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Abstract
Tendons are the connections that translate forces from muscles to bone and are
essential to the musculoskeletal system movement during locomotion. The load
experienced during running is believed to be a primary injury factor for
tendinopathy (Malliaras et al., 2015). An individual’s running biomechanics
influence the load experienced, and are risk factors for both Achilles (Chang et al.,
2000; Moore et al., 2014; Moore et al., 2016) and patella (Kunimasa et al., 2014)
tendinopathy. This study investigated the feasibility of using a fibre optic sensor
to measure in vivo patella and Achilles tendon forces during running. The study
also aimed to determine whether the sensor could detect differences in tendon
loads as a function of intrinsic and extrinsic factors in running conditions.
According to the author’s knowledge this was the first time a fiber optic sensor
was used to measure tendon force during running.
A light intensity based fibre optic sensor system capable of measuring in vivo
tendon forces was designed, built and tested. The sensor was implemented in a
pilot study with five participants to measure in vivo tendon forces during treadmill
running tests while simultaneously measuring the muscle activity, kinematics and
kinetics. The tests were conducted at the Neuromechanics Unit of Central
Analytical Facilities at Stellenbosch University. The optic fiber was inserted into
the patella and Achilles tendon by a surgeon with guidance of an ultrasound. The
instrumented running tests consisted of six tests at variable conditions: level
running at self-selected speed and stride frequency, level running at 110% stride
frequency, level running at 90% stride frequency, level running at 10 km/h, 9%
incline at 10 km/h and 9% decline at 10 km/h. The Achilles and patella tendon
moment arms were determined using a scaled OpenSim model (Rajagopal et al.,
2016). Attempts were made to calibrate the sensor, however these were
considered to be inaccurate. Despite thereof, the sensor enabled detection of
proportional changes in tendon force for quantitative comparison between
running conditions.
A fibre optic sensor can be used to measure in vivo patella tendon forces during
running on an instrumented treadmill. The measurement of the Achilles tendon
forces were difficult due to breakage of the fibre during the running tests. The
breakage of optic fiber could be due to the high cyclic loading of tendons during
running and influenced by a participants ground reaction force and height. The
fibre optic sensor could also detect differences in tendon loads caused by intrinsic
and extrinsic changes in running conditions. The running conditions that
decreased peak tendon forces were the inclined and declined conditions for the
Achilles tendon, and the increase in stride frequency and inclined conditions for
the patella tendon. The sensor was found to affect a participant’s biomechanical
parameters during running, for some of which of the effect sizes were substantial.
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It remains unclear how this should be accounted for in clinical interpretation of
results, thus warrants further investigation.
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Opsomming
ʼn Tendon is die verbinding wat kragte tussen spiere en been oordra en is
noodsaaklik vir die beweging van die muskuloskeletale stelsel tydens die
liggaambeweging. Dit word geglo dat die las wat die tendon tydens die
hardloopaksie ervaar, ʼn primêre beseringsfaktor is wat tendinopatie veroorsaak
(Malliaras et al., 2015). ʼn Individu se hardloop biomeganika beïnvloed hierdie las
en is ʼn riskofaktor vir beide Achilles (Chang et al., 2000; Moore et al., 2014; Moore
et al., 2016) sowel as patella (Kunimasa et al., 2014) tendinopatie. Hierdie studie
het die uitvoerbaarheid ondersoek van ʼn optiese vesel sensor om in vivo Achilles
en patella tendonkragte te meet tydens ʼn hardloopaksie. Die studie wou ook
vasstel of die sensor verskille in die laste kon aanwys as amp van intrinsieke en
ekstrinsieke faktore in omstandighede waarin ʼn individue sal hardloop. Sover die
skrywer se kennis strek is dit die eerste keer wat die optiese vesel sensor gebruik
is om tendonkragte te meet tydens ʼn hardloopaksie.
ʼn Ligintesiteit-gebasseerde optiese vesel sensorsisteem wat in vivo tendonkragte
kan meet is ontwerp, gebou en getoets. Die sensor is tydens ʼn studie met vyf
deelnemers gebruik om tendonkragte te meet tydens toetse waar deelnemers op
ʼn trapmeul hardloop. Die spieraktiwiteit, kinematie sowel as die kinetika is ook
tydens hierdie toetse gemeet. Die toetse is by die Neuromeganika Eenheid van die
Sentrale Analitiese Fasiliteit (CAF) by die Universiteit van Stellenbosch uitgevoer.
Die optiese vesel is deur ʼn chirurg deur die patella en Achilles tendons gevoer met
behulp van ultrasoniese klankgolwe. Daar is ses hardlooptoetse uitgevoer, elk
onder ander omstandighede: op ʼn gelyke oppervlak teen ʼn spoed en kadens wat
deur die deelnemer bepaal is, op ʼn gelyke oppervlak teen 110% kadens, op ʼn
gelyke oppervlak teen 90% kadens, op ʼn gelyke oppervlak teen 10 km/h, teen ʼn
helling van 9% teen 10 km/h en teen ʼn afdraend van 9% teen 10 km/h. Die Achilles
en patella tendon se hefboomarms is vasgestel deur gebruik te maak van ʼn
OpenSim model (Rajagopal et al., 2016). Daar is pogings aangewend om die sensor
te kalibreer, maar is egter onsuksevol bevind. Ten spyte hiervan kon die sensor
toelaat dat proporsionele veranderinge uitgewys kon word in tendonkragte vir
kwantitatiewe vergelyking tussen hardloopomstandighede.
ʼn Optiese vesel-sensor kan gebruik word om in vivo patella tendon kragte te meet
tydens ʼn hardloopaksie op ʼn trapmeul. Dit was uitdagend om die Achilles tendon
se kragte te meet aangesien die vesel tydens die toetse gebreek het. Dit kon
gebeur as gevolg van die hoë sikliese las in tendons tydens die hardloopaksie en
kon beïnvloed word deur die deelnemer se grondreaksiekrag en lengte. Die
optiese vesel kon ook verskille uitwys in tendonlaste wat deur intrinsieke en
ekstrinsieke veranderinge in hardloopomstandighede veroorsaak is. Die opdraaed
en afdraend hardloopkondisies is dié wat piek tendonkragte verminder het vir die
Achilles tendon terwyl dit die kadens en afraendkondisies was vir die patella
tendon. Dit is bevind dat die sensor die deelnemer se biomeganiese parameters
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tydens ʼn hardloopaksie beïnvloed. Vir sommige deelnemers was die invloed
beduidend. Dit is steeds onduidelik hoe hierdie veranderinge motiveer kan word
in die kliniese interpretasie van die resultate. Om hierdie rede word ʼn verdere
ondersoek voorgestel.
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1 Introduction
1.1 Background
Tendons are dense connective tissue that are essential to musculoskeletal system
movement during human locomotion, as they connect bone and muscle. Tendons
get loaded through two predominant methods during running namely the
mechanical energy changes from rising and falling during the gait, and the muscle
work. The load experienced during running is believed to be a primary injury factor
for tendinopathy (Malliaras et al., 2015), with peak forces during running ranging
between 6.1–8.2 times the body weight for the Achilles tendon and 4.7–6.9 times
the body weight for the patella tendon (Scott et al., 1990). Variation in tendon
load cannot be attributed to a single factor during running (Finni et al., 2000), but
is rather due to multiple biomechanical factors. There are still many unanswered
questions on how biomechanical factors interact with one another during running,
specifically the role of tendon loading.
Mathematical modelling and in vitro measurements are common ways to predict
tendon forces in humans (Sheehan et al., 2000). However, mathematical
techniques can have large numerical errors which can occur due to scaling,
measurement errors, assumptions and simplifications (Behrmann et al., 2012;
Zajac, 1989; Faber et al. 2018). In vivo tendon load sensors are used as a basis to
validate mathematical techniques.
Various in vivo tendon force transducers have been used in walking, running and
jumping studies. A fair amount of the understanding of tendon loads comes from
the research using a buckle transducer, but the method is invasive and rarely used
as of late. The fibre optic transducer was introduced by Komi et al. (1990) and
since then has been used in a wide variety of studies (Finni et al., 1998; Arndt et
al., 1998; Finni et al., 2000; Dillon et al., 2008; Elvin et al., 2009; Morkel et al.,
2013) as it is considered a minimally invasive method. The optic fibre is inserted in
the transverse direction through the cross-section of the tendon and the light
intensity within the fibre is measured, which is inversely proportional to the force
applied. To date there have been no studies investigating the in vivo tendon load
during running with the fibre optic technique.
In this study a fibre optic sensor has been designed, built and tested to measure
in vivo tendon forces. The sensor was implemented on five participants to
measure the forces of the Achilles and patella tendons during treadmill running.
The fibre optic sensor output was used to determine the differences in tendon
forces due to changes in running conditions, such as stride frequency and gradient.
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1.2 Motivation
Running is a common physical activity that continues to grow in popularity (Lee et
al., 2014) and has various health benefits. These benefits include prevention of
chronic illnesses, weight loss, better health consciousness, a sense of
accomplishment, less risk of cardiovascular disease, general increase in longevity
and many more (Dugan et al., 2005; Koplan et al., 1983; Harris et al.,1981; Major,
2001; Lee et al., 2014). However, along with all the benefits, there are also
drawbacks to running. One of the main drawbacks is the susceptibility to injury.
More than a third of athletes obtain a musculoskeletal injury per year and a
seventh of all athletes seek medical consultation due to running related injuries
(Koplan et al., 1983). These injuries are attributed to the overuse of certain
musculoskeletal systems due to the repetitive and cyclic nature of running
(Taunton et al., 2002). The top seven running related injuries include both patella
and Achilles tendinopathy (Taunton et al., 2002), with the applied load being
assumed to be the main cause of these injuries (Moore et al., 2012). The
biomechanics of a runner is also a factor that influences the possibility of Achilles
(Chang et al., 2000; Moore et al., 2014; Moore et al., 2016) and patella (Kunimasa
et al., 2014) tendinopathy.
Running economy and biomechanical factors play an important role in the
performance and injury of runners, but an ideal model has not been established
(Dugan et al., 2005). It is known that muscles and tendons play a vital role in
running performance (Vernillo et al., 2017), but the effect of muscle activation and
tendon loading on the mechanical advantage is not fully understood. The role of
tendon loading during running is regarded as significant because it is a method of
storing energy and reducing muscle forces required to propel a runner. Therefore,
understanding the behaviour of tendons during running can help to determine
methods that increase performance, reduce injuries and accelerate rehabilitation.
Further research is needed to understand the role of tendon loading in relation to
both performance and injury.

1.3 Objectives
This project forms part of a larger pilot study to help develop an understanding of
dynamic tendon loading in relation to both performance and injury. The pilot
study could provide initial data to develop a large international grant focused on
musculoskeletal modelling and rehabilitation training interventions. The scope of
this project was to develop and implement a fibre optic sensor for the pilot study
with five participants, and to determine the feasibility of measuring in vivo tendon
forces during treadmill tests while simultaneously measuring the muscle activity,
kinematics, kinetics, oxygen consumption and heart rate.
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The primary aim of the study was to determine if a fibre optic sensor could be used
to measure in vivo patella and Achilles tendon forces during running on an
instrumented treadmill. The secondary aim was to determine if a fibre optic sensor
could detect differences in tendon loads as a function of intrinsic and extrinsic
factors in running conditions. These factors in running conditions include a change
in stride frequency (intrinsic) and a change in gradient (extrinsic). The stride
frequencies that were measured included the natural running stride frequency,
10% increase in stride frequency and 10% decrease in stride frequency. The
gradients were at -9%, 0% and +9%. The objectives identified to accomplish the
desired aims were:


Design, build and test a fibre optic sensor capable of measuring in vivo
tendon loads during treadmill running.



Determine the effect of an optic fibre inserted in the patella and Achilles
tendon on running biomechanics.



Quantify the patella and Achilles tendon forces during treadmill running
with variations of stride frequency and gradient.
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2 Literature review
2.1 Connective tissue
2.1.1 Background
The skeletal system is the structure of the body that consists of bones, joints and
cartilages. The functions of the skeletal system includes support and movement of
the body, storing of minerals, protection of soft tissues such as the brain and spinal
cord, and the production of blood cells (Martini et al., 2011). Skeletal muscles are
made up of large muscle cells and are the muscles that are attached to the skeletal
system. Muscles can only contract or relax, thus inducing movement of the body
through the coordination of muscle contractions. Muscles and tendons also play a
key role in stabilization of joints and maintain body posture (Marieb et al., 2017).
Areolar connective tissue binds and encompasses muscle tissue. The connective
tissue within the muscle merges into a tendon closer to the hinging area, as the
tendon connects muscle to bone. The contraction force of a muscle is then
translated through the tendon on to the bone, thus moving the bone (Martini et
al., 2011).
Muscle contraction occurs when a nerve impulse stimulates the muscle fibres. An
action potential, which is an electrical impulse through the movement of ions,
moves through the motor neuron towards the muscle. An action potential is an
electrical signal that can be measured. Synapses occur from the axon terminal of
the motor neuron to the sarcoplasm of the muscle fibres. This produces an action
potential in the sarcolemma (membrane of muscle) of the entire muscle resulting
in the contraction of the muscle fibres. A single nerve impulse only produces a
single muscular contraction, thus multiple electrical signals and activity take place
within muscles when multiple contractions occur in order to move a body.
The human body can be referenced according to planes. These planes are the
sagittal, frontal and transverse planes, which can be seen in Figure 1.
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Figure 1: Planes of the human body (Martini et al., 2011)
Connective tissues are situated in various parts within the body and can be divided
into four different types: (1) dense connective tissue (DCT) such as tendons or
ligaments, (2) loose connective tissue such as types of fats, (3) fluid connective
tissue such as blood, and (4) supporting connective tissue such as bones or
cartilage. Tendons are the connective tissue between bone and muscle whereas
ligaments are the connective tissue between two bones. Tendons and ligaments
are highly similar in structure and mechanical properties (Frank, 1996). For the
purpose of simplification, ligaments will be referred to as tendons in the rest of
the document and study.
Tendons are dense connective tissues that are made up of a matrix of collagen
fibres. The collagen fibres are a protein that helps provide strength and cushioning
which characterize the tendons function. They are tightly packed together and
aligned in the same direction of the applied force experienced by the tendon.
Fibroblasts are cells responsible for producing the connective tissue fibres and are
situated between the collagen fibres of the tendon. Figure 2 illustrates the
hierarchical structure of tendons.

Figure 2: Hierarchical structure of tendons (Killian et al., 2012)
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Figure 3: Stress-strain graph for tendons (Robi et al., 2013)
Tendons are stiff but flexible, and are used to store and return energy during
movement (Alexander et al., 1991). Tendons have a characteristic known as crimp
that occurs when there is no load applied. Crimp is the contraction of the collagen
fibrils that can be compared to an unloaded tensional spring and has a zig-zag
formation. The crimp straightens out in the non-linear toe region of a stress-strain
graph. The toe region of the tendon occurs between 0–2% strain (Noyes et al.,
1984). Thereafter, as the strain increases further, the tendon enters the linear
elastic region. Finally, the tendon enters the yield region at around 8–10% (Robi
et al., 2013) where the fibril fibres start to slip and ultimately fail. These stressstrain regions can be seen in Figure 3. Normal everyday activity usually only loads
a tendon between the toe and initial linear regions (Noyes et al., 1984).
Furthermore, tendons have viscoelastic properties (Wang et al., 2012) which
means that the strain rate applied to a tendon affects the mechanical properties
of the tendon (Robi et al., 2013). Higher strain rates increase the stiffness of the
tendons and increase the ability to transmit higher forces (Wang et al., 2012).
Lower strain rates increase the tendon’s ability to absorb energy, which decreases
its effectiveness to transmit forces (Wang et al., 2012). The Achilles tendon strain
rate is between 1 %/s and 10 %/s during human locomotion (Wren et al., 2001).
The three major characteristics associated with viscoelastic properties are:
hysteresis, stress relaxation and creep.
2.1.2 Patella tendon
The patella (Figure 4) is the largest sesamoid bone and is a part of the knee joint.
The patella is embedded in the quadriceps tendon and is attached to the
quadriceps tendon at the proximal side of the patella bone. The patella tendon is
an extension of the quadriceps tendon and attaches the distal side of the patella
to the tibia tuberosity. The patella protects the knee joint, strengthens the
quadriceps tendon as it translates the force from the quadriceps tendon to the
patella tendon and helps to increase the force through mechanical advantage in
the extension phase of the lower limb (Martini et al., 2011). The mechanical
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advantage comes from the leverage caused by the increased angle of the patella
tendon to the tibia that is induced by the patella (Moore et al., 2010). This system
is known as an ‘anatomical pulley’ (Martini et al., 2011).

Figure 4: Anatomy of the knee (Martini et al., 2011)
2.1.3 Achilles tendon
The Achilles tendon, also known as the calcaneus tendon, is the strongest (Moore
et al., 2010) and thickest (Benjamin et al., 2007) tendon in the human body. The
Achilles tendon induces great torque through its elastic property. It absorbs and
releases energy during locomotion to aid propulsion (Moore et al., 2010). Ker et
al. (1987) report that during running the force in the tendon can go up to seven
times the body weight. Figure 5 displays the basic anatomy of the tendon. In an
anatomical upright position of a person, the tendon perpendicularly approaches
the back of the heel of the foot. It connects the calcaneus bone to the soleus
muscle and the two heads of gastrocnemius muscles. The soleus muscle flexes the
ankle joint in order to help stabilization during standing stance, whereas the
gastrocnemius muscles help induce propulsion during running and jumping
(Schepsis et al., 2002). The tendon-muscle connection is a flat Aponeurosis that
starts around midway of the calf. The Aponeurosis narrows and increases with
fibres downward to the calcaneus bone resulting in the formation of the tendon.
The full tendon formation usually occurs at 8–10 cm above the calcaneal bone
attachment (Mellado et al., 1998) and at the cross-section of the tendon is circular
as it nears to the calcaneus (Moore et al., 2010). At this section of the tendon the
thickness does not surpass 7 mm and any thickness greater might indicate tendon
pathology (Sadro et al., 2000).

7

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

Figure 5: Anatomy of calf and Achilles (Martini et al., 2011)
2.1.4 Tissue repair
Tissue repair occurs through two processes: regeneration and fibrosis.
Regeneration is the replacement of damaged tissue cells, whereas fibrosis is the
repairing of fibrous tissues. The repairing process starts with inflammation.
Inflammation chemicals make the tissue highly permeable, allowing proteins to
enter the injured area from the blood stream. The proteins then clot together to
stop blood-loss, keep the walls of the wound together and protect it from bacteria
(Marieb et al., 2017). Thereafter new capillaries, known as granulation tissue, are
formed around the injured area. The granulation tissue contains fibroblasts to help
the collagen fibres heal or close the wound gap. Finally, regeneration and fibrosis
occur to permanently repair the wound. Clean cuts or incisions heal faster than
ragged tears of tissue (Marieb et al., 2017). Furthermore, dense connective tissue
regenerates excellently, whereas muscle tissue regenerates poorly (Marieb et al.,
2017).
2.1.5 Tendinopathy rehabilitation
Blood plasma induces recovery through growth factors such as activating cell
production and stimulating regeneration of tissue of an injured area (Redler et al.,
2011). Tendons have low blood supply and are therefore susceptible to an
extensive recovery process (Silverthorn et al., 2010). Some tendinopathy
rehabilitation methods such as heat treatment, blood plasma-rich injections,
exercise and more rely on the induction of blood plasma to the injured tendon.
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Rest is advised for the early stage of acute tendinopathy, but chronic tendinopathy
rehabilitation often includes exercise and movement of the injured tendon.
Therefore, chronic tendinopathy rehabilitation phases start with controlled
loading, and include the progressive increase in magnitude and duration of the
tendon loading (Malliaras et al., 2015).

2.2 Running biomechanics
2.2.1 Background
Walking is defined as always having at least one foot in contact with the ground
throughout the gait, whereas running has two airborne periods where none of the
feet touch the ground within a gait cycle. A running gait cycle consists of two
phases: stance phase and the swing phase. These phases can be further divided
up in to six sub-phases: foot strike, mid stance, toe off, initial swing, mid swing and
terminal swing. Figure 6 illustrates these phases for the right leg. The two periods
when both legs are airborne is known as double float and also indicted in Figure
6.

Figure 6: Phases of running gait (adapted from Dugane et al., 2005)
The velocity of a runner is dependent on the stride length and stride frequency of
their gait. Stride frequency is defined as the number of steps taken per unit time.
Ounpuu (1994) found that during the increase in velocity of a runner the stride
length increases first which is then followed an increase in cadence. Generally, as
the speed of a runner increases, the stance phase duration decreases and the
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swing phase duration increases (Dugane et al., 2005). With the speed increase, the
lower limbs also increase in their range of motion. This increase in the motion in
turn decreases the shifting of the centre of mass during running (Mann et al.,
1981; Williams, 1985), produces higher forward momentum (Mann et al., 1980)
and exerts higher strains on tendons (Lichtwark et al., 2006). The initial point of
contact that the foot makes with the ground also changes with an increased speed.
Heel strike is common with slower running, whereas mid-foot or forefoot is
common in faster running (Mann et al., 1981). Running faster or sprinting results
in greater energy expenditure, changing the running economy to less efficient
(Dugane et al., 2005).
Running economy is the reflection of the amount of energy used by a runner to
continually propel forward. It is a significant physiological parameter for runners
(especially distance runners) to track, as it predicts running performance (Conley
et al., 1980; Daniels, 1985; Anderson, 1996). Running economy is a function of
various factors, which is explained in depth by Barnes et al. (2015). However, the
main factors include biomechanical efficiency, neuromuscular efficiency,
cardiorespiratory efficiency, metabolic efficiency, genetics and training.
Quantifying running economy is done through measuring the submaximal VO2,
which is a measurement of oxygen consumption, for a given velocity (Conley et
al., 1980; Daniels, 1985; Saunders et al., 2004).
Running kinematics is the study of body segments and joints motion without
considering the force that causes the movement. It incorporates position, velocity,
acceleration and angles during human movement. The body segments are
approximated as rigid bodies with the joints being the connection between two
body segments. Joint angle is defined as the angle between two body segments
on either side of the joint, whereas segment angle is defined as the angle of a
segment relative to the horizontal plane. Kinematic variables are generally
displayed as a function of time of gait cycle. The analyses of a runner’s kinematics
are done in the three planes: sagittal, coronal and transverse planes. The sagittal
plane contains the substantial and significant motion of running, whereas the
coronal and transverse planes are small in magnitude (Novacheck, 1998).
Running kinetics is the study of the force that causes the movement. It
incorporates aspects such as ground reaction forces, muscle forces and joint
moments. The ground reaction force is usually around 3 times the body weight of
a runner (Novacheck, 1998; Dugane et al., 2005). The typical ground reaction force
curve during the stance phase can be seen in Figure 7. The initial first peak is called
the impact peak and is caused by a foot strike. Generally the impact peak
decreases or vanishes in a forefoot running gait (Novacheck, 1998). Joint moments
are calculated from the combination of ground reaction forces and kinematics,
and this method is called inverse dynamics. As speed of running increases, the
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absorption of the impact shifts primarily from the knee joint to the ankle joint, and
hip joint moments are responsible for the increased power (Novacheck, 1998).

Figure 7: Typical ground reaction force (adapted from Novacheck, 1998)
2.2.2 Treadmill running biomechanics
Nelson et al. (1972) states that there is a substantial difference in biomechanics
between over-ground running and treadmill running. It was found that treadmill
running had longer stance phases, lower vertical velocities and less variability in
velocities (Nelson et al., 1972). Riley et al. (2007) found that participants had a
higher stride frequency and shorter stride length for treadmill running. A
qualitative analysis of kinematics for over-ground running and treadmill running
showed to be similar, whereas a quantitative analysis of kinematics showed only
two statistically significant changes, and that was for knee flexion and extension
(Riley et al., 2007). All joint angles were found to be within one standard deviation
of one another. Riley et al. (2007) also found that the ground reaction force on a
treadmill was significantly less. A qualitative analysis of kinetics showed to be
similar for over-ground running and treadmill running. A qualitative analysis of
kinetic parameters showed that peak values differ, as the forces and moments
were less for treadmill running (Riley et al., 2007). The change in vertical
displacement of the centre of gravity is also less during treadmill running (Monte,
1976). The differences in kinematics and centre of mass are thought to be due to
the changes in stride frequency and stride length during treadmill running (Monte,
1976; Nelson et al., 1972). However, Riley et al. (2007) concluded that over-ground
and treadmill running mechanics are statistically similar.
2.2.3 Effect of running on tendons
The centre of mass constantly rises and falls during a runner’s gait. Potential
energy and kinetic energy is in phase during running, therefore the interchange of
energy does not occur between the two as in walking (Novacheck, 1998).
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Efficiency is maintained through energy storage in tendons and energy transfer
between body segments through joint muscles (Vaughan, 1984; Novacheck,
1997). The falling phase of the runner’s centre of mass loads the tendons and the
stored potential is then returned during the rising phase.
Roberts (2002) has quantified Achilles tendon length changes during treadmill
level running and uphill running using a speed of 10 km/h. Therefore using the
same speed, the Modulus of Elasticity could be estimated in future analysis of the
data using the tendon force data, Achilles cross sectional area and the Achilles
strain data (Roberts, 2002). Heiderscheit et al. (2011) and Lenhart et al. (2014) has
shown that a 10% change in stride frequency influences measurable changes in
running kinetics, kinematics and muscular activity. These measurable changes
could further affect the tendon load experienced for a similar change in stride
frequency.
Running is least metabolically expensive during a downhill grade of -6 to -9
degrees, whereas gradients beyond -9 degrees lead to an increase in metabolic
demand (Minetti et al., 1994; Margaria et al., 1963). This increase occurs when the
elastic energy storage and recovery no longer accounts for the positive mechanical
energy that needs to be generated (Snyder et al., 2012). The function of the
tendons during uphill running may differ to that during level running, as evidence
shows that tendons store and release muscle work during acceleration rather than
store and release energy changes in the body (Roberts, 2002), which could be
similar to uphill running.
2.2.4 Measurement of biomechanics
2.2.4.1 Motion capturing
Motion analysis is done through sophisticated motion capturing systems that uses
cameras to record a participant during running. Multiple cameras are placed
around the volume that needs to be tracked. Reflective markers are placed on the
participant to indicate the points that need to be tracked. During data processing,
the markers’ location in three-dimensional space can be determined through
triangulation from two or more cameras. The marker positions can be supplied to
a mathematical model to determine the motion of body segments.
2.2.4.2 Force plate
Ground reaction forces of a runner are measured through a force plate. A force
plate can be imbedded in the ground or a part of a treadmill system. Force plates
can be used to determine the time of steps during running, the centre of pressure
on the foot and the applied force vector. This is good as the applied force vector
also displays the horizontal forces from the ground to the runner. The ground
reaction force is usually normalised through the body weight of a participant.
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Treadmill force plates can be used to get continual data of a runner, whereas inground force plates can only measure a couple of steps when a participant does
an over the ground running test.
2.2.4.3 Electromyography
Electromyography (EMG) is the measurement of electrical activity associated with
neuromuscular action potentials that occur during muscle contractions. An EMG
signal is most commonly measured with surface electrodes that get placed on the
skin at the location of the muscle that needs to be observed. It has been found
that the amplitude of the EMG signal varies for certain muscles, but others are
constant during an increase of running speed (Gazendam et al., 2007). An EMG
signal is usually in the range of 0.01 to 5 mV (Muro-De-La-Herran et al., 2014). The
EMG data is important for the kinetics analyses as it can be used to estimate the
muscle forces associated with different activities through feeding the signals into
a mathematical model. Gehlsen et al. (1986) found that EMG has better prediction
capabilities than inertial sensors. Single muscle quantification with surface
electrodes sometimes picks up noise from surrounding muscles.
2.2.4.4 Cardiopulmonary
Cardiopulmonary testing measures the rate of oxygen consumption during
exercise. Measuring oxygen consumption is a good way of determining the
running economy (Conley et al., 1980; Daniels, 1985; Saunders et al., 2004).
Cardiopulmonary testing measures gas exchange, cardiovascular performance
and skeletal muscle metabolism. Furthermore, it can be used to analyse the effects
of certain biomechanical factors on the running economy. The method requires a
mask that covers the nose and mouth to measure the rate of oxygen uptake and
carbon dioxide production.

2.3 In vivo measurement of tendon loads
In vitro mathematical techniques are methods commonly used to predict tendon
forces (Sheehan et al., 2000). The kinematics, kinetics and ground reaction forces
are used in mathematical models to calculate the tendon force (Fleming et al.,
2004). Large numerical errors can occur when using these mathematical
techniques due to scaling, measurement errors, assumptions and simplifications
(Behrmann et al., 2012; Zajac, 1989; Faber, 2018). Therefore, in vivo sensors are
used to validate mathematical techniques. An example from Fukashiro et al.
(1993) of the ankle joint moment calculation and Achilles tendon moment derived
force can be seen in 11Appendix A. This section will explore common methods
used to measure in vivo tendon force. It will include stress and strain sensors, as
they are related to one another through Hook’s Law. Therefore, strain can be
converted to stress or vice-versa. Roriz et al. (2014) states that an in vivo sensor
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should have an insertion head diameter of 0.5 mm or less to be considered as
minimally invasive.
2.3.1 Buckle transducer
The buckle transducer is a commonly used method to measure the strain of
tendons. Substantial knowledge of tendon mechanics was derived through the use
of these sensors. It was first introduced by Salmons (1969). It works on the
principle of electrical resistance. The transducer consists of a small frame and a
flexible crossbar, with a strain gauge situated on the crossbar. A section of the
tendon is then drawn through the frame and over the crossbar. A force in the
tendon then causes the crossbar to deflect slightly. This deflection is then
measured with the variance in resistance of the strain gauge. Figure 8 displays
three types of buckle transducers. The transducer method is not minimally
invasive and requires a three week recovering period (Roriz et al., 2014). Further
disadvantages include variability in sensitivity due to joint angle, orientation and
sensor placement (An et al., 1990; Fleming et al., 2004).

Figure 8: (a) Illustration of buckle transducer; (b) Buckle transducer in tendon
(Ravary et al., 2004)
2.3.2 Implantable force transducer
Implantable force transducers are similar to buckle transducers and it also works
on the principle of electrical resistance, but it does not contain a crossbar. It
consists of a C-shape frame. The transducer is placed within the tendon and gets
loaded either at two or three points, illustrated in Figure 9. Tendon loads bend the
frame while strain gauges placed on the frame of the transducer measure the
varying resistance. This transducer method is also not minimally invasive.
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Figure 9: Illustration of implantable force transducer (Ravary et al., 2004)
2.3.3 Liquid metal strain gauge
Liquid metal strain gauges is a method introduced by Whitney (1953). The method
consists of a soft polymer casing containing a liquid metal such as mercury, gallium
and indium. The casing is placed in and attached to the tendon. The electrical
resistance across the liquid metal is then measured and is proportional to the
length of the casing. Figure 10 illustrates the gauge situated in a tendon. No in vivo
studies were performed on human participants, but only on animals, as the risk of
contamination is too high if leakage occurs (Roriz et al., 2014).

Figure 10: Illustration of liquid metal strain gauge (Ravary et al., 2004)
2.3.4 Magnetic field sensors
The magnetic field sensors use the Hall Effect to measure strain. The one side of
the sensor is a metallic tube connected to a tendon with a pin and the other side
of the sensor is a magnet also connected to the tendon with a pin. As the tendon
is loaded, strain occurs with the distance between the two pins changing. The
magnetic field within the tube therefore also varies and is measured. The sensor
however is affected by electromagnetic interference and can only measure
localized strain (Markolf et al., 1990). Furthermore, Ravary et al. (2004) states that
this method is not suitable for in vivo jumping or gait tests. Figure 11 illustrates
the magnetic field sensor applied to a tendon.
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Figure 11: Illustration of magnetic field sensors (Ravary et al., 2004)
2.3.5 Fibre optic sensors
Fibre optic sensors have revolutionized the in vivo measurements for tendons. It
has high sensitivity and is regarded as a minimally invasive technique. The fibre is
inserted through the tendon. The applied force from the tendon deforms the fibre
and modulates light intensity, phase or wavelength. The difference in light
intensity, phase or wavelength is correlated and proportional to the force applied.
Figure 12 shows the illustration of an optic fibre applied in a tendon. This study
uses an intensity based fibre optic sensor and is discussed in depth throughout the
next section.

Figure 12: Illustration of fibre optic sensor during tendon measurements
(adaption of Ravary et al., 2004)

2.4 Intensity based fibre optic sensor
2.4.1 Background
Light is a function of four parameters which include wavelength or frequency,
intensity or amplitude, polarization and phase. All optical based sensors measure
light to determine variation in one of these parameters (Yin et al., 2003). External
factors could induce a change in these parameters which could be detected by
using different optical based sensors.
The speed of light is dependent on the type of medium in which it travels.
Refraction is the deflection of light that takes place when a light wave move
between two different mediums. The incident angle is the angle at which the light
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ray enters the border of two mediums. The refracted angle is the angle at which
the light ray leaves the border of two mediums. This difference between incident
and refracted angle is caused by the change in speed of light between the two
mediums. Refractive index (𝑁) is the ratio of the relative speed of light in a
medium. It is calculated by:
𝑁=

𝑐

(1)

𝑣𝑙

where 𝑣𝑙 is the speed of light in a medium and 𝑐 is the speed of light in a vacuum.
Total internal reflection is a light ray that is reflected at the border of two
mediums. This occurs due to the incident angle of the light ray being larger than
the critical angle for the border of two mediums. Figure 13 illustrates the
refraction, the critical angle and the total internal reflection of a light ray at the
border of two mediums.

Figure 13: Light ray across mediums (Hodgkins, 2019)
An optic fibre is a medium through which light is transmitted. It is a thin, clear
filament consisting of an outer cladding layer and an inner core layer. The cladding
has a lower refractive index compared to the core. Therefore, the speed of light is
slower in the core compared to that in the cladding, causing total internal
reflection (Yin et al., 2003). A light ray is transmitted along the length of the fibre
in the core because of continual total internal reflection that occurs, as seen in
Figure 14.

Figure 14: Light ray propagation in optic fibre
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2.4.2 Working principle
The fibre optic sensors that are predominantly used in tendon load studies
measure the difference in light intensity (Komi et al., 1990; Arndt et al., 1998; Finni
et al., 1997; Erdemir et al., 2002; Erdemir et al., 2003; Müller, 2007). These light
intensity based sensors could be used to measure force, pressure or strain (Meltz
et al., 1981). Factors that influence light intensity within an optic fibre include:
coupling losses, reflectance, micro-bending, macro-bending, abortion, breakage
and scattering. The working principle of intensity-based fibre optic sensors is
reduction of light intensity through a micro-bend in the fibre. Figure 15 shows the
effect of a micro-bend and macro-bend on a light ray in an optic fibre.

Figure 15: Illustration of light loss due to macro-bending and a micro-bending
Figure 16 shows an illustration of fibre optic sensor working principle. After a fibre
has been inserted into a tendon, the one end of the fibre is connected to a light
source and the other end is connected to a light sensor. The tendon gets loaded
in the longitudinal direction through a tensional stress. Due to Poisson’s Ratio, a
compressive stress is then applied to the fibre in a transverse direction. The
transverse stress (𝜎𝑥 ) measured by the sensor is related to the longitudinal stress
(𝜎𝑦 ) of the tendon with the following equation explained by Müller (2007):
𝜎𝑦 =

𝐸𝑦
𝐸𝑥

𝑣𝑝𝑜𝑖𝑠𝑠𝑜𝑛 𝜎𝑥

(2)

where 𝐸𝑥 and 𝐸𝑦 is the Young’s modulus in the respective transverse and
longitudinal directions, and 𝑣𝑝𝑜𝑖𝑠𝑠𝑜𝑛 is the Poisson’s ratio. Stress and force are
related, as force is equal to stress multiplied by the area of the applied stress. The
compression in the transverse direction induces the micro-bend in the fibre. The
micro-bend refracts some of the light out of the fibre, decreasing the light intensity
within the fibre. As the applied force increases, a larger micro-bend is induced in
the fibre causing more light to escape the fibre. The light sensor then measures
the light intensity and converts it to a voltage output. The light intensity is
therefore inversely proportional to the tendon force.
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Figure 16: Illustration of fibre optic sensor working principle
2.4.3 Previous tendon studies
Komi et al. (1990) introduced intensity-based fibre optic techniques as a method
of measuring tendon loads. Early studies were conducted on rabbit tendons. The
fibre optic technique is a simple and effective way to measure the forces in
tendons (Behrmann et al., 2012). Behrmann et al. (2012) further lists the
advantages of the fibre optic sensor which are: high sensitivity, small size, large
loading range, fast response and insensitive to electromagnetic interference. Finni
et al. (1998) successfully showed that the fibre optic technique could be used to
study Achilles tendon loading during walking. However, small differences in
Achilles tendons were observed and believed to be caused by variations in the site
and direction of the fibre insertion. The fibre optic output has been found to be
highly linear regarding force input in multiple studies (Arndt et al., 1998; Finni et
al., 1997; Behrmann et al., 2012). It has been found that the strain rate, skin
movement and cable migration affected the measurements of the fibre optic
sensor (Erdemir et al., 2002; Erdemir et al., 2003). The root-mean square errors
for peak forces were found to be 24–81% with skin and 10–33% without skin
(Erdemir et al., 2003). Finni et al. (2000) assumed that skin movement relative to
the tendon might have an effect on the tendon, however after an investigation
they found that the effect of skin movement was less than 2% compared to that
of the peak forces.
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3 Fibre optic sensor design
3.1 Hardware
3.1.1 Fibre optic sensor
The fibre optic sensor circuit comprises of transmitter and receiver circuits, each
of which has four channels which is designed with off-the-shelf electronic
components.
Figure 17 displays the transmitter circuit diagram. The transmitter circuit is
powered by a 9 V battery followed by a switch. The 9 V is controlled to 3.3 V by a
voltage regulator (LD1117, ST Microelectronics). The output of the voltage
regulator then supplies the four parallel transmitter channel circuits. The
transmitter channels circuit consists of 1 kΩ resistor (R1), a 10 kΩ variable resistor
(R2) and a 1 kΩ variable resistor (R3) connected in series to govern the voltage
supply to an infrared LED (OP165A, TT Electronics). An infrared LED is used as this
will minimize the effects of changes in ambient light intensity. Resistor R1 controlls
the maximum input current to the LED in order to prevent LED failure. Resistor R2
and R3 is used to adjust the LED light intensity.

Figure 17: Transmitter circuit diagram
Figure 18 displays the receiver circuit diagram. The receiver circuit is powered by
the 9 V battery followed by a switch. The 9 V input is controlled to 5 V by a voltage
regulator (LM1084, Texas Instruments). The output of the voltage regulator then
supplies the four parallel receiver channel circuits. The receiver channels have a
low noise and high sensitivity light sensor (TSL257, ams AG) that comprises of a
photodiode followed by an amplifier. The light sensor translates the light signal
received through the optic fibre to a voltage output and has a full-scale output
between 0-5 V. The light sensor output is further connected to an instrumentation
amplifier (AD620A, Analog Devices Inc.). The amplifier is followed by resistors R5
and R6, as the output voltage is measured across R6 by the data acquisition module
and R5 is used to limit the output to fall within the range of the analogue-to-digital
data acquisition module.
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Figure 18: Receiver circuit diagram
The full four-channel fibre optic sensor circuit is on one printed circuit board (PCB)
seen in Figure 19 and contained in a 3D printed circuit box. The PCB schematic can
be seen in 11B.1 and the circuit box overview can be seen in 11B.2. The 3D printed
circuit box contained the battery, the two switches, the full circuit board and holes
for LED and light sensor lead cables. The LEDs and light sensors need to be placed
close to the tendon where the fibre would be inserted, but the circuit box is placed
on the lower back/hip area close to a runner’s centre of mass. Therefore, the LEDs
and light sensors are connected to the circuit board with grounded shielding
cables, which can be seen in planned setup of Figure 20. These cables are long
enough to be placed from the lower back/hip area to the patella and Achilles
tendon.

Figure 19: PCB design containing four transceiver channels
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Figure 20: Planned setup for fibre optic sensor
The optic fibre (PGR-FB500, Toray Raytela) has a 500 μm outer diameter and
consists of a Fluorinated Polymer cladding and a Polymethyl Methacrylate core.
The respective optic fibre ends are connected to a LED and light sensor with
custom designed polyacetal connectors seen in Figure 21. The connectors locates
the fibre ends within the LED intensity angle and to the light sensor lens
respectively. 11Appendix J gives the general working principle and the engineering
drawings of the connectors.

Figure 21: Custom polyacetal connectors (Groeneveld, 2017)
3.1.2 Data acquisition
The data acquisition module (DAQ) used is the NeXus-10 Biofeedback
(MindMedia, The Netherlands) and can be seen in Figure 22 (a). The NeXus-10 has
4 auxiliary inputs with individual 24 bit analogue-to-digital conversion. A sampling
rate of up to 256 Hz can be selected for an auxiliary channel. The DAQ transfers
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the real-time data wirelessly to a PC with a Bluetooth USB module in order to be
viewed and recorded. The full-scale range to the auxiliary channels of the module
is ±2.2 V, therefore the sensor output has to be within this range. The auxiliary
cable is plugged in the respective auxiliary input port, Figure 22 (b), and connects
the sensor circuit board to the DAQ. The auxiliary cable’s internal wires are
connected with the positive signal internal wire between resistors R5 and R6, and
the negative signal internal wire and internal ground wire to ground of the PCB.
The auxiliary cables has grounded shielding and is carbon coated.

(a)

(b)

Figure 22: (a) NeXus-10 Biofeedback data acquisition module; (b) Auxiliary
input port

3.2 Software
The software and GUI used during data acquisition is BioTrace+ NX10 (MindMedia,
The Netherlands). The software is used to build a custom screen that displays the
outputs of the four sensor channels and the sync signal over time. The outputs can
be displayed in real time and replayed after the recording. The sampling rate can
be set ranging from 32 to 256 Hz. The GUI has a built-in task bar to control the
recording of the NeXus-10 DAQ. It is used to start, stop or pause recordings, as
well as to replay the recordings afterwards. The recorded data sessions is exported
as ACSII *.txt files, which can be used for further processing.
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4 Sensor refinements
4.1 Optic fibre cutting and polishing method
The fibre optic sensor was designed to be sensitive in order to measure tendon
loads. It was theorized that the cutting methods would influence the quality of the
fibre ends, which could induce variations in light losses and light signal quality,
therefore influencing the repeatability and sensitivity of the sensor. This
investigation looked into methods to cut and polish fibre ends in order to get the
ends as flat and perpendicular as possible, as it is assumed that the flatness and
perpendicularity of the fibre ends will decrease light signal losses and variation at
the connections. The cutting and polishing methods had to be inexpensive and
easy to implement in close vicinity to an instrumented participant.
4.1.1 Cutting solutions
A method using a thin blade attached to the head of a soldering iron (Appendix
11C.1) to cut optic fibres has been previously implemented by the Biomedical
Engineering Research Group of Stellenbosch University (Groeneveld, 2017). It was
previously assumed that the hot blade would be the best method of cutting the
fibre, as the heat would make it easy to slice through the fibre and minimize the
roughness of the fibre end. However, no investigation has been conducted to
substantiate the assumption. A couple of problems that occurred during the use
of the solder blade was noticed. (1) Cutting the fibre with the solder blade made
it difficult to control the angle at which the cut was made. (2) Constraining the
fibre was difficult while using the hot solder blade, therefore movement of the
fibre led to uneven cuts. Three solutions were proposed to overcome the
aforementioned problems:
1. The fibre was placed over the edge of a plain metallic block to help cut the
fibre at 90°. The corner nut of the hot solder blade was first placed on the
edge of metallic block and then rotated around the nut until the fibre was
cut, as depicted in Figure 23. The metallic block edge was used to guide the
solder blade to cut at 90°.
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Figure 23: Cutting optic fibre with hot blade over metallic block 90° edge
2. A custom cutting jig was designed to constrain the fibre as well as to keep
the blade perpendicular to the fibre (11C.2). The cutting jig has a hole
through its length for the fibre to be inserted. The cutting jig also has a slot
perpendicular to the fibre hole and has the same thickness as the solder
blade head. The cutting method is depicted in Figure 24. The cutting
method was initiated by inserting the fibre through the hole. A connector
was then attached to the one side of the fibre. Thereafter a tensional force
was applied by pulling the fibre on the side without the connector, with
the connector restricting the fibre from sliding out the cutting jig. Finally
the hot solder blade was inserted into the slot, cutting the fibre.

Figure 24: Custom optic fibre cutting jig
3. The fibre was cut using the custom cutting jig, similarly to the second
solution, but with the cold solder blade.
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4.1.2 Polishing solutions
Polishing a fibre end could increase the flatness and squareness of the fibre end
as the polishing would remove the excess peaks and roughness of the fibre ends
caused by cutting. Polishing the fibre ends with polishing paper is a common
practice in the field of fibre optics (Severin, 1989; Takahashi et al., 1989). A
polishing block needed to be designed to be used in confined spaces, since the
fibre ends would have to be polished after it had been inserted in the tendons of
a participant.
A custom polishing block was designed and can be seen in Figure 25 (see 11C.3 for
engineering drawings). The polishing block houses the clamp and squeezer (5 and
6) of the connector system containing the cut fibre. The back casing flange (1) of
the polishing block has a hole large enough for the clamp and squeezer of the
connector system to fit through so that the entire polishing block can be removed
from the fibre when the fibre is inserted in a participant’s tendon. The clamp and
squeezer of the connector system is located inside the polishing block housing
platform (3) by two half-cylindrical spacers (2). The two half cylindrical spacers are
constrained by the polishing block’s back casing, as the half cylinders has a larger
radius than the hole in the back casing. The fibre end is minimally extruded from
the squeezer, with the face of the squeezer end situated flush with the polishing
block platform. The polishing block platform can be brushed against the polishing
paper which is mounted to a flat surface. The minimally extruded fibre was
polished, leaving the fibre end flush to the squeezer face.

Figure 25: Polishing block illustration
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4.1.3 Investigation
The purpose of this investigation was to determine the best method to cut and
polish an optic fibre. The aim was to determine which method obtains the best
results for two geometric properties: (1) the flatness of fibre's end surface and (2)
the squareness of the fibre's end surface to the axis of the fibre. In order to achieve
this, the investigation had the following objectives:


to cut and polish optic fibres using various methods



to quantify the flatness and squareness using a microscope



to determine the cutting and polishing method with the best geometric
accuracy and repeatability.

The optic fibres were cut by making use of four different methods: (1) pliers, (2) a
cold blade with custom designed cutting jig, (3) a hot blade with custom designed
cutting jig, and (4) a hot blade cut over edge of plain metallic block. The pliers
method was used as an inexpensive control cutting method and consisted of
cutting the fibre to a perceived 90°. The solder blade used in the other three
cutting methods consisted of a stainless steel razor blade that was placed on the
end of a solder iron with brackets, bolts and nuts. Each method was used to cut
five fibres (n=5).
An experiment was conducted to determine the best polishing paper (3M
WetOrDry 30, 15, 9 µm) grit size. The optic fibre's were cut with the pliers, as this
method was quick and easy. The independent variable of the study was the grit
size of the polishing paper, therefore any method of cutting the fibre would
suffice, as long as the cutting method was controlled. The fibre ends were then
polished, according the proposed solution, using the designed polishing block with
five different grit size methods: (1) no polishing applied (2) 30 µm, (3) 15 µm, (4)
9 µm and (5) coarse-to-fine grit size, which means starting with the 30 µm,
followed by the 15 µm and ending with the 9 µm grit size polishing paper. The 'no
polishing applied' method was used as the control method. Each grit size method
was used to polish five fibres (n=5).
The fibre ends were observed with a microscope (SZ7 Stereo Microscope, Olympus
Corporation, Japan) and was used to zoom 5.6x the original size. The microscope
was connected to a laboratory computer with Image Processing Software (Stream
Essentials, Olympus Corporation, Japan), which displayed the real time
microscope image on the computer monitor. The fibre was placed on the stage of
the microscope with masking tape so that the fibre end was visible underneath
the lens. The image processing software had a screen-shot tool and was used to
photograph the fibre. The software also had tools to measure distance and angle,
which were used to quantify the flatness and squareness of the fibre ends
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respectively. The flatness was quantified by measuring the effected length in
micro-meter of the fibre as depicted in Figure 26 (a). The squareness was
quantified by measuring the angle in degrees of the cut end to the side edge line
of the fibre, as depicted in Figure 26 (b). The fibre was orientated to where the
squareness error angle was perceived to be the least: the fibre was rotated to
where the maximum peak of the fibre end was as far as possible to the one edge
of the fibre, therefore minimizing the distance between the maximum peak and
fibre edge. Thereafter the angle from the opposite edge of the fibre was
measured. Thereafter the image of the fibre end was saved as a *.jpeg file for
reference.

Figure 26: Illustration of flatness and squareness error of optic fibre end
4.1.4 Results
Table 1 shows the different results of the cutting methods. It is seen from Table 1
that the Hot Blade Design has the lowest flatness, a squareness average closest to
90° and the smallest standard deviations (SD) for both measures. Figure 27 shows
examples of the fibre ends from the different cutting methods.
Table 1: Cutting method results for flatness and squareness
Cutting Method
{n=5 for each method}
Pliers
Cold blade with cutting jig
Hot blade with cutting jig
Hot blade 90° edge

Flatness error: Amplitude
Range (µm, [SD])
176.0 [35.9]
169.7 [55.3]
105.0 [4.9]
331.3 [305.2]
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Squareness error: Angle
(°, [SD])
11.9 [13.9]
31.3 [23.6]
11.3 [11.6]
16.9 [6.5]
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Figure 27: Microscope photograph examples for cutting methods results
Looking at the cutting test results exclusively, it is seen that the hot blade with
cutting jig design performs better that the other methods in all the measures of
the investigation, therefore indicating that it is the best method to cut the optic
fibre accurately and consistently. The pliers have angled cutters which cause the
fibre to have a rough end. The hot blade method, where the fibre is placed over
the edge of a metallic block, does not keep the fibre from moving sideways as the
fibre is being cut. This movement influences the accuracy of the cut. The cold blade
cut does not slice through the fibre easily. A hard and irregular force is thus applied
to cut the fibre, causing the cut to be inaccurate. One can therefore conclude that
the hot blade method with the custom cutting jig has the best result as the hot
blade easily slices through the fibre, while the cutting jig keeps the fibre from
moving side to side and contributes to an accurate cut. However, with the hot
blade cuts, it is has been observed that some warping occurs at the fibre end due
to excessive heat from the solder blade. This warping can be seen in Figure 27 (c).
Introducing a polishing method of the fibre ends could be used to minimize the
effect of the warping and increase the accuracy of the cuts.
Table 2 shows the different results of the polish grit size methods. It is seen that
the coarse-to-fine grit size method has the lowest flatness and a squareness
average closest to 90°. The coarse-to-fine grit size method also has the smallest
standard deviations for both measures. Figure 28 shows the result of a fibre cut
with a plier before and after polishing with coarse-to-fine grit size method.
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Table 2: Polishing method results for flatness and squareness
Polishing Paper Grit Size
(µm)
{n=5 for each}
None
30
15
9
30-15-9

Flatness error:
Amplitude Range
(µm, [SD])
181.9 [64.1]
73.3 [30.2]
105.2 [26.9]
78.7 [15.1]
71.7 [13.2]

Squareness error: Angle
(°, [SD])
17.4 [11.8]
2.2 [2.5]
1.6 [1.4]
0.8 [0.9]
0.5 [0.2]

Figure 28: Plier cut fibre pre and post polish
The coarse-to-fine grit size method is the best method to polish the fibre end, as
it achieves the most accurate and consistent results in the investigation. The
success of the coarse-to-fine grit size method could be attributed to the fact that
most of the excess substance of extruded fibre gets polished off starting with the
coarse grit size 30 µm, but still a rough fibre end surface from the large grit size.
Furthermore, the finer grit sizes polish off less substance, but smoothens the fibre
end to a more exact geometry. Therefore, the combination of coarse-to-fine
method provides a good result regardless of the bad cut from the pliers. From
Figure 28 (b) it is seen that there is some metallic residue from the polishing block
in the fibre end. This residue was easily removed by wiping it with alcohol swabs.
4.1.5 Discussion
Comparing the results of the polishing results to that of the cutting methods, one
can deduce that the polishing method, when compared to the cutting method, has
a better effect on the quality of the fibre end. It is therefore assumed that any
method can be used to cut the fibre, as long as the fibre is then polished according
to the coarse-to-fine polishing method. This is beneficial for the fibre optic sensor
instrumentation of a participant during the treadmill running study as it is easier,
faster and safer to use the pliers compared to the hot blade. The protocol of the
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treadmill running study is extensive, therefore being able to save any time without
affecting the results, is beneficial.
The coarse-to-fine grit size polishing method will be used in the treadmill study as
it is the best method to obtain accurate and repeatable geometries for the fibre
ends. This method reduces the roughness of the plier cutting method. It is clear
that a hot blade could possibly burn a user or participant if used in close vicinity to
the participant who has a fibre inserted in either their Achilles or patella tendon.
Therefore, the pliers are preferred to cut the fibre, as long as the polishing method
is applied after the fibre cut.

4.2 Connector clamp damping methods
The fibre optic sensor is sensitive to the variation in micro-bends, as the sensor
principle is based on light attenuation that occurs due to micro-bends in the fibre
caused by the force exerted by the tendons. The connector of the sensors works
by clamping the fibre in order to locate the fibre end to the LED and light sensor.
The clamping force induces a micro-bend in the fibre and causes light attenuation
to occur. It is difficult to predict the size of the micro-bends induced by the
connectors, as the connectors are tightened by hand and as each connector has
slight geometric differences caused by tolerance errors. Tightening the connectors
by hand causes a variance of clamping force applied on the fibre, in turn leading
to a variance in micro-bends also caused by the clamping. This is assumed to affect
the sensitivity and repeatability of the sensor.
4.2.1 Investigation
The optic fibre connectors used in the industry are designed for stationary use.
However, for the purpose of this study they were placed on the moving
participant. The connectors needed to be robust and have a large clamping force
in order for the fibre not to disconnect from the sensor circuit. Therefore, a
method had to be determined to dampen the effect of the micro-bend while
keeping the clamping force and friction of the connector on the fibre. The fibres
had to be easily interchangeable between connectors, as connectors were reused.
This means that fibre could not be glued to the connectors. Two solutions were
proposed to reduce the clamping micro-bend variation:
(1) Add silicone in the nose of the connector's clamp.
(2) Add wire insulation around the fibre section within the nose of the connector's
clamp.
The purpose of this investigation was to determine the most repeatable method
to clamp the optic fibre in the designed connectors. The aim was to find the
clamping method with the lowest standard deviation of the fibre optic sensors
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output when a fibre is substituted. The following objectives of the investigation
was to:


Clamp optic fibres in the connectors with various dampers.



Quantify the standard deviation in terms of millivolts (mV).

The outcome of this study is the most repeatable method to clamp the optic fibre
in the connectors such that it influences the variance of the sensor output the
least.
The optic fibre was clamped in the connectors with variations: (1) original
connector, (2) silicon (Mold Star 20T, AMT Composites) padding around the fibre,
and (3) wire insulation (Samsung earphones wire insulation) around the fibre.
During the second and third variations, the connectors’ clamp groove in the nose
was widened from 0.3 mm to 0.5 mm so that the padding could be inserted in the
nose around the fibre (Figure 29).

Figure 29: Illustration of connectors clamp groove
The original connectors was the control when establishing whether it was the
silicon or the wire insulation that increased repeatability. After the fibre was
inserted into the respective connector configurations, the fibre end was cut with
the pliers and polished using the coarse-to-fine grit polishing method. The
connectors were then attached to the fibre optic sensor circuit. The output
channel of the sensor, the specific light sensor of the receiver, the LED light
transmitter and the variable resistor output of the transmitter circuit was
controlled. Controlling the resistor output controls the light intensity output of the
transmitter, which means that the variable resistors were kept constant across all
tests for this investigation and each test had the same light intensity. Each
clamping configuration was sampled 6 times (n=6). The fibre optic sensor circuit
output was connected to the NeXus-10 data acquisition module. The sensor
output were recorded in millivolts for 10 seconds and an average value for the 10
seconds was obtained.
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4.2.2 Results
Table 3 displays the results of the different clamping configurations. One can see
that the wire insulation has the lowest standard deviation of 34.3 mV. It is shown
that the average output for the silicon is the lowest, the original connectors’ is the
highest and the wire insulation’s is in the middle. It was also found that the silicon
has low friction, which meant that the clamp had to be tightened in order for the
fibres not to slip out.
Table 3: Connectors clamping configuration results
Clamping Configuration
Original (n=6)
Silicon (n=6)
Wire Insulation (n=6)

Average Sensor
Output (mV)
1538
875
1086

Standard
Deviation (mV)
134.8
62.4
34.3

4.2.3 Discussion
The wire insulation clamping configuration is the best method since it has the
lowest standard deviation from the mean and is therefore more repeatable. All
connector clamp slots was cut to 0.5 mm in order to incorporate the wire
insulation.
The results of the investigation looks directly at the output in millivolts of the
sensor. Therefore, the direct influence of the clamping configuration on the sensor
output can be analysed. However, there might still be slight influences and
attenuation of the light intensity in the fibre due to some uncontrollable variables.
The exact clamping force and force variation of the clamp in the fibre could not be
determined, therefore the direct output of the sensor was used.
The reason silicon and wire insulation has less standard deviation could be the
damped effect of the edges where the micro-bend occurs. The silicon and wire
probably induces a smaller micro-bend by deforming at the edges of the contact
area between the fibre and clamp nose, compared to the abrupt and hard edge of
the original clamp. The average output for the silicon could be lower because of
the low friction it applied on the fibre and therefore it needed to be tightened
more. The increased tightening induced a higher force on the fibre resulting in a
loss of light intensity. It was found that the wire insulation configuration kept the
fibre from slipping out of the clamp and dampening the induced micro-bend of the
clamp on the fibre.
The wire insulation clamping configuration will thus be used in the treadmill study
as it is the best method to obtain repeatable sensor outputs.
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5 Sensor characterization
5.1 Compression and tensile loading
Surrogate materials and animal tendons were used to help test and characterize
the sensor. Testing on surrogate materials makes it easier to conduct more
repeatable tests. In vitro and in vivo tendon loading are prone to repeatability
errors as it is difficult to control various variables. However, the in vitro tests could
be used to analyse the difference between static and dynamic load response for
calibration purposes. Bouncing balls were used as the surrogate material to
conduct compression tests on the fibre. The use of two metallic plates to conduct
compression tests was previously found to be problematic (Müller, 2007), as it was
difficult to control the input load for the universal testing machine over the small
0.5 mm diameter of the fibre. The bouncing ball is softer than the metallic plate,
therefore it would not break the fibre at the edges of the specimen. The in vitro
tendon tests were conducted with tensile tests on Antidorcas Marsupialis
(Springbok) Achilles tendons obtained from the Meat Science Research Team at
the Department of Animal Science of Stellenbosch University. The procedure of
storing and conducting tensile tests on tendons described by Woo et al. (1986)
was followed.
5.1.1 Hardware
A universal testing machine (MTS Criterion, Model 44) was used to conduct the
investigation of the sensor characteristics. The upper platform was connected to
a 30 kN force transducer (MTS Criterion, LPS 304) and stationary cross head. The
lower platform was connected to the electromechanical translating crosshead.
The universal testing machine had a built-in closed loop digital controller and was
connected to a laboratory PC. The laboratory PC had software (TestWorks 4, MTS)
that was used to set the control parameters of the universal testing machine, and
save and display the force transducer data. The setup universal testing machine
can be seen in 11Appendix D.
The setup for the surrogate material compression tests can be seen in Figure 30.
The test specimen was two bouncing balls (Dark Swirl BNC-54-45, Pro Vending CC,
South Africa) cut into 22 mm thick segments so that it could be stacked on one
another. The bouncing ball specimens were placed between two platforms of a
universal testing machine. The optic fibre was placed in-between the two
bouncing ball specimens and connected to the fibre optic sensor circuit. The fibre
optic sensor hardware and software setup was used, as explained in Section 3.
Compression was applied across the bouncing balls, resulting in compression on
the optic fibre.
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Figure 30: Compression test with bouncing ball specimens
Tendon specimens were frozen for storage and thawed overnight at 4 °C in a
refrigerator before testing (Woo et al., 1986). The tendon needed to be warmed
up to around 37 °C prior to testing. This was done by placing the tendon in a small
plot with 0.9% saline. The small pot was placed into boiled water and the 0.9%
saline’s temperature was monitored with a digital thermometer. Once the 0.9%
saline reached a temperature of 39 °C the small pot was removed from the boiling
and continued to be monitored with the digital thermometer. When the 0.9%
saline reached 35 °C the small pot was replaced into the boiled water. This was
repeated for five cycles. This process can be seen in Figure 31.

Figure 31: Tendon heating procedure before tensile test
The tendon was clamped into place with toothed rubber stripes to stop the tendon
from slipping during a tensile test. The tightening of the clamps induce a pre-load
on the tendon, therefore the crosshead of the universal testing machine was
moved with the hand controller to reduce the tensile force to zero. A 20 gauge
spinal needle was used to insert the optic fibre through the tendon and connecter
to the sensor circuit. Tendons are viscoelastic materials with creep occurring
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during initial loading. The tendons had to be preconditioned to minimise the effect
of creep and increase the yield strength (Schatzmann et al., 1998). The
precondition was done by applying cyclic load of 2% strain at 0.5 Hz for five
minutes in order for the tendon creep to reach a steady-state force (Schatzmann
et al., 1998). The tendon dimensions was then measured after the precondition
loads were applied and directly proceeded to conduct the tensile tests.
5.1.2 Procedure
The fibre optic sensor’s characteristics were investigated through compression
tests with ramp, sinusoidal and step inputs. A pre-investigation test found that the
maximum input force of 650 N could be applied to the bouncing balls before small
cracks started appearing. Prior to starting a test, a small pre-load of 15 N was
applied to the specimen to prevent specimen and fibre shifting during the test.
The sensor was allowed to reach a steady state output before continuing with
another test.
The ramp input tests consisted of a linear load input between 15 N to 600 N which
was applied onto the specimen at a loading rate of 22 N/s. The sinusoidal input
tests consisted of a fluctuating input force between 100 N to 600 N at a frequency
of 1.1 Hz. This frequency was used as it was the maximum which MTS control
system could do repeatedly without errors and overshoot. The step input tests
were conducted with an input load at the fastest possible loading rate of the MTS
in order to determine the time response of the sensor, therefore inducing an input
which resembles that of a step input. Each test was conducted five times on each
channel with each test replacing the optic fibre used (n=5).
Five increments of strain ramp inputs were applied on the tendon with 3% strain
at 3%/s strain rate per increment. The stationary strain between the ramp inputs
were kept for ten seconds. The static force input was determined after the ten
seconds of constant strain before the next increment of strain was applied. After
the incremental strain input test, a single ramp input at a strain rate of 5 %/s was
applied to the same tendon for the same full-scale input range of the incremental
strain input test. The incremental strain input tests were taken to determine the
sensor output for static force input and the single ramp input was used to
determine the sensor output for a dynamic force input.
5.1.3 Data processing
The sensor characteristics were analysed according to Figliola et al. (2015). The
objective of the bouncing ball tests was to determine the characteristics and errors
of the sensor. The sensor output for a force input was examined by determining:
correlation coefficient, linearity error, sensitivity, sensitivity error, repeatability
error, hysteresis error and sensor lag. All data processing was completed in
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MATLAB (Version R2018a, MathWorks) after importing the *.txt files for the
sensors and force transducers.
The force transducer and the fibre optic sensor were synchronized by a trigger.
The sensor output signal was down sampled linearly by interpolation over time
using a built-in MATLAB function called ‘interp1’. The down sampled signal data
points were interpolated to match the frequency and locations in time of the force
transducer data points. The noise-to-signal ratio of the sensor output was found
to be negligible during the characterization tests in the laboratory.
The full-scale output (𝑟𝑜 ) was determined by the maximum range of the sensor
output for the given test input (Figliola et al., 2015):
𝑟𝑜 = 𝑉𝑚𝑎𝑥 − 𝑉𝑚𝑖𝑛

(3)

where 𝑉𝑚𝑎𝑥 is the maximum sensor output and 𝑉𝑚𝑖𝑛 is the minimum sensor
output. The correlation coefficient (r) and the sensitivity of the sensor output was
determined using MATALAB’s built in function ‘regression’, which fits a linear
polynomial to the output data. The sensitivity was taken from the gradient of the
linear fit. The linearity error (%𝑢𝐿 ) was determined in terms of the full-scale
output using (Figliola et al., 2015):
|𝑉(𝐹)−𝑉𝐿 (𝐹)|𝑚𝑎𝑥

%𝑢L =

𝑟𝑜

× 100

(4)

where 𝑉𝐿 (𝐹) is the linear fit to the sensor output data 𝑉(𝐹). Further using 𝑉𝐿 and
𝑉, the standard error of fit from the linear fit was determined using (Figliola et al.,
2015):
2
∑𝑛
𝑖=1(𝑉𝑖 −𝑉𝐿𝑖 )

𝑠𝑦𝑥 = √

(5)

𝑛−2

where 𝑛 is the number of data points in the sample. The sensitivity error is the
error of the calibration curve slope. The sensitivity error, 𝑠𝑎1 , was determined
using the standard error (𝑠𝑦𝑥 ) and force as the independent variable (𝐹) (Figliola
et al., 2015):
𝑠𝑎1 = 𝑠𝑦𝑥 √∑𝑛

1

(6)

̅ 2
𝑖=1(𝐹𝑖 −𝐹 )

The hysteresis error, %𝑢𝐻 , was determined using (Figliola et al., 2015):
%𝑢𝐻 =

|𝑉𝑢𝑝𝑠𝑐𝑎𝑙𝑒 −𝑉𝑑𝑜𝑤𝑛𝑠𝑐𝑎𝑙𝑒 |
𝑟𝑜

× 100

(7)
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where 𝑉𝑢𝑝𝑠𝑐𝑎𝑙𝑒 is the sensor output for the loading phase and 𝑉𝑑𝑜𝑤𝑛𝑠𝑐𝑎𝑙𝑒 is the
sensor output for the unloading phase. The repeatability error was determined as
a percentage of the full-scale output (𝑟𝑜 ) using (Figliola et al., 2015):
%𝑢𝑅 =

2𝑠𝑥
𝑟𝑜

× 100

(8)

where 𝑠𝑥 is the standard deviation of the sensor output. The sensor lag was
calculated by the difference between the rise times of the sensor output
(𝑡𝑟𝑖𝑠𝑒_𝑠𝑒𝑛𝑠𝑜𝑟 ) to the force input (𝑡𝑟𝑖𝑠𝑒_𝑠𝑒𝑛𝑠𝑜𝑟 ):
𝑡𝑙𝑎𝑔 = 𝑡𝑟𝑖𝑠𝑒_𝑠𝑒𝑛𝑠𝑜𝑟 − 𝑡𝑟𝑖𝑠𝑒_𝑓𝑜𝑟𝑐𝑒

(9)

where the rise time is defined as the time required to respond to 95% of the sensor
steady-state output after the step input.
5.1.4 Results
All sensor outputs between channels were determined to be similar. Therefore,
for simplification of result illustrations only one example result was shown. All
results for other channels were given in the tables where necessary. The linearity
error, repeatability error and hysteresis error were given in percentage of fullscale output (FSO).
The results from the ramp force input can be seen in Table 4. It is seen that the
output of the sensor was linear with a correlation coefficient of -0.99 and linearity
error under 0.43% for all channels. Figure 32 shows an example of the linear fit to
the sensor output. The inter-fibre repeatability error was the repeatability error
that occurred between the use of different optic fibres (n=5). The inter-fibre
repeatability was poor as the average error was 36.2% FSO [5.6 SD].
Table 4: Sensor output characteristics for ramp force input
Channel

Sensor Characteristic
(n=5)

1

2

3

4

Average
[SD]

Linear correlation coefficient (r)
Linearity error [%]
Inter-fibre repeatability error [%]

-0.99
0.42
26.6

-0.98
0.38
40.1

-0.99
0.25
40.3

-0.99
0.31
37.7

-0.99 [0.0]
0.34 [0.07]
36.2 [5.6]
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Figure 32: Example of linear fit to sensor output from ramp test
The results from the sinusoidal force input can be seen in Table 5. All results were
determined for 10 steady state cycles of the force input. Inter-fibre error is defined
as the error between five different optic fibre samples and intra-fibre error is
defined as the error between each cycle of the ten cycles for a single optic fibre.
Again, it is seen that the sensor output was linear with correlation coefficients
between -0.98 and -0.99, and average linearity error of 0.36% [0.13 SD] for all
channels. Figure 33 (a) shows an example of the linear fit to the sensor output for
ten input cycles. The fibre optic sensor has a sensitivity of -9.32 [0.63 SD] N/mV.
The inter-fibre sensitivity error was 5.58 N/mV [1.82 SD], which is a large error of
59.9% when comparing it to the sensitivity. The intra-fibre sensitivity error was
0.13 N/mV [0.06 SD], which is a small error of 1.4% when compared to the
sensitivity.
Table 5: Sensor output characteristics for sinusoidal force input
Sensor Characteristic
Linearity correlation
coefficient (n=5)
Linearity error [%] (n=5)
Sensitivity [N/mV] (n=5)
Inter-fibre sensitivity error
[N/mV] (n=5)
Intra-fibre sensitivity error
[N/mV] (n=10)
Hysteresis error [%](n=10)
Inter-fibre repeatability
error [%] (n=5)
Intra-fibre repeatability
error [%] (n=10)

Channel

Average [SD]

1

2

3

4

-0.99

-0.98

-0.98

-0.99

-0.99 [0.01]

0.28
-9.35

0.59
-9.01

0.30
-8.62

0.26
-10.31

0.36 [0.13]
-9.32 [0.63]

6.03

7.18

2.50

6.61

5.58 [1.82]

0.22

0.13

0.10

0.06

0.13 [0.06]

4.6

5.8

4.4

5.1

5.0 [0.5]

32.6

53.8

52.2

36.3

43.7 [9.4]

3.13

5.78

3.47

4.42

4.2 [1.0]
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The hysteresis error was found to be 5.0% FSO [0.5 SD]. Ermider et al. (2002) had
a hysteresis error of 5% FSO and Müller (2007) had a hysteresis error of 20% FSO.
Figure 33 (b) illustrates the hysteresis error for ten cycles of a sinusoidal input. The
inter-fibre repeatability was poor as the average error was 43.7% FSO [9.4 SD],
however the intra-fibre repeatability was 4.2% FSO [1.0 SD]. The illustration of
sensor repeatability for both inter- and intra-fibre can be seen in Figure 34.

(a)

(b)

Figure 33: Example of (a) linear fit and (b) hysteresis error plot for sensor
output from sinusoidal test

(a)

(b)

Figure 34: Example of sensor repeatability error for (a) inter-fibre and (b) intrafibre analysis
The results of the ramp and sinusoidal input indicate that the sensor output has a
strong inversely proportional linear relationship with force input applied. This
means the change in sensor output could be used as a direct indication of the
change in the in vivo tendon force that is applied.
It was seen that the inter-fibre sensitivity errors and repeatability errors are large
whereas the intra-fibre sensitivity errors and repeatability errors are small. This
means the sensor output varies substantially when changing the optic fibre, but
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for a single specific optic fibre setup the output is repeatable. It could be assumed
that any fluctuations in the supply voltage and resistors of the transceiver circuit
would be present in both the inter- and intra-fibre cases. Therefore, the small
intra-fibre error could be evidence that the circuit itself does not excessively
influence the results. The high inter-fibre repeatability error could be due to
variations in the clamping force of the connectors when the optic fibre is
exchanged, even though the connecter damping tests (Section 4.2) try to minimise
this effect. Therefore, the sensor cannot be calibrated for a general output with in
vitro tendon tests, as the optic fibres used in the calibration would be different to
those used in the in vivo study. A subject specific calibration had to be done for
each participant. The good intra-fibre repeatability indicates that sensor output
would be a good method to indicate variances in tendon loads for intra-participant
tests.
Figure 35 shows the example of the sensor output for a step force input. It is seen
that the force input is not an exact step input, as the step was applied as the
maximum strain rate of the universal testing machine. As the force is applied the
sensor output voltage decreases. It is seen that the change points of the sensor
closely relates with the change points of the force. The sensor lag to reach steady
state after the input was found to be 25.2 ms.

Figure 35: Example of sensor output for step force input
The in vitro tendon test looks at the effect that static and dynamic input loads have
on the sensor output. Multiple strain increments of ramp inputs were applied to
the tendon over time as shown by Figure 36 (a). This generated the resultant force
to be applied to the tendon seen in Figure 36 (b). A strain input was used as it was
easy for the universal testing machine to control strain for static locations. Due to
force relaxation in tendons, it was difficult to control a constant force for static
location. The force static locations were determined at the end of each static strain
input.
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(a)

(b)

Figure 36: Example of static locations from (a) strain input on tendon and (b)
resultant tendon force
The corresponding sensor output for the static locations were determined and can
be seen in Figure 37. A linear fit was applied between each of the static location
points and defined as the ‘static calibration’. The sensor output for the dynamic
input can be seen in Figure 37. It is seen that the static calibration resembles the
dynamic signal well.

Figure 37: Static calibration versus dynamic response
This test was conducted four times on different tendons. The coefficient of
determination and root mean squared error (RMSE) was used to determine how
well the calibration data represents the dynamic signal for all four tests. The
results can be seen in Table 6. It is seen that the average coefficient of
determination was 0.95 [0.04 SD] and RMSE was 1.77 mV [0.43 SD]. The RMSE
correlates to an error of 6.86% FSO of the in vitro force input.
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Table 6: Coefficient of determination and RMSE for sensor output between
static and dynamic loading
Tendon
1
2
3
4
Average [SD]

R2
0.923
0.981
0.917
0.982
0.951 [0.036]

RMSE (mV)
1.88
1.91
1.14
2.14
1.77 [0.43]

The in vitro tendon test looks at the effect that static and dynamic input loads have
on the sensor output. It is seen that the sensor output for static loads closely
resembles the sensor output for dynamic loads. This indicates that the effect of
strain rate does not have a major influence on the sensor output to measure force.
Therefore, subject specific static calibrations could be conducted to predict the
dynamic force for the in vivo running tests.

5.2 Effect of macro-bending
The working principle of the fibre optic sensor is based on the applied force from
the tendon causing a micro-bend on the optic fibre. However, macro-bends also
induce light intensity losses in an optic fibre. The effect of macro-bends are
investigated because macro-bends may be induced on the optic fibre between the
connector and tendon insertion during the running tests.
Tests were conducted by inducing macro-bends at radii between 10–50 mm and
determining the effect in terms of millivolt relative to a zero bend condition. Figure
38 indicates the loss in sensor output versus the macro-bend radius. It is seen that
a smaller macro-bend radius increases the loss of output from the sensor.
Therefore the effect of macro-bending should be minimised during the running
tests by maintaining a large macro-bend radius. If at worst a bend with a radius of
10 mm occurred during the running tests, it would induce a loss of 14.9 mV.

Figure 38: Effect of macro-bend on sensor output
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5.3 Effect of running
Running induces extreme movement conditions for the fibre optic sensor. These
movements cause inertial forces on the optic fibre, cables, connectors and circuit
which could result in errors. Furthermore, these inertial forces could specifically
induce macro-bends on the fibre between the connector and the tendon insertion.
Therefore, an investigation was done to establish the effect of running on the
sensor output. A trial prior to the participant running study was conducted. The
pre-trial followed the same procedure as the participant running study, described
in Section 6.3. The fibre optic sensor was set up in the same manner as it would
be done in the participant running tests, however the optic fibre was not inserted
into the tendon. The optic fibre was superficially stuck over the area of the tendon
where it would be inserted with kinesiology tape. This insured that the sensor
output was only due to the influence of running. The sensor output had no
fluctuations when neither running occurred nor tendon force was applied.
Therefore, the sensor output from the pre-trial running could be taken as the
effect of running on the sensor. Participant 2 from the running study (Table 9, p.
64) was used in the pre-trial. The cyclic amplitude of sensor output caused by each
running condition was determined and displayed in Table 16 in 11Appendix E. It
was found that the effect of running had a cyclic amplitude of 24.1[4.2 SD] mV on
the sensor output.
The cyclic amplitude of 24.1[4.2 SD] mV for the pre-trial running test was
compared to the full-scale output of the instrumented running test to indicate a
potential error in terms of percentage. The full-scale output was determined by
taking the full-scale output for participant 2 during the running tests with the fibre
inserted into the tendons. This relates to a percentage error of the 5.69% for the
full-scale output of the patella tendon and 3.64% for the full-scale output of the
Achilles tendon. This error includes the error induced by macro-bends.
Furthermore, it is seen from the standard deviation that the bias induced by
running on the sensor output is fairly similar across all conditions. The standard
deviation leads to an error of 0.99% full-scale output of the patella tendon and
0.63% full-scale output of the Achilles tendon for different running conditions.

5.4 Effect of skin movement
The effect of skin movement relative to the tendon on the fibre optic sensor had
to be determined. A skin movement investigation was conducted on participant 2
of the running study (Section 6). The test was conducted at the end of the protocol
after all the running tests were completed and just before the optic fibre was
removed. Only one participant was used to investigate the effect of skin
movement, as the test increased the protocol time and was potentially painful for

44

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

the participants. Therefore, it had to be assumed that the skin movement results
were similar for all other participants.
The skin movement test was conducted by the surgeon placing his thumbs on
either sides of the optic fibre at the skin extrusion and moving the skin maximally
in the longitudinal direction of the tendon. The skin movement at Achilles tendon
was 1 cm and patella tendon was 2 cm. The loss in sensor output was 75.3 mV for
the Achilles tendon and 39.8 mV for the patella tendon. Figure 39 shows the effect
of skin movement on the sensor output assuming that the effect was linear
between the no skin movement and maximal skin movement.

Figure 39: Effect of skin movement on sensor output
The skin movement induced by the surgeon was a lot more than what would be
expected during running. It is assumed that the skin movement relative to the
tendon would be 7.6 mm for the Achilles tendon (Karlsson et al., 1999) and 11 mm
for the patella tendon (Holden et al., 1997). Using these values, the percentage
effect on sensor output was found by taking the error induced from skin
movement over the full-scale output of the sensor output for the respective
tendon of participant 2. Using this assumption, it was found that the skin
movement had an 11.4% effect on the Achilles tendon measurement and 9.4%
effect on the patella tendon measurement. Erdemir et al. (2003) found a rootmean square errors for peak forces to be 24–81%, whereas Finni et al. (2000)
found that the effect to be less than 2% compared to that of the peak forces. The
error found by this investigation was deemed acceptable and it was assumed that
the skin movement would be similar across the different running conditions for a
given participant.
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6 Experiment procedure
6.1 Participants
Five recreational runner participants were used for the study. The inclusion criteria
required that participants had no history of pain or injury related to running. Each
participant gave informed written consent, and the study was approved by the
institutional review board (IRB; N17/08/073). Participants were free to withdraw
from the study at any stage of the experiment.

6.2 Measurement systems
A dual-belt instrumented treadmill (Fully Instrumented Treadmill, Bertec
Corporation, U.S.A.) was used to measure the ground reaction force (GRF) and was
equipped with two force plates which sampled at a rate of 1 kHz, and actuators to
change the running gradient from -9% to +9%. The participants were asked to stay
on one belt as far as possible.
The motion capturing system (Vantage, Vicon, United Kingdom) was an optical
based system that consisted of 10 x V5 infrared cameras that recorded at 200 Hz.
The cameras were arranged around the capture volume so that ideally three
cameras, or at least two, captured each motion marker throughout the running
trial. The motion markers were 10 mm diameter plastic spheres that were covered
with reflective material. A trained physical therapist identified biomechanical
landmarks by means of palpation and placed the markers on the participants
according to a modified full body plug-in gait model. The modified marker
placement included four marker clusters applied to track each thigh and shank
segments during the running trials. These clusters were placed in conjunction to
the standard full body plug-in gait model (Plug-in Gait, Vicon Documentation,
2019), which can be seen in Figure 40 and Figure 41.
Sixteen electromyography (EMG) electrodes (MR3 v#.12.70, Noraxon, U.S.A.)
were placed on the innervation zones of the major leg muscles, i.e.
semitendinosus, biceps femoris, medial gastrocnemius, lateral gastrocnemius,
vastus medialis, rectus femoris, vastus lateralis and tibialis anterior, and muscle
activity was recorded at 1.5 kHz. The skin area under each electrode was shaved
and wiped with alcohol to ensure adequate conductivity. Cardiopulmonary
exertion was recorded (Metamax, Cortex, Germany) to determine the level of
exertion based on oxygen exchange, breathing pattern and heart rate.
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Figure 40: Front view of participant marker placement (Plug-in Gait, Vicon
Documentation, 2019)

Figure 41: Back view of participant marker placement (Plug-in Gait, Vicon
Documentation, 2019)
The setup of the fibre optic sensor can be seen in Figure 42. The sensor circuit box
and data acquisition module was located on the lower back just above the
participant’s hips with a running belt. The shielded wires were taped down along
the participant’s dominant leg from the circuit box to the connectors. The
connectors were placed with kinesiology tape just above the ankle markers and
just below the knee markers.
The instrumented treadmill, motion capturing system, EMG electrodes and fibre
optic sensor were all synchronised with a single module (MyoSync, Noraxon,
U.S.A.). The module had six ‘sync out’ 3.5 mm female jack ports, one of which was
connected to the NeXus-10 DAQ of the fibre optic sensor. The sync signal output
was a square wave voltage, where 1 V meant the laboratory equipment was
recording and 0 V was no recording.
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Figure 42: Fibre optic sensor setup on participant

6.3 Protocol
The investigation was conducted at the Neuromechanics Unit of Central Analytical
Facilities at Stellenbosch University. The participants were asked to avoid
strenuous exercise and alcohol consumption 24 hours prior to participating in the
study. The overall protocol flow diagram can be seen in Figure 43. At the start of
the test day, the participants were given several minutes to run on the treadmill
in order to warm up and get accustomed to the treadmill. The self-selected speed
and stride frequency were also determined with this warmup run. After the
warmup run, the participants were then instrumented by an experienced motion
laboratory technician with the EMG electrodes on all the required muscles and the
motion markers were placed on the participant according to the modified full body
plug-in gait. A static calibration of the motion markers was conducted according
to the standard operating process (Calibrate skeleton, Vicon Documentation,
2019), in order to label the participant’s skeleton for reconstruction of the body
segments on the Vicon software, to determine the joint centres and to determine
the weight of the participant. The pre-insertion self-selected speed running trial
was then conducted.
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Figure 43: Experiment protocol outline
Dr E Dillon (KneeDoc, 2019), an orthopaedic surgeon who has inserted optic fibres
in previous studies (Dillon et al., 2008; Elvin et al., 2009; Morkel et al., 2013),
examined the patellar and Achilles tendon with an ultrasound before inserting the
optic fibre. The participant laid on their back with their knee flexed at 90° for the
insertion into the patella tendon and laid on their stomach with their knee slightly
flexed resting the lower leg on a pillow for the insertion into the Achilles tendon.
The skin surrounding the Achilles and patella tendon was sterilized with alcohol
swabs and was anaesthetized in the fat pad tissue surrounding the tendons. A
sterile 20-gauge spinal needle was then inserted through the tendon with the
guidance of ultrasound. For the patella tendon, the needle was passed from lateral
to medial, in the middle third of the tendon from anterior to posterior and from
proximal to distal. For the Achilles tendon, the needle was passed from lateral to
medial, one in the anterior half and the other the posterior half and approximately
four centimetre from the insertion of the Achilles tendon to the calcaneus. The
sterilized 0.5 mm optic fibre was drawn through the spinal needle located in the
tendon. After the optic fibre was pulled through the needle, the needle was
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removed leaving the fibre in the tendon (Figure 44). The insertion sites of the optic
fibre into the skin was covered with an antiseptic ointment. The LED and light
sensor connectors were then connected to the free ends of the optic fibre and
taped into position.

(a)

(b)

Figure 44: (a) Optic fibre in patella tendon; (b) Optic fibre in Achilles tendon
Participant 1 had dual optic fibres inserted into the Achilles to examine if the
difference posterior and anterior portions of the tendon could be measured.
However this was found to be unsafe and problematic, as the participant
developed tendonitis and there was no coherent signal from the dual fibres.
Participant 5 only had a fibre inserted in the patella tendon. It was decided that
the Achilles tendon fibre would not be inserted for the final participant, due to the
Achilles tendon exerting higher loads on the optic and therefore more probable to
break.
The fibre optic sensor calibration was conducted. This is discussed further in
Section 6.5. After all calibrations were completed, the instrumented running tests
could start. The instrumented running tests consisted of six tests at variable
conditions, as seen in the protocol diagram of Figure 45. The six running test
conditions were: level running at self-selected speed, level running at 10 km/h,
level running at 110% stride frequency, level running at 90% stride frequency, 9%
incline at 10 km/h and 9% decline at 10 km/h. The speed and gradient was
controlled to the self-selected speed and level running for the tests with the
change in stride frequency. The speed was controlled to 10 km/h for the tests with
the change in gradient. The change in stride frequency tests and change in
gradient tests were randomized between participants.
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Figure 45: Running tests protocol diagram
Each running test was selected to be two minutes in length, as this was determined
to be short enough to limit the strain on the participant with the optic fibre
inserted while enabling adequate data points. However, the two-minute tests
were too short to determine reliable cardiopulmonary results, as cardiopulmonary
data only starts to reach a steady-state after three minutes and a minimum of sixminute running tests are required in order to obtain accurate results (Weltman et
al., 1976). Therefore, the cardiopulmonary device was not applied for the fibre
optic instrumented tests. After the fibre optic instrumented running tests were
completed, the surgeon removed the optic fibre from the participant. The
cardiopulmonary mask and heart strap was then instrumented on the participant.
Three six-minute running tests were then conducted at level running at selfselected speed, level running at 110% stride frequency and level running at 90%
stride frequency. The speed and gradient was controlled for these six-minute
tests.
After all tests were conducted, the cardiopulmonary instruments, the EMG and
motion markers were removed from the participant. The wound was cleaned and
bandaged by the surgeon. The participants were given a low dose of pain
medication by the surgeon for when the anaesthetics wore off. Finally, the
participants were advised to refrain from any strenuous leg exercises for two
weeks following their participation date and were free to call the surgeon in case
any problems arose.

6.4 Tendon moment arms
The specific moment arms of the Achilles and patella tendon for each participant
had to be determined in order to calibrate the fibre optic sensor and calculated
the estimated tendon forces from the joint moments. The moment arms were
determined through the use of OpenSim (SimTK, OpenSim, 2019), an open-source
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musculoskeletal modelling software widely used by the biomechanical research
community. C3D files for the Vicon static calibration were used to determine the
moment arms. A MATLAB function ‘c3dExport.m’ that comes with the OpenSim
software was used to create compatible marker data files (*.trc) from C3D files
used in the scaling process. The overall work flow of the process to determine the
moment arms can be seen in 11G.2.
A generic full-body musculoskeletal model (Rajagopal et al., 2016) was scaled to
correspond with the given participant’s body segments. This generic model was
predominantly chosen because it contained the quadricep muscles continuing
over the patella and connecting the patella sesamoid to the tibia, mimicking the
patella tendon. Furthermore, the model also had the relevant calve muscles to
estimate the Achilles moment arms and virtual full-body markers which match
that of the full-body plug-in markers placed on the participant.

Figure 46: OpenSim scaling (SimTK, OpenSim, 2019)
The built-in scaling tool of OpenSim was used to scale the generic model. Figure
46 shows an example of the tibia comparison between the experimental data set
from the participant to the virtual markers on the generic model. In this tool, the
given mass of a participant was entered and was set to preserve the mass
distribution of body segments during the scaling process. The marker data file
(.trc) of the static pose for the given participant was then imported. A scaling
factor (𝑠) was calculated by determining the ratio of the experimental marker
distance (𝑒) for a given participant to the distance between the generic model
markers (𝑚):
𝑠1 =

𝑒1
𝑚1

and 𝑠2 =

𝑒2

(10)

𝑚2
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where the subscript 1 indicate the right side and subscript 2 the left. All the body
segments were scaled using both the left and the right pair of markers, therefore
the average of the two scaling factors were calculated for a given body segment:
𝑠=

𝑠1 +𝑠2

(11)

2

Scale factors were calculated for the following body segments: pelvis, torso,
femur, tibia, toe and heel. The segments were scaled with the given markers in
Table 7. The appropriate joint centres were used in all lower limb scaling pairs as
this has been proven to increase the accuracy of scaling a model (Kainz et al.,
2017). During the OpenSim scaling process new muscle lengths, tendon lengths,
ligament lengths and attachment points are computed with the body segments
(SimTK, OpenSim, 2019). A new full-body model matching the participant was
generated with the scaling process. Since the muscle and tendon lengths have
been scaled, the moment arms of the patella and Achilles tendon to the respective
knee and ankle joint centre could be calculated.
Table 7: Scaling marker pairs in OpenSim scaling tool
Segment
Pelvis
Torso
Femur
Tibia
Toe
Heel

Scaling Markers Pair 1
RASI LASI
C7 RPSI
RKJC RHJC
RAJC RKJC
RAJC RTOE
RAJC RHEE

Scaling Markers Pair 2
RPSI LPSI
C7 LPSI
LKJC LHJC
LAJC LKJC
LAJC LTOE
LAJC LHEE

The Achilles tendon moment arm was determined using the plot tool in OpenSim.
The medial and lateral gastrocnemius muscles’ moment arms were exported as a
*.txt file from the plot tool and imported into MATLAB. The Achilles moment arm
was approximated to the average of the medial and lateral gastrocnemius muscles
moment arm to the ankle joint centre (Dick et al., 2016):
𝑀𝐴𝐴 =

𝑀𝐴𝑚𝑒𝑑 𝑔𝑎𝑠𝑡 +𝑀𝐴𝑙𝑎𝑡 𝑔𝑎𝑠𝑡

(12)

2

where 𝑀𝐴𝐴 is the Achilles tendon moment arm, 𝑀𝐴𝑚𝑒𝑑 𝑔𝑎𝑠𝑡 was the medial
gastrocnemius muscle moment arm and 𝑀𝐴𝑙𝑎𝑡 𝑔𝑎𝑠𝑡 was the lateral gastrocnemius
muscle moment arm.
The patella tendon moment arm could not be determined using the plot tool in
OpenSim, as the plotting tool could only calculate the moment arm of the entire
rectus femoris muscle and not only the patella tendon segment. The patella
tendon was located as the muscle segment of the rectus femoris between the
patella sesamoid and the tibia, where one muscle attachment was on the bottom
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patella sesamoid and the other attachment was on the tibia tuberosity. The
muscle attachment’s 3D location was given relative to frame of the respective
bone segment to which they were attached. The locations of these two muscle
attachment points and the knee joint centre could be viewed from the global
frame by selecting the ‘parent frame’ to be ‘ground’. The 3D location of all three
points in space were given in terms of the global frame (Figure 47 (a)).

(a)

(b)

Figure 47: (a) Global frame to knee; (b) Geometric display of markers
The muscle attachment on the bottom patella sesamoid is defined as marker 1
(M1), muscle attachment on the tibia tuberosity is defined as marker 2 (M2) and
the knee joint centre is defined as marker 3 (M3). These locations were recorded
and imported into MATLAB. The vector distances (𝑑1 , 𝑑2 and 𝑑3 ) seen in Figure 47
(b) between the two marker locations were determine by:
𝑑1 = √(𝑥1 − 𝑥2 )2 + (𝑦1 − 𝑦2 )2 + (𝑧1 − 𝑧2 )2

(13)

𝑑2 = √(𝑥1 − 𝑥3 )2 + (𝑦1 − 𝑦3 )2 + (𝑧1 − 𝑧3 )2

(14)

𝑑3 = √(𝑥2 − 𝑥3 )2 + (𝑦2 − 𝑦3 )2 + (𝑧2 − 𝑧3 )2

(15)

where 𝑥, 𝑦 and 𝑧 is the coordinates of the given marker relative to the global
frame. It can be seen that d1 is the patella tendon length. The patella tendon
moment arm is the perpendicular distance from the patella tendon to the knee
joint centre (𝑀𝐴𝑝 ). Heron’s formula could be used as the three sides of the
triangle’s lengths were known. Heron’s variable (𝑆) is equal to half of the triangle’s
perimeter and was calculated by:
𝑆=

(𝑑1 +𝑑2 +𝑑3 )

(16)

2
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Further, using the Heron’s variable, the area of the triangle (𝐴) could be calculated
using:
𝐴 = √𝑆(𝑆 − 𝑑1 )(𝑆 − 𝑑2 )(𝑆 − 𝑑3 )

(17)

The perpendicular height (ℎ) could then be determined using the base (𝑏) and the
area of the triangle:
1

𝐴 = 𝑏ℎ

(18)

2

where ℎ is the patella tendon moment arm (𝑀𝐴𝑝 ) and 𝑏 is the patella tendon
length (d1), therefore giving:
𝑀𝐴𝑝 =

2𝐴

(19)

𝑑1

The Achilles and patella tendon moment arms were saved in a *.mat file in order
to be used in the calibration and moment derived force. Tendon moment arms
vary with the joint angle, however it was found that using a variable moment arm
had an insignificant effect on the force calculation, as variation in the moment
arms were small. Therefore a constant moment arm was determined for each
participant to simplify calculations.

6.5 Fibre optic sensor calibration
Subject specific calibration of the fibre optic sensor was necessary, according to
Section 5.1.4. A static calibration setup was done similar to that of Finni et al.
(2000), where the applied static loads were used to directly predict the dynamic
loads. A custom calibration rig was designed which consisted of a weight and
pulley system to incorporate an ankle and knee extension ergometer. The static
calibration was broken up in two: the first was to calibrate the Achilles tendon
sensor and the second was to calibrate the patella tendon sensor. The setup of the
rig can be seen in Figure 48 for both calibrations. The participants were seated for
the Achilles tendon calibration and standing on one leg with the instrumented leg
hanging over a horizontal support bar for the patella tendon calibration. The
participants were asked, as far as possible, to keep their sagittal plane ankle angle
constant at 0° in the Achilles tendon calibration and their sagittal plane knee angle
at 90° during the patella tendon calibration as weights were incrementally added
with 3kg increments from 0 kg to 15 kg. At least five seconds were given at each
weight increment in order for the participant to settle into the correct angle
position and the output signal of the fibre optic sensor to reach a steady state.
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(a)

(b)

Figure 48: Calibration rig setup for (a) Achilles and (b) patella tendon

Figure 49: Calibration using forces and moment arms for Achilles and patella
tendon (adapted from Finni et al., 2000)
The fibre optic sensor signal was still in terms of millivolts, therefore the sensor
output in millivolts needed to be correlated with the input force from the tendon.
Figure 49 shows the depiction of the forces and moment arms required for the
sensor calibration conducted according to Section 6.3. The tendon force (𝐹 T ) was
calculated using the moments of the calibration rig (Finni et al., 2000):
𝐹 T × 𝑀𝐴 = 𝐹 ′ × 𝑑′
𝐹T =

(20)

𝐹 ′ ×𝑑 ′

(21)

𝑀𝐴

where 𝑀𝐴 is the tendon moment arms determined in Section 6.4, 𝐹 ′ is the force
applied by the weights and 𝑑 ′ is the moment arm from the applied force to the
joint centre. Anatomical land marks were used as joint centres in order to
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determine 𝑑 ′ from the 𝐹 ′ attachment point to the joint centre. Since the
characterization concluded the sensor has a linear output relative to the force
applied (Section 5.1.4), a straight line was fitted to the data. The sensitivity was
determined using:
𝑚𝑠 =

∆𝐹 T

(22)

∆𝑉

where ∆𝐹 T is the change in force and ∆𝑉 is the change in voltage of the sensor.
The in vivo tendon force (𝐹(𝑡)) was then determined from the sensor output(𝑉(𝑡))
using the linear fit:
𝐹 T (𝑡) = 𝑚𝑠 𝑉(𝑡) + 𝐹 T 0

(23)

where 𝐹0 is the force at the zero voltage intercept, 𝑚 sensitivity of the sensor and
𝑉 is the voltage output.
It was found that the fibre optic sensor force peaks were substantially lower than
the predicted moment derived force peaks using the calibration rig (Table 17 in
11Appendix F). Fukashiro et al. (1993) also found in vivo tendon forces to be lower,
but less of a difference compared to the current calibration used. This is assumed
to be mostly due to calibration error. The weight calibration rig method induced
for a low force applied, as limited weights could be used. A new method of
calibration needed to be determined before comparing the qualitative parameters
of the fibre optic sensor force to the moment derived force. Fukashiro et al. (1993)
found an average correlation coefficient of 0.967 between the in vivo force and
the moment derived force during jumping tests. Therefore, the moment derived
peak force was used to calibrate the fibre optic sensor in terms of zero point and
tare. This was done by calculating the sensitivity (𝑚𝑠 ) using the peak moment
derived tendon force (𝐹 T 𝑚𝑎𝑥 ) of the self-selected stride frequency test over the
range the sensor output:
𝑚𝑠 =

𝐹 T 𝑚𝑎𝑥 −0

(24)

𝑉𝑚𝑖𝑛 −𝑉0

where 𝑉0 is the zero point voltage for a zero force input from the calibration rig
and 𝑉𝑚𝑖𝑛 is the lowest voltage of the sensor output corresponding with the peak
force for the self-selected stride frequency test. 𝑉𝑚𝑖𝑛 is used due to the inverse
proportion of the sensor, meaning the lowest sensor output is due to the highest
force applied. The in vivo tendon force (𝐹(𝑡)) was then determined from the
sensor output (𝑉(𝑡)) and the zero point voltage (𝑉0 ) by:
𝐹(𝑡) = 𝑚𝑠 (𝑉(𝑡) − 𝑉0 )

(25)
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6.6 Laboratory output
The laboratory generated output files from the data recorded during the tests.
These output files consisted of XML files and C3D files. The EMG data and
cardiopulmonary data were stored in XML files. These EMG and cardiopulmonary
data files were stored to be used for later clinical analysis, as the data collection
forms a part of the overall study, but the data analysis does not fall within the
scope of this thesis. The C3D file format is globally used by biomechanical
laboratories and motion capturing systems in order to store, read and analyse all
the information of the participant motion, and furthermore also contain analogue
data from other sensors (c3d.org, 2019). Processing was done by the laboratory in
order to see if the captured data was sufficient, to flag any problems, and to
determine events of foot strike and foot off. The C3D files included the following
data:
•

sphere markers 3D location

•

virtual markers 3D location

•

events: foot strike and toe off of each foot

•

analogue input for ground reaction force

•

force plates information

•

plug in gait model outputs: angles, forces, moments and powers

•

frame rates for motion capture and force plates.

The data was recorded and results were generated for two 20-second segments
for each running trial. Therefore a 20-second segment was taken out of both the
first minute and the second minute of each running trial. Each 20-second recording
segment had a C3D file that was generated containing the results of that segment.
C3D files were also generated for the static calibration of the Vicon system and
the calibrations of the fibre optic sensor.
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7 Data processing
The data processing included processing the data from the C3D files and the fiber
optic sensor *.txt files. The overall work flow diagram for the data processing can
be seen in Appendix 11G.1. The C3D files had to be converted to *.txt files
containing the relevant data for further processing. The running trials C3D files
were imported into Mokka (Mokka, 2019), an open-source biomechanical
software to view and analyse biomechanical data. The relevant joint angles, joint
moments, centre of mass, events, force plate data and test setup information
could be exported as separate *.txt files in the ‘MokkaExport’ folder. Theses text
files were then imported into MATLAB for further data processing.

7.1 Biomechanics processing
The participants’ biomechanics needed to be processed from the *.txt files
generated C3D to MATLAB process. The general biomechanics data that was
processed can be seen in Table 8 (pg. 60). The EMG and cardiopulmonary data
analysis was outside the scope of this thesis; the raw data was sent to the
respective biomechanists and doctors who are part of the study for clinical
analysis. Furthermore, it was not necessary to analyse all the data for each
participant in Table 8 in detail for this thesis, but was sent to the medical
professionals for further clinical analysis. The biomechanical data was however
necessary to determine the effect of the fibre optic on the participant’s
biomechanics during running. An example of the output sent to the medical
professionals can be seen in 11Appendix H.
The biomechanical data processing done in MATLAB and the work flow diagram
can be seen in Figure 66 of 11G.3. Firstly, the names of the tests for each
participant was defined and the necessary *.txt files were imported into MATLAB.
Included in these files is the events timeline, giving the time and order of each
event. An algorithm locates the time of the first right foot strike (RFS) from the
events *.txt file. The RFS is defined as the start and end of a single stride and
thereafter the algorithm determines 10 strides for each recording. The algorithm
then ensures that all necessary events occur and are in order throughout the 10
strides. The average and standard deviation for the biomechanical variables were
determined over the 10 strides.
The stride frequency (𝑆𝐹) was calculated by:
𝑆𝐹 =

1

(26)

𝑡𝐹𝑆 (𝑖)−𝑡𝐹𝑆 (𝑖−1)
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where 𝑡𝐹𝑆 (𝑖)is the time of the current strides right foot strike and 𝑡𝐹𝑆 (𝑖 − 1) is the
time of the previous strides right foot strike. The stride length (𝑆𝐿) was calculated
using the stride frequency by (Bailey et al., 2017):
𝑆𝐿 =

𝑣𝑠

(27)

𝑆𝐹

where 𝑣𝑠 is the running speed. The ground contact time (𝑡𝐺𝐶 ) was calculated by:
𝑡𝐺𝐶 = 𝑡𝑇𝑂 − 𝑡𝐹𝑆

(28)

where 𝑡𝑇𝑂 is the current strides time of toe off and 𝑡𝐹𝑆 is the current strides time
of foot strike.
Table 8: List of general biomechanics
Variable Class
Tendon Force

Spatiotemporal

Kinematic

Kinetic

Variable
Moment derived peak force
Moment derived force time
normalised force 101 points
per stride
Stride length
Stride frequency
Ground contact time
CoM vertical oscillation
Sagittal plane angles for:
 Hip, knee and ankle at
foot strike
 Hip, knee and ankle at
toe off
 Knee and ankle peak
 Hip, knee and ankle
angle time normalized
to 101 points per
stride
Vertical GRF normalised to
individual for:
 Peak
 Vertical impulse
 GRF time normalised
to 101 points per
stance
Knee and ankle sagittal plane
joint moments for:
 Peak during stance
 Knee and ankle
moments time
normalised to 101
points per stride
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N
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m
Hz
s
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The centre of mass has two oscillations during a single gait cycle, as there is a left
foot and right foot strike. Therefore the average centre of mass vertical oscillation
(𝐶𝑜𝑀𝑜𝑠𝑐 ) for a given stride was calculated using the virtual marker generated by
the Vicon calibration and the following formula:
𝐶𝑜𝑀𝑜𝑠𝑐 =

𝑧𝐶𝑜𝑀 𝑚𝑎𝑥_1 +𝑧𝐶𝑜𝑀 𝑚𝑎𝑥_2
2

−

𝑧𝐶𝑜𝑀 𝑚𝑖𝑛_1 +𝑧𝐶𝑜𝑀 𝑚𝑖𝑛_2
2

(29)

where 𝑧𝐶𝑜𝑀 𝑚𝑎𝑥_1 and 𝑧𝐶𝑜𝑀 𝑚𝑎𝑥_2 are the two peak locations in the z-direction of
the centre of mass marker, and 𝑧𝐶𝑜𝑀 𝑚𝑖𝑛_1 and 𝑧𝐶𝑜𝑀 𝑚𝑖𝑛_2 are the two lowest
locations in the z-direction of the centre of mass marker.
The hip, knee and ankle angles and moments determined by the Vicon software
and were a part of the original C3D files. The values foot strike and foot off for
angles and moments were determined by finding the closest data point in time to
when the event occurred. The vertical impulse (𝐽𝐺𝑅𝐹 ) was calculated by taking the
integral of the GRF (𝐹𝐺𝑅 ) over the ground contact time (𝑡𝐺𝐶 ):
𝑡

𝐽𝐺𝑅𝐹 = ∫0 𝐺𝐶 𝐹𝐺𝑅 𝑑𝑡

(30)

The moment derived tendon force (𝐹 T ) was calculated by using the participant’s
moment arms (𝑀𝐴) determined in Section 6.4 and joint moments (𝑀𝑗𝑜𝑖𝑛𝑡 ) from
the Vicon data:
𝐹T =

𝑀𝑗𝑜𝑖𝑛𝑡

(31)

𝑀𝐴

The patella tendon forces were calculated by using the knee joint moment and
patella tendon moment arm, and the Achilles tendon forces were calculated by
using the ankle joint moment and Achilles tendon moment arm. The tendon
impulse (𝐽𝑇 ) over stance phase was calculated by:
𝑡

𝐽𝑇 = ∫0 𝑠𝑡𝑎𝑛𝑐𝑒 𝐹 T 𝑑𝑡

(32)

where 𝑡𝑠𝑡𝑎𝑛𝑐𝑒 is the time of the stance phase and 𝐹 T is the in vivo tendon force.
The biomechanical data was then interpolated to 101 data points per stride, as
requested by the multi-disciplinary team. The interpolation was performed using
a built-in MATLAB function called ‘interp1’. The force plate, motion tracking, EMG
and fibre optic sensor all had different sampling frequencies, therefore the data
had to be normalised to be able to easily compare the data and determine
correlations between trends. The down sample of the data to 101 points made it
possible to display the data as a percentage of the participant’s gait, as one gait
cycle is equal to a single stride. The average and standard deviation were
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determined for all variables over 20 strides— 10 strides from the first minute of
the test and 10 strides from the last minute of the test.

7.2 Fibre optic sensor
The output *.txt files of the fibre optic sensor were imported into MATLAB. The
trigger signal was used to determine the active recording segments from the other
lab equipment. These segments were then extracted to be further processed and
corrected for sensor lag. A pre-investigation test was conducted and found that
the fibre optic sensor lagged the lab infrastructure with 0.042 seconds. The work
flow diagram of the fibre optic sensor data processing can be seen in Figure 67 of
11G.4.
The Vicon camera system incorporates infrared LED’s and emit infrared light
between 50–60 Hz, therefore a low pass filter was applied to mitigate the noise
from the camera system. A second order low pass Butterworth filter was applied
to the signal using the ‘butter’ and ‘filter’ functions in MATLAB. A cut off frequency
(𝑓𝑐 ) of 8 Hz was selected and found to minimize the noise effectively. The ‘butter’
function required the normalised cut off frequency (𝑤𝑛 ) and was calculated using:
𝑤𝑛 =

𝑓𝑐
𝑓𝑠⁄
( 2)

(33)

where 𝑓𝑠 was the sampling frequency of the fibre optic sensor. The ‘butter’
function returns the transfer function coefficients required for the ‘filter’ function.
The new filtered sensor signal is then returned as the output of the ‘filter’ function.
The events files were imported and used to determine the same 10 strides used
for the biomechanical data and break up the fibre optic sensor signal accordingly.
Each stride was down sampled to 101 data points per stride using the same
method as the biomechanical data in Section 7.1. Finally the sensor output was
scaled to force according to the calibration in Section 6.5.

7.3 Statistical methods
The effect of the fibre optic on the participant’s biomechanics during running was
done by comparing the pre and post insertion self-selected speed trails for mean
difference, effect sizes and statistical significance. The mean difference was
calculated by:
𝐷𝑖𝑓𝑓𝑚𝑒𝑎𝑛 = ̅̅̅
𝑥2 − ̅̅̅
𝑥1

(34)

where ̅̅̅
𝑥1 is the mean value for the biomechanical data without the optic fibre
inserted and ̅̅̅
𝑥2 is the mean value for the biomechanical data with the optic fibre
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inserted. The effect sizes where calculated using Cohen’s effect size 𝑑 (Cohen,
1988):
𝑑=

|𝑥
̅̅̅̅−𝑥
2 ̅̅̅̅|
1

(35)

𝑠𝑑

with
(𝑛1 −1)𝑠𝑥 1 2 +(𝑛2 −1)𝑠𝑥 2 2

𝑠𝑑 = √

(36)

𝑛1 +𝑛2

where ̅̅̅
𝑥1 is the mean value for the biomechanical data without the optic fibre
inserted, ̅̅̅
𝑥2 is the mean value for the biomechanical data with the optic fibre
inserted, 𝑛1 and 𝑛2 is the respective number of samples for the for the data before
and after insertion, and 𝑠𝑥 1 and 𝑠𝑥 2 is the respective standard deviation. Using the
same variables, the statistical significance was determined using a two-sample
pooled t-test. The t-value was determined by (Walpole et al., 2016):
𝑡=

̅̅̅̅−𝑥
𝑥
2 ̅̅̅̅
1
1

1

(37)

1

𝑠𝑝 √𝑛 +𝑛

2

with the pooled standard deviation, 𝑠𝑝 (Walpole et al., 2016):
(𝑛1 −1)𝑠𝑥 1 2 +(𝑛2 −1)𝑠𝑥 2 2

𝑠𝑝 = √

(38)

𝑛1 +𝑛2 −2

The p-value is then determined from the two-tailed t-distribution. A p-value
smaller than 0.05 was taken to indicate statistical significance for the given
biomechanical variable before and after the fibre insertion. A one-way repeated
measures analysis of variance (ANOVA) was used to investigate the significance of
stride frequency and gradient on the tendon loads. A p-value smaller than 0.05
was taken to indicate statistical significance for the given running condition. The
normalised force (or impulse), 𝐹𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑠𝑒𝑑 , was calculated by:
𝐹𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑠𝑒𝑑 =

𝐹𝑣𝑎𝑟

(39)

𝐹𝑑𝑎𝑡𝑢𝑚

where 𝐹𝑑𝑎𝑡𝑢𝑚 is the force for the datum and 𝐹𝑣𝑎𝑟 is the force for the changed
running condition.
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8 Results
8.1 Participants
Five male participants volunteered for the study as can be seen in Table 9. The
group averages were 25 ±6 years for age, 85.4 ±10.2 kg for weight and 186 ±8 cm
for height. The moment arms were found to be 42.9 ±0.2 mm for the Achilles
tendon and 53.8 ±2.4 mm for the patella tendon.
Table 9: Participant Data

Participant Gender
1
2
3
4
5

male
male
male
male
male

Age
Weight Height
(years)
(kg)
(cm)
37
23
24
24
19

82.0
73.7
98.8
96.0
76.3

177
177
197
194
184

Achilles
Moment
Arm (mm)
43.1
43.1
42.7
42.6
42.9

Patella
Moment
Arm
(mm)
53.6
57.1
55.5
53.0
50.0

8.2 Fibre optic effect on biomechanics
The results of comparing the biomechanics of the participants before and after the
fibre insertion can be seen in Table 10. The table indicates the difference in means,
Cohen’s effect size and p-value for the magnitude difference of multiple
biomechanical variables of each participant. The means for all variables before and
after the fibre insertion can be seen in Table 16 of Appendix 11I.1Table 20: General
biomechanics of the participants before and after fibre insertion. The effect size is
small for d≤0.2, medium for 0.2<d≤0.8 and large for d>0.8 (Cohen, 1988). The
results in Table 10 that are in bold indicate a large effect size (d>0.8). It is seen that
most effect sizes are medium and large, with very few of the effect sizes being
small. It was expected that the inserted optic fibre would influence the runners’
biomechanics to some extent, however it is seen that the optic fibre influences the
biomechanics substantially.
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Table 10: Mean difference, effect size and p-value for biomechanics of the
participants before and after fibre insertion

Biomechanical Variable
1
Stride Frequency [Hz]
Ground Contact Time [ms]
GRF Peak [N]
GRF Vertical Impulse [N·s]
Centre of Mass vertical oscillation
[mm]
Ankle angle at foot strike [°]
Ankle angle at foot off [°]
Ankle angle peak during stance [°]
Knee angle at foot strike [°]
Knee angle at foot off [°]
Knee angle peak during stance [°]
Hip angle at foot strike [°]
Hip angle at foot off [°]
Ankle moment peak during stance
[N·m/kg]
Knee moment peak during stance
[N·m/kg]

0.066
d=4.92
p<0.001
-2.02
d=0.41
p=0.077
-166.0
d=4.88
p<0.001
-16.7
d=20.58
p<0.001
-11.9
d=5.00
p<0.001
-0.05
d=0.08
p=0.368
2.31
d=1.77
p<0.001
-1.05
d=1.78
p<0.001
-1.05
d=0.88
p<0.001
1.84
d=1.44
p<0.001
-2.77
d=2.64
p<0.001
0.37
d=0.24
p=0.183
1.89
d=3.57
p<0.001
-0.382
d=4.85
p<0.001
-0.357
d=4.05
p<0.001

Mean difference
Cohen’s effect size (d)
p-value (p)
2
3
4
0.038
d=2.94
p<0.001
-6.08
d=1.67
p<0.001
12.6
d=0.57
p=0.013
-1.0
d=1.75
p<0.001
-6.8
d=2.06
p<0.001
0.79
d=0.53
p=0.004
1.58
d=0.28
p=0.122
-1.05
d=1.25
p<0.001
1.26
d=0.91
p<0.001
1.11
d=0.17
p=0.251
-2.84
d=2.61
p<0.001
-2.99
d=2.40
p<0.001
-5.35
d=1.38
p<0.001
-0.040
d=0.71
p=0.001
-0.127
d=1.36
p<0.001

-0.024
d=1.80
p<0.001
9.32
d=1.40
p<0.001
6.7
d=0.15
p=0.305
3.2
d=2.05
p<0.001

-0.39
d=0.48
p=0.003
2.13
d=1.99
p<0.001
1.52
d=1.50
p<0.001
0.20
d=0.11
p=0.311
2.59
d=1.14
p<0.001
0.37
d=0.30
p=0.120
0.20
d=0.19
p=0.240
2.21
d=1.99
p<0.001
-0.126
d=1.28
p<0.001
-0.006
d=0.02
p=0.397

0.022
d=1.80
p<0.001
6.08
d=0.59
p=0.026
-63.8
d=1.18
p<0.001
-6.2
d=1.06
p<0.001
-5.7
d=1.80
p<0.001
0.17
d=0.15
p=0.331
-0.73
d=0.28
p=0.205
-0.77
d=0.74
p=0.010
-1.36
d=1.02
p<0.001
3.03
d=1.61
p<0.001
-0.47
d=0.64
p=0.023
0.55
d=0.59
p=0.002
1.12
d=0.80
p<0.001
0.027
d=0.20
p=0.296
-0.273
d=1.05
p<0.001

* Effect size is small for d≤0.2, medium for 0.2<d≤0.8 and large for d>0.8 (Cohen, 1988)
** Empty cell indicates corrupt data for variable
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5
0.057
d=1.61
p<0.001
10.21
d=0.71
p<0.001
-32.2
d=0.92
p<0.001
-13.3
d=1.96
p<0.001
-7.5
d=3.00
p<0.001
-1.11
d=0.61
p<0.001
-0.75
d=0.18
p=0.185
-0.69
d=0.88
p<0.001
0.73
d=0.63
p<0.001
3.54
d=1.18
p<0.001
-0.18
d=0.21
p=0.191
1.20
d=0.87
p<0.001
0.92
d=0.17
p=0.264
-0.158
d=1.94
p<0.001
-0.009
d=0.03
p=0.394
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Error! Not a valid bookmark self-reference. shows the coefficient of
determination for biomechanical variable curves over the gait percentage before
and after the optic fibre insertion. It is seen that the curve trends for all given
biomechanical variables are a good fit before and after the optic fibre insertion.
All R2 values are higher or equal to 0.96, except the two outliers which are the
knee moments for participant 4 and 5, which has a R2 of 0.91 and 0.81
respectively.
Table 11: Coefficient of determination (R2 ) for biomechanical variables before
and after optic fibre insertion
Biomechanical variable over gait
Ankle angle
Knee angle
Hip angle
Ankle moment
Knee moment
Ground reaction force

1

2

Participant
3

0.98
1.00
0.99
1.00
0.97
1.00

0.98
1.00
0.99
1.00
0.99
1.00

0.99
1.00
0.99
0.99
0.96
1.00

4

5

0.98
0.99
0.99
0.98
0.91
0.99

0.97
0.98
0.96
0.97
0.81
0.99

8.3 Fibre optic sensor usable data
The blank cells in the Table 12 (pg. 70) indicate where there were no data available
from the fibre optic sensor. Some of participant 1’s tests had corrupt data, which
could be due to dual optic fibre insertion. Four of the ten inserted optic fibres
broke during testing. None of the fibres broke for the first two participants. Both
the Achilles and patella tendon fibres broke for the third participant, with the
Achilles tendon fibre breaking during block 2 of the protocol and the patella
tendon fibre breaking during block 3. The Achilles tendon fibre broke for the fourth
participant during block 2 of the protocol. It was decided that the Achilles tendon
fibre would not be inserted for the final participant, due to the Achilles tendon
exerting higher loads on the optic and therefore more probable to break. The
patella tendon fibre broke during the last test for participant 5 in block 3 of the
protocol, however enough strides had been taken to use the data. Participant 2 is
the only participant with a full data set from the sensor for the Achilles tendon. It
was theorised that the ground reaction force of a participant could be correlated
to the optic fibre breaking. Figure 50 shows the ground reaction forces over the
stance phase for each participant.
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(a)

(b)

Figure 50: (a) GRF for all participants; (b) Body weight (BW) normalised GRF for
all participants
It can be seen in Figure 50 that there is no correlation between the ground reaction
force peak or normalised ground reaction force peak and the optic fibre breaking.
However, it can be seen that participant 3, 4 and 5 have impact peaks within the
first 20% of the stance phase, which correlate with the three participants who
broke the optic fibres. Additionally, it can be seen in Table 9 (pg. 64) that the fibre
only broke for the three taller participants.

8.4 Variation in running conditions
Determining the effect of stride frequency and gradient on the in vivo tendon
loads was a primary objective of the study. Figure 51 to Figure 54 show the
participant tendon forces over the gait for a given running condition averaged over
20 strides with the shaded area showing one standard deviation (SD). Figure 51
and Figure 52 respectively show the patella and Achilles tendon force for the
changes in stride frequency at 90%, 100% and 110% self-selected stride frequency.
Figure 53 and Figure 54 respectively show the patella and Achilles tendon force
for the changes in gradient at -9%, 0% and 9%. The percentage gait starts and ends
at foot strike. The toe off is indicated by the dashed vertical line. Therefore the
section before the dashed line is the stance phase and the section after the dashed
line is the swing phase of the gait.
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Figure 51: Patella tendon force with change in stride frequency

Figure 52: Achilles tendon force with change in stride frequency
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Figure 53: Patella tendon force with change in gradient

Figure 54: Achilles tendon force with change in gradient
Table 12 to Table 13 shows the magnitude changes of 90% stride frequency and
110% stride frequency is compared to the datum of 100% stride frequency,
normalised by taking the respective changed frequency force peak over the
datum’s force peak. Similarly, both the -9% gradient and 9% gradient were
compared to 0% gradient as its datum in the same manner. The p-value was
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obtained using an ANOVA in order to determine the statistical significance of the
change in peak force for a certain running condition relative to its datum. Table 12
shows the results of the normalised peak forces of the fibre optic sensor compared
to one another in terms of stride frequency and gradient for each specific
participant, correlating with Figure 51 to Figure 54.
Table 12: Normalised tendon peak force and p-value for stride frequency and
gradient of fibre optic sensor force
Stride Frequency
Participant

Tendon

90% SF

100% SF
(Datum)

110% SF

-9%
Gradient

Gradient
0%
Gradient
(Datum)

9%
Gradient

Achilles
1

1.155
(p<0.001)

Patella
Achilles

2
Patella

1.018
(p=0.145)
1.042
(p=0.001)

1.106
(p<0.001)
0.928
(p<0.001)

1
1

0.769
(p<0.001)
0.681
(p<0.001)

1
1
1

0.894
(p<0.001)
0.924
(p<0.001)
0.929
(p<0.001)

Achilles
3

1.028
(p=0.056)

1

0.973
(p=0.002)

0.714
(p<0.001)

0.507
(p<0.001)

1

0.468
(p<0.001)

0.886
(p=0.005)

0.978
(p=0.831)

1

0.766
(p<0.001)

Patella
Achilles

4

Patella

0.810
(p<0.001)

1

Achilles
5

0.909
1
(p=0.002)
*Note: all blank cells indicate no available data
Patella

It can be seen in Table 12 that all tendon peak forces are lower for the 9% gradient
compared to the level running datum with statistical significance. All patella
tendon peak forces are lower for 110% SF compared to the 100% SF datum with
statistical significance. 17 out of the 20 changes in running conditions indicate
significant differences to their respective datums. Table 13 shows the results of
the normalised peak ground reaction forces compared to one another in terms of
stride frequency and gradient for each participant.
It can be seen in Table 13 that all ground reaction peak forces are lower for the 9%
gradient compared to the level running datum. The correlation between
normalised GRF to the respective normalised tendon force is r = 0.50 for the
patella tendon and r = 0.51 for the Achilles tendon. Table 14 shows the results of
the normalised in vivo tendon impulse of the force over the stance phase
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compared to one another in terms of stride frequency and gradient for each
participant.
Table 13: Normalised ground reaction peak force and p-value for stride
frequency and gradient
Stride Frequency
Participant

1
2

100% SF
(Datum)

90% SF
1.064
(p<0.001)
1.027
(p<0.001)

0.969
(p<0.001)
0.982
(p=0.001)

1
1

3
4
5

0.994
(p=0.427)
0.991
(p=0.303)

-9%
Gradient

110% SF

0.955
(p<0.001)
1.007
(p=0.348)

1
1

1.022
(p=0.012)
0.955
(p<0.001)
0.950
(p<0.001)
0.971
(p=0.001)
1.096
(p<0.001)

Gradient
0%
Gradient
(Datum)
1
1
1
1
1

9%
Gradient
0.947
(p<0.001)
0.924
(p<0.001)
0.999
(p=0.782)
0.927
(p<0.001)
0.960
(p<0.001)

*Note: all blank cells indicate no available data

Table 14: Normalised tendon impulse and p-value for stride frequency and
gradient of fibre optic sensor
Stride Frequency
Participant

Tendon

90% SF

100% SF
(Datum)

110% SF

-9%
Gradient

Gradient
0%
Gradient
(Datum)

9%
Gradient

Achilles
1

1.053
(p=0.378)

Patella
Achilles

2
Patella

1.053
(p=0.243)
1.094
(p=0.269)

1.038
(p=0.358)
0.830
(p=0.013)

1
1

0.777
(p<0.001)
0.784
(p=0.006)

1
1
1

0.906
(p=0.123)
1.048
(p=0.373)
1.084
(p=0.275)

Achilles
3

0.958
(p=0.534)

1

0.933
(p=0.263)

1.191
(p=0.007)

0.627
(p<0.001)

1

1.107
(p=0.060)

1.095
(p=0.005)

0.722
(p<0.001)

1

0.834
(p<0.001)

Patella
Achilles

4

Patella

1.093
(p=0.440)

1

Achilles
5

1.108
1
(p=0.003)
*Note: all blank cells indicate no available data
Patella
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It can be seen in Table 14 that there are multiple measures which are statistically
insignificant. The correlation between tendon peak force and tendon impulse is
r = 0.20 for the patella tendon and r = 0.84 for the Achilles tendon. It is seen that
a higher peak force does not necessarily predict a higher tendon impulse. Table 15
shows the results of the normalised vertical impulse of the GRF compared to one
another in terms of stride frequency and gradient for each participant.
Table 15: Normalised vertical impulse and p-value for stride frequency and
gradient
Stride Frequency
Participant

1
2

90% SF
1.480
(p<0.001)
1.237
(p<0.001)

100% SF
(Datum)
1
1

110% SF
0.920
(p<0.001)
0.711
(p<0.001)

3
4
5

1.225
(p<0.001)
1.227
(p<0.001)

1
1

0.809
(p<0.001)
1.586
(p<0.001)

-9%
Gradient
1.170
(p<0.001)
1.229
(p<0.001)
0.742
(p<0.001)
1.005
(p=0.010)
2.537
(p<0.001)

Gradient
0%
Gradient
(Datum)
1
1
1
1
1

9%
Gradient
0.530
(p<0.001)
0.614
(p<0.001)
0.872
(p<0.001)
0.544
(p<0.001)
0.813
(p<0.001)

*Note: all blank cells indicate no available data

In Table 15 it is seen that all ground reaction impulses are higher for 90% SF
condition compared to its datum. It is also seen that all impulses are lower for 9%
gradient. The correlation between the ground reaction impulses and the tendon
impulses is r = -0.23 for the patella tendon and r = -0.54 for the Achilles tendon.

8.5 Moment derived force
Figure 55 and Figure 56 shows the moment derived force versus the fibre optic
sensor force as an average for all available data sets of each participant over the
gait percentage for the patella tendon and Achilles respectively. These figures
illustrate the qualitative differences in results. The coefficient of determination
(R2) between the two curves are given for each participant.
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Figure 55: Qualitative comparison of patella tendon force over gait

Figure 56: Qualitative comparison of Achilles tendon force over gait
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It can be clearly seen in Figure 55 and Figure 56 that all peaks of the sensor force
lag the peaks of the moment derived force. This corresponds to Fukashiro et al.
(1993), who also displayed a lag for in vivo force peaks from a buckle transducers
to the moment derived force during jumping tests. The loading and unloading
duration difference between the in vivo forces and the moment derived force was
determined (Table 21 in Appendix 11I.2). The in vivo tendon peak on average lags
0.066 s and 0.083 s for the patella and Achilles tendon respectively. The Achilles
tendon’s unloading duration was substantially longer for the in vivo force, with an
average increase of 0.174 s, which is illustrated for all participants in Figure 56.
The coefficient of determination varies for each participant. Participant 3 has the
best correlation for the patella tendon for with a R2 value of 0.708. Participant 1
has the best correlation for the Achilles tendon.
Participant 4’s figures stands out compared to the rest. Double peaks are clearly
visible originating in the tendon loading phase for the Achilles tendon and the
patella tendon force. The double peaks are assumed to be due to having a high
impact peak in his GRF. It is also seen for both the Achilles and patella tendon that
the R2 indicates low correlation between the moment derived force and the fibre
optic sensor force curves.
Finally, it is seen in Figure 56 that the in vivo Achilles tendon load has a small
increase for all participants before foot strike at around 80–100% gait. This force
which developed in the Achilles tendon during the swing phases could be due to
the Achilles tendon being longer than its ‘slack’ length at heel strike (Lichtwark et
al., 2006). The force is likely to result from the spring-like behaviour of the muscles
as they are stretched past their resting lengths (Roberts, 2002).
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9 Discussion
9.1 Fibre optic sensor
9.1.1 Implementation with treadmill running
The most important finding of the study was that the sensor could firstly measure
in vivo tendon force during treadmill running, and secondly detect differences in
tendon force as function of intrinsic (stride frequency) and extrinsic (gradient)
factors. The pilot study that was conducted on the five participants has shown the
proof of concept for a fibre optic sensor to be used during running. This project
indicates the methods used during the pilot study and shows that there is a scope
for the sensor to be applied in future studies. The project also underlines certain
pitfalls that could be avoided for similar studies in the future.
The fibre optic sensor was implemented successfully while simultaneously
measuring accurate data for the muscle activity, kinematics and kinetics. The fibre
optic sensor shielded wires that run from the circuit box to the connectors had to
be strategically placed as far as possible from the EMG electrodes to minimise
effects of noise on the electrodes. The cardiopulmonary device and fibre optic
sensor could not be measured simultaneously, as the cardiopulmonary device
needs a six-minute recording in order to reach steady-state, whereas the
participants were advised not to run with the optic fibre inserted for longer than
two minutes at a time. Separate running tests had to be conducted for the fibre
optic sensor and the cardiopulmonary device. Therefore inter-test analyses would
have to be conducted for further analysis between tendon force and
cardiopulmonary results.
9.1.2 Characterization
Sensor tests were conducted on bouncing balls as a surrogate material and in vitro
animal tendon tensile tests. The sensor output was linear to a force input, with a
regression coefficient being r = -0.99 and a linearity error of 0.34% FSO [0.07]. The
linear output of the sensor agrees with multiple other sensor designs (Arndt et al.,
1998; Finni et al., 1997; Behrmann et al., 2012). The hysteresis error from a cyclic
force input was found to be 5.0% FSO [0.5 SD], which is similar to 5% which was
found by Ermider et al. (2002) and lower than 20% found by Müller (2007). The
sensor could not be calibrated for a general output, as the sensor had a high interfibre repeatability error of 43.7% FSO [9.4]. A subject specific calibration had to be
done for each participant. The sensor had an intra-fibre repeatability error of
4.2% FSO [1.0 SD] and could therefore be used as a method to indicate variances
in tendon loads for intra-participant tests. Finally, the sensor output for static
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force was a good representation of the sensor output for dynamic force with a R 2
of 0.95 [0.04]. Therefore, a subject specific static calibration was conducted.
The effect of running and skin movement on the sensor output was determined
and compared to the full-scale output of the in vivo running test. The effect of
running had a percentage error of the 5.69% FSO for the patella tendon and 3.64%
FSO for the Achilles tendon. The effect of skin movement was determined to be
9.4% FSO for the patella tendon and 11.4% FSO for the Achilles tendon. The bias
induced by a running condition on the sensor output is small. The bias induced by
skin movement on the sensor output is assumed to be similar across different
running conditions.
9.1.3 Pitfalls and problems
Using the in vivo fibre optic sensor during treadmill running was a novel
investigation, therefore it was expected to encounter unexpected problems and
pitfalls along the way. Participant 1 had dual optic fibres inserted into the Achilles
to examine the difference in posterior and anterior portions of the tendon.
However, no usable data could be extracted from the fibres. This might be due to
insufficient tissue volume around the fibre to induce micro-bends. It was also
found unsafe in that the participant developed tendinitis, thereby prolonging the
recovery period. Further tests conducted on other participants only had single
optic fibres inserted into the tendons. None of the other participants experience
post-test complications and made full recoveries within one month of testing. All
connections were checked, extra glue was applied to electrical terminal blocks and
kinesiology tape was applied to the wire-to-connector for each participant. After
the first participant, the general expected real time results were known and tests
could be stopped if errors were observed. These errors did not occur during any
of the other participants’ tests.
The fibre never broke in previous optic fibre tests (Dillon et al., 2008; Elvin et al.,
2009; Morkel et al., 2013), even with maximal jumping. These tests did, however,
not include running. Finni et al. (1997) conducted walking tests with a fibre optic
sensor in the Achilles without the optic fibre breaking. Therefore, it is assumed
that the high loading and cyclic nature in tendons during running causes fatigue
and ultimate failure of the fibre. All the fibre breaks occurred at the skin-tendon
conjunction. This could be due to the difference in skin movement relative to the
tendon. Another cause of fibre breakage could be structural degradation over
time, as the optic fibre used in this study was several years old. The optic fibres in
the Achilles tendon would break earlier compared to the patella tendon fibre or
be the only fibre that would break during testing. This is due to the high loads
experienced by the Achilles compared to the patella tendon. Therefore, using the
fibre optic sensor to measure the Achilles tendon force during running is not
advised.
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An analysis was done to investigate why the fibres broke, since none of the fibres
broke for the first two participants, but only for the last three. It was concluded
that the three participants for which the fibre broke (participants 3, 4 and 5) were
taller than those for whom it did not break. It is theorised that being taller could
exaggerate the skin movement relative to the tendon, as a taller participant is
expected to have longer tendons. It was also seen that the fibre only broke for
participants who had impact peaks in their ground reaction force and did not break
with those who had no impact peak. An impact peak force could increase both the
initial loading rate and the impulse applied on the optic fibres, therefore
contributing to the break.
To decrease the chances of breaking the fibre for similar future studies, the length
of running tests could be shortened to 20 strides per test. This will minimise the
effect of fatigue failure of the fibre. It is also advised to select short and lightweight
participants; ideally under 180 cm in length and 75 kg in weight, with little or no
impact peaks in their ground reaction force. However, a difficulty related with this
study is to find willing participants, therefore adding more requirements for
participant selection would make it even more difficult to find participants. Finally,
it is also advised that a new roll of fibre optic be bought prior to the tests.
9.1.4 Effect on biomechanics
The fibre optic sensor had a measurable effect on the participants’ biomechanics
during running. This could be problematic when making clinical conclusions based
on the results of the fibre optic sensor. The results of the in vivo tests may not
represent values of normal running without the optic fibre. In order to use the
sensor to predict tendon forces in running without the fibre, it has to be assumed
that the bias induced by the fibre is constant across all running tests of a
participant. This means that the effect of the inserted fibre would be the same for
running tests with stride frequency and gradient changes. It also means that the
changes in tendon force magnitude seen by the in vivo tests would correspond
with running without the optic fibre.
Even though effect sizes are substantial, it is seen that the curves of the joint
angles, joint moments and ground reaction force over the gait percentage before
and after the fibre insertion highly correlate with one another. This means that
the general trends for joint angles, joint moments and ground reaction force are
the same before and after the fibre insertion.
All clinical analyses and conclusions leading further from the investigation should
consider the impact of the inserted fibre on the biomechanics. Even though the
participant does not experience pain, the inserted optic fibre may still affect the
participant on a subconscious level. It might not be possible to mitigate this
problem during the use of a fibre optic sensor during running tests.
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9.1.5 Calibration
One major challenge with using the fibre optic sensor is its difficulty to be
calibrated. The tendon moment arms calculation includes multiple
approximations and scaling errors. These errors for the moment arms translate
into errors for the calibrated force. Future studies could use anatomical landmarks
and measurements to determine the moment arms, with the aid of ultrasound
imaging for the Achilles tendon. Furthermore, the range of weights used for the
calibration rig was too small. More weight was needed, however the rig could only
carry a maximum of 15 kg. Participants even found it uncomfortable to maintain
their lower limb stationery with the maximum weight. Finni et al. (2000) also
states that the Achilles tendon should be loaded lower than 40% of the maximal
applied tendon force during calibration as plantar flexors start being activated if
too much force is applied. Future studies can look into the possibility of using a
state of the art isokinetic dynamometer which could be better suited for accurate
calibration. A slow single leg squat and moment derived force could also be used
to calibrate the sensor.
Even though calibration errors occurred, it does not influence the results of this
study. The calibrations errors made it difficult to predict the correct in vivo
magnitude of the force, but the proportional change in force and qualitative
response of the tendon could still be determined. Calibration errors were
expected, therefore the qualitative differences between the fibre optic sensor
force and moment derived force were determined. The fibre optic sensor could
still be used to determine intra-individual differences for tendon loads for
variations in stride frequency and gradient regardless of being calibrated. This is
due to the proportion of change in the sensor output being linearly related with
the proportional change in force in the tendon, meaning the proportional change
in magnitude of the sensor output could be taken as the proportional change in
tendon force.

9.2 Effect of stride frequency and gradient on tendon
loads
All deductions made from the fibre optic sensor results are not conclusive, but
rather just indications of trends. These trends are then used to predict
rehabilitation methods for a tendon injury. Since tendinopathy rehabilitation
includes the progressive increase in magnitude and duration of the tendon loads
(Malliaras et al., 2015), running should be re-introduced by starting with the
running conditions which induce the lowest loads on the given injured tendon.
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9.2.1 Achilles tendon
The Achilles tendon is seen as a case study, because there are only data available
from one participant. Achilles tendon peak loads increased with faster stride
frequency, whereas it remained similar with slower stride frequency. However,
there are no statistical significant changes in the tendon impulse across both stride
frequency changes. Conversely, Lyght et al. (2016) found that an increase in stride
frequency decreases Achilles tendon peak loads. The declined running condition
substantially decreases the peak force and impulse applied on the tendon. The
inclined running condition decreases the peak force, but has no significant change
in impulse applied on the tendon.
From the basis of the results, the rehabilitation process for an Achilles tendon
injury should indicate that when the injured person is ready to start running, they
should start with downhill running at a gradient of -9%. Thereafter, the person
should include uphill running at a gradient of +9%. Finally, level running should
only be done when there is no serious pain during the incline or decline running.
9.2.2 Patella tendon
The patella tendon have results for three participants in change of stride
frequency. All patella tendon peak loads are lower for an increase in stride
frequency, but vary per participant for a decrease in stride frequency. The tendon
impulses are higher for a decrease in stride frequency. This corresponds with
Lenhart et al. (2015), as they found that an increase in stride frequency decreases
the peak patellofemoral joint force. Results are available for five participants with
a change of gradient. All patella tendon peak loads are lower for the inclined
running condition, but varies between participants for the declined running
condition. Tendon impulses also vary between participants with both changes in
the gradient.
Following the trends indicated in the results, a rehabilitation process can be
suggested for patella tendon injuries. When a person who is in the process of
rehabilitating a patella tendon injury can start to run again, they should start with
either uphill running at +9% gradient or increase their stride frequency with 10%,
as both methods indicate a decrease of peak tendon force experienced.
Thereafter, they could go back to level running at their preferred stride frequency
when there is no serious pain during prescribed conditions.

9.3 Moment derived force
The lag in tendons force peaks found by the in vivo sensor is assumed to be due to
the viscoelastic properties of tendons. Fukashiro et al. (1993) also found lagged
peak forces for an in vivo transducer compared to the moment derived value for
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hopping and jumping tests. The peak force lag of the in vivo sensor is also
exaggerated compared to the moment derived force, as the instantaneous
kinetics and kinematics are used for the calculation of joint moments. The moment
derived force has difficulty predicting forces from swing phase, as the Vicon model
uses inverse dynamics to estimate the joint moments, whereas during the stance
phase there is a GRF input on the model along with the inverse dynamics of body
segments. Furthermore, the substantial increase in duration of the Achilles tendon
unloading could also be influenced due to calve muscles still being activated even
after toe off. Muscle activity is not accounted for in the moment derived tendon
force. Overall, the coefficient of determination between moment derived force
and the in vivo tendon force was case specific. In some cases the moment derived
force was a fairly poor representation of the in vivo tendon force, but other cases
it was fairly good.
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10 Conclusion
This study found that a fibre optic sensor can be used to measure in vivo patella
tendon forces during running on an instrumented treadmill. The measurement of
the Achilles tendon forces was difficult due to breakage of the fibre during the
running tests. The fibre optic sensor could also detect differences in tendon loads
caused by intrinsic and extrinsic changes in running conditions. To the author’s
knowledge, this is the first study to use a fibre optic sensor for measurement of in
vivo tendon forces during running.
Attempts were made to calibrate the sensor, but due to low input force and
assumptions of the tendon moment arm magnitudes, these are considered
inaccurate. The sensor did however enable detection of proportional changes in
tendon force for quantitative comparison between running conditions. It is also
important to take into account that the sensor affects running biomechanical
parameters, for which some of the effect sizes were substantial. It remains unclear
how this should be accounted for in clinical interpretation of results which
warrants further investigation.
This study serves as a basis for further analysis of the in vivo force in relation to
the other biomechanical variables that were measured, such as muscle activity
(EMG), ground reaction forces and running kinematics. Furthermore, the data may
be used in the formulation and validation of musculo-skeletal models to
investigate running biomechanics.
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Appendix A

A.1

Ankle joint moment and
Achilles tendon moment
derived force

Example of ankle joint moment calculation

Figure 57: Example of ankle joint moment calculation (Fukashiro et al., 1993)

A.2

Example of Achilles tendon moment derived
force

Figure 58: Example of Achilles tendon moment derived force (Fukashiro et al.,
1993)
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Appendix B
B.1

Fiber optic sensor hardware

PCB schematic

Figure 59: PCB schematic
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B.2

Circuit box overview

Figure 60: 3D printed circuit box

Figure 61: Photographs of circuit box
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Appendix C
C.1

Solder blade, cutting jig and
polishing block

Solder blade

Figure 62: Photograph of solder blade

C.2

Cutting jig drawing
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C.3

Polishing block engineering drawings
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Appendix D

Universal test machine setup

Figure 63: Setup for in vitro tensile test
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Appendix E

Effect of fiber on running

Table 16: Cyclic amplitude of sensor output due to running for each condition
Running condition
Self-selected speed
10 km/h level
110% stride frequency
90% stride frequency
9% incline
9% decline
Average

Amplitude (mV)
26.2
30.3
19.6
26.7
18.0
23.8
24.1 [4.2]
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Appendix F

Calibration rig error

The difference between the moment derived force and the calibration rig in vivo
force was calculated using:
𝐹 𝑇 𝐷𝑖𝑓𝑓 = 𝐹 𝑇 𝑀𝐷 − 𝐹 𝑇 𝐹𝑂𝑆

(40)

where 𝐹 𝑇 𝑀𝐷 is the moment derived tendon force and 𝐹 𝑇 𝐹𝑂𝑆 is the calibration rig
in vivo force. It is seen in Table 17 that the calibrated force is substantially lower
than the moment derived force.
Table 17: Peak tendon force difference between calibration rig in vivo force and
moment derived force
Participant

Peak Force Difference (N)
Patella

Achilles

1

-2449.35

-5703.36

2

-785.552

-3718.98

3

-2727.9

-4411.62

4

-2630.42

-1914.69

5

-1922.43

-

Average

-2011.60

-3697.26
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Appendix G
G.1

Processing work flows

Overall work flow

Figure 64: Overall work flow

G.2

Moment arms work flow

Figure 65: Moment arms work flow
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G.3

Biomechanical data work flow

Figure 66: Biomechanical data processing work flow
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G.4

Fiber optic sensor work flow

Figure 67: Fibre optic sensor data processing work flow
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Appendix H

Example output of
biomechanical data

Figure 68 displays an example of biomechanical data over stride for participant 1
self-selected speed with fibre optic sensor instrumented. An example of
biomechanical data output for participant 1 averages (Table 18) and SD (Table 19)
over 20 strides are shown, 10 strides from the first minute of the test and 10
strides from the second minute of the test.
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Figure 68: Example of biomechanical data over stride (average and SD over 10
strides)
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Table 18: Biomechanical data average for 20 strides
Variable

SSwod

SSwd

SS_110

Average Stride
1.45
1.51
1.56
Frequency [Hz]
Stride Length [m]
2.072
1.982
1.922
Average Ground
Contact Time Right
0.24
0.24
0.24
[s]
Right GRF Peak
2212.5
2046.5
1984.1
Average [N]
Right Vertical
Impulse Average
84.51
67.81
62.38
[N·s]
Average Center of
Mass vertical
88.22
76.34
69.98
oscillation [mm]
Right ankle angle
0.73
0.67
0.64
at foot strike [°]
Right ankle angle
-17.88
-15.57
-14.74
at foot off [°]
Right ankle angle
peak during stance
23.37
22.32
22.88
[°]
Right knee angle at
14.71
13.66
13.65
foot strike [°]
Right knee angle at
8.65
10.49
12.06
foot off [°]
Right knee angle
peak during stance
34.89
32.12
31.13
[°]
Right hip angle at
34.48
34.85
33.24
foot strike [°]
Right hip angle at
-6.04
-4.15
-4.77
foot off [°]
Right ankle
moment peak
3.73
3.35
2.98
during stance
[N·m/kg]
Right knee
moment peak
1.86
1.50
1.70
during stance
[N·m/kg]
SSwod = self-selected speed without fiber optic sensor
SSwd = self-selected speed with fiber optic sensor
SS_110 = self-selected speed 110% stride frequency
SS_90 = self-selected speed 90% stride frequency
Incl_10 = 10 km/h at 9% incline
Decl_10 = 10 km/h at 9% decline
Lev_10 = 10 km/h level
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SS_90

Incl_10

Decl_10

Lev_10

1.30

1.61

1.45

1.50

2.300

1.724

1.916

1.847

0.26

0.26

0.24

0.24

2178.1

1985.6

2143.7

2097.4

100.35

36.66

80.90

69.16

103.72

64.76

87.30

79.23

0.76

0.84

1.80

1.02

-19.90

-12.94

-15.34

-12.71

26.15

27.06

16.00

22.77

12.98

28.59

7.85

13.86

9.73

14.07

15.13

10.63

39.66

35.53

33.98

31.52

37.37

44.16

28.89

33.45

-2.43

-3.09

-3.80

-3.51

3.71

3.73

2.70

3.17

2.06

0.88

2.53

1.66
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Table 19: Biomechanical data standard deviation for 20 strides
Variable

SSwod

SSwd

SS_110

Average Stride
0.02
0.01
0.02
Frequency [Hz]
Stride Length [m]
0.021
0.016
0.023
Average Ground
Contact Time Right
0.004
0.006
0.008
[s]
Right GRF Peak
32.02
37.10
35.80
Average [N]
Right Vertical
Impulse Average
-0.51
-1.05
-2.43
[N·s]
Average Center of
Mass vertical
2.92
1.80
2.27
oscillation [mm]
Right ankle angle
0.73
0.67
0.64
at foot strike [°]
Right ankle angle
1.53
1.10
1.09
at foot off [°]
Right ankle angle
peak during stance
0.58
0.62
0.62
[°]
Right knee angle at
1.34
1.06
0.77
foot strike [°]
Right knee angle at
1.29
1.32
2.43
foot off [°]
Right knee angle
peak during stance
1.07
1.06
1.04
[°]
Right hip angle at
1.54
1.52
1.12
foot strike [°]
Right hip angle at
0.41
0.64
0.52
foot off [°]
Right ankle
moment peak
0.08
0.08
0.08
during stance
[N·m/kg]
Right knee
moment peak
0.08
0.09
0.07
during stance
[N·m/kg]
SSwod = self-selected speed without fiber optic sensor
SSwd = self-selected speed with fiber optic sensor
SS_110 = self-selected speed 110% stride frequency
SS_90 = self-selected speed 90% stride frequency
Incl_10 = 10 km/h at 9% incline
Decl_10 = 10 km/h at 9% decline
Lev_10 = 10 km/h level
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SS_90

Incl_10

Decl_10

Lev_10

0.03

0.01

0.02

0.02

0.054

0.013

0.026

0.019

0.008

0.003

0.006

0.006

50.56

37.08

79.16

46.62

2.52

0.47

-1.35

-1.80

5.53

1.94

3.73

2.32

0.76

0.84

1.80

1.02

0.96

0.77

0.99

1.29

1.00

0.62

1.04

0.58

1.16

0.89

1.15

1.14

1.97

0.98

2.14

1.43

1.81

1.05

1.18

1.06

1.47

1.14

0.87

1.25

0.78

0.59

0.79

0.63

0.13

0.07

0.07

0.09

0.11

0.08

0.14

0.09
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Appendix I
I.1

Complementary results

Significance of fibre optic sensor on general
biomechanics of the participants

Table 20: General biomechanics of the participants before and after fibre
insertion
Participant 1

Participant 2

Participant 3

Participant 4

Participant 5

Variable
Stride Frequency
[HZ]
Ground Contact
Time [ms]
GRF Peak [N]
GRF Vertical
Impulse [N·s]
Centre of Mass
vertical oscillation
[mm]
Ankle angle at
foot strike [°]
Ankle angle at
foot off [°]
Ankle angle peak
during stance [°]
Knee angle at foot
strike [°]
Knee angle at foot
off [°]
Knee angle peak
during stance [°]
Hip angle at foot
strike [°]
Hip angle at foot
off [°]
Ankle moment
peak during
stance [N·m/kg]
Knee moment
peak during
stance [N·m/kg]

WOF

WF

WOF

WF

WOF

WF

WOF

WF

WOF

WF

1.45

1.51

1.34

1.38

1.35

1.33

1.25

1.27

1.55

1.61

244.0

242.0

284.3

278.2

329.1

338.4

288.6

294.7

265.6

275.8

2213

2047

1807

1820

1977

1984

2493

2429

1508

1476

84.5

67.8

68.9

67.9

38.5

41.7

105.0

98.8

35.8

22.4

88.2

76.3

94.5

87.8

118.6

106.0

100.3

60.0

52.5

0.7

0.7

-7.0

-6.2

1.0

0.6

1.0

1.2

2.3

1.2

-17.9

-15.6

-30.3

-28.7

-17.9

-15.7

-18.2

-18.9

-13.6

-14.4

23.4

22.3

25.0

24.0

26.7

28.3

23.8

23.0

22.7

22.0

14.7

13.7

14.1

15.4

20.2

20.4

14.7

13.3

16.9

17.7

8.6

10.5

14.7

15.8

24.6

27.2

10.9

13.9

25.7

29.2

34.9

32.1

45.9

43.0

46.3

46.7

43.8

43.3

39.8

39.7

34.5

34.8

32.0

29.0

50.6

50.8

32.2

32.8

30.4

31.6

-6.0

-4.2

-7.4

-12.8

6.2

8.4

-4.5

-3.4

-4.4

-3.5

3.73

3.35

3.38

3.34

2.49

2.37

3.04

3.07

2.92

2.76

1.86

1.50

2.14

2.01

3.22

3.21

3.62

3.34

2.26

2.26

*WOF = without fibre inserted; WF = with fibre inserted
** Blank entry indicates no data
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I.2

Moment Derived Force

Table 21: Stance phase loading and unloading differences between fibre optic
sensor and moment derived force
Patella
Participant

Loading Lag

Achilles
Unloading lag

Loading Lag

Unloading lag

% Gait

s

% Gait

s

% Gait

s

% Gait

s

1

9.67

0.064

5.33

0.035

3

0.020

26

0.171

2

2.5

0.018

6

0.043

15.2

0.108

25.2

0.180

3

8.25

0.061

-11

-0.104

3

0.022

25.5

0.190

4

15

0.119

5.5

0.044

23

0.183

19.5

0.155

5

10.5

0.069

1.5

0.010

-

-

-

-

Average

9.18

0.066

1.46

0.047

11.05

0.083

24.05

0.174
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Appendix J
J.1

Fibre optic sensor
connectors

Connectors working principle

Figure 69: Connectors design and working principle (Groeneveld, 2017)

J.2

Connectors engineering drawings

The connecters were designed by Groeneveld (2017) and adapted further for this
study by widening the clamper slot to 0.5 mm.
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