

4th order 

5th order 

1 

3.22e03 

-1 .07e04 

-1.23e04 

1.26e05 

-5.37e07 

2 

11.5 

4.35e03 

-8.40e03 

-5.02e04 

2.11e07 

4.24e03 

-4.93e03 4.14e03 

-2 .81e06 1.39e05 1.63e03 

Table 34: Calibration constants for posterior channel 

Calibration Calibration constants 

1st order 

2nd order 

3rd order 

4th order 

5th order 

1 

2.36e03 

1.38e04 

-102385 

1.09e06 

-6.02e06 

2 

0.932 

2.17e03 

2.50e04 

-4.62e05 

3.65e06 

831 

6.21e04 -397 

-8.42e04 8.53e04 

SD 

N 

19.5 

17.1 

17.4 

17.5 

16.8 

SD 

N 

12.8 

12.6 

9.55 

8.67 

8.62 

v 
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Appendix B: QLV model of patella tendon stress relaxation 

B-1 Linear solid model 

Figure 43: Linear solid model 

Consider the linear solid model having a dashpot and elastic spring in parallel with 

another elastic spring, Figure 43. The dashpot has a viscosity constant, µ, the elastic 

spring in series with the dashpot has a spring constant, kt, and the spring in parallel has 

a spring constant, k2. If a constant force, F, is exerted on the model as is shown in 

Figure 43, the kinematical behaviour of the linear elastic model can be described by 

U(t)total = U(t)c+k = U(t)k 
1 2 Equation 43 

whereas the dynamic behaviour can be described by 

F(t)total = F(t) = F(t)µ+k, + F(t)k
2 

= aF(t)1 = (1- a)F(th with a a constant Equation 44 

Figure 44: Dashpot and elastic spring in series free body diagram 

First consider the dashpot and elastic spring in series. The free body diagram 

shown in Figure 44, illustrates that the force will stay constant through the dashpot and 

the elastic spring 

t=-i = Fµ = Fk, => t=-i = µu(t) = ku(t) Equation 45 

The total displacement for the dashpot and elastic spring will be 

Equation 46 

After manipulation of Equation 45 and Equation 46, the following can be derived 
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. F1 Fi ~ (· 1 ~) U=-+-=:>r1 =µ U--r1 
µ k1 k1 

since 

F1 = aF :::::> F1 = aF 

therefore 

F.i = µ(u --1 F) 
ak1 

Equation 47 

If the other spring is considered, the force, F2 , can be defined by means of 

Hooke's law as 

Equation 48 

Substituting Equation 47 and Equation 48 into Equation 44, the result is 

Equation 49 

If the reference area, Ao, and a reference length, £0 , is incorporated into Equation 

49, it can be written in terms of the stress, a, and the strain, e, that the material that 

are simulated through the model experience 

µFF uku µ. "k --+-=µ-+ 2 -=:>-a+a=µe+ 2e 
ak1 Ao Ao £0 £0 ak1 

Equation 50 

Equation 50 can further be simplified if the following constants are defined 

Equation 51 

and substituted into Equation 50. The result is 

Equation 52 

Introducing the elastic response as is defined by Fung (1972), Equation 52 be

comes 

Equation 53 

B-2 Reformulation of QL V theory for programming 

The tensile stress inside a specimen that undergoes stress relaxation can be 

computed via this expression derived by Fung et al. (1972) 

a(s,t)=a(e)(O+)G(t)+ G(t-T) dr R 
8a(e)(&(T)) 8&(T)J 

0 8& ar Equation 54 

The reduced relaxation function, G(t-r), and the elastic response, a<el(e(t)), have 

been defined as 
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Equation 55 

where E1 [t-r] is defined as the exponential integral or E1 [y] = je-z dz 
~ y z 

and 

O"(e)(e(t)) = A(eBs(t) -1) Equation 56 

During a relaxation test, the specimen is strained at a constant strain rate, r, until 

a predetermined strain level is reached. The specimen is then held at the resulting 

strain level for a set period of time. The strain history for the stress relaxation test is 

therefore 

e(t) ={rt for 0 5: t 5: t0 

rto fort> to 

and the first derivative is 

de(t) = {r for 0 5: t 5: t0 

dt 0 fort> t0 

By substituting Equation 57 into Equation 56, Equation 56 becomes 

u<e)(e(t)) = {A(e
8
r

1 

-1) for 0 5: t 5: t0 

A(e8
rt0 -1) fort> t0 

au<e) ( e(t)) = {ABe 8
rt for 0 5: t S t0 

ae 0 fort> to 

Equation 57 

Equation 58 

Equation 59 

If the specimen was unloaded before commencement of the stress relaxation test, 

and if the superposition principle is applied, Equation 54 becomes 

R 
au<e) (e(r)) oe(r) J GU-rj drforOStS~ 

0 ae ar 
Equation 60 u(e,t) = IRG( ) au(e)(e(r)) oe(r)Jd RG( ) au<e)(e(r)) oe(r)Jd ~ t - T T + t - T T !Of t > t0 

0 ae ar lo ae ar 

Substituting Equation 55, Equation 58 and Equation 59 into Equation 60, the result 

is 
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1 l+C(E,[';,' ]-E,[t~r ]) 
-----''---~-~--=-~x ABe8

J'T x r dr for 0 ~ t ~to 

!+Gin(::) ·o 

a(s,t) = 
lo l+c(E.[';,' ]-E,['~: ]) B 

-'--------,--....,....--~x ABe rr x y dr 

l+Chl( :: ) 0 

, l+C( E,[';,' ]-£;['~' ]) 
+ x 0 x r dr fort> to 

1+ch{ :: ) 
After some simplification, Equation 61 becomes 

a(B,t) = 

!+:=( ~) A(1+c( E,[';,' ]-E,['~: ])}~ Jdr forO~t~t, 

!+c:( ~) X(1+c( E, [';,' ]-E.['~: ]) }·~ Jdr fort >t, 

B-3 Patternsearch-algorithm 

Equation 61 

Equation 62 

. 
The pattemsearch-algorithm does not utilise the derivatives of the objective func-

tion, which makes it ideal for the optimisation of non-linear discontinuous functions like 

the QL V-function. An initial start point is specified from which the algorithm starts to 

search for the optimum. The following steps are performed for each iteration step: 

A mesh grid is generated around the current point, i.e. the initial point if it is the 

first iteration step or the current point that delivers the best function value. The size of 

the mesh grid depends on the user specified size if it is the first generation, or on the 

results of the previous iteration step. 

The algorithm then polls the mesh grid points that surround the current point by 

computing the value of the objective function at each grid points. 
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Appendix B: QLV model of patella tendon stress relaxation 

If a point is found that improves the value of the objective function that point be

comes the new reference point. The mesh grid size is then increased and the algorithm 

moves onto the new iteration step. 

If an improvement is not found, the mesh grid size is decreased and the polling of 

the new mesh grid points follows. 

This will continue until one of the stopping criteria is met, i.e. minimum mesh grid 

size, maximum number of iterations performed, maximum number of function evalua

tions computed or if the function tolerance or variable tolerance is reached. 

It is also possible to perform a specific search method at each iteration step before 

polling of the mesh grid points. If an improvement is found, the algorithm moves onto 

the next iteration step without polling of the mesh grid points. If an improvement is not 

found , the algorithm continues with the polling process. The user can also specify 

whether all. the grid points need to be polled, or whether the next iteration can be begin 

as soon as an improvement is found. 

Objedlve Fundbn Values at x1 an:! Mesh Points 
4r---i---.--,-----,---,-.....--;:::i::==:i::::=:::r:;i 

I % ~esh p<Mrts I 3.5 

3 

2.5 

2 

"3.25 
t.5 

0 .5 

0 

~6.5416 

04.5146 1>4.7282 

1>3.1148 
-0.S'--'--~-_.____.._~-~__.__..___.__, 

-1 -0.5 O 0 .5 t.5 2 2.5 3 S.5 

Figure 45: Poll method 

The search and- polling method· that was used in this project was the so-called 

positive basis 2N method. The method is described in Figure 45. The mesh points are 

displayed as blue triangles whereas the current point is displayed as a red· circle. The 

values beside the points in Figure 45 represent the objective function value. The posi

tive basis 2N method implies that the mesh points are obtained through 
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2 * [ 1 OJ+ x1 = mesh point 1 

2*[ 0 1J + x1 = mesh point 2 

2 *[-1 OJ+ x1 = mesh point 3 
Equation 63 

2*[0 -1J + x1 = mesh point 4 

for an objective function that are dependent on two variables. More information 

with regards to the patternsearch-algorithm can be found in the release notes of Matlab. 

B-4 Stress relaxation graphs 

The stress relaxation curves as predicted by the QLV-function are shown in Figure 

46 to Figure 49 for the different sets of QLV-constants. 

QLV prediction: chi squared objective function 
3 .5 
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3 ~ 

rf I' B B s .5 s s (:I 0 13 s 
~ c 
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l!I 

D polynomial frt: ramp stress response 

.5 0 polynomial fit: stress relaxation response 

n •· QLV prediction: ramp stress response 
[> QLV prediction: stress relaxation respsonse 

~ 
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time, s 

Figure 46: Loadcell stress relaxation prediction: 

chi squared objective function 
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Figure 47: Loadcell stress relaxation prediction: 

least squares curve fit 
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Figure 48: Sensor stress relaxation prediction: 

chi squared objective function 
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Figure 49: Sensor stress relaxation prediction: 

least squares curve fit 
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B-5 Cyclic loading graphs 

The cyclic loading curves as predicted by the QLV-function are shown in Figure 46 

to Figure 49 for the different sets of QLV-constants. 

0. 06~apptiedstrafn 
c: 0. 04 

~ ·~ 
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time, s 
QL V prediction: chi squared objective function 
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10 
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Figure 50: Loadcell cyclic stress relaxation pre

diction: chi squared objective function 
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L~ 
0 2 4 6 8 10 12 14 16 18 20 

time, s 
QLV prediction: least squares curve fit 

4 6 8 10 12 14 16 18 20 

time, s 

Figure 51 : Loadcell cyclic stress relaxation pre

diction: least squares curve fit 
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Figure 52: Sensor cyclic stress relaxation pre

diction: chi squared objective function 
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Figure 53: Sensor cyclic stress relaxation pre

diction: least squares curve fit 
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Table 35: Stress relaxation prediction for cyclic loading: loadcell predictions 

Cycle Raw measurements, 
patternsearch-tool: patternsearch-tool: 

Non-linear curve fit-tool 
squared error chi-squared 

# MPa MP a MP a MP a 

1 3.27 3.95 4.46 3.78 

2 3.03 3.82 4.24 3.67 

3 2.94 3.73 4.08 3.59 

4 2.93 3.67 3.97 3.53 

5 2.87 3.62 3.89 3.49 

6 2.81 3.60 3.83 3.46 

7 2.79 3.57 3.79 3.44 

8 2.78 3.55 3.75 3.41 

9 2.75 3.53 3.72 3.39 

10 2.76 3.51 3.70 3.37 

o/oo-relax Of< 0.843 0.888 0.829 0.890 
I 0 

Table 36: Stress relaxation prediction for cyclic loading: sensor predictions 

Cycle Raw measurements, 
patternsearch-tool: patternsearch-tool: 

Non-linear curve fit-tool 
squared error chi-squared 

# MPa MPa MPa MPa 

1 5.44 5.86 9.31 7.69 

2 4.94 5.72 8.81 7.44 

3 4.69 5.62 8.46 7.25 

4 4.65 5.55 8.21 7.10 

5 4.53 5.52 8.02 7.01 

6 4.45 5.49 7.90 6.94 

7 4.38 5.47 7.80 6.88 

8 4.34 ·5.46 : 7.72 6.82 

9 4.25 5.44 . 7.65 6.77 

10 4.27 5.42 7.59 . 6.73 

O/oo-relax ,% 0.784 0.926 0.815 0.874 
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Appendix C: In vivo investigation into the loading patterns of 

the patella tendon 

C-1 Results 

The results for the squat exercise are shown in Table 37 and Table 38. Results 

for the leg extension exercise and the step exercises are shown in Table 39 to Table 41 . 

Finally Table 42 contains the results for the jump exercise. 

Table 37: Squat: Concentric contraction 

Volunteer FSO,V [SD] Load, N [SD] anterio;fp 
posterior 

Anterior Posterior Anterior Posterior 

1 0.359 [0.0457) 0.898 (0.0704] 981 [125] 3420 [268] 0.403 [0.0769) 

2 - - - - -
3 - - - - -
4 0.199 [0.0138) 0.601 [0.0113] 544 [37.7] 2290 [43.1) 0.331 [0.0204) 

5 0.399 [0.0734) 1.76 [0.0104] 1090 [201) 6690 [39.8) 0.227 [0.0411] 

6 0.477 [0.0149) 1.72 [0.0488] 1300 [40.7] 6540 [186] 0.278 [0.00608] 

7 0.987 (0.0489) 1.42 [0.0428] 2700 (134) 5400 (163] 0.697 (0.0213) 

8 0.266 [0.0193) 0.774 [0.0221) 729 (52.8) 2950 [84.3) 0.344 [0.0173) 

9 0.827 [0.0113) 0.562 [0.0497] 2260 [30.8) 2140 [189) 1.48 [0.113] 

10 0.233 [0.0437] 0.411 (0.0428] 637 [120] 1570 [163] 0.563 [0.0603] 
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Table 38: Squat: Eccentric contraction 

Volunteer FSO,V [SD] Load, N [SD] anterio;,/p 
posterior 

Anterior Posterior Anterior Posterior 

1 0.342 [0.0693) 0.943 [0.163) 936 [190) 3590 [622) 0.362 [0.0105) 

2 - - - - -
3 - - - - -
4 0.231 [0.0188) 0.639 [0.0167) 632 [51.5) 2440 [63.6] 0.362 [0.0235) 

5 0.388 [0.0560) 1.74 [0.0359) 1060 [153) 6620 [137) 0.223 [0.0310) 

6 0.502 [0.0300) 1.53 [0.0378) 1370 [82.0) 5840 [144) 0.327 [0.0136) 

7 0.996 [0.0745) 1.38 [0.0764) 2720 [204) 5280 [291) 0. 720 [0.0383) 

8 0.271 [0.0273) 0.757 [0.0186) 742 [74.7) 2880 [70.7) 0.358 [0.0289) 

9 1.01 [0.0255) 0.698 [0.0241) 2770 [69.6) 2660 [91.8) 1.45 [0.0259) 

10 0.278 [0.0547) 0.430 [0.0230) 761 [150) 1640 [87.6) 0.643 [0.0946) 

Table 39: Leg extension 

Volunteer FSO,V [SD] Load, N [SD] anterio;,/p 
posterior 

Anterior Posterior Anterior Posterior 

1 0.255 [0.0443) 0.706 [0.0363) 697 [121) 2691 [138) 0.363 [0.0815) 

2 - - - - -
3 - - - - -
4 0.139 [0.00699) 0.551 [0.00391) 381 [19.1) 2100 [14.9) 0.253 [0.0135) 

5 0.235 [0.00898) 1.72 [0.0244) 644 [24.6) 6570 [92.9) 0.136 [0.00490) 

6 0.236 [0.0150) 1.13 [0.175) 645 [41.2) 4290 [668) 0.213 [0.0321) 

7 0.194 [0.0194) 0.746 [0.0240) 530 [53.2) 2840 [91.5) 0.260 [0.0153) 

8 0.194 [0.00474) 0.746 [0.00541) 530 [13.0) 2840 [20.6) 0.260 [0.00527) 

9 0.544 [0.0388) 0.875 [0.0358) 1490 [106) 3340 [137) 0.621 [0.0372) 

10 0.231 [0.112) 0.407 [0.127) 631 [306) 1550 [485) 0.540 [0.123) 

xv 

Stellenbosch University  https://scholar.sun.ac.za



Appendix C: In vivo investigation into the loading patterns of the patella tendon 

Table 40: Step up 

Volunteer FSO,V [SD] Load, N [SD] anterio~ 
posterior 

Anterior , Posterior Anterior Posterior 

1 0.125 [-] . 0.641 [-] 341 [-] 2440 [-] 0.194[-] 

2 - - - - -
3 - - - - -
4 0.125 [0.00327] 0.485 [0.0302) 342 [8.95] 1850 [115) 0.259 [0.0135] 

5 0.480 [0.00906) 1.57 [0.0148] 1310 [24.8] 5970 [56.4] 0.306 [0.00333] 

6 0.145 [0.0180] 0.791 [0.0415] 396 [49.3] 3010 [158] 0.183 [0.0235] 

7 0.285 [0.0504] 0.975 [0.0413) 781 [138) 3720 [158] 0.294 [0.0598] 

8 0.188 [0.0255] 0.758 [0.0200] 515 [69.8] 2890 [76.1] 0.248 [0.0269) 

9 - - - - -
10 0.263 [0.258] 0.457 [0.288] . 719 [706] 1740 [1100) 0.464 [0.223] 

Table 41: Step down 

Volunteer FSO,V[SD] Load, N [SD] anterio~ 
posterior 

Anterior Posterior Anterior Posterior 

1 0.170 [-] 0.669 [-] 465 [-] 2552 [-] 0.254 [-] 

2 - - - - -
3 - - - - -

I 

4 0.151 [0.0153] 0.535 [0.0132] 412 [41.9] 2040 [50.4) 0.282 [0.0227] 

5 0.467 [0.0177) 1.63 [0.0371] 1280 [48.4] 6200 [141) 0.287 [0.00717) 

6 0.188 [0.00354) 0.786 [0.0343) 513 [9.68) 3000 [131) 0.239 [0.0104) 

7 0.337 (0.0558) 1.13 (0.0317) 922 [153) 4320 [121] 0.297 [0.0436] 

8 0.209 [0.0302] 0.799 [0.0246) 571 [82.7] 3050 [93.7] 0.261 [0.0304] 

9 - - - - -
10 0.260 (0.259) 0.481 [0.323) 712 [708) 1830 [1230] 0.437 [0.200) 
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Table 42: Jump 

Volunteer FSO,V [SD] Load, N [SD] anteriojp 
posterior 

Anterior Posterior Anterior Posterior 

1 0.198 [-] 0.819 [-] 542 [-] 3120 [-] 0.242 [-] 

2 - - - - -
3 - - - - -
4 0.200 [0.0192] 1.23 [1.30] 548 [52.4] 4690 [4950] 0.267 [0.133] 

5 0.535 [0.0572] 3.01 [1.56] 1460 [157] 1190 [5960] 0.214 [0.0991] 

6 0.188[-] 0.831 [-] 514 [-] 3170 [-] 0.226 [-] 

7 0.582 [0.0270] 2.28 [1.34] 1590 [73.9] 8680[5090 0.326 [0.152] 

8 0.457 [0.0855] 1.31 [1.02] 1250 [234] 4990 [3880] 0.445 [0.187] 

9 - - - - -
10 0.550 [0.0280] 0.870 [0.0877] 1500 [76.7] 3310 [334] 0.639 [0.0851] 

In Figure 54 to Figure 59 samples of the sensor output obtained for the different 

exercises for volunteer #4 are shown. 
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Figure 54: Squat exercise: volunteer #4 
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Figure 55: Leg extension: volunteer #4 
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Figure 56: Step up: volunteer #4 Figure 58: Step down: volunteer #4 
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Figure 57: Step down: volunteer #4 Figure 59: Jump exercise: volunteer #4 

Box plots with a confidence interval of 95% are shown for the different exercises. 

In Figure 60 and Figure 61 box plots are shown for the concentric and eccentric con

tractions of the squat exercise. Box pots for the concentric and eccentric contractions 

for leg extension exercises are shown in Figure 62 and Figure 63. The box plots for the 

step exercises are shown in Figure 64 and Figure 65. Figure 64 shows the box plot 

when the volunteers walked up the steps and Figure 65 shows the box plot when the 

volunteers walked down the steps. The box plot for the jump exercise is shown in 

Figure 66. 
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Figure 60: Squat exercise: Concentric contrac

tion [p = 0.132) 

1 .3,---~--------~---~ 

12 

1.1 

1.0 

0.9 

0.8 

0.7 

0.6 

0.5 

0.4 

0.3 

0.2 

0.1 

0.0'---~~~--------~---_J 
Weight-CC(Anterior) Weight-CC(A>steoor) 

Figure 62: Leg extension exercise: Concentric 

contraction [p = 0.0213) 
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Figure 64: Step up exercise [p = 0.0194) 
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Figure 61 : Squat exercise: Eccentric contraction 

[p = 0.115) 
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Figure 63: Leg extension exercise: Eccentric 

contraction [p = 0.0211) 
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Figure 65: Step down exercise [p = 0.0188) 
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Figure 66: Jump exercise [p = 0.00193] 
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