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Thesis abstract

Musculoskeletal modeling of cerebral palsy children

The analysis of pathological gait using musculostetlmodeling is a promising approach to
qualify and quantify the pathology as well as tonitar the potential recovery after therapy.
When dealing with cerebral palsy, its specific méagical disorders and consequently bones
deformities, specific-subject musculoskeletal medbebs been developed. The imaging
techniques are still unaffordable in clinical prees. So, using the LifeMod software, we
aimed to develop musculoskeletal model in a regosype study to evaluate the accuracy of
surgical treatments on cerebral palsy. Two primsmtudies are performed. First, relying on
the accuracy of a rescaled generic adult skeldtosm,musculoskeletal modeling limitation
have been determined when applying normal gaitpatllological crouch and jump postures,
imitated by healthy adults and children. Secontbiaion technique had been developed to
refine the model's parameters based on data cetletom the subject. Results from
musculoskeletal modeling are compared to gait aislgata As results, even if the model
outputs gave correct results with healthy adultee standard rescaled musculoskeletal
modeling showed limits on predicted kinematics andscle forces for healthy and CP
children. The refinement of subject-specific joparameters and driving the model with the
experimental GRF data have a huge influence in hmdputs and improve quantitatively the
predicted muscle activations and forca@$is work pointed out that the parameters of a
rescaled generic musculoskeletal model can beegfamd personalized to improve model's

outcomes. It may represent a new perspective miceali applications.

Key words: Cerebral Palsy, Musculoskeletal modeling, Catibra Gait analysis



Abstract de these

Modélisation musculo-squelettique
des enfants paralysés cerébraux

La modélisation musculosquelettique est aujourd’hutilisée dans de nombreux domaines
tels que I'analyse de la marche pathologique sintaulation des traitements thérapeutiques et
chirurgicaux. Dans le cadre de la paralysie cétébf@C), la prise en considération des
spécificités des patients, des troubles neurol&giqet des déformations osseuses est
nécessaire. Etant donné que les techniques d'imagédicale sont encore marginales en
routine clinique, le recours aux modéles générigqasse donc indispensable. Notre étude
rétrospective vise le développement d’'un modele colosquelettigue (MMS) générique
adapté aux enfants PC. Une premiere étude déteresnkmites d’'un tel modele pour la
marche normale, les marches pathologiques destenfamalysés cérébraux, et les postures
pathologiques imitées par une population saine. $¢émwende étude propose une technique de
calibration pour raffiner les parametres du MMSaétip des données recueillies de I'analyse
guantifiee de la marche (AQM). Ainsi, on a pu dedwjue, méme si les résultats estimés sont
représentatifs pour les adultes sains, le MMS stahgrésente des limites concernant la
cinématique et les forces musculaires prédites lgsuenfants sains et les enfants PC. D’autre
part, la procédure de calibration influe de facosifive sur les données prédites comme les
activations musculaires et les forces musculai@estravail montre que le MMS générique
peut étre calibré a partir des données de 'AQM dfaméliorer les résultats du modele. Cette
technique pourrait représenter une nouvelle petisgedans les applications cliniques de la

modélisation musculosquelettique.

Mots clés: Modélisation musculosquelettique, paralysie céiébrzalibration, analyse de la

marche
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General Introduction




Cerebral palsy is defined as a clinical syndromaratterized by disorders of movement and
posture caused by a non-progressive lesion of alolewvmg brain. The primary characteristics
of the CP are the altered motor control and abnbmsscle tone usually due to spasticity
(primary effects). The presence of such aberrargcieucoordination induces shortening of
specific muscles and alters the joint range of amotirhe functional abilities of the child with

spastic CP are profoundly affected and often datmed during childhood growth by the

development of many lower limb bone deformitiesc{gelary effects) and compensation

mechanisms instated spontaneously helping the tthitdive his proper gait autonomy.

Pathological gaits observed in CP children arelt®si interferes over time between these
effects. It is important, for clinical evaluatioiw, define primary effects which are permanent
and to discriminate between bone abnormalities kvban be corrected and the compensatory

mechanics which disappear as soon as they arengerloequired.

Facing the CP problems, clinicians have to detegntire best prognosis and to select the
appropriate treatment leading to increase the 'shgdality of life. The clinical gait analysis
exam, combined to the clinical history of the patties decisive for planning surgical and
rehabilitation treatments for these disorders. @ascription of gait by kinematics, kinetics
and muscle activation using surface electromyogrdfEMG) quantitatively documents the
gait disorders and helps clinicians in understagdie abnormal pattern and assists them into
the clinical decision making. Although this approdwas led to a more objective assessment
of locomotion biomechanics, its ability to quantifguscle function is limited. Muscle
activations, recorded by surface electromyogra@BMG) systems, determine only whether
a muscle is active or not. There is any establisioecklation between the level of a measured
SEMG signal and the amount of force that the museght be producing during a dynamic
movement such as walking. Also, the muscular syssewery redundant and SEMG is only
used to measure the principal muscle groups inddwibs, it could not inform and quantify
the action of individual muscle contribution duringait, which may help clinician
understanding the pathology. Musculoskeletal modetippears as a complementary tool, in
order to estimate isolated muscle forces that dfiewdt to obtain by direct measurement in
vivo or from a gait analysis experiment. Musculdsta models are also used to predict post-

treatment clinical outcomes.
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Previous researcher studies have determined tkaitsefrom musculoskeletal models are
very sensitive to inter-individual variations is thiomechanical parameters (maximal muscle
forces, joint stiffness, PCSA’s muscle,...). Neveldls, most studies still rely on rescaled
generic musculoskeletal models, generated from reptimetric database of literature.

Recent studies focused on specific- subject moglgkng. musculoskeletal geometry, bone
deformities, muscle insertion) demonstrated thatseéh elements are to be taken into
consideration when studying pathologies. Howevansculoskeletal models have common
parameter hypothesis of visco-elastic joints andsalas. Biomechanical results might be
highly sensitive to the parameter hypothesis andldvpossibly provide offsets or wrong

results. Biomechanical parameters of the model wetaising data gathered from literature
and especially deduced from averaged data of cadareasurements in a healthy adult
population. It cannot represent a normal gait @lthe children neither Cerebral Palsy ones.
Few researches demonstrated that biomechanicahptees have highly consequences on the
obtained results. Therefore, the accuracy of thEmameters is highly important. These
parameters must have physical meanings and climt&ipretations, which helps correcting

the set of parameters values and improving prediabi the kinematics and kinetics data. It

would help the clinical understanding and trangigratient-specific treatments.

Starting from these observations, with the collabion of F. Megrot, responsible of the gait
analysis platform of the Red Cross institute inBloarris, and with the financial funds from
the Picardie region, the thesis project aims atlbging musculoskeletal models for cerebral
palsy children as a tool for a retrospective stitdgvaluate the accuracy of surgical treatment
done previously in this clinical center. This lagindition imposed the use only if the
information gathered from the clinical gait anatyskam and the clinical examination.

Therefore, the objective of my PhD Thesis will beahswer to the following questions:

- Can standard generic musculoskeletal modeling geosatisfactory results when
studying cerebral palsy pathological gaits?
- Can musculoskeletal modeling parameters be refamet calibrated only by the

use of data gathered through a clinical gait exam?
In this project, two studies are developed to andivese issues. The first one consists of
using the standard rescaled generic model to défimes of such modeling for healthy adults

and children and also cerebral palsy children sfhstic diplegia. The second one requires
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the calibration of musculoskeletal model's parame&tdues to data collected from patient.
The parameters taken into consideration are viastielparameters of the joints, parameter of
the contact with the ground, other intrinsic partareof the model such as, the parameters
defining the motion agents, and parameters of thetrcllers conditioning the forward
dynamic procedure.

For healthy population, musculoskeletal models deeeloped, firstly, for a normal gait to
determine the impact of rescaling on child skeletoodel and secondly, we studied the
influence of altered muscle activation on mode#'sults. This condition was performed when

healthy subject imitated representative CP pathcédgait, crouch and jump gaits.
The PhD Thesis report will be organized into chegées follows:

* The chapter 1 develops a general literature backgiof human gait, the cerebral
palsy and its specificities and finally a liter&ureview of musculoskeletal models

developed for CP cases.

* The chapter 2 deals with the materials and methisddg to develop musculoskeletal
models, going from gathering data of gait analgsiams to the numerical simulation

with LifeMod software and data analysis tools.

* Results from Musculoskeletal simulations are presenin the chapter 3 and
subsequently discussed in the chapter 4. Conclsisivawn from our studies and

future work recommendations are finally given.
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Chapter 1.
Literature Review
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Normal walking is a complex movement which consistshighly complex interactions
between the mechanical structure of the body, thsctes, the nervous system and the other
physiological systems. Neurological pathologiesshsas Cerebral Palsy, affect the way of
walking and biomechanical analysis of CP gaits atssés complexity. The principle goal for
cerebral palsy children is increasing the mobiéihd decreasing the pain. Objective clinical
function measurements, based on physical exammatiod the clinical gait analysis
examination, are important to assess suitable neas. In addition, musculoskeletal
modeling is progressively drawn on as tool givingmplementary quantified muscle

information.

In this chapter, we will focus on the literatureckground concerning essential parts of the
musculoskeletal modeling. A description of the amat of lower limbs (81.1) and the normal
gait are presented (81.2) followed by the patholo§yCerebral palsy and its specificities
(81.3). Finally, musculoskeletal models developed better understand Cerebral Palsy

pathological gaits, are detailed (§81.4).

1.1. Anatomical review of lower limbs

A wide variety of movements carried out by the hamausculoskeletal system are performed
and controlled through interaction between skelsyatem, joints, muscles and the central
nervous system. The 81.1.1 presents the anatomag#, the 81.1.2 details the

musculoskeletal anatomy and finally, the 81.1.3spnés the central nervous system and

motor control strategies.

1.1.1. Anatomical plans/ axis

The anatomical position is the universal startimgifion for describing human body part
positions and movements. A three dimensional coatdi system consisting of three
anatomical planes, sagittal, frontal and transvetases (Figure 1.1), is used to identify an
anatomical relationship of structures relative he another and to itself in space
* The sagittal plane is the only plane of symmetrythe human body. This vertical
plane, passing through the midline of the body fifoomt to back, divides the body
into left and right parts.
» The frontal plane, also called the coronal plase, vertical plane perpendicular to the

sagittal plane which divides the body into anteand posterior sides.
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« The transverse plane, also called the axial plena,horizontal plane, parallel to the

ground, which divides the body into superior arférilor parts

CoronalPlane

(¥

-

=

. Sagittal

Plane

i

Axial
Plane

Figure 1- 1: The Three Primary Anatomical PlanethefHuman Body in the Standing Anatomica

Position. (©www.spineuniverse.com)

1.1.2. Musculoskeletal Anatomy

The lower limb skeleton anatomy is composed of fdigtinct parts: a pelvic girdle, the

femur, the tibia and the foot (Figure 1.2), linkedether through several joints: the hip, knee

and ankle joints. A movement is usually a collaltion of a set of muscles, coordinated and

controlled by the central nervous system.

The main role of the lower extremities is the supmd weight, adaptation to gravity, and

locomotion. The foot provides an additional staalpport in the upright posture.

Taysir REZGUI



Femur ———=|

Patella —=

+

-:il' ¥ Lower

Tibia ! Extremities
(8
|

Fibula——s

Tarsals — =

Metatarsals —4 II’-J:

Phalanges 1;"’

=

Figure 1- 2 : Frontal View of the Lower Extremitiethe Human Skeleton
(© www.getbodysmart.com)

1.1.2.1. Bones

a) Pelvis

The pelvis forms a bony ring that connects thea@isd lower extremities. It is composed by
the two hip bones attached to the Sacrum and tcCtheeyx, the last two elements of the
vertebral column. The pelvic girdles of female arere flexible, broader and shallower than
those of male as an adaptation for pregnancy (obddng). A detailed description of

the pelvis anatomy is shown in the figure belovg(iFe 1.3).

The pelvis gains its strength and stability throtigé surrounding ligaments and muscles and
its primary function is to protect the abdominafjams and to support the upper body when

sitting or standing.
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Figure 1- 3.The Pelvis Anatomy: female pelvis (@) anale pelvis (b)
(© Marieb E. 2010)

b) Upper leg

e Femur

The femur, also called the thigh bone, is the lshgad the heaviest bone of the human
skeleton located between the hip bone and the. khewkes up part of the hip joint on the

acetabulum of the innominate bone and of the kae pn the tibia (Figure 1.4). The femur

is composed of four parts: the head, a shaft,tgréeochanter and lesser trochanter, which
give attachment to muscles. The head of the feraunsjthe pelvis and the other end

articulates with the tibia of the leg at the kneiat.

Head
Great trochanter\ |

s WY )

R ,r'—. Neck
Intertrochanteric line 1

.

| ™

\

% Adductor tubercle

I 1
N,

Lateral epicondyle —% Medial epicondyle
/‘J@I Medial condyle
Lateral condyle

Patella surface

Figure 1- 4. The upper leg bones: Anterior Vieviref Femur (© www2.ma.psu.edu)
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e Patella

The patella, also known as the knee cap, is agwian shaped bone found between the femur

and fibula (Figure 1.5).

Pastenior
e / surface
. . 11 . -
r\llll..‘ Hor iy ¥ | ['L-’.ELEJIHI Lateral
surtace tacet

“% j

Anterior view

F

_ﬂ’j Facet

Posterior view

Figure 1- 5. The Upper Leg Bone: Patella (© wwwekformations.com)

It is a sesamoid bone developed in the tendon efdiladriceps extensor muscle. It is a
relatively thick bone consisting of a rough antersurface and a smooth posterior side
articulating with the patellar surface of the lovesttremity of the femur. Its primary function

is to protect of the knee joint.

c) Lower leg

Together with the fibula, the tibia forms the loweg. They are commonly treated as a single
skeletal structure, connecting the patella andatiide (Figure 1.6). The fibula is parallel with
the tibia on its outer side and does not form & giathe knee-joint.

The tibia and fibula are further connected bothdheatremities by ligaments and joined

throughout their lengths by an interosseous menadoatween the bones.

The upper extremity of the tibia consists of mediat lateral condyles, connected to the
femoral condyles to form the knee-joint andrepresents the attachment surface of the
ligamentum patella. The inferior surface of theidailnakes part of the ankle joint. It is

grooved by tendon attachments and connected ttathe through the lateral surface of the
medial malleolus. The tibia and the fibula provalgport for both the calf muscles and the

Achilles tendon.
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Figure 1- 6. The Lower Leg Bones: Anterior Viewtloé Tibia and the Fibula
(© www2.ma.psu.edu)

d) Foot

The human foot is an important functional partled anatomy. Its fundamental functions are

supporting the body’s weight and propelling the yoémtward when walking and running and
it is constantly exposed to high level of mechansti@sses.

The bone structure of the foot is divided into ¢hparts: the forefoot, the midfoot, and the
hind-foot bringing more flexibilitfFigure 1.7).

Calcaneus Bone

Y - _-Talus Bone Intermediate
(é{f Cuneiform Bone
/
Lateral
Cuboid Bone Navicular Bone I|ll Cuneiform Bone
-; x— Navicular Bone , ".’
_ Lateral Cuneiform Bone \ /
Talus Bone ".ll | l," Metatarsal Bones
( ‘0{ T Intermediate Cuneiform Bone -\
Metatarsal Bones | | | ﬂ "~ Medial Cuneiform Bone . T ,f‘/_ .
( N LL T /

Calcaneus Bone - :’ Phalange Bones

\ ,.__‘ s \n =
Middle Phalanges j iy Y, :J ~ 1
— : o ’ - v . ‘)1 i
| -Proximal Phalanges Cubsid E‘“N e
. Tuberosity of
\ ". \ 3 | 5th Metatarsal Bone
1

Sl L\ Distal Phalanges

Figure 1- 7. The Foot Structure ( © www.healthcomities.com)
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1.1.2.2. Joints

There are three principle joints in the lower extitees of the human skeleton, which are the

hip joint, the knee joint and the ankle joint. Thgsints are assumed to be synovial joints.

a) The hip joint

The hip joint forms the connection between the loliveb and pelvis. It is a multi-axial ball-
and-socket synovial joint, where the ball is thexdéeal head and the socket is the Acetabulum
(Figure 1.8).

The hip joint is a very strong and stable artidokatlt is surrounded by powerful muscles and
a dense fibrous capsule, which is strengthened ramdorced by five ligaments. The

principal external ligaments are, the lliofemorgament preventing from over-extension
movement, the Pubofemoral ligament preventing fimrer-abduction movements and the
Ischiofemoral ligament preventing the hyper-extenf hip joint. Internally, there are two

ligaments namely: the ligamentus teres, and theetsa acetabular ligament, which help
limiting hip adduction and hip displacement.

; -J |-*.," 1
R Pelvis |
" {ﬂcetabulum o
& X
—n //xL 'H] Fermoral head
w3 ¥ Groaior llliofemoral
</ P 4 trochanter _ ligament
. > ’ L JJ \' g Pubofemoral
———— b ___;F / et N Ligament
K / i 4 }P}ﬂ %
4a > |
" £

: Fernoral

Femoral head cartilage /’/ \ neck

Lesser trochanter | Fernur

Figure 1- 8. The Hip Joint (© www.hipsurgery.to.i
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b) The knee joint

The knee joint is a condylar articulation betweles ¢ondyles of the femur, those of the tibia,
and the patella (Figure 1.9). As first approximatit could be represented as a hinge joint for
extension and flexion accompanied with some glidang rolling with rotation on vertical

axis.

The integrity of the knee joint is secured and iitadal by the sets of ligaments connecting the
upper and lower leg bones. The Cruciate LigameAtdefior Cruciate Ligament, Medial
Collateral Ligament, Posterior Cruciate Ligamend doateral Collateral Ligament) are
responsible for a significant degree of the stadilon at the front of the joint and the
Anterior ligament is resisting forward displacemehthe tibia on the femur.

The stability is ensured due to surrounding musales tendons. The most important knee
stabilizers are the quadriceps femoris, the knewilagge and the Medial and Lateral
meniscuses. These last anatomical structures @avidck absorption as well as assistance in
the reduction of the friction that could otherwe=ur when bones come into contact.

FI:I'I'“] r
{Thighbone)
Patella
/ {Kneecap)
Articular F_FH_'_________(_.--—"'
cartilage
Meniscus -""'ﬁ
' Tibia
(Skinbone)

3

Figure 1- 9. The Knee Joint (© www. orthoinfamaarg)

c) The ankle joint

The ankle joint is a hinge joint connecting thedjlihe fibula, and the ankle bones, which are

secured and reinforced by a protective structuneyposed of three separate sets of strong
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ligaments (Figure 1.10). The structure of the j@nt the organization of ligaments permit

the ankle to be rotated, flexed, and extended idir&ctions.

The ankle joint allows, by its sophisticated stanet dorsiflexion and plantar flexion around
an axis that passes approximately through the opigllextension and rotation in all

directions.

Ankle
Joint Capsule |
b

Dorsal View
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| igitorum
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h : ﬂ/ ongus hallicus
(] ¥ longus
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) I ibiali 3 e \
g ) ) L \k&\\\ﬁg

Extensor
digitorum

Medial View f

Flexor !
hullicus_"

Tibialis
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. YR '

revis

“; ]

CMNCG To0E

Figure 1- 10. The Ankle Joint
(© www.sportspodiatry.co.uk - www.parkwayphysiotigy.ca)

d) Secondary joints

» Tibiofibular joint

The tibiofibular joint connecting lower leg bones, is composed by twotgoiproximal and
distal; and interosseous membrane. In proximal yighe joint is a plane type of synovial
joint between fibular head and lateral tibial colegystrengthened by anterior and posterior
ligaments of fibular head. It ensures gliding moeets during dorsiflexion and plantar
flexion. In distal part, the joint is a fibrous b essential for the stability of ankle joint. It
keeps lateral malleolus against lateral surfacéalfs and it is strengthened by tibiofibular

ligaments and inferior transverse ligament.
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* Foot joints

Inversion and Eversion of the foot take place atttiocalcaneal articulations and at the mid-
tarsal joints between the calcaneum and the cudioddbetween the talus and the navicular.
The talocalcaneal joint is the more important amel dther tarsal joints are not of clinical
importance, they allow slight gliding movements ynland individually. The
metacarpophalangeal and interphalangeal jointsbasec plan joints allowing flexion —

extension and they are tightly joined by ligamehtt allow only slight movements.

Several tendons and ligaments surround the fooirsegit, like the large Achilles tendon, the
posterior/ anterior tibial tendons, small tendoeading the toes down, the lateral malleolus
tendons helping turn the foot outward and many Ehgaiments holding the bones of the foot

together.

1.1.2.3. Muscles

a) The upper leg muscles

The thigh comports the chief muscle acting on bbéhhip and the knee (Figure 1.10-11). On
the anterior side of the thigh, the principal mascare the iliopsoas, quadriceps femoris, and
Sartorius; they mostly represent the flexors of iigand the extensors of the knee. On its
posterior side, the main muscles are the hamstribgeps femoris, semitendinous, and
semimembranosus), the major extensors of the #mghflexors of the leg, especially during
walking. On its medial side, the major muscles arestly the adductors of the thigh

(pectineus, adductor longus, brevis, magnus, aacilH).

Quadriceps Femoris forms the prominent muscle nlasated on the anterior side of the
thigh. It comprises the rectus femoris and thregtii@ateralis, medialis, and intermedius).

They are the principle flexor of the hip and themextensors of the knee.

Gluteus maximus is the main extensor hip musclbs.gluteus medius, and gluteus minimus
are the main muscle group of abduction and mediatition of the thigh and also supporting
the pelvis in walking and running. These musclagiate at different locations on the hip

bone and insert on the femur.
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Figure 1- 11. Upper leg: Thigh muscles and theincfional actions (© Marieb E. 2010)




Hamstrings are the primary muscles located at th&tepior of the thighs and play an
important role to the overall muscular balance ld knee joint. They are formed by the
semimembranosus, the semitendinosus, and the bieepwis. Together with the gluteus
maximus, they represent the extensors of the highwlire responsible for contracting and
extending the lower leg. Hamstrings, assisted lbgcilis, gastrocnemius and Sartorius,

represent the main flexors of the knee.

The hip adductors are located on the medial commaantt of thigh and formed by several
monoarticular muscles: the adductor magnus, loraju$ brevis assisted by gracilis and

pectineus muscles.

b) The Lower leg muscles

The calf muscles and the Achilles tendons are especesponsible of Ankle dorsi-flexion

and plantar-flexion and also foot inversion andrei® (Figure 10-12).

The muscles of the anterior leg are the tibialieaor, extensor digitorum longus, peroneus
tertius, and extensor hallucis longus. These mssate dorsiflexors of the ankle joint and

extensors of the toes.

The muscles of the lateral side of the leg areedathe peroneus muscles and hold the
peroneus longus and brevis muscles. These musalethe foot outward and assist in foot

plantarflexion.

Muscles of the posterior side of the leg are pplecplantar-flexors of the foot and have an
important role in both posture and locomotion. Tdwperficial muscles hold the large

muscles, that are most commonly known as the caHcts, the gastrocnemius and soleus,
together called also triceps surae and attacheéldet@chilles tendon. The deep muscles are
the flexor digitorum longus, flexor hallucis long@sd Tibialis Posterior, responsible for toes

flexion. All these muscle assist the calf musciefopt plantar-flexion movements.
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c) The foot muscles

Most of the motion of the foot is supported by tbeer leg’'s muscles connected to the foot
through strong tendons. The foot Inversion is edrout by tibialis anterior and posterior and
assisted by the long extensor and flexor tendonghefhallux. The foot eversion is the

function of peroneus longus and brevis (Figure L. I@ere is a single dorsal foot muscle, the
extensor digitorum brevis, which extends the toes.
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Figure 1- 13. Intrinsic Plantar Muscles of the F@®tMarieb E. 2010)

There are numerous small plantar muscles in thie &anged in four principle layers on the
sole of the foot. They are responsible for movihg toes (Figure 1.13). These muscles are
collectively important in posture and locomotiomdathey provide strong support for the
arches of the foot during movement.

1.1.3. Central Nervous System and Motor Control
The voluntary body motions are achieved throughraioated skeletal muscle activities

acting on a multi-articulated skeleton in a condéimanner to accomplish the predetermined
task requirements. The muscle contractions are latedi and controlled by the nervous
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system, efferent nerves and sensory neurons cathedth skeletal muscles and skin (Figure
1.14).
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Figure 1- 14. The Nervous System Controlling Hurlklavement (© binhasyim.wordpress.com)

The nervous system consists of two components;ghtal nervous system (the brain and the
spinal cord) and the peripheral nervous system hwiigc responsible for controlling and
coordinating all the functions of the body. Thetanocortex, the primary responsible for
starting movements, receives and processes infammand impulses from peripherical nerve
cells and sends back instructions and signals tsclas. Three types of nerve cells or
neurons, sensory neurons, motor neurons, andnet@ens, are important in regulating the

signals between the muscles and tendons and timedma spinal cord.

When muscles are stimulated upon receiving a sighaly contract. This signal may be
voluntary stimulus that the muscle receives from bhain in response to a person's desire, a
reflex, or an involuntary stimulus. Muscles workuaBy in harmonious collaboration

responding to central nervous system’s recommenuatd achieve the desired movement.
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When neurological responses or joint movements atered, the entire structure is
compromised which influence the growth and develepnof the skeleton (Figure 1-15).

Altered Neurological Function

N

Altered Muscle Function

N

Altered Musculoskeletal Anatomy

Figure 1- 15. The Basic Sequence of Altered Braindion (© Gage 2010)

1.2. Normal gait

Since it is primordial to have a look into the @mderistic of the normal gait and the history
of walking maturity in order to understand pathatad) gait in young children, this section

presents different gait characteristics and gatunitst process.

1.2.1. Gait characteristics

Bipedal gait is the specificity of the human andsitthe fundamental system of human
locomotion. It is a complex activity requiring aagbmotor control to ensure smooth lower
limb motion and stability.

Walking is a repetitious pattern of lower limb maowent resulting from the periodic leg
movement moving each foot from one position of gupfo the next. It is a symmetric, cyclic
and three-dimensional activity, but, most of thevements occur in the sagittal plane.
Because of its cyclic nature, the description olking is provided by the repetitive basic unit
defined as the gait cycle or stride, which represéhe period of time between any two
identical events in the walking cycle. The init@ntact with the ground, or heel strike, is

usually considered as the starting and ending event
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Normal gait has five attributes or prerequisiteljol are: stability in stance phase, sufficient
foot clearance during swing, appropriate swing pha®positioning of the foot, an adequate
step length and energy conservation in order totais balance during smooth and painless
body motion. According to Anderson et al. (200hg normal gait with a comfortable gait
velocity is assumed to be the most efficient inmerof energy consumption. Gait
prerequisites have to be acquired during childhoadurity but they are frequently lost in

pathological gait.

1.2.2. Gait Cycle

The human gait cycle (GC) has been divided in tnim@ry partsstance phasethe time
when the foot is in contact with the ground, cdnstig about 60 percent of the gait cycle and
the swing phase, which denotes the time when tbeigan the air, constituting the remaining

about 40 percent of the total cycle (Figure 1.16).

Double support Single suppoart Double support

Stance Phase Swing Phase
(——g
Z
o .
Contact Midstance Propulsion Toe-off Heel Strike

Figure 1- 16. The Gait Cycle (© Bérard C. 2008)
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The stance phase is subdivided into three interaatording to the sequence of ground
contact. The first period of double support (0%-1G%), occurs immediately after the initial
contact when the heel touches the floor (0%-2% &) continues until the toe-off of the
second foot, representing the loading response 1@%-GC). It represents the period when

the shock of the impact is absorbed_by quadricepsractionand the body is stabilized for a

single stance support. The single stance laststatfi® of GC. The mid stance (10%-30%
GC) represents the body progression beyond theostpgp foot and ensure the limb and
trunk stability. The terminal stance (30%-50% GE€giins with the heel rise and ends with the
initial contact of the second foot (contralateiaild). The stance phase ends with a second
double support period, called also the pre-swingode(50%-60% GC) which represents a
loading phase of the swing limb and ensures thg baxght transfer from the stationary foot
to the other. The muscles that are active duriegstance phase include the dorsiflexors and
plantar flexors, the quadriceps femoris, the hangr the hip abductors and the gluteus

maximus (Figure 1.17).

Heel Strike

Sartorius Hamstrings

Rectus femoris Gastrocnemius Rectus femoris Samorius Gastrocnemius
Hamstrings

Figure 1-17. lllustration of Muscle Activities Duag a Gait Cycle (© Hamill et al. 2009)

The toe off defines the beginning of the swing ehaenerally divided into three sub-phases.
The initial swing (60%-73%) represents the peribdimmb advancement and foot clearance.
The mid swing occurs from 73% to 87% of GC, andsentien the swing limb is forward and
the tibia is vertical. The final period is the teémal swing (87%-100% GC) representing the
deceleration of the foot movement preparing toribet heel strike. It is controlled by the

hamstring and dorsiflexion muscles.
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The progression over the supporting foot is dividew three functional rockers: the heel
rocker, the ankle rocker and the forefoot rockecuogng respectively during the loading
support, the mid support and the terminal stanceg=

1.2.3. Spatio-Temporal Gait Measurements

Walking activity can be also characterized withtepgemporal parameters visualized using
foot prints. The temporal parameters are: stride t{time between initial contact of one limb
with the ground and the next initial contact of geme limb), the step time (time between
initial contact of one limb with the ground and thiial contact of the contralateral limb), the
cadence (number of stride or steps per minute)tia@djait velocity. Spatial parameters are
step length and stride length, which representecsely the distances covered during their
respective times.

1.2.4. Gait maturity

Independent and mature gait is the major motorldpweent task during the first two years of
child’s life. Walking behavior's development passieugh several postural changes during
which the child gains the motor control necessast fo assume and to maintain an upright
posture, and finally to walk independently (Figar&8).

Walking alone

Stamting alone

Hands-fe-knees crawling

Figure 1- 18. Walking behavior’s development (© wagwwthgraph.com)
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Figure 1-19. Motion Capture for child walking vs Witlwalking
(© Thierry Berrod 2010 — from Documentary film “tébé au baiser”)

Walking usually starts at about one year old; ahitefforts at walking are usually
characterized as stiff legged and jerky. In earlgest, the child walks with relatively stiff
knees, a wide base of support with feet relativiely apart and pointed outward and
outstretched arms for balance (Figure 1.19). Akwglmatures after two years of learning,
at least three year and a half of age, the chilceldps balance and equilibrium to reach a
stable adult gait patterns. The base of suppodugiéy narrows and the feet are placed within
the lateral dimensions of the trunk and an adudtl bee gait takes place. Arm movements
gradually become synchronous with the walking stiffdutherland 1980, Sutherland 1988,
Malina 2007.

The independent walking does not indicate the aenment of the mature walking pattern.
The mature process brings stabilized gait at afmutyears old. By about five years of age,
the adult walking pattern is established for theomiy of children. However, the stride
dynamics are variable among children and vary wilking velocity. In initiated walking, all
spatio-temporal parameters increase and moveméw greater reproducibility as the

walking pattern becomes more like an adult patt&utherland (1980), Holf (1996) and
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Vaughan (2003) pointed out that these stride dyosmpresented as dimensionless gait
parameters, are invariant after 80 months of agdsch show evidence of both central
nervous system maturation and growth (Sutherlaf@®7)l Neuromuscular maturity is
gradually established and the mature walking isgmssively attained. The adult-like
dynamic joint angles and kinetic patterns for tiggdnd knee were attained by approximately
5-7 years of age (Figure 1.20), whereas adultdikide patterns were not achieved until nine
years of age or older [Sutherland 1997;, Cupp 1@2®ley 2005, Victoria 2007, Viel 2000].
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Figure 1-20. Joint kinematics for healthy childefrone, two and seven years old
(© Viel E. 2000)
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During childhood, the central nervous system and sauloskeletal development
simultaneously progress. Therefore, it is importemtunderstand the natural history of
walking’s maturity in order to detect and then iptet pathological gait in young children. In
children with neurological impairments, the maturgrocess is altered and progressively
delayed because of the development of musculosketatlformations Johnson 1997,
Katharine 2002, Forssberg 1992, Bell 2002

1.3. Cerebral Palsy

1.3.1. Definition

Cerebral palsy, a range of non-progressive syndsashg@osture and motor impairment, is a
common cause of severe physical disability in ¢loletl. Nowadays, it is estimated that about
764,000 children and adults manifest one or morthefsymptoms of cerebral palsy in the
United States, about 650.000 persons in Europela&d00 persons in Franceduret 2007
Currently, about 8,000 babies and infants are disga with the cerebral palsy each year. The
worldwide prevalence and incidence of the disoaternot clearly known. It is about 0.6 - 4
per 1000 live birth yearly, with variability ratdsetween girls and boyskKpman 2004,
Himmelmann 2006; Seuret 2007, Bache 2003, Cans,200dter 2002, Mongan 2002,
Merberg 2004, Jessen 1999, Dolk 2006, Hagberg 200iver 2000].

Defining the cerebral palsy was challenging ovearge Since 1843, several definitions of
cerebral palsy (CP) have been proposed in litezgi@ans 2000, Blair 2005, Stacey 2005,
Bax 2005] and a universal definition is establisbgd005. Subsequently, the Cerebral Palsy
(CP) is defined as “a group of permanent disoraérthe development of movement and
posture, causing activity limitation, that are iatited to non-progressive disturbances that
occurred in the developing fetal or infant brairheTmotor disorders of CP are often
accompanied by disturbances of sensation, perecgptiognition, communication and

behavior, by epilepsy and by secondary musculosiedeoblems” Bax 200%.

The static alteration of brain function can inclddses of selective motor control, abnormal
muscle tone, imbalance power between agonists ataj@nists and impaired balance and

coordination mechanisms which increase over timeeMaltered tone, power and control are
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imposed on the growing child’s muscles and botiesclinical expression of this pathology
is subjected to change as child matures and greading progressively to musculoskeletal
or orthopeadic problems such as muscle/tendon axintes, reduced muscle elasticity,
reduced joint range of motion (ROM) and disturbexhd and joint developmenkK§man
2005, Stacey 2005, Soo 2006, Garne 2007, Pennégét &5age 2010].

1.3.2. CP Clinical forms and Classification

Subjects with CP show a wide variety of symptonat thay differ both in type and severity,
depending on the magnitude and location of thenlilamage. The severity ranges of CP may
involve the whole body and lead to a complete ilitgttio control the movement and to walk.
There are many classifications of the cerebralypsymdromes, taking into consideration the
quality of the movement disorder and the topogregdhdistribution of the affected area
[Murphy 2003.

According to the topographic distribution of limtwvblvement, classification of CP leads to
three principal groups: Hemipleg&aracterized by the involvement of one side eflibdy
and usually the arm is more affected than the Bplegia in which both lower limbs are
severely affected and Quadriplegraich describes the case when all four limbs aedink

are involved.

For Subjects with CP, the quality of muscle tond @voluntary movement are evaluated
function of the location of the brain injury. Accling to the type of movement disturbance,
CP subjects may be classified as spastic, athettagic or a mixted CP (Figure 1.21).

The most common type of cerebral palsgpssticity which represents nearly 80 percent of
all cerebral palsy cases. Children with spastrelm@l palsy have stiff and jerky movements
caused by the stiffness of the muscles and themgeent muscle contraction, which limit
movement. They often have a hard time moving frone gosition to another. The
“spasticity” is defined as a clinical condition mhich certain muscles are continuously
contracted, causing stiffness or tightness of theaies. It may be associated with spinal cord
injury [Lance 1980, Crenna 19P8
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ATHETOID- constant, uncontrolled
motion of limbs, head, and eyes.

SPASTIC- tense, contracted
muscles (most common

type of CP).

RIGIDITY- tight muscles
that resist effort to make
them mowve.

ATAXIC- poor sense of

balance, often causing

falls and stumbles TREMOR- uncontrollable
shaking, interfering with
coordination.

Figure 1- 21: The Location of the Brain Damage Rethtive Cerebral Palsy Types:
a) Damage of cerebral cortex is generally the caugpasktic Cerebral Palsy, b) Damage in th
basal ganglia in the midbrain (cerebellum) causesAthetoid Cerebral Palsy, and c) Damage of
the cerebellum causes the Ataxia Cerebral Palsyivi@withcerebralpalsy.com)

D

1.3.3. Cerebral Palsy and Gait

Cerebral palsy is difficult to diagnose during gaimfancy. As the infant matures, poor

development, weakness, spasticity, or lack of doatobn becomes noticeable. Early signs of
cerebral palsy usually appear before 18 monthgef specifically abnormal development of
motor skills including rolling over, sitting up,awling, talking, and walking which obviously

occurs in normal children at 12 months. Howeversthahildren with CP can be confidently

diagnosed by 18 months[lirphy 2003.

By the age of eight, most patients with CP reaehglateau of motor control development

and then a mature and independent walkibgahs 199b

Disorders caused by the brain injuries in the adseerebral palsy are not static and tend to
progress with growth. The primary effects of thesirologic impairment are the altered motor
control and abnormal muscle tone usually due tstgpty. Because of muscular spasticity
and inappropriate muscle activations, cerebralypaltsldren almost have joint contractures
and bone deformities (e.g. equinovarus and Equigas&aoot, excessive femoral anteversion
and spinal deformities). As consequence, the fanatiabilities of the child with spastic CP

are profoundly affected and often deterioratedrduchildhood growth by the development

Taysir REZGUI 28



of many lower limb bone deformities, called secomdaffects, and compensation
mechanisms, called also tertiary effects, instapgtaneously helping the child to have his
proper gait autonomy. According to Sutherland et (4993), the most common gait
abnormalities in diplegic CP patients are:

 Jump knee gaitcharacterized by an increased knee flexion inyestidnce phase,

through initial double support,
» Crouch gait,characterized by an excessive knee flexion througkthe stance phase
and frequently accompanied by an increased hipoiteand internal rotation,

« Recurvatum knee gaigescribed as an increased knee extension in @mtstand

late-stance phase,

» Sitiff knee gaitcharacterized by a decreased range of motioned kmd delayed peak

knee flexion in swing phase, hindering foot clearan

In addition to these gaits representatives of C&Jda et al. (2004) and Wren et al (2005)
showed that other types of gaits may be observa@deing gait (excessive internal foot
progression), Equinus gait (insufficient ankle péafiexion during stance phase, with or
without hindfoot and/or forefoot varus or valguBkcessive hip flexion (a flexed instead of
an extended hip in terminal stance) and Excessiegral hip rotation (excessive internal hip

rotation with excessive external foot progression).

1.3.4. Clinical evaluation and Management

The treatment of cerebral palsy deals with the mameent of the impairments and disabilities
resulting from brain injury. At present, there i8 cure for CP. However, various treatment
possibilities are available aiming to establishcanmal motor development and function, to
prevent of contractures and deformities and impichikel’s capabilities.

1.3.4.1. Cerebral palsy management

As CP is usually associated with a wide spectrum delvelopmental disorders, a
multidisciplinary approach is most helpful in thesassment and management of such
children Bose 1975Sussman 1992, Renshaw 1995, Sharan]2@Q%ay include:
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» physical, occupational and speech therapies heldreh acquiring developmental
skills and specific functional tasks and teachimgn to lead towards independence in
real life settings.

* pharmacotherapy (dantrolene sodium, and baclaidnBatulinum toxin) to / control
spasticity or painful spasms.

» orthopedic devices (walkers, bracing or handling/leeelchair) to maintain stable
joint positions, stretching muscles and balance.

» orthopedic surgeries (bone osteotomies, musclelenmg, rectus femoris transfer,
etc.) to treat and to prevent serious skeletal rdafg and address muscle, ligament,
tendon, and surrounding soft tissue contracture.

* neurosurgical procedures (neurectomy and rhizototaygontrol muscle tone and

reduce spasticity.

Since the goal of surgical intervention is the eoction of a deformity of the musculoskeletal
system, the biomechanical factors responsible e functional gait limits have to be
correctly identified. The clinicians have to di#atiate between primary deviations caused by
the CP and the natural compensatory mechanismblisk&d because of the primary gait
deviations. Nowadays, the 3D gait analysis, combite data from clinical examination,

represents a common management procedure for CP.

1.3.4.2. Clinical evaluation

Clinical assessment is used either as a contras$ tine basis for classification of CP types and
included joint range of motion (ROM), muscle strgngnd selectivity, rotational alignment

of extremities, spasticity, and other clinical paeders.

Evaluation of a child with cerebrphlsy (CP) needs many numbers of consideratiohstter
understand the orthopedic and neurological impaitmneonfronting the patient. Several
information have to be interpreted together, thedios history, a detailed physical
examination and functional assessment, clinicat gaalysis exam, and consideration of
patient’s goalsBérard 2008, Gage 2010
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The clinical evaluation of gait of cerebral palgyldren occurs within the context of detailed
history and a complementary evaluation of walkirglls performed through physical

examination and motion analysis exam.

a) Medical history

The medical history is an important part of thenickl decision. It includes information
regarding birth, developmental milestones informialgout maturity, medical problems,
functional skills, orthopedic status (deformitiesdacompensations), surgical interventions,
physical therapy treatments and medication and nenagal complaints of pain, weakness and
instability and give awareness about underlyingolegical and musculoskeletal troubles.

b) Physical examination

The physical examination aims at determining thgrele of impairment of selective motor
control and tightness or strength of isolated neugebups, to evaluate joint’s range of motion
during slow static contracture (Figure 1.22), talaate muscle tone as a response to a passive
stretch which gives information about muscle spégtor rigidity (Figure 1.23), to estimate
bone deformities (the degree of genu valgum or mari@gmoral anteversion, bone torsions
and foot deformities) and finally evaluate propaption skills.

Figure 1- 22. lllustration of Physical Exam for €leral Palsy Children to Measure the Joint ROM:
Maximum hip flexion measurement (a); Internal ratatof the hip measurement (b); Maximum knee
flexion measurement (c) (© Bérard 2008)
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(b)

Figure 1- 23. lllustration of Physical Exam for €lral Palsy Children to Evaluate Muscle Spastigity
Rigidity: Evaluation of the rectus femoris spasyi); Evaluation of dorsiflexors spasticity (b)
(© Bérard 2008)

c) Gait analysis exam

The gait analysis is a measurement tool providimfgrination about individual’s walking
skills of patients with specific gait-related pretsls and its deviation from the normal
patterns. It is principally used in treating sultgewith neuromuscular disabilities (Figure
1.24). This procedure takes part of the gait abmaditids understanding and becomes an
indispensable tool for treatment decision-making trerapy in CP children. With static and
dynamic studies, this exam gives the clinician dpportunity to better understand the
pathology (which joints and muscles are involved) ¢hen separate the primary causes of a
gait abnormality from compensatory gait mechanisms.

A complete understanding of joint kinematics is artpnt in the diagnosis of joint disorders,
treatment decisions and when studying locomotidme Tundamental information obtained
from gait analysis usually include spatiotempouaigmeters, such as velocity, cadence, stride
and step lengths, the kinematic of the limbs amat jmotion, the ground reaction forces, the
calculations of the moments and the power prodogixurring in major of lower limb joints
(kinetics) and the dynamic electromyography definthe on-off signals sets of individual
muscle or groups of muscles. These data, gatheveddait analysis, can predict which joint
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is mostly affected and which type of muscle or tendvould be most managed. Post-
operative gait analysis exam could be used to atalihe success of orthopedic surgery and

suggest changes in a person's rehabilitation pnogra
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Figure 1- 24. Gait analysis exam and results

Indeed, the Gait Analysis Exam is used to undedstanrd to evaluate the validity of cerebral
palsy classifications of gait deviations observechildren with cerebral palsysitherland
1969, Gage 1994, DelLuca 1997, Davids 2006, SteidereR001, Kay 2000, Rodda 2004,
Desloovere 2006, Chang 2006, Narayanan 2007, Dol28@7], has a potential role in the
pre-surgical assessment, can affect treatmentidesifGage 1983, Gage 199600k 2003,
Wren 2009, Kay 2000, Greene 20@nhd serves as a following up reporting tool. $alve
studies have assessed how clinical gait analygsoves patient outcomes by evaluating the
impact on post surgical orthopedic decisions aadttnent planningJee 1992, DelLuca 1997,
Kay 2000, Cook 2003, Wren 2005, Molenaers 2006nG 12006, Lofterod 2008, Filho 20pP8

Because of cerebral palsy, walking performance f&no compromised, leading to
pathological, jerky and instable movements thatdneempensatory strategies. Motor
impairment can be clinically assessed, but undaglynuscle function cannot be directly

measured. In addition to gait analysis, computenutations have demonstrated that
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biomechanical parameters derived from a musculetkeiodeling (muscle forces, moment
arm length and muscle-tendon length, individual cfess function in the gait performance)
have a unique potential to predict treatment outedDelp 1995, Schmidt 1999, Neptune
2000, Jonckers 2003, Arnold 2004, Arnold 2005a-iggkison 2006, Reinbolt 2008, Jonkers
2010.

1.4. Musculoskeletal modeling

Because of the complexity of the human body's stmés, biomechanical analysis of gait
relies on simplified mathematical representatiothef lower limb musculoskeletal system to
understand the dynamics involved during movemeneg interaction between different
biological structures (bone, muscle, joint, eteil & estimate biomechanical quantities, such

as muscle forces, that are difficult to obtain ngect measurement in vivo.

In musculoskeletal modeling, the morphology and filmectional characteristics of bones,
joints and muscles are numerically represented wislet of anatomical parameters, defined

through cadaveric studies or measured directlygusaphisticated imaging techniques.

According to studies’ needs, many musculoskeletadets have been developed for the lower
limbs to improve knowledge about the normal gad &m study Cerebral Palsy pathological

gaits.
1.4.1. Musculoskeletal modeling procedure

1.4.1.1. Musculoskeletal Model Description

In general, musculoskeletal modeling techniques crites the geometry of the
musculoskeletal system as multilinked rigid segmentating around mechanical joints and
connected with set of muscles. Muscles are usdaiiyned as straight line spanning between

an origin point and an end point attached to seggnen

Several lower limb musculoskeletal models have lgesented in literature. Many of them
relying on rescaled generic models, in which steshd@ometry data are given from cadaveric
studies for healthy male patient and then resaadety regression equation based on subject’s
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anthropometry Delp 1990, Arnold 1997, Schmidt 1999, Hicks 2008sdilly 2008, Correa
2017. When studying movement abnormalities, generisenloskeletal models may have
several limits on predicted results. More realigtady’s morphology is very decisive and
challenging. Therefore, recent studies have deeelapore sophisticated techniques, based
on clinical imaging, to determine subject-specifieometry Schyes 2008, Dao 2009,
Oberhofer 201D

A musculoskeletal model is defined by several sélements: skeleton, joints and muscles,

as follows.

a) Skeleton model

A lower limb is modeled as several linked rigid paegments: pelvis, femur, patella, tibia
and foot segmentDelp 1990, Arnold 1997, Anderson 2001, Pandy 200he tibia and
fibula are generally defined as single rigid segiselost of the time, the foot are considered
as single segment or divided in sub-segments fas,taxalcaneus and toes. Generally, the
upper body (Head, Arms and Torso) is represented psnctual mass at the hip or as an
additional rigid segmentNeptune 2007 Each segment is defined by its inertial paramsete
located at the center of inertia, required to dakeujoint kinetics and generally determined
from cadaveric studiedNinter 1990, and its attached local frame references (Figugs)
[Wu 199%.

Figure 1- 25. ISB Recommendation of Local Referdfreane and joint Coordinates System
(© Wu et al. 1995)
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i. Rescaled generic geometric model
The common approach described in the literatud@sgeneric musculoskeletal modeling.
Geometry data have been extracted from variousveaidastudies of healthy male adults or
medical images, assumed to be representative ofpanied adults. Segments anthropometry,
joint geometry, and muscles attachment sites hes, tdetermined using scaling techniques to
corresponding anthropometric parameters of subjBekp 1990, Arnold 1997, Schmidt 1999,
Hicks 2008, Desailly 2008, Correa 2011

Lower limb musculoskeletal models have been indispble to improve understanding of the
characteristics of both normal and pathological. ga take into consideration specificities of
gait abnormalities, specific subject impairmentyvehd&een introduced in musculoskeletal
models such as femoral anteversion and tibialdardieformities for Cerebral Palsy children
[Arnold 2001, Hicks 2007, Scheys 2008, Correa 2011

ii. Personalized Geometric Model
As an alternative to generic musculoskeletal modelcomputer tomography (CT) and non-
invasive magnetic resonance imaging (MRI) techrsqoan be used to integrate subject-

specific details in the musculoskeletal models ((Fegl.26).

Atlas image

Patient imags

Image acquisrion & post processing

(autom atic stack registration & bias field removal) Transfer locations [ e
I

s by applying non-rigid
deformation mesh on
their coordinates

Automated estimation of muscle

attachment sites
{Using non-rigid B-spline registration of the Optional manual adjustment
patient's images with an atlas image) Custom build interactive software tool with
problem specific visualization of all necessary
data in one customizable 30 scene

Complete subject-specific Suitable for
musculoskeletal model biomechanical analysis

Automated joint center calculation

(ICF sphere-fit for hip joint centre, double [P
ellipsoid fit for knee joint center)

Semi-automatic bone segmentation
(Usging threshalding followed by 2 and 30
binary morghological operations, mesh
generation using marching cubes)

SIMM®,

lographics Inc.

Figure 1- 26. An Overview on Personalization Procedor MRI-based Subject Specific
Musculoskeletal Modeling. (© Scheys et al. 2010)
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Using these techniques, in vivo anatomical stresuasre detected and geometrical model
parameters can be accurately determined to dedmoioe and soft tissues shapes, muscle line
of actions and insertion sites, joint locations dmhe deformities, allowing more accurate
biomechanical analysisAfnold 2000, Arnold 2005, Blemker 2007, Hicks 20®&eys 2008,
Oberhofer 2010, Dao 2009, Klets 2010, Jonkers 2CH0rea 201]

Despite the efficiency of such techniques, MRI-baseusculoskeletal modeling remains
prohibitively time expensive to be implemented linical environments because MRI scan is

too costly and manually image processing neBtenjiker 2007, Dao 2009, Scheys 2010

iii. Deformable sketeton
Few studies tried to combine the musculoskeletalatiog and the finite element techniques
in order to introduce the deformability aspect ohes. Al. Nazer et al., 2008, integrated a
flexible tibia in a generic musculoskeletal modélachealthy adult to estimate the dynamic
bone strains during walking (Figure 1.27). Shefedband Carriero, 2010, determined muscle
and joint forces applied into finite element modéldeformable femur to determine stresses
and strains in the growing femur and then predi@nges in bone growth with different

pathological gait patterns for cerebral palsy aleifd(Figure 1.28).
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Figure 1- 27. Graphic representation of the lowathyb

musculoskeletal model with a flexible tibia Figure 1- 28. Finite element model of the
(© Nazer 2008) proximal femur. (© Shefelbine 2010)
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b) Joints

Human articulations, defining the position of omgment to another, are generally assumed
to be ideal mechanical joints. The hip joint, castimg the pelvic and femoral segment, is
modeled as a ball-in-socket joint allowing rotatemound the hip joint center. The knee joint,
connecting the femoral, tibial and patellar segméntmodeled as a sliding hinge joint,
allowing rotation in the sagittal plane accompanagth a small translation through the knee
joint anatomical axis. The ankle joint, connectthg tibia and the foot segments, is modeled

as a hinge joint allowing flexion/extension movemerthe sagittal plane.

Kinematic functions, relating the rotations anchglations to the generalized coordinate, are
attributed for each joint. Generalized coordinatessists of a set of angles that describe the

joint position relative to the neutral upright post (Figure 1.29).
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Figure 1- 29. Conventional Joint Anglesfinition
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i. Joint Center Localization

The location of the joint centers and axis of rotats required when defining location and
orientation of adjacent bones, and calculating tjoemt torques, muscle lengths and lever

arms of muscular forces.

The accuracy of joint center location is cruciad arhallenging. Sensitivity studies have
shown that a small mislocation of joint centre @ftion can lead to errors in joint kinematics
and kinetic calculations and error propagatiornméntire lower limbKadaba 1990Holden
1998, DellaCroce 1999, Kirkwood 1999, Stagani 20B@&zza 2000, Piazza 2001, Donati
2006, Begon 2007, Harrington 2007, Cereatti 2087d may remarkably alter the estimation
of muscle moment arms and muscle moments and ffibemdp 1992, Pierce 2005, Lenaerts,
2009, Oberhofer 20Q9

Several methods have been developed for estim@ing center positions, which can be

classified into two categories: the predictive #malfunctional methods.

* Predictive Methods

The predictive method estimates the joint centeation based on regression equations
derived from anthropometric measurements. Regmesinctions have been obtained by
direct cadaveric measurementeidel 199% or by using imaging techniqueBdll 1989,
Davis 1991, Kirkwood 1997obtained from healthy adult populations. Seveegression
equations have been developed to estimate the dig fenter combining an initial
morphological estimation of joint center positioittwkinematic data gathered from gait trials
to improve the accuracy of regression coefficighteugh iterative optimization techniques
[Frigo 1998, Shea 1997, Bruening 2008

Even if predictive methods gave acceptable joimte@eestimation for healthy adultB«ll
1990, Leardini 1999 they reported an error about 40 mm when estiigatine hip joint
center (HJC) for normal children and 85 mm for CRil@en when compared to

measurements obtained from imaging technigBessgr 2000, Jenkins 20pP1
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* Functional methods

The inaccurate determination of the hip joint cer{t¢JC) leads to erroneous gait analysis
results Cappozzo 1984, Delp 1992, Stagni ZO@or that reason, the majority of studies
have focused on estimating the hip joint centengigunctional approachHalvorsen 1999,
Gamage 2002, Halvorsen 2003, Piazza 2004, SchwafAs, Camomilla 2006, Begon 2005,
Hicks 2005 Ehrig 200§. Some of them focused on determining the accuaxite of rotation

of knee Holzreiter, 1991,Cheze 1998Piazza 2000, Marin 2003, Most 2004, Rivest 2005,
Schwartz 2005, Siston 2006, Ehrig 2007, MacWilli&068g and ankle $iston 2005, Lewis
2009.

Originally, Cappozzo (1984) assumed that the HJthaspivot point of a relative movement
between the femur and pelvis. From this assumptiom,functional methods represent the
process of fitting spherical movements of a setmairkers related to two adjacent bones

rotating around a specific joint center.

The functional approaches have been developed ghroexperimental studies using
mechanical analog of socket mechanical joiRtagza 2001, Marin 2003, Siston 2006,
Camomilla 2006, MacWilliams 2008mathematical approach developing several new and
more accurate algorithm#iélvorsen 1999, Gamage 2Q0Ralvorsen 2003Cereatti2004,
Begon 2005, Camomilla 2006, Ehrig 2006, Desaill980

The accuracy of joint center estimated by the us&umctional methods requires specific
cluster of markers placed on adjacent bones andrthlysis of several movements performed
around the joints (flexion-extension, adductionaditbn and circomduction)Pfazza 2001,
Camomilla 2006, Begon 20PpWith specific range of motion and velocitiAdlden 1998,
Begon 200y during standing posture, seated posture and mglkials.

Several comparative studies between predictivefanctional methods have been presented
and showed that functional approach provides mocerate estimation even with a limited
range of motionsNicGibbon 1997, Leardini 1999, Besier 2003, Chrisp2003, Lopomo
201Q0. However, that performance could be stronglyteglao the implemented optimization
procedure Piazza 2004, Camomilla 2006, Donati 2006, Ehrig&00
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Functional methods still have some limitations lseathey are highly affected by the skin
artifacts Cereatti et al. 2004and because they require significant joint motidmnich may
not be easily performed by pathological patientst, Bhey remain easy to use compared to
imaging techniquedHarrington 2007, Scheys 2008, Lanearts 2009, P&16d<€]. Nowadays,
the predictive methods derived from Bell et al.9@Pand Davis et al. (1991) are the most

widely used in clinical applications and surgickdmming.
ii. Elastic Joint Parameters

The joints have spring like behavior and can be etextias torsional spring elemenBayis
1994. The dynamic joint stiffness has been detectedrasmportant parameter of joint’s

clinical evaluation.

According to Hooke’s law, the dynamic joint stiffseis defined as the gradient of the joint
torques - joint angles graph (Figure 1.30) andesgnt the resistance that muscles and other
joint structures manifest during intersegmentapldisement and as a reaction to an external

moment of forceDavis 1996.
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Figure 1- 30. Dynamic knee stiffness calculatethasslope of the linear regression line of the grap
representing the knee joint moment as a functidmet joint angle (© Zeni et al. 2009)

The dynamic joint stiffness has been analyzed diwear region during loading response

when muscle activities were assumed to be quastanoh For the knee, dynamic joint
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stiffness was analyzed over the linear region dulirding response, corresponding to 3%—
15% of the gait cycle. The hip and ankle jointfegks have been determined during the
second rocker, corresponding to 10% - 30% of gaiked Davis 1996, Frigo 1996 The joint
damping is usually fixed to 10% of stiffness values

The dynamic joint stiffness have been explored aslimcal parameter to understand
pathological cases such Cerebral pabBgyvs 199, Down syndrome Galli 2008, knee
osteoarthritis (Zeni 2009), total ankle replacen{eitudijk 2008.

c) Muscle model

Muscles are the actuators of skeletal system wamsf) neural signal into mechanical forces
through chemical transformation. Developing a s#i@imuscle model is still challenging
purpose. A complete model, Cross-bridge or Huxlegd® (Huxley 1957), taking into
consideration these specificities has been devdldpech a model, described through several
differential equations, is generally computatiopaliohibitive and difficult to be integrated in

musculoskeletal models.

The muscle’s model basically used is the Hill-modeill 1938) represented by three
components acting together in a manner that dessctie viscoelastic behavior of a whole
muscle (Figure 1.31). The contractile componenthes element of the muscle model that
converts the stimulation of the nervous system iatéorce and reflects the shortening/
lengthening of the muscle. The parallel elastienglet (PEE) represents the passive properties
of the muscle and the series elastic element (SEE),highly nonlinearly elastic structure,

represents primarily tendon.

Force characteristics of a muscle depend on bsthrithitecture and its intrinsic properties
(force length, force-velocity relationships, areliure). Even if the Hill-muscle model is not
a very detailed description, it requires only a fgavameters to give an accurate prediction of
the mechanical nature of muscle. Personalizingired muscle properties (peak isometric
force, corresponding optimal muscle fiber lengtanpation angle, tendon slack length, and
maximum shortening velocity) is challenging. Partare values are generally taken from

cadaveric studies of elder healthy subjedtéiner 1990, Delp 1990and then scaling
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techniques are used to match subject-specific measunts. Alternatively, ultrasonography
and magnetic resonance imaging techniques can kmsased to collect patient-specific
muscle-tendon properties: muscle origins/insertisites and moment arm§&dghyes 2008,
Dao 2009, Oberhofer 2010
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Figure 1- 31. The musculo-tendon actuator modet Hill Model (© Delp 1990)

More recent studies have been focused on moddimglynamic of muscle by determining
the relationship between muscle forces and EMG ureasents [Cao 2009, Staudenmann
2010].

1.4.1.2. Simulation procedure

From a mathematical point of view, deriving a musskeletal model consists of solving a set
of dynamic equations of motions (Newton, Lagrarmdggcribed below. The acceleration, the
joint angle, the center of gravity, the foot for¢ke joint moment, the muscular force, the
transmitted force at the joint, the electric adyivof the muscle, the power generated by the
leg and energy expenditure in walking are calcdl&tem these dynamic equations.

The Newton second law is represented in the folignéquation2- Fexternai = M *a j,

which Fexternal is the external force, M is the Mass aldis the acceleration vector.
This last equation can be extended as follows:
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M (q).4+ C(q, a).a+ G(Q+ R 9. fr + E= 0 (Equationd)

where :

(q'q, q) vectors of the generalized coordinates (angularitipos), velocities, and accelerations,
respectively

M (q) the mass matrix I:MT vector of musculotendon forces
C(q,q) the centrifugal and Coriolis loading  R( Q) the matrix of muscle moment arms
G(q) the gravitational loading E(q, ) vector of External forces

Because of redundancy and since the number of wiknariables (muscle forces and
moments) exceeds the number of available mechaggalibrium equations for most human
joints, this mathematical representation is considl@s an indeterminate probleRahdy and
Anderson 1998, Ren 20(.7The most common approach to solve this probleiiné use of
optimization techniques, which represent the humator control strategies and assume that
human movement occurs when minimizing some perfoomeacriteria. To define a normal
human walking, a variety of performance criteri@dnaeen suggested; minimizing the energy
expenditure, joint torques, sum of squares of neuscktivations, the risk of damaging the
muscle, the oxygen consumptio@rpwninshield 1981, Patriarco 1981, Marin 2000, Egn
2003,Thelen 2003, Li 2006, Deluca 2p0%he most frequently optimization criterion
describing the human locomotion is the minimum gpeexpenditure per unit distance
traveled Anderson 2003, Ren 2007

a) Methods

There are two major methods used to estimate theclendorces: static optimization and
dynamic optimization or optimal control theory (kig 1.32) Erdemir 200T.

In the static optimization approach, the dynamioatipns are solved first to calculate the
muscle forces, the net forces and torques at th@sjdrom experimental kinematics

measurement, called the inverse dynamic simulatiéms optimization problem is then

applied to resolve the muscle force redundancyaah e€ime step along the movement
trajectory Anderson 2001, Marin 2000, Pandy 2003
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In contrast, dynamic optimization is a more powkdpproach for estimating muscle forces
during movement. In this approach, called the fedvdynamic simulation, experimental
motion or load inputs are not required. Musclevations have been used as the inputs to
calculate the corresponding motions and becausauh®er of muscles crossing a joint is
greater than the number of degrees of freedom fgpregijoint movement, Muscle forces and
associated motion are predicted by solving a siogkmization problem for one complete
cycle of the movement. The most important inconeenof dynamic optimization methods is
the heavy computational cost comparing to statteopation methods4nderson 2001
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Figure 1- 32. Strategies to estimate the musctefrstatic optimization (inverse dynamics) andaaiyic
optimization (forward dynamics) or optimal conttbéory. (© fromErdemir 2007

b) Boundary conditions

To solve dynamic equations of motions and to da#i vedundancies, boundary conditions

are required to ensure realistic solutions.
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i. Physiological Boundary Conditions

A realistic musculoskeletal model is constrainedbyeral physiological constraints that have
been incorporated in the dynamic formulation, saglhe maximum range of motion allowed
by the joint and the intrinsic muscle characterssijthe maximum allowed lengthening and

the maximum muscle forceB¢lp 1990Q.

ii. Dynamic Boundary Conditions

The numerical solution of the human dynamics, diesdr above, may be constrained to
follow a given kinematics. The external force meaments (specially the ground reaction
forces) obtained from a motion analysis experintamt also be used as inputs of model and

then considered as additional dynamic constraints.

EMG measurements can be used as additional expdeemenputs to derive the
musculoskeletal model using the patient-specifiarale control strategiesJpnkers 2002,
Lloyd 2003, Shao 2009, Bisi 24J1The principle drawbacks of this technique (chIEMG-
driven methods) are:

- Non invasive EMG measurements are limited to theoirtant surfacic muscles

- Deep muscles activities are not take into conatitar in modeling

- EMG crosstalk still problematidfarr 2017

1.4.1.3. Post Processing

a) Expected results

Musculoskeletal modeling allows estimating sevgratameters such as joint kinematics
(joint positions, velocities, accelerations, jommgles, the center of gravity’'s trajectory),
kinetics (estimated ground reaction forces, if mitoduced as inputs, joint moments), the
muscular activation, lengthening/ shortening hiswrand quantified forces, the power

generated by the joint movements and energy expgadiuring the performed motion.

Taysir REZGUI 46



b) Validation

Musculoskeletal modeling attempts to be appliethenclinical routine applications and play
a basic role to predict the outcomes of diagnosdsteeatment and to investigate the if-then
scenarios. Regardless of such application, accuratystness and precision of simulation
results are crucial. The greatest obstacle, eneoeshin musculoskeletal modeling given the

number of associated assumptions, is the abilitsatolate the estimated results.

Muscle force, joint contact forces, loading digtitibon predictions during a motion are
difficult to validate [Heller 2010]. A direct valation can be carried out through in-vivo
measurements by using instrumented joint implabttect experimental joint contact forces
(Stansfield 2003, Kim 2099 joint implants with built-in load sensors andletaetry
(Bergmann 2004), or in vivo instrumentation to megasnuscle-tendon forces during human
movement Einni 200]). But, these techniques are still considered aasive Ravary 2004,
Fleming 2004
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In musculoskeletal modeling, the validation hasnbassessed indirectly by quantifying the
differences between the experimental (measured)paedicted (simulated) results (Figure
1.33) [Anderson 2007, de Zee 2(01Most often predicted muscle forces are evaluatdg

gualitatively by comparing predicted muscle acimatand measured EMG activation
patterns. The Ground reaction forces estimatedyusimechanical model for the contact with
the ground can be compared to those measured anited plates. However, the validation
procedure is also depending on the accuracy ofithe recorded during a motion analysis

experiment.

1.4.2. Application of the musculoskeletal modeling

Computer models and simulation of the musculosikleystem have been introduced to
biomechanical, medical research, and sport traifdeyp 2007, Seth 2011, Reinbolt 2D1A
wide variety of models have been developed to stugdpan movement going from simple
two-dimensional models to complete three dimensionasculoskeletal model®glp 1990,
Pandy 2003, Arnold 2005, Hicks 2Q08lany software packages have been developed to
enhance graphical interfaces and simulation codesusculoskeletal modeling, such as
Software for Interactive Musculoskeletal Modelin§INIM), Anybody Modeling System
(Anybody Technology A/S, Aalborg, Denmark) and Miedeler (ADAMS package).

Musculoskeletal modeling aims to enhance knowleddg®wmut normal walking and
pathological gaits , to study the biomechanicalseguences of surgical reconstruction such
as joint replacements$-fegly 2007, Fregly 2009 or to validate surgical treatment strategies
[Delp 1994, Delp 1996 , Arnold 1997, Arnold 2000n@d 2001 , Zajac 2003, Arnold 2006

1.4.2.1. Normal Gait understanding
Several musculoskeletal models have been developstiddy the normal walking in order to

enhance our understanding about muscle coordinatidnto explain how they contribute to
move the body segments and joints.
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Some studies characterized the contributions olviehgal muscles to forward progression,
vertical support and balance during walkidgflerson 2003, Neptune 2004, Liu 2D0dhey
pointed out that only five muscles, non sagittakoles, are the primary movers of the leg and
the contributors to the forward progression andpsupneeded for normal walking at all
speeds; the vasti and gluteus maximus deceleratedtly’s center of mass during the first
half of the stance phase, the soleus and gastrasagmopel the body forward during the
terminal phase of stance, and the gluteus meditisglsingle-limb stance. The same muscles
(vasti, soleus, and gastrocnemius) contributedrddyeto the body’s balance throughout
stance and the hip abductors, anterior and postgtiteus medius controlled balance
medially [Pandy 2010].

Another study determined the principle muscles rdounting to the increase of the knee
flexion during double support, which are Vasti,tuscfemoris, gastrocnemius, and iliopsoas
(Goldberg 2004). Recent studies focused on defitiiegmain muscle contributors for knee
and hip joint contact forces. Shelburne and al §208howed that quadriceps and
gastrocnemius are most contributors to body’s stmpal forward propulsion during normal

walking and the most contributors to knee stabilityhe frontal plane in addition to the knee
ligaments. Whereas, Correa and al (2011) proved rthescles spanning the hip (gluteus
medius, gluteus maximus, iliopsoas, and hamstriags)the major contributors to the hip
contact force and the vasti, soleus, and gastrocrseane the major contributors to hip joint

loading.

Muscle mechanical work requirements during normalkimg have also been studied. Using a
parameterized generic musculoskeletal model, Nep&atral (2004) revealed the importance
of mechanical energy costs when the center of maasrd in early single-limb support and
founded that the mechanical energetic cost cabhaatstimated from external mechanical

power.

Generic Musculoskeletal models have been used deratand factors influencing a normal
joint motion. Arnold et al. (2007) studied the putal muscles contributing on the knee
movement during the swing phase of normal walkingyrder to understand the decrease in

knee extension in terminal swing observed with loexe palsy children. Other generic
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musculoskeletal models have been developed to shedgtress’s behavior of a deformable
tibia during walking [Al.Nazer 2008

1.4.2.2. CP gait understanding

The management of gait abnormalities in cerebrddypahildren is a challenging issue
because of the variety of the degree of neuroldgicd orthopedic impairments with variety
of biomechanical consequences. The gait analysasgmation is insufficient to understand
the pathology’s causes or to predict how the ptsieabnormal gait patterns will progress
after treatment. Only the identification of biomaalcal factors that contribute to those
abnormal movements can predict suitable planneagtment. Together with gait analysis, the
musculoskeletal modeling and simulations are a piolviool for quantifying muscle function
and understanding muscle coordination during patioal gait patternfjelp 1990, Arnold
2005.

Several musculoskeletal models have been develtpdtklp clinicians in investing the
causes of crouch gaiAfnold 2005, Arnold 2006, Hicks 2008, Steele 2(Higks 2011],
excessive internal hip rotatiodifnold 2000 and stiff knee gaitGoldberg 2004, Goldberg
2006, Jonkers 2006, Reinbolt 2Q008thers are developed to take part of the clirdegision
making process, to assist orthopeadic surgeryy evaluate the outcome of a treatmédelp
1998a, Delp 1998b, Arnold 2001, Desailly 2p08

Because of the specificities of cerebral palsydekih, taking into consideration the deformed
bone geometry and specific muscle properties isi@rio better interpret musculoskeletal
modeling results and guide treatment decisidmadld 2000, Arnold 2041

The first personalized musculoskeletal model wasldped by Arnold et al. (2000) and was
performed on three patients with cerebral palsgdagetween 7 and 27 years old. The MRI
techniques were used to specify the subject-speggidbmetry and muscle-wrapping surfaces.
This study aimed to determine whether medial hangsror hip adductors are responsible for
excessive internal rotation of the hip and suggesi@t other factors are more likely the
major causes of internally-rotated gait.
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Furthermore, constructing a patient-specific mddelevery child with a gait abnormality
would be costly and labor-intensive. Given theskicdities, diverse studies focused on
determining the accuracy of the generic muscules&kl models, or graphic —based

musculoskeletal models, to evaluate cerebral gadsyments.

Arnold et al (2001) developed a deformable genmaclel in SIMM software, by deforming

bone structure to take into consideration bony wheifiies (e.g. femoral anteversion, torsional
tibia) for four CP patients (Figure 1-34). Compatedpersonalized models, the deformable
generic model can provide accurate estimation ofabedtendon lengths, errors about 3 -5
mm, of the hamstrings and psoas muscles. This stalityated the deformable generic model

to study deformities of the bony structures obse&imeCP patients.

D
o

Figure 1- 34. The deformed generic musculosketatalel in SIMM software (A) vs the personalizé
musculoskeletal model (B) (© Arnold et al. 2001)

Once validated, the deformaljeneric model was used to determine the rotatiomahent
arms of several muscles (hamstrings, semimembranssmitendinosus, gracilis, adductor
brevis, adductor longus, pectineus, adductor magracsus femoris) in CP patients with
crouch gait Arnold 200A8], internally rotated gai#yrnold 200Db] and stiff knee gaitJonkers

2004g. Retrospective studies have been then developedutde surgeon’s decision by
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examining the outcomes of surgeries comparing tegligtive (simulated) results of the

tendon-muscle lengthening surgery to post-operadives [Arnold 2006] . These studies
identified surgery consequences for knee extersmhhamstring lengthening in CP patients,
with crouch gait.

Hicks et al. (2008), with a study of 316 CereliPalsy patients with crouch gait, aimed to
determine biomechanical factors explaining the aased energy requirement with such
posture. This can be explained by remarkable retoapacities of the hip and knee extensors
in a crouched gait posture, with a maintained dutiension capacity of the hamstrings muscle
group and also by the increase of flexion acceateratinduced by gravity at the hip and knee

throughout single-limb stance.

Desailly and al. (2008) proposed a 3D musculos&klmodel, based on CT-scan data
collected from normal subjects, and then deforneefit twell the cerebral palsy geometry of
ten children. These authors demonstrated that #e#uR Femoris transfer, on CP children
with Stiff knee gait, had an effect for both swizgd stance phases of gait, by determining the
relationship between the lengthening of Rectus Fenamd its velocity, consequences of the
spasticity. They showed that the premature timinp@ Original Rectus Femoris path

peak length could be identified as a prognostitofaaf a successful surgical outcome.

Validating musculoskeletal modeling’s results isc@ntroversy issue. Many comparative
studies have been developed to validate the genmarsculoskeletal modeling when treating
cerebral palsy cases. On one hand, Scheys, et 0fl8)2developed a 25 years old-
personalized musculoskeletal model to assess musdetion in lower limbs. Authors

focused on calculating the length of lever arm reusturing motion using a deformable
generic SIMM musculoskeletal model and a persoedlizne. Results showed that
the generic models of the SIMM software overesteddhe length of the lever

arm muscles for flexion, extension, abduction, atida, external rotation of the hip and
underestimated the internal rotation of the hip. tha other hand, Correa et al. (2011)
evaluated the accuracy of scaled-generic muscuktskemodels relative to MRI-based
models in calculating the potential contributiomshe lower-limb muscles to the acceleration
of the centre of mass during gait, for four childreith spastic diplegic cerebral palsy.
Authors demonstrated that, for CP children with tamacal abnormalities and mild gait
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deviations, both scaled-generic musculoskeletalaisoand personalized MRI- based models
yield to comparable results concerning the musgetgntial contributions to the acceleration

of the centre of mass during the single-leg stahase of gait.

1.5. Thesis objectives

On the basis of this literature review, treatingeébeal palsy pathology seems very difficult,
because musculoskeletal troubles may vary from anlkel to another, depending on the
severity and the nature of the neurologic abnotiealiConsequently, clinicians would like to
predict post-treatment clinical outcome on an iriial-patient basis and musculoskeletal

models have to be personalized to each case.

Even if musculoskeletal modeling can be usefullimical routine for children with cerebral

palsy, results have to be easily subjected to @xgetal verification and should not be overly
sensitive to the musculoskeletal model input patarse Results from comparative studies,
presented above, are contradictory when determihi@@ccuracy of generic musculoskeletal
model. But, in clinical routine practice, the paralized musculoskeletal modeling is very

costly and expensive time processing on daily wagki

Since the clinical examination of Cerebral Palsydcbn does not systematically incorporate
a magnetic resonance imaging procedure, the imat&tn of the accuracy of rescaled-generic

musculoskeletal model will represent the main dibjecof our work.

Based on existing data (e.g gait analysis andoceirexamination), we will opt first to study
the accuracy of standard rescaled generic musceliEisk models, developed using
LifeModeller software. In a second step, we willdst musculoskeletal modeling with healthy
population, adults and children, with normal gaitdagaits imitating CP characteristics
(crouch and jump gaits). The last step will aindévelop a musculoskeletal model specific to
CP population by developing a calibration procedofethe musculoskeletal model’s

parameter values from subject’s collected data.

Taysir REZGUI 53



Conclusion of the chapter 1

This chapter dealt with the pathology of cerebralsp which affects the quality of gait
patterns as consequences of bone growth and tleerabhmotor control and spasticity. To
understand the pathological gaits, characterigificshildren with CP, an overview of the
normal human locomotion activity is detailed. Difat methods used to make it more and
more understandable, namely gait analysis examimand the musculoskeletal modeling,
are described.

The next chapter will present the method we dewsop deal with our objectives in

improving existing musculoskeletal models to makent more suitable for the clinical

management decision.
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Chapter 2.
Materials and Methods




Developing a musculoskeletal model for Cerebrasyahildren requires many steps, detailed

in the following chapter.

The first part presents the hypothesis, taken acotasideration to develop a musculoskeletal
model answering thesis’s objectives (82.1). Thmsd part extends the capture motion and
the experiment procedure to collect gait data. &hegerimental data are used as boundary
conditions for the model and as elements of vabdabf a given model. The third part
explains the musculoskeletal modeling procedurkifeMod Software (Adams plug-in) and
the proposed -calibration procedure to improve thedetfis parameters (82.3). The
musculoskeletal modeling’s methodology, developedthis thesis, (82.4) and the data
processing procedures (82.5) are reported in 8igkat of this chapter.

2.1. Studies and Hypothesis

Studying Cerebral palsy using musculoskeletal modelequires to take into consideration
the specificities of the pathology (e.g. the chskkleton, the altered muscle activities and

bone deformities) and then careful interpretatioithe obtained results.

According to the literature review, dealing withespicities of CP requires very complex
procedure. As a retrospective study, we have beesti@ined to respect the current protocol
of the clinical gait lab and to use existing cladidata.

Several hypotheses are necessary to simplify theenhoskeletal modeling procedure:
H1: Child Skeleton geometry could be deduced frestaled adult skeleton
H2: Walking with pathological posturetea the muscle function and the motion
control strategy
H3: The nervous system is not modeled. The matamtrol could be represented by

optimization function representative of gait.
To investigate these hypotheses, we proposed tpligmnthe problem when dealing with

cerebral palsy and to treat each characteristict,apa shown in figure 2.1 and explained

below. Three studies are then necessary:
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* The first study investigates the accuracy of theletkn’s geometry when using
rescaled generic model. In this case, two healtpufations’ adults and childrehave
been analyzed when performing a normal

* The second study aims to introduce the abnormailomatontrol to musculoskelet
model. The altered muscle function was defined whealthy subjects (adults a
children) imitated pathological posturesserved in cerebral palsy children. Firstly
aimed to study several pathological postures. \Wédid our study to investigate t
jump gait, considered as the most common pattezn §e young patients in earli
independent walking stage (Rod2004) an the crouch gait because it becomes
characteristic gait of patients with diplegic cesdlpalsy in older ageGage 2010,
Wren 2005).

* In the third study, we developed the musculoskkehatadels for three typical cerebi

palsy groups with the crouait, the jump gait and the stiff knee/ recurvatyaut.

1%t Study:
Child Skeleton Healthy Adults versus Healthy Children :
Normal Gait
Cerebral Palsy 2 Study:
Children Altered Muscle Healthy adults versus Healthy Children imitating
Activation pathological postures: Crouch gait and Jump Gait
3 Study:
Bone Deformities Cerebral palsy children with spastic diplegia:
Crouch , Jump and stiff knee/recurvatum gaits

Figure Z-1: Different studies developed in this project

Musculoskeletal modeling requires tvessentialsteps: gathering gait data through cap
motion procedure and then developing a musculosketeodel using LifeMod Software, i

explained in the following paragrapt
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2.2. Experimental Data: Motion capture

In the last decade, capture motion technology @ad analysis technology) has been
calibrated significantly, resulting in a potentiat wider clinical application. Gait laboratories
have developed a standard methodology and conisigtetocols to measure body motion,
ground forces and muscular activation patternspe@svely, in a non-invasive manner,

helping them describing natural gait and gait plaiijies.

The capture motion was performed in the Captureianotaboratory (CinDyAh) in
University of Technologies in Compiegne and in t@ait analysis laboratory of the
rehabilitation center of the French Red Cross (DMEgrot-UCAMM). Healthy subjects and
children with cerebral palsy were investigated. Rerlthy subject, written consents were
given. For CP population, a retrospective analyased on UCAMM gait analysis database is

performed.

2.2.1. Equipments

Since June 2009, the “biomécanique et bio-ingégiietiab (BMBI- UMRG6600) in the
University of Technologies in Compiegne has beenipmpd with complete and newest
capture motion systems. Today, in our laboratoeguired capture motion systems are

available (Figure 2.2), and consist of:

v" An optoelectronic system

An optoelectronic system tracks the 3D movemerat 84t of reflective spherical skin markers
placed at palpable anatomical bony of the limlpvailhg a complete description of the gait
kinematics. The capture motion system is compog$exixoMX3-Vicon cameras with seven
T160-Vicon cameras with a high resolution and hagturacy (Vicon, Oxford Metrics,
Oxford, UK). The resolution is about 659 x 493 pexér the MX-cameras and about 16
megapixels for the T160 —cameras. The acquisitiequiency is fixed to 100 Hz.

v" Force Plates

Two force platforms AMTI (Advanced Mechanical Tecokogy, Inc., Boston, MA, USA),
with a 1000 Hz acquisition frequency, have beesdu® measure the three components of
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the ground reaction forces, the ground reactiogues and trajectories of centers of pressures
during walking.

v' An electromyography system

A Telemyo 2400T EMG system (Noraxon, Scottsdale,, A4.S.A), with eight
recording channels, have been used to record theityacof muscles during gait. The
acquisition frequency is fixed to the 1000 Hz, éodynchronous with AMTI system.

This set of materials system, completed with twcsl8&a GigaE digital reference video
cameras (Basler, Vision Technologies, USA), arenected and synchronized to a computer
to acquire and to record data. The Nexus softvsatiean used for calculating the various gait
parameters (Vicon, Oxford Metrics, Oxford, UK).

Vicon-Nexsus

Vicon station

Skin Markers

Noraxon System AMTI - Forces Plates

Figure 2-2: The complete capture movement systetredtniversity of Technology in Compiegne: Vico
Cameras, EMG, Force plates and Camera video.

>
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2.2.2. Clinical Protocol

The protocol measurement used in this thesis istidwedard Helene Hayes clinical protocol

(Davis 1991), frequently used in clinical practi¢Egyure 2.3).

The first step consists of measuring the anthropoondata, which include height, weight, the
distance between the anterior and posterior sup#iac spines (ASIS — PSIS) and the leg
lengths of lower limbs measured from the greatachanter to the knee joint center and from
the knee joint center to the lateral malleous. €heweasurements are important for the
calculation of the thigh, calf and foot centersnmdiss, estimated using regression equations
developed by Winter et al. (1990) and the calcotatf the inertial properties.

Global reference frame

i 15
! | ‘ |
RFemoralwand | f .1 ' .
6 o7 \ N 7 A
7 R, Femoral | W L. Femoral wand 13_;‘. ~p-]
eploondyle 0 . >
R Tibial wand’.%._ { L. Femoral epicondyl o2 7
407 [ o
Y/ g I L. Tiblal wand 11 _ --‘
'R Malleolus | |
"o,
- k.. L Metatarsal head || |. Malleolus
-1?&:4 7 9’ B C 1 x R Heef
O °R Metatarsal L Heel € _ "oy Ifle’::tl?wl g '>9L Heel
head || L
""\\

4{

Global reference frame

Figure 2-3: Experimental protocol - Skin markergelaents according to Helene-Hayes Protocol
(Davis et al. 1991) (© www.lifemodeler.com 2008)

Reflective markers and electromyographic electrodes fixed by double face tape. The
placement of reflective markers is performed adogrdo the protocol of Helene Hayes /
Davis (1991). Fifteen reflective spherical markek® 5mm of diameter, are positioned on
the anatomical points of the lower extremities petyis (Figure 2-3). These include Sacrum,
Anterior Superior lliac Spine (ASIS), lower laterdd3 surface of the thigh (THI), lateral
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epicondyle of the knee (KNE), lower 1/3 of the ¢h&niB), lateral malleolus (ANK), second

metatarsal head (TOE), calcaneous at the sameaplsuntface of the foot as the toe marker
(HEE).

After degreasing the skin with abrasive cleandrs, durface EMG electrodes are placed on
the principles muscles of the lower limbs (Figuré)2the Tibialis Anterior, Rectus Femoris,
Biceps Femoris and Gastrocnemius, according t&ENIAM recommendationsHermens
20040.

Rectus Femoris Biceps Femoris

Tibialis Anterior

Figure 2-4 : Experimental protocol - SEMG elect®géacements according to SENIAM
recommendations ( © www.seniam.org)

2.2.3. Clinical Gait Exam Results - Plugin gait modeling

Gait analysis offers a unique tool to deduce thechaeical factors of joint loading,

orientation, and muscle activation during dailyiriy activities such as walking. By tracking
targets on each limb segment (reflective markefrshe lower limb, joint angles at the knee
hip and ankle and the ground reaction forces amapated. Then, the joint loading, net
reaction moments and forces, are evaluated viasevedynamics. Calculations of kinematical
and kinetical parameters are largely documentethénliterature (Kadaba 1989). Various
commercial software are available as post procgssigait measurements. In this project, we

used the biomechanical model implemented in Vicoftware, namely plug-in gait or
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conventionalGait model, developed by Kaca et al. (1990) and Davet al.(1991), detailed

in the Annex 1.

The results from gait analysis ¢

limb support and the ratio of swing and stance ti

spatiotemporal parameterstride length, width, cadence, velocity, time ofubie

- the kinematic variablesdisplacement, velocity and linear acceleration andular

position of the various segments of the body ifed#nt anatomical planes to indici

hip, knee and ankle flexioadductionabduction and rotation stat

- kinetic variables: moments in the ankle, knee apdak well as the power consun

or generated at these joints during mc

- Electromyographic strokes: the timing of beginnamgl duration of contractions of t

muscles recorded.

The calculation principle iesumed in the following figure (Figure 2.

Anthropometric
measurements

Capture Motion

Segment mass/weight
Mass moment of inertia

Joint center

position :

Kinematic data

Newton’s
Equation
of

motion

—> Joint Angles

————> Net Joint Moments

———> Net reaction forces

——> Work and Power

Data Displacements; Velocities;
Accelerations (4.4,4)
Force Plate Kinetic Data:
measurements Ground Reaction forces
EMG
measurements

Muscle activities

Figure 2-5 the calculation of the kinematic, kinetic entitiesng plugir- gait
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2.3. Musculoskeletal Modeling

The three-dimensional lower body musculoskeletatl@hopresented in this study, has been
developed using the commercial software BRG.LifeMEOO'he software is based on the

commercial multi-body software ADAMS (ADAMS, Biomieanics Research Group, Inc
USA).

Different steps of modeling are summarized in tiko¥wing figure (Figure 2.6).

"Geometry
Musculoskeletal Model =Joints

1 *Muscles

=Contact with the Ground
Dynamique

inverse

O?@

Dynamique T’ aining
ivaias ® muscle activity

* joint activity

».».

"EMG measurements
*GRF
sliterature

Capture motion Data - Vicon

Figure 2-6 : The musculoskeletal modeling usingMbd software

2.3.1. Rescaled Generic Musculoskeletal Model
The musculoskeletal model is a rescaled generi¢ geeerated from the anthropometric

database accessible through the software, bas#te@xperimental subject’s height, weight,
age, ethnicity, and genddrifemodeler 200B
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2.3.1.1. Musculoskeletal Modeling

a) Skeletal model

The skeleton of the musculoskeletal models coneissgven rigid body segments: the pelvis,
thighs, shanks and foots. The upper body is assumé® a mass point at the pelvis. The
model is generated from the GeBOD anthropometiialidse accessible through the software
based on the experimental subject’'s measurenéetrjodeler 200B The GeBod database is
developed by the Air Force Space Medicine Resebathand the Daton University, United
States. The People Size database is measured byArtterican Health Center and
Loughborough UniversityGheng 1998 These database include segment dimensions, mass
and inertia properties. These data are scaled img ulsree independent parameters, height,

weight and the gender.

b) Joints

The joints are modeled as mechanical joints, alaégoint for the knee and spherical joints
for the ankle and the hip. The stiffness of thatjas provided by ligaments and muscles as
well as cartilage, capsule and menisci. Howeveseltentities are not taken into consideration
into lifeMod™.

In this model, the hip and the ankle joints areiraef by three degrees of freedom on the
principle anatomical planes and the knee is reptedeonly by a sagittal degree of freedom.
Nonlinear torsional springs and dampers are appliegach constraint degree of freedom in
the model. Joints are then considered as passigaeedunctions, defined by stiffness and
damping properties as well as joint angle limitsedi primarily to stabilize the body during

the inverse-dynamics simulation. The mechanicailtjmrque is determined as follow:
Mjoint(t) = Kjoint * e(t) + Cjoint * e(t) (Equation 2)

Where(Kjoint Cjoint) 'epresent respectively the joint stiffness anddéeping and thée, 8)

represent respectively the rotational angle andatscity, estimated in the inverse dynamic.
These parameters are usually fixed to ensure noateronvergence of the musculoskeletal

models.
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The joint center locations are defined from GeBCGilalase@heng 19941 and illustrated in

Annex 2.

c) Muscle

The musculoskeletal model of lower limbs is actddtg basic muscle groups including 17

muscles (Figure 2.7). The muscle groups are: teusp gastrocnemius, tibialis anterior,

biceps femoris, vastus lateralis, rectus femotiacus, gluteus medius, gluteus maximus,

adductor magnus, vastus medialis and semitendin@susare represented through several

physiologically-determined equations in order toduce the necessary forces to track the

desired motion of the body, while staying withirclkeanuscle's physiological limits.

Muscle parameters such as physiological crossosedtarea (PCSA), maximum tissue stress

and the muscle paths (origins and insertions) ased on muscle geometry database,

generated from Schumacher (1966) and Eycleshyn®iOjlstudies. These muscle data are

scaled based on the anthropometric data of thestbj

Muscle

Soleus
Gastrocnemius 2
Gastrocnemius 1
Tibialis Anterior
Biceps Femors 1
Vastus Lateralis
Rectus Femaris
Biceps Femors 2

3
4
5
b
1
8
g

lliacus

Gluteus Medius 1
Gluteus Medius 2
Gluteus Maximus 2

CTT R S

Psoas Major
Gluteus Maximus 1
Adductor Magnus

Vastus Medialis

—_ =
LSS R

Semitendinosus

—
—1

Attach Proximal
lower lea
upper_lea
upper leg
lovier_lea
upper leg
upper leg
lower torso
lower forso
lower torso
lower forso
lower torso
lower tors
central torso
lower tors
lower torso
upper leg
lower_forso

Attach Distal

foat

foat

foat

foat

lower lea
lower_leg
lower g
lower_leg
upper lea
Upper _leg
upper lea
Upper |eg
upper lea
Uupper |eg
upper_leg
lower leg

lower_Jee

Figure 2-7 : The principle muscles actuating theeplimb in the LifeMod" (© lifemodeller 2008)

Several muscle models are available in LifeMOD ™dily, such as simple closed loop model

and Hill-model. In our Study, we will use the stardi closed loop model. In such a model,
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the muscle is modeled as a line of action passimg fan origin to the attachment site and

represented as a set of recording elemenmtdrained elementgFigure 2.8). Recording

elements, active during the inverse dynamic simanatrecord the muscle lengthening history
during motion when the model is moved using extedners such as motion agents. The
trained elements, used in the forward dynamics, rapgesented by linear proportional-
integral-differential controllers (PID-Servo) tolcalate the muscle activation based on the

previous desired muscle contraction trajectoryrateoto reproduce the motion.

The PID controller is the most common form of fegckand represents a closed loop control
system. Each trained muscle has a PID controlkgrtties to match the instantaneous length
of the muscle to the trained curve. These cont®lie independent to each other, even
though the resulting muscle lengths are coupledutiit the kinematic model. Under this
scheme, without any additional considerations, atrary solutions could match the trained
position profile is presented. Because of thisytrequire an inverse dynamics simulation
using passive recording muscles prior to simulatiothh closed loop muscled.iffemodeler
2009.

Troerse

dynamics
element

Learmng

oL Element o
- ta
. .
. o .
Ay ¥
v e . -
N Clontractile &

Eleruent

Prodmal IwTuscleTendon Forgrard Driztal
attachre nt atiffressidataping dynarics attachrent
propeties element

Figure 2-8 :The standard human muscle used in oM (© lifemodeller 2008)

Muscle forces, used by the closed loop algorithawehto respect intrinsic physiological
constraintd ,scle max - 1NiS last entity is the product of the physiotad cross sectional area

PCSA and maximum isometric muscle stresg,x

quscle,max = PCSA O muscle,max (Equation 3)

The closed loop algorithm is governed by the follayformula:
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Umuscle (t) = Pgain (Perror (t)) + Igain (Ierror (t)) + Dgain (Derror (t)) (Eq uation 4)

and

t
gain(t) = ft_lperror(t) dt ; Dgain(t) = Perror(®)

(target value — currentvalue)(t) I
Range of Motion ’

Perror(t) =

where, u,uscie IS the control signal. The target value is detesdirduring the inverse
dynamics and the current values represent the mueobthening, recalculated during the

forward dynamics.

If unuscle Satisfies convergence and numerical stabilityhefrhodel, the current value is took
as a good values represent the muscle lengtherstaryh And then, the muscle activities and

forces are calculated as follows:

( t) currentvalue (t) — minimum length

Amuscle and Fryscle (t) = Amuscle (t) * quscle,max

maximal length—minimum length

d) Foot-Ground Contact Model

In LifeMOD, the interaction between the musculoska&l model and the environment is taken
into account. The foot-ground contact is a Hertzdetpdefined as a five spring-damper
systems located under each metatarsal head, iticadth one spring-damper system located

under the calcaneous, interacting with the grouekesented as rigid plane (Figure 2.9).

Solving this mechanical (physical) problem is based the ellipsoid-plane algorithm,

presented in the following equation, which does alidw any penetration of the foot in

d .
ground: Fcontact point (J) = k * ge + C(g) * d_f (Equatlon 5)

where,

e and k are predefined parametgrsis the penetration level of the ellipsoid inte tbolid

ground plane;%: The penetration velocity at the contact poli{): damping function
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Damping
Coeflicient

0 Penelration

Figure 2-9 : The foot-ground contact model in lifediisoftware (© lifemodeller 2008)

The contact model properties are the stiffness, daeping, vertical force exponent
coefficient, full damping depth, static friction efficient, dynamic friction coefficient,
friction transition velocity and friction transitiovelocity. These properties are defined based
on the study of Gilchrist and Winter (1996) and & {1998).

2.3.1.2. Simulation process

The simulation procedure involves both inverse fomdiard dynamics simulations. The 3D
capture motion data, previously presented in thigpter, is used as input for the inverse
dynamics simulation.

a) Inverse Dynamic

In inverse dynamics simulation, the desired mussihestening/lengthening patterns, required
to reproduce the motion described through the markejectories are calculated.

In this step, the data motions, called the motigensés, are imported to drive the
musculoskeletal model. These motion agents are le@s a massless viscoelastic (pushing
spring) element between the experimental positadriee skin markers and its corresponding
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location attached to the skeleton, displayed raspdyg as yellow and red spheres (figure
2.10). During the simulation, the distance betw#enexperimental markers and anatomical

positions has to keep fixed values to ensure thedeicibility of the recorded kinematics.

Figure 2-10 :Motion Agent configuration (© Lifemodeller 2008)

b) Forward Dynamic

In the following step, the muscle activation higtoobtained in the inverse dynamic
simulation, are used to drive the model in the Bomdvdynamics simulation. Each muscle
attempts to replicate the desired shortening/lergtiy pattern by using a proportional
derivative servo controller. The PD controller $rigo minimize the error between the
desired/recorded kinematics the instantaneous leséclione of each muscle obtained from

the forward dynamics simulation at each simulatiore step.

In short, the inverse/ forward simulation procedwealculates the kinematic data, such as 3D
markers trajectories, velocities, accelerations gmtt angles in the three anatomical plans
and estimates the ground reaction forces, the nakgoint forces and torques, muscles

activation, muscle lengthening history and quantifyscle forces.

2.3.2. Calibration procedure

The standard musculoskeletal model representslthirenaale adult. Model’'s parameters are
compiled through several experimental studies foroemal gait. When studying children
population and when studying pathological gaitsapeeters have to be calibrated.
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LifeMod software offers the possibility of an emstiparameterized system. But, since our
study is retrospective and we are limited to usacal gait analysis data, we restricted the
calibration procedure to the following set of paetens: contact with the ground, joint center
locations, the stiffness joint parameter and sontensic parameters required in Lifemod

muscusloskeletal model (MSM) such as motion agedttenining parameters.

v Joint center position

The joint center position was estimated using tedt methods and functional methods.
Without any information about the real positionsg tuse of only the walking data cannot
allow to determine the best method to predict teueate joint center position. We have been
limited in this study to determine the joint cenpasitions using the regression equation of
Davis et al. (1991), the standard model used inical routine and incorporated in the
Workstation/ Vicon platforms. According to this thed, the joint center positions are

defined as follows (Figure 2.11):
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A

Shank Embedded
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PW =Pelvic width: inter ASIS distance

L = distance between the ASIS and the homilateral medial malleolus

D =distance between the peint approximating the HIC and the homolateral ASIS
PD=pelvic Depth: distance between the ASIS and PSIS midpoints

Figure 2-11: Joint axis and center localizatiohiieMod MSM (left) and Determination of joint cemte
position according to Davis 1991 (right)

The joint center locations are calculated and thsamually placed in the same global
reference frame of the musculoskeletal models.
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v" Joint stiffness

In the standard model, the joint stiffness is idmitto different joints and for different ages

and gender. The accurate choice of joint stiffinegssential. In our study, the joint stiffness,

in the sagittal plane, is defined as a clinicalapagter to evaluate the joint’s functioning. In

this study, the joint stiffness was determined gsthe graph of joint angles-moments,

according to Davis et al.1996 (Figure 2.12). Thiatj@ngles and moments are calculated

using the biomechanical model, plugin-gait, usedimical practice. The joint stiffness, in the

other planes, stayed at their standard values.
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Figure 2-12: Joint stiffness determination

The joint damping is fixed to be 10% of the joitiffeess values.
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v Contact with the ground

The stiffness and damping parameters of the cogiaetly influence the estimated ground
reaction forces of the musculoskeletal model. Assitation, figure 2.13 shows the effect of
the contact model’s parameters (stiffness and dagihpwhen comparing the standard values
of the model (Winter 1996) and when multiplyingsbs parameters with a coefficient of 10.

Vertical
Ground Reaction Force (M)

1. 00E403

——the standard foot- contact model parameters

the modified foot-contact model parameters
B 0O0E+O2
TInstabilities
& 00E+02
Instabilities
4 00E+02
' - X ¢ %
2008402
0,00E+00 " A . o - S S
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Figure 2-13: An illustration of the effect of thertact model’s parameters on estimating the Ground
Reaction forces:
the red curve corresponds to the original hypothesthe Lifemod Model (Winter et al. 1996:
stiffness =200 ) and the green curve (stiffnes0620

In our study, we opted to derive the model fromdheund reaction force measurements. But,
introducing these measurements as an input of tieemoskeletal model greatly depends on
the quality of the measurements. As an alternativiliese measurements are not available,
which is the case of some children with cerebrdgypaa parametric study is performed to

minimize the contact instabilities, by increasingmaally the rigidity of the contact’s model.

In general, the contact does not exceed 120% BodighV (BW) in normal gait and 160%

BW for cerebral palsy children with jump gait. Acdng to such observations, the contact
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instability is defined as an overload of 50% BWtloé known range of maximum GRF for

each population, based on literature or GRF measamnts.

v" Intrinsic Model Parameters

Our preliminary studies showed that the stabilifyttte musculoskeletal model and the
accuracy of its results are highly sensitive to sontrinsic parameters of the computational
code, such as the motion agent’s parameters aricaiheng parameters.

= Motion Agents Parameters

As shown previously, the motion capture data apeesented in the musculoskeletal model
by motion agents or pushing spring elements. Intiatdto global translational stiffness and
damping properties, a constant weight is attributedach motion agent, which represents a
multiplier on the stiffness of the springs betwela agent and its rigidly-attached point on
the segment (figure 2.10). Preliminary studies #ubtinat the standard parameters defined in
the standard model may lead to contact instatslitier this reason, the weights are fixed at
90% for the motion agents placed at the pelvis,kitee and the foot and at least 50% for
those placed at the thighs and shanks.

= Training Parameters

The proportional derivative controllers are definddough two essential parameters:
proportional and derivative time gainsfRand Dsain), defined in Equation 4.

There is no physiological analotry these parameters. These parameters serve algdoti
numerical convergence of the mathematical equatiommsleling gait activity. These values
modulate results by decreasing the oscillation @¢ang when tracking the motion
[Lifemodeller 200B

Nevertheless, preliminary studies showed that myodjfthese parameter’s values had a great

effect on muscle force determination. The accu@cihe musculoskeletal modeling’ results

greatly depend on these parameters. The choideedfuitable set of values has been defined
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when referring to muscle forces gathered from diiere during normal gaitDelp 1990,
Kromer 1993, Pederson 1997, Marin 2001, Fraysse9R00

2.4. Trials and sessions

All musculoskeletal modeling simulations are basedealistic gait data, to take into account
the variability of human motion. Two principal pleasare then required: a motion capture
phase and then the musculoskeletal modeling andaions.

2.4.1. Population of study

Two populations are investigated in this projeaalthy adult, healthy children and CP

children.

2.4.1.1. Healthy population

Ten healthy voluntary adults, aged between 22 angedrs (27,8 yrs + 5), and five healthy
children, aged between 6 and 9 years (7,2 yrs wi#f),any gait abnormalities, participated in
the study. Children’s parents gave written congenparticipation. As presented in §2.2.2,
reflective markers are placed according to thedstechHelene Hayes clinical protoc@4dvis
199]) and the surfacic EMG electrodes are placed amcyples muscles of the lower limbs
(Tibialis Anterior, Rectus Femoris, Biceps Femord Gastrocnemius) according
to the SENIAM recommendationsl¢rmens 2000

Healthy subjects performed a series of normal gaitsimitated the crouch gait and the jump
gait (Figure 2.14). For each group of gait, sialrihad been recorded. At least, ten cycles are
used to ensure the reproducibility of imitated gaile good trial measurements, or high-
quality of makers tracking, EMG signals and GRF sueaments, had been used to derived

the musculoskeletal model and validate its results.
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(a) normal gait (b) crouch gait (c) jump gait

Figure 2-14: Gaits performed by heathy subjecisngamal gait, (b) crouch gait and (c) jump gait

2.4.1.2. Cerebral Palsy population

In this project, we will focus on children affectedth spastic diplegia. All subjects with
spastic diplegia are ambulatory patients, in whiuh degree of spasticity does not prevent
them from walking.

As a retrospective analysis, Cerebral palsy paidave been carefully chosen, from Bois
Larris database, to be representative of each godbgait abnormalities: crouch gait, jump
gait and recurvatum /stiff knee gait. Six CP chaluiof each group have been studied, with a
mean aged about ten years old (10,8 = 3.3). Thepprative gait analysis exams were
performed in the Gait analysis laboratory of thieal@litation center of the French Red Cross
with the collaboration of Dr F. Megrot (Figure 2)13Reflective markers are placed according
to the standard Helene Hayes clinical protocol (§4©91) and the surfacic EMG electrodes
are placed on principles muscles of the lower lifibsialis Anterior, Rectus Femoris, Biceps
Femoris, Gastrocnemius, Semitendinous, Vastus iiediad Peroneus).

Table 2.1:Subject group characteristics

Healthy Population Cerebral Palsy Population
characteristics Adults Children with Crc(;)Ech Gait with Jﬁrip Gait CchWulrt\r/]a?ltJIwaangi?/
Number of subjects | 10 (5 F;5M) | 5 (1 F;4M) 6 6 6
Age (years) 27.5 (4.4) 6.8 (1.3) 13,8 (2.3) 7.6 (1.8) 1053)
Body weight (Kg) 71.2 (13.1) 23.8 (4.2) 35.8 (4.2) 25.2 (3.4) 2e.1)
Height (m) 1.704 (0.08) 1.25 (0.07) 1.26 (0.021) 1.23 (0.035) 1.25 (0.028)
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Figure 2-15: The gait analysis exam in the rehlitin center of the French Red Cross —Bois Larr
© ucamme-boislarris.megrot.com

S.

2.4.2. Sessions of study

In this project, two models have been developerst,Fihe biomechanical model has been
defined through the Plug-in gait software (Nexufiveare) and considered as the clinical
reference in this study. Lately, it will be nameddmatic model. Second, musculoskeletal
models have been developed using Adams/LifeMODwso#t and derived by experimental

data.

In our study, to develop a child skeleton, the aéag process of an adult musculoskeletal
model of the lower limb is applied to fit the siaéeach young subject. For cerebral Palsy

cases, the spasticity of the muscles was not tateraccount on the modeling process.

The development of the musculoskeletal models bas Iperformed in two steps. In the first
part, the musculoskeletal model relied on the nabi standard values of several parameters,
defined through literature or derived from severgberimental essaysifeModeller 2008

we named it the standard rescaled generic musal&isk model. In the second part,
parameters are specific-subject calibrated, ane@fin the paragraph 2.3.2 and named the

calibrated rescaled generic musculoskeletal model.
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Table 2.2:Parameters setting: the rescaled generic standaM wersus Calibrated MSM

Rescaled generic Rescaled generic

Parameters Standard MSM Calibrated MSM

. : Standard Values fixed to ensure  Calibrated in sagittal plane based on
Joint Stiffness

numerical convergence (LifeMod) Davis et al. 1996
Joint center of Predictive equation Predictive equations
rotation of GeBOD (Cheng 1994) of Davis 1991
Contact with the Parameters defined Measured GRF used as input
ground by Gilchrist et Winter 1996 of the MSM

Calibrated based on minimizing the

M) EXefEIne Standard Values (LideMod) contact instabilities and erroneous bore

parameters

deformities
Calibrated to ensure numerical
Training - convergence and satisfy literature data| of
Standard Values (LideMod
parameters ( ) muscle forcegDelp 1990, Kromer 1993,

Pederson 1997, Marin 2001, Fraysse 2009]

Musculoskeletal modeling’s limitations are studl®dcomparing the estimated results from
the musculoskeletal models and those from the kitiemmodel. Figure 2.16 below

summarizes the procedure adopted for this resolutio

2.5. Data processing

Results from musculoskeletal models and kinemabdehwere balanced. Variations of the
determinants of gait, from different models, haeerb comparedShutte 1999, Romei 2003
In kinematics, we had focused on the hip flexiomeK flexion and dorsi-flexion at initial
contact, Maximum of hip extension, Maximum kne«ifb® at mid stance phase and during
the swing phase, Minimum and maximum dorsi-flexam finally maximum plantar-flexion.
For the Ground Reaction Force, we had focused emtaiximum vertical force during heel-
strike, minimum vertical force during mid-stancalanaximum vertical force during push-off
[Shutte 1999, Romei 28D
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The estimated muscle forces are compared to thelgmwf measured EMG signals.
According to Perry et al. (1993), “the onset anel ¢essation times from the three gait cycles
have proved to be representative of the averageclewativation function”. These two
parameters have been used to determine whethenukeuloskeletal modeling may predict

accurate muscle activations.

Finally, the means and percentage of variation (BEjween the MSM and the plugin-gait
(kinematic) model, were calculated for each subjeCbrrelation coefficients, CMC
coefficients and statistical t-tests were calculateevel of significance was set to p<0.05. The
MATLAB software package (MathWorks, USA) has beaedifor all calculations. For each
population, results are presented through the nwdacorrelation coefficients with the

standard deviation.

Regarding the simulated pathological posture, miverisubject reproducibility was calculated
using the CMC coefficients. The kinematics, monjemits and EMG results are compared to
the following literature referencesGage 1994, Ganley et al. 2005, Schwarz et al. 2008,
Rodda et al. 2004, Rozumalski et al. 2008, Lin 200fughan 1996, Schache 2007, Steele
2010, Romeks 2007, Thomas 1996

Conclusion of the chapter

This chapter dealt with the procedure of develomngusculoskeletal model for a healthy
adult and improvement required to study CerebrigyPehildren. A capture motion analysis
had been performed for each subject. The 3D tratigelctories during the motion capture
were used to monitor the developed musculosketatadels. A calibration procedure was
presented to improve the musculoskeletal modefarpaters.

In this project, three models have been comparieénkatic model (a plug-in gait), a standard

rescaled generic MSM and a calibrated MSM.

The results of simulations using rescaled generadeh and calibrated models will be

presented in the following chapter.
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Chapter 3.

Results
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This chapter details results of comparison betwberPlug-in gait model (kinematic model),
the standard rescaled musculoskeletal model andc#ierated musculoskeletal model

developed in different studies in this project.

In the first part, the preliminary study was dooerfiormal gait to establish the suitable set of
parameters of the calibrated musculoskeletal m&81). The second part aims to determine
the effect of using musculoskeletal models withyirag levels of refinement (calibration) on
the accuracy of biomechanical results: kinematasgtics and muscle forces during gait in
healthy and CP populations (83.2). Finally, thenichl outcomes of the influence of the
imitated pathological gait in healthy populatiokiaetics and muscle activities are reported in
the last paragraph (83.3).

3.1. Preliminary study: Evidence of parameters influence on

musculoskeletal modeling’s results

Focusing on normal gait, the preliminary study \wasformed to study the influence of the
model’'s parameters on the predicted results ana pinepose appropriate set parameters to

calibrate the standard musculoskeletal model.

3.1.1. Motion Agent Parameters

The influence of the motion agent parameters orMBeaesults are presented in the following
figures. To avoid contact instabilities (Figure 3.land unrealistic bone deformities,
sensitivity studies have been performed to deteznihre required parameters of motion
agents. Table 3.1 represents the standard valaeiusiee generic musculoskeletal model and
the values we determined. The stiffness and dampargmeters of the spring related to
motion agents are fixed by default in LifeMod, aBdwing: transitional stiffness= 500 N/mm

and damping = 50 N.s/mm.
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Table 3. 1 Standard and specific motion agent weights in M3Me

Joints Standar_d MA weights Specific MA weights
LifeMod in current study

RASIS 3 90
LASIS 3 90
SACRUM 3 90
L/ R THIGH 1 50
L /R KNEE 3 90
L / R SHANK 1 50
L /R ANKLE 10 90
L /R HEEL 10 90
L/RTOE 10 90

The comparison between the generic model with st@hanotion agent parameters and
specific motion agents parameters are shown thréuggmatics, kinetics, GRF and muscle
forces. Even if the variations founded in kinematice negligible, less than 1°, the errors in

moments and muscle forces are important (Figur& 2L

Table 3. 2An example of the influence of motion agent weighlues in MSM results: mean
differences and relative errors for a normal gaiha healthy adult.

Variation | 0-4985°| 0.7975° 068121  1.6074 25981 1.7689 | 17.6N | 305N | 822N

9% variation <0.01 <0.01 <0.01 0.15 0.17 0.12 0.1 0.3 0.9

Table 3. 3:An example of the influence of motion agent weighlues in MSM results: mean
differences and relative errors on predictive maidorces for a normal gait with a healthy
adult.

Muscle forces (N)

Gastrocnemius Biceps femoris Tibialis Anterior Rectus femoris
Variation 0.8 0.05 0.17 27
% variation 0.12 0.6 0.5 0.7
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3.1.2. Joint stiffness parameters in sagittal plane

In the standard model, the joint stiffness is ideitto different joints and for different ages
and gender. The influence of the change of the mtiffness has been studied. Three set of
parameters are used in a musculoskeletal modelhefatiny population when performing a
normal gait, respectively 10eN.mm/° (A), 108 N.mm/° (B) and 10&N.mm/° (C). The
second parameter represents the standard modgathegis, the other represent a random
values. The results of hip joint angles, in sagitiane, are shown in Figure 3.3. We might
conclude that the change in joint stiffness greaitffgcts the results and would possibly

provide wrong results, as reported in literatidte @nd al, 2008

Joint Angle (%)

() stiff=108
M\A

[wsrraw] A L~
2,00E+01 zf

4,00E+01 |

7 N\ /]
[/ \\ [/
[ A A\ //

Time (s)

1,00E+01 A

0,00E+00

Figure 3. 3: Example of the effect of the joinffattss parameter on the hip joint kinematics: réftecurve
corresponds to the original hypothesis of the lddriViodel (Stiffness= 10&0.mm/°), the blue curve
corresponds to (Stiffness= T®&mm/°) and the green curve corresponds to (SEErel0& N.mm/°)

As detailed in previous chapter, the torsionalfretifs joints, in sagittal plane, were
determined as the slop the net joint torque-angdlts (figure3.4). The stiffness values in

other planes remain on standard values.
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Figure 3. 4Example of the determination of joint stiffnessnfrexperimental data of joint angles and torque

case of cerebral palsy child with crouch gait

Table 3. 4Experimental values of joint stiffness (N.m/°.kg)gagittal plane — Healthy Adult

Population
Healthy Adult Population : Flexion — extension — stiffness [N.m/°.kg]
Joints Hip Knee Ankle)
Sujetl 0.0592 0.0741 0.0482
Sujet2 0.0522 0.0789 0.0535
o Sujet3 0.0528 0.0695 0.0627
‘_§ Sujet4 0.0377 0.0755 0.416
g2 Sujet5 0.0408 0.0658 0.0578
£E Sujet6 0.0573 0.0703 0.0519
L Sujet7 0.0444 0.0775 0.0489
X
u Sujet8 0,0399 0.0845 0.0408
Sujet9 0.0514 0.0694 0.0412
Sujet10 0.0559 0.0837 0.0438

Litterature

(N m/kg.)

0.067 (0.016)

0.0596 (0.015)
0.092 (0.022)
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Table 3. 5:Experimental values of joint stiffness in sagitfdhne — Healthy Children
Population

Healthy Children Population : Flexion — extension — stiffness [N.m/°.kg]

Joints
=5 Sujetl 0.0239 0.059 0.0623
|5 ; Sujet2 0.0226 0.0667 0,0678
Ez Sujet3 0.0199 0.0571 0.693
%(i:; Sujetd 0.0227 0.0494 0.0472
= Sujets 0.0275 0.0635 0.0763

Litterature ) 0.0598 (0.016)

0.028 (0.007))

(N m/kg.°) 0.103(0.014)

Table 3. 6Experimental values of joint stiffness (N.m/°.kg)sagittal plane — Cerebral Palsy
Population

CP Children Population : Flexion — extension — stiffness [N.m/°.kg]

Joints
§ | CP-Crouch Gait 0.0331 (0.015) 0.1421 (0.063) 0.521 (0.155)
5
% ;—i _;; CP - Jump Gait 0.0429 (0.029) 0.3822 (0.086) 0.859 (0.094)
u% | cp- Recurvatum Gait 0.0487 (0.074) 0.7233 (0.068) 0,0763 (0.058)

Tables 3.4-3.6 show differences of experimentahtjatiffness between healthy adults,
healthy children and Cerebral Palsy cases. Reguksented considerable inter-subject
variability for different joints, because of the tlopometry of each subject and the

associated pathology’s severity for cerebral pptgyulation.

For an adult of 70 kg and Children of 20kg, théfretiss values of the joints used in the
standard rescaled generic model have been comparegperimental values for different
populations, s shown in Figure 3.5 and Table 317.00e hand, defining the same stiffness
values in a musculoskeletal model, for differenhtodifferent ages and genders, doesn’t
seem realistic. On the other hand, results shottllese standard values, in sagittal plane, are
over-estimated in different joints and differenpéation. The experimental values does not
exceed 5% of that standard value for healthy addlts% for healthy children and may
attaints 17% for Cerebral Palsy cases, becauséaspaand bone deformities limits the joint

range of motion and increase their stiffness.
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Table 3. 7:Experimental values of joint stiffness (N.mm/°) quaned to standard LifeMod
proposed values for an adult (70kg) and childrékg2

Experimental value (N mm/°)

Standard values —  Healthy Adult Healthy Child CP Child - 20 kg CP child - 20 kg
LifeMod 70kg 20 kg Crouch Gait Jump Gait
Hip 10 4.144 %16 0.46 * 16 0.858 * 10 0.662 * 14
Knee 10° 5.187 * 16 1.18 * 16 7.644 * 1§ 2.842 * 16
Ankle 100 3.36* 1C0° 1.34*16 17.18 * 16 10.42 * 16
i o )7
1 00E+05 - 100%3 100% 100%
8,00E+04 -
6,00E+04
4 00E+04 -
2 00E+04 A
O/
L1 500 0.6 % 0.8%
0,00E+00 T

Hip

M LifeMod Standard Values m Healthy Adult (70kg)

Healthy Child {20 kg)

W CP- jump gait (20 kg) W CP-crouch gait (20 kg)

Figure 3. 5: Experimental values of joint stiffnesgnpared to standard LifeMod proposed values

Such significant differences may lead to errongesslts of musculoskeletal model. Specific-

subject joint stiffness values have been introducdbe calibrated musculoskeletal modeling.

3.1.3. Training Parameters
Our primary studies showed that modifying Proporioand Derivative gains €. and

Dcain), defined in training process of forward dynanted a great effect on muscle force
determination, as shown in this following figuregiie 3.6).
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Figure 3. 6: An illustration of the effect on th&tiemated muscle force when changing the Pgain and
Dgain parameters. The forward dynamics simulatbm, cerebral palsy child, is performed using two
sets of these parameters values: the green cursesponds to (Pgain = &dgain= 1é) and the red

curve corresponds to (Pgain 1Bgain= 1&)

The PID controller's parameters serve usually terelese numerical errors, oscillations
tendency in tracking the motion and ensure comjuutak convergence [Lifemodeller 2008].
Consequently the accuracy of the musculoskeletaletimay’ results greatly depend on these
parameters. The choice of the suitable set of gdhas been defined when referring to muscle
forces gathered from literature during normal ¢Belp 1990, Kromer 1993, Pederson 1997,
Marin 2001, Fraysse 20Q9presented in Table 3.8.

Table 3. 8Predicted maximal muscle forces during normal gait

Delp 1990 Frayess 2009 Kromer 1993 | Peaderson 1997 Marin 2001

Tibialis Anterior - - 300 - -
Biceps Femoris 1120 960 600 - 672
Rectus Femoris 800 477 500 370

Gastrocnemius Lateralis 1115 240 892

781 600

Gastrocnemus Medialis 490 - 196

Vastus medialis - - - - -
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3.1.3. Calibration procedure: MSM Parameter’s evaluation

To sum up, the calibration procedure can be realaped as follows (Table 2.2):

* Motion _agents: the weight of markers placed a bony surface isdiat 90% and

weight of markers placed at bone parts with higdliyn movement artifact (thigh and
shank) is fixed at 50%.

* Joint_center positions: calculated and placed manually according to ptieic
method of Davis (1991).

» Stiffness joint_parameter: determined using the graph of Angle-Torques in the

sagittal plane. In the other planes, the stiffjesds remains to the standard values
* GREF: the GRF measurements are introduced as inputseoM®M. If not, contact
parameters will be manually determined after sdvessays to avoid contact

instabilities.

« Training parameters: Pgain is fixed at Teand Dgain is fixed to £&¢Time™ unit)

3.2. Musculoskeletal Modeling results

In this section, results from the standard mus&diesal model, the calibrated

musculoskeletal model and the kinematic model atarized for different populations in this
project. In order to verify the accuracy of théraduced MS models, the kinematics, the
ground reaction force and EMG activation patterbsined from experiments are compared

with their correspondent results obtained fromrtioalels.
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3.2.1. Normal Gait: Healthy Adults vs Healthy Children

Figures below balanced results of the rescaledrgestandard and the generic calibrated
musculoskeletal models of healthy adult and heatthidren (Figure 3.7- 3.13). This section
deals will the normal gait of a healthy adult tsttevhether the standard musculoskeletal

model give good agreements when studying healthitsad

« Joint Kinematics

For the normal gait, results from musculoskeletatlels of healthy subjects, joint kinematics
GRF and muscle forces are compared with the kinemnabdel (the reference data in the
current study). For healthy adult population, aimumm mean correlation coefficient of 0.79
for the standard generic musculoskeletal modelandnimum mean correlation coefficient
of 0.89 for the calibrated musculoskeletal modetenvmunded. Whereas, minimum mean
correlation coefficients of 0.76 and 0.89 are refipely founded for standard and calibrated

musculoskeletal models for healthy children popafre{Table 3.9-3.12).

Table 3. 9:Correlation coefficient values comparing standard @alibrated MSM results vs.

kinematic model as reference

Sagittal kinematics (Angles) Grouggrl(':zasction
ip égggs Ankle Hip Ct;(":;gn Ankle Adults Children
Sta“df/rg MSM 0.86 0.81 0.79 0.83 0.84 0.76 0.85 0.79
Kinematic model (0. 04) (0.05) (0. 08) (0.08) (0.05) (0.11) (0.12) (0.07)
S B T N S 2 I 1
Kinematic model
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Figure 3. 7 The joint kinematics during a normal gait perfochty a healthy adult.
Comparison between the three models developectioutrent study: the red curve corresponds to th
standard lifemod model, the blue curve correspdadhe calibrated MSM and the black curve

D

corresponds to the kinematic model (the reference)
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Figure 3. 8 The joint kinematics during a normal gait perfodiiy a healthy child.
Comparison between the three models developediauirent study: the red curve corresponds to
the standard lifemod model, the blue curve cpoeds to the calibrated MSM and the black curve

corresponds to the kinematic model (the reference)
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«» The Ground Reaction Forces

In general, using the standard parameters, MSM fteag to contact instabilities and

inaccuracy during the first/two first gait cycless shown in figure below (Figure 3.9). For

this reason, the third gait cycle was used in¢bigparison.

Vertical Ground Reaction Forces (N)

1, 80E4+03

1,60E+03

1, 40E+03

1,Z0E4+03

1, 00E+03

B, 00E+02Z

56, 00E+02Z

4 00E+0Z2

2 00E+02

0, 00E+00

4= |nstability

Gait cycle 1

Gait cycle 2

Gait cycle 3

rrrrrrrrrrrrt
&0 100
%o Gait cvele

Figure 3. 9 The vertical ground reaction forces during thrag gycles, estimated using the standard

musculoskeletal lifemod model.

Concerning the ground reaction forces, even if wdendt introduce the measured data, as in
the calibrated MSM model, the estimated resultswshthat the standard contact-model
introduced in the LifeMOD may slightly predict aptable contact forces during normal gait.
Correlation coefficients of 0.85 and 0.79 are resipely achieved for healthy adults and

children population (table 3.9).
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Table 3. 10:Variation between the kinematic model and Standard Calibrated MSM
results in normal gait (** represent a significarieeel <1% and * represents a significance
level <5%)

Healthy Adults Healthy Children
Kinematic model vs Kinematic model vs Kinematic model vs Kinematic model vs
Standard MSM Calibrated MSM Standard MSM Calibrated MSM
Kinematic determinants Max var. % of var. | Maxvar. | % of var. | Max var. % of var. Max var. | % of vaf.

P1:Hip flexion at Initial Contact | 15 (2.6)* | 15.2% | 4(2.1) | 6.1% |12 (3.2)*| 10.3% 4(18)| 3.1%

P2: Hip extension Maximum 13 (3.5 | 16.4% | 6 (3.4)* 8.1% |5 (1.2)* 8.4% 20.4)*| 2.1%

P3: Knee flexion at Initial Contactf 5 (4.1)* 8.5% 3(2.3) 4.6% 4 (2.0)* 6.8% 1(0.3) 4.2%

P5: Knee flexion Max 9(5.3)* | 12.1% | 5@46)* | 75% |7(@23)*| 81% | 5(3.4)*| 3.5%

P4: Knee flexion at mid stance phg 24 (6.1) ** | 22.3% | 8 (5.3)* | 11.6% |19(3.4)*| 20.1% 8(2.3*| 9.3%

P6: Dorsiflexion at Initial Contact| 8 (2.8) 10.8% | 4 (2.4)* 4.4% | 1.6 (0.8) 4.2% 1.2 (0.4 2.4%

P7: Dorsiflexion Minimum 4 (3.1) 5.4% 2(15) 3.4% 5(2.1) 4.4% 2(1.3) 1.4%

P8: Dorsiflexion Maximum 17 (2.4)* | 18.6% 6 (2.6) 7.2% | 6(2.2)* 6.8% 3(1.6) 2.2%

P9: Plantarflexion Maximum 7 (3.4) 5.3% 4 (1.4) 4.6% | 2.1(1.3) 3.9% 2.4 1.9%

GRF Parameters (N/Kg)

P1: ' peak GRF 4 (2.3) 5.1% - - 6 (2.8) 4.8% - -
P2: second peak GRF 8 (3.9)* 9.1% - - 9.2 (4.5* 10.2% - -
P3: min valley GRF 12 (2.08)* | 9.8% - - 10.5(3.8)] 12.5% - -
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«» Muscle Activation and Forces

Focusing on predicted muscle activities, figureldmpares the estimated muscle activities
and corresponding measured EMG signals. Muscolae$ obtained from the MS models
are evaluated based on a qualitative comparisoh Wié corresponding EMG patterns
obtained from experimental measurements. Table 3Hdws the correlation coefficient
between envelop of measured EMG and simulated salegarding the on-off times of

activations.

This comparison shows that the predicted muscleviges present a little inter-muscle
variability. But, results from both musculoskeletabdels predict confident muscle activation,
especially to detect the beginning of activatioowdver, the standard model does not predict
exact activation times. The off time is slightlyrle&xr than the activation estimated by the
calibrated model and EMG measurements (figure 3.12). For young population, results
are different. The correlations coefficients préessanamount inferior than 0.7 (Table 3.11). It
is important to revealed/ precise that these coismas and interpretations are highly
dependent on the quality of EMG measurements.

— standard MSM : 1 T ! T T
Msm | | : : ; : : ; ; _ standard MSM
MESM | ' i " v i ' ¥ 1 V
ciiicecid ¥ | S S S — b remed MSM

...................

___________________________________________

—— _:"__
=—-
1
o 3
Sy ¢ e
— i
i i

0 I L P 4 W P VA L didi bl g UL
0 100 200 300 400 500 600 700 0 100 200 0 400 500 800 700

| Muscle activitie - Tibialis Anteriol | |

Muscle activitie - Gastrocnemit |

0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700

Figure 3. 11 comparison between the EMG measurements and tgddituscle activities using the
standard model (blue curve) and the calibrated MBslgenta curve) for healthy adult

Taysir REZGUI 04



Table 3. 11:Correlation coefficient values comparing EMG measugnts to predictive
muscle activities using the standard and calibrit&i/ results.

The Standard model The calibrated model
Healthy adults Healthy children Healthy adults Healthy children
Tibialis anterior 0.75 0.72 0.82 0.77
Biceps femoris 0.81 0.68 0.89 0.72
Rectus femoris 0.62 0.47 0.78 0.62
Gastrocnemius Lateralis 0.68 0.58 0.75 0.74
f ' : ;
— standard MSM |: :

P reﬁned _\ISM

............................

200 300 400 500 600 700

Muscle activitie - Rectu: Femorit |

D

Figure 3. 12illustration of the comparison between the EMG sagaments and predicted muscl
activities using the standard model (blue curve) thie calibrated MSM (magenta curve) for healt‘hy
children

The calibrated musculoskeletal model gives moree@ateble amount of muscle forces,

compared to literature data (Table 3.12).

Table 3. 12:Recapitulative results of predicted muscle forcesngl the standard and
calibrated musculoskeletal model of normal gaitnpared to literature data

Healthy adults (N) Healthy children (N) Litterature data
The standard  The calibrated The standard The calibrated .
model model model model (Adult-normal gait)
Tibialis anterior 0.32 77 0.08 94 300N *
Biceps femoris 0.17 186 0.12 122 600N -960N*
Rectus femoris 46.2 380 1.2 240 300N- 477N*
Gastrocnemius Lateralis 0.28 220 0.49 153 420N —781N*
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Figure 3.13 Example of predicted muscle forces with the steshdaodel (blue curve) and the
improved MSM (magenta curve) for healthy adults amittren

3.2.2. Musculoskeletal modeling for simulated gaits

In this part, we aimed to test the performance ofmasculoskeletal modeling when
introducing an altered motion control. For this @dteration of muscle activities are defined
when healthy subjects performed imitated pathobkdgpostures observed in CP children.
Results from the standard musculoskeletal model,ciibrated musculoskeletal model and
the kinematic model are balanced for healthy pdmraand for each simulated pathological

posture.

3.2.1.2. Pertinence of simulated pathological gait patterns

Figures 3.14-15 shows that healthy subjects haviormpeed similar gaits when imitating
pathological crouched and jump gait patterns. Hgadtdults and children have achieved a
repeatable posture during different trials; the méMC values are higher than 0.8, except a
slight inter-subject variability of the sagittaltation of the knee during the simulated crouch
gait. However, in comparison to reference literatdata Gage 1994, Ganley et al. 2005,
Schwarz et al. 2008, Rodda et al. 2004, Rozumatski. 2008, the results were contrasted,

the mean CMC values vary between 0.66 and 0.99.
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According to Rozumalski et al. (2008), healthy sebg simulated a severe form of crouch
gait, with large amplitudes, confirmed by a CMCuebf 0.66 and 0.72. For simulated jump
gait, knee kinematics presented a delay of knegofheduring loading response of the stance
phase and a less knee flexion amplitude duringie¢hminal swing. These differences were
quantified by CMC values of 0.67 and 0.68 (tabl13.

As conclusion, healthy subjects had achieved exreiraracteristics of pathological gait
patterns in terms of range of motion and posturd Hrat simulated gait patterns are

representative of the cerebral palsy pathology.

Table 3.13: Inter-subject CMC values for joint kinematics foiormal and imitated
pathological gait patterns

Sagittal joint kinematics : Inter-subject variatyili

Ankle Knee Hip
Adults Children Adults Children Adults Children
Normal gait 0.95 0.92 0.98 0.94 0.99 0.90
Simulated jump gait 0.90 0.93 0.93 0.89 0.93 0.87
Simulated Crouch gait 0.95 0.93 0.76 0.82 0.80 0.84

Table 3.14CMC values of joint kinematics comparing currenidst data vs. literature data

Validity of the simulated gaits
current study data vs. literature data

Ankle Knee Hip

Adults Children | Adults Children Adults Children
Gage (1994) 0.84 0.90 0.99 0.96 0.95 0.92
Normal gait Ganley et al. (2005) 0.73 0.84 0.98 0.94 0.97 0.94
Schwarz et al. (2008) 0.89 0.83 0.99 0.92 0.94 0.90
Simulated Lin et al. (2000) 0.80 0.79 0.67 0.72 0.97 0.95
jump gait Rodda et al. (2004) 0.84 0.89 0.66 0.67 0.91 0.94
_ Lin et al. (2000) 0.83 0.78 0.85 0.79 0.90 0.88
CSr'o”ch”ﬁ“ge;t Rodda et al. (2004) 0.93 0.91 0.59 0.65 0.96 0.90
Rozumalski et al. (2008) (severa) 0.93 0.90 0.60 0.77 0.98 0.94
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Figure 3. 14 Joint Sagittal kinematics for the normal and dated jump and crouch gaits for healthy adult papah
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3.2.1.2. Healthy Adults: standard model versus calibrated MSM

The two musculoskeletal models, the standard ahbdrated rescaled generic models, have
been developed for healthy populations and for juamgl crouch gaits. Figures below

compared the results from these studies (Figu@ 3.23).

«» Joint Kinematics

From kinematic point of view, compared to the pligait model, the calibrated

musculoskeletal model can predict more accuratety joint kinematics then the standard
musculoskeletal model, independently from the pajah of study and the imitated

pathological postures (table 3.15-16). Concernirtgndard musculoskeletal models,
correlation coefficients around 0.75 are foundedefach joint and for both healthy adults and
children. But, correlation coefficients of 0.67 doeinded for predicted knee kinematics in
crouch gait and of 0.69 for predicted ankle jomtsimulated jump gait. As regards to the
calibrated MSM, the correlation coefficients exc&el for jump gaits, and 0.88 for crouch
gaits. The correlation coefficients of ankle joerte enhanced but still with low values.

Consequently, for children, the curves do notXacly those from kinematic models.

Healthy Adults — Simulated Crouch Gait
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Figure 3. 16 comparison between Joint angles kinematics estirthirough musculoskeletal models and
the kinematic model for healthy adults imitatinguch gait:
the red curve corresponds to the standard Lifemodel, the blue curve corresponds to the calillrate
MSM and the black curve corresponds to the kinesmatidel.
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Healthy Adults — Simulated Jump Gait
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Figure 3. 17 comparison between Joint angles kinematics estothrough musculoskeletal models
and the kinematic model for healthy adults imitafiomp gait:

the red curve corresponds to the standard Lifemodel, the blue curve corresponds to the calilrate

MSM and the black curve corresponds to the kineswmatdel.

174

Table 3. 15:Correlation coefficient values comparing standand aalibrated MSM results
vs. kinematic model in the case of simulated jurap g

. ) . Ground reaction
Sagittal kinematics (Angles) Forces
Adults Children

Hip Knee Ankle Hip Knee Ankle

Adults Children

Standard  MSM
S 0.84 0.75 0.72 0.80 0.78 0.79 0.82 0.78

Kinematic model

Calibrated MSM
VS 0. 98 0.92 0.88 0.93 0.94 0.74 1 1
Kinematic model

Table 3. 16:Correlation coefficient values comparing standand aalibrated MSM results
vs. kinematic model in the case of simulated crayeh

Sagittal kinematics (Angles) Ground reaction

Forces

Adults Children

Hip Knee Ankle Hip Knee Ankle  Adults Children

Standard MSM
S 0.78 0.68 0.72 0.75 0.67 0.68 0.89 0.84
Kinematic model

Calibrated MSM
Vs 0.94 0.89 0.91 0.89 0.91 0.72 1 1
Kinematic model
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Healthy Children — Simulated Crouch Gait
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Figure 3. 18 comparison between Joint angles kinematics estothtough musculoskeletal models
and the kinematic model for healthy children iniitgtcrouch gait:
the red curve corresponds to the standard Lifemodet the blue curve corresponds to the calibrit&8
and the black curve corresponds to the kinematigano

Healthy Children — Simulated Jump Gait
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Figure 3. 19 comparison between Joint angles kinematics estothtough musculoskeletal models
and the kinematic model for healthy children inmitgtjump gait:
the red curve corresponds to the standard Lifemodef the blue curve corresponds to the calibrt&
and the black curve corresponds to the kinematidetio

«» The Ground Reaction Forces

Focusing on ground reaction forces, the estimatedet during simulated pathological
postures are correlated to the measured groundicedorces. Correlation coefficients of

0.89 and 0.84 are respectively achieved for healilylts and children population in
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simulated crouch gait. For jump gaits, correlati@sults are lower with 0.82 and 0.78,
respectively for healthy adults and children.
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Figure 3. 20 Vertical ground reaction forces during simulatechp gaits— healthy adult (a) and
healthy children (b). Comparison between theasurstudies (models):

the red curve corresponds to the standard Lifemodel, the blue curve corresponds to GRF,

introduced as input in the calibrated MSM and tlaelocurve corresponds to GRF measurements.
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Figure 3. 21 Vertical ground reaction forces during simulatesuch gaits— healthy adult (a) and
healthy children (b). Comparison between theentrstudies (models):

the red curve corresponds to the standard Lifemodel, the blue curve corresponds to GRF

introduced as input in the calibrated MSM and tlaelbcurve corresponds to GRF measurements.
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«» Muscle activation and forces

Figure 3.22 and figure 3.23 are illustrations o$utes from musculoskeletal models and
represent the predicted muscle activation for thiecyple muscles on the lower limbs
compared to the rectified EMG measurements, respégt when healthy adults have

performed a jump gaits and healthy children hafopeed a crouch gaits.

Muscle activations, obtained from the MS model® aompared qualitatively with the
corresponding EMG patterns obtained from experialenheasurements. Results of
correlation tests, comparing the envelop of measiMG and simulated muscle activations,

are presented in tables 3.17-18.

In the case of simulated jump gaits, poor corretetiof 0.3 have been founded for the Rectus
Femoris and Tibalis Anterior on the standard MSNheTcalibrated MSM has not a big
influence in predicting muscle activation, the etation insignificantly increased to 0.38. For
the Biceps Femoris and Gastrocnemius, the resolts the standard and calibrated MSM are

likely correlated with an amount of 0.61 and 0.6dpectively.

Table 3. 17:Correlation coefficient values comparing EMG measugnts to predictive
muscle activities using the standard and calibr&&M results in case of simulated jump
gaits

The Standard model The calibrated model
Healthy adults Healthy children Healthy adults Healthy children
Tibialis anterior 0.33 0.35 0.41 0.38
Biceps femoris 0.65 0.55 0.69 0.61
Rectus femoris 0.22 0.32 0.34 0.42
Gastrocnemius Lateralis 0.64 0.58 0.67 0.63

Table 3. 18:Correlation coefficient values comparing EMG measugnts to predictive
muscle activities using the standard and calibrdd&M results in case of simulated crouch
gaits

The Standard model The calibrated model
Healthy adults Healthy children Healthy adults Healthy children
Tibialis anterior 0.40 0.37 0.46 0.43
Biceps femoris 0.57 0.62 0.63 0.67
Rectus femoris 0.12 0.17 0.29 0.22
Gastrocnemius Lateralis 0.23 0.19 0.33 0.39
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Figure 3. 22 comparison between the EMG measurements and tgddituscle activities using the
standard model (blue curve) and the calibrated M@slgenta curve) for healthy adult performing
jump gaits

In the case of simulated crouch gait, correlatiotadues of the Rectus Femoris and
Gastrocnemius of the standard MSM are lower tha@n These values increased to 0.3 with
the calibrated MSM. For the Tibialis Anterior, tberrelation coefficients are respectively of
0.37 and 0.43 for the two MS models. For the Bidegsioris and Gastrocnemius, correlation
results present coefficients of 0.60 and 0.64Herdtandard and calibrated MS respectively as

a mean of all healthy populations.
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Figure 3. 23illustration of the comparison between the EMG sueaments and predicted muscle
activities using the standard model (blue curve) thue calibrated MSM (the magenta curve) for
healthy children, performing crouch gaits.

About the predicted muscle forces, for both healfflopulations, the standard rescaled
musculoskeletal model gives a very low amount ofscle forces. The calibrated
musculoskeletal model gives more acceptable amafumiuscle forces. The maximal muscle

forces are presented in table 3.19.
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Table 3. 19Maximum muscle forces (N) predicted using the séaddand calibrated MSM
results in case of simulated jump and crouch gaits

Healthy adults Healthy children
The standard The calibrated The standard The calibrated
model model model model
Jump Crouch Jump Crouc Jump Crouch Jump Crouich

Tibialis anterior 0.15 0.18 120 97 0.35*0 | 0.09*10-3 68 79
Biceps femoris 0.42 0.38 170 215 1.20*f0 0.16*10-3 84 125
Rectus femoris 0.25 0.42 250 380 2.84*f0 0.87*10-3 158 234
Gastrocnemius Lateralis 0.47 0.37 290 355 1.44*F0 0.56*10-3 124 184

3.2.2. Musculoskeletal Modeling of CP children

The current section will be dedicated to presentilte from musculoskeletal modeling of
cerebral palsy children. It is essential to poiut that muscle spasticity and bone deformities
have not been included in this study. Results ftbenstandard musculoskeletal model, the
calibrated musculoskeletal model and the kinematiclel are balanced for Cerebral palsy

groups with crouch, recurvatum and jump gaits.

« Joint Kinematics

Results of the comparison between the plugin-gaitieh the standard and the calibrated

musculoskeletal models, presented in figure 3.&lrelatively contrasted (table 3.20).

Table 3.20Correlation coefficient values comparing standard ealibrated MSM results vs.
kinematic model in the case of CP children

Sagittal kinematics (Angles)

CP recurvatum gait CP jump gait CP crouch gait

Hip Knee Ankle Hip Knee Ankle | Hip Knee Ankle

Standard MSM

Vs 0.81 0.68 0.55 0.74 0.72 0.4 0.71 0.43 0.6§
Kinematic model

Calibrated MSM
S 0.87 0.72 0.68 0.79 0.88 0.8 0.84 0.65 0.7|3

Kinematic model

In comparison to kinematic model, the correlatiests show that results from the standard

MSM are qualitatively correlated for different CRitggroups. Relative mean correlation
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coefficients exceed 0.7. However, it is noticeatblat the correlation corresponding to the
knee joint in CP crouch gait, the ankle in CP juamm recurvatum gaits represent a low
amount, about 0.43, 0.49 and 0.55 respectivelytierstandard MSM. In fact, regarding
motion agent’s trajectories during simulationspesrbetween tracked trajectories and those
recalculated in the forward dynamic may exceed 2 Wdhmen looking on results from
calibrated musculoskeletal models, the correlatioefficients increase for all CP population
and for each joint. Nevertheless, the ankle andktte= joint in CP recurvatum and crouch

populations represent a lower value of the coriglaests of 0.67.

Table 3.21 reveals that the standard MSM induchkijla error level in several determinants
of gaits, compared to those obtained from the phggiit biomechanical model. Correlation
coefficients around 0.75 are founded for each jamd for both healthy adults and children.
But, correlation coefficients of 0.67 are founded redicted knee kinematics in crouch gait
and of 0.69 for predicted ankle joint in simulajedhp gait. The correlation coefficients

exceed 0.9 for jump gaits, and 0.88 for crouchsgahien dealing with calibrated MSM.

Table 3. 21:Variation between the kinematic model and Standard Calibrated MSM
results in the case of CP population

CP recurvatum gait ‘ CP jump gait ‘ CP crouch gait
Kinematic model| Kinematic model J Kinematic model| Kinematic model J Kinematic model| Kinematic model
vs Standard MSMvs Calibrated MSM Jvs Standard MSM vs Calibrated MSM Jvs Standard MSM vs Calibrated MSM
P1:Hip flexion at Initial 23 (21 29 (5.8)*
'p flexion at Init 26 (36) | 2.4(13) 2.1) 8 (3.1) (5.8) 10 (3.8)
o
‘&” P2: Hip extension Maximuj 8.5 (2.9)* 5 (3.1)* 10 (1.5) 4(2.8) 36 (7.6)" 8(2.4)
+—
c P3: Knee flexion at Initial 19 (1.8) 30 (4.4)*
g Contact 23 (2.4) 5.6 (2.7) 9 (5.2) 9 (5.3)
£ P5: Knee flexion Max | 28 (55) | 18.4@34) | 16@42" 3(2.2)
()
k) P4: Knee flexion at mid 22 (3.7)* 32 (2.5)
S stance phase 41 (7.1) 6 .3(3.9) 5(3.4) 7 (5.4)
0 P6: Dorsiflexion at Initial 5.5(1.8 28 (4.8
_% ilexdon 24 (3.3) 5.1(2.5) (18) 2 (1.5) (4.8) 3 (1.6)
e P7: Dorsiflexion Minimum 26 (1.9) 2.8(1.6) - -
q') *
-E P8: Dorsiflexion Maximumf 22 (3.1) 6,5(4.1) 12(32) 8 (2.3) 30(2.6) 8 (4.5)
P9: Plantarflexion Maximurf 46 (5.8)* 7.2 (3.4) 1(0.6) 3(1.8) 21(32) 9(5.1)
0 P1: 1st peak GRF 1(1.8) 1(20)* 30 (5.9) *
)
LoD
x ex P2: second peak GRF 13 (2.6) 434 10(2)
0ogZ
=<
o P3: min valley GRF 35 (3.1)* 19 (1.8)* 15 (1.8)
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Figure 3. 24 comparison between Joint angles kinematics estiithrough musculoskeletal models and the kinemadidel for Cerebral Palsy population:
the red curve corresponds to the standard lifemodiemthe blue curve corresponds to the calibrst®8M and the black curve corresponds to Kinematic

model.
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<+ The Ground Reaction Forces

Concerning the standard MSM, comparative analypsnted that estimated ground reaction
forces are well correlated to measurements thrdogte plates for different CP groups
(Figure 3.25). The correlation coefficients exc@edfor different CP subjects. When looking
more closely at GRF parameters, Table 3.22 confirthat the range of difference between

GRF simulation and experimental results varied ddpegy of the CP gait characteristics.

Table 3.22:Correlation coefficient values of estimated GRF panng standard and
calibrated MSM results in cerebral palsy population

GRF values

CP recurvatum gait CP jump gait CP crouch gait

Standard MSM vs
inematic model 0.79 (0.11) 0.68 (0.12) 0.87 (0.07)
Imporved MSM vs
Kinematic model ! ! !
Recurvatum Gait -
e B I o Crouch Gait
4B [ emr e er e
RN e Lo | = SadrdMSM
bbb b | — RefnedMSM |} . . \ \ ! \
3 L ; : : ' : : + Kinematicmodel |1 5 100 g1 by s o o = Eeiml it
3 ; . . | . ‘ : : 3 \ ! + Kinematic model
8 Ll : 1
w g - TN L TR WUNE N SRR WORS W | FRUS W UR PN
RN L M
O S U O O . O O O U O i
02 N 4 0 IR A T TR I G i i
% cycle y
b eycle
Jump Gait
150_""'""'""'""'"'"""'""“"""";'"'"'"""'"",'"'""',""'""] """""
— Standard MSM
S I W P T L . Y S — Refned MSM  |;
Z + Knematic model |:
l&- T T T '
o SR T S e
G ‘ | | | | l'l"l"!"!"i"l"l"!"v"il"l‘""v"r'il'
0 2 N £ N &0 WOw N W
% cycle
Figure 3. 25 Vertical ground reaction forces (N/kg) of CP witturvatum gait (a), crouch gaits (b)
and jump gaits (c). Comparison between the custnties (models)the red curve corresponds toatlthe
standard Lifemod model, the blue curve correspdodGRF introduced as input in the calibrated
MSM and the black curve corresponds to GRF measmtmnithe reference).
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< Muscle activation and forces

Figures 3.26-3.28 represent an illustration of ¢benparison between the estimated muscle
activation of the principle muscles on the lowenbs using the musculoskeletal models and
the rectified EMG measurement’s envelops, for C# yump gaits, CP with crouch gait and

CP with recurvatum gaits respectively.

Results from correlation tests are presented ineTal23. Globally, it is observed that a high

level of correlation is obtained in several CP sasdependently from their gait specificities.

With the standard MSM, the correlation coefficieat® greater than 0.70 and, with the
calibrated MSM, they exceed 0.87 with a small disjpa. It can be showed that the standard
MSM can predict likely expected muscle activitytpats. Whereas, in CP groups with jump

gait, the correlation analysis of the Tibialis Ambe reported a poor correlation level of 0.32;

in CP groups with crouch gait, the correlation gsial of the Rectus Femoris as well as the
Tibialis Anterior reported also a poor correlatiemel of 0.52 and 0.41 respectively. With the

calibrated MSM, the correlation results insignifitdg increased.

Rectus Femoris Vastus Medialis Biceps Femoris
1 1 1
1
A -
0.5 | 1S 05 , 0.5
| / ‘ |
0 \\ } .\ : 0 A 2 L oL NV 45 A “& f
50 100 150 300 350 50 100 150 200 250 300 350 50 100 150 200 250 300 350
1 1 1
& 05 LELI 05 & 05
c [= [
0 0 0
50 100 150 200 250 300 350 50 100 150 200 250 300 350 50 100 150 200 250 300 350
Time () Time (s) Time (s)
Gastrocnemius Tibialis Anterior

== Standard MSM

=== Refined MSM

J\\J A

100 150 200 25[] 300

™ “

Time (s) Time (s)

0

o

i W

350

nEMG
nEMG

Figure 3. 26 comparison between the EMG measurements and tgediwscle activities using the
standard model (red curve) and the calibrated MBIMe(curve) for CP with Jump Gait.
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Figure 3. 27 comparison between the EMG measurements and tgdditiscle activities using the
standard model (red curve) and the calibrated MBIMe(curve) for CP with Crouch Gait.
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Figure 3. 28 comparison between the EMG measurements and tgdditiscle activities using the
standard model (red curve) and the calibrated MBIMe(curve) for CP with Recurvatum Gait.
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Table 3.24 describes the predicted muscle foroes fthe two MS models for each CP
groups. Results figure out that the standard moskeletal modeling failed to predict muscle

forces. With the calibrated MSM, predicted muscleés are more realistic.

Table 3. 23:Correlation coefficient values comparing EMG measugnts to predictive
muscle activities using the standard and calibr&f&M results in case of cerebral palsy
Population

Pre a 0 P D ga P o) ga

e anaara € e anaara e pratead e a 0 €

alibrated brated
oae ode oae oae

ode ode
Tibialis anterior 0.70 0.89 0.32 0.41 0.41 0.52
Biceps femoris 0.74 0.85 0.71 0.75 0.64 0.75
Rectus femoris 0.666 0.73 0.89 0.91 0.52 0.58
Gastrocnemius L. 0.75 0.83 0.58 0.73 0.73 0.87
Vastus medialis 0.74 0.84 0.46 0.53 0.87 0.89

Table 3. 24Maximum muscle forces (N) predicted using the stéaddand calibrated MSM
results in case of cerebral palsy Population

Pre a ga P D ga P 0 oF
e Standard e callprated e Standard e callprated e Stanaara e callprated
ode ode oae ode ode ode
Tibialis anterior 0.12*10° 54 0.25*1¢F 96 1.52*10 46
Biceps femoris 0.95*10° 120 1.14*10 146 1.98*10 70
Rectus femoris 1.62*10° 180 1.24*1¢ 198 4.65*10 229
Gastrocnemius L. 1.20*10° 150 0.98*10 124 2.45*1(F 168
Vastus medialis 0.64*10° 98 0.22x1¢f 68 0.41*1¢ 84

To end with Musculoskeletal modeling, the tableobelsummarizes the principle results
obtained through several studies in this projebe T+) signify positive results regarding the
used model, the () represent acceptable resutts seme improvement needs and the (-)
symbolizes that the model failed to predict remlistsults.

Kinematics GRF Muscle activation Muscle forces

Standard| Calibrated| Standard Calibrated Standard Calibrated| Standard Calibrated

MSM MSM MSM MSM MSM MSM MSM MSM
Healthy Adults + + + = + + - +
Normal Gait 2
Healthy Children + + + 5 + + - +
2]
Healthy Adults — ) + + 5 + + _ +
crouch <
— %]
Simulated Healtgﬁ:;gults - + + i - - - +
pathological - - 3
postures Healthy Children B + + > ) ) ) .
Crouch =
Healthy Children — ) + + 2 ) ) _ +
jump @
Crouch CP - + + 3 £ = ; +
rouc 7 Except spastic muscle
cp Jump CP - + * é : | 2 - +
population w Except spastic muscl¢
o
+ +
Recurvatum CP - + + © | : +
Except spastic muscle
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3.3. Simulated gaits: clinical results

Analyzing the gait parameters of healthy subjentgaiting characteristic CP patterns may
indicate the effects of voluntary crouched andwaéking postures on kinetics and muscle
activation. The objective is to reveal whether himmechanical constraints induced by
pathological posture are sufficient to explain sesrof detected abnormalities on the gait

parameters, kinetics and the muscle activities BrpQpulation.
+ Inter-subject Reproducibility

As mentioned previously, kinematic graphs (figur&4315) showed that the inter-subject
reproducibility has been achieved. The joint sabithoments, as well as normalized and
rectified EMG of Gastrocnemius, Rectus Femoris,eBid-emoris and Tibialis Anterior,

presented an excellent intersubject reproducibilgith a mean CMC value of 0.90 for all

types of gait (Table 3.25-26).

Table 3. 25 Inter-subject CMC values for ankle, knee and hgtsal moments

Sagittal Moment

Ankle QET) Hip
Adults Children Adults Children Adults Children
Normal gait 0.93 0.96 0.97 0.94 0.95 0.92
Simulated jump gait 0.98 0.91 0.94 0.89 0.95 0.97
Simulated Crouch gait 0.97 0.93 0.89 0.91 0.94 0.90

Table 3.26 Inter-subject CMC values for normalized rectifi&MG of Gastrocnemius,
Rectus Femoris, Biceps Femoris, and Tibialis anteri

Biceps Femoris

Normalized rectified EMG

Gastrocnemius

Rectus Femoris

Tibialis Anterior

Adults Children Adults Children Adults Children Adults | Children
Normal gait 0.86 0.92 0.91 0.94 0.96 0.91 0.93 0.91
Simulated jump gait 0.94 0.90 0.93 0.89 0.90 0.97 0.84 0.89
Simulated Crouch gait 0.86 0.87 0.89 0.92 0.93 0.88 0.84 0.94
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% Simulated pathological gaits vs CP gaits

According to Lin et al. (2000), the joint kinetio§ simulated jump and crouch gait pattern are
correlated (Figures 3.29-30). The minimum CMC vatleained are about 0.72 for knee
moments and 0.62 for sagittal hip moment, respelgtifor simulated jump and crouch gaits
(Table 3.27).

Ankle Sagittal Moment Knee Sagittal Moment Hip Sagittal Moment
Mormal GaitVs. Gage1994 ( ©) Ganleyetal. 2005 { ¥¢)and Schachet
Simulated Crouch GaitVs. Lin etal. 2000 (%)
Figure 3. 29 Ankle, knee and hip sagittal moments for the nbiga#t and simulated jump and
crouch gaits, performed by healthy adults.
i Ankle Sagittal Moment Knee Sagittal Moment Hip Sagittal Moment
e NormalGaitVs. Ganleyetal. Zéﬁuéﬁall::;rand Schache t al. 2007 (O)
Simulated Jiri:;:(;zie‘t\n’s. Lin et al. 2000 (%)

i Simulated ijcisg:ar\'?;s. Lin etal. 2000 (&) e

Figure 3. 30 Ankle, knee and hip sagittal moments for the nbiga#t and simulated jump and
crouch gaits, performed by healthy children.
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Table 3. 27:Joint sagittal moments: CMC values comparing curstmdy data vs. literature

data
versus Ankle Knee Hip
Adults Children Adults Children Adults | Children
Gage (1994) 0.99 0.94 0.97 0.91 0.98 0.92
Vaughan (1996) 0.96 0.92 0.87 0.87 0.90 0.86
Normal gait
Ganley et al. (2005) 0.96 0.97 0.87 0.89 0.93 0.88
Schache et al. (2007 0.99 0.94 0.91 0.92 0.85 0.91
Simulated Lin et al. (2000) 0.90 0.87 0.72 0.78 0.82 0.75
jump _gait
Simulated Lin et al. (2000) 0.86 0.78 0.90 0.84 0.62 0.69
crouch gait

Obviously, compared to normal gait, differenceskinematics and kinetics observed in
simulated gaits contribute to an alteration of nhsctivations, as observed in figures 3.31-
32. When comparing to common characteristic of &Ppresented in table 3.28, simulated
crouch gait induced similar modification on muschetivities in biceps femoris,
Gastrocnemius and tibialis Anterior. But, low CM@&lwes are reported in the rectus femoris
activation. Moreover, the alteration in muscle \atés when simulating jump gait are

considerably not correlated to those from CP.

Table 3. 28Rectified and normalized EMG: CMC values comparugrent study data vs.

literature data
Normalized rectified EMG
versus Biceps Femoris Gastrocnemius Rectus Femoris TibAatisrior
Adults | Children Adults | Children| Adults | Children| Adults| Children

Normal gait R°?"2"0%57§3t a1 087 0.78 097 | 095 093 | 089 | 092 | 098
Simulated Lin et al.

jump gait (2000) 0.30 0.42 0.67 0.88 0.26 0.48 - -

Lin et al.

Simulated (2000) 0.69 0.72 0.72 0.79 0.53 0.64 - -
crouch gait Stfgc')elg)t a1 089 0.84 080 | 086 032 | 041 | o061| 070

Taysir REZGUI 116



Rectified normalsed EMG
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Figure 3. 31 Normalized rectified EMG for the normal gait anchelated jump and crouch gaits

performed by heathy adults.
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Figure 3. 32 Normalized rectified EMG for the normal gait antchelated jump and crouch gaits

performed by healthy children.
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Conclusion of the chapter

This study investigated the effect of using musskiébetal models with varying levels of
refinement on the accuracy of biomechanical resRi&sults from plug-in gait (Gait analysis)
were compared to simulation results from the restajeneric standard and calibrated
musculoskeletal models.

When compared to specific-subject plug-in gait niisdeesults, biomechanical analysis
revealed that even for a healthy adult, the stahdescaled generic model led to significant
differences in the calculated kinetics and musctevities. Larger discrepancies are expected
in a CP population. The analysis of inter-modelfeddnces revealed that calibration
procedures seem to diminish the substantial diffee compared to the generic model. But
when studying CP children, the calibrated muscudtetkl models still show differences. All

these results will be discussed in the next chapter
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Chapter 4.

General Discussion

Taysir REZGUI | 119



4.1. Musculoskeletal Modeling

Normal walking is a complex activity. Gait abnoritiek present additional challenges when
developing realistic MSMs and reliable numericahwiations. Musculoskeletal modeling
becomes essential to quantify biomechanical dagaired in managing the pathology of
cerebral palsy and it becomes more interestindimical practice to evaluate the impact of a
possible proposed surgical treatment on the p&igait. Even if musculoskeletal modeling
is a promising tool to improve clinical outcomeknicians have to be aware of its limits. The
biomechanical entities, resulting from the MSM, aery sensitive to several parameters
introduced in the model. We tried in this projexptesent a calibration process to refine such
parameters from subject’s experimental data andieduthe effect of varying levels of

calibration details on the accuracy of the obtairesuilts.

The objective of this thesis work was the developnoé an adaptable musculoskeletal model
of lower limbs of the Cerebral palsy with spastiplBgia. It represented a retrospective study
aiming to provide a suitable tool, easily implengehtn clinical routine practice, to evaluate

the if-then scenario with respect to gait disaleditand available treatment. This goal was
analyzed through two principle point of view, redjag the efficiency of a standard generic
musculoskeletal modeling (Modell: Standard Modelstudy cerebral palsy gaits, and the
efficiency of the calibration process of musculdst@ modeling parameters using only gait
examination data ( Model2: Calibrated Model). Twmpiple studies were developed during

this project. The first concerned healthy adultd ahildren performing normal and imitated

crouch and jump gaits to evaluate the influencehef accuracy of the geometry and the
altered muscle activities on the musculoskeletaldei® predicted results. The second
evaluated the accuracy of both developed musculetskenodels to study the Cerebral Palsy

cases.

4.1.1. MSM components
The present work has compared the kinematics, GRIScle activation and muscle forces

parameters, estimated using the two developed russ@letal models and their respective

measured parameters or entities which are defisgd plug-in gait biomechanical model.
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In general, the musculoskeletal modeling is useddt@rmine muscle lengthening, muscle
moment arms, muscle activation and muscle forcesuraag during motions, that are
difficult to obtain by direct measurement in vivo foom gait analysis experiments. In our
study, we focused on predicted muscle forces. Maedlifferent approaches and techniques
are used to estimate muscle forces during mofieig 1990, Kromer 1993, Pederson 1997,
Marin 2001, Frayess 2009The comparison with predicted muscle forcesiterature is
tricky but usually used to validate results of musskeletal modeling.

4.1.1.1. Muscle forces

As regards to quantitative muscle forces, summdriretables 4.1-4.2, for both healthy
populations, the standard rescaled musculosketaetdel gives a very low amount of muscle
forces, compared with other literature referencesble 4.1). The estimated muscle forces
present large variation according to literatureaddring normal gait. It can be observed, In
our study, that for healthy children and childreithncerebral palsy, all muscles are almost

inactive.

When calibrating the musculoskeletal model's patanse the estimated muscle forces have
expected to increase. In one hand, the dynamict jsiififness, fixed in the standard
musculoskeletal model, are extremely higher tharsdhdetermined using the calibration
process, as shown in figure 3.5, which contribatantrease the torques around the joint, and
as a consequence, to reduce significantly the mwsxitribution during motion. On the other
hand, the training parameters of PD and PID cdetlare carefully fixed to ensure the
convergence of the mathematical model and to aviétjration and derivatives noises and

perturbations.
Compared to literature, the calibrated musculoséklenodels still underestimated the

predicted muscle forces during normal gait. Figdt& summarizes the findings of the

predicted muscle forces in healthy population dynormal gait.
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Table 4. 1:Recapitulative results of predicted maximal muddees (N) using the standard musculoskeletal inodealifferent studies,
compared to literature data

Our study
Litterature
Normal Gait simulated crouch | simulated jump Cerebral palsy study

Muscle forces (N) Healthy | Healthy | Healthy | Healthy | Healthy | Healthy cpP cp recur::/:tum/ Delp | Frayess | Kromer | Peaderson | Marin

adults | children | adults | children| adults | children| crouch jump stiff knee 1990 | 2009 1993 1997 2001
Tibialis Anterior 0,32 0,08 0,18 | 0,0000p 8.45 | 0,0003% 1.52*10" [ 0.25*10° | 0.12*10° - - 300 - -
Biceps Femoris 0,17 0,12 0,38 | 0,0001f6 0,42 | 0,0012| 1.98*1®| 1.14*10°| 0.95%10° |1120| 960 600 - 672
Rectus Femoris 46,2 1,2 75.36 | 0,0008} 23,25 | 0,00284 4.65*10° | 1.24*10° 1.62*10° 800 477 500 370
Gastrocnemius L. 27,95 0,49 37,12| 0,0005p 17,47 | 0,00144 2.45*10° | 0.98*10° 1.20*10° |1115 281 600 240 892
Gastrocnemius M. - - - - - - - - - 490 - 196
Vastus medialis - - - - - - 0.41*10°| 0.22*10° | 0.64*10° - - - - -

Table 4. 2:Recapitulative results of predicted muscle forcemal the calibrated musculoskeletal model in déifeerstudies, compared to
literature data

Our study
Literature
Normal Gait simulated crouch | simulated jump Cerebral palsy study

Muscle forces (N) Healthy | Healthy | Healthy | Healthy | Healthy | Healthy cpP cp recur::/:tum/ Delp | Frayess | Kromer | Peaderson | Marin

adults | children | adults | children| adults | children| crouch jump stiff knee 1990 | 2009 1993 1997 2001
Tibialis Anterior 177 94 97 79 120 68 46 96 54 - - 300 - -
Biceps Femoris 286 122 215 125 170 84 70 146 120 1120 | 960 600 - 672
Rectus Femoris 380 240 480 324 250 158 229 198 180 800 477 500 370 -
Gastrocnemius L. 220 153 355 284 290 124 168 124 150 1115 281 €00 240 892
Gastrocnemius M. - - - - - - - - - 490 - 196
Vastus medialis - - - - - - 84 68 98 - - - - -




Chapter 4: Discussion

First, literature data, dealing with the quantifradscle forces, are estimated only for healthy
adults. Moreover, it can be noticed that a largeatians are founded in literature. This can be
explained by the diversity of muscle modeling sigits and the diversity of the optimization

process used to predict muscle forces.

Muscle Forces (N) H Delp 1990
1200
B Frayess 2009
1000
800 m Kromer 1993
600 M Peaderson
1997
400 ® Marin 2001
200 normal gait H.
adults
0
normal gait
Tibialis Anterior Biceps Femoris Rectus Femoris Gastrocnemus H.children
Lateralis

Figure 4. 1: Recapitulative results of predictecsohe forces
using the calibrated musculoskeletal model in d#fife: studies, compared to literature data

The direct comparison between our results and atilee data is difficult because
musculoskeletal modeling results are highly depetsden the modeling methodologpdo
2009. This finding confirms that there is no consensa the design of the musculoskeletal
modeling, which makes the clinical applicability dfe MSM controversy. Second, the
calculation of muscle forces is primarily based tbe muscle geometry (muscle volume,
attachment points) and its intrinsic parametersve&é studies pointed out that lengthening
muscle and estimated muscle forces are very semsttithese parameteiiddo 2009, Scheys
2008.

In our study, muscles are defined as lines of adbetween the insertion and the attachment
positions. Since the musculoskeletal modeling isedaon the rescaling process, erroneous
estimations of anatomical muscle attachment mayroed, mainly for children with tinny

skeleton and cerebral palsy children with bone wheittes, leading to new anatomical muscle
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configurations (Figure 4.2). These inaccuracies mrudnsistencies are unfortunately not

quantifiable, but lead consequently to mistakemeged muscle activation and forces.

Figure 4. 2: muscle attachment sites for a LifeNisIM of a healthy child

Using a simple viscoelastic model for muscle isn@mple description. Several studies relied
on more sophisticated muscle models, such as thertiajac muscle models. It may lead to
improve the accuracy of muscle forces evaluatiom tihhese models require a large number of
parameters, difficult to be subject-estimated fathplogical cases_einbolt 2007, Dao 2009,
Desailly 2009. The limit of such improvement is the fact thewen for a healthy adult, the
existing anatomical datasets (for example optintsrflengths) are incompleteness and the
missing parameters are guesfiedlp 199Q. Today, in vivo measurement of a complete and
accurate muscle dataset remains challenging. @rsopalized musculoskeletal models using
the MRI techniques can determine precisely the reuaglume and the attachment sites on
the bones, but cannot predict the mechanical ptiegeof muscles. For example sarcomere
length, optimal fiber length, fiber directions aserrently not measurable in standard MRI
routine. When dealing with pathology with deform@bbnes, muscle attachment sites may be
difficult to be identified. Also, since the MRI tegiques (acquisition and proceeding) are
time-expensive, basing the treatment’s decisionspersonalized MSM is unrealistic in

clinical routine practice.

Taysir REZGUI 124



Chapter 4: Discussion

4.1.1.2. EMG vs predicted muscle activation

The validation of MSM results is generally basedtlom comparison between the estimated
muscle activation and the measured EMG signalss Tualitative validation showed

controversy results.

In normal gait, the mean correlation coefficiemt; healthy adult population, is around 0.72
and 0.82, respectively for the standard and thibredéd models (Table 3.11). For healthy
children, these correlation values present resgpagtD.62 and 0.71. It was observed that, for
standard MSM, the correlations of Rectus Femorid &wastrocnemius Lateralis were
mediocre, about 0.47 and 0.58 respectively. Irctibrated MSM, the correlation coefficient
of the Gatsrocnemius Lateralis increased to 0.¢4&ume the contact instabilities are avoided.
But the Rectus Femoris's correlation coefficiemhagned mediocre, about 0.62 (Table 3.11).
These differences can be explained by the factrdwtrded EMG signals may not represent
the muscle activity of a single muscle but can eéepnt also surrounded muscles activities.
The EMG electrodes placements on the limbs of samdlll morphology, presented in Seniam
recommendationsHermens 2000 are not necessary fixed in the minimal diapharooes
and could not avoid crosstalk [Sussman 1992]. HeweVs important to precise that EMG
interpretations are highly dependent on the quaftEMG measurements and equipments
[Sussman 1992, Perry 1998, Barr 2D10Consequently, the EMG signals are not always

enough reliable and accurate.

In cerebral palsy populations, Table 3.23 showdxbh correlation level between the EMG
measurements and the predicted muscle activatiohdihh models, with a small increase in
the calibrated model. This result demonstrated that standard model, as well as the
calibrated one, can predict expected muscle agtpatterns. Nevertheless, both models failed
to predict the Tibialis Anterior activation in CBmp gait and CP crouch gait. Correlation
analysis reported a poor correlation level of GaB2 0.41. The Rectus Femoris presents a
correlation coefficient of 0.51 in the CP crouchtgwith an insignificant increase in the
calibrated MSM. These results can be explainest, firy the simplicity of the contact with the
ground and secondly by the fact that the spastiaty important factor in cerebral palsy
affecting muscle activities and growth, is not taketo account in our musculoskeletal

modeling.
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Lastly, it can be depicted, from tables 3.17-1&t thoth MSM models failed to accurately
estimate the muscle activities during imitated pkaical postures because of the high level
of muscle co-contraction which is not taken inte@amt neither in muscle modeling, nor in

the optimization procedure in our work.

Meanwhile, the improved correlation tests valueshia calibrated model, confirm that the
estimation of muscle activation and forces is #sult of several interactions in the modeling

process.

4.1.1.3. Ground Reaction Forces

Focusing on the GRF results, presented in figurg8, 3.20 and 3.21, the contact model with
the ground in LifeMOD may predict acceptable confacces during normal gait. We also
found that the important factors, interacting wiitle contact stability, were the motion agent
weight parameters. These last factors ensure tieatelcorded foot markers fitted well the
bony anatomical positions, avoid the unrealistiot fdeformities on healthy populations and

bring more contact stability during simulation.

Looking into CP population, the standard muscudtetial model leads to good correlated
GRF with measurements; correlation coefficientseexic 0.70. But, the results may vary
depending on the CP gait characteristics. Resudta CP jump gaits are worsen then those

from recurvatum and crouch gaits.

In fact, differences, obtained on estimated GRESs, le also explained by the simplicity of

the foot model, which is represented as a singjel hone. Such models can not represent
foot deformities, neither the secondary foot joitsch play an important role on the cerebral
palsy patient’'s dynamics. This foot model may gsame erroneous results of the ground
reaction forces (Figure 4.3). Gait analysis exam hat included motion measurements that
distinguish the movements occurring in the hind:fand the forefoot, which explains the

lack of pertinent information regarding the contelcaracteristics, especially in cerebral palsy
cases $ussman 1992and may then underestimate the numerical evaluaif the contact

forces.

The foot in cerebral palsy with spastic diplegighe most affected bone. Its secondary joints

played an important role in the investigation ofeteal palsy [Sussman 1992, Leardini 2007].
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Developing more accurate biomechanical models & tbot and ankle functionil,
integrating CP spficities of the deformed fo, may increase the accuracy of the con

results.
unrealistic
foot contac unrealistit
foot contac
Figure 4. 3Erroneousonfiguration of the foot during gait standard.ifeMod MSM
of a healthy adult

4.1.1.4. Kinematics

The tracked trajectory of an anatomicalrker is represented in the MSM as a motion ac
attached to a fixed anatomical point on the borth amn elastic system, to which is attribu
a weight. Instandard MSM, weights are very low, which als large displacements of the
motion agents. Errors between tracked trajectosied those recalculated the forward
dynamic may exceed @m. These numerical inaccuracies influence therkaie results
which may explain the large differences observed betwthe kinematics of the MSM a
those from the kinematic model, in addition to nearkmisplacements in rescal

musculoskeletal models.

Additionally, the most important limitation iour study was theise of theHelene Hayes
protocol of marker placements. is widely used in the clinical routine practice, beteni
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studies showed that such a model has to be adjasgtdompletedHerrari 2010, Sangeux
2010, Zijden van der 2010

4.1.2. Limits and contributions

This project investigated the effects of using nusskeletal models with varying levels of

refinement on the accuracy of biomechanical resiilie analysis of inter-model differences
revealed that even for a normal gait in healthyybaion, the standard generic MSM leads to
significant differences in the calculated kinetaasd muscle activities. Larger discrepancies
are founded in a CP population. The calibrationcedure, proposed in our project, would
seem to diminish the substantial differences coethtw the generic model but when studying
CP children, the refined MS models still show diieces.

Three important issues may explain our results:
- The use of Plug-in gait biomechanical model adereace to evaluate the kinematical
musculoskeletal model results
- The general limitations of using the rescaled genmausculoskeletal models to study
the Cerebral palsy pathological gaits and the etiémtrinsic MS parameters

- The strategy of calibration adopted in this praject

4.1.2.1. Choice of reference

Our study was retrospective, based only on theceliait data collected during gait analysis
examination and the physical examination: the 3pettories of the markers placed at the
principle anatomical positions of the lower limtise EMG signals of principal muscles, the
measured ground reaction forces. As a retrospestivdy, the Plugin-gait biomechanical
model, called also a kinematic model, has been asedl reference to evaluate the predicted

results of the musculoskeletal model.

In this project, we limited our study to representnparison of different results in sagittal
plan. First, Mackey et al. (2005) and McGinley kt(2009) pointed out that, in gait analysis
examination, results from the coronal and axiakaxie not very reliable, as those from
sagittal plane. Second, most of clinical studiesceoning biomechanical parameters of gaits

are limited to sagittal plane.
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To ensure a consistent comparison, the 3D trajestof anatomical markers, recalculated by
the musculoskeletal model in the forward dynamwsre introduced as new inputs in the
clinical plug-in biomechanical model. In this s&gy, the kinematic data were evaluated in
the same anatomical referenc®gu] 200%. The joint torques and powers, estimated by the
MSM are not evaluated and compared to those fraPthg-in Gait. In the musculoskeletal
model, these estimated quantities represent jormques as the summation of individual joint
torques and soft tissues contributions. But, inkimematic model, presented in Plug-in gait,
it represents only the net joint torques calculdtedh the measured ground reaction forces.
Several studiedjeluca 1997, Ferrari 2008, Sangeux 2010, Zijadan der 201pshowed that
such a model has many limitations when studyintangdagical gait. But, nowadays, it is the

universal clinical model and several surgical tmeats are based on it.

4.1.2.2. General modeling

Developing a musculoskeletal model requires a lamgmber of information about the
anatomy of the subject, joint and muscle descmstiorhe clinical use of musculoskeletal
modeling involves certain level of accuracy on matkscription which is still a challenging
issue. Despite the realistic behavior of simutagiovhen deriving the musculoskeletal models
using measured gait data, the accuracy of muscaeiktsk modeling result’'s prediction is
highly dependent on the modeling limitations ansluagptions. Even if most of the studies
relied on the rescaled generic musculoskeletal fsptieere are several important limitations
of such models. The common assumptions are relatdte geometry, the simplified muscle

modeling and the simplified control motor.

» Scaling techniques

The effect of the scaling techniques is uncertaihiaaccuracies are inevitab®dheys 2008,
Dao 2009, Klets 20]0 Despite the large anthropometric database pealvioh LifeMod
(male, female, adults, children, Asian populatiotf)e accuracy of the musculoskeletal
geometry is still debatabl€€heng 1991 The generic model presents the geometry asdinke
rigid bodies. This simplified hypothesis might beagable for adults, but it isnot applicable
for children especially for those with bone defdres which evolute with growing process
and could not be predicted with rescaling anatoethitiiques. The bone deformities, which

are frequently accompany neurological damage, at modeled. Rescaling an adult
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geometry to fit small CP skeleton with bone defdmesi is not representative of the real
subject morphology. This hypothesis may limit tleewaacy of the model and our result’s
interpretations. The scaling process may give somaecuracy bone’s positioning and
erroneous muscle insertion sites for child skel¢kagure 4.4). This point is a clear limitation

in the present study and demonstrates the limisedofithe retrospective gait data.

Figure 4. 4adult (a) vs child (b) lower limb skeleton genedaly lifemod software

When dealing with subjects with bones deformities tbe lower limbs, the accuracy of
muscle attachment sites remains problematic. Theé tédéhniques are potentially powerful,
but expensive and time consuming for routine céhigse Scheys 20101t is suggested to
develop efficient palpation techniques or primarigygical examination to objectively
evaluate the degree of bone deformities and defeve parameters to be introduced in the
calibration procedure of the musculoskeletal madglAlexander 2001, Jenkins 2003

» Foot modeling

As mentioned previously, the most important limdat of the skeleton modeling is
considering the foot as a single rigid body. lingportant to understand the biomechanics of
the foot when dealing with pathologiestboud 200R Some experimental foot models have
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been developed (Figure 4.9)eardini 1999, MacWilliams 2003, Stebbins 2006, 8006,
Wright 2011, Carbes 20111The Oxford Foot Model is proposed in clinicabptice but not

already routinely used.

ams et al 2003

MacWilli

Leardini et al 1999

Revolute joints

Universal joints

Carbes et al, 2011

Spherical joints

Figure 4. 5:.Experimental foot models

The Oxford Foot Model, a multi-segment model folcakating hindfoot, forefoot and hallus
motion, is developed to describe both normal artigdagical foot and ankle kinematics and
dynamics in children. This model is important tomtor the progression of foot deformity
[Stebbins 2008nd to clarify controversial findings from convemal lower limb kinematics
(Plugin- gait model). It is becoming increasinglgquired for clinical routine and the
decision-making process to plan management andga#seoutcomes. This foot model is
clinically tested and validatedSfebbins 2006, McCabhill 2008, Morris 2008, Curti309,
Wright 2011]

We are convinced that a better description of do#’'s dynamics during gait, provided from
the Oxford Foot Model, for example, will add crdargormation of foot deformities and then
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enhance the evaluation of the CP using MSM. Farrdmson, the gait analysis protocol based
on Helene Hayes could not be so efficient in otnospective study.

* Joint modeling

Joints are represented by mechanical joints willy artorsional spring models in the three
anatomical plans. The hip and ankle joint haveeldegrees of freedom, whereas the knee
joint is limited only to the sagittal degree ofdm. With bone deformities, all joints are
additionally constrained in terms of angular limatsd degrees of freedom. In our study, when
performing a retrospective study based on cliniaehilable data, the lack of reliable
information doesn’t allow us to take into considena such specific conditions. More
realistic description of the joint models that ralvéhe complex behavior of the joints,
especially in the cerebral palsy subjects, whiclghhiimprove the consistency of the

kinematic and kinetic data, has to be developed.

* Muscle modeling and motor control

The accuracy of muscle forces, predicted with aculeskeletal model is highly dependent

on both the muscle modeling and the optimizatiatedure.

Firstly, muscles are modeled as a primitive elasgistem with a line of action between the
insertion and the attachment positions. In additmmaccuracies introduced by the rescaling
anatomy process, mistaken estimated muscle activaind forces are attributed to muscle
function parameters, the authorized maximum mulgeigthening and forces gathered from
literature. And, when dealing with CP, it is im@ont that the correct amount of force is
attributed to the muscle to investigate its actorafunction during motion.

Secondly, redundancy problem of modeling human anoig mostly solved by optimization
function to estimate the muscle forces. Many modeisimize mechanical cost functions
which are based on energy expenditure or musclee$orErdemir 200T. However,

relationship between these cost functions and ttteah distribution of forces over the
different muscles has never been demonstrated. Wiglse mechanical cost functions,
muscles with large moment arms and large PCSAp@ferred. Small muscles with short
fibers and moment arm do not contribute, resultmgnrealistic synergiedPfaagman 2006
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In our project, currently redundant muscles arentened by the use of closed loop muscle
modeling. Each trained muscle has a PID contrdhat tries to match the instantaneous
length of the muscle to the trained curve. Thegs#roblers are independent to each other,
even though the resulting muscle lengths are cdupi®ugh the kinematic model. Under this
scheme, without any additional considerationssitarbitrary to get a solution, in which
muscle activities match the trained position pefivhich means that the motor control
process is not represented. Studying healthy sisbjeith simulated pathological posture
revealed that co-contraction has a great influeane musculoskeletal model's results.
Predicted amount of muscles forces, in these studiew the limitation of using closed loop
muscle models to describe altered motor controk $ame muscle function and control
function give acceptable results when studyinglu@lepalsy cases. These controversy results
admit that minimizing total muscle efforts couldtnioe the accurate optimization law
governing the pathological gait®dvids 2004, Fraysse 2009, Carrier 2Q1Thus, the altered
neurological control has to be reformulated throsgmificant optimization laws rather than
those representative of the natural walking, bez#usy may not represent a pathological gait

with spastic muscles and jerky movemem&fers 1999, Davids 20D4

Finally, the muscle spasticity, the principal claeaistic of the cerebral palsy pathology was
not introduced in our models. This hypothesis duteng the clinical representation of such
neurological pathology. In our knowledge, therenisresearch dealing with muscle spastic
modeling from a mechanical point of view or intradd in the optimization law governing

this kind of altered motor control. The lack of etfive clinical measurements and
representation of spasticity limits increasinglg thevelopment of the MSM of cerebral palsy.

We are here at the border of technological andcairknowledge.

In summary, it is likely that a physiologically neorealistic optimization approach in
combination with accurate and consistent muscle eh@adrameters will outcome more

accurate estimation of muscle forces.

* Validation

The validation of a musculoskeletal model is impottto evaluate how accurate model’s
outputs are. Up till now, the available sourcesvalidation are very limited and the direct

validation of optimized muscle forces is impossilfimnsequently, there is an agreement in
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the scientific community about the validation ok tbutputs of a contact model and the
measured GRF and also the quantitative validatictheomuscle forces based on the relation
between the EMG measurements and the correspopadétticted muscle forceAphderson
2001, Lloyd 200B Our studies pointed out that this quantitativalidation cannot be

considered as a suitable technique when studyiagtispmuscles.

4.1.2.3. Calibration procedure

Despite significant advances in MS modeling, clems obviously need a clinically
applicable model with accurate results and a tEalesvaluation of the uncertainties and
errors. Given the number of assumptions into a oidoskeletal modeling, a better
understanding of hypothesis, the contribution ekedse parameters and a sensitivity analysis
become crucial. In our project, we focused on sdverechanical parameters, defining the
MSM, as follows: the joint stiffness parameters jbint center position, the motion agent’s
weights and the Training parameters. It was ob&éevirom previous chapter, that all these
parameters have a big influence in MSM results pides its originality, the methodology we
developed, still has many limits.

* Intrinsic model parameters

The Inverse and forward dynamic simulations aresital tools to calculate joint torques and

estimate muscle activation and forces deriving feoapecific movement. The accuracy of the
MSM results is a certainly the consequence of sg¢wveodeling assumptions. It is also highly

dependent on performance of the inverse and forwlgrchmics simulations, such as the

numerical calculation errors, noises and its angalifon, numerical convergence conditions.

The numerical training parameters (PID and PD adlets) in a musculoskeletal model are

defined specially by numerical experimentation nd @p with compromise between realistic

results and numerical convergence of the matheatatiodels. Usually, these parameters are
determined when studying normal gaits with heal#tijult population. These parameters,

training parameters, have a great influence in M&Mputs, as presented in preliminary

sensitivity analysis (chapter 3), and managing tieeassential to ensure realistic results.
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In clinical practice, this sensitivity has to bedueed and quantified in order to better
understand and correctly interpret the predicteilte. For this reason, in order to reduce
perturbations and ensure convergence, a set oaRtDPD controllers’ parameters (training
parameters) has been carefully fixed is this stoglgnsuring the numerical convergence of
the model and ensuring acceptable estimated musctes compared to literature. In

addition, a set of the motion agent weight parametas proposed that then avoids the
unrealistic foot deformities on healthy populaticarsd brings more contact stability during

simulation and reducing noisy results.

= Joint stiffness

The joint is described as a visco-elastic modelylich the joint stiffness parameter is fixed
arbitrary. In our study, the Dynamic joint stiffrseis subject — specific determined using the
collected gait analysis data. This entity represém resistance that muscles and other joint
structures manifest during motion as a reactioant@xternal moment of forces. Recently, it
is widely explored as a clinical parameter to ustierd the effect of pathological gaits on
joint functions. Introducing this parameter imnfomodeling gives more realistic behavior

to the joint activity and consequently to the masdaontributions.

Nevertheless, in this project, the dynamic jointapaeter is only defined in the sagittal plan,
as developed in clinical studies. There are no ¢ementary studies that explored the
dynamic joint stiffness in the coronal and axialsaXor that reason, the standard values
proposed in LifeMOD model are attributed to thenjostiffness in the coronal and axial
planes. But, pathological gaits doe not respastdbndition and motions occurring in other
planes can give an idea about compensatory gategtes. It will be interesting to study the
dynamic joint stiffness in different planes. Buthem developing a MSM we have to be
aware of the algorithm convergence and stabilityhaf numerical simulations [ANazer
2009.

= Joint center position
The joint center positions are defined using pradeanethod of Davis et al (1991). Since our

MS models have been compared to their represeati&inematic models (plugin gait), we
have limited our study to compare the influencettué joint center positions on MSM
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outcomes, by comparing the Davis and Lifemod joertter positions. In the calibrated MSM,
we placed the joint center position as recommetgeDavis 1991, because it is widely used
in clinical interpretations. But, recent studié®at functional methods pointed out that Davis
model is not accuratdBgsier 2003, Christopher 2003, Piazza 2004, Cantar@d06, Ehrig
2006, Sangeux 20L0It is noticed that we tried to predict joint ¢en positions with
functional methods. However, determining precismtjacenter positions of pathological
subjects by only using the walking data cannot giageany useful information for the

musculoskeletal modeling.

To conclude about the calibration procedure, wecarescious that, in addition to relying on
the rescaled generic musculoskeletal modeling,gtieat limit in our project is taking the
plug-in gait biomechanical model as reference talieate the accuracy of the MSM results
[Schwartz 2004 Nevertheless, today, it's the only sophisticatdisical tool to interpret
pathology and gait deviation indexing from normait gtandards. Recent studies are working
on improving this clinical/ biomechanical model ingreasing the marker’s set protocol with
the instantaneous determination of the accurai@ jogénters and axis positionSgngeux
2010,van der Zijder2010]. The development of such techniques to daily ciihuse may

improve clinical outcomes as well as musculosketatadeling.

4.2. Clinical relevance

4.2.1. Practical use of the MSM: which model for which use?

In our project, the CP subjects, from several gattern groups, with high quality gait
analysis data acquisition and GRF measurements,canefully chosen to facilitate the
validation of the contact modeling in the MSM. Résupresented in chapter3, have shown
that the standard rescaled generic model can c¢lyrrestimate the contact with the ground
(GRF) and the muscle activation in most cases oél¢al Palsy. GRF results concerning CP

with jump gaits are fairly different and have todagefully interpreted.
Hence, the standard musculoskeletal model may bd as an alternative to estimate the
ground reaction forces, especially for cerebrakypaRecording good GRF measurements

cannot be satisfied for all CP population. In sorases, the foot step is so small that the
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second feet cannot attain the following force @aléhe measurements represent the resultant
contact forces rather that the GRF attributed whdaet contact. Mathematically, deducing
the GRF of each foot from the resultant forcesiffscdlt, but may be feasible\Wong 201

But, in our knowledge, there are no studies deakith this problematic. For these reason, a
standard musculoskeletal modeling can give a gexena of the shape and the values of the
GRF during motion. However, according to previoaimarks, it will be recommended to take
into consideration the proposed set of weightsrpatars of the motion agents, to minimize

contact instabilities and unrealistic bone defomsitaind foot positioning.

According to the muscle activation results with @Rients, the standard MSM may simplify
the gait analysis procedure without using sophagtid equipment. It may help relieving the
required EMG electrode placements. In clinical pca¢ the gait analysis exam may be
reduced only to record kinematic and kinetic datad then muscle activation could be
determine and predicted relying to standard MSM, Beneric and standard musculoskeletal

modeling is still qualitative approach to studyhdogical gaits.

The calibrated model is based on simple calibradiosome MSM parameters, but gives more
accurate results, compared to the kinematic mdeiefining parameters attempts to give a
physical meaning to some values, such as stifff@sts, and are easily to be determined
from subject-collected anthropometric data and gaitormances. Comparing to Plug-in gait
biomechanical model, results from our calibrated MMSould be easily understood and
correctly interpreted by clinicians. This musculelgital model reduces the human
complexity, but gives the clinician a useful toa study the surgical outcomes from
retrospective review of patient with reasonablytcétowever, as the validation is still the
challenge of musculoskeletal modeling, the only akéhe quantitative observation can be

performed with the present procedure of musculeskeinodeling.

4.2.2. Simulated pathological postures
In this research project, we also analyzed thecefieéimitating pathological postures during
gaits, compared to those observed in diplegic Giemqta. In our study, healthy adults and

children have performed gaits with pathologicaltpoess, such as crouch and jump gaits in

order to investigate sagittal joint rotations, safjmoments and EMG parameters of such gait
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patterns. The objective was to analyze whether babranical constraints, induced by a a
complex kinematical postures, were sufficient tplak sources of abnormalities on the gait

parameters, kinetics and the muscle activitiesrvesein CP patients.

4.2.2.1. Reproducibility of Simulated Pathological Postures

Focusing on kinematics, it has been demonstratatl Hbalthy subject could imitate CP
pathological gait patterns in a reproducible anchbgeneous manneffiomas 1996, Romkes
2007.

When comparing to literature results from CP potoa It is important to precise that
literature CP studies showed a large inter-vaiitgbieferences data, because of the large
heterogeneity CP gait patterns, depending on locaif the damaged braihif 2000, Rodda
1994, Rozumalski 2009The homogeneity of the gait patterns performgdhéalthy subjects,
observed in our study, suggests that only maireaxrcharacteristics of the CP gait patterns

could be imitated.

We limited our study to jump and crouch gaits, lbseathe inter-subject reproducibility was
fulfilled and because modifying a gait pattern reeadearning phase, and the more complex
the modifications are, the longer the necessairyitig time is. The indications given to the
subjects, to imitate pathological gait patternsocawn only respecting the equines of the ankle

during jump gait and the excessive knee flexionmducrouch gait.

4.2.2.2. Simulated pathological posture vs CP gaits

The variations on kinematics, induced by imitatipgthological gait patterns, lead
consequently to variations on kinetics and EMG paters.

In imitated jump gait, based on results presemefijures 3.30-3.32, required gait stabilities
tend the subject to flex less the knee which ergldifferences in the muscle activation of the
Bicep Femoris, and the Gastrocnemius and diffea®ntthe sagittal knee rotation during the
stance phase in comparison with the reference[tat®2000, Rodda 1994, Rozumalski 2009

Taysir REZGUI 138



Chapter 4: Discussion

In imitated crouch gait, based on results presemtefigures 3.29-3.31, the subjects tend
naturally to compensate the excessive knee flekipman excessive ankle dorsiflexion. The
upper body, in this case, stayed behind the fett the consequence of no extension moment
for the hip and an early activation of the Rectwsnbris. Nevertheless, healthy subjects
cannot perform a “perfect” imitation, because bdatrmities and joint dislocation cannot be

reproduced.

4.2.2.3. Clinical contribution

Despite these contrasted results, this study mdy bknicians to understand how the
pathological posture, defined especially as bioraeial constraints at joints, could
explain sources of abnormalities observed in musdiwities of CP patients.

* Gait Deviation Index

Imitating pathological gait can be considered dficsently reproducible and comparable to
real pathological gait. It could be helpful on baditing the gait deviation index for a specific
controlled alteration of the gait in relation wiplostures. To deal with CP children, the gait
deviation index, a composite value based on vargait parameters used to globally quantify
the gait quality $chwartz 2008, Baker 2009, Rozumalski 201& compared with those of

normal walking children. Using the gait deviatiordéx derived from imitated gait patterns

might better enlighten the deviations of the CRdrhn.

In this study, results of imitated gait patterns hmalthy adults and children are similar.
Clinical interpretation, based on healthy adultydapon, is preferred. First, the imitated CP
gaits, performed by adults, are more reproductbian those performed by children. Second,
the mature gait patterns is established by sevarsyaf age $utherland 198Band the gait

data remains similar to those of normal adu@iarpuu 1991L

* Musculoskeletal Modeling

Based on musculoskeletal modeling results, theremltanotor control introduced when

imitating the crouch and jump gaits showed thatdapimization laws defining a normal gait,
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fail to predict suitable muscle forces in this caS®nsequently, the optimization paradigm of
the musculoskeletal coordination is still challelggiwhen studying required compensation

strategies to achieve a natural progression.

The analysis of the simulated pathological gait caprove musculoskeletal modeling to
better understand cerebral palsy by exploring radiiére criteria to solve the mathematical
redundancy of musculoskeletal modelling for CP et [1, 2] or developing more complex

muscle function taking into account spasticity.

To sum upthe imitation of CP gait patterns by healthy satgeappears to be an interesting
additional tool to analyze CP gait patterns. Oudgtdemonstrated that healthy subjects are
able to reproduce modified gait pattern in ordesitaulate a pathological attitude. The last
two decades were dedicated to prove to the mediedl and society the benefit of gait
analysis for CP patients, the next step will bénaoe reliable reference data based on large
populations and multicentre sources. Thereforéatng pathological gaits may point out
that the altered muscle responses were not onlgdahsequences of central nervous system
impairments, but also the consequences of bioméddaestrictions at joints. Further studies
may help clinicians to better understand the causfe€P gait disorders and thus to
differentiate the consequences of biomechanicastcainmts of those caused by brain damage.
With this knowledge, the effectiveness of surgio&rvention in the management of CP will

be better appreciated.
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General conclusion

The goal of this research project was to developuaculoskeletal model for cerebral palsy
children as a promising clinical tool to enhancegmal decision making, based on a
retrospective study using the existing clinicat gl#ita. To achieve this goal, we first explored
the accuracy of a standard rescaled generic muda@i&ial modeling and then developed a
calibration procedure of musculoskeletal model'sapeeter values, based on gait data
collected from patients. The parameters taken ioosideration are the visco-elatsic
parameters of the joints, parameters of the comtabtthe ground and intrinsic parameters of
the model.

Today, gait analysis has become an indispensablertaéhe clinical management of patients
suffering from a wide variety of medical conditigrssich as Cerebral Palsy. Together with a
musculoskeletal modeling, clinical exams aim takte relevant biomechanical parameters
to guarantee clinical decision making without afpumd technical background. In the
absence of an optimized work-flow methodology aptinsized time consuming to develop a
personalized musculoskeletal modeling, we have dly on rescaled generic models.
Therefore, as a retrospective study, we focuserkstaled generic musculoskeletal. Several
studies have been developed. Firstly, normal gaibéalthy populations (adults and children)
have been studied to determine the impact of riegrah child skeleton model. Secondly, the
influence of altered muscle activation on MSM résulas been performed when healthy
subject imitated representative CP pathologicalt, gaiouch and jump gaits. Lastly,

musculoskeletal models of cerebral palsy childré&h spastic diplegia have been developed.

Major results of our project may be grouped int@éhcategories. These include the limits of
the standard rescaled generic musculoskeletal modeé contribution of the proposed

calibration procedure and the clinical contributarsimulated pathological gait patterns.

As concern the imitation of CP gait patterns byithgeasubjects, it appears to be an interesting
tool to better understand CP pathology using dingait analysis and to enhance defining
limitations of musculoskeletal modeling. Our studigmonstrated that healthy subjects are
only able to reproduce extreme pathological atdtudn addition, imitating pathological gaits
may point out that the altered muscle responseg wet only the consequences of central
nervous system impairments, but also the conseggent biomechanical restrictions at

joints. Further studies may help clinicians to &etinderstand the long-term consequences of
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CP gait disorders and thus to differentiate theseqnences of biomechanical constraints of
those caused by brain damage. With this knowleldig@ng a reliable reference data based on
large populations and multicentre sources, willdmee clinically interest to better appreciate

therapeutic management of cerebral palsy.

As concern musculoskeletal modelling, comparedaib analysis data, chosen as a reference
in this project, musculoskeletal modeling resulievged that even if the model outputs gave
correct results with healthy adults, the standastaled generic musculoskeletal modeling
showed limits on predicted kinematics and muscied® for healthy and CP children. These
can be explained, first, by the fact that, desthigelarge anthropometric LifeMOD database,
skeleton’s rescaling procedure gives not quantgiaiaccuracies, which should be taken into
account when interpreting MSM results. Second,tgoamd muscles are modeled as simple
visco-elastic model usually do not represent, eeittealthy child characteristics nor CP ones.
The standard musculoskeletal model's parameters doé represent child description, it
represents only healthy adult population. Finatlyp motor control functioning used in
LifeMOD, was chosen as a compromise to have corntiputd efficiency at the expense of a
complex biomechanical considerations. This lasitéition was emphasized when considering
predicted muscle of imitated pathological crouckd armp gaits. Imitating pathological gait
patterns raised the issue of the current optindratipproach to study muscle co-contractions,

compensatory strategies and non-optimized gaiépest

The calibration procedure proposed to refine sorascmoskeletal model’'s parameters based
on the clinical gait analysis data (e.g. stiffngsisit, motion agent and intrinsic model’s
parameters). Additional to this simple procedurecalibration, driving the model with the
experimental Ground Reaction Forces data have a milyence in model's outputs and it

improved quantitatively the predicted muscle adiores and estimated forces.

The results of our studies showed how rescaled rigengodels fail to accurately predict
muscle activation and forces of children populaiolVhereas, the resulting differences
between the rescaled generic and the calibrateceisadflected the effect of the aberrant
choice of musculoskeletal model’'s parameter wheystg healthy children and pediatric
CP subjects. This work pointed out that, in additio geometrical specificities of subjects

(healthy or CP ones), the parameters of a resgaedric musculoskeletal model play an
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important role in model’s outcomes and can be eefiand calibrated to improve model’s

outcomes.

The main limitation of our work was the use of Kieematic plug-in gait model as reference
to evaluate the kinematical musculoskeletal modedsults. Despite this limitation, our

retrospective study may represent a new perspeaatieinical applications.

In the absence of sophisticated gait analysis eoginps, the standard rescaled generic
musculoskeletal model may be used as an alternttiestimate the ground reaction forces
and muscle activations. It will be helpful, espdlgi for post-surgical gait analysis, which is
not routinely performed. Predicted ground reacfiamces of CP with jump gaits have to be
carefully interpreted. The calibrated musculosk#lebodel, in turn, uses subject-collected
anthropometric data and gait performances and sa@oveefine some MSM parameters. The
calibration procedure attempts to give a physicaaning to several parameters. Correlated
to the plugin-gait biomechanical model, resultsnfrthe calibrated MSM could be easily
understood and correctly interpreted by cliniciaBsen if this model reduces the human
complexity, but gives the clinician a useful toa study the surgical outcomes from

retrospective review of patient with a reasonablg.c

Possible perspectives of this work include gaitegxpentation and musculoskeletal modeling

improvements.

At first, performing additional experiments and d®ping powerful daily clinical techniques
of gait analysis are crucial to give the possipild calibrate more musculoskeletal parameters
by increasing the marker's set protocol, includiadditional foot markers, determining
instantaneous accurate joint centers and axisipasitThe development of such techniques

may improve clinical outcomes, as well as muscldtetkl modeling.

Second, improvements on musculoskeletal modeliagexuired:

* Improving joint models, to represent abnormal jdumctioning due for example to
bone deformities and developing new joints to take consideration secondary joints
of the foot, in the case of equinus foot.

* Improving muscle and motor control process modelrapresent the muscle co-

contractions and spasticity.
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General conclusion

The challenge of musculoskeletal modeling is thiedaion. Until today, the validation is
based only on qualitative observation. Becausédnaff, relying on musculoskeletal modeling

to patient’s management decision is still not appede.

During this PhD, we mainly determined the limits tife standard rescaled generic
musculoskeletal modeling by testing several hypsbewhich include the young healthy and
CP population, and the altered muscle activatiomntitating pathological gait patterns, and
then we developed a calibration procedure of thelet® parameters, base on gait analysis
data. Nevertheless, the presented solutions fabraééd musculoskeletal modeling are
flexible and general enough to test several MSMapaters and can be willingly applied to
other patient populations where musculoskeletal et®odan provide relevant information

concerning their motor disorders.

Taysir REZGUI 145



Bibliography




Abboud, R.J.Relevant foot biomechanjdSurrent Orthopaedics, 2002, 16 (3): p.165-179.

Alexander, E. J., Andriacchi, T.RCorrecting for deformation in skin-based markerteyss,
J Biomech., 2001, 3@): p.355-61.

Al Nazer, R., Klodowski, A., Rantalainen, T., Henen, A., Sievanen, H., Mikkola, A.,
Analysis of dynamic strains in tibia during humatdmotion based on flexible multibody
approach integrated with magnetic resonance imagteghnique Multibody System
Dynamics, 2008, 20 (4): p.287-306.

Anderson, F.C., Pandy,M.G.Dynamic optimization of human walkingJournal of
Biomechanical Engineering, 2001, 123, p.381-390.

Anderson, F.C., Pandy, M.GStatic and dynamic optimization solutions for gaite
practically equivalent, Journal of Biomechani@901, 34 (2): p.153-161.

Anderson, F.C., Pandy, M.(Qynamic Optimization of Human Walking Biomech Eng,
2001, 123 (5): p.381-390.

Anderson, F.C., Pandy, M.G., Individual muscle dbntions to support in normal walking,
Gait and Posture, 2003, 17: p.159 -169.

Anderson, A.E., Ellis, B.J., et alVerification, validation and sensitivity studies in
computational biomechanics Computer Methods in Biomechanics and Biomedical
Engineering, 2007, 10 (3): p.171-184.

Arnold, A.S., Delp, S.L.,Computer modeling of gait abnormalities in cerebyzlsy:
application to treatment plannindheoretical Issues in Ergonomics Science, 20@8;4: p.
305-312.

Arnold, A.S, Thelen, D.G., Schwarts, M.H., AndersoR.C., Delp, S.L.,Muscular
coordination of knee motion during the terminal4sgviphase of normal g&iJ Biomech.,
2007, 40 (15): p. 3314-3324.

Arnold, A.S., and Delp, S. LThe role of musculoskeletal models in patient asseat and
treatment In Treatment of Gait Problems in Cerebral Pdilited by J.R. Gage, Cambridge
Press, 2004.

Arnold, A.S., and Delp, S. LComputer modeling of gait abnormalities in cerebpalsy:
application to treatment planning Theoretical Issues in Ergonomics Science, 2406:
p.305-312

Arnold, A.S., Anderson, F.C., Pandy, M.G., Delpl..SMuscular contributions to hip and
knee extension during the single limb stance phafsenormal gait: a framework for
investigating the causes of crouch gdiBiomech, 2005-b, 38 (11): p.2181-9.



Arnold, A.S., Blemker, S.S., Delp, S.lIEyaluation of a deformable musculoskeletal model:
application to planning muscle-tendon surgeries @wouch gait Annals of Biomedical
Engineering, 2001, 29, p.1-11.

Arnold, A.S, Salinas, S., Asakawa, D.J., Delp, SAccuracy of muscle moment arms
estimated from MRI-Based musculo-skeletal modeteeofower extremityComputer Aided
Surgery, 2000, 5 (2): p.108-119.

Arnold, A.S., Liu, M.Q., Schwartz, M.H., Ounpuu,, ®elp, S.L.,The role of estimating
muscle-tendon lengths and velocities of the hangdrin the evaluation and treatment of
crouch gait Gait & Posture, 2006, 23 (3): p.273-281.

Arnold, A.S., Delp, S.L.Rotational moment arms of the medial hamstrings adductors
vary with femoral geometry and limb position: ingplions for the treatment of internally
rotated gait Journal of Biomechanics, 2001, 34(4): p.437-447.

Arnold, A.S., Asakawa, D.J., Delp, S.IDo the hamstrings and adductors contribute to
excessive internal rotation of the hip in personthwerebral palsy?Gait & Posture, 2000,
11(3): p.181-190.

Arnold, A.S., Komallu, A.V., Delp, S.Linternal rotation gait: a compensatory mechanism
to restore abduction capacity decreased by bonerdefy?, Developmental Medicine &
Child Neurology, 1997, 39: p.40-44.

Arnold, A. S., Anderson, F.C., et alluscular contributions to hip and knee extensiorirgyu
the single limb stance phase of normal gait: a fearark for investigating the causes of
crouch gait J Biomech., 200538(11): p.2181-2189.

Arnold, A.S., Liu, M.Q., Schwartz, M.H., Ounpuu,, ®elp, S.L.,The role of estimating
muscle-tendon lengths and velocities of the hangdrin the evaluation and treatment of
crouch gait Gait & Posture, 2006, 23: p.273-281.

Bache, C. E., Selber, P., et al) The management of spastic diplegizurrent Orthopaedics,
2003, 17(2): p.88-104.

Baker, R., Robb, JEoot models for clinical gait analysi$sait & Posture, 2006, 23(4):399-
400.

Baker, R., McGinley, J.L., Schwartz, M.H., Beyn@, et al.,The gait profile score and
movement analysis profjl&ait & Posture, 2009, 30 (3): p. 265-269.

Barr, K.M., Miller, A.L., Chapin, K.B.Surface electromyography does not accurately reflec
rectus femoris activity during gait: impact of sge@nd crouch on vasti-to-rectus crosstalk
Gait & Posture, 2010, 32 (3): p.363-368.

Bax, M., Goldstein, M.,Rosenbaum, P., Leviton, A&t al., Proposed definition and
classification of cerebral palsypev Med Child Neurol, 2005. 47 (8): p.571-576.



Bérard, C., La Paralysie cérébrale de I'enfant, guide de la sadtation, examen neuro-
orthopédique du tronc et des membres inférieBemuramps Médical, 2008.

Bell, K.J., Ounpuu, S., DelLuca, P.A., Romness, Nldtural progression of gait in children
with cerebral palsy) Pediatr Orthop, 2002, 22 (5): p.677-82.

Bell. A.L., Pedersen. D. R., Brand, R.£Rrediction of hipjoint center location from extefna
landmarks Hum Movemt Sci, 1989, 8: p.3-16.

Bell, A.L., Pedersen, D.R., Brand R.A\, comparison of the accuracy of several hip center
location prediction methodd Biomech, 1990, 23 (6): p.617-621.

Begon, M., T., Lacouture, PModélisation anthropométrique pour une analyse mégse du
geste sportif - Partie 2 : estimation des centraicalaires et détermination de la
cinématique du squelett8cience & Motricité, 2005, 2055.

Begon, M., Monnet, T., Lacouture, Effects of movement for estimating the hip joimtice
Gait Posture, 2007, 25 (3): p.353-359.

Berger, W., Altenmueller, E., Dietz, Mormal and impaired development of children's gait
Hum Neurobiol, 1984, 3 (3): p.163-70

Bergmann G, Graichen F, Rohlmann Alip joint contact forces during stumbling
Langenbecks Arch Surg., 2004, 389 (1): p.53-59.

Besier, T.F., Sturnieks, D.L., et dRepeatability of gait data using a functional hgng
centre and a mean helical knee axisBiomech, 2003, 36 (8): p. 1159-1168.

Blair, E. and Watson L.Epidemiology of cerebral palsyseminars in Fetal and Neonatal
Medicine, 2006, 112): p.117-125.

Blemker, S.S., Asakawa, D.S., Gold, G.E., Delp, ..S.Ilmage- based musculoskeletal
modeling: applications, advances, and future oppaittes J Magn Reson Imaging, 2007, 25
(2): p.441-51.

Bisi, M.C., Stagni, R., Houdijk, H., Gnudi, GAn EMG-driven model applied for predicting
metabolic energy consumption during movemaérilectromyogr Kinesiol., 2011, 21 (6): p.
1074-1080.

Bose, K., Yeo, K.Q.The role of surgery in cerebral palsgingapore Medical journal, 1975,
16 (4): p.249-255.

Bruening, D.A., Crewe, A.N., Buczek, F.lA simple, anatomically based correction to the
conventional ankle joint centeClinical Biomechanics, 2008, 23 (10): p.1299-1302

Cheze, L., Fregly, B.J., Dimnet, Determination of joint functional axes from noisgrier
data using the finite helical axisluman Movement Science, 1998, 15: p.477-496.



Camomilla, V., Cereatti, A., et alAn optimized protocol for hip joint centre deteration
using the functional methpd Biomech, 2006, 39 (6): p.1096-1106.

CappozzpA., Gait analysis methodologiHuman Movement Scienc&984,3: p.27-5Q

Cans, C.Surveillance of Cerebral Palsy in Europe: a colladtion of cerebral palsy surveys
and registersDev Med Child Neurol2000,42 (12): p. 816—824.

Cans C., De-la-Cruz, J., Mermet, M.A.Epidemiology of cerebral palsyaediatrics and
Child Health, 2008, 18 (9), p. 393-398.

Cao, H., Marin, F., Boudaoud, S., Marque, ®lodeling of motor-unit control and force
generation relationshipl6" Congress European Society of Biomechanics, SI2668.

Carbes, S., Torholm, S., Telfer, S., Woodburnetlal.,a new multisegmental foot model and
marker protocol for accurate simulation of the fobtomechanics during walkingin
proceeding InSB , Brussels, 2011.

Carrier, D.R., Anders, C., Schilling, NLhe musculoskeletal system of humans is not tuned t
maximize the economy of locomoti®noc Natl Acad Sci USA, 2011, 108 (46): p.18631-6

Cereatti, A., Camomilla, V., et alEstimation of the centre of rotation: a methodobadi
contribution J Biomech, 2004, 37 (3): 413-6

Cereatti, A., Camomilla, V., et alPropagation of the hip joint centre location errtw the
estimate of femur vs pelvis orientation using ast@ined or an unconstrained approach
Biomech. 2007, 40 (6): p.1228-34.

Chang, F.M., Seidl, A.J., Muthusamy, K., et Blffectiveness of instrumented gait analysis in
children with cerebral palsy—comparison of outcomk®ediatr Orthop, 2006, 26 (5): p.612-
616.

Cheng H., Obergefell, L., Rizer, AGenerator of Body (GEBOD) Manyalright-Patterson
Air Force Base, Ohio, AL/CF-TR9940051, 1994.

Christopher, G., Yoon, S., et aReliability of the functional method of hip joinéndre
location in Proceeding of ISB congress Dunedin, New Zel2003.

Cook, R.E., Schneider, |., Hazlewood, M.E., Hillm&J. Robb, J.EGait Analysis Alters
Decision-Making in Cerebral Palsylournal of Pediatric Orthopaedics, 2003, 23 ((3392-
295.

Correa, T.A., Baker, R., Graham, H.K., Pandy, M.&ccuracy of generic musculoskeletal
models in predicting the functional roles of musdtehuman gait) Biomech., 2011, 44 (11):
p.2096-2105.



Crenna, P.Spasticity and "Spastic' Gait in Children with Cena palsy Neuroscience and
Biobehavioral Reviews, 1984, 22 (4): p.571-578.

Crowninshield, R.D., Brand, R.A.A physiologically based criterion of muscle force
prediction in locomotionJournal of Biomechanics, 1981, (): p.793-801.

Cupp, T., Oeffinger, D., et alAge-Related Kinetic Changes in Normal Pediafrizairnal of
Pediatric Orthopaedics, 1999, 19 (4): p.475-478.

Curtis, D.J., Bencke, J., Stebbins, J.A., StargfiBl, Intra-rater repeatability of the Oxford
foot model in healthy children in different stagés$he foot roll over process during gaiait
& Posture, 2009, 30 (1): p.118-21

Dao, T.T.,Modélisation musculosquelettique des members efési modele biomécanique
vs. Méta modél|ePh.D. Dissertation, Université de Technologie€depiegne, 20Q9

Dao, T.T., Marin, F., Ho Ba Tho, M.CSensitivity of the anthropometrical and geometrical
parameters of the bones and muscles on a muscldtskenodel of the lower limbsn
Proceeding IEEE Eng Med Biol Soc, 2009, p. 52514525

Davis, R.B., Ounpuu, S., Tyburski, D., Gage, JAR.gait analysis data collection and
reduction technigueHum Movement Sci, 1991, 10: p.575-587.

Davids, J.R.Quantitative gait analysis in the treatment of dhéin with cerebral palsyJ
Pediatr Orthop, 2006, 26 (4): p.557-559.

Davids, J.R., Ounpuu, S., DeLuca, P.A., Davis, ROptimization of walking ability of
children with cerebral palsyinstr Course Lect. 2004, 53: p.511-22

Davis, R.B., DelLuca, P.AGait characterization via dynamic joint stiffne€zait & Posture,
1996, 4 (3): p. 224-231.

Della Croce, U., Cappozzo, A., Kerrigan, D.@elvis and lower limb anatomical landmark
calibration precision and its propagation to boneognetry and joint anglesMedical and
Biological Engineering and Computing, 1999, 37 (21:55-161.

Delp, S.L., Surgery simulation: a computer graphics system twlye and design
musculoskeletal reconstructions of the lower extyemPh.D. Dissertation, Stanford
University, 1990.

Delp, S.L.,Effect of the hip center location on muscle strepgburnal of Biomechanics,
1992, 25 (6): p.654.

Delp, S.L., Ringwelski, D.A., Carroll,N.CTransfer of the rectus femoris: Effects of transfer
site on moment arms about the knee angJoprnal of Biomechanics, 1994, 27 (10): p.1201-
1211.



Delp, S.L.,Computer modeling of movement abnormalities and thegical corrections
Gait & Posture, 1995, 3 (2): p.106.

Delp, S.L., Arnold, A.S., Speers, R.A., Moore, G.Mamstrings and psoas lengths during
normal and crouch gait: Implications for muscle-den surgery Journal of Orthopaedic
Research, 1996, 14 (1): p.144-151.

Delp SL, Stulberg SD, Davies B, Picard F, LeitnelCemputer assisted knee replacement
Clin Orthop Relat Res. 1998, 354: p.49-56.

Delp SL, Arnold AS, Piazza SGraphics-based modeling and analysis of gait abraditras.
Biomed Mater Eng. 1998, 8 (3-4) : p.227-40.

Delp, S.L., Anderson, F.C., Arnold, A.S., et &pensim: open-source software to create and
analyze dynamic simulations of moveme@BEE Transactions on Biomedical Engineering,
2007, 54 (11): p. 1940-1950.

DeLuca, P.A., Davis, R.B, Ounpuu, S., Rose, SkiSilR., Alterations in Surgical Decision
Making in Patients with Cerebral Palsy Based oneiDimensional Gait AnalysisJournal
of Pediatric Orthopaedics, 1997, 17 (5): p.608-614.

DelLuca, C.J., Contessa, R.model for muscle force with physiological basBsoceeding in
22" International Society of Biomechanics, Cape ToSmyith Africa, 2009.

Desalilly, E., Analyse biomécanique 3D de la marche de I'enfanficidéét moteur-
Modélisation segmentaire et modélisation musculektique Ph.D. Dissertation, Université
de Poitiers, 2008.

Desallly, E., Khouri, N, Yepremian, Y, Hareb, F,r&an, P., Lacouture PMuscle-tendon
surgery: effect on length and lengthening velooityectus femoris in cerebral palsy gait
Proceeding of Société de Biomécanique, CompiegoepDter Methods in Biomechanics
and Biomechanical Engineering, 2008, 11 (Sup 1).

Desalilly, E., Sardain, P., Khouri, N., Yepremian, Bareb, F., Lacouture, FSensitivity of
computations of muscular forces to modificationg@dmetric model during gaiComputer
Methods in Biomechanics and Biomedical Engineeridg, 1 (supp 1), Société de
Biomécanique, Toulon, 2009.

Desloovere, K., Molenaers, G., Feys, H., Huena&ts Callewaert, B., Walle, P.VDo
dynamic and static clinical measurements correlain gait analysis parameters in children
with cerebral palsy?Gait Posture, 2006, 24 (3): p.302-313.

De Zee, M., Lund, M.E., Schwartz, C., Olesen, C.Basmussen, J.Validation of
musculoskeletal models: the importance of trendidatibns IUTAM Symposium on
Analysis and simulation of human motion in LeuvBgelgium, 2010



Dobson, F., Morris, M.E., Baker, R., Graham, H.Kait classification in children with
cerebral palsy: A systematic revie@ait & Posture, 2007, 25 (1): p.140-152.

Donati, M., 3-D reconstruction of the human skeleton duringiomtPh.D Dissertation,
Universita degli Studi, Bologna, 2006.

Evans, G.A.The lower limb in cerebral palsurrent Orthopaedics, 1995, 9 (3): p.156-163.

Ehrig, R. M., Taylor, W. R., et alA survey of formal methods for determining the reent
rotation of ball joints J Biomech, 2006, 3@.5): p.2798-2809.

Ehrig, R.M., Taylor, W.R., Duda, G.N., Heller, M,QA survey of formal methods for
determining functional joint axed,Biomech , 2007, 40 (10): p.2150-2157.

Erdemir, A., McLean, S., Herzog, W., van den Bogadt, Model-based estimation of muscle
forces exerted during movemer@in Biomech, 2007, 22 (2): p.31-54.

Ferrari A, Cutti AG, Garofalo P, Raggi M, Heijbader, Cappello A, Davalli AFirst in vivo
assessment of "Outwalk": a novel protocol for daiigait analysis based on inertial and
magnetic sensordled Biol Eng Comput. 2010, 48(1):1-15.

Fieser, L., Quigley, E., et alComparison of hip joint centers determined fromface
anatomy and CT scans: two case studi&sit & Posture, 2000, 11: p.119-120.

Filho, M.C., Yoshida, R., Carvalho, W., et aAre the recommendations from three-
dimensional gait analysis associated with bettestpperative outcomes in patients with
cerebral palsy?Gait &Posture , 2008, 28 (2): p.316-322.

Finni, T., Komi, P.V., Lepola, V.In vivo muscle mechanics during locomotion depemd o
movement amplitude and contraction intensiyr J Appl Physiol., 2001, 85 (1-2): p.170-
176.

Fleming, B. C. and B. D. Beynnoim Vivo Measurement of Ligament/Tendon Strains and
Forces: A ReviepwAnnals of Biomedical Engineering, 2004, &2: p.318-328.

Forssberg, H.,Neural control of human motor developmer@urrent Opinion in
Neurobiology, 1999, 9 (6): p.676-682.

Fraysse, F.,Estimation des activitts musculaires au cours duuvement en vue
d'applications ergonomiquePhD. Dissertation, Université Claude Bernard er.y, 2009.

Fraysse, F., Dumas, R., Cheze, L., Wang, Gomparison of global and joint-to-joint
methods for estimating the hip joint load and thesafte forces during walkingJ Biomech.,
2009, 42 (14): p.2357-62.



Fregly, B.J., Reinbolt, J.A., Rooney, K.L., Mitche{.H., and Chmielewski, T.L. Design of
patient-specific gait modifications for knee osteloatis rehabilitation, IEEE Transactions
on Biomedical Engineering 54, 2007.

Fregly, B.J.,Design of optimal treatments for neuromusculoskeéleisorders using patient
specific multibody dynamic modglinternational Journal of Computational Vision and
Biomechanics, 2009.

Frigo, C., Rabuffetti, M.Multifactorial estimation of hip and knee joint ¢ers for clinical
application of gait analysjSGait Posture, 1998, 8 (2): p.91-102.

Gabriel, R.C., et al.Pynamic joint stiffness of the ankle during walkirggender-related
differencesPhys Ther Sport, 2008, 9 (1): p. 16-24.

Gage, J.R., Gait analysis for decision-making ireloral palsy. Bull Hosp Jt Dis Orthop Inst,
1983. 43 (2): p.147-63.

Gage, J.R.The role of gait analysis in the treatment of ceatlpalsy, J Pediatr Orthop,
1994, 14 (6): p.701-702.

Gage, J.R., P.A. DelLuca, and T.S. Rensh@uif analysis: principle and applications with
emphasis on its use in cerebral palbystr Course Lect, 1996, 45: p.491-507

Gage, J. R., Schwartz, M. H. , Koop, S. E, Novakh&. F.,The identification and treatment
of gait problems in cerebral palsWiley, John & Sons, Incorporated, 2010.

Galli, M., et al.,Joint stiffness and gait pattern evaluation in dhéin with Down syndrome
Gait Posture, 2008, 28 (3): p. 502-6.

Gamage, S.S., Lasenby, New least squares solutions for estimating the ayercentre of
rotation and the axis of rotatiod Biomech, 2002, 35 (1): p.87-93.

Ganley, K.J. and C.M. Power&ait kinematics and kinetics of 7-year-old childrem
comparison to adults using age-specific anthropoimelata, Gait Posture, 2005. 21 (2): p.
141-145.

Goldberg, S. R., Anderson, F.C., et Blyscles that influence knee flexion velocity inldeu
support: implications for stiff-knee gaitournal of Biomechanics, 2004, 37(8): p.1189-1196

Goldberg, S. R., Ounpuu, s., et &inematic and kinetic factors that correlate withgroved
knee flexion following treatment for stiff-kneetgaldournal of Biomechanics, 2006, 39:
689-698.

Garne, E., Dolk, H., Krageloh-Mann, 1., Holst Ra#, Cans, C., SCEP Collaborative Group,
Cerebral palsy and congenital malformatiorisuropean Journal of Paediatric Neurology,
2008, 12 (2): p.82-88.



Gilchrist, L.A., Winter, D.A. A two-patrt, viscoelastic foot model for use in gamulations, J
Biomech 1996, 29 (6): p.795-8.

Greene, W.B.Cerebral palsy: Evaluation and management of eguiand equinovarus
deformities Foot Ankle Clin, 2000, 5 (2): p.265-80.

Guler HC, Berme N, Simon SR, viscoelastic sphere model for the representatioplantar
soft tissue during simulationd Biomech, 1998, 31(9): p.847-53.

Halvorsen, K., Lesser, M., et alh, new method for estimating the axis of rotationl &me
center of rotationJ Biomech, 1999, 32 (11): p.1221-1227.

Halvorsen, K.Bias compensated least squares estimate of thercehtotation J Biomech,
2003, 36 (7): p.999-1008.

Harrington, M.E., Zavatsky, A.B., Lawson, S. E.,avw Z., Theologis, T.NRrediction of the
hip joint centre in adults, children, and patientsth cerebral palsy based on magnetic
resonance imagingl Biomech. 2007, 40 (3):595-602.

Heller, M.O., Trepczynski, A., Kutzner, I., et alyalidation of subject-specific
musculoskeletal modelBJTAM Symposium on Analysis and simulation of hamnmotion in
Leuven, Belgium, 2010.

Hermens, H.J., B. Freriks, C. Disselhorst-Klug, ar@e. Rau, Development of
recommendations for SEMG sensors and sensor plateprecedures. J Electromyogr
Kinesiol, 2000. 10(5): p. 361-74.

Hicks, J.L., Richards, J.GClinical applicability of using spherical fittingotfind hip joint
centers Gait Posture, 2005, 22 (2): p.138-45.

Hicks, J., Arnold, A., et alThe effect of excessive tibial torsion on the cépaxd muscles to
extend the hip and knee during single-limb stazst & Posture, 2007, 26 (4): p.546-552.

Hicks, J.L., Schwartz, M.H., et alCrouched postures reduce the capacity of muscles to
extend the hip and knee during the single-limbtgrhase of gaitlournal of Biomechanics,
2008, 41(5): p.960-967.

Hicks, J.L., Schwartz, M.H., Arnold, A.S., DelpLS.Crouched postures reduce the capacity
of muscles to extend the hip and knee during thglesiimb stance phase of gatournal of
Biomechanics, 2008, 41: p.960 :967.

Hicks, J.L., Delp, S.L., et alCan biomechanical variables predict improvementiauch
gait?, Gait & Posture, 2011, 34(2): p.197-201



Higginson, J.S., Zajac, F.E., Neptune, R.R., Ka8tA., Delp, S.L.Muscle contributions to
support during gait in an individual with post-ske hemiparesijsJournal of Biomechanics,
2006, 39 (10): p.1769-1777.

Hill, A.V., The Heat of Shortening and the Dynamic Constantdusicle In Proceedings of
the Royal Society of London, 1938, 126 (843): p-196

Himmelmann, K.,Cerebral Palsy in Western Sweden - Epidemiology famdtion PhD.
Dissertation, Goteborg University, Sweden, 2006.

Ho, Y.H., Hsieh, L.C., Wu, HW., Hung, C.SStudy of the Simulation in Kinematics and
Kinetics in Normal Gait Using Various Parameters) proceeding Bioengineering
Conferenceof IEEE 358" Annual Northeast, Boston, 2009.

Holden, J.P., Stanhope, S.The effect of variation in knee center locationmeates on net
knee joint moment$ait Posture, 1998, 7 (1): p.1-6.

Holzreiter, S.Calculation of the instantaneous centre of rotationa rigid body J Biomech,
1991, 24 (7): p.643-7.

Houdijk, H., Doets, H.C., van Middelkoop, M., Didq Veeger, H.E.Joint stiffness of the
ankle during walking after successful mobile-begrintal ankle replacemenGait Posture.
2008, 27 (1): p.115-9.

Huxley, H.E.,The double array of filaments in cross-striated abejsJ Biophys Biochem
Cytol, 1957, 25, 3 (5): p.631-648.

Jenkins, S. E. M., et aErrors in the calculation of the hip joint centreciation in children
Proceedings of 1B Congress of the International Society of Biomedtsn Zurich,
Switzerland, 2001.

Jenkins, S.E.M., Harrington, M.E., Zavatsky, A.B!Connor, J.J., Theologis, T.Ncemoral
muscle attachment locations in children and aduliad their prediction from clinical
measuremen@Gait & Posture, 2003, 18 (1): p.13-22.

Johnson , D.C., Damiano, D.L., Abel , M.Hhe evolution of gait in childhood and
adolescent cerebral palsyournal Of Pediatric Orthopedics, 1997, 17 ( 339@-396.

Jonkers, |., Spaepen, A., Papaioannou, G., StewartAn EMG-based, muscle driven
forward simulation of single support phase of gaiBiomech., 2002, 35 (5): p.609-619.

Jonkers, 1., Stewart, C., Spaepen, Fhe study of muscle action during single suppod an
swing phase of gait: clinical relevance of forwastmulation techniquesGait & Posture,
2003, 17 (2): p.97-105.



Jonkers, I., Stewart, C., Desloovere, K., Molenaés Spaepen, AMusculo-tendon length
and lengthening velocity of rectus femoris in $tifée gait Gait Posture, 2006, 23 (2): p.222-
229.

Jonkers, I.,Understanding musculoskeletal deformity and paftijickl gait: What can
musculoskeletal modelling and dynamic gait simateticontribute?lUTAM Symposiunon
Analysis and simulation of human motion in LeuvBelgium, 2010.

Kadaba, M.P., H.K. Ramakrishnan, M.E. Wootten, din€y, G. Gorton, and G.V. Cochran,
Repeatability of kinematic, kinetic, and electrographic data in normal adult gait) Orthop
Res, 1989, 7(6): p. 849-60.

Kadaba, M.P., Ramakrishnan, H.K., Wootten, M.Eleasurement of lower extremity
kinematics during level walking Orthop Res, 1990, 8 (3): p.383-392.

Kay, R. M., Dennis, S., Rethlefsen, S., Reynolds, $kaggs, D., Tolo, V.The Effect of
Preoperative Gait Analysis on Orthopaedic Decisidiaking Clinical Orthopaedics and
Related Research, 2000, 372: p.217-222.

Kay, R.M., Dennis, S., Rethlefsen, S., et #lpact of postoperative gaits analysis on
orthopaedic careClin Orthop Relat Res, 2000, 374: p.259-264.

Kim, H.J., Fernandez, J.W., et alEvaluation of predicted knee-joint muscle forcesirdu
gait using an instrumented knee implafdbdurnal of Orthopaedic Research, 2009, 27 (10):
p.1326-1331.

Kirkwood, R.N.,Kinematic and kinetic analysis of the hip joint uhgy level walking, stair
climbing and exercise protocglBh.D. Dissertation, Queen's University Canad8y19

Kirkwood, R.N., Radiographic and non-invasive deti@ation of the hip joint center
location: effect on hip joint moments, Clin Biomed®99, 14 (4): p.227-35.

Klets, O. , Riad, J., Gutierrez-Farewik E.M@ersonalized musculoskeletal modeling of lower
extremities based on magnetic resonance imaging @at15 patients with hemiplegic
cerebral palsy, IUTAM Symposium on Analysis and simulation ofnfman motion in Leuven,
Belgium, 2010.

Koman L.A., Smith, B.P., Shilt, J.Lerebral Palsythe Lancet, 2004, 363: p. 1619-1631.
La fondation Motrice, http://www.lafondationmotriceg/ [Last accessed : Mars, 2009]

Kromer, Analyse des forces musculaires au cours de la nearchpproche en corps rigide et
simulation en mécanismes plans flexible par élésndmis, PhD. Dissertation, Institut
National Polytechnique de Lorraine, 1993.

Lance, J., Symposium synopsis in spasticilysordered Motor Contrgl In Feldman R,
Young R, Koella W., Chicago: Year Book Medical Rshérs;198Q p.487-489



Lee, E.H., Goh, J.C., Bose, K/alue of gait analysis in the assessment of surgecgrebral
palsy, Arch Phys Med Rehabil 1992, 73 (7): p.642-646.

Leardini, A., Cappozzo, A., et alalidation of a functional method for the estimatiaf hip
joint centre locationJ Biomech, 1999, 32 (1): p.99-103.

Leardini, A., Benedetti, M.G., et alAn anatomically based protocol for the descriptimin
foot segment kinematics during galin Biomech, 1999, (8): p.528-36.

Lenaerts, G., Bartels, W., et abubject-specific hip geometry and hip joint cent@ation
affects calculated contact forces at the hip dugagt, Journal of Biomechanics, 2009, 42 (9):
p.1246-1251.

Lewis, G.S., Cohen, T.L. et aln vivo tests of an improved method for functidoahtion of
the subtalar joint axisJournal of Biomechanics, 2009, 42 (2): p.146-151.

Li, G., Pierce, J.E., Herndon, J.HA, global optimization method for prediction of mlesc
forces of human musculoskeletal systéiomech., 2006, 39 (3): p.522-529.

LifeModeler user’s manual, 2008, http://www.lifeneder.com/LM_Manual/ [last accessed,
2011].

Lin, C.J., L.Y. Guo, F.C. Su, Y.L. Chou, and R.hethg,Common abnormal kinetic patterns
of the knee in gait in spastic diplegia of cerelpalsy Gait Posture, 2000. 11(3): p. 224-32.

Liu, M.Q., Anderson, F.C., Schwartz, M.H., DelpL.SMuscle contributions to support and
progression over a range of walking speetiBiomech., 2008,41(15): p.3243-52.

Lloyd, D.G., Besier, T.F., An EMG-driven musculokkal model to estimate muscle forces
and knee joint moments in vivo, J Biomech, 2003(&6p.765-776.

Lofterod, B., Terjesen, .T Results of treatment when orthopaedic surgeotisw gait-
analysis recommendations in children with,@®v Med Child Neurol, 2008, 50 (7): p.503-
5009.

Lopomo N, Sun L, Zaffagnini S, Giordano G, SafraR MEvaluation of formal methods in
hip joint center assessment: an in vitro analy@is Biomech, 2010, 25(3):206-12.

Mackey AH, Walt SE, Lobb GA, Stott NSReliability of upper and lower limb three-
dimensional kinematics in children with hemiple@ait & Posture, 2005, 22 (1): p.1-9

MacWilliams, B.A., Cowley, M., Nicholson, D.EFoot kinematics and kinetics during
adolescent gajtGait Posture, 2003, 17 (3): p.214-24.

MacWilliams BA.,A comparison of four functional methods to deteerdanters and axes of
rotations Gait & Posture, 2008, 28 (4): p.673-679.



Marieb, E.N,Anatomie et Physiologie Humaireearson Education, 2010.

Marin, F., Contribution biomécanique a I'étude de l'articutati fémoro-tibiale pendant la
marche in vivoPh.D. Dissertation, Ecole Nationale Supérieuretd'aAt Métiers, 2000.

Marin, F., Mannel, H., Claes, L., Durselen, Cgrrection of axis misalignment in the analysis
of knee rotationsHum Mov Sci, 2003, 22 (3): p.285-296.

McAdams, R. M. and S. ECerebral Palsy: Prevalence, Predictability, and Patal
CounselingNeoreviews, 2011, 12 (10): p.564-574.

McCahill, J., Stebbins, J., Theologis, Use of the Oxford Foot Model in clinical practjck
Foot Ankle Res., 2008, 1 (Suppl 1): p.028.

McGibbon, C. A., Riley, P. O., et al., Comparisgrhip center estimation using in-vivo and
ex-vivo measurements from the same subject, Clomigch, 1997, 1¢7-8): 491-495.

McGinley, J.L., R. Baker, R. Wolfe, and M.E. MotriBhe reliability of three-dimensional
kinematic gait measurements: a systematic re@eant & Posture, 2009, 29 (3): p. 360-9

Molenaers, G., Desloovere, K., Fabry, G., De Cdek,The effects of quantitative gait
assessment and botulinum toxin a on musculoskaletgery in children with cerebral palsy
J Bone Joint Surg, 2006, 88 (1): p.161-170.

Morris C, Doll HA, Wainwright A, Theologis T, Fitgrick R. The Oxford ankle foot
guestionnaire for children: scaling, reliabilitycamalidity. J Bone Joint Surg Br., 2008, 90
(11): p.1451-6.

Most, E., Axe, J., Rubash, H., Li, Gensitivity of the knee joint kinematics calculatto
selection of flexion axed Biomech, 2004, 37(11):1743-1748.

Murphy, N., Such-Neibar, TCerebral palsy diagnosis and management: the sththe art
Current Problems in Pediatric and Adolescent Headére, 2003, 33 (5): p.146-169.

Narayanan, U.G.The role of gait analysis in the orthopaedic mamagat of ambulatory
cerebral palsy Curr Opin Pediatr, 2007, 19 (1): p.38-43.

Neptune, R.R.Computer modeling and simulation of human movendgnqlications in sport
and rehabilitation Phys Med Rehabil Clin N Am, (2000), 11 (2): p.434

Neptune, R.R., Zajacbh, F.E., Kautz, S.Muscle mechanical work requirements during
normal walking: the energetic cost of raising thadiy's center-of-mass is significadburnal
of Biomechanics, 2004, 37: p.817-825.

Neptune, R.R., Burnfield, J.M., Mulroy, SIhe neuromuscular demands of toe walking:
a forward dynamics simulation analysisBiomech., 2007, 40 (6): p.1293-1300.



Oberhofer, K., Mithraratne,K., et al.Error propagation from kinematic data to modeled
muscle-tendon lengths during walkjrdgurnal of Biomechanics, 2009, 42 (1): p.77-81.

Oberhofer, K., Stott, N.S., Mithraratne, K., Andars I.A., Subject-specific modelling of
lower limb muscles in children with cerebral pal§lin Biomech, 2010, 25 (1): p.88-94.

Ounpuu, S., Gage, J.R., Davis, R.Bhree-dimensional lower extremity joint kinetics in
normal pediatric gaitJ Pediatr Orthop, 1991, 1 (3): p.341-9.

Praagman, M., Chadwick, E.K.J., et dlhe relationship between two different mechanical
cost functions and muscle oxygen consumpfidiomech, 2006, 39 (4): p.758-765.

Pedersen, DR., Brand, RA., Davy, DPglvic muscle and acetabular contact forces during
gait, Journal of Biomechanics, 1997, 30( 9): p. 959-965.

Pennecot, G.P.Marche Pathologique de I'Enfant Paralysé CérébraMarche normale,
Analyse et compréhension des phénomeénes pathodsgifiraitement, EvaluatioSpecialités
Med., Montpellier: Sauramps Médical, 2009.

Pandy, M.G., Anderson, F.(Dynamic optimization of human gaitournal of Biomechanics
1998, 31, Supplement 1 (0): p.115.

Pandy, M.G.,Computer modeling and simulation of human moven@miu Rev Biomed
Eng, 2001, 3: p.245-73.

Pandy, M.G.,Simple and complex models for studying muscle imaéh walking, Philos
Trans R Soc Lond B Biol Sci, 2003, 358 (1437): [:4609.

Pandy, M.G., Lin, Y.C., Kim, H.JMuscle coordination of mediolateral balance in natm
walking, J Biomech., 2010, 43 (11): p.2055-64.

Patriarco, A.G., R.W. Mann, S.R. Simon, and J.Mnbtaur,An evaluation of the approaches
of optimization models in the prediction of musideces during human gait) Biomech,
1981. 14 (8): p. 513-525.

Perry, J.Gait Analysis: Normal and Pathological Functiofhorofare, New Jersey-SLACK
Incorporated, 1992.

Perry J, Bontrager EL, Bogey RA, Gronley JK, Barhés, The Rancho EMG analyzer: a
computerized system for gait analysi8iomed Eng, 1993,15(6):487-96.

Perry. J.Chapter 1- The Contribution of Dynamic Electromagay to Gait AnalysisGait
analysis in the science of rehabilitation, DeL&sal., United States, 1998.

Peters A, Baker R, Sangeux Malidation of 3-D freehand ultrasound for the debtémation
of the hip joint centreGait & Posture, 2010, 31 (4): p.530-532.



Piazza, S.J., Cavanagh P.Measurement of the screw-home motion of the kneenistive to
errors in axis alignment] Biomech, 2000, 3®): p.1029-1034.

Piazza, S. J., Okita, N., et ah¢curacy of the functional method of hip joint egrlbcation:
effects of limited motion and varied implementatibBiomech, 2001, 3@): p.967-73.

Piazza, S.J., Erdemir, A., et ahssessment of the functional method of hip joimtere
location subject to reduced range of hip motidBiomech, 2004, 37 (3): p.349-56.

Pierce, J.E., Li, GMuscle forces predicted using optimization metreréscoordinate system
dependentd Biomech. 2005, 38 (4): p.695-702.

Ravary, B., Pourcelot, P., Bortolussi, C., Koniex;z&., Crevier-Denoix, NStrain and force
transducers used in human and veterinary tendonl@agnent biomechanical studie€lin
Biomech, 2004, 19 (5): p.433-47.

Reinbolt, J.A., Haftka, R.T., Chmielewski, T.L.,egty, B.J.,Are patient-specific joint and
inertial parameters necessary for accurate invedgaamics analyses of gaittEEE Trans
Biomed Eng, 2007, 54 (5): 782-793.

Reinbolt, J.A., Haftka, R.T., Chmielewski, T.L.,egty, B.J.,A computational framework to
predict post-treatment outcome for gait-relatedodiiers Med Eng Phys, 2008, 30 (4):
p.434-43.

Reinbolt, J. A., Fox, M. D., et alimportance of preswing rectus femoris activity tiff-knee
gait, Journal of Biomechanics, 2008, 41 (11): p.2362-2369

Reinbolt, J. A., Seth, A., et aBimulation of human movement: applications usingrt3mm
Procedia IUTAM, 20112(0): 186-198.

Ren, L., Jones, R. K., et dPredictive modeling of human walking over a congigit cycle
Journal of Biomechanics, 2007, 40(7): p.1567-1574.

Renshaw, T.S., Green, N.E., Griffin, P.P, Root, Cerebral Palsy: Orthopaedic
Managementthe Journal of Bone & Joint Surgery, 1995; 77)(p0L590-1606

Rivest, L.P.,A correction for axis misalignment in the joint dagurves representing knee
movement in gait analysidournal of Biomechanics, 2005, 38 (8): p.1604-116

Rodda, J.M., Graham, H.K., Carson, L., Galea, M\Walfe,R., Sagittal gait patterns in
spastic Diplegia the Journal of Bone & Joint Surgery, 2004, 36 . 251-258.

Romei M, Galli M, Motta F, Schwartz M, Crivellini MJse of the normalcy index for the
evaluation of gait pathologyGait Posture 2004;19:85-90.

Romkes, J. Brunner, RAn electromyographic analysis of obligatory (hemgit cerebral
palsy) and voluntary (normal) unilateral toe-walgjrGait & Posture, 2007, 26 (4): p. 577-86.



Rozumalski, A., Schwartz, M.H., Crouch gait pattedefined using k-means cluster analysis
are related to underlying clinical pathology, Q&atsture, 2009, 30 (2): p. 155-160.

Rozumalski, A., Schwartz, M.HThe GDI-Kinetic:a new index for quantifying kinetic
deviations from normal gaitGait & Posture, 2011, 33 (4): p. 730-2.

Schache, A.G. and R. Bak&dn the expression of joint moments during .g&iait Posture,
2007, 25 (3): p. 440-52.

Schwartz, M.H., Rozumalski, AA new method for estimating joint parameters frootiom
data Journal of Biomechanics, 2005, 38 (1): p.107-116.

Schwartz, M.H., Rozumalski AThe Gait Deviation Index: a new comprehensive inoiex
gait pathology Gait Posture, 2008. 28(3): p. 351-7.

Schwartz, M.H., Trost, J.P., et aMeasurement and management of errors in quantéativ
gait data,Gait & Posture, 2004, 20: p.196-203.

Scheys, L.Personalized musculoskeletal modeling based on etegresonance images: use
for biomechanical analysis of gaPh.D. Dissertation, Katholieke Universiteit Leny2009.

Scheys, L., Suetens, P., JonkersSuibject-specific musculoskeletal modelling - i€evance
when studying cerebral palsy gaitlUTAM Symposium on Analysis and simulation of
human motion in Leuven, Belgium, 2010.

Schmidt, D.J., Arnold, A.S., Carroll, N.C., DelpLS Length changes of the hamstrings and
adductors resulting from derotational osteotomidstlee femuy Journal of Orthopaedic
Research, 1999, 17 (2): p.279-285.

Seidel, G. K., Marchinda, D. M., et aldip joint center location from palpable bony
landmark: a cadaver study Biomech, 1995, 28 (8): p.995-998.

Seth, A., Sherman, M., et alQpenSim: a musculoskeletal modeling and simulation
framework for in silico investigations and exchangeocedia IUTAM, 20112(0): 212-232.

Shea, K. M., Lenhoff, M.W., et aMalidation of a method for location of the hip joaenter
Gait & Posture, 1997, 5: p.157-158.

Shao, Q., Bassett, D.N., Manal, K., Buchanan, R8  EMG-driven model to estimate muscle
forces and joint moments in stroke patie@esmput Biol Med., 2009, 39 (12):p.1083-1088.

Shelburne KB, Torry MR, Pandy M&ontributions of muscles, ligaments, and the greund
reaction force to tibiofemoral joint loading duringprmal gait J Orthop Res., 2006, 24 (10):
p.1983-1990.

Schutte LM, Narayanan U, Stout JL, Selber P, Gdge Schwartz MH.An index for
guantifying deviations from normal gatait & Posture, 2000, 11: p.25-31



Siston, R.A., Daub, A.C., Giori, N.J., Goodman, SBelp, S.L.,Evaluation of methods that
locate the center of the ankle for computer-asgistéal knee arthroplastyClin Orthop Relat
Res., 2005, 439: p.129-135.

Siston, R.A., Delp S.L., #luation of a new algorithm to determine the hgm{ center
journal of Biomechanics, 2006, 39 (1): p.125-130.

Stagni, R., Leardini, A., et aEffects of hip joint centre mislocation on gait &rsés resultsJ
Biomech, 2000, 3811): p.1479-1487.

Stebbins, J., Harrington, M., Thompson, N., Zawatgk, Theologis, T.Repeatability of a
model for measuring multi-segment foot kinematcshildren, Gait & Posture, 2006, 23 (4):
p.401-10.

Steele, K.M., Seth, A., et aMuscle contributions to support and progressiomiray single-
limb stance in crouch galtpurnal of Biomechanics, 2010, 43(11): p.2099-2105.

Seuret, F., L'IMCou l'infirmité multi composéd-aire Face, 2007, N°1, suppl. du 653, p.6-8.
Sharan, D.Recent Advances in Management of Cerebral Patslyan Journal of Pediatrics,
2005, 72 (11): p.969-973.

Shefelbine, S. J., Carriero, ACombining musculoskeletal modelling and finite @em
analysis to predict skeletal growthUTAM Symposium on Analysis and simulation of
human motion in Leuven, Belgium, 2010.

Stansfield, B.W., Nicol, A.C., Paul, J.P., KellyGl, Graichen, F., Bergmann, Mjrect
comparison of calculated hip joint contact forceshwthose measured using instrumented
implants - An evaluation of a three-dimensional meatatical model of the lower limBd
Biomech., 2003, 36 (7): p. 929-36.

Staudenmann, D., Roeleveld, K., et Methodological aspects of SEMG recordings for force
estimation — A tutorial and reviewlournal of electromyography and kinesiology, 2000
(3): p. 375-387.

Steinwender , G., Saraph, V., Zwick, E.B., Steingn, C., Linhart, W.Hip locomotion
mechanisms in cerebral palsy crouch g@&hit & Posture. 2001, 13 (2): p.78-85.

Sussman, D.M.The Diplegic Child: Evaluation and Managememtmerican Academy of
Orthopaedic Surgeons, 1992.

Sutherland, D.H., Schottstaedt, E.R., Larsen, Ashley, R.K., Callander, J.N., James PM.,
Clinical and electromyographic study of seven dpadtildren with internal rotation gaif J
Bone Joint Surg Am, 1969, 51 (6): p.1070-82.

Sutherland, D.H., Glshen, R., Cooper, L., Woo She development of mature galthe
Journal of Bone and Joint Surgery, 1980, 62 (AB36-353.



Sutherland, D.H., Davids, J.REpmmon gait abnormalities of the knee in cerebedsy Clin
Orthop Relat Res, 1993, 288: p. 139-147.

Sutherland, D.The development of mature gd#ait & Posture, 1997, 6 (2): p.163-170.

Tedroff, K., Children with spastic cerebral palsy: Aspects ofsote activity and ‘Botulinum
toxin A’ treatmentPhD. Dissertation, Karolinska Institutet, Swed2009.

Thelen, D.G., Anderson, F.C., et abgnerating dynamic simulations of movement using
computed muscle contral Biomech, 2003, 36 (3): p.321-328.

Thomas, S.S., Moore, C., Kelp-Lenane C., NorrisSimulated gait patterns: the resulting
effects on gait parameters, dynamic electromyogyajint moments, and physiological cost
index Gait & Posture, 1996, 4: p. 100-107.

Van der Zijden, A.M., Groen, B.E., Keijsers, N.L MWNienhuis, B.,The introduction and
development of the FAMP-coach; a tool to guide magdacement in clinical gait analysis
IUTAM Symposium on Analysis and simulation of hunmantion in Leuven, Belgium, 2010.

Viel, E., La marche humaine, la course et le saut: bioméaamigxplorations, normes et
dysfonctionnementdasson, 2000.

Vaughan, C.L.Are joint torques the Holy Grail of human gait aysis? Human Movement
Science, 1996, 15 (3): p. 423-443.

Waters, R.L., Mulroy, S.The energy expenditure of normal and pathologid, ganit &
Posture. 1999, 9 (3): p.207-31.

Whittle, M.W., Gait analysis: an introduction, Oxdip Butterworth-Heinemann, 2007.

Winter, D.A., Biomechanics and motor control of human movenpigetv York: John Wiley
& Sons, 1990.

Wong, A.Y., Sangeux, M., Baker, RCalculation of joint moments following foot contact
across two force plate§sait Posture, 2010, 31 (2):292-3.

Wren, T.A., Rethlefsen, S., Kay, R.MPrevalence of specific gait abnormalities in chddr
with cerebral palsy: influence of cerebral palsysipe, age, and previous surgedyPediatr
Orthop, 2005, 25 (1): p. 79-83.

Wren, T.A., Woolf, K., Kay, R.M.,How closely do surgeons follow gait analysis
recommendations and whyP?Pediatr Orthop, 2005, 14 (3): p.202-205.

Wren, T.A., Kalisvaart, M.M., Ghatan, C.E., Retslef, S.A., Hara, R., Sheng, M., Chan,
L.S., Kay, R.M.,Effects of preoperative gait analysis on costs antbunt of surgery J
Pediatr Orthop. 2009, 29 (6): p.558-563.



Wright, C.J., Arnold, B.L., Coffey, T.G., Pidcoe,B?, Repeatability of the modified Oxford
foot model during gait in healthy adulGait Posture, 2011, 33 (1): p.108-12

Wu, G., Cavanagh, P. RISB recommendations for standardization in the repg of
kinematic data, Journal of Biomechanid®95, 28 (10): p.1257-1261.

Zajac, F.E., Neptune, R.R., et al., Biomechanias rmnscle coordination of human walking:
Part II: Lessons from dynamical simulations andichl implications, Gait & Posture, 2003,
17 (1): p.1-17.

Zarrugh, M.Y, Todd, F.N, Ralston, H.Dptimization of energy expenditure during level
walking.Eur. J. Appl. Physiol., 1974, 33, p.293-306.

Zeni, J.A., Higginson, J.SDynamic knee joint stiffness in subjects with agpessive
increase in severity of knee osteoarthri@in Biomech, 2009, 24 (4): p. 366-371.



Annex 1:
Conventional Gait Model: Plug-in Gait

Plug-in Gait is a biomechanical model for the lowetbs developed by Kadaba et @989
and Dauvis et al. (1991), implemented in the commésoftware of Vicon.

The biomechanical model requires anthropometricson@aments of the subject and different
markers’ trajectories to calculate joint kinemathrsl kinetics.

Parameters

Inputs Outputs

B — R —

1. Required anthropometric measurements

The anthropometric data measurements include hdighy weight, the distance between the
anterior and posterior superior iliac spines (ASIBSIS) and the leg lengths of lower limbs
measured from the greater trochanter to the kniaegenter and from the knee joint center to
the lateral malleous. These measurements are iamiddr the calculation of the thigh, calf

and foot centers of mass, estimated using regressjoations developed by Winter et al.

(1990), the calculation of the inertial propertaasl the center joint location (Davis 1991).

2. Marker set: Helene Hayes clinical model

The standard Helene Hayes clinical protodohyis 199}, is frequently used in clinical
practices (figurel).



L LASI- e Ateror Superit
 RASI - Right Antrir Superict s

]

RMTS - Right St etgarsal

Figure 1: Marker Label Definition Position on Sutije

RMTS — Right 5th Metatarsal =
RANK — Right Ankle
RHEE — Right Heel

The marker placements are defined as follows.

Marker’'s name

Marker’s position

On the skin mid-way between the posterior supélisnr spines (PSIS

=

Sl Slatel and positioned to lie in the plane formed by thd3\&nd PSIS points
LASI
Left / Right ASIS RAS| Left / Right anterior superior iliac spine
Left / Right PSIS Left/ Rgght_ posterior superior iliac spine '(lmmaﬂq _below the
RPSI sacro-iliac joints, at the point where the spinagdhe pelvis)
. . LTHI
Left / Right thigh STHI Over the lower lateral 1/3 surface of the left/titfligh
. LKNE . . .
Left / Right knee On the flexion-extension axis of the knee
RKNE
. . LTIB
Left / Right tibia Over the lower 1/3 surface of the shank
RTIB
LANK On the lateral malleolus along an imaginary linatthasses throug
Left / Right ankle RANK the transmalleolar axis
Left / Right heel LHEE On the calcaneous at the same height above theaplsurface of the
RHEE foot as the toe marker
_ LTOE Over the second metatarsal head, on the mid-folet sf the equinus
Left / Right toe _
RTOE break between fore-foot and mid-foot

D

3. Local anatomical frames and joint center Location

In the plug-in-Gait, lower limbs are modeled asigidr segments: Pelvis, Left/Right Thigh,

Left/Right Shank, and Left/Right Foot. The markpositions were used, first, to define the

local reference systerﬁ%T,IZ)for each segment to predict the joint centers asghent

endpoint, and second, to use these joint centdtiguos and external marker positions for



generating segment global reference fra(%&, 7), which are embedded at the centers of

gravity of each segment.

% Pelvic anatomical frame and hip joint position

The pelvis segment coordinate system is defineah fnoarkers placed at the pelvis, RASIS,
LASIS, LPSIS and RPSIS or Simply the Sacrum ma(iex midpoint of the two posterior
markers). The midpoint of the two ASIS markers wiesi the origin of the anatomical frame of
the pelvic segment. The Yp axis is oriented aldrgline passing through the ASISs in the
direction from the right to the left ASIS markehd& Zp axis is defined as the perpendicular
axis to the plane composed by the markers of thaesp@he Xp-axis is the third axis of the

orthogonal frame, is mutually perpendicular to bibh Yp-axis and the Zp-axis.

O, = RASI * LAS| j © | —suce
y = (RASI - LASI) -7 q
" |RASI-LAS|

_ (Sacrum - LASIx (Sacrum - RASI)F
" ||(Sacrum - LASIx (Sacrum - RAYjl)

4

X =yxz=i

vi‘,

According to Davis et al. (1991), the hip joint tamis positioned in the pelvis coordinate

system as following:

X = C*cos(@)*sin(B) - (AsisTrocDist + mm) cos(3)
Y = -(C*sin(@) - aa)
Z = -C*cos(@ )*cosf ) - (AsisTrocDist + mmt)sin(3)

where

6= 0.5 radiansf =0.314 radians, ae:1L2~=|| * RABASI||,mm = the marker radit
AsisTrocDist = 0.1288 * LegLength - 48.56 ; C = Leggth*0.115 - 15.3

s Thigh anatomical frame and knee joint center position

The KJC is defined as the point at distance Kndeds the Knee marker (KNE) in the plane
defined by KNE marker, THI marker and HJC:



Mar kerDiameter+ KneeWidt
2

KneeOS=

The Thigh Anatomical reference system is then eefias:

Origin : KJC

Z axisdirection : KIC> HIC

X axis direction : perpendicular to the plar
defined by (HJC, KNE, THI)

Y axis direction: Cross product between Z a

X unit vector

% Shank anatomical frame and ankle joint center position

The AJC is defined as the point at distance Ankl&Om the Ankle marker (ANK) in the
plane defined by ANK marker, TIBmarker and KJC.

Mar kerDiameter+ AnkleWidtl
2

The Shank Anatomical reference system is then eefas:

AnkleOS=

Origin: AJC

Z axisdirection : AJC> KJC

X axis direction : perpendicular to th
plane defined by (KJC, AJC, TIB)

Y axis direction: Cross product betweer "

112

Z and X unit vector

4. Kinematics calculation

Joint angles are the relative angles between tgid segments, always ordered as flexion-
extension angles, adduction-abduction angles ateinial and external rotation angles. The



oint angles are determined using both Euler ratatingle definitionsRamakrishnan 1989,
Kadaba 1989, Kadaba 1990

5. Kinetics calculation

By solving the equations of motion for the segmaeaitshe lower limbs, in which external
forces are the Ground Reaction Forces (GRF), thgoime forces [N/Kg], the joint moments
[N.mm/Kg] were estimated. The joint power [W/Kg] iBe scalar product between joint

moments and joint angular velocities.

L FX=max= FHJ(’..FI(X
) Fy=mav=FHy+ Fky_w
EM=la =My+[rxE [+|rXE |

Space diagram free-body diagrams ' l
of the lower extremity  of each segment w

L Fy=ma,= Fi,+Fy

L Fy=may = Fy + Fay' W

IM= o =Mk [ EXEy |+ | xE |

!

EFy= max=F3x+ ng
X Fy= may= Fay+ ng— W
IM= 0 =My+ X Ey| +IXE,|

Fax Fav Mﬂ.
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Annex 2:
LifeMOD and GEBOD database

The human model in LifeMOD includes 19 rigid segtserTheir general properties and
dimensions are created using data from the GeB@@@rometric databases.

The GeBOD database creates a human model basdthple slescriptions such as gender,
age (for child), height and weight. The gender #mel age are required to define which
anthropometric database to use (Snyder et al, 1MMEGonville et al. 1980, Young et
al.1983). The weight and the height are used fecakng procedure through regression
equations, as follows.

Adult Male and Female Subjects Child Subjects
. . Age, Weight, and/or |
| Welght andlor Height s Heght |
' \
Y ‘
[ : + IS S
e L 7 N { Survey Regression |
Stereophotometric { Survey Regression S Equations ’
| Regression Equations  / . Equations ) i T _— o
+ ‘ 1 32 Body Dimensions ‘
| | 32 Body | - -
Y Jﬁ Dimensions |
Mass Joint | Y T T T
Properties kim‘t_‘?_"s. J ST KGcometric Equations P,
{ Geometric , ”_,,,-—f
X Equations
7 Geometric T
‘. Equations ‘ Y | i ;
. | Semiaxes ! Mass ‘ Jom’f Semiaxes
Yy — ‘Prqpeme: ) Semlaxes ocatlons ! | Locations
| Semiaxes
| Lacations |

Figurel: Procedure used in generating Adult anddChodels

In GEBOD, there are 4 groups of regression equstvamch are used to determine the body
dimensions, the joint location coordinates, thens&gt volumes and principle moments of
inertia, detailed ilCheng 1994
As an example, for the shoulder, the regressiomtémuusing both the weight and the height
has the best prediction ability:

Shoulder Height
Shoulder Height
Shoulder Height

il
o

.07182 (Body Weight) + 42.77

.8751(Standing Height) - 3.936

.00755(Body Weight) + 0.8469(Standing Height)
- 3.096

1§ il
o o



From this description theody measurementparameters are created, as shown in figure 2.

-

"' LifeMOD - Body Segment Measurement Table
BODY MEASUREMENT TABLE (langth data displayed in inches)
@ Male " Female ( Child ¢ Non-Human % Hands Gripping (" Hands Open
Age (morths)  [zeal0 Waist_Depth [a.6170494179 Leftknee Ht Seated [ 21,99618541
Weight (bs) | 169.7530864151 Waist Breadth [12.0108018073 Right Thigh Circum, | 22.5035602827
Standing_Height | 70.0 Buttock Depth [9za19317001  Left Thigh Circum, 22 8035602527

Right Shoulder Ht [57,2849888844 Hip Breadth Standing [15.7771791722 Richt Upper Leg Circunn.[ 15, 1023275295
Left Shoulder Ht [ 57,2869808644 Right Shouider To Elbow Ln [ 14,1932000816 Left Upper Leg Circum. [ 15, 1023275299
Right Armpit Ht | 51,2785570284 Left Shoulder To Elbowln | 141532000816 Right Knee Circum, | 15,3455677064
Left Armpi He | 51,2765570284 Right Forearm Hand Length [ 13,4876759268 Left Knse Cireum, 15.3455677064
WaistHeight  [42,.076585549  Left Forearm HandLength  [19.4876755256 Right Caf Greum. [ 14,4814201753
SeatedHeight | 367411964749 Right Biceps Cireumference  [12,2228562717 Left Calf Cireum, | 14,4614201753
Head Length  [7.817658576  Left Biceps Cicumference | 12.2228582717 Right Ankle Cireum. | 8.7574689033

Head_Breadth  [6.1204445084  Right Elbow Creum., [12,2362368667 Left Ankde Crcum. [ B.7574669033
Head To Chintt | 8,5732999206  Left Elbow Circum, [12.2362363667 Right Arkde Ht Outside [5.4214689807
MeckCrcum. | 14,9737716200 Right Forearm Circum, | 10.9594194781 Left Ankle Ht Outside |5 4214689807
Shoulder Breacth | 19.1977283936 Left Forsarm Circum, [10.9894194781 Right Foot Breadth [ 3.8371722689
ChestDepth  [9,517462003  Right Wrist Crcum, [6.6o50925669 LeftFoot Breadth [ 3.8371722689

Chest Breadth | 12,7675659397 Left Wrist Circum, [ 6. 6a58525888  Right Foct Length 10,6540185017
Right Knee Ht Seated [21.99618541  Left Foot Length 10,6540185017
EdmEn]  Aev |

Figure 2: Body Segment Measurement Table created fihe GeBOD anthropometric library

The joint locations are determined based on theo@t®tometric data fronsnyder et al,
1977, McConville et al. 1980, Young et al.198Bd defined in the standard anatomical
position with the origin on the floor (Figure 4)hd rigid segments are then presented as a set
of ellipsoid Semiaxes, to give a proper appearamering between two adjacent joints
(Figure3).

|

Segmentn

r., \
/ Ellipsoid
\\\\

L

Center

Joint

Figure 3: Ellipsoid Semiaxes



JOINT CENTER LOCATION TAELE flersath in inches)
(7 Mae © Female © Crild © MoreHuman
@ HawdsGopng © Cpen  Agedmonthe) |28
Weght (k) 63 7SHBAIN  Standng_ Height [70.0.

Lowertieck [57.5454588048

Tharadie &4 TEE0UEAIET

Lisrbar [izisomens

LeftShoudor  [SEaalpnioss | [7.65T53500
trtrbow  [SSpHzE0e

Lt Wit [imesser

Left Hp [ F
Laft Knee [ossmzmas.

wheande  [Aoeversses

Lehtmetatarsd [0

Raght Sheukdec | 55,3416606059 |resmmwe
T R T

Rught Hp (ETTE | 3255090348
mghtines (19 5Sa6eses.

migh merdkarsdl [0

=

Figure 4: Joint Center Location Table created ftbenGeBOD anthropometric library
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