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The path meanders into the mountain- always further, always onward
Dancing through the juniper, tiptoeing over the marsh,
searching over rock, hopping onto the tussock
Catch me, catch me- it says, and sets off with new speed!
And the summit plain lies with open doors-quietly stretching, in all directions -
It carries on- deeper and deeper in....

Stien bukter seg innover fjellet- alltid lengre, alltid videre
Danser frem gjennom eineren, lister pa ta over myren,
famler ut over svaberg, hopper pa en tue.

Fang meg, fang meg- sier den, og setter av sted med ny fart!
Og vidden ligger for apne derer-stillferdig utstrakt til alle sider -

Det beaerer dypere og dypere inn....

a FROM STIEN, GABRIEL SCOTT, 1925; ENGLISH TRANSLATION: KH, 2025
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Abstract

Human gait and posture depend on coordinated interactions within the
kinematic chain, where movement and force are transferred from the
feet upward through the lower limbs to the trunk. As the base of support,
the feet play a central role in initiating these dynamics, yet the extent
to which changes in foot mechanics affect more proximal segments
remains unclear. This thesis aimed to investigate how alterations in
foot kinematics influence the motor behavior along the biomechanical
chain-from distal to proximal segments-including the ankle, knee, hip,
and trunk during functional lower limb tasks and locomotion.

Two methodological approaches were used to support this objective.
Twelve healthy adults participated in these studies. Both used
standardized surface electromyography (EMG),toassessneuromuscular
activation. Study | compared maximum voluntary isometric contraction
(MVIC) for EMG normalization in supine and standing positions, while
Study Il examined the influence of static foot postures (neutral,
pronated, supinated) on muscle activation during a standardized step-
up maneuver. The results revealed no systematic differences in terms of
EMG amplitude between the supine and standing MVIC positions, and
no major effect of foot posture on trunk muscle activation-even though
more consistent effects were observed in the lower extremity.

Taken together, these findings support the robustness of MVIC
normalization and suggest that foot configuration primarily modulates
distal, rather than proximal, muscle activity.

This framework was then applied to individuals one year after a unilateral
Achilles tendon rupture; a condition known to impair ankle function and
disrupt gait propulsion. EMG was used to assess muscle activation in
target muscles, while an optical motion capture system was employed
to measure kinematic and kinetic variables.
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Thirty-seven individuals with unilateral Achilles tendon rupture
participated in Study Ill, which investigated the side-to-side differences
in neuromechanical function during walking and running approximately
one year after the tendon injury using synchronized EMG, 3D motion
capture, and force plate analysis. This study revealed increased
gastrocnemius activation and reduced ankle range of motion of the
affected limb during walking, alongside with decreased plantarflexor
moments during running. EMG and joint kinetics showed greater
variability than kinematics, suggesting compensatory strategies that
preserve overall gait symmetry.

A subset of 22 participants from the same cohort as in Study lIl,
were included in Study IV, which extended the analysis along the
biomechanical chain-from the feet to trunk-using bilateral EMG signals
from eight muscles, joint power and moments, support moment,
and joint range of motion. During walking, the affected limb showed
reduced ankle and knee power, diminished total support moments,
and decreased ankle range of motion, with increased gastrocnemius
activation and lower EMG variability in the soleus, indicating more rigid
and stereotyped motor control. Trunk-leveladaptations were limited,and
no consistent patterns of altered proximal coordination were observed.
Individuals displayed phase- and task-specific neuromechanical
deficits primarily in the distal limb, especially during walking. Running
revealed fewer between-limb asymmetries, however with persisting
ankle-level deficits and altered control strategies. Taken together, these
findings highlight long-term, task-specific adaptations after Achilles
tendon rupture, with distal changes-especially at the ankle-playing a
key role in altered neuromechanical control during walking and running.
In contrast, proximal adaptations were modest, inconsistent, and varied
considerably between individuals.

The present thesis demonstrates that alterations in foot mechanics-
particularly in the ankle joint- have a significant impact on distal
neuromuscular control during gait, especially after an Achilles tendon
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rupture. In contrast, proximal adaptations were limited and variable.
These findings emphasize the importance of rehabilitation strategies
focused on distal tendon function and neuromuscular control, while
acknowledging individual differences in motor variability. In addition,
the methodological work confirmed that MVIC normalization yields
consistent results across testing positions, reinforcing its suitability for
reliable EMG-based assessments in both research and clinical contexts.

Keywords:

Biomechanical chain, human gait, foot posture, Achilles tendon
rupture, electromyography, kinematics and kinetics, neuromechanical
adaptation, motor variability
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Sammanfattning pa svenska

Méansklig gang och hallning &r beroende av koordinerade interaktioner
inom den kinematiska kedjan, dar rorelse och kraft éverférs fran
fotterna upp genom nedre extremiteterna till balen. Som stédjepunkt
spelar fétterna en central roll i att initiera denna dynamik, men i vilken
utstrackning forandringar i fotens mekanik paverkar mer proximala
segment ar fortfarande oklart.

Syftet med denna avhandling var att undersoka hur forandringar i
fotens kinematik paverkar motoriskt beteende langs den biomekaniska
kedjan - fran distala till proximala segment - inklusive fotled och upp
till bal i samband med funktionella uppgifter for nedre extremitet och
under gang och l6pning.

Tva metodologiska studier — Studie | och ll-genomférdes for att stodja
detta syfte. Tolv friska vuxna deltog i bada studierna, dar standardiserad
yt-EMG anvandes for att analysera neuromuskular aktivering.

Studie | jamforde metoder fér maximal viljemassig isometrisk
kontraktion (MVIC) for EMG-normalisering i liggande och staende
positioner, medan Studie Il undersdkte hur statiska fotpositioner
(neutral, pronerad, supinerad) paverkade muskelaktivitet
under ett standardiserat uppstegstest. Resultaten visade inga
systematiska skillnader i EMG-amplitud mellan liggande och
stdende MVIC-positioner, samt inga storre effekter av fotposition pa
balmuskulaturens aktivering-aven om tydligare effekter observerades
i nedre extremiteten. Sammantaget stédjer dessa fynd robustheten i
MVIC-normalisering och antyder att fotposition framst paverkar distal
snarare an proximal muskelaktivitet.

Detta ramverk tilldmpades darefter pa individer ett ar efter en unilateral
akillesseneruptur-ett tillstdnd som paverkar fotledsfunktion och stér
gangens framatdrivning. Elektromyografi anvandes for att analysera
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muskelaktivitet i utvalda muskler, medan ett optiskt rorelsesystem
anvandes for att mata kinematiska och kinetiska variabler.

Studie Il inkluderade 37 personer med unilateral akillesseneruptur
och undersbdkte sidoskillnader i neuromekanisk funktion under
gang och I6pning ett ar efter skadan, med hjalp av synkroniserad
EMG, 3D-rorelseanalys och kraftplattor. Studien visade 06kad
gastrocnemiusaktivitet och reducerad fotledsrérelse i den drabbade
sidan under gang, samt minskade plantarflexionsmoment under
I6pning. EMG och ledkinetik visade stérre variation &n kinematiken,
vilket antyder kompenserande strategier for att bibehalla 6vergripande
gangsymmetri.

Ett delurval pa 22 deltagare fran samma kohort inkluderades i Studie
IV, som utokade analysen langs den biomekaniska kedjan — fran fot
till bal - med bilateral EMG fran atta muskler, ledkraft och moment,
stédjande moment och ledrorelser. Under gang visade den drabbade
sidan minskad kraft i fotled och kna, reducerade stédmoment
samt begradnsad rorlighet i fotleden, tillsammans med &kad
gastrocnemiusaktivitet och lagre EMG-variabilitet i soleus, vilket tyder
pa ett mer stelt och stereotypt motoriskt monster. Anpassningar pa
balniva var begransade och inga konsekventa monster for férandrad
proximal koordination observerades. Individer uppvisade fas-och
uppgiftsspecifika neuromekaniska underskott, frimst i den distala
extremiteten, sarskilt under gang. Farre asymmetrier observerades
under I6pning, dven om kvarstaende begrénsningar i fotledsfunktion
och férandrade kontrollstrategier bestod. Sammantaget belyser dessa
fynd langvariga, uppgiftsspecifika anpassningar efter akillesseneruptur,
dar férandringar i distala segment-sarskilt i fotleden — spelar en central
roll avseende forandrad neuromuskular kontroll under gang och
I6pning. Daremot var proximala anpassningar mattliga, inkonsekventa
och visade stor individuell variation.

Denna avhandling visar att forandringar i fotens mekanik — framst i
fotleden - har en betydande paverkan pa distal neuromuskular kontroll
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under lokomotion, sarskilt efter en akillesseneruptur. | kontrast var de
proximala anpassningarna begransade och varierade mellan individer.
Fynden understryker vikten av rehabiliteringsstrategier, som fokuserar
pa distala senors funktion och neuromuskuldr kontroll, samtidigt
som individuella skillnader i motorisk variabilitet beaktas. Dessutom
bekraftade det metodologiska arbetet att MVIC-normalisering ger
konsekventa resultat oberoende av testposition, vilket starker dess
lamplighet for tillforlitiga EMG-baserade beddmningar bade i forskning
och kliniska sammanhang.
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Sammendrag pa norsk

Menneskelig gange og kroppsholdning er avhengig av et koordinerte
samspill i den kinematiske kjeden, hvor bevegelse og kraft overfgres
fra fottene via underekstremitetene til overkroppen. Fagttene fungerer
som kroppens stotteflate og spiller en ngkkelrolle i & initiere denne
dynamikken. Det er fortsatt uklart i hvilken grad endringer i fotens
mekaniske egenskaper pavirker mer proksimale segmenter . Formalet
med denne avhandlingen var & undersgke hvordan variasjoner i
fotens kinematikk pavirker motorisk respons langs den biomekaniske
kjeden — fra distale til proksimale segmenter — inkludert ankel, kne,
hofte og truncus. Dette ble studert under funksjonelle oppgaver for
underekstremitetene samt under gange og lgping.

For & belyse dette ble to metodologiske studier gjennomfgrt med
tolv friske voksne. begge studiene ble standardisert overflate-
elektromyografi (EMG) benyttet for & analysere nevromuskuleer
aktivering i relevante muskelgrupper.Studie I sammenlignet metoder
for maksimal viljestyrt isometrisk kontraksjon (MVIC) for EMG-
normalisering i liggende og staende stilling, mens Studie Il undersgkte
hvordan statiske fotposisjoner (n@ytral, pronert, supinert) pavirket
muskelaktivitet under en standardisert steptest. Resultatene viste
ingen systematisk forskjell i EMG-amplitude i liggende og staende
MVIC-stilling. Fotstilling hadde ingen systematisk effekt pa aktivering
av overkroppens muskulatur. Det ble observert noe effekt i muskulatur
underekstremitetene. Samlet stgtter disse funnene robustheten i
MVIC-normalisering og antyder at fotstilling ferst og fremst pavirker
distal fremfor proksimal muskelaktivitet.

Rammeverket ble videre anvendt pa en gruppe personer ett ar etter
en unilateral akillesseneruptur — en skade som ofte fgrer til redusert
ankelfunksjon og endret gangmegnster. Elektromyografi ble brukt
for & analysere muskelaktivitet i utvalgte muskler, mens et optisk
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bevegelsessystem ble benyttet for & male kinematiske og kinetiske
variabler.

Studie Il inkluderte 37 personer med unilateral akillesseneruptur og
undersgkte sideforskjeller i nevromekanisk funksjon under gange
og lgping, omtrent ett ar etter skade. Det ble anvendt synkronisert
EMG, 3D-bevegelsesanalyse og kraftplater. Studien viste gkt aktivitet
i gastrocnemius og redusert ankelbevegelighet pa den affiserte
siden under gange. Under lgping ble det observert redusert plantar
fleksjonsmoment. Variasjonen i EMG og leddkinetikk var stgrre enn i
kinematikken, noe som antyder bruk av kompenserende strategier for
a opprettholde gangsymmetri.

Et utvalg pa 22 deltakere fra samme kohort ble inkludert i Studie IV,
og utvidet analysen til &8 omfatte hele den biomekaniske kjeden -
fra fot til truncus. Ved hjelp av bilateral EMG fra atte muskler samt
malinger av leddkraft og leddmoment, stattemoment og leddutslag,
ble det identifisert redusert kraftutvikling i ankel og kne, reduserte
stgttemoment og begrenset leddutslag i ankelen pa den affiserte
siden under gange. Dette ble ledsaget av gkt gastrocnemiusaktivitet
og lavere EMG-variabilitet i soleus, noe som indikerer et mer stivt og
stereotypisk motorisk menster. Pa truncusnivd ble det observert
begrensede tilpasninger, uten konsistente manstre for endret
proksimal koordinasjon. Deltakerne viste fase- og oppgavespesifikke
nevromekaniske underskudd, hovedsakelig i den distale ekstremiteten,
seerlig under gange. Under Igping ble det observert faerre asymmetrier,
selv om underskudd i ankelleddet og endrede kontrollstrategier fortsatt
var til stede. Samlet viser funnene langvarige og oppgavespesifikke
tilpasninger etter akillesseneruptur, der endringer i de distale
segmentene - serlig i ankelen - spiller en sentral rolle i endret
nevromuskulaer kontroll. Proksimale tilpasninger fremstod som
moderate og uensartede, med markerte individuelle variasjon.

Denne avhandling viser at endringerifotens mekanikk —seerligiankelen—
har betydelig innvirkning pa distal nevromuskulaer kontroll under gange,
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spesielt etter en akillesseneruptur. | motsetning til dette var proksimale
tilpasninger begrensede og varierte mellom individene. Funnene
understreker viktigheten av rehabiliteringsstrategier som fokuserer
pa distale seners funksjon og nevromuskulaer kontroll, samtidig som
individuelle forskjeller i motorisk variabilitet tas i betraktning.
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Abbreviations

ABD
ADD
ATR
ATRS
BCG
CAV
COM
DF
EMG
EV
EXT

FLEX

MOCAP
Ms
MUAP
0A

PF
RMS
ROM
RSA
TO

TROM

abduction
adduction

Achilles tendon rupture

Achilles Tendon Total Rupture Scores

body center of gravity
coordination variablity
center of mass

dorsal flexion
electromyography
eversion

extension

flexion

initial contact

inversion

motion capture

midstance

motor unit action potential
osteoarthritis

plantar flexion

root mean square

range of motion
radiostereometric analysis
toe-off

total range of motion

ABBREVIATIONS
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Definitions in short

Chain theory

Electromyography

Gravity

Ground reaction force

Kinematics

Kinetics

Motor variability

Muscle function

Neuromechanical

Newton's 2" Law

Newton's 3" Law

Postural control

12

A mechanically connected chain of segments-from
the foot to the head-that functions as an integrated,
coordinated unit

The study of muscle function through the investigation
of the electrical signals generated within the muscles

Gravity refers to the attractive force that pulls objects
toward the center of the planet. Newton’'s Law of
Universal Gravitation

The ground reaction force is the force exerted by the
ground on a body in contact with it. This force is equal
in magnitude and opposite in direction to the force that
the body exerts on the ground

The study of motion without considering the forces that
cause it

The study of the forces that cause or influence motion

The variance of movements generated by an individual
under a given task condition

The ability of muscles to produce force, generate
movement, and stabilize joints to support posture and
physical activity

The interactions between the nervous system (neu-),
and the musculoskeletal system (mechanical) to
produce movement and maintain posture

Describes the relationship between force, mass, and
acceleration, stating that the force acting on an object
is equal to its mass multiplied by its acceleration,

(F =m*a)

For every action, there is an equal and opposite
reaction; when one body exerts a force on another,
the second body exerts an equal force in the opposite
direction

Study of intrinsic mechanisms of the human body that
counteract gravity, with a special focus on the function
of the muscular system for the maintenance of balance
when posture is exposed to perturbation
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1. Introduction

It may be that when we no longer know what to do,
we have come to our real work.

And when we no longer know which way to go,

we have begun our real journey.

&2 WENDEL BERRY
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MOVEMENT AND PHYSICAL THERAPY

Most of us rarely consider the intricate coordination required between
the feet, knees, hips, and trunk that underlies human gait. We effortlessly
place one foot in front of the other to walk to the store or sprint to catch
a bus, without consciously considering how these segments interact
to keep us upright and moving smoothly. This seamless integration
of body segments is often taken for granted, at least until something
disrupts it. An injury, such as a torn ligament or ruptured tendon, or the
onset of a musculoskeletal condition, such as osteoarthritis (OA) can
suddenly expose just how complex and finely tuned this system truly
is. Only when the movement is disrupted whether by injury, iliness, or
degeneration-do we become acutely aware of the body's profound
reliance on neuromechanical harmony to carry out even the most
routine tasks.

Human locomotion is a complex process involving the integration of
neuromuscular control, muscular strength and endurance, coordinated
joint movements, postural balance, and biomechanical principles
grounded in physics and chemistry -2, It is the product of evolutionary
refinement, driven by necessity, curiosity, and adaptation ®. What we
typically experience as effortless movement is, in reality, the outcome
of a finely tuned interplay between body structures and function “,

Our body consists of 206 skeletal bones and more than 650 muscles,
integrated to form chains of movement that enable activities of daily life,
recreation, work and play ®. Humans are able to adapt and coordinate
their anatomy to crawl, walk, run, climb, jump, dance —each movementis
an reflection of the intricate mechanics of the biomechanical locomotor
chain ©,

Human movement science is fundamental to physical therapy practice
and to overall health and well-being as well. Physical therapy uses move-
ment both to assess dysfunction and as a primary intervention to restore
function, relieve pain, and enhance quality of life. Through targeted exer-

KARI HUSETH 15



cises, manual techniques, and education, physical therapists help indi-
viduals regain mobility, prevent injury, and improve physical performance
.8 Physical therapy therefore relies on the integrated and coordinated
function of the body across multiple levels ©.

Analyzing human movement presents significant challenges due to
its inherent complexity and the dynamic interactions between bodily
systems.

One challenge is the research field of biomechanics, which can be
defined as "the interdisciplinary research that describes, analyzes, and
assesses human movement” 119, Also in terms of biomechanics the
breakdown of study areas is multifaceted and diverse. One such area of
interest is the study of locomotion ™,

MOVEMENT AND MOVEMENT CONTROL

Locomotion like any other human movement pattern is dependent upon
a control mechanism with an anchorage in the body's postural control
@ Posture can be defined as the study of intrinsic mechanisms of the
human body that counteract gravity, with a special focus on the function
of the muscular system for the maintenance of balance when posture
is exposed to perturbation "9, Taken together, this means that afferent
input (sensory signals) is transmitted to the central nervous system,
where it is processed, leading to efferent output (motor signals) that
elicit the postural responses in the muscular system.

Perturbations to postural control and human gait can be described as
encountering a variety of different and unexpected obstacles " 12,
Postural control demands are task-specific and vary accordingly to
the interpretation of the nerve feedback system ", As such, walking
and running require sufficient inherent balance control to ensure that
erect posture is sustained during the propulsive motor actions. Postural
control relies on previous movement experience, from early mobility to
present activity 19,
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Postural control also depends on what can be called feed-forward
mechanisms that use anticipatory signals to predict how impending
movements might disrupt the balance system ¥, Each individual carries
a unique movement history, a learned rhythm that shapes and creates
an imprint in the individual neuro-muscular system '3,

MOVEMENT AND MOTOR VARIABILITY

An individual's ability to adapt the body movements is a significant
advantage and asset in everyday skill-solving and, of course, as well
as recreational and professional sports "4, Dynamic changes are
supported by the plasticity of human biological systems, enabling the
adaptation of each individual's actions % 8. Motor variability can be
defined as the variance of movements generated by an individual under
a given task condition 7-9), The variability observed across repeated
movements is not merely a random and unwanted noise, but may reflect
an underlying structure that takes advantage of the motor system'’s
built-in redundancy. It is the body's ability to achieve the same task
through multiple combinations of muscles and joint movements 20 21,
This suggests that the co-existence of determinism and variability in
co-ordinated behavior may have important functional relevance, rather
than representing purely random fluctuations 2223,

An overview of sports biomechanics research has highlighted variability
in movement-specifically in throwing skills, basketball shots, and
locomotion-suggesting that movement and coordination variability can
be functional ?4. Such functionality may enable better adaptation to
environmental changes, reduce injury risk, and support adjustments in
individual coordination patterns. Bartlett et al. argued that movement
and co-ordination variability are, or could at least be, functional @4,
This functionality may allow for better adaptation to environmental
changes, reduce the risk of injury, and facilitate alterations in individual
co-ordination patterns.
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Differences in walking speed and footwear, for example, have been
shown to influence kinematic and kinetic patterns, with some individuals
adopting to a more flexed knee joint angles and higher extensor
moments at the knee, while others walk with a more extended knee joint
angles and lowerknee extensor moments @9,

During running, limb-specific coordination variability (CAV) appears
to be more relevant to injury risk than asymmetry between limbs
22 Recreational runners with overuse injuries exhibited lower CAV
asymmetry than uninjured controls, particularly in knee—-ankle coupling
during mid-stance and in most segment couplings during late stance,
except for the pelvis and thigh 22,

Increased muscle activation variability has also been observed at the
onset of trunk muscle fatigue, in both healthy individuals and those with
chronic low back pain, although the latter show less variability-likely
due to avoiding painful movements ©@8. Similarly, prolonged muscle
contractions that induce fatigue tend to increase motor variability @7-28)
Inindividuals with a history of Achilles tendon rupture, greater variability
in foot eversion-shank rotation coupling has been documented
during 47-50% of stance-coinciding with peak ground reaction force-
indicating altered segmental control and potentially abnormal loading
patterns 29,

Understanding motor variability is important within the framework of
the biomechanical chain mechanism, as it influences how different
body segments co-ordinate in order to maintain an erect posture and
superimposed movement.

MOVEMENT AND THE BIOMECHANICAL CHAIN
MECHANISM

The erect posture is part of a biomechanical chain, as described by
the chain theory of body linkage, which views the body as a system of
mechanically connected segments-from the foot to head-and this chain
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functions together as a co-ordinated unit ®®. The human biomechanical
chain from the metatarsal joints of the feet to the most proximal cervical
joint consists of more than 40 degrees of joint freedom movement. The
sizeable number of joint freedoms enables the foot to adjust to various
challenging surfaces, while at the same time allowing the biomechanical
chain to function as a whole to maintain the body's center of gravity (BCG)
within the small base of support dictated by the feet. This is achieved
through muscle activation across the interconnected skeletal muscles ",

The muscles of the biomechanical chain can be grouped by distal-to-
proximal segments; those of the foot and ankle, lower leg, knee and
thigh, hip joint, pelvis, and trunk respectively. The respective muscles
receive neural innervation from the lumbar and sacral plexuses (L1-S4)
as well as from the dorsal rami of spinal nerves and the intercostal
nerves (Th7-Th11), ©.

A biomechanical chain mechanism functions similarly to a mechanical
system composed of interconnected components designed to transmit
force or motion from one segment to another. In mechanical systems,
components like links, gears, and sprockets interact to transfer power,
control motion, or transmit torque. In a biomechanical context, this
chain is composed of bones, joints, muscles, and their associated
neural innervation, which work together to generate and co-ordinate
movements throughout the body.

The effectiveness of this muscular co-ordination is strongly influenced
by the human body's bipedal posture, which repositions the BCG
closer to the spine directly in front of the second sacral vertebra (S2),
close to the hips ™. This strategic alignment enables efficient weight
transmission, with forces passing just ventral to the knee and ankle
joints. The architecture of the femur, along with the alignment of the
tibia, knee, and foot, ensures these structures remain closely aligned
with the path of the center of gravity (COG), ®¥2. This configuration
enhances balance, minimizes energy expenditure during locomotion,
and supports smooth and efficient forward movement.
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The anatomical components in the investigated biomechanical chain
model include the skeletal bones; the phalanges, midtarsal and tarsal
bones of the foot, tibia, fibula, femur, pelvis, and finally the spine. These
bones are connected through a series of joints and ligaments, such
as the joints of the foot and ankle: metatarsal-phalangeal (MTP), distal
interphalangeal (DIP), proximal interphalangeal (PIP), tarsometatarsal,
midtarsal, subtalar, talocrural, the knee and hip joints, sacroiliac (Sl), and
lumbar spine joints.

Muscles

FIGURE 1. The biomechanical chain investigated in the present thesis, demonstrating the
interplay between neural components, skeletal structures, joints and muscles from the foot up
to the trunk.

In the biomechanical chain, forces and movements are generated
and controlled by a great number of muscles, approximately 70 to 80
skeletal muscles from the intrinsic muscles of the foot to the deep
stabilizers of the trunk. Together, these structures form a co-ordinated
chain that enables complex motion and efficient power transmission
throughout the body. For the biomechanical chain investigated in the
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present thesis, the involved muscles include the soleus, tibialis anterior,
gastrocnemius, peroneus longus, quadriceps, sartorius, gluteus
medius, rectus abdominis, external oblique, internal oblique/transversus
abdominis, multifidus, and erector spinae ®, (Figure 1).

Understanding their role requires not only evaluating how segments are
mechanically coupled, but also considering how experimental posture
influences muscle activation and the corresponding electromyographic
(EMG) recordings ©3 34, Since neural responses are shaped by both
control strategies and the mechanical context in which they occur,
posture has the potential to alter muscle activation magnitude and
recruitment patterns. While supine or prone positions eliminate load-
bearing and postural stabilization demands, upright postures recruit
trunk and lower-limb muscles in a more functionally relevant manner ©9),
Consequently, the methodological focus of this thesis was to compare
EMG normalization procedures in supine versus standing positions,
as the locomotor tasks under investigation-walking and running-are
inherently performed in upright stance.

BIOMECHANICS OF LOCOMOTION

A central expression of the inter-muscular walking cycle co-ordination
is human gait, which can be described as the transition from a posturally
unstable two-foot stance into a controlled forward fall involving
progressive instability, interrupted just in time by the forward foot
making contact with the ground. This results in a continuous sequence
of controlled forward falls, skillfully managed in the chain events to
sustain balance and forward motion ©9,

The walking cycle consists of two primary phases-stance (60% of the
cycle) and swing (40%) and these two phases alternate between the
ipsilateral and contralateral lower extremities ©". As the body transitions
from double stance (two feet touching the ground) to single leg support
(one foot touching the ground), these phases work together to propel
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the body forward in a coordinated and efficient manner. The kinematics
of the walking cycle can be further divided into three functional phases:
weight acceptance, single limb support, and swing limb advancement
@2 (Figure 2). Each of these plays a critical role, with specific actions
and objectives that ensure smooth, stable, and effective locomotion
in an upright position ©%. The three functional phases could be further
subdivided as described hereunder €9,

Weightacceptance starts with the initial contact (IC) phase, whichoccurs
at 0-2% of the gait cycle ©¥2. At this point, the heel rocker mechanism is
activated, and the foot makes initial contact with the ground. This phase
involves impact deceleration to absorb the shock generated by the
foot strike. The next phase, the loading response, spans from 2-12%
of the gait cycle. During this time period, the contralateral limb is lifted
for swing, and the body absorbs the shock from impact. The loading
response also serves to provide initial limb stability and preserve
forward propulsion, ensuring continued progress in movement ¢2,

Single Limb Support starts with the lifting of the contralateral foot for
the swing phase. The midstance phase, which occurs between 12-
31% of the gait cycle, involves progression over the stationary foot.
Stability in both the limb and trunk is crucial here to maintain balance.
The terminal stance, which occurs from 31-50% of the gait cycle, is
marked by the heel rise while the contralateral foot is in contact with
the ground. During this phase, the body continues to progress beyond
the supporting foot, and limb and trunk stability is once again the key to
successful movement.

Swing Limb Advancement includes several phases that work together
to advance the limb through the cycle. The pre-swing phase (50-62%)
is marked by toe-off and the initial contact of the contralateral limb.
This phase involves positioning the limb for swing and accelerating
progression. The initial swing that occurs between 62-75% of the gait
cycle, starts when the ipsilateral foot is lifted from the floor, and the
contralateral limb is in the stance phase. During this phase, the focus
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is on foot clearance of the floor and the advancement of the limb from
its trailing position. In the mid-swing phase (75-87%), the ipsilateral
foot is opposite the contralateral stance foot, and the swing leg's tibia
becomes vertical. Limb advancement continues, and foot clearance is
now maintained. Finally, terminal swing (87-100%) occurs when the tibia
is vertical, and the foot strike is imminent. The limb has completed its
advancement and is prepared to transition into the next stance phase
(Figure 3).

WA SLs SLA

Left IC Left TO LeftIC Left TO

LEFT SWING PHASE

RIGHT SWING PHASE

RIGHT STANCE PHASE RIGHT SWING PHASE

Right IC Right TO Right IC

v

Time

FIGURE 2. Schematic illustration of the stance and swing phases of gait, with the reciprocal
action between left and right limb. WA = weight acceptance, SLS = Single Limb Support, SLA =
Swing Limb Advancement, IC = initial contact, TO = toe-off, DS = double stance.

The body's subdivisions play a role in maintaining postural integrity and
facilitating movement. The passenger unit (head, arms, and trunk, or
HAT) comprises approximately 70% of the body weight and maintains
postural integrity throughout the gait cycle. The center of mass (COM)
is located approximately one-third of the distance between the hip joint
center and the shoulder joint center, at the level of the 10" thoracic
vertebra (Th10). Minimizing postural changes from the pelvis to the
hip is essential for smooth movement. While arm swing is not strictly
essential, it helps balance and aids in the overall efficiency of walking.
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FIGURE 3. The walking cycle illustrated for the left leg. The stance phase includes initial contact
(IC), mid-stance (MS), and toe-off (TO). The swing phase follows, defined as the portion of the gait
cycle during which the foot is off the ground and the leg swings forward in preparation for the next

step-from toe-off to the subsequent initial contact.

The locomotor unit, which includes both lower extremities and the
pelvis, is critical for movement. This unit includes multiple articulations,
such as the lumbosacral joint, hip joints, knees, ankles, subtalar joints,
and metatarsophalangeal (MTP) joints, all working together as a
smooth and well-balanced chain to propel the body forward. In terms
of muscle function, the pelvis is an essential part of the locomotor unit.
It advances during the swing phase and undergoes backward rotation
in the terminal stance, transitioning to forward rotation in the terminal
swing. This rotation facilitates efficient progression and supports the
body's stability during gait.
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TABLE 1. Muscles and joint/action involved in the walking cycle of the ipsilateral limb.

Gait phases

Initial contact

Loading response

Flat foot

Midstance

Heel-off

Just before end of
double support

Toe-off/pre-swing

Early swing

Single support
from other limb

Mid-swing

Forward movement

of swing limb

Terminal contact

Swing limb off
the ground

Early advances
of leading limb-
preloading

Joint Movement
hip FLEX
knee EXT
ankle/foot DF
hip EXT
knee extension EXT
ankle/foot

hip EXT
knee work EXT
ankle/foot DF
hip ext EXT
knee ext EXT
ankle/foot PF
hip EXT
knee EXT
ankle/foot PF
hip FLEX
knee FLEX
ankle/foot DF
hip FLEX
knee EXT
ankle/foot DF
hip FLEX
knee EXT
ankle/foot DF
hip FLEX
knee FLEX
ankle/foot DF

Muscles
iliopsoas
quadriceps

tibialis anterior, extensor digitorum
longus and brevis, extensor hallucis

gluteus maximus

quadriceps

gluteus maximus, hamstring

hamstring in antagonism/synergism
with quadriceps

tibialis anterior
gluteus maximus, hamstring

quadriceps

triceps surae, toe flex
gluteus maximus, hamstring
quadriceps, hamstring

triceps surae, toes flex,flexor hallux
longus

iliopsoas

hamstring

tibialis anterior
iliopsoas

quadriceps

tibialis anterior, extensor digitorum
longus and brevis, extensor halluces

iliopsoas

quadriceps

tibialis anterior

iliopsoas

hamstring

tibialis anterior, extensor digitorum
longus and brevis, extensor halluces

Decription of joints/joint actions and corresponding muscles during the different phases of the walking cycle.
Abbreviations of movements during the walking cycle: EXT = extention, FLEX = flexion, DF = dorsiflexion, PF =

plantar flexion.
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Each phase and body subdivision is integral to the smooth execution of
the gait cycle, highlighting the complexity and co-ordination required
for efficient locomotion ©9), (Table 1).

The inverted pendulum theory of walking describes how the body moves
over the stance leg in a way that resembles an inverted pendulum ©7,
During the single support phase of gait, the stance leg remains relatively
straight, while the body's center of mass vaults overitinan arc-like motion.
This "rocking” movement allows for efficient energy exchange; potential
energy is converted into kinetic energy and then back again, minimizing
the muscular work required for forward progression. This model helps
explain the characteristic rise and fall of the COM during walking and
highlights the passive, energy-conserving nature of human gait ©8).

Thebouncingprinciple of runningis described by the spring-mass model,
in which the body behaves like a bouncing ball or a mass supported by
a spring ©9. One expression of this coordination is human gait, which
can be described as the transition from a posturally unstable two-foot
stance into a controlled forward fall involving progressive instability.
During each step, the leg compresses upon ground contact, storing
elastic energy in muscles, tendons- especially the Achilles tendon-and
other connective tissues. Given its critical role in energy storage and
release during the stance and push-off phases, the Achilles tendon is
a key structure for efficient walking and running. For this reason, the
present thesis focuses on the Achilles tendon to better understand
its function and compensatory mechanisms in locomotion following
injury. This stored energy in the Achilles tendon is then released during
push-off, propelling the body forward. Unlike walking, where the body
vaults over the rigid/straight leg (inverted pendulum), running involves
a cyclical exchange between kinetic and elastic potential energies
enabling efficient forward motion with minimal energy loss “0.

When walking is compared with running, the phases of movement differ
significantly “". In walking, the stance phase makes up approximately
60% of the cycle, consisting of initial contact, midstance, and toe-off,
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while the swing phase makes up 40% “°. In contrast, running features
a stance phase of approximately 40%, characterized by a more
pronounced push-off, and a swing phase of 60%, which includes a flight
phase, where both feet are off the ground. This flight phase is a unique
feature of running that does not occur during walking ©".

Ground reaction forces also vary between the two activities (Figure 4).
During walking, the ground reaction force is approximately 1.2 times
the body weight, with peak forces during initial contact and push-off
™ Running, however, generates greater forces, reaching 2-3 times the
body weight during foot strike. This increased force during running is
also related to the higher speed and the need for more propulsion and
shock absorption during the stance foot strike ©9),

Walking: IC Running: IC

FIGURE 4. The green curves illustrate the path of the ground reaction forces (GRFs) throughout
stance. The red arrow indicate the direction and magnitude of the GRF at intial contact (IC). The
yellow stick figures trace the movement of the body segments, following the motion of the ankle,
knee, and hip joints. Compared with walking, running produces GRFs of greater magnitude and
different orientation.
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Stride length and cadence further differentiate walking from running.
Walking involves shorter, lower strides, while running is characterized
by longer strides that are directly correlated with increased speed
42 As for joint angles and motion, walking involves approximately 60
degrees of knee flexion during the swing phase, with a smaller range of
plantar flexion (PF) and dorsiflexion (DF), ¥2. Running, on the other hand,
involves greater knee flexion, ranging from 90 to 120 degrees, and a
larger range of PF and DF as the body needs more flexibility and mobility
to generate force and propulsion “2,

Muscle activation is also more intense during running, while, during
walking, muscle activation is moderate and rhythmic, with the quad-
riceps, hamstrings, gluteii, and shank muscles being activated to a
lesser extent “2, During running, however, muscle activation is greater
than during walking, particularly in the quadriceps, hamstrings, and
shank muscles, as they play key roles in absorbing impact, generating
propulsion, and stabilizing the joints due to the higher forces involved.
This increased muscle activity in running leads to a greater metabolic
demand, making running more energy-intensive than walking. Interest-
ingly, running is therefore metabolically more efficient than walking at
higher speeds, despite its higher energy expenditure “2,

Foot strike patterns are another distinction between the two activities.
Walking typically follows a heel-to-toe pattern, while running can have a
more varied foot strike depending on the individual running technique.
Postural control is also different; during walking, the body remains
upright, with the COM staying relatively stable. During running on the
other hand, there is a slight forward lean, and the COM moves more
dynamically due to the flight phase.

Impact and load distribution also differ significantly between walking and
running. During walking, the impact is evenly distributed, with relatively
low impact on the knees and hips. Running, however, involves greater
impact on the ankles, knees, and hips, which is why proper technique
and muscle activation are important to minimize the injury risk. Lastly, the
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speed at which these activities occur is another major difference, while
walking is typically performed at moderate speeds, running allows for
much higher speeds, due to longer strides and faster cadence (Figure 5).

FIGURE 5. The running cycle, illustrated for the single stance phase (foot contact), flight phase

(float), swing phase (forward leg movement), followed by a second flight phase before the
subsequent foot strike. Unlike walking, running includes two distinct flight phases during which
neither foot is in contact with the ground.

LOCOMOTION AND FEET KINEMATICS

The foot adapted to locomotion, acts as a lever adding propulsive
forces to the lower limb “3,

The foot is a complex anatomical structure, composed of 26 bones
and 33 joints, which together allow for a wide range of motion and
adaptability. Its design enables a dynamic shift between flexibility and
rigidity, largely due to the spring-like function of the foot arches ©". These
arches allow the foot to absorb shock and adapt to uneven terrain when
flexible and then to provide a solid stiffer lever for propulsion during
gait. This adaptability is closely linked to transitions between pronated
and supinated positions. Movement within the ankle-foot complex
occurs across multiple planes and axes; dorsiflexion and plantarflexion
take place in the sagittal plane, rotating around a transverse axis that
runs from the lateral malleolus through the body of the talus to the
medial malleolus ©. Inversion and eversion occur in the frontal plane
around a longitudinal axis aligned with the length of the foot; inversion
involves the plantar surface turning toward the midline, while eversion
is the opposite. Adduction and abduction occur in the transverse plane,
rotating around a vertical axis; abduction involves the distal aspect of a
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segment moving away from the midline of the foot, whereas adduction
brings it closer to the midline ©9, (Figure 6).

PRONATION _ i SUPINATION

Eversion

o
e
-

FIGURE 6. The oblique axis of ankle motion at the subtalar and midtarsal joints, along which
pronation (dorsiflexion, eversion, abduction) and supination (plantarflexion, inversion, adduction)
occur as coordinated triplanar movements.

Supination and pronation are fundamental foot movements that occur
in response to the dynamic demands of locomotion. Supination is the
combination of adduction, plantarflexion, and inversion, which results
with the foot becoming more rigid, facilitating a stable push-off. In
contrast, pronation involves abduction, dorsiflexion, and eversion,
allowing the foot to absorb shock and adapt to the surface during weight
acceptance. These movements are governed by triplane motion, with
an oblique axis running in an angular direction, enabling motion across
the frontal, transverse, and sagittal planes.

During the gait cycle the foot will be in a neutral to slightly supinated
position during heel strike and in the phase of initial ground contact,
while moving into pronation during the midstance phase, and finally
moving into supination during the late terminal stance and pre-swing “4.
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The range of motion for the foot and ankle complex includes 20° of
dorsiflexion, 50° of plantarflexion, 20° of eversion, 10° of inversion, 15°

of abduction, 15° of adduction, 35° of supination, and 20° of pronation
(31,32, 45)

DORSIFLEXION PLANTAR FLEXION

FIGURE 7. Sagittal plane motion for ankle-foot complex, depicting dorsiflexion, plantarflexion
along the x-axis, frontal plane motion along the y-axis, and transverse plane motion along the
z-axis.

Through the talus, the most distal bone of the lower leg, the weight from
the body is transferred to the entire foot ©®. This weight is absorbed
and cushioned by the pronation movement of the foot. Arguably, when
the foot moves into pronation during midstance the tibia and femur
rotate internally, and consequently the pelvis on the same side rotates
anteriorly, causing a transient increment in lumbar lordosis ©146),

This coordinated sequence highlights the kinematic chain in action,
where movement at one joint influences motion at other joints more
proximally in the chain. In the context of locomotion, the role of the
biomechanical chain is particularly evident at the ankle, where agonist
and antagonist muscle pairs control dorsiflexion and plantarflexion
respectively, each contributing to distinct phases of the gait cycle ©"
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47, (Figure 7). Dorsiflexors, such as the tibialis anterior, are active during
the initial contact and loading response to control foot placement, while
plantar flexors, like the gastrocnemius and soleus, are key muscles
during the push-off to generate forward propulsion ©2, When the
Achilles tendon is injured, the efficiency of this system is potentinally
compromised “& 49 The inability to effectively plantarflex the foot
will then disrupt the timing and force of push-off 59, which in turn will
affect the mechanics of the entire kinematic chain. This could lead to
compensatory movements at the knee, hip, and pelvis, and potentially
exacerbate issues such as changed, i.e. either increased or decreased
lumbar lordosis and placing additional strain on the lower back and
postural alignment.

LOCOMOTION AND THE ACHILLES TENDON

The Achilles tendon is among the largest and strongest tendons in
the human body, playing a critical role in bipedal locomotion ©1 52,
Evolutionarily optimized for both repetitive loading and explosive
movement, it transmits forces from the triceps surae-comprising the
gastrocnemius medialis, gastrocnemius lateralis, and soleus muscles-
into powerful ankle plantarflexion 3, (Figure 8). The gastrocnemius
muscle has two distinct heads-medial and lateral. The medial head,
which is larger, originates from the popliteal surface of the femur just
above the medial femoral condyle. The lateral head arises from the
upper and posterior surface of the lateral femoral condyle and the distal
part of the lateral supracondylar line of the femur. Both heads are also
interviened with fibers from the subjacent areas of the knee joint capsule.
They remain separate as they descend until they converge into a broad
aponeurosis. The gastrocnemius is a biarticular muscle, crossing both
the knee and ankle joints, and therefore contributes to movement at
both levels. As it moves caudally, the gastrocnemius muscles join with
the tendon of the soleus muscle onits deep surface to form the Achilles
tendon. The soleus muscle, a broad and flat muscle that lies deep to
the gastrocnemius muscle, originates from the posterior surface of
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the head and proximal shaft of the fibula, the soleal line, and the middle
third of the medial border of the tibia. Unlike the gastrocnemius muscle,
the soleus muscle is a monoarticular muscle, acting on the ankle joint
only. Although mostly covered by the gastrocnemius, the soleus muscle
becomes visible and more easily accessible just below the mid-calf on
both the medial and lateral sides. Both muscles are innervated by the
tibial nerve derived from spinal nerve roots S1 and S2 “9,

Soleus muscle

Lateral
gastrocnemius
muscle

Medial
gastrocnemius
muscle

Soleus muscle

Tibia

Achilles tendon

FIGURE 8. The triceps surae of the right leg, comprising the medial and lateral gastrocnemius
and the soleus, arises from distinct sites: the gastrocnemius from the medial and lateral femoral
condyles, and the soleus from the posterior surface of the tibia and fibula. These muscles
converge into the Achilles tendon, which inserts onto the calcaneus. The right side of the
illustration does also depict the rotation of the Achilles tendon.
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This musculotendinous unit functions as an energy-storing spring: the
tendon elongates under load during stance and recoils during push-off,
which leads to enhanced propulsionand less metabolic cost of movement
(25458 During walking and running, tendon loads range from 2.7 to 7.7
times body weight, depending on the speed and task intensity ©©.

Structurally, the Achilles tendon demonstrates considerable mechanical
resilience. It is composed of fascicles with a spiraling orientation and a
distinctive 90° twist from the myotendinous junction to the calcaneal
insertion ©7-%9), This anatomical configuration, in conjunction with
aponeurotic integration of the triceps surae, enables multidirectional
load distribution and efficient force transfer, especially at the ankle joint
level 6189 The tendon's mechanical properties are tightly coupled to
neuromuscular control strategies that regulate stiffness, compliance,
and energy absorption during the entire gait cycle 548",

Although structurally well-adapted to handle high loads, the Achilles
tendon remains particularly vulnerable to injury as a result of the
substantial and repetitive mechanical demands it encounters during
activity, especially under eccentric loading conditions 6263, (Figure 9).
Achillestendonrupture (ATR) typically occurs during forceful dorsiflexion
of a plantarflexed foot or during sudden acceleration or deceleration
movements, such as jumping or directional changes, for instance during
sports activities 6263, Contributing factors often include neuromuscular
fatigue, inadequate preparatory muscle activation, and age-related
or subclinical degenerative changes, such as disorganized collagen
structure, neovascularization, and microruptures. These changes often
occur in the relatively hypovascular midportion of the tendon, a region
particularly vulnerable to age-related degeneration (6469,

The prevalence of ATR has shown a gradual increase over recent
decades across several Nordic countries. In Denmark, the incidence
rose from 26.9 per 100,000 person-years in 1994 to 31.7 in 2013 ©9),
while in Sweden it increased from 34.3 in 2017 to 41.7 in 2021 ©7,
Similarly, in Finland a rise from 17.3 to 32.3 per 100,000 person-years
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has been reported ©®, This trend is accompanied by an increase in the
median age of patients who sustain an ATR, from 44 to 50 years between
2001 and 2012, and also with a notable rise among individuals over 60
years of age (¢6-68) Recent studies also report a bimodal age distribution,
with incidence peaks in middle age and in older adults ©°. Vosseller et
al., reported a strong male predominance, with a male-to-female ratio
of 5.4:1 79, Similarly, Hartman et al., in their retrospective study, found
that males accounted for almost 82% of all ATR " and the median
age of rupture has shifted upward, most probably reflecting increased
participation in recreational sports among older individuals.

Irrespective of the treatment protocol (surgical or non-surgical),
persistent functional deficits are commonly observed following the
Acilles tendon injury 7273 Tendon elongation is strongly associated
with long-term reduction in plantarflexor strength, heel-rise height,
and altered ankle joint kinetics 7478, Recent studies have further
highlighted changes in tendon stiffness 7” and muscle architecture,
such as shortened medial gastrocnemius fascicles 78, which, indicates
remodeling responses within the triceps surae complex ",

Compensatory neuromuscular adaptations are frequently observed
after an ATR. Increased reliance on the lateral gastrocnemius and soleus
is often reported, possibly reflecting reduced activation or hypotrophy
of the medial gastrocnemius %89, Anatomical remodeling, including
fascicle length adaptation, may, however, allow the muscle-tendon unit to
function effectively under altered mechanical conditions 7®.

At the joint level, ATR disrupts the coordinated distribution of mechanical
work. Several studies have shown reduced ankle power and increased
reliance on knee and hip extensors during walking, jogging, and dynamic
tasks, such as jumping and/or landing “® 8V, These findings could align
with the concept of the biomechanical chain and the broader chain
theory of body linkage, in which impairments at the foot or ankle level
may influence more proximal segments in order to maintain global
locomotor function.
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FIGURE 9. Acute Achilles tendon rupture is typically described as a sudden blow or kick to the
back of the calf, accompanied by sharp pain and sometimes a distinct snapping sound. Following
the injury, walking and running are severely impaired in most cases.

Emerging evidence suggests that the post-injury adaptations extend
beyond push-off mechanics and also affect early stance control €2,
Normally, the deceleration of the body's COM at initial contact is
modulated by coordinated dorsiflexor, quadriceps, and hip extensor
activity. Tibialis anterior controls ankle plantarflexion in an eccentric
mode, while the quadriceps and gluteus absorb impact and stabilize the
trunk. Post-ATR, however, altered activation pattern-including reduced
support moment at initial contact, have been observed, suggesting
impaired management of forward momentum “®- 79,
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Human gait is not solely governed by mechanical or neuromuscular
systems; psychological factors such as fear of reinjury, confidence,
and emotional state can significantly influence gait and motor control,
particularly during recovery after an injury ©. These psychological
influences can play a critical role in post-injury adaptation. For example,
fear of reinjury is prevalent among individuals one year after ATR, with
over 50% of injured patients reporting such fear; an experience that
correlates with lower Achilles Tendon Total Rupture Scores (ATRS) and
observable alterations in movement strategies 4.

This notion is echoed by Jonsddttir et al., ®9, who demonstrated shifts in
joint power distribution during drop jumps in individuals with high fear of
reinjury, despite no overt mechanical deficits. Such findings emphasize
that movement alterations post-ATR are not only mechanical but may
also reflect a biopsychosocial interplay between structural remodeling,
neuromuscular control, and psychological readiness ©¢ &), While
psychological factors are undoubtedly important in shaping movement
and recovery, this thesis is specifically focused on biomechanical and
neuromuscular aspects, leaving psychological influences as a valuable
area for future research.

Given the Achilles tendon's central role in propulsion and load
transmission during gait, its dysfunction provides a relevant context for
exploring how localimpairments may influence movement co-ordination
throughout the kinetic chain.

Although often implicitly assumed in clinical reasoning and theoretical
models, the idea that body segments interact as a part of a coordinated
biomechanical chain has received limited direct investigations in the
context of human locomotion. It is plausible that alterations in foot
kinematics-given the foot's role as the initial point of contact with the
ground-may influence neuromuscular activation and movement co-
ordination in more proximal segments, such as the hip and trunk. This is
particularly relevant in conditions such as ATR, where local impairments
may disrupt the timing and force generation during push-off, potentially
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leading to compensatory strategies all along the lower limb and trunk.
Such adaptations may be reflected in altered motor variability, which
could serve as a mechanism to preserve functional performance and
maintain postural control under changing mechanical demands such
as those arising from varying physical activities, surface conditions, or
movement intensities.

The present thesis was driven by an interest to examine how local
changes (nonpathological and pathological) at the foot and ankle-
particularly involving the Achilles tendon-influence coordination along
the kinematic chain during walking and running. Despite its central role
in propulsion, the broader impact of Achilles tendon dysfunction on
whole-body movement remains poorly understood, in part due to the
complexity of studying multi-segment interactions.

Through these studies, the overarching aim was to address these gaps
and contribute to a better understanding of locomotor adaptation and
recovery.
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2. Knowledge gaps

Lope fra meg selv? - Nei, det gar ikke an.
Run away from myself? — No, that cannot be done.

a2 PER GYNT, HENRIK IBSEN
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There is limited evidence comparing EMG normalization strategies
across postural conditions, and itremains unclear how the test positions
supine versus standing affect MVIC values for lower extremities and
trunk muscles.

The influence of foot posture, i.e. neutral, pronated, or supinated in
lower extremity and trunk muscle activation during functional tasks has
not been clearly established, limiting the understanding of how distal
alignment affects segmental coordination.

There is insufficient knowledge of how an ATR affects lower-limb joint
mechanics and muscle activation patterns during the stance phase of
walking and jogging, particularly with regard to persistent between-the-
limbs asymmetries after tendon rupture.

The distribution of neuromechanical adaptations along the kinematic
chain from the ankle to the trunk following an ATR remains poorly
understood, especially in terms of how altered distal function influences
proximal joint coordination and supports strategies during walking and
running.
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3. Aims

Two roads diverged in the woods, and I-.
| took the one less travel by,
And that has made all the difference.

a2 ROBERT FROST
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The overall goal of this thesis is to advance the understanding of the
biomechanical chain mechanism from the feet up to the trunk. This
includes investigating how foot kinematics influence muscle activation
in the lower extremities, pelvis, and trunk, alongside kinematic and
kinetic measurements of interconnected body segments during
various functional activities. Methodological investigations address
how the position used for MVIC, standing versus supine, affects
EMG normalization, thereby influencing the interpretation of muscle
activation patterns in relation to foot kinematics.

STUDY |

To compare the MVIC EMG normalization method for selected lower
extremity and trunk muscles when using standardized supine versus
standing test positions.

STUDY Il

To compare the activation of selected trunk, pelvic and lower extremity
muscles during neutral, pronated, and supinated stance conditions
during a standardized vertical step maneuver.

STUDY Il

To investigate the limb-to-limb differences in kinematics, kinetics, and
muscle activation patterns of the lower extremities during the stance
phase of walking and jogging, one year after an ATR.

STUDY IV

To investigate side-to-side differences in muscle activation, range of
motion, joint power, joint moment and support moment during walking
and running one year after an acute ATR with specific emphasis on
segmental adaptations within the ankle-knee-hip complex and their
distribution along the kinematic chain up to the trunk.
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4. Ethical approvals

Umveg er jamt, til utrygg ven,

Um midt i bygdi han bur.

Men beinvegar gjeng till den gode venen,
Um han er langt av leid.

The road is long to a false friend,

Even if he lives next door.

But the way is short to a true friend,
Though he may live far more.

2 HAVAMAL (DEN ELDRE EDDA)
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All studies were approved by either the Regional Ethical Review
Board in Gothenburg (Studies | and Il) or the Swedish Ethical Review
Authority (Studies lll and IV), (Table 2). All procedures were conducted
in accordance with the ethical principles outlined in the Declaration of
Helsinki.

TABLE 2. Ethical approvals of Studies I-IV.

Studies Ethical board Date of D-nr
approval
Il Regional ethical review board, Gothenburg 14-09-25 514-14
LI} Swedish ethical review authority 19-11-20 2019-05457
\Y 22-03-18 2022-00921-02
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5. Introduction to
biomechanical tools

Not all those who wander are lost.

& J.R.R. TOLKIEN
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This thesis employed three primary biomechanical assessment
modalities: EMG, kinematics, and kinetics. All measurements were
performed at the Gait Laboratory of the Orthopedic Research Unit,
Sahlgrenska Academy, University of Gothenburg.

ELECTROMYOGRAPHY (EMG)

Electromyography (EMG) was used to evaluate neuromuscular activity
during movement. EMG evaluates muscle function by recording the
electrical signals generated within muscle fibers in response to neural
stimulation. This technique provides insights into motor unit activation
patterns, timing, and coordination.

Recording of EMG can either be conducted intramuscularly, using
needle electrodes, or using surface electrodes (sEMG) applied
directly to the skin 11°8), The latter approach is most frequently used
in biomechanical investigations ©% ), These recordings capture the
electrical activation produced by muscle contractions, which originate
at the level of the motor unit. A motor unit consists of a single motor
neuron and the muscle fibers it innervates. When a motor neuron
sends an action potential, it triggers an electrical response in the
muscle, known as a motor unit action potential (MUAP). This process
initiates muscle contraction, which is the basis of EMG recordings 29,
(Figure 10).

SURFACE EMG (sEMG)

Surface EMG is a non-invasive method for recording electrical activity
from muscles using electrodes placed on the skin. Before applying the
bipolar sets of electrodes, proper skin preparation is essential to ensure
accurate signal acquisition. This typically involves shaving hair at the
area with a razor and cleaning the skin with an alcohol rub to remove
debris ®", (Figure 11).
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From nerve to muscle =) elicit muscle contraction
Spinal cord

Skin: Raw EMG signal

Repolarisation

e

FIGURE 10. Schematic representation of the pathway from neural activation to raw surface
EMG signal. The process begins with motor commands in the ventral horn of the spinal cord,
traveling via the ventral root and alpha motor neuron axon to the neuromuscular junction. This
triggers motor unit action potentials (MUAPs), which sum across multiple motor units to produce
a complex signal in the muscle tissue. Surface electromyography (bipolar sEMG) detects this
summed activity at the skin surface, producing a raw EMG signal that contains motor unit action
potentials (MUAPSs), along with noise and artifacts.

FIGURE 11. Skin preparation: Hair
is first removed with a razor, after
which the area is cleaned with an
alcohol swab to eliminate skin
debris and oils, ensuring optimal
electrode-skin contact.
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Electrode application follows a standardized muscle map to ensure
accurate placement over the target muscle ©%%), The procedure
sampling process includes:

¢ Recording in rest to capture baseline muscle activity
* Signal check to ensure the quality and integrity of data
* Crosstalk check to detect interference from adjacent muscles

* Maximum voluntary isometric contraction (MVIC) recording as
per established protocol

¢ Target muscle action recording during specific tasks, also
according to a specific protocol

These procedures may need to be repeated to ensure the highest
available data reliability and consistency.

sEMG SIGNAL PROCESSING

EMG signals can be affected by various sources of noise, including
motion artifacts from electrode or cable movement, poor skin-electrode
contact, electrical interference from surrounding equipment or lighting,
and cross-talk from nearby muscles.

Signal processing of sEMG involves both analog and digital stages
6597 Signal processing is essential to maximize the capture and
representation of muscle activation within the sampled data. Analog
processing occurs at the electrode-skin interface and includes
capturing the raw sEMG signal, signal amplification and applying an
analog bandpass filter to reduce electrical and mechanical (movement)
noise and enhance signal quality. Digital processing is performed
using highly specialized software. This typically involves a digital linear
envelope, which includes high-pass filter to remove low-frequency
noise (movement artifacts), rectification to convert all signal values to
positive, a low-pass filter, often implemented as a root mean square
(RMS) moving window, to smoothen the signal (Figure 12).
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FIGURE 12. A: The analog raw EMG signal detection during the stance phase of lateral
gastrocnemius muscle (one single trial) during stance phase of gait. B: the digital filtering process
from 1) high pass filter 2) the detrending process to 3) the RMS process to the final signal output.

NORMALIZATION

To ensure meaningful comparisons across individuals or conditions,
normalization of EMG signals is critical. This can be applied in different
ways, but most used is amplitude normalization to a reference value,
such as the peak EMG signal measured during a MVIC ©®, Task-specific
normalization based on activity relevant to the muscle function being
studied is another way of performing a signal normalization.
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MOTION CAPTURE SYSTEM (MOCAP)

A three-dimensional optical camera system that uses reflective markers
attached to well-defined anatomical landmarks, motion capture system
(MOCAP) given body movements (kinematic action) can be recorded
and analyzed (Figure 13). The markers are applied to the skin according
to the given marker model, which refers to a specific algorithm ©9),
(Figure 14).

The MOCAP is synchronized with a force plate system that registers
the external forces (kinetic actions) affecting the musculoskeletal
system during the survey. This is done by performing weight-bearing
movements on instrumented force plates either in the form of walking,

jogging, jumping or hopping.

FIGURE 13. From the gait lab, the motion capture system with cameras and force plates. A

participant is equipped with surface EMG sensors and reflective markers and is walking on the
10-meter stationary walkway, which is equipped with the timing system.
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FIGURE 14. The biomechanical six degree of freedom (6-DOF) model with reflective markers on

anatomical landmarks and skeletal reconstruction shown in (A) frontal, (B) dorsal, and (C) lateral
views. The laboratory coordinate system (X: red, Y: green, Z: blue) defines the global reference
system. Force plates embedded in the walkway capture ground reaction forces, which together
with kinematic data from the marker model are used to calculate joint moment and power across
the kinetic chain by inverse dynamics.

The vertical and horizontal forces exerted by the foot onto the force
plate allow for quantification of the opposing ground reaction forces.

At the same time, joint angles and body segment positions are recorded
by the MOCAP, which tracks reflective markers in the global Cartesian
coordinate system (x, y, z). These axes correspond to the anatomical
planes of motion: sagittal (forward-backward), frontal (side-to-side), and
transverse (rotational), (Figure 15).
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FIGURE 15. Cartesian coordinate system with the three axes (x, y, z). The sagittal plane is defined
by the x-z axes (i.e., flexion and extension), the frontal plane by the y-z axes (i.e., abduction and
adduction), and the transverse plane by the x-y axes (i.e., rotation). This system provides the
spatial reference for describing human movement.

This combined approach-integrating kinematic data from motion
capture and external force data from force plates-enables the
calculation of joint kinetics through inverse dynamics calculations .

Kinematics refers to the study of movement without consideration of
the forces that produce the motion. In the present project, segmental
movement was captured using the MOCAP, which relies on high-speed
cameras to track reflective markers placed on anatomical landmarks.
This set-up enables precise measurement of joint angles, segment
orientation, and whole-body motion yielding a detailed representation
of movement patterns.
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Kinetics, in contrast, focuses on the forces underlying motion. Central
to the kinetic analysis is Newton s 3™ law (Figure 16), which states
that for every action, there is an equal and opposite reaction. Ground
reaction forces (GRFs), measured via force plates, play a critical role in
this analysis. When combined with kinematic data and known segmental
properties (e.g., mass and inertia), GRFs allow for the calculation of
internal joint forces and moments through inverse dynamics.

FIGURE 16. Newton's 3rd law. (a) The runner exerts a force downward and backward onto the
ground. (b) In response, the ground applies an equal and opposite reaction force upward and
forward, propelling the runner forward.

Inverse dynamics represents a computational method used to
estimate internal joint forces and moments based on measured motion
patterns (joint angles) and external forces. By combining kinematic data
(e.g., joint angles and segment accelerations) with GRFs and known
segmental properties (mass and inertia), inverse dynamics applies
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Newton's 2" (Figure 17) and 3" (Figure 16) laws to work backward from
movement to determine the net mechanical demands placed on each
joint. This approach is essential for understanding joint loading during
walking and running.

a

=2

FIGURE 17. Newton's 2" Law of Motion. A force (F) applied to a crate of mass (m) produces an
acceleration (a) in the direction of the applied force, consistent with the relationship F = ma.
According to Newton's 2"law, the net force acting on an object is equal to the product of its mass
and acceleration. In inverse dynamics, this principle provides the foundation for calculating net
joint forces and moments: the linear acceleration of each segment's center of mass is related
to the net force acting on it, while the angular acceleration is related to the net moment. By
combining measured ground reaction forces with segmental kinematics, these equations yield
the internal net joint moments that reflect the combined action of muscles and passive structures
across the joints.

These integrated biomechanical measures-muscle activation,
movement patterns, and force generation-form the foundation of the
analyses performed in this thesis (Table 3).
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6. Data collection; Studies I-1V

That's the thing about running: your greatest runs are rarely
measured by racing success. They are moments in time when
running allows you to see how wonderful your life is.

a2 KARA GOUCHER
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METHODS

The studiesinthisthesis are divided into two main categories: Studies |-

focused on methodological development, including EMG normalization

and foot position during movement tasks. Studies llI-IV explored the

biomechanical consequences of an ATR on walking and running, with

particular attention to how such injuries affect the biomechanical chain

from the foot to the trunk.

TABLE 3: Biomechanical tools and variables.

ELECTROMYOGRAPHY

MVIC -supine vs standing

%MVIC-mean amplitude foot kinematic
EMG%-during stance periods IC-MS, MS-TO

MOCAP

ROM for stance periods: IC-MS, MS-TO

Joint positions at IC, MS, TO

ROM for IC-TO

Joint moment mean during periods: IC-TO (Nm/kg)
Joint moment at IC, MS, TO (Nm/kg)

Joint power during IC-TO (watt/kg)

PHYSICAL ASSESSMENT TOOL
Navicular drop test

PROMs
EQ-5D
PAS

v
v

L L L«

v
v

Study lll  Study IV

MVIC = maximum voluntary isometric contraction, %MVIC = EMG amplitude normalized to maximum voluntary
isometric contraction (100%), EMG % = detrended EMG expressed relative to %MVIC, IC = initial contact, MS

= midstance, TO = toe-off, IC-MS = initial contact to midstance, MS-TO = midstance to toe-off, ROM = range of
motion, PROMs = patient reported outcome measures, EQ-5D = EuroQol 5 Dimensions, PAS = physical activity

scale
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TABLE 4. Description of electrode placements for the EMG sampling performed in Studies I-IV.

Muscle Electrode placement description Studies

Tibialis anterior Lateral to the medial shaft of tibia, approximately 1/3 of the 1AL IV
distance between knee and ankle, over the largest muscle
mass, in slightly oblique direction

Peroneus longus Aline is drawn between the head of the fibula and the lateral I
malleolus, medial to muscle belly of the
tibialis anterior muscle

Soleus medialis Just under the belly of gastrocnemius, a line is drawn I, 1L 1V
between the medial side of the Achilles tendon insertion and
the head of the fibula

Medial gastocnemius  Parallel to muscle fibers, just distally to the knee, 2 cm I, v
medially to the midline of the dorsal aspect of the shank

Lateral gastrocnemius Parallel to muscle fibers, just distal to knee and 2 cm laterally  IlI, IV

Vastus lateralis

Adductor longus

Gluteus medius

Rectus abdominus

External oblique

Internal oblique/
Transversus
abdominis

Erector spinae
(lumbar)

Multifidus (lumbar)

to midline of the dorsal aspect of the shank

Appoximately 2 cm medial from superior rim of patella, in an v

oblique direction (ca 55 degrees)

Medial aspect of thigh, approximately 4 cm from the pubic 1L

bones, in an oblique direction

Approximately 1/3 of the distance between the iliac crestand |, 11, IV
greater trochanter, anterior to gluteus maximus muscle

Approximately 3 cm superior to umbilicus and 2 cm lateralto |, 1I, IV

midline

Direct in a lateral line from umbilicus.

Approximately 12-15 LIV

cm, directly above the anterior superior iliac spine, halfway
between the pelvic crest and the ribs, in a slightly oblique

angle

Approximately 2 cm medial and inferior to anterior superior Al
iliac spine (SIPS), on a line midway between SIPS and pubis,

just superior to the inguinal ligament

Laterally to the spinal process of L3,
the spine

Laterally to L5 spinal process, media
posterior superior (SIPS)

approximately 2 cm from I, IV

lly to spina iliaca I
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TABLE 5. EMG recorded in Studies I-IV.

EMG target muscles Study!l Studyll Studylll StudylV
Tibialis anterior v v v v
Peroneus longus v

Medial gastrocnemius v v
Lateral gastrocnemius v v
Medial soleus v v v
Vastus medialis v
Gluteus medius v v v
Adductor longus v v

Rectus abdominis v v

External oblique v v v
Internal oblique/Transversus abdominis v v

Erector spinae (lumbar) v v
Multifidus (lumbar) 4

STUDIES I-1I

In Studies | and Il, EMG data were collected using a Noraxon Telemyo
desktop (16 channels) and a Noraxon Telemyo belt system (8-channel)
Scottsdale, USA, wireless receivers EMG system using a bandwidth
filter of 10-500 Hz. Pre-amplification of all signals was performed with
a baseline noise of <1pV RMS, input impedance of >100 MQ and a
common mode rejection ratio of >100 dB. Data sampling frequency was
1500 Hz using a 16-bit external A/D converter.

In both studies, surface electrodes (AMBU Blue Sensor N, Copenhagen,
Denmark) were applied, and post-hoc processing of EMG signals was
conducted using Noraxon MR3 software (version 3.8, Scottsdale, USA).
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In Study |, two positions were compared for the performance of the MVIC
EMG normalization method: supine and standing. For each target muscle,
participants performed three consecutive MVICs, each lasting three
seconds, with a three-second rest between repetitions. A one-minute
rest period was provided between testing of different muscle groups
to minimize fatigue. Throughout the testing protocol, participants
were guided with standardized verbal encouragement. External static
resistance was standardized and applied both manually by the examiner
and with adjustable straps to ensure consistent resistance to the tested
muscles (Figure 18).

FIGURE 18. The two MVIC positions; (A) supine and (B) standing investigated in Study I.

Surface electromyographic (sEMG) activity was recorded bilaterally
from six target muscles: tibialis anterior (TA), gluteus medius (GIM),
adductor longus (ADDI), rectus abdominis (RA), external oblique (OE),
and the internal oblique/transversus abdominis (I0/TrA) complex © 93
%4 (Tables 4,5). Bipolar surface electrodes with a 20 mm inter-electrode
distance were placed with the participant in a standing position.
Electrode placement followed established protocols as described in
Table 4, ©91.93.94),
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Prior to electrode placement, the skin was prepared according to the
standard procedure to reduce impedance and improve signal quality ©2.

The electrodes were connected via wires to Noraxon DTR sensors,
which wirelessly transmitted EMG data to a central receiver unit. Before
data acquisition, a thorough signal quality check was conducted to
confirm signal stability and rule out crosstalk from adjacent muscles.
This was achieved through visual inspection of real-time EMG signals
during light-to-moderate voluntary contractions of each target muscle.

In Study Il, muscle activation of selected trunk, pelvic, and lower
extremity muscles was measured during neutral, pronated, and

supinated stance conditions in a standardized vertical step maneuver
(Tables, 4,5). The test zone was marked with tape lines corresponding
to each participant’s individually determined neutral stance, ensuring
a reproducible foot starting position before initiating the step ascent
action (Figure 19).

FIGURE 19. The test zone is marked with
tape lines for the foot positions studied in
Study Il. The tape lines corresponded to each
participant's individually determined neutral
stance, ensuring a reproducible foot starting
position before initiating the step ascent
action.
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During the step ascent test, the stance foot was positioned in three
conditions-neutral, pronated, and supinated-using individualized EVA
wedges (35 Shore hardness), % to ensure comfort. Pronation was
defined as a lateral lift, where the 5™ digit was just off the ground, while
supination was defined as a medial lift, where the 1t digit was just off
the ground. Four trials were performed in each step condition for the
right and left leg, respectively. Each participant then completed the task
in a fixed sequence: (i) right neutral, (ii) left pronated, (iii) left neutral, (iv)
right pronated, (v) right supinated, and (vi) left supinated. Standardized
instructions were given to the participants prior to performing each
step procedures. In addition, verbal cues were given on when to lift
the stance foot up onto the bench and when to return the foot to the
ground. A full step was defined as when the participant’'s contralateral
foot left the ground until the same foot was placed on the bench, with a
time interval of approximately 1.5 seconds.

Participants were instructed to lift one foot onto a bench and perform a
single upward step, simulating a stair ascent. The bench was positioned
0.325 minfront of the starting foot, with a height of 0.445 m. Participants
were instructed to maintain a forward gaze at a fixed point 3.0 m ahead
throughout the movement (Figure 20).

Each participant completed the step ascent in a standardized sequence
of six stance conditions. Four trials were performed for each foot
position for each leg. Standardized instructions and verbal cues guided
the participants during the task. A full step was defined from the moment
the contralateral foot left the ground until it was placed on the bench,
lasting approximately 1.5 seconds.

Bipolar, bilateral EMG signals from the target muscles were recorded
(Tables 4, 5). Digital time markers were manually applied to define the
relevant phases of the step action, specifically from heel lift to flat foot
contact. To calculate the normalized EMG amplitude values (%MVIC),
MVIC were initially performed for all muscle groups for 3-5 s using a
specially designed test apparatus.
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A: start B: step

FIGURE 20. The step condition showing the left limb in stance (to be analyzed) and the right limb
performing the step maneuver in Study Il.

NAVICULAR DROP TEST

To classify foot posture and define pronation level, the Navicular Drop
Test (NDT) was used as a clinical assessment tool in Study II.

NDT (101-103) j5 3 static foot assessment used to evaluate the degree
of pronation by measuring the vertical displacement of the navicular
tuberosity from a neutral to a relaxed standing position (Figure 21). It
is designed to reflect sagittal plane movement of the navicular bone,
offering insight into foot posture. The test is performed with the patient
standing in full weight-bearing, first positioning the foot in subtalar joint
neutral. The most prominent point of the navicular tuberosity is marked
and its height from the floor is measured. The patient is then asked
to relax into their natural stance, and the new height is recorded. The
difference between the two measurements represents the navicular
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drop. The test can also be conducted in reverse or by marking the
positions on an index card placed along the medial side of the foot.
Interpretation of results typically categorizes a drop of more than 5 mm
as indicative of a supinated foot, 5-9 mm as neutral, and 10-15 mm as
pronated.

FIGURE 21. The navicular drop test. (A) Foot with the subtalar joint in neutral, with the navicular
tuberosity marked (red circle). (B) Foot in relaxed stance with the navicular tuberosity marked (red
circle). (C) The difference in vertical distance (mm) between the two positions of the navicular
tuberosity represents the navicular drop, which can be used as an indicator of a pronated or
supinated foot posture.

In Studies | and Il identical off-line signal processing of the EMG signals
was performed in the following order: (i) removing ECG components,
(i) high pass filtering of all raw EMG signals using a 4" order zero-
lag Butterworth filter with a cut-off frequency of 2 Hz, (iii) full-wave
rectification and low pass filtering using a symmetric moving RMS
window (100ms time constant) and (iv) normalizing the filtered EMG
amplitudes relative to peak EMG amplitude recorded during MVIC
processed using identical filtering procedures.

STUDIES IlI-IV

In Studies Il and IV, EMG data was recorded using the Delsys Trigno
Research wireless system with Trigno Avanti electromyography
sensors (Delsys Inc., USA). The sensors have built-in electrodes with an
interelectrode spacing of 10 mm, the contact material is 99.9% silver.
The system operated at a sampling frequency of 2000 Hz, recording
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muscle activation through a mechanical bandpass filter (25-450 Hz).
The signal was reamplified with a baseline noise of 750 nV, an input
impedance of >1 Gohm//20pF, and a common mode rejection ratio of
>80 dB.

Kinematic and kinetic qualities were recorded using the OTS system from
Qualisys AB (Sweden) with 16 infrared Oqus 7 cameras synchronized
with two Miqus video cameras sampling frequency of 250 Hz, and
OPTIMA High-Performance Series force plates sampling frequency of
1000 Hz from Advanced Mechanical Technologies (USA) were used,
with post-hoc processing in Visual 3D (HAS-Motion, Canada). The EMG
and OTS systems were synchronized.

In Study lll, side-to-side differences between the affected and
unaffected limbs were assessed for EMG, kinematics, and kinetics
during stance phase for both walking and running. Stance phase was
divided into three events: initial contact (IC), midstance (MS) and toe-off
(TO) for further analysis. IC and TO were identified from the force plate
data as the time points when the foot first contacted and subsequently
left the plate, respectively, while MS was defined as the instant when the
COG passed over the COP (Figure 22).

FIGURE 22. lllustration of the stance phase events as defined in Studies Ill and IV, including initial
contact (IC), midstance (MS), and toe-off (TO).
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FIGURE 23: The EMG sensor application of the shank muscles: tibialis anterior (AT), medial
gastrocnemius (GM), lateral gastrocnemius (GL) and soleus (SOL) and the marker model of 6
degrees of freedom (see also figure 14 for the marker model).

EMG activity was expressed as the mean percentage of %MVIC across
two stance sub-phases-initial contact to mid-stance (IC-MS) and mid-
stance to toe-off (MS-TO)-for the following target muscles: TA, GM, GL,
and SOL. Kinematic analysis included joint excursions, calculated as the
total angular displacement (i.e., the difference between maximum and
minimum joint angles) for the ankle, knee, and hip joints in the sagittal
plane, and for the ankle and hip joints in the frontal plane, separately
for each sub-phase. Kinetic analysis involved calculating mean joint
moments (Nm/kg) for the same joints and planes, also segmented by
sub-phases.

EMG sensors were applied to AT, GM, GL and SOL muscles in a standing
position, as outlined in the muscle application overview (Figure 23, Table
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4). Bipolar bilateral EMG signals were recorded from both the affected
and unaffected sides.

The elected normalization method for EMG was MVIC where participants
performed four contractions of target muscles lasting for 6 s with 60 s
resting periods between trials.

At a self-selected speed, timed with TC Timer (Browner Timing System),
over a 10-meter walkway with four centrally positioned force plates
walking and running (averaging speed of 1.36 m/s and 2.51 m/s,
respectively) were performed. Five valid foot strikes on the force plates
were registered for both the right and left feet.

STUDY IV

Side-to-side differences in muscle activation, joint range of motion
(ROM), joint moments, joint power, and support moment were examined
during the stance phase of walking and running in 22 participants,
approximately one year after an acute unilateral ATR.

The same methodological approach as in Study lll was used for kinetic
and kinematic data collection, including the use of force plates and
segmentation of the stance phase into sub-phases for the EMG
calculations. EMG signals were normalized according to the same
principles as in Study Ill (Figure 10). EMG activity was recorded using a
full-surface electrode set-up applied to the TA, GM, GL, SOL, VM, GM,
EO and ES (Figure 24, table 4).

Kinetic variables included sagittal plane joint moments (Nm/kg) and
joint power (W/kg) obtained at the discrete time events of IC, MS, and
TO respectively.

Joint moments were further used to calculate the total support
moment (SM) for each limb (194109 SM was defined as the sum of the
sagittal plane extensor moments obtained at the ankle, knee, and hip
respectively [Eq.1], to provide a measure of total limb support and inter-
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joint coordination and providing insight into compensatory movement
strategies that are not apparent when analyzing single joint moments
in isolation.

SM=-(M__ +M +Mhip) [Eq.1]

ankle knee

FIGURE 24. The full EMG application of the target muscles; tibialis anterior (TA), medial
gastrocnemius (GM), lateral gastrocnemius (LG), soleus (SOL), vastus medialis (VM), medial
gluteus (MG), external oblique (EO) and erector spinae (ES) and the marker model application of
the 6 degrees of freedom (see also figure 14 for the marker model).

The signal processing in Studies Ill and IV were identical. EMG data
was filtered by a digital high pass filter of 5 Hz, followed by a 4th order
Butterworth filter in Visual 3D, v. 2025.01.1, HAS-Motion, (Kingston,
Ontario, Canada). The data was then linearly detrended and smoothed
using a centered 30-ms root mean square (RMS) window to compute
the linear envelope (Figure 12). The motion capture data was processed
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using a 4th-order bidirectional Butterworth filter with a low-pass cut-off
at 10 Hz.

In Studies Il and IV, the EQ-5D and Physical Activity Scale (PAS)
were included as PROMs to provide complementary information on
participants’ perceived health-related quality of life and physical activity.

EQ-5D

The EQ-5D %9 s a standardized instrument used to measure self-
reported health-related quality of life. It shows good construct and
predictive validity, along with responsiveness, supporting its use for
assessing health status in patients who have sustained traumatic limb
injuries (197,

EQ-5D includes five dimensions: mobility, self-care, usual activities, pain
or discomfort, and anxiety or depression. Each dimension is assessed
using five levels: no problems, slight problems, moderate problems,
severe problems, and extreme problems. Patients indicate their
current health status by selecting the statement that best describes
their condition in each dimension. Each selection is represented by a
single-digit score, and the five scores are combined to form a five-digit
code. The code corresponds to a weighted score that summarizes
an individual's overall health status. Scores range from -0.43 to 1.00,
where 1.00 indicates perfect health and -0.43 reflects a health state
considered worse than death.

PHYSICAL ACTIVITY SCALE

The Physical Activity Scale (PAS), 1'% is a self-reported questionnaire
designed to assess the level of physical activity. Initially developed to
compare physiological outcomes between middle-aged individuals
and athletes of the same age, the PAS uses a six-point ordinal scale,
where a score of 1 indicates minimal physical activity and a score of
6 represents engagement in heavy physical activity. Although PAS has
not been specifically validated for individuals after an ATR, patients who
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have sustained an ATR are often similar in terms of age ranges as those
originally studied. The PAS provides a general estimate of activity levels,
which may be useful for evaluating functional recovery or physical
capacity in clinical and research setting.

STATISTICAL ANALYSIS

Each of the four studies in this thesis employed statistical approaches
tailored to their specific research aims and data characteristics (for
overview, see Table 6). Together, these diverse statistical approaches-
frequentist, Bayesian, and time-series-provided complementary
insights. They enabled both structured group comparisons and more
nuanced, temporally and probabilistically informed interpretations of
neuromechanical coordination following an ATR.

TABLE 6. Statistical Procedures and Software Applications utilized in Studies I-IV.

Statistical method and data programs Study| Studyll Studylll StudylV
Wilcoxon signed rank test v v v
Multivariant normal Bayesian model v

Coefficient of variance (CV) v

Statistical parametric mapping (SPM) v
Coefficient of quartile variance v
SPSSv. 24 v

SPSSv. 28 v

SPPSv. 30 v v

R Foundation for Statistical Computing v. 4. 5. 0 with v

brms package v.2.21.0

Matlab (Math works, Natick, USA) v

G*Power v 3.1.9.7 v v
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Studies | and Il used conventional frequentist analyses-including
repeated measures ANOVA and non-parametric tests-to evaluate group-
level differences in EMG amplitude across foot postures, step phases,
and test positions. These methods were considered appropriate for the
controlled experimental designs but were limited in their ability to model
temporal dynamics or fully account for inter-individual variability.

STUDY I:

To compare MVIC EMG activity between standing and supine body
positions across all target muscles, the Wilcoxon signed-rank test
was used, as most of the extracted data were not normally distributed
according to the Shapiro-Wilk test. Variability in MVIC EMG amplitude
was assessed by examining median values and quartile distributions for
each position, along with identification of outliers and extreme values.
All statistical analyses were performed using SPSS, version 24.

STUDY II:

Mean EMG amplitudes (%MVIC) were compared across neutral,
pronated, and supinated stance positions for given target muscles on
both the right and left sides using Wilcoxon's signed-rank test (p<0.05,
two-tailed), as the Shapiro-Wilk test revealed that the majority of the
data deviated significantly from a normal distribution. The neutral stance
served as the baseline condition for these comparisons. EMG amplitude
for each muscle was calculated as the mean of four trials and normalized
to the mean peak amplitude recorded during MVIC, expressed as a
percentage of MVIC. All statistical analyses were conducted using IBM
SPSS Statistics, version 28.

STUDY lIl:

Study Il applied a multivariate Bayesian modeling framework to assess
interlimb differences in terms of kinematics, kinetics, and EMG patterns
during gait "%, This approach enabled simultaneous estimation of
multiple outcomes and their correlations, while quantifying uncertainty
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through posterior distributions. The use of 95% credible intervals
allowed for probabilistic interpretation of the magnitude and direction
of observed differences, aligning with the broader interpretive focus on
variability and individual adaptation. This was particularly advantageous
given the moderate sample size and heterogeneity in neuromuscular
responses across participants.

Based on the results from a previous study evaluating biomechanical
variables during walking, running, and hopping after an acute ATR 74, it was
estimated that a sample size of 38 patients would be required to detect
significant side-to-side differences in lower extremity biomechanics (o =
0.05, statistical power = 80%) at 12 months post-injury.

All processed data were analyzed using a multivariate normal Bayesian
model to assess within-subject differences between the affected and
unaffected limbs. Point estimates and 95% credible intervals (Crl) were
defined as the posterior median and the 2.5™ and the 97.5%" percentiles
of the posterior sample, respectively. In this model, posterior medianand
mean are not distinguishable; thus, descriptive statistics are reported
as means and were generated using IBM SPSS Statistics (v. 30.0).

Initially, separate multivariate models were fitted for kinetic, kinematic,
and electromyographic (EMG) data respectively, and then analyzed
independently for walking and running. Complete case data were used
for all models. As a sensitivity analysis, each outcome variable was also
modeled separately using univariate linear models that included only an
intercept and standard deviation.

Six models were implemented in R (R Foundation for Statistical
Computing), (version 4.5.0), "9 using the BRMS package (version
2.21.0) """, which provides an interface to Stan for Bayesian inference.
Bayesian estimation was based on the joint posterior distribution, which
allowed for quantification of uncertainty in all parameters, including
average side-to-side differences, population standard deviations, and
correlations between variables.

72 DATA COLLECTION; STUDIES I-IV



To fit the models, six Markov chain Monte Carlo (MCMC) chains were
run in parallel, yielding 6,000 post-warm-up iterations. Convergence
was evaluated using the improved R-hat statistic """, Default weakly
informative priors were applied; a Student's t-distribution with 3 degrees
of freedom for intercepts, a half-Student's t-distribution for standard
deviations, and a LKJ (Lewandowski-Kurowicka—-Joe distribution) prior
for covariance matrices. These priors introduce mild regularization,
slightly shrinking the posterior toward zero and thereby reducing the
risk of type | and type M errors when dichotomizing credible intervals.

Quantitatively similar results can be obtained using penalized
frequentist regression techniques such as ridge regression or LASSO.
Model comparisons were conducted using the expected log pointwise
predictive density (ELPD), 2. Side-to-side differences are presented
as posterior point estimates with corresponding 95% Crl.

In addition, the coefficient of variation (CV) was calculated as the ratio
of the standard deviation to the mean to descriptively assess within-
subject variability in kinematic, kinetic, and EMG parameters (113,

Study IV employed Statistical Parametric Mapping (SPM) to compare
continuous EMG%, joint angle (ROM), joint moment and joint power
curves across the gait cycle. SPM allowed for time-resolved analysis
of entire waveforms, facilitating the detection of phase-specific
asymmetries that might be obscured by traditional pointwise
comparisons. This method added a temporal dimension to the
interpretation of segmental coordination.

An a priori statistical power analysis was performed using G*Power v
3.1.9.7 "% to estimate the required sample size for a two-tailed paired
t-test. With an alpha level of 0.05, a planned sample size of n = 23, and
an expected medium effect size (d = 0.53), the estimated power was
0.80, indicating that the study was sufficiently powered to detect within-
subject side-to-side effects. Temporal differences across the stance
phase were assessed using Statistical Parametric Mapping, package
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SPM1S in Matlab (MathWorks, Natick, USA). This time-continuous
statistical analysis method has been comprehensively described in
previous work (1'% 118 Descriptive statistics and SM calculations were
conducted using SPSS Statistics v 30.0 (IBM Corp., Armonk, USA).
As the data was not normally distributed, non-parametric Wilcoxon
signed-rank testing was applied for paired comparisons for the SM of
the affected and unaffected limbs. Both tests were implemented with an
a-level of 0.05 (two-tailed).

For the processed EMG data, the coefficient of quartile variation (CQV)
was used to evaluate variability, providing arobust measure of dispersion
suitable for non-normally distributed data 7- "8, This method was not
applied to kinematic and kinetic variables, as the presence of negative
values rendered the CQV results uninterpretable.

STUDY POPULATIONS

STUDIES | AND II:

Participants in Studies | and Il (Tables 7 and 8) were recruited as
a convenience sample from the municipal area of Gothenburg,
either through Facebook advertisements or from the nursing and
physiotherapy programs at the University of Gothenburg.

STUDIES I ANDII

TABLE 7. Demographic data from Study | and Il (n=12).

Age (years) 33.3.(x9.6)

Height (cm) 173.6 (£7.8)
Weight (kg) 71.6.(£11.3)
BMI 23.5 (£ 2.6)

Data are presented as mean and standard deviation (SD). BMI = body mass index.
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TABLE 8. Anthropometric characteristics of the lower extremities from Study Il (n=12).

Anthropometric Characteristics Participants

Leg length R foot 89.9 (+7.3)
Leg length L foot 90.0 (¢7.5)
ND R foot 5.3(+1.3)
Mean mm (SD

ND L foot 4.8(+1.2)

Data are presented as group mean and standard deviation (+SD). R = right; L = left; ND: navicular drop measure.

STUDIES Il AND IV:

Participantsin Studies Ill (Table 9) and IV (Table 10) were recruited from the
ongoing DUSTAR project (Diagnostic Ultrasonography for Sahlgrenska
Academy, University of Gothenburg. Data collection was conducted
approximately one year (+2 months) following the Achilles tendon injury.

A total of 37 participants were included in Study lll, where EMG recording
was applied to selected muscles of the shank. In Study IV, a subset of
the final 22 participants underwent extended EMG recordings, which
included muscles along the full biomechanical chain under investigation
(Figure 25).

131 participants
invited from one year post ATR (DUSTAR)

}

54 persons accepted | — Lostin scheduling process:
4 persons: no response when called on
4 persons: cancelation due to personal
‘ scheduling problems
4 persons: did not show to appointed time

42 participants —_— Drop out:
Attended the laboratory assessment 1 participant: scheduling problems
1 participant: equipment problems
‘ 2 participants: computer error
Study Il Study IV
38 participants - 22 participants
EMG shank application EMG full chain muscle application

FIGURE 25. Flow chart of participant inclusion in Studies Ill and IV.
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STUDY Il

TABLE 9. Participant demographics and patient reported outcome measurements score in Study
Il (n=37).

Age (years) 47.4 (£ 9.4)

Height (meter) 1.79 (£ 0.08)
Weight (kg) 83.3 (+ 16.6)
BMI 26.9 (¥4.9)
PAS 4(£1.1)
EQ-5D 0.7 (£ 0.3)

Data are presented as group mean and standard deviation (+SD). BMI = Body mass index; PAS= Physical activity
scale (six-graded scale), self-reported level of physical activity (1.denoting extremely low physical activity and
6.denoting strenuous physical activity); EQ-5D self-reported score health-related quality of life (range 1- (-0.43),
1 = perfect health. -0.43 = worse than death.

STUDY IV

TABLE 10. Participant demographics and patient reported outcome measurements score in
Study IV (n=22).

Age (years) 48.0(x10.9)

Height (meter) 1.79 (£ 0.08)

Weight (kg) 83.3 (£ 16.6)

BMI 26.7 (¥3.3)

PAS 41(x1.2)

EQ-5D 0.8(+x0.2)

Treatment: Surgery: No surgery:
14 participants 8 participants

Data are presented as group mean and standard deviation (+SD). BMI = Body mass index; PAS = Physical activity
scale (six-graded scale), self-reported level of physical activity (1 denoting extremely low physical activity and 6
denoting strenuous physical activity); EQ-5D self-reported score health-related quality of life (range 1-(-0.43), 1=
perfect health. -0.43 = worse than death.
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7. Summary of Results

Say, who is this walking man?

& JAMES TAYLOR
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STUDY I

Participants were recruited as a convenience sample from the
Gothenburg area to compare two standardized test positions-supine
and standing-for EMG normalization using MVIC. The aim was to
determine whether body posture affects MVIC values for selected
muscles in the trunk and lower extremities.

No systematic differences in terms of EMG amplitudes were found
when comparing the supine and standing positions for MVIC testing,
suggesting that both postures are equally effective for normalizing
muscle activity when it comes to group-level analyses (Figure 26).

Bars show mean values; error bars indicate £1 standard deviation.
Muscles: TA = tibialis anterior, GIM = gluteus medius, AddL =
adductor longus, RA = rectus abdominis, EO = external oblique, 10/
TrA = internal oblique/transversus abdominis.

Substantial inter-individual variability was observed in muscle activation
levels in both positions, indicating that normalization outcomes may
differ across individuals regardless of the test posture (Figure 27).

Muscles: tibialis anterior (TA), gluteus medius (GM), adductor longus
(AddL), rectus abdominis (RA), external oblique (EO), and internal
oblique/transversus abdominis (IO/TrA). R = right, L = left.

Outliers are shown as circles (O); extreme values are marked with
asterisks (*). Muscle activation did not differ significantly between
the two positions (Figure 27).
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FIGURE 27. Inter-individual variability (median * interquartile range) in maximum EMG amplitude
(uV) for selected lower-limb and trunk muscles during maximal voluntary isometric contractions
(MVIC) performed in supine or standing positions.

STUDY Il

This study investigated how foot kinematics-specifically supinated and
pronated positions compared with neutral affect muscle activation in
selected lower extremity and trunk muscles. The foot position on the
ipsilateral stance foot was manipulated, while the contralateral limb
performed the step during a standardized vertical step maneuver.
Participants were recruited from the same convenience sample as in
Study I.

Study Il demonstrated that foot configuration had limited systematic
influence on neuromuscular activation during a single-step stair
ascent, although some significant differences were observed in
individual muscles. Compared with the neutral baseline, foot supination
and pronation resulted in significant changes in a few muscles but
showed no systematic influence on trunk activation, whereas the
lower extremity displayed more significant differences, yet these did
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not reflect a substantial or systematic overall influence. Moreover, the
high inter-individual variability in EMG data indicates that within-subject
motor variability plays a crucial role in maintaining postural stability and
task performance, particularly during functional activities exposed to
perturbations.

Right foot stance:

Ipsilateral: In the pronated position, the right EO (p=0.010) and TA
(p=0.023) showed a higher activity than in neutral. In the supinated
position, the right TA (p=0.004), PE (p=0.019), and SOL (p=0.005) showed
a higher activity than in the neutral position.

Contralateral: In the pronated position, the left MU showed a higher
activity than in the neutral position (p=0.034), (Figure 28).

Left foot stance:

Ipsilateral: In the supinated position, the left EO showed a higher activity
than in the neutral position (p=0.023), while the left AddL (p=0.041)
and SOL (p=0.050) showed lower activity than in the neutral position.

Contralateral: In the pronated position, the right MU showed a higher
activity than in the neutral position (p=0.033), and in the supinated
position, the right I0/TrA showed a higher activity than in the neutral
position (p=0.023), (Figure 29).
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STUDY Il

A total of 37 participants were recruited from the ongoing DUSTAR
project (Diagnostic Ultrasonography for the Choice of Treatment
of Acute Achilles Tendon Rupture). Data collection took place
approximately one year (+2 months) after the ATR. The study aimed
to investigate limb-to-limb differences for lower extremity muscle
activation, joint kinematics, and kinetics during the stance phase of
walking and running. EMG was applied to selected shank muscles,
while OTS was used to assess both kinematic and kinetic parameters
in the affected as well as the unaffected limbs.

Posterior point estimates indicated biomechanical alterations within
the shank complex, with the strongest evidence for differences in
lower-limb muscle activation and sagittal-plane kinematics. The
kinematic data indicated relatively low inter-individual variability in
ankle, knee, and ROM. In contrast, joint moments and EMG measures
exhibited substantially greater inter-individual variability, suggesting
more diverse neuromuscular and kinetic adaptation strategies across
participants. The results below summarize these comparisons for two
distinct periods of the stance phase: IC-MS and MS-TO.

When assessing muscle activation across the stance-phase periods
during walking and running, all examined muscles showed higher EMG
activity in running, with the largest increments observed in the triceps
surae muscle group (Figure 30).
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EMG% — Affected limb (Running vs Walking)

SOL — MS-TOF — AT Walking
® Running
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SOL — IC-MS | AT71
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0 10 20 30 40 50 60 70 80

EMG% (Running vs Walking)

EMG% — Unaffected limb (Running vs Walking)

SOL — MS-TO e A 16 Walking
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GL — MS-TO 9 A 13
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EMG% (Running vs Walking)

FIGURE 30. EMG% (%MVIC) recorded during walking and running by muscle and stance periods.
Dumbbell plots show Walking and Running values for each stance period, with connecting lines
and A labels indicating the difference (Walking — Running) in EMG %. Top panel: affected limb;
bottom panel: unaffected limb.

Phases: IC-MS = initial contact to midstance; MS-TO = midstance
to toeoff. Muscles: TA = tibialis anterior; GM = gluteus medius; GL =
gastrocnemius lateralis; SOL = soleus.

Inter-limb differences were observed in Study Ill. During walking,
posterior point estimates indicated greater LG activation in the affected
limb during IC-MS, with a mean difference of 2.1 EMG% (95% Crl: 0.5 to
3.7). In MS-TO, the affected limb also showed higher activation in both
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MG (3.4 EMG%, 95% Crl: 0.6 to 6.3) and LG (4.8 EMG%, 95% Crl: 2.3 to
7.6) compared to the unaffected side. Ankle sagittal ROM was reduced
in the affected limb, with a posterior mean difference of -1.8° (95% Crl:
-2.8°t0 -0.7°), (Figure 31).

LG (IC-MS) | —_—
LG (MS-TO) | &
MG (MS-TO) | o
Ankle ROM | —— i i ] i i

-2 0 2 4 6 8
Mean Difference (Affected - Unaffected)

FIGURE 31. Walking. Posterior point estimates of between-limb differences during walking one
year after Achilles tendon rupture for EMG % activation (GL= Gastrocnemius lateralis, GM =
gastrocnemius medialis) and Ankle sagittal ROM in Nm/kg. IC-MS= initial contact to midstance,
MS-TO = midstance to toe off, ROM = range of motion. Circles represent posterior means;
horizontal lines represent 95% credible intervals (Crl).

Annotations indicate posterior mean (95% Crl) and posterior probability
of direction. Positive values indicate greater activation or excursion in
the affected limb, negative values indicate reductions.

During running, ankle sagittal ROM was reduced in MS -TO on the
affected side, with a mean difference of-4.1° (95% Crl: -5.8 to -2.5),
along side a lower ankle sagittal moment (0.06 Nm/kg, 95% Crl: 0.01 to
0.11) compared with the unaffected side (Figure 32).
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FIGURE 32. Running. Posterior estimates of between-limb differences during running one year
after Achilles tendon rupture for ankle sagittal ROM in degrees and ankle sagittal moment in
Nm/kg. ROM = range of motion, MS-TO = midstance to toe off. Dots represent posterior means;
horizontal lines represent 95% Crl. Annotations indicate posterior mean (95% Crl) and posterior
probability of direction. Positive values indicate greater ROM or moment in the affected limb,
negative values indicate reductions.

For variables in the frontal plane, no differences between the affected
and unaffected limbs were observed, neither during walking nor running.

Variability in joint moments, EMG activity, and ROM during walking
and running was quantified using the coefficient of variation (CV). For
walking, variability was lowest in ankle, knee, and hip ROM (CV: 9-38%),
higher in EMG activity (CV: 38-92%), and widest in joint moments (CV:
9-900%), (2).

During running, kinematic variability was greater (CV: 16-57%), EMG
variability remained high (CV: 46-136%), and joint moments again
showed the largest distribution (CV: 17-660%), (Figure 33). The very
high CV values for joint moments reflect the mathematical definition
of CV, where the standard deviation (hominator) is divided by the mean
(denominator). When mean joint moments were close to zero, even
modest absolute variability resulted in comparatively large CV values.
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Variability in Joint Moments, EMG Activity,

Joint moments

EMG activity [

ROM

9-900%

and ROM

17-660%

38-92%

46-136%

9-38%

16-57%

10

100
Coefficient of Variation (CV, %) [log scale]

1000

= \Walking
=== RuNNing

FIGURE 33. Inter-individual variability (coefficient of variation, CV%) in range of motion (ROM),
electromyography (EMG) activity, and joint moments during walking and running one year after an
Achilles tendon rupture (ATR).

Mean EMG activation profiles with variability are presented for the
TA, MG, LG, and SOL during the stance phase of walking and running

(Figures 34-37).
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FIGURE 34. Muscle activation configuration of Tibialis anterior (see capture Figure 37).
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FIGURE 35. Muscle activation configuration of Medial gastrocnemius (see capture Figure 37).
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FIGURE 36. Muscle activation configuration of Lateral gatrsocnemius (see capture Figure 37).
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WALKING RUNNING
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FIGURE 37. Muscle activation configuration of Soleus. Mean normalized EMG activity (%MVIC)
with inter-individual variability (+1 SD) for the affected (blue) and unaffected (red) limbs. For
stance phase in tibialis anterior (TA), medial gastrocnemius (MG), lateral gastrocnemius (LG), and
soleus (SOL). Solid lines represent mean normalized EMG (%) across participants; shaded areas
indicate inter-individual variability (+1 SD). The x-axis shows the stance phase of gait, from initial
contact (IC) through midstance (MS) to toe-off (TO).

STUDY IV

A subset of 22 participants from the same cohort as Study lll were
included in Study IV. This study aimed to investigate side-to-side
differences in muscle activation, ROM, joint power, joint moments, and
support moments during walking and running one year after an unilateral
ATR. The analysis focused on segmental adaptations within the ankle-
knee-hip complex and their distribution along the biomechanical chain
up to the trunk. Bilateral EMG recordings were collected from eight
muscles, as well as kinematic and kinetic measurements to assess
coordination across the lower limb and trunk.

EMG% values were consistently higher during running compared with
walking, with the largest differences observed in the triceps surae
(gastrocnemius medialis, gastrocnemius lateralis, and soleus) during
early stance (Figures 38, 39).
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FIGURE 38. Mean (+SD) normalized EMG activity during Walking across eight muscles: tibialis
anterior (TA), medial gastrocnemius (MG), lateral gastrocnemius (LG), soleus (SOL), vastus
medialis (VM), gluteus medius (GM), external oblique (EO), and erector spinae (ES). Results are
shown separately for early stance (IC-MS) and late stance (MS-TO), comparing the affected limb
(dark blue) to the unaffected limb (light blue).
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FIGURE 39. Mean (+SD) normalized EMG activity during Running across eight muscles: tibialis
anterior (TA), medial gastrocnemius (MG), lateral gastrocnemius (LG), soleus (SOL), vastus
medialis (VM), gluteus medius (GM), external oblique (EO), and erector spinae (ES). Results are
shown separately for early stance (IC-MS) and late stance (MS-TO), comparing the affected limb
(dark red) to the unaffected limb (light red).

Side-to-side differences observed in Study IV (Figure 40). During
walking the affected limb showed significantly higher LG activation
near the end of stance (~88-90%) compared with the unaffected
limb (p=0.05), (Figure 41). Ankle ROM was significantly reduced in the
affected limb during early stance (~17-20%, p=0.04), (Figure 42), and
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ankle joint power was lower near late stance (~88-90%, p=0.05), (Figure
44), reduced knee power was also observed in early stance (~8-10%,
p=0.032), (Figure 45). Total support moment (SM) was significantly lower
in the affected limb at both initial contact (IC) and toe-off (TO), (p=0.001
for both), (Figure 46).

Running: No significant side-to-side differences were observed in
muscle activation or joint power. However, ankle ROM was reduced in
the affected limb during late stance (~77-100%, p=0.012), (Figure 43),
and total SM was significantly lower at TO (p=0.001), (Figure 47).

Walking
Ic Ms T,
Knee Power | - : :
Ankle Power L - i
Ankle ROM 4 -— : !
SM 4 (p=0.001) : SM L (p=0.001) i
GL T fe— i i : i i — |
0% = IC 50% = MS 100% = TO
Running
Ic Ms T0
SM L (p=0.001)
Ankle ROM
0 20 40 60 80 100
Stance Phase (%)
0% = IC 50% = MS 100% = TO

FIGURE 40. Overview of the side-to-side differences in Study IV for joint kinematics, kinetics, and
muscle activation one year after an Achilles tendon rupture (ATR). Sagittal plane joint kinematics,
kinetics, and muscle activation during walking (top panel) and running (bottom panel). Vertical
dashed lines indicate stance events (0% = initial contact [IC], 50% = midstance [MS], 100% = toe-
off [TO]). Red arrows mark phases where total support moment (SM) was significantly reduced
(p =0.001).
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FIGURE 41. Lateral gastrocnemius (GL) muscle activity during the stance phase of walking
one year after Achilles tendon rupture. Left panel: Mean normalized EMG activity (%MVIC) with
inter-individual variability (+1 SD) for the affected (blue) and unaffected (red) limbs. Right panel:
One-dimensional paired t-test (SPM) comparing affected and unaffected sides. The black curve
represents the t-statistic across stance, with the critical threshold (o = 0.05) shown by the dashed
red line. Significant difference between affected and unaffected limbs was seen in later part of
stance.

Sagittal Ankle Range of Motion . Sagittal Ankle Range of Motion
Z =005, '=3134
= 20 2
=]
x Q
° e
= 10 3
< @
_ -
]
]
2 0
0
p=0048
-10 4
IC 25 50 MS 75 TO IC 25 50 MS 75 TO
Percentage of Stance Phase (%) Percentage of Stance Phase (%)

FIGURE 42. Ankle sagittal ROM measured during the stance phase of walking one year after an
Achilles tendon rupture. Left panel: Mean ankle ROM in degrees (°) with inter-individual variability
(+1 SD) for the affected (blue) and unaffected (red) limbs. Right panel: One-dimensional paired
t-test comparing affected and unaffected sides. The black curve represents the t-statistic across
stance, with the critical threshold (o« = 0.05) shown by the dashed red line. Significant differences
between affected and unaffected limbs were seen in the early part of stance.
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FIGURE 43. Ankle sagittal ROM measured during the stance phase of running one year after
Achilles tendon rupture. Left panel: Mean ankle ROM in degrees (°) with inter-individual variability
(1 SD) for the affected (blue) and unaffected (red) limbs. Right panel: One-dimensional paired
t-test (SPM) comparing affected and unaffected sides. The black curve represents the t-statistic
across stance, with the critical threshold (o = 0.05) shown by the dashed red line. Significant
differences between affected and unaffcetd limbs were observed in the late part of stance.
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FIGURE 44. Sagittal ankle joint power measured during the stance phase of walking one year
after Achilles tendon rupture. Left panel: Mean ankle power (W/kg) with inter-individual variability
(£1 SD) for the affected (blue) and unaffected (red) limbs. Right panel: One-dimensional paired
t-test (SPM) comparing affected and unaffected sides. The black curve represents the t-statistic
across stance, with the red dashed line marking the significance threshold (o = 0.05). Significant
differences between affected and unaffected limbs were seen in the later part of stance.
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FIGURE 45. Sagittal knee joint power generation during the stance phase of walking one year
after Achilles tendon rupture. Left panel: Mean knee power (W/kg) with inter-individual variability
(£1 SD) for the affected (blue) and unaffected (red) limbs. Right panel: One-dimensional paired
t-test (SPM) comparing affected and unaffected sides. The black curve represents the t-statistic
across stance, with the red dashed line marking the significance threshold (o = 0.05). Significant
differences between affected and unaffected limbs were seen in the early part of stance.

Total support moment (SM):

Althoughindividual joint moments calculations did not differ significantly
betweenaffected and unaffectedlimbs, the calculated supportmoments
did. In walking, significant differences were found at IC (p<0.001) and TO
(p<0.001), (Figure 46), and in running at TO (p<0.001), (Figure 47), with
lower values in the affected limb compared with the unaffected.
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FIGURE 46. Support moment (Nm/kg) during walking for affected (green) and unaffected (grey)
limbs (n = 22). Bars represent mean values at initial contact (IC), midstance (MS), and toe-off (TO).
Error bars indicate SD. Asterisks (*) mark significant differences between limbs (p<0.05).
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FIGURE 47. Support moment (Nm/kg) during running for affected (green) and unaffected (grey)
limbs (n = 22). Bars represent mean values at initial contact (IC), midstance (MS), and toe-off (TO).
Error bars indicate SD. Asterisks (*) mark significant differences between limbs (p<0.05).

Motor variability

The coefficient of quartile variation (CQV) revealed distinct patterns of
inter-individual variability across muscles, stance phases, and limbs
during both walking and running (Figures 48, 49). Across-gait modes,
ankle plantar flexors displayed more consistent activation profiles,
while proximal and trunk muscles demonstrated greater inter-individual
variability.
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CQV Values for Affected vs. Unaffected Limbs During Walking
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FIGURE 48. Coefficient of quartile variation (CQV, %) for affected and unaffected limbs during
walking, shown separately for eight muscles: tibialis anterior, medial gastrocnemius, lateral
gastrocnemius, soleus, vastus medialis, gluteus medius, external oblique, and erector spinae.
CQV values are presented for early stance (IC-MS = initial contact to midstance) and late stance
(MS-TO = midstance to toe-off). Blue lines represent the affected limb and yellow lines the
unaffected limb.
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CQV Values for Affected vs. Unaffected Limbs During Running
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FIGURE 49. Coefficient of quartile variation (CQV, %) for affected and unaffected limbs during
running, shown separately for eight muscles: tibialis anterior, medial gastrocnemius, lateral
gastrocnemius, soleus, vastus medialis, gluteus medius, external oblique, and erector spinae.
CQV values are presented for early stance (initial contact to midstance, IC-MS) and late stance
(midstance to toe-off, MS-TO). Blue lines represent the affected limb and yellow lines the
unaffected limb.
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8. Discussion

It's very hard in the beginning to understand that the whole idea
is not to beat the other runners. Eventually, you learn that the
competition is against the little voice inside you that wants you
to quit.

& GEORGE SHEEHAN
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The main contributions of this thesis are first, the demonstration that
EMG normalization is reliable and second, the observation that changes
in foot configuration are mainly absorbed locally rather than propagated
proximally. After an Achilles tendon rupture, neuromechanical
adaptations remain largely localized to the lower leg. Persistent ankle
deficits and occasional knee compensations occur, but overall gait
patterns resemble normative kinematics.

The discussion section is organized around four identified knowledge
gaps: 1) methodological, 2) methodological/biomechanical, 3) clinical,
and 4) integrative (Figure 50), each of which are addressed in the
following sections.

Knowledge gap IV

Integration gap —

Distribution of adaptations from feet up to trunk
(Study IV)

Knowledge gap III

Clinical gap —

ATR stance-phase mechanics
(Study I1T)

Trunk

Knowledge gap 11

Thi gh Methodological/biomechanical gap —
foot posture

(Study II)

Shank

Knowledge gap 1
Methodological gap —
EMG normalization
(Study T)

Foot

FIGURE 50. A visualization of the four knowledge gaps identified in this thesis and how they
correspond to Studies I-IV. EMG = electromyography
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Methodological Gap - EMG normalization (STUDY I)

Normalization of surface EMG signals to MVIC values is essential for
between-participants comparability, yet differences in testing posture
could influence the outcome ©®. Posture can alter muscle activation
magnitude and recruitment strategy because supine positions remove
load-bearing and postural stabilization demands, while upright positions
engage trunk and lower-limb muscles in a more functional manner.

In Study |, upright and supine MVIC testing for lower-limb and trunk
muscles yielded comparable values with showed excellent test-retest
reliability (ICC = 0.80-0.90), indicating that EMG normalization is
biomechanically stable and reproducible across positions, when
protocols are applied consistently. Nonetheless, upright testing more
closely reflects the neuromuscular demands of dynamic locomotion
and may therefore provide greater ecological validity for gait-related
research.

Methodological/Biomechanical Gap — Foot posture (Study Il)

The biomechanical chain model proposes that distal changes, such
as altered foot posture, can propagate proximally through mechanical
and neural coupling 11"¢-'22, Manipulating stance foot posture (neutral,
pronation, supination) during a vertical step maneuver altered muscle
activation in the lower extremity to some extent, while less effects on
the trunk and no systematic influences were seen. Distal alignment
changes were largely absorbed locally, with lower-leg muscles more
responsive to foot kinematics than trunk muscles.

Kinematic and neuromuscular links between foot posture and proximal
segments have been demonstrated ('23-125), Calcaneal eversion alters
pelvic alignment through shank and thigh rotation (121128, Pelvic motion
changes occur with altered foot positions or insole inclination, though
spinal posture remains unaffected (27128, Trunk kinematics adapt to
foot inclination during prolonged standing without changes in muscle
thickness 2. Foot pronation and supination modulate lower-limb
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muscle activity, with limited effects on trunk muscles except the erector
spinae 39, In population data, foot pronation showed an association

with back pain in women, though no consistent links were found overall
(131)

Evidence also suggests limited distal-proximal coupling 3213, No
correlation was found between the foot position and pelvic or lumbar
motion during standing ©3. Bilateral EMG recordings showed that
extensive pronation or supination did not alter activity in trunk muscles
such as latissimus dorsi, pectoralis major, or rectus abdominis @, No
association was detected between hyperpronation and severity of
nonspecific low back pain €4,

Changes in foot kinematics have been associated with overuse in
gait, and foot orthoses are sometimes recommended for other than
foot problems/symptoms only (3¢ 137 including the knee, hip, and
back, although evidence is still limited. These patterns, together with
indications of neuromuscular action, postulate a relationship between
foot function and proximal control. In neurological terms, sensory input
from plantar mechanoreceptors can affect multi-joint coordination,
potentially eliciting trunk responses within 100-200 ms (138139,

Altered foot posture primarily affects lower-leg mechanics and muscle
activity, with limited and inconsistent effects on pelvic alignment or
trunk function. While neural pathways such as plantar sensory input
may link distal and proximal segments, current evidence indicates that
most adaptations are absorbed locally, suggesting only modest distal-
proximal coupling.

Clinical Gap - ACHILLES TENDON RUPTURE stance-phase mechanics
(STUDY 11l

The Achilles tendon can store and release elastic energy during
locomotion 652, while simultaneously being capable of transmitting
forces up to eight times the body weight during running ®®. Its function
reduces the metabolic cost of overground movement and enhances
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propulsion @54, Achilles tendon rupture disrupts these functions, while
typically causing chronic tendon elongation, more or less regardless
of surgical or non-surgical treatment “?, accompanied by reduced
stiffness 141142, and persistent plantar flexor weakness (50 143.144),

One year after an Achilles tendon rupture, walking was characterized by
increased gastrocnemius activation and reduced ankle sagittal ROM in
the affected shank compared with the contralateral side. During running,
ankle ROM was likewise reduced and accompanied by attenuated
plantar flexor moments, although no clear inter-limb differences in
terms of EMG were observed. Despite these shank-level asymmetries,
the overall gait patterns resembled normative kinematics, probably
reflecting compensatory strategies “9. EMG amplitudes and joint
moments displayed greater variability than kinematic measures. These
findings confirm persistent deficits in triceps surae function and tendon
stiffness, consistent with previous reports 3 78 146 Compensation
strategies were found to vary, with some participants increasing
knee extensor moments to shift propulsion proximally, while others
maintained symmetrical knee kinetics, despite ankle impairments as
discussed in detail above.

Integration Gap - Distribution of adaptations from feet up to trunk
(Study IV)

If the biomechanical chain operated as a rigidly linked system, distal
impairments like ATR would be expected to cause systematic proximal
adaptations. However, the extent of such propagation depends on both
mechanical attenuation-loss of force transmission with distance-and
central nervous system strategies, which may buffer local disturbances.

In the present investigation, ATR-related adaptations were
predominantly localized to the distal limb and expressed as side-
to-side differences from the foot upward. The affected limb showed
persistent ankle deficits and occasional compensations at the knee,
whereas no consistent asymmetries were observed at the hip, pelvis,
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or trunk. One year after an Achilles tendon rupture, individuals thus
presented task- and phase-specific neuromechanical asymmetries
during walking, primarily at the ankle. This might reflect altered tendon
mechanics and disrupted activation patterns, with a potential shift
from monoarticular to biarticular muscle use, reduced activation
variability, and redistribution of joint power across the lower limb.
Such pattern supports a segmentally constrained model in which
coupling is strongest between the adjacent segments and diminishes
with distance from the site of impairment. Contralateral contributions
and preserved proximal function may reduce the need for widespread
reorganization.

RETHINKING THE BIOMECHANICAL CHAIN: ABSORPTIVE
COUPLING MODEL

The integrated findings from Studies |-V support an alternative view to
the traditional Biomechanical Chain Model. In this Absorptive Coupling
Model, mechanical effects are most pronounced at the site of change
and in adjacent segments, while they progressively diminish at more
proximally levels (Figure 51). Neural control mechanisms act in parallel
to preserve overall coordination, limiting the spread of distal alterations
throughout the chain. Distal changes can influence proximal function,
yet the magnitude, direction, and consequences depend on task
demands, individual variability, and the nervous system'’s compensatory
capacity. The biomechanical chain is therefore neither a rigid sequence
nor a purely local phenomenon, but a dynamic, probabilistic interaction
system in which mechanical influences are absorbed along the way
and coordination emerges from the interplay of mechanical and neural
factors.
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Diminishing effect

Study IV

Walking showed higher GL activity, reduced ankle/knee
power, and lower support moment in the affected limb;
running showed reduced ankle ROM and support moment
at TO. Variability was low in plantar flexors but high in
proximal and trunk muscles, with greater asymmetry in
running.

Study III

Credible shank-level differences emerged in muscle
activation of gastrocnemius and sagittal kinematics.
Trunk Kinematics were consistent, while EMG and joint
moments varied more widely across individuals.

Study 1T

Thi gh Foot posture modulated distal muscle activation to some
extent, while effects on trunk muscles were minor. High

inter-individual variability highlights the role of within-

subject motor variability in stable performance.

Shank Study I

Supine and standing MVICs provided comparable
normalization. However, high inter-individual variability
Foot indicates outcomes may differ across individuals.

FIGURE 51. The absorptive coupling model of the biomechanical chain. In this model, local
and adjacent segments exhibit the strongest mechanical coupling, while proximal influence

progressively diminishes, with neural control maintaining overall coordination. GL = lateral

gastrocnemius, TO = toe-off, EMG = electromyography, MVIC =maximum voluntary isometric

contraction.

Three principles underpin the absorptive coupling model:
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Neuromuscular variability is intrinsic: activation patterns varied
markedly between individuals across all tasks, consistent with
motor abundance. This variability explains why some participants
adopted knee-dominant propulsion after ATR, while others did
not, and why foot posture changes had inconsistent trunk effects.

Adaptations are segment-specific: the largest effects occurred
locally and in adjacent segments, with clear attenuation along the
chain.

Task and phase specificity matters: distal-proximal effects were
more pronounced in walking than running, likely due to stance-
phase duration, reliance on push-off, and Achilles tendon elastic
energy storage and return.
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From a mechanical perspective, distal changes-whether experimentally
induced (Study ll) or related to ATR (Studies llI-IV) produced the most
consistent effects both locally and in neighboring segments. The impact
generated at foot strike is progressively attenuated with increasing
distance from its point of origin, likely due to joint compliance, soft
tissue deformation, and energy dissipation within multi-joint muscle-
tendon units. From a neural control perspective, the CNS uses motor
abundance to achieve the same outcome through multiple coordination
strategies, allowing local adjustments to preserve proximal stability and
limiting widespread reorganization.

Thisintegratedinterpretation explains why trunkadaptations were minimal
in both experimental and clinical contexts, and why compensations were
often managed locally or through contralateral limb contributions. The
Absorptive Coupling Model can be considered a possible reframing of the
biomechanical chain, emphasizing its selective and context-dependent
nature rather than a deterministic cascade. Such an interpretation
appears consistent with contemporary motor control theory, with regards
to variability as a functional property supporting adaptability in complex
and unpredictable environments 25 147.148),

METHODOLOGICAL CONSIDERATIONS

LIMITATIONS, VALIDITY, AND RELIABILITY OF EMG AND MOTION
CAPTURE SYSTEM (MOCAP)

Surface EMG measures the spatial summation of MUAPs at the muscle
surface 49, Because these potentials must travel through layers of
tissue before reaching the electrodes, the recorded signal becomes
attenuated "9, Electrode placement is therefore critical and should be
performed by one or only a few trained investigators strictly adhering to
standardized protocols as was done in the present study ©2. Individual
anatomical variations, however, means that few people exactly match the
configurations illustrated in anatomical atlases. In addition, movement
of electrode wires, skin motion relative to the underlying muscle, and
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crosstalk from adjacent muscles can all affect the signal amplitude 149,
The presence of electrodes, wires, sensors, and tape may also alter a
participant’s natural motor pattern during task performance.

The interpretation of sEMG should therefore be guided by careful
adherence to protocol and further an awareness of its limitations ©",
Despite these constraints, several studies support its value in terms
of biomechanical research 124126 For example, a study on paraspinal
muscle fatigue concluded that there is convincing evidence for sSEMG's
utility for such assessments 159, Mitchell et al. reported intra-session
reliability for trunk muscle sEMG, with ICCs ranging from 0.80 to 0.90
in able-bodied controls; in individuals with spinal cord injury, " and
Bogey et al. found surface electrodes to be as repeatable as fine-
wire electrodes during gait analysis for the soleus muscle 152, Taken
together, these findings indicate that when applied using standardized
protocolsandinterpreted cautiously, SEMG canyield reliable, meaningful
insights into neuromuscular function, particularly for evaluating muscle
activation patterns and fatigue.

Similarly, the reliability of MOCAP has been assessed extensively. A
primary limitation arises from soft tissue artefacts caused by muscle
contraction, gravity, skin deformation, or sliding of markers attached to
the skin!53®, Concurrentvalidityis highestinthe sagittal plane (correlation
coefficient >0.7), lower in the coronal plane (0.5-0.6), and lowest in the
transverse plane (<0.4), %4, Validation studies often compare MOCAP
with radiostereometric analysis (RSA), in which tantalum markers are
implanted into cortical bone and tracked by stereoradiographs (154 159,
The strongest correlations between these measurement modalities
have been reported for hip flexion and abduction, while rotational
measures show poorer agreement (159,

Fandriks et al. compared three marker sets against RSA for knee motion
analysis '%8, Although sagittal-plane flexion—extension measures were
consistent across all sets, each underestimated true skeletal motion.
Frontal and transverse plane measures were highly inconsistent,
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making them unreliable for precise motion assessment (%9, These
results emphasize that while sagittal-plane measures, especially
flexion/extension, are reasonably robust, frontal and transverse plane
kinematics are more susceptible to soft tissue artefacts and marker
displacement and should therefore be interpreted with caution.

Across all acquisition systems in the gait laboratory, high-quality results
depend on a sound understanding of musculoskeletal anatomy, strict
adherence to protocol, and meticulous handling of instrumentation.
Transparent reporting of methods and data-processing algorithms is
therefore essential for reproducibility and for meaningful interpretation
©2) particularly when studying the biomechanical chain from the foot to
trunk.

ETHICAL CONSIDERATIONS

This thesis adheres to the principles of the Declaration of Helsinki (157
and the European Code of Conduct for Research Integrity '*®, upholding
reliability, honesty, respect, and accountability throughout the entire
research process.

The positive outcomes of all four studies were considered to outweigh
any potential discomfort experienced by the study participants. Given
that the methodologies employed were non-invasive, the burden placed
on participants can be considered minimal.

Biomechanical data collection often requires participants to wear less
clothing (e.g., shorts and a top), which may be perceived as somewhat
uncomfortable or awkward by some individuals. The data collection
process can be time-consuming, as SEMG electrode placement
requires thorough skin preparation, which may occasionally cause minor
skin irritation. No participants reported complaints, and no dropouts
occurred due to personal issues related to the method during the
laboratory investigations. Also, the isometric contractions performed
during the sEMG session can cause some muscle soreness during one
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or two days after the testing session. All participants were fully informed
of these procedures beforehand, and informed consent was always
obtained. The studies involved sensitive personal data related to health
and well-being; however, all data were pseudo-anonymized, and the
coding key was securely stored and accessible only to the responsible
researcher.

STATISTICAL CONSIDERATIONS

The four studies applied statistical methods selected not only for
their suitability to each aim but also for their capacity to probe the
biomechanical chain from multiple angles. Studies I-Il used frequentist
tests for controlled EMG comparisons; Study lll employed Bayesian
hierarchical modelling to capture limb-to-limb asymmetries and quantify
uncertainty in gait after an Achilles tendon rupture; and Study IV applied
statistical parametric mapping to reveal time-specific differences in
continuous kinetic and EMG profiles.

This methodological diversity reflects the exploratory incentive
of the thesis; a deliberate effort to apply statistical tools capable
of uncovering both broad group-level patterns and more subtle,
individualized adaptations. By integrating frequentist, Bayesian, and
time-series approaches, the work achieved a multifaceted perspective
on neuromechanical function, enabling a richer and more precise
exploration of how mechanical and neural influences interact along the
biomechanical chain.

GENDER CONSIDERATION

Participant sex was recorded; however, the limited number of
participants precluded meaningful subgroup analyses, which were also
beyond the scope of the present studies. Although sex-related aspects
of Achilles tendon rupture have been explored '%¢-16", they warrant more
focused attention in future research.
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9. Strengths and limitations

Every morning in Africa, a gazelle wakes up, it knows it must
outrun the fastest lion or it will be killed. Every morning in Afri-
ca, a lion wakes up. It knows it must run faster than the slowest
gazelle, or it will starve. It doesn’'t matter whether you're the lion
or a gazelle-when the sun comes up, you'd better be running.

a2 CHRISTOPHER MCDOUGALL
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STRENGTHS

A major strength of this thesis lies in its comprehensive investigation
of the biomechanical chain from the foot to the trunk, integrating
EMG, kinematic, and kinetic data across multiple functional tasks. This
multilevel approach offers novel insight into both methodological and
clinical aspects of segmental coordination during human movement.

First, the inclusion of two methodological studies (Studies | and
Il) served to strengthen the overall methodological framework by
addressing critical aspects of EMG normalization and foot positioning.
The standardized test protocols, including consistent MVIC procedures
and electrode placements based on established anatomical landmarks,
enhanced the reliability and reproducibility of the EMG data used in the
subsequent ATR-related investigations.

Second, the application of ecologically valid motor tasks, such as stair
climbing, walking, and jogging, increases the translational relevance of
the findings. The inclusion of different foot positions and gait speeds
allowed for a nuanced exploration of how neuromechanical strategies
may vary under changing mechanical demands, meaning variations in
external loading and movement constraints imposed by speed and foot
alignment.

Third, the use of advanced motion capture technologies, including
a high-resolution optical tracking system synchronized with force
plates, enabled precise analysis of joint kinetics and support moments
using inverse dynamics. These biomechanical tools allowed for time-
continuous, segment-specific analyses that are rarely integrated in
clinical gait research, particularly in relation to ATR.

Finally, Studies Ill and IV represent an effort to explore locomotor
adaptations after an ATR, beyond the ankle, providing detailed
descriptions of interlimb differences in muscle activation, ROM and
support strategies during walking and running. The integration of
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EMG, joint kinetics, and kinematics support a deep understanding of
segmental compensation patterns in this clinical population.

LIMITATIONS

Despite its strengths, this work has several limitations. The sample sizes,
typical for the gait EMG studies, were large enough for within-subject
analyses but limit generalizability, particularly in terms of inter-individual
variability. In Study IV, the inclusion of both surgically and non-surgically
treated ATR participants introduced clinical heterogeneity that was not
stratified in the analysis.

The cross-sectional design of Studies lll and IV precludes conclusions
about the temporal progression of compensatory strategies following
ATR. Longitudinal data are needed to determine whether observed
adaptations persist, resolve, or evolve over time.

Laboratory-based tasks, while controlled, may not fully reflect sport-
specific or real-world movement demands. Foot posture manipulations
in Study Il, for example, although allowing individual adaptation, may not
completely replicate natural pronation or supination of the foot.

Methodologically, surface EMG, though widely accepted, remains
vulnerable to signal attenuation, cross-talk, and skin movement
artifacts, particularly for deep or small muscles. Likewise, skin-mounted
optical markers, despite high spatial resolution, can be affected by soft
tissue artifacts, especially in the frontal and transverse planes, which
may reduce the precision of joint angle estimates.

Although task execution was standardized with instructions and
practice trials, individual movement strategies may still have influenced
outcomes. Awareness of instrumentation (e.g., electrodes, markers)
may also - at least slightly — have altered performance.

Psychological factors such as fear of reinjury or reduced confidence
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were discussed conceptually but not measured, representing an
important avenue for future research with a biopsychosocial approach.

Finally, biomechanical tools quantify parameters such as muscle
activation, joint angles, and forces with high precision, but offer only a
partial view of functional capacity. Laboratory measurements cannot
fully capture the complexity, variability, and adaptability of movementsin
natural environments. Thus, it is suggested that biomechanical analysis
should be interpreted as part of a broader framework integrating
ecological, psychological, and functional perspectives.
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10. Conclusion

One of the wonderful aspects of running is that there is no
definition of a ‘runner’ that you must live up to.

a2 KARA GOUCHER
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From the integrated findings of the present thesis, several overarching
insights emerge. The obtained data contribute to improve our
understanding of how the biomechanical chain operates in both
healthy and post-injury contexts, and they may provide a potential
framework for both future research strategies and possibly improved
understanding of given rehabilitation strategies:

¢ Distal changes dominate but may propagate proximally

Neuromechanical effects are strongestlocallyandinadjacentsegments,
with attenuation observed more proximally; their impact depends on
task demands, individual variability, and compensatory capacity.

¢ Neuromuscular variability is intrinsic and functional

High within- and between-individual variability reflects motor
abundance, allowing exploration of alternative coordination strategies
to maintain performance despite constraints.

¢ Adaptations are context- and phase-specific

Distal-to-proximal effects are more evident in walking than running,
shaped by stance duration, push-off demands, and the elastic energy
use of the Achilles tendon.

* Adaptive compensations after an ATR remain localized

Even one year post-injury, kinetic and EMG asymmetries are most
apparent distally, with no consistent changes at the hip or trunk,
suggesting that rehabilitation may be particularly relevant at the local
level.

* The biomechanical chain is dynamic, not rigid
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11. Clinical implication

Han kunde tydligt se Snusmumrikens fotspar i den vata jorden.
De fnattade hit och dit och var ganska svara att félja. Ibland
gjorde de langa skutt och korsade sig sjélva. Han har varit glad,
funderade Mumintrollet. Har har han gjort en kullerbytta, det ar
klart och tydligt.

He could see Snufkin's footprints clearly in the damp earth. They
zigzagged this way and that, tricky to follow. Now and then they
leapt far, sometimes even crossing themselves. He's been in high
spirits, thought Moomintroll. Here he's turned a somersault, no
doubt about it.

a2 TOVE JANSSON
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It is well established that rehabilitation is grounded in clinical
reasoning, emphasizing individualized, task-specific loading, functional
progression, and continuous outcome assessment guided by the
specific and individualized patient goals ('¢'-1%)The clinical implications
of this thesis build on this foundation and further, the aim to promote
an even more individualized rehabilitation approach and potentially
providing new insights for practice.

As with all tendon repair, healing is a slow process, and this needs to
be carefully respected when building a suitable and resilient tendon
(188 |In harmony with previously suggested rehabilitation progression
in terms of an ATR ©2 72, post-injury rehabilitation is likely to benefit
from being even more individually tailored, progressively loaded, and
finally task-specific. The focus might therefore not only be related to
restoring plantar flexor strength, but also on enhancing neuromuscular
coordination, tendon stiffness, and resilience across the entire kinetic
chain.

Guided by the proposed Absorptive Coupling Model, this process
may recognize that mechanical effects of an Achilles tendon rupture
are strongest locally and in adjacent segments, while they attenuate
more proximally, with neural control maintaining overall coordination.
Consequently, and in harmony with this model, the rehabilitation
program would therefore need to address local tendon capacity and
adjacent segment reconditioning, while ensuring effective reintegration
of proximal structures for an efficient whole-chain function.

While structured programs provide valuable guidance, rehabilitation may
also be enhanced by viewing it as a dynamic capacity-building process,
with attentiveness to when individual deviations from the structure
may become necessary. Loading can be systematically and gradually
progressed with the goal to stimulate collagen remodeling, optimize
stiffness, and refine intersegmental coordination. This progression
might then be individually calibrated according to the tendon healing
stage, structural integrity, neuromuscular control, and psychological
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readiness. Variability in load magnitude, direction, and task-specific
context will challenge both mechanical and neural systems, enhancing
adaptability and resilience to the often unpredictable real-world
demands.

Based on the findings of the present thesis, together with previously
established principles, the following are suggested as potential guiding
principles.

* Individually-tailored rehabilitation protocols: adjust the protocol-
by taking into account the biological healing process to each
patient's biomechanics, goals, and recovery rate.

* Progressive load: gradually increase the demands to promote
tendon adaptation and structural resilience.

* Task-specific interventions: Use functional, context-rich activi-
ties for daily life and sports activity.

* Integrated kinetic chain focus: target plantar flexor strength,
neuromuscular coordination, and multi-segment reintegration.

* Normalized movement to the individual: guide toward efficient
and sustainable strategies while respecting individual variability.

* Shape motor variability: encourage adaptive flexibility, avoid
maladaptive patterns.

e Continuously adjustable: modify the response according to the
evolving structural and coordination capacity.

In terms of this integrated approach, successful rehabilitation may
not be defined solely by restoring the symmetry or baseline gait,
but by developing a resilient and dynamic tendon-muscle-neural
system capable of sustaining high performance and adapting to the
individually varying demands of sport, work, and daily life.
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12. Future perspectives

Most runners hope running will always be a part of their lives.
I'll be happy if running and | can grow old together.

a2 HARUKI MURAKAMI
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The findings of this thesis highlight several avenues for future
investigation spanning methodological, experimental, and applied
domains. Addressing these domains will deepen the understanding of
the biomechanical chain and improve clinical outcomes for individuals
with distal impairments such as an ATR.

LONGITUDINAL TRACKING OF RECOVERY
TRAJECTORIES

Future studies are suggested to be able to follow ATR recovery from
the acute phase through long-term outcomes, mapping changes in
joint kinetics, kinematics, and EMG patterns. Such tracking would help
identify critical intervention windows and determine whether observed
compensations resolve, persist, or develop into maladaptive strategies
that affect efficiency, load distribution, or secondary joint health.

INTEGRATION OF PSYCHOLOGICAL FACTORS WITH
BIOMECHANICS

Fear of re-injury, reduced limb confidence, and perceived instability
may likely shape post-ATR movement strategies. Combining
validated psychological assessments (e.g., kinesiophobia scales) with
biomechanical, EMG measures and functional scores could improve
predictive models of adaptation. A biopsychosocial approach would
support interventions that address both mechanical deficits and
movement confidence.

DYNAMIC EVALUATION OF ORTHOSES AND FOOTWEAR

Many orthoses and footwear products claim to influence the kinetic
chain beyond the foot, yet evidence under dynamic, real-world
conditions is scarce. Building on the present thesis, future research
efforts should implement and evaluate these intervention strategies
in walking, running, and sport-specific tasks, quantifying local and
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proximal adaptations and their impact on propulsion, stability, and load
management.

PERTURBATION-BASED ASSESSMENTS OF CHAIN
ROBUSTNESS

Steady-state gait may mask distal-proximal coupling. Introducing
controlled perturbations such as surface changes, unexpected loads,
or directional shifts could reveal latent mechanical and neural linkages.
Such testing could identify individuals with reduced adaptability, who
may be at higher risk of reinjury.

DEVELOPMENT OF UPDATED NORMATIVE DATASETS

Current gait and EMG reference datasets are often outdated or based
on small, homogeneous samples. Thus, there is a need for establishing
diverse normative datasets that include joint power, muscle activation,
and variability metrics across walking, running, and other functional
tasks to improve benchmarking and interpretation for post-injury
assessments.
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13. Acknowledgement
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a2 KARIN BOYE
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My coach said | run like a girl, and | said if he ran a little faster,
he could too.
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Sahlgrenska University Hospital — Occupational Therapy and
Physiotherapy

Implementation / Physiotherapeutic Treatment Plan Following
Acute Achilles Tendon Rupture
Applicable to both surgical and non-surgical management

Emergency Department (Initial Management):
The affected foot is immobilized in a cast in plantarflexion.

Provide the patient with the brochure "Information for Patients with
Achilles Tendon Injury” and review the prescribed exercises.

Advise the patient to avoid placing the foot on the floor whenever
possible; the foot should be kept elevated in a horizontal position
during rest to minimize swelling.

When standing (e.g., for hygiene, dressing, or food preparation), the
foot may rest lightly on the floor for balance.

The patient should off-load the injured leg using two crutches.

Gait should involve active hip and knee movement on the affected side
without weight-bearing on the foot.

Patients with impaired balance may require a walking aid (e.g., Beta
crutch), and in some cases, a wheelchair. Toe-touching the ground with
the injured foot may aid in balance.

2 Weeks Post-Injury:

At the orthopedic outpatient follow-up, the cast is replaced with an
orthosis, which must be worn at all times, including during showering.

Instruct in the home exercise program “Achilles Tendon Program L."
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Continue to encourage toe mobility.

Educate the patient to routinely palpate the tendon to monitor for
signs of overload (increased warmth, redness, swelling).

Teach how to remove and reapply the orthosis for hygiene and
exercise purposes.

Encourage regular ventilation of the lower leg and provide instructions
on cleaning the foot and leg with a washcloth.

Fit the orthosis with three wedges as appropriate (typically smaller
wedges). Patients may add a personal insole or silicone heel cup for
comfort.

If tension is felt in the tendon during gait with three wedges, a fourth
wedge may be added temporarily and removed by the patient after
several days based on comfort.

Begin full weight-bearing gait training with two crutches.

Practice gait on flat surfaces and stairs if applicable, ensuring no
uncomfortable stretching of the tendon.

Recommend a cork wedge in the contralateral shoe to equalize
leg length. For patients with special needs, refer to an orthopedic
technician for shoe modification.

Begin planning for appropriate footwear for use post-orthosis. Indoor
and outdoor shoes should have a heel height differential of at least 1.5
cm. Flat shoes (e.g., sneakers) are not appropriate; both pairs should
have a heel counter. Shoes can be assessed at the next visit.

Plan for continued physiotherapy. If referred to primary care, ensure
the receiving provider is aware of their role in early rehabilitation and
responsible for progressive wedge and orthosis weaning, starting at 8
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weeks post-injury.

4 Weeks Post-Injury:

Follow-up with treating physiotherapist.

Review “Achilles Tendon Program 1."

Assess the tendon: continuity, width, consistency.

Perform the Thompson test.

Evaluate current tendon loading; if needed, reduce walking volume.
Remove the lowest wedge.

Retrain gait on flat and stair surfaces.

Wean off crutches indoors if gait is well-balanced and the tendon is not
under excessive strain.

Assess footwear. Heel elevation should remain =1.5 cm. Shoes must
have a heel counter.

Determine frequency and location of continued rehab.

Surgical patients: orthosis can be removed at night and for seated
showering (non-weight-bearing).

Non-surgical patients: orthosis must remain on 24/7.

For surgical cases: monitor wound healing and begin scar mobilization
once healed.

All patients may initiate stationary cycling with the orthosis on. Provide
training in safe mounting/dismounting.

Surgical patients should avoid excessive sweating in the orthosis until
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the wound is fully healed.
6 Weeks Post-Injury:
Follow-up with physiotherapist.

Repeat assessments: tendon palpation, Thompson test, and loading
evaluation.

Remove the next wedge (done by the patient or physiotherapist).

Continue gait training. If discomfort arises, resume use of two
crutches.

The final wedge remains until orthosis discontinuation at 8 weeks
post-injury.

8 Weeks Post-Injury:

Follow-up and orthosis weaning.

Repeat tendon assessment, Thompson's test, and evaluate loading.
Measure Achilles Tendon Resting Angle (ATRA).

For surgical patients: continue scar evaluation and mobilization.
Provide tape application guidance for scar maturation.

Begin "Achilles Tendon Program Il." Seated exercises are performed
barefoot.

During standing/walking, indoors and outdoors, supportive shoes must
be worn for four weeks post-orthosis.

Distribute cork wedges for use in both shoes.

Emphasize gait training with appropriate foot roll-off.

154 APPENDIX



Restoration of normal gastrocnemius activation is key to reducing pain,
swelling, and optimizing function.

Each step should promote natural tendon loading and circulation.

Aim for symmetry in step length, stance phase, and muscle activation
across joints.

Continue using one or two crutches until gait is normalized.

Identify and discuss risk factors (e.g., stairs, curbs, inclines, uneven
terrain).

Advise against walking as exercise; cycling is preferred to stimulate
circulation. Compression stockings may also be beneficial.

Driving should be avoided until coordination and strength are
sufficient.

8-12 Weeks Post-Injury:

Ongoing rehabilitation with gradual progression of load and speed,
based on individual assessment.

Focus on restoring automatic, normalized gait pattern.
Crutches should be used until gait mechanics are optimal.

Balance protection of healing structures with appropriately timed
loading.

Many patients benefit from more frequent physiotherapy visits
following orthosis discontinuation.

At 12-week orthopedic follow-up, include completed ATRS (Achilles
Tendon Total Rupture Score) and activity level (PAS, Grimby scale).
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12 Weeks and Beyond:

Continue individualized rehabilitation. Progressively increase load with
the goal of returning to pre-injury function.

Stretching of the gastrocnemius-soleus complex should be avoided
before 16 weeks post-injury, as elongation is a major risk for
compromised recovery.

For patients with ankle stiffness, introduce range-of-motion exercises
in positions that minimize Achilles tendon stretch (e.g., knee flexed,
foot supported).

Outdoor cycling can typically begin after 12 weeks, starting cautiously.
Total rehabilitation time ranges from 6-12 months.

Sport-specific training may begin at 4-6 months if progress is
satisfactory.

Return to high-impact sport typically requires 9-12 months.

Full tendon tensile strength is generally not regained until 12 months
post-injury.

Foot — Achilles Tendon Program |

Home Exercise Program

Sahlgrenska University Hospital — Occupational Therapy and
Physiotherapy

Instructions:
During the first 6 weeks while wearing the orthosis, remove it 3-5 times
daily to perform these exercises.

Important Considerations During Rehabilitation Following Achilles
Tendon Rupture:
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There are two key risks that must be avoided:
Re-rupture of the tendon

Tendon healing with excessive length, which leads to decreased
strength

To minimize these risks:
Avoid excessive stretching of the tendon in the early phase.
Stretching occurs when the foot is dorsiflexed (bends upward).

For the tendon to heal optimally and regain elasticity, gentle and
appropriate activation is essential.

Example set-up: Orthosis on the left foot, with 3 wedges placed under
the grey insole.

Exercise 1

Ankle plantarflexion in prone or sitting

Position:

Lying face down with your feet hanging off the edge of a bed, or
Sitting with the lower leg supported and knee straight

Action:

Point the foot down (plantarflex), then slowly return to a relaxed
position.

Dosage:
3 sets of 20 repetitions
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Exercise 2

Side-to-side ankle movement

Position:

Seated or lying face down as in Exercise 1

Action:

Gently move the foot from side to side in a small arc.
Keep the knees still.

Dosage:
3 sets of 20 repetitions

Exercise 3

Supported seated heel raise in orthosis

Position:

Seated, with orthosis on

Deflate the orthosis air cushions and open the front panel

Hold the top of the orthosis with both hands for support

Action:

Perform a small heel lift, keeping the forefoot in contact with the sole.

Do not grip with the toes.
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This safely activates the calf muscle while the wedges protect the
tendon from stretching.

Dosage:
2 sets of 10 repetitions

General Guidelines:

All exercises should be comfortable and pain-free - no stretching,
tingling, or sharp pain.

Always wear the orthosis when standing or walking.

It's normal for the tendon and ankle area to be slightly warmer and
more swollen than the uninjured side during healing.

However, progressive swelling, redness, or increasing warmth may
indicate overuse of the tendon and should be addressed.

Foot - Achilles Tendon Program Il

Home Exercise Program

Sahlgrenska University Hospital - Occupational Therapy and
Physiotherapy

Instructions:

Perform the exercises 3-5 times per day.

Circulation

1) Gentle ankle pumps
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Pump the foot up and down softly.
You may place a roll under the knees for support.

The movement should be pain-free and comfortable for the tendon.
20 repetitions

Activation
2) Foot cupping with relaxed toes

Gently form a dome shape with the foot while keeping the toes relaxed.
10 repetitions

Mobility

3) Forward-backward weight shift

Keep the entire foot sole in contact with the floor.

Move the knee and body weight forward and backward over the foot.

On the final repetition, hold the end position for a few seconds.
10 repetitions

Strength
4) Seated heel raise
Sit with the entire forefoot on the floor.

You may rest your hands on your knees.
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Lift the heels to perform a heel raise.
20 repetitions

Seated foot jogging

Perform small alternating bouncing movements with the feet while
seated.
20 repetitions

Heel raise

Repeat the seated heel raise again.
20 repetitions

Standing Exercises (with shoes)

Instructions: Perform standing exercises with shoes on.

5) Lateral weight shifting (side-to-side)
Transfer weight from one leg to the other.
Load the entire foot on the stance leg.

Feel muscle activation, especially in the gluteal region.
10 repetitions

6) Gait preparation exercise

Stand with a book or rolled towel under both heels and lean against a
wall.
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Alternate lifting and lowering each heel gently.

Focus on stable hips, relaxed toes, and fluid knees.
20 repetitions

7) Gait training

Walk in a straight line, placing one foot directly in front of the other.
Imagine walking on a tightrope.

Walk 10 steps forward, then 10 steps backward.

Use crutches until you feel stable without them.

Walking Guidelines:

Aim to walk with a normal gait pattern: heel strike, roll through, and
even step length.

Short steps are often better in the early phase.
Use crutches as long as needed.

Walk as much as necessary in daily life, but do not walk for exercise at
this stage.

Many post-injury issues are caused by over-walking during early
recovery.

To Reduce or Prevent Swelling:
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Elevate the foot while sitting.
Perform seated ankle pumps and toe spreading and gripping.

If needed, consider using a compression sock.
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