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Resumo

Nest tese, foi desenvolvidom modelo de simulagcdo e andlise dindmica, com o objectivo de
estudar a distribuicdo déorcas de contact desenvolvidas interface corpo humano/dispositivo
ortético. O software utilizado para o desenvolvimento deste modelo foi o OpenSim, um software
paramodelagdo, simulacao, controlo e analise do sistema mussdaelético, que utiliza o Simbody
como interface de programacée,que é baseadbaseado na dinAmica de corpos mdltiplos.

Foram desenvolvidos doimodelos tridimensionaiglistintos: ummodele de uma perna e pé
articulados entre si e unmodelo de uma ortétesepé-tornozelo articulada. Estes doimodelos
tridimensionaisforam definidosnum sé sistema muktorpo, utilizandopara tal os conceitos e
formulacdo disponibilizados peldimbody. O modelo de contacto Elastic Foundation foi aplicado
entre os dois protétipos, estabelecendo contacto entre elésram prescritos algungrausde-
liberdade do sistema utilizando dadosexperimentais cinematicos e ciéticos adquiridos em
laboratdrio, de forma a garantir gue o movimento resultante da simulacdo correspondesse a um ciclo
de marchanormal,ndo-patolégica.

Finalmente, o valor da resultante das forcas de contacto foi obtido, analisado e diseutido
algumas limitacbes do modelo de simgd® desenvolvido sdo apresentadas assim como algumas
sugestdes e direc¢des futuras para o posterior desenvolvimegtmtinuacaalestetrabalho.

PalavrasChave Modelo de simulacdoanalise dinamicadistribuicdo de pressfes OpenSim,
Simbody prtétese pé-tornozelg Elastic Foundatignmarcha naepatoldgica.






Abstract

In this thesis, @ynamic analysisimulation model foanalysisf contact forcedistribution in the
human/orthosis interface is presented.he software used to develop this simulation model was
OpensSim, softwardor modeling, simulating, controlling, and dpzing the neuromusculoskeletal
system, which uses Simbody as thaltibody dynamics engine® perform simulations.

Two distinct prototyes were developedan articulated human leg and fogirototype and an
articulated anklefoot orthosis prototype. These two prototypes were defined as a multibody system,
based on the multibody dynamic concepts and formulation of Simbody. The Elasticakonond
contact model was used to establish contact between both prototypes. Some degrees of freedom of
the system were prescribed with kinematic and kinetic data, acquired in labora&iesyring thathe
resulting movemenof the simulationcorresponddo a non-pathologicalgait cycle.

Finally the resultant contact force®etween bothsub-systemswere analyzedand discussedand
somelimitations of the simulation modelere presented and future directions suggested, in order
continuing thedevelopment ofthe presentedwork.

Keywords:Smulation mode] dynamic analysjgressure distribution OpenSim, Simbodgnkle
foot orthosis, Elastic Foundatipnonpathological gait
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ffriction . Friction component of the contact force

R -Relative radius of curvature

B - Composite elastic modulus

s - Eccentricityfactor

K¢ Material stiffness of the Elastic Foundation model
C - Effectivedissipatbn coefficient

e - Coefficientof restitution
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AFOs Ankle Foot Orthoses

PPT-Pain Pressure Thresholds

SRS Spatial Reference System

CRS Coordinate Reference System
IC- Initial Contact

GC- Gait Cycle

DLT- Direct Linear Transform

3D- ThreeDimensional

2D- Two-Dimensional

GRF Ground Reaction Forces

EMG- Electromyography

FO- Foot Orthosis

AFO- Ankle Foot Orthoses
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OTS Off the Shelf

SST Spatial Summation Theory

CAD- Computer AideeDesign

MPT- Maximum Pressure Tolerance
MFT¢ Maximum Force Tolerance
PPT¢ Pain Pressure Threshold

API- ApplicationProgrammingnterface
ODE Ordinary Differential Equations
DAES Differential Algebraic Equations
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Introduction

1.1 Motivation

Ankle foot orthoses (AFOs) are orthotic devices often prescribed to supposdligre or
redistribute pressure across a musculoskeletal system. The use of these devices cao &ead
NBRdzOGA2Y Ay adYLizYazX AYLNROSYSYyl Ay TFdzyOliArzyx
quality of life and walking performang¢Braddom and Buschbacher, 2000)

AFOsand orthotic devicesin general have undergonea huge evolution over the pasts0 years
with regardto materialsused in itananufacturing. From stainless ste€klts, 2005)o thermoplastic
materials (Meyer Jr, 1974)changeshad lead toan advancementand improvementon AFOs
charaderistics Therefore, theseadvanceseflectedin increasegerformance efficiencyand comfort
for patients.

The techniques useitht AFOsnanufacturinghavealso been subjeatf intense studysincecurrent
techniques are timeonsuming and do not rely aystematic engineering. Instead, techniques used
nowadays require experienced crafersons that make their decisions based on experience and trial
and-error methods (Silva P., 2008; Pallari, Dalgarno et al., 2016¢ development of different
methods for manufacturing orthotic devicesustomized for specific patientspuld lead toAFOs
topology optimizatiorand enhancing of patients perimancewhile using these devices

Although much has been done in research of new materials and manufagttechniques,
almost no research has beetone regarding thepressuredistribution in the patient/orthosis
interface.

Motion control and comfort are the primary objectives in orthotics amak of the principal
parameters to evaluate comfort is thgresaire distribution in the human body/orthosis surface.
However, the ideal pressure distribution between the human body andgiwsnsurfaceareais not
well defined(Goonetilleke, 1998)

Comfort is an important variable andould have many definitionsi-or example,ticould be the
lack of discomfort or a feeling of wddking (Zhang, Helander et al., 199&Yhich are two different
types of comfort measurelt is, in fact, much easier to define discomfort. Discomfort or pain
originates when special nerve endings, ali®ciceptors, detect an unpleasant stimulus and some
believe that pain signals must reacthaesholdbefore they are relaye@@Goonetilleke, 1998)

Most studieson the issue oftomfort are madein the field of Foot Orthoses or Shoe Inserts,
especially regarding their prescription and benefits in sport activitidigg, NURSE et al., 1999;
Mindermann, Stefanyshyn et al., 2001; Mindermann, Nigg et al., 2002; Mindermann, Nigg et al.,
2003; Davis, Zifchock et al., 200Bbthing has been dond¢o datein orderto studythe distribution
of pressures in AFGmnd consequently, the interface forces developed in thegua/orthotic device
interface Furthermore no study has comparethese pressurdforces with levels ofpain pressure
thresholds PPJ/maximum forcetolerance(MFT) that may beon the basiof the discomfortfelt by
people who usethese orthotic devicesThe informationand results of suclstudies can lead t@a
NB @ 2 t idz&FO8 tgpblogy, and can be applied clinically in old and new AFOs gpojeotypes,
improvingand analyzing theiefficiency.



1.2 Literature Review

The concept of assistive technology, namely orthotic devices, exists for many centuries.
Historically, orthotic devices have been used for the treatment of musculoskeletal injuries or
dysfunctions and have provided support, protection, immobilization adection.

In the 1950s new materials and fabrication techniques started to be used, which changed and
improved orthotic devices. At that time, stainless steel was the most used material by etshoti
because ofts strength, adaptability and durabiliffPoitout, 2004; Felts, 2005)

The aluminum spring brace was introduced in the late @0=sgora, Robin et al., 1968; Robin and
Magora, 1969)Although with less strength, aluminum was easier to work and cosmetically more
attractive then stainlesstsel.

Due to the demand of orthotic devices with a more attractive appearance, in the 1970s new
techniques like plastic coating were developed, allowing the improvement of the orthoses
appearance by applying a tinted rubbleased plastic film{Meyer Jr, 1974)Also in thisdecade the
use of thermoplatic materials was adopted in the rehabilitation fi€loxey, 1985)Polypropylene
and polyethylene were the most popular ones due to their high fatigue resistance, strength, light
weight and good moldingharacteristics.

In the early 1980s new varieties of thermoplastic ankle foot orthoses (AFOs) were designed and
prescribed and gait patterns were studied with these new orthotic deuibtsyer Jr, 1974)Leone
predicted the force on AFOs using a simple structural model andlysime, 1987and the stress
distribution in a polypropylene ankle foot orthosis (AFO) was determined with adimensional
(2D) finiteelement mode(Reddy NP, 1985)

In the 1990s decade, thredgimensional (3D) finitelement models were developed in order to
study the stress distribution in polypropylene AH®. Chu, 1990; T. Chu, 1998¢termining failure
mechanisms and localization of weak points. Researches were also carried out to study the effect of
LI GASYyGQa o62Re 3IS2YSiNET. Ghy, 19% Shu, RSaanaybingLttatNd Y S G S
variations of stress hatheir individual characteristigsrarying according tdifferent motions,foot
geometry, and types of AFOShu et al. tried to develop a new design and manuifiactechnique
for polypropylene AFOs, integrating computeded design and manufacturing software, in order to
reduce manufacturing steps and cogfs Candan, 2000)

In addition to studying design, many researchers started to investigate the effects of different
GellSa 2F ! Cha 2y LI Muklénetiah Qudiel lthe Edct/dl a ydlariidi AAFRY & ®
(DAFO) on the fodbading patternin hemiplegic patients, concluding about the positive and
immediate effect of these particular type of AF@dueller, Cornwall et al., 1992Dieli et al. also
studied theeffect of DAFOs onédthiplegic adultsinding good results in the application of these
orthotic devices as antaknative treatment to conventional thermoplastic orthoséieli, Ayyappa
et al., 1997) Abelet al. studiedgait assessment dixed anklefoot orthoses inchildren withSpastic
Diplegia(Abel, Juhl et al., 1998)vhile Thomson et alstudied the effects of ankloot orthoses on
the ankle and knee in persons with ydlomeningocele(Thomson, Ounpuu et al., 1999)he
influence of AFOs on gait and engrgxpenditure in patients with Spirifida and the longerm
effects of ankldoot orthoss on patients with unilateral Footrbp were also exploredDuffy,
Graham et al., 2000; Geboers, Drost et al., 2002)

Ahead, the effectiveness of custom foot orthoses in different tygfefeot pain were evaluated by
Hawke(Hawke, Burns et al., 2008)his study revealed that the evidences on which to base clinical



decisions fo prescription of custom foot orthosewere limited, concernindghe treatment of foot
pain.

A few years agdhe feasibility of using newechnique approaches, ithe manufacture of
customized orthoses and prosthetjctarted to be investigated. The studies were performed both in
orthotic and prosthetic fields since the manufacturing of both devices was, and still is, very similar.
These new techniques explored theeusf 3D human scanning, orthotic gorosthesisdesign with
CAD and automated production.

Faustini developed compliant structurdsr prosthesis,based on these new techniqueand
analyzed them using the finite element methode found that contact pressures between the
resddual limb and the producedrosthesis could be significantly reduced with an integrated
compliant surfacgFaustini, 2004)Further, Faustini et al. investigate the feasibility of custom made
AFOs and on how to adjust thestiffness, concluding that these new methods approach were well
suited for AFO productiofFaustini, Neptune et al., 2008)

Pallari et al. explored additive manufacturing techniques such as selective laser sintering (SLS), a
technique that uses a high powéaserto fuse small particles gdlastic metal and others (Langer,
Wilkening et al., 200Q)into a mass withthe desired 3D shape. They stated that the clinical
performance of fob orthoses (FOs) fabricated using SLS was comparable to those produced using
traditional methods. They compared their results to the processes used nowadawps, in
comparison witltheseartisan manufacturing methods, thenhanceahe potential of this aproach
in the improvement of quality, consistency and patient céPallari, Dalgarno et al., 2010; Pallari,
Dalgarno et al., 2010pallari et alconcluded that SLS procesas ideally suitedn this application,
suggestinghat future studies should focus on modifying the AFOs design, in order to optimize and
improve patient performance, developing a manufacturing framework for fabricating custdmiz
AFO4o specific patientsPallari et al. alsinvestigatethe effect of different materials and different
design characteristics on functional parameters of AFOs. Topology optimization was used to find the
optimal material distribution for the AFO. Erples of where improvements to current systems could
be made, using tailored software solutions, were shoyfadllari, Dalgarno et al., 2010)

In general, comfort is an important and relevant feature of AFOs. Evaluations of these orthotic
devices concerning comfort will reflepersonal perceptions and differences due to biomechanical
variables. Defining the relationship between comfort and biomechanical variables such as material
modifications surface areand different modes of locomotion is crucial in the optimization 0DAF
topology. Most of the studies done so far concerning comfort are made relative to Footwear, and
until date no study about comfort in AFOs was found.

Mindermann tried to determine the relationship between comfort and changes in lower limb
kinematic, kirtic variables and muscle activity, in response to foot orthdbisndermann, Nigg et
al., 2003) He claimed thafootwear modifications including material and shape showed to affect
these functional variables during locomotioBasedon his research, he stated that footwear
modifications can be perceived by subjects and that these modifications affect their subjectiv
comfort in locomotor tasks such as running and walking. He also stated that these effects may be
different between walking and running. However, he concluded that no evidences had been
provided as to whether comfort was in fact related to lower extrenkigematics, kinetics, and
muscle activity during locomotion and suggested that the factors that are important for orthotic
comfort are not well understood.

Finestone et al. studied the acceptance rates and comfort scores of soft custom, soft
prefabricated semirigid biomechanical, and semigid prefabricated orthoses and their effect on
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the incidence of stress fractures, ankle sprains, and foot problgimestone, Novack et al., 2004)
They proved that softustom and sofprefabricated orthoses had significantly higher comfort scores
than the semirigid biomechanical and prefabricated orthoses.

Silva et al. developed a multibody model in 2D consisting of twensadiels: an AFO suinodel
and a human sulnodel attached by means of ndimear force elements. Contact was defined
between both suksystems using a nelimear continuous contact/impact fae model that accounts
for the stiffness and damping characteristics of the surfaces in contact. Their main goal was to
optimize the force distribution at the lower limb/orthosis interface for comfort design. Preliminary
results showed thainterface fores and corresponding contact areas can be carried out and used in
the design of orthotic devicgSilva P., 2008)

The latest literature indicates that the asaption of using different methods for manufacturing
orthotic devices is feasible. Some studies tried to show how the shape of the orthotic devices can be
altered to save weight, improve functional properties, be more suitable and patient customized.
Orthoses can be highly customized, through the incorporation of gait and surface pressure
measurement analysis into the design procddswever, this is not done in current clinical practice.
This is mostly because of time, cost and manufacturing constraimts $ie orthotic and prosthetic
industry does not have a tradition of engineering and expert design.

Orthoses are widely prescribed both to treat existing pathological conditemd to prevent
overuse injuries butittle is known about the effect of theimaterial composition and fabrication
technique on patierd €bmfort. The inclusion of parameters suchcasnfort, in the orthotic devices
design, and the development of engineering software to design and analyze orthoses, may improve
orthotic product defgn creating completely new kinds of products. This will change the industry
currently restricted by old and inefficient manufacturing methods.

1.3 Objectives

The main objectivef this workis to calculate theontact forcedistribution at the interfacef an
orthotic deviceprototype with a human leg and fopboth incontact through a forward dynamic
simulation Thesimulationwill be performed fora nonpathological gait cycle movement.

Toreach thatobjective, it isnecessaryo model two3D prototypes a detailed 3Dprototype of a
hingedAFQ in this specific case; detailed 3Dprototype of a humanleg and foot articulated After
developingthesetwo prototypes a multibody systemmust be definedand itstopological structure
settled. In addition, it isalso essential to definea contact model betweenthe two prototypes, to
obtain the interface forces

Once definedthe multibody systemin orderto simulate the norpathological gait cycle it is
necessary to prescribgome degrees of freem of the multibody system, and for that experimental
kinematic and kineticlatawill be used

Finally the interface forcegesultingfrom contactbetween the two subsystemss analyzednd
the peaksof highinterface forcesare evaluated,concerning theMFTandtolerance area¢Beldalois,
Poveda et al., 2008)o discuss matters afomfort.

This work vas developed under the scope of the FCT project DAGW@idody Dynamicand
Control of Active Hybrid Orthoses (MPT/BSHHMS/0042/2008).



1.4 Main Contributions

This thesis aims to bestep in the study ointerface forcedistribution in theareaof AnkleFoot
Orthoses. Alsothis work is intendedio relate theseforces with MFT values relate these with
comfort issues and analgpossible changes that could be made concerning the topology of these
orthotic devices Therefore, this work is the §it effort towards the advance of AFOs topology
optimization.

To date, this is the first detailettidimensionalmodel of an articulated AFO and ianlated
human leg and footsystem whose definition is based on the dynamic multibody formulation,
completelycustomizable and capable of adapting to different geometries of human body or other
orthoses.

The adaptability of this modelirns it into a potential tool of analysis of actual, and yet to come,
orthosesprototypes/projects. Also, this model can be adagtto study the orthoses efficiency not
also in different norpathological human gaits, but also in pathological gaits of different types, since
the experimental data used to simulate movement was acquired in a biomechanical laboratory.

In addition, thiss the first known dynamic analysis attempting to study this subject in this area or
similar areas, like Foot Orthoses or Lower Limb Orthoses, since most of the studies are made using
static analysis.

The work in this thesis is a step forward in biomecbahsimulation, trying to merge several
areas together in order to take full advantage of each individual area. Areas like Multibody Dynamics,
3D scanning, 3D modeling and meshing, Kinematic and kinetic acquisition and contact modeling are
used in this wadk in order to create a simulation model that in the future might be developed and
used as a powerful analysis tool.

1.5 Structure and Organization

Chapter I¢ Thefirst chapter isanintroduction towork in thisthesis.A literaturereviewand themain
motivations andobjectivesof this work arepresented as well ashe major contributionsthat arise
after its development.

Chapter lI¢ In this chapter, a review in the study of human gait is presented. Some terminology and
concepts needed to describe gainalysis arereferred and the gait phases of a gait cycle are
explained in detail. A brief review on the concepts behind kiatic, kinetic and electromyography
analysids made.

Chager lll ¢ The third chapter presents a brief review to the lower limbrthoses with pecial
attention to the AFQ, since they representhe type oforthosisused in this thesisThecurrent and
different techniques ofmanufacture of these deviceare described andisted the most used
materials Finally the Spatial Summation Theory is presented and describewhich relates the
pressurevalues with the contact area andgsible comfort/ discomfort sensations The pressure
toleranceareasfor the lower limbare also described.

Chapter IVg Simbodyh LIS y { muN®@dy dynamics engine to perform simulatioris presentedA
brief introduction and overview is made, followed by a detaildgscription onthe mechanical
conceptsand multibody dynamics formulatiomsed by this software.he equations of motiorfor
kinematic aad dynamic analyses are described-inally, the contact models availabley this
biomechanical simulation tool are briefly described



Chapter V¢In this chapter the methodologies used to create th8D multibody system and
simulation modelare presented The process ofacquisition of human morphology for the
constructon of the lower limb prototype and posterior development ofthe articulated AFO
prototype is explained in detail. The 3D modeling and meskiéapniquesare presentedas well as
the multibodysystem definition and topology structure adopted. The contact model implementation
is explained and the contact forces parameters are defined. Finally, the methods and equipment
used in the acquisition of kinematic and kinetic experimental data are ptedess well asthe
calculations necessaryp perform, in order to prescribe tB nonpathological movement to the
system.

Chapter VI¢ The esults of prescribing kinematic and kinetic data to the simulation moaled
showed The analysis and discussion tife results is made concerning several simulations performed
for two distinct situations: Passive ankle foot orthosis and Active ankle foot orthosis.

Chapter VII¢ Most relevant conclusions of the wortre discussed and presented and some
considerations ér future developments and related workse also mentioned and describeditbre
applicationgor the simulation model developed in this waake suggested.



Chapter I

Human Gait

Normal human gait can be defined as a methodosbmotion involving the use of the two legs,
alternately to provide both support and locomotigWhittle, 2001) In the last decades, gait science
has been suffereédn enormous development, producing a series of terms and concepts related to
observational gait analys{gyyappa, 1997)

In 1907 A.A. Marks, an American prosthetic, offered a precise qualitative description of normal
human locanotion when he illustrated and analyzed the walking process in eight organized phases
and discussed the implications of prosthetic design on the fanatf amputee gait (see Figure 2.1

(Marks, 1907)

Cut 1\ L Cut A 2 Cut A 3, Cut A 4.
Cut A S, Cut A 6. Cut AT, Cut A B,

Figure 21- Marks described the walking process in eight organized phases and discussed the relationship
between prosthetic desigand gait function (Marks 1907

Over the years, a series of contributions have increased the understanding of gait science and
terminology. Amog others, Saunders et al. studigtie major determinants in normal ah
pathological gait(Saunders, Inman et alll953) Sutherland et al.studied gait disorders and gait
kinematics and kinetic§Sutherland, Schottstaedt et al., 1969; Sutherland, Olshen et al., 1980;
Sutherland, 1984; Sutherland, Kaufman et al., 1994)e work of Jacquelin Permgsulted in
descriptive terms for the phases and functional tasks of (@ospital, 1977; Perry, 1992)

There have been various classifications explaining the phasegqhsisies and events occurring
during a complete gait cycle. The most comnyom$éed classification systems wethose developed
by Olney Perry, Whittle, Sutherlandnd Vaughar(Perry, 1992; Sutherland, Kaufman et al., 1994;
Vaughan CL, 1999; Whittle, 2001; Olney, 2005)

Although there are seval distinct classifications, all the classifications agree on the division of
gait cycle into two phases: stance and swing phases. The phases are further categorized to sub
phases, which are periods in the gait cycle spanning two points in the gait@aydleyvents: specific
points in the gait cycle which are considered to be relevant. Thephabes described by various
authors are compared in Table 2.1



It can be seen from Table 1 th@Vhittle has adopted Perry classification of spiases. Also
Vaughan suggested that the gait of some pathological individuals cannot be described using his
terminology(Vaughan CL, 1999)

Table 21 - Subphases of the gait cycle as defined by major classification systems

Perry (1992) Sutherland (1994) Vaughan (1999, Whittle (2001) | Olney (2005)

Initial contact Initial cortact Initial contact
Loading Initial Double Support FootFlat Loading HeelStrike
response response
MidStance Single Limb Support MidStance MidStance MidStance
Terminal Stance Heel Off Terminal Stance
PreSwing Second Double Suppo Toe Off PreSwing Push Off
Initial Swing Initial Swing Acceleration Initial Swing Acceleration
Mid-Swing Mid-Swing Mid-Swing Mid-Swing Mid-Swing
Terminal Swing Terminal Swing Deceleration | Terminal Swing Deceleration

Although these classifications could be perfectly applied to describe the gaitrgbathological
subjects, the omenclature presented by Perrgroved to be the most generally applicable to
describe any type of gajVaughan CL, 1999)

2.1 Coordinate Reference System f@ait Analyses

A spatial reference systerfR¥or coordinate reference systeffCRyis acoordinatebasedlocal
or global system used to locate geographical entitHse gatial reference system usually changes
from author to author, but all follow the right hand rule to dedirthe three orthogonal vectors
(Winter, 1991) Vaughanuses X to define the direction of progression, Y lateral direction and Z to
vertical direction and Winter uses the X axis to define the direction of progression, Y vertical
direction and Z lateral directiofWinter, 1991; Vaughan CL, 199B) this thesis the reference system
used is the same as WintéeeFigure 2.2)

Y Vertical

J

+Zg/
Lateral +X

Direction
of Progression

Figure 22- Spatial reference system adoptg@ased on Winter, 1991)
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2.2 Gait Cycle

Walking uses a repetitious sequence of limb motion to move the body forward while
simultaneously maintaining stance stability. Because each sequence involves a series of interactions
between two multisegmented lower limbs and the total body mass, identification of the numerous
events that occur necessitates viewing gait from several different asfieetsy, 1992)

According to Perry, the gatycle can be approached from three different ways. The simplest way
is to divide the gait cycle in phases according to the variations in reciprocal floor contact of the two
feet, the second way divides the gait cycle by the time and distance qualitibe stride and the
third way (the most common) is to identify the most significant events within the gait cycle,
designating these intervals as the functional phases of gait.

The gait cycle is the period of time between any two identical events in thdngatycleOne gait
cycle of a limb normally extends from the point when the heel of the reference limb touches the
ground, to the same happening agdi@lney, 2005)Generally, in gait studies, the gait descriptions
considers only a single cycle, assuming that all the cycles are equal. However, this fact is not strictly
true, but it is a reasonable approximati¢aughan CL, 1999ence, any event could be selected as
the onsetof the gait cycle. Normal persons initiate floor contact with their heel (i.e., heel strike)
although, not all patients have this capability. Perry named this event with the geeemniclnitial
Contact(IC), and this term will be used as the offset of the gait cycle.

According to all classifications reviewed each gait cycle is divided into two periods, stance and
swing(seeFigure2.3). The stance phase forms 60% of the gait cyolé accurs when the reference
limb is contact with the groundbeginning with initial contactSwing phase occurs when the
reference limb is not in contact with the ground (swinging), which forms the remaining 40% of the
gait cycleand applies to the timéhe foot is in the air.

Stance

Figure 23 - Divisions of the gait cycle. On the left it is represented the stance period. On the right it is
represented the swing period. In the sequence it is possible to see the onset of stahd€, end of
stance/beginning of swing by roll off of the toes, and end of swing by floor contact again (Perry 1992).

Stance period can be divided in three intervals depending on the contact of the feet with the
floor. The first interval is thénitial Double $ance that begins the gait cycle, when both feet are on
the floor (after ICAfter that, the Single limb &port beghs when the oppositdoot is lifted for
swing. The stance period ends with tiierminal Duble Sance, when the other foot contactthe
floor and goes until the reference foot is lifted for swing

A gait cycle can also be identified by the term stride which is the equivalent of a gai(saele
Figure 24). The durationof a stride is the interdébetween two sequential initialloor contacts by
the same limb. Thanterval betweenlCof each foot is a step.€., left and then right).



Stride

Figure 24 - Step length is the interval between IC of each foot. Stride length continues until there is a second
contact by the same foot (Based on Perry J. 1992).

Despite this approaches, classify a gait by phases allows to a better interpretation of the different
motions that occur during a gait cycle. According ¢orf, there are three basic tasks that should be
accomplished by the limbVeight Aceptance Single Limbupport and Limb Alvancement. Within
these tasks, eight distinct phases were defindaitial Contact, Loading Response, Mthnce,
Terminal Stance, P18wing, Initial Swing, Mi8wingand TerminalSwing.

Weight Acceptance begins the stance period and uses thevicsgait phasestnitial Contactand
Loading Responsd&henSingle Limb Suppocontinues stance wittMid-Stance and Termin&tance
phases. Finally, Limb Advancement begins in the final phase of stance whetB&ingphase and
continues through the three phases of switgtial Swing, MieSwingand Terminal Swing
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.3 Gait Phases

As mentioned above, there are thremain tasks that should be accomplished by the limb and
within those taskdPerry divided the gait cycle in eight phagégure2.5 illustrates this division, for a

better understanding.
Stride
(Gait Cycle)

Periods

Stance

Weight Single Limb Limb
Acceptance Support Advancement

Initial

Contact Mid Stance Initial Swing

Loading Terminal Terminal
Response Stance Swing

Pre Swing Mid Swing

Figure 25 - Divisions of the gait cycle (Based on Perry 1992).

2.3.1 Weight Acceptance

TheWeight Acceptancés the most demanding task, requiring the abrupt transfer of body weight
into the limb that has just finished swinging forward. It begins with the shock absorption then, the
limb stability and the preservation of progressidmesethree functional patters are divided in two
phases: Initial Contact and Loading ResposseKigure2.6).

Initial Contact(Phase 1)

This phaseoccurs in the moment the foot touches the floor, representing 2% of the gait cycle
(GC). During th&Cthe floor contact is made witthe hee| the hip is flexed at approximately 3@he
knee totally extended and the ankle is dorsiflexed to neutral.

Loading Respons@hase 2)

LoadingResponseepresents about 10% of th@Cand begins with the initial floor contabdly the
foot, continuing until the other foot is lifted for swing@his phase is characterized by the absorption
of the shock from the impact of foot with ground and by the weight acceptance. At this stage, the
body weight is transferred onto the forward limb (referedoeb) and, using the heel as a rocker, the
knee is flexed for shock absorptiorhe opposite limlis in itsPreSwingphase

11
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Figure 26 - Weight Acceptance period divided by two phases:dhifiontact and Loading ResporiBerry

1992).

2.3.2 Single Limb Support

This period begins when the other foot is lifted for swing, continuing until that same foot contacts
the floor, being the reference limb totally responsible for supporting the bodygken sagittaland
coronal plaes. There are two phases invaiM@a this period: Mid Stance and Terminal Stance.

Mid Stance(Phase 3)

Mid Stancerepresentsthe first half of theSngle Limb Suppornperiod when the limb advances
over the stationary foot by ankldorsifiexion while the knee and hip extendgde Figure2.7). The
opposte limb is advancing in its Milwing phase with the restrained ankle dorsiflexion, knee
extension and hip stabilization in coronal plane. This phase corresponds to the intervaB[Ropof

the GC

Terminal StancéPhase 4)

The second half of the Single Limb Support is the Terminal Sfsee€igure 27), representing
30%50% of theGC Inthis phase, the heel rises, the knee increases its extension and then just begins
to flex slightlyand continues until the other foot strikes the ground

Pre Swing (Phase 5)

PreSwing is the final phase &tarce and the initial phase of Swing, beginning withof the
opposite limb and ending with ipsilateral tadf (seeFigure 27). It represents 50%0% of the gait
cycle. In this phase the body weight transfer unloads the reference limb while this prepares for the
Swingperiod. The reference limb responds with increased ankle plantar flexg@ater knee flexion
and loss of hipx@ension. The opposite limb is in Loading Response.
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Mid Stance Terminal Stance Pre-Swing
Figure 27 - - Single Limb Support: Mid Stance, Terminal Stance and Pre Swing phases (Perry 1992).

2.3.3 Limb Advancement

Initial Swing(Phase 6)

The Initial Swing phadeegins when the foot is lifted from the floor and ends when the swinging
foot is opposite the stance foosée Figure 28). This phase is characterized by an increased knee
flexion (about 66), preventing the dragging of the foot in the ground and alsdheyhip flexion, in
order to advance the limblrhe other limb is in earlpid-Stance This phase occurs approximately at
60%73% of theGC

Medial Swing(Phase 7)

During the MedialSwing phase the swinging limb is opposite the stance IgabKigure 28) and
it will go until the swinging limb is forward and the hip and knee flexion postures are equal. This
phase occurs in the 7387% of theGCinterval and it is marked by a knee flexion decrease (until

30°).

Terminal SwingdPhase 8)

In the Terminal Swi phase (87%00% of theGQ the referenceimb advamement is canpleted
by the kree extendon. The hip maintains its ealier flexion and the arkle remains dasiflexed to
neutral. The phase ends when the foot contacts the floor (Figug, Breparing theStance phase
again while the oppositdimb is inTerminal Sance.
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Limb Advancement

__'1' ' | .,-

\ )} b x hy )
am L |
A AR
~ O X '&\ ¢ ,X\(
NV, \
"x' \\ \\
Y
Mid Swing Terminal Swing

Initial Swing
Figure 28 - Limb Advancement Phases: Initial Swing, Mid Swing and Terminal G&mg 1992)

2.4Temporal Parameters

Gait parametergelated to time are referred to as temporal parameters. Stride length, cadence
and velocity are three important interrelated temporal parameters. Commonly misused, the terms
step length and stride length are not synonymolike explained abovehé duraton of a stride is
the intervd between two sequential initial floor contacts llye same limb and a step is defined by
the interval betweenCof each foot s§eeFigure2.4).

Cadence refers to the number of steps taken per unit of time and is the rate at which a person
walks expressed in steps per minute. Natural or free cadence describes-selseted walking
rhythm (Ayyappa, 1997)

Velocity combinesstride length and cadence and is the resultant rate of forward progression
along the direction of progressipmeasured over one or more stridesnd is expressed in meters
per secondAyyappa, 1997)

2.5Gait analysis

There are a wide variety of different types of humaalkinggait, for example that on an average
human being, which is generally described as normal gait, and that of a physically impaired human
being, which is generally referred to as abnormal gait. ehilg impaired human beings include
persons that suffer from cerebral palsy, and people who had suffer strokes, head injuries or spinal
injuries(O'Malley and de Paor, 1993)ist to mention some of the most usual gait pathologies.

Gait analysis is the study of walking gait and is used as a clinical to@digal doctorgo decide
on the treatment of abormal gait.

There are three distinct categories of gait analysis: kinematics, i.esttlty of movementboth
temporal and spatial (Winter 1991); kinetics of the fdélaor and joint forces; and the study of the
muscle activityi.e., electromyography.
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2.5.1 Kinematics

Measurements of individual joint angular rotations, as well as translations of segments and of
whole body mass, allow the comparisons with normal that are necessary to distinguish pathological
from normal gait(Sutherland, 2002)

Kinematicanalysisobserves andlescribesthe motion of objects without consideratioof the
causes leading to the motio(Robertson, 1997)focusingon joint motion, linear and angular
displacementsvelocitiesaccelerations and deceleration$ body segments

Kinematic gai analysis can be subdivided into direct measurement techniques and imaging
measurement techniques. Examples ofedir measurement techniques dlude goniometers (Perry
1992), accelometers, resistive grid walkway, and oth@@Malley and de Paor, 1993These
techniques are adequate for some applications but in general are difficult to use, and the information
produced lackin detalil.

Kinematicamaginganalysis uses strategicaliyaced reflective markers on theody and motion
capture video cameras to record tiey RA A Rdzl £ Q& I AG Ay + GKNBS RA)N
gait analysis environmeninultiple cameras are used to capture the displacement of each reflective
sphere in a 3xalibrated volume. Théhree-dimensional (3Dposition of each reflective marker is
estimated via a diredinear transform (DLT) algorithm. This algorithm usesttvee-dimensional 2D)
marker position in relationto each camera to estimate the respective 3D marker position
(Syngellakis, Arnold et al., 2008yom the capturedrideo, it is possible for researchers to calculate
the joint angles and velocities during gait.

2.5.2 Kinetics

Kinetics describes the factors resultingntmvement and principally looks at the forces involved
(Robertson, 1997Kinetiddynamicanalysis of gait generally addresses joint moments and powers.

Internal moments are generated by muscle activilyamentous constrairg joint and structural
limitations, whereas external moments are forces produced by the Ground Reaction Forces (GRF)
acting on the joints.

Essentially, the main external forces ilwed in human locomotion are the gravity and t@dRF
between the ground and the fooDuring the gait cycle the body applies force to the ground, while
the ground also applies force back to the baahyd thisis equally matched by the reaction of the
floor or ground(Olney, 2005)Thereactions exerted by the floor on the sole of the foot are BRF,
which can be resolved in a vertical and a horizontal compondiie horizontal can be further
resolved in an anteroposterior and a lapdaiteral component (that corresponds to frictio@yyappa
1997) In the case that an internahoment produced in a joint i.e., the ankle joitly a muscle or a
muscle group is greater than the moment produced by the GRF, a motion (plantar flexion) of the
ankle joint will appear.

To perform a kinetic/dynamic analysis, it is necessary to know the location of the joints and the
external forces, aatg in the body. The first can be provided by a kinematic analysis, while the
secondusuallyrequires measuremeniGarcia de Jalén and Bayo, 1994)

Kinetics analysis uses force plates to collect quantitative information of the redotioes in the
vertical direction. Force plates also provide information of the momenthe plane of the force
plate, the propagation of centre of pressure, and the shear forttaesmitted along the surface of
the plate(Parker, 1995)
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2.5.3 Electromyography

Electric signals are produced during muscle function and, with the use of electrodes it is possible
to record these signals that represent the main muscle group functions. Electromyodi&@il®) is
the process of graphically recording the electrical activity of muscle, which normally generates an
electric current only when contracting or when its nerve is stimulated. Electrical impulses are shown
as wavelike tracings onaathoderay oscilloscopand recorded as an electromyogram, usually along
with audible signaléSutherland, 2001)

Two types of electrode are used in EMG Signal acquisgimface electrode and intramuscular
wire electrode. Surface electrodes have gained more acceptance due to their ease of application and
because skin penetration is not required. EMG is generally recorded using either passive or active
surface electrodesActive electrodes have a built amplifier and are less susceptible to artifacts due
to wire motion.

Surface electrodes cannot readily be used to detect the activity of deep muscles, e.g., the tibialis
posterior muscle.Iln addition, surface EMG is sulij¢o crosstalk, particularly when a rather small
muscle is adjacent to larger muscles with overlapping firing patterns. If the EMG of such muscles is
required, fine wire electrodes are useWire electrodes have the advantage of precise placement
and are less likely to register "crasgk" from adjacent muscles. Wire electrodes are essential for
measuring deep muscles. Surface electrodes provide a noninvasive alternative for measuring muscle
activity of superficial groupKamen, 2004)Intramuscular EMG may be considered too invasive or
unnecessary in some cases. Instead, a sumg@etrodemay be used to monitor the general picture
of muscle activation, as opposed to the activity of only a fdikers as observed using an
intramuscular EM@ amen, 2004)

Although useful information about muscle action is ob&nfrom joint moments and power
(kineticy, only the net moment created by all of the forces crossing the jesinbtained, thus the
contribution of single muscles cannot be determined without additional information. This added
component is only provided through dynamic EMG by using adance multibody models and
optimization proceduregSutherland2002).
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Chapter lll

Orthoses

3.1 Types of orthose

As defined by the International Standards Organization of the International Society for Prosthetics
and Orthotics, an orthosis is any externally applied device used to modify structural and functional
characteristics of the neuromuscular skeletal sys{@raddom and Buschbacher, 2000)

Orthoses can be divided in many subtypes, nanigper LimbOrthoses SpinalOrthosesand
LowerLimb Orthoss.L Y AA RS 2F SIFOK 2yS 2F (GKSasS A0Qa LRRaaAo

An orthosis is classified as a static or dynamic device. A static orthosis is rigid and is used to
support the weakened or paralyzed body parts in a particular positiothésvord static implies,
these devices do not allow motion. They serve as a rigid support in fractures, inflammatory
conditions of tendons and soft tissue, and nerve injuries. A dynamic orthosis is used to facilitate body
motion to allow optimal functionln contrast to static orthoses, these devices amw motion on
which its own effectiveness depends. This type is used primarily to assist movement of weak muscles
(Braddom and Buschbacher, 2000)

Despite of the many types of orthoses, they all have the same basic functions tiketiom of
the muscubskeletal system conservation or improvementof posture, stability and walk,
sustenttion or support of body weight, deletion or relief of pain amdiuction of loads on certain
parts of the body.

The features to consider when selecting an ortha$isuld be: simplicity, weighdurability, and
cosmetic acceptance. The consideratito prescribe arorthotic device should include the dynamic
or static stabilization, the flexibility and shear foroé the material, and the tissue tolerance to
compression(Braddom and Buschbacher 2000)

As mentioned beforethe main objectiveof this workis to calculate thepressuredistribution at
the interfaceof anorthotic deviceprototype with a human leg and fopboth in contactThis chapter
isageneral approach ttower limborthoses with particular focus ormnklefoot orthoses the type of
orthotic devicechosen to be used in this wods a 3D prototype.

A more detailed explanationabout types ofankle foot orthoses existingis given while also
addressingthe most common methoddor their manufacture At the end of the chapter,two
fundamentalfeaturesin designof orthotic devices are approached: comfort and tolerance areas.
Understanding what has been done and what is known is crucial for the conclusions at the end of this
work, sincethe loads transmitted from the devices to theuman interface producecontact
pressurethat cancompromise safety and comfqrand the aim of this work is to study these contact
pressures foa nonpathological gait cycle and compared themn@ximum levels of pressure that
anatomical areas and strugesare able to support

3.1.1 Lower limb Orthoses

LowerLimb Orthosesre indicated to assist gait, reduce pain, decrease weight bearing, control
movement, and minimize progressiofa deformity(Braddom and Buschbacher 2000)

A lower limb orthosis iapplied or attached to a lower limb segment improving his fuorctby
giving support througlgait stabilization, relieving pain by transferring load to some other area,
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helping in the flexible deformities correction, controlling motion and preventingpgragression of
fixed deformities.

In the scope otthis thesis, the terminology usea tdefine the lower limb is the one adopted by
Braddom: he term lower extremityspecifically refers to the foot;he term leg should be used to
refer to the portion of thelower limb between the knee andnkle joints; he thigh is located
between the hip and knepints andLower limbrefers to the thigh, leg, and foot.

LowerLimb Orthosesre frequently referredaccordingfor the parts of the body where they are
located:

Foot Orthoses (FO)¢ these orthotic devices can range from arch supports, easy to find in any
pharmacy or athletic store, to customized orthoses fabricated by an orthotist. Their effectiveness
depends on proper diagnosis of the foot condition, the appraigriselection of orthotic material,

and proper moldingFOaffectsthe groundreactionforces acting on the joints of the lower limb.
They also have an effect on the rotational components of gait.

FO can beaccommodative when the foot cannot attain neutral, filling the gap to that fixed
position or can have a corrective function helping the foot to ateimeutral position. They may also
unload compromised tissue or provide total contdebot orthoses &n be full custom 0Off the Shelf
(OTS)%ee Figure3.1).

Ankle foot orthoses (AFOY Anklefoot orthoses are the most commonly prescribed lower limb
orthoses. A detailed explanation and information will be provided in the folloBegion 3.2

Figure 31 - Foot Orthosis types. Left: Custom made FO; Right: Off the Shelf FO. (Source: www.erthotics
online.co)

Knee Orthoss (KO)X, TheKOis used to control minor to moderateee hyperextensigrallowing full

knee flexion and preanting hyperextension. Also, they can be applied to osteoarthritis of the knee

helping to relief the paifMatsuno H, 1997)Can be useful to protect knee sttuces fromundue

loading/stress andmay be used like preventative or corrective treatment or as a permanent

treatment for repaied/compromised knee structuretsee kgure 3.2). Some examples dkO are

given below.

a) Athletic KOsare used as a preventative treatment, although the short lever arms may not be
sufficient to diminish realistic damaging forces.

b) Nonarticulated KOsre usually for short term use.

c) Custom olOTXKOs dfer limited control of the knee.
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Figure 3 - Knee Orthosis. a) Athletic KO; b) Nariculated KO; ¢) OTS KO.

Knee ankle foot orthoss (KAFOY, Kneeanklefoot orthoses were formerly referred to as long leg
braces. The components are the same as those of an AFO but also include knee joints, thigh uprights,
and a proximal thigh band. Various knee joints and knee locks are available for a variety of
conditions. KAFOs are used in patients with severe knee extensor and hamstring weakness, structural
knee instability, and knee flexion spasticity. The purpose of the KAFO is to provide stability at the
knee, ankle, and subtalar joints during ambulatiohey are most commonly prescribed bilaterally
for patients with spinal cord injuries, and unilaterally for patients with poliomygBimddom and
Buschbacher 2000)

Motion at all three of these lower limb areas (knee, ankle and foot) is affected by aaFean
include stopping motion, limiting motion, or assisting motion in any or all of the 3 planes of motion in
a human joint:sagittal coronal, and axiallhere are severdypes ofKAFQsee Figure.3) and some
examples are given below.

a) Single/Doublebar (upright) KAFOaO2 YY2 Rl 1Sa @2f dzYS Tt dzOldz GAz2Yy
contact KAFO. Made of highest material strength provides several lock options (lock for
ambulation, unlock for sitting, and can incorporate hyperextension stops) and ayafi&hee
joints.

b) Total contact KAFO:are customizable and provide a better load distribution.

c) Ischial Weight Bearing (unweighting) KAFO: are generally used with paralytic limbs

Figure 33 - KAFO Types. a) Single/Doubte KAFO; b) Total contact KAFO; c) Weight Bearing KAFO.
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Hip Orthoses (HO)- Hip orthosisis designed to maintain the length of the involved muscles and to
control or prevent the recurrence of deformity after soft tissue release or other related hip sesge
The most common applied orthes are the hip abductionrthoses and theSanding Walking And
Stting Hip Orthoses (S.W.A.S.Horthoses:

a) Hip Abduction Orthass: A hip abduction orthosis is a brace that is typically used following a
revision of a hip replacement or after a hip dislocation. It is used to help prevent excessive
flexion or extension (forward and backward movement) of the hip and to limit adduction
keeping the legs from moving together in order position the femoral head optimally within
the acetabulumHip Abduction orthoses can be an HO onlycan have a KAFO extension (see
Fgure3.4).

b) S.W.A.S.H Orthes: are a specific caseof hip orthosis tha maintains femoral abduction in
standing, walking and sittingSWASH is the first and only orthosis that ensures variable
abduction during both extension and flexion to help children with cerebral palsy control scissor
gait and sit independently.

Figure 34 - Hip Orthosis: a) Hip Abduction Orthosis; b) Hip Abduction Orthosis with KAFO extension; ¢)
S.W.A.S.H Orthosis.

Hip Knee Ankle Foot Orthoses (HKAFOis device is a basically a KAFO with the addition of a hip
joint and pelvic section (seedare 3.5). The addition of the hip joint and pelvic section provide
control to selected hip motions (front to back, side to side, and rotation). One reason the hip section
is added to a KAFO is to reduce or minimize thie eisthe hip moving out of proper position or
dislocating. Another common reason is to stabilize the hip and lower spine in cases where the patient
is weak or paralyzed.

Trunk hip knee ankle foot orthoses (THKAFOA trunkhip-knee-anklefoot orthosis (HKAFO)

consists of a spinal orthosis in addition to a HKAFO for control of trunk motion and spinal alignment.
A THKAFO is indicated in patients with paraplegia and is very difficuttgsoth and dessoff.
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Figure 35 - a) Example o& Hip Knee Ankle Foot Orthosis (HKAFO); b) Trunk Hip Knee Ankle Foot Orthosis
(THKAFO).

3.2 Ankle Foot Orthoses

Anklefoot orthoses (AFOs) are the most commonly prescribed lower limb orthoses. They could be
Metal AFOS or Plastic AFOs and camided effectively to contrankle joint stability in the anterier
posterior and medialateral directions and also to permit and stabilize motions at the subtalar. joint
Because of their weight, Metal AFOs are contraindicated in children, being the RIE©s the more
common in all age groug8raddom and Buschbacher 2000)

Anklefoot orthosesassist the leg on the support of body weight and also helps to correct gait by
modifying motion at the ankle joinfLee, Choi et al., 2006)Iso, AFOs should give stability to the
ankle, preventing joint twisting and the ligaments strainfhghmann, 1979)

These orthotic devices could also be prescribed for conditions affecting the knee stability, like
knee hyperextensionhelping to stabilize the knee during gé8imon, Deutsch et al., 1978\Vhen
prescribing AFO®r conditions affecting the knee the biomechanical influence of the orthosis in all
planes of movement should be consider@taddom and Buschbacher 2000)

Plastic AFOs are the most commonly used AFOs because of their cost, capmesiance light
weight, interchangeability with shoes, ability to control varus and valgus deformities, provision of
better foot support with the customized foot portion, and ability to achieveatvits offered by the
metal AFO. Thegan be rigid or have a hinge at thegha joint(articulated)depending on the degree
of ankle mobility that isrequired. Are mostly used by children and youth who have medical
conditions such aserebral palsy or spina bifida, and by adults who have newssculoskeletal
conditions Parker, knberley, 1995)There is also customlasticAFOswith no ankle joint, although
still flexibleY 2 f RSR 2y (G KS LI (A SAFOBradddnSusti Bus€hbathierS2R00X S+ ¥ & L

3.2.1 SolidAnkle Foot Orthoses

Solid Plastic AFOs are the most prescribed AFOs due to the variety of purposes they can have. A
solid AFO is made of a single piece of plasée kure 36), with no ankle jonts but stillflexible
enough allowing some ankle motigBraddom and Buschbacher 2000)

A solid AFO help to hold up the foot when a person walks, providing maximum-phauér
motion control at the ankle with moderate knee control. They suppbd ankle foot complex in
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coronal and sagittal planes and offers moderate support to knee instabilities in the sagittal plane. It
also limits movement to the point where a person can get indirect support at the knee joint,
although the brace does not conup to the knegBraddom and Buschbacher 2000)

The most common prescription of solid AFO is in the treatment of tbop The orthotic device
is setin a few degrees of dorsiflexion with a posterior trim line. The few degrees of dorsiflexion
assure foot clearance during the swing phase of @&dboers, Drost et al., 2002)

Solid AFOs aralsoapplied as posbperative support and/or protectior{Dunteman, Vankoski et
al., 2000) used when a patient needs knee stipi during stance and mild knee hyperextension
control (Isakov, Mizrahi et al., 1992pd areindicated for severe ankle instabili(Chen, Yeung et al.,
1999) Achilles tendonitis/injuries and degenerative Joint Dise@®ardett, BorelleFrance et al.,
1988)

3.2.2 Articulated Ankle Foot Orthoses

Also called gnamic AFOs, articulated AFOs have the ability to move at the ankle joint. There are
different limitations thatare included in an articulated AFO. With an articulafeQ the brace
allows the knee to move forward or even backwgfdequired as a result of more mobility at the
ankle(Braddom and Buschbacher 2000)

An articulated AF@llows more movemenivhile still providingsupport in specific directions. This
type of orthosis has a single axitrotation joint at the ankle thattanhave free or limited motion
depending2 y  KS LI < rd&viges SQupporyteh&arkle foot complex ithe coronal plane
LRAAGA2YAY3T LI GASY(dQa F220 Ay R2NBATE SEA2Y RdzNAR )
without limiting sagittal motion. In addition, articulated AF€mbe adjustable, with double action
joints, for patients requiring specific muftilanar control at ankle and knee. In this case, joints
provide maximum adjustability. Finally, it could also provide maximum frontal and plantar control
without limiting dorsiflexion (plantar stogBraddom and Buschbacher 2000)

Articulated AFOs are the mosbmmon orthotic devices prescribed in cases of plantar spasticity
(Mulroy, Eberly et al., 2010)

3.2.3 Leaf Spring Ankle Foot Orthosis

The leaf spring AFO is a brace that is made from an impression, or mold of a patient's leg and foot.
Leaf spring ARD L2 A G A2y a LI -fleiod duiirg dwing ghasé of hagithdrgh M&nk
designed to be senflexible during stance phase to allow for normal tibial progresg@raddom and
Buschbacher 2000)

The primary function of the posterior leaf springhosis (PLS) is to prevent excessive equinus or
drop foot in swing. The namd the orthosis, posterior leagpring suggests that it also mechanically
augments pustoff in stance(Ounpuu, Bell et al., 1996AIso in cases of lumbar spinal cord injury
leaf spring AFOs are indicated (Braddom and Buschbacher.2000)
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Figure 36 - Ankle Foot Orthsis Types a) Solid Ankle Foot Orthosis; b) Articulated AFO; ¢) Leaf Spring AFO.

3.2.4 Ankle-Foot Orthoses Fabrication

AnkleFoot Orthotic devices can be made of thermoplastics, metal or can be made by a
combination of both materials. Because of the metal weight, thermoplastics are usually preferred in
the manufacture of AFOs. There are many other reasonspreferring the use ofthermoplastic
rather than metal. Theyretain their shape even if the cast is reheated, and alfowgood shock
absorption and cushioning, reducing the heel strikepact (Braddom and Buschbacher 2000)
Thermoplastics can also be fitted into various shoe types, have a better cosmetic appe@rariay,
1995) and provide a better alignment control in severe ankle instabjisaund, Kroontje et al.,
2005) Other materials on the AFO may include metal hinging, leather or synthetic fabric cover and
lacing.

There are different methods for manufacturing AFOs. The most common method is the one that

uses casts to acquirethe md¢@ f 238 2F GKS LI GASyGQa f26SN) £ S3o

casting the lower limb of the patient with the tibia and foot in the desired position, which is usually a
neutral position with the foot at 90° to the tibjRatone and Hansen, 200A plaster mold is then
made from the cast and a heated thermoplastic is vacdormed over tle mould and cooled. Once
the thermoplastic is cool, the mold is removed and the plastic is trimmed to the appropriate shape.
Computer design techniques are used to determine the smscii each casting and milling and
minor corrections can be made to thaesign before fabricatiorfvValmassy, 1996Manufacturing
AFOs through the use of casts involves numerous faultsmaprecisionin the final deviceThe long
time required to obtaina full functional orthosis and the discomfaraused,during the procedurg
for the patient areanother disadvantages related to this method

Therefore, biomedical engineers have been exploring new technologies of the other fields in
order to improve the rethods of manufacturing orthotic deviceBue to technological advances, the
methods of manufacturing orthoses have evolved a lot in the last years, taking advantage of
technologies from other fields. This high technology method of manufacturing an csthegjins
GAOUK GKS FOljdAaaArdAzy 27T 0 K&withaShicanhescmingshd GKS
lower limb. This scan will create a cloud of points that can be worked in a CAD system (computer
aideddesign allowingthe manipulation of the cloudf points as neededt is noteworthy thatthere
NS &a2YS €tAYAlGLFLdGA2ya Ay &az2yS (AyR 2F 2062S00a
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objects.Anaher innovation in the orthotis field is the 3rinting, whichwill print the orthosis using
the cloud of points asts reference. All of these innovations can improve the whole process of
fabricating an orthosis, not only speied the process but also enhancitige quality of the device,
without increasinghe costs(Ana Luisa, 2010)

There are many fdors to consider on thdabricatingof an AFO. Weight isne major cocern
becauseadditional weight canreduce the foot clearance, causing negative changes to the leg
Factors such as incorporating a hinge at #mkle are also significant. Research shows that hinged
AFOs most commonly useTamarack flexure joinfFatoneand Hansen 2007, Radtka et al. 2006,
Thomas et al2002).The fatigue and stiffness properties of the AFOiamgortant factors in ensuring
that the AFO will not plastically deforrBtudies proved thafatigue and stiffness of the AR@ere
relatedto the curvature of the device and thahé more curvature presemtd in the AFO, the higher
the fatigue resistance and the lower tistiffness(Braund, Kroontje et al., 2003j an AFO has a low
fatigue resistance that will result in elastic deformation while high fatigue resistance prevents failure
of the AFO. Another concern in AFOs fabrication is the teatpee experienced by the AFO during
use(Syngellakis, Arnold et al., 2000)

In sum, the design specifications for Ankeot Orthosis must be biocompatible, easily
OdzatG2YAT 0t S F2N (i Eh8uld lpllovideé $rppeQpropodiche WeBneahBankle
dorsiflexion and plantarflexion resistance and range of motion, be easily fabricated at lownzbst
alsoprovide comfort and versatility

3.3 Comfort and Tolerancéreas

Comfort and tolerance areas of high stress concentraticntwo aspects that must be taken into
account when designingrthotic devices The anatomical areas and structures able to support
effective loads must be knawas well as the maximum levels of psaire that these structures can
handle without rising safety and comfort issy@eldalois, Poveda et al2008)

The loads transmitted from the devices to the human interface prodrargact pressure that
can compromise safety and comforf.owards safety, it is necessary to avoid pressures above the
ischemia level which would compromise the tisstidis pressurelevd has been estimated in 30
mmHg(Branchereau and Jacobs, 1999)

Within the framework of wearable robots design, Bela-Lois et al. studied the anatomical
constraintsandtoleranceareasfor loadtransmissioron thelower limb. They stated that at all parts
of the body are appropriate to transitrioads to the skeleton systems and thaete are many body
structures and areas that must kevoided in the design of systems for loadnsmission.With
regardto the human bodyin genera] for each jointone must consider to keep free an area to allow
the joint move in its wholeange.Also it is necessary tovaid bony prominences, bony processand
tendons because bones in these areas aahas stressors and increase the likelihood to suffer an
injury. Areas with surface vessels or nenrasst also be prevented in ordéo avoid the likelihood of
injuries as well adighly irrigated andenenated areas such as axilkm avoid pain ordiscomfort
(BeldaLois, Poveda et al., 2008)

Regarding th lower limb,and according to the work developed by Beldas et al.the main
structures to protect areHead of the fibulaPatellg Knee condylesTibial processAnckle malleolus
Trochanter Achillestendon; Quadriceps tendonlschitibial tendons Groirng Popliteal cavity Hip
movement areakKnee movement areaAnkle movement aregsee Figure 3.7)
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Figure 37 - Areas and structures to be avoided in the lower limb: 1) Head of the fibula, 2)Patella, 3) Knee
condyles 4) Tibial proces$) Anckle malleolus, 6) Trochanter, 7) Achilles tendon, 8) Quadriceps tendon, 9)
Ischitibial tendons, 10) Groin, 11) Popliteal cavity, 12) Hip movement area 13) Knee movement area, 14) Ankle

movement aregBeldalois, Poveda et al., 2008)

In order toinvestigate possible differences in the pressure tolerance at the lower limb, Belda
et al. measured th&ressure Pain Threshold (PPT) or Maximum Pressure ToleraRTg (fhe point
where the user begin to feel paitgking into account the common placement of load transmission

elements of loweilimb wearable devices (see FiglEs).

Figure 38 - Points for the analysis of PPT in the lower li{BbHa-Lois, Poveda et al., 2008)

They found significant differences between these poidintifyingthree homogeneous groups
depending on its sensibility: high, medium (supporting pressures up to 416 KPa) or low (supporting
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pressures up to 557 KP&lthough the external pressures used were punctual and instantaneous
forces they can give an indication of the behavior that the different points have on the lower leg.
Table 4.1 resumes the results obtained for the PPT of each point and its respectiogdrmaus

group.

Table 31 ¢ Homogeneous groups of pressure sensibility in the
lower limb(BeldaLois, Poveda et al., 2008)

Anatomical PPT Homogeneous
Point (KPa) Group
P1 281.7 1
P2 545.5 3
P3 588.1 3
P4 628.1 3
P5 482.7 2
P6 281.9 1
P7 557.7 3
P8 416.6 2
P9 470.5 2

Understanding the relation between pressure and the comfort iSsuee complex problegrsince
the pressure perception is different from individual to individual and varies from a part of the body
to another. However, in the orthotic practice it is common to increase the surface of contact
between the body and the devices in order to redube tontact pressures, preventing injuries due
to high pressures. In general forces can be uniformly distributed or concentrated.

According to theSpatial Summation Theo($ST) there might be an optimal surface to distribute
the load resulting from a balae between the applied pressure and the contact area. This theory
states that the larger the area stimulated, the greater the sensory response experienced
(Goonetilleke, 1998)When the applied pressure is increased, the pressuregpion can move
towards discomfort and if so, a force distributed over a large area may induce greater discomfort
than the same force over a small area.

Goonetilleke studied the relation between the MPT and the contact area of stimulus, using probes
with different diameters (5mm and 13mm). He then related the mean values for the MPT obtained
with the values oMFT, assuming that

MFT = MPT * Area (3.1)

He realized that for the probe with the smaller diameter, although the values for MFT were half
the values obtained for the probe with the biggest diameter, the values of MPT were three times
bigger. This means that the load exerted over a bigger area, can be shared among a number of
smaller areas, without reaching the maximum tolerable values of pressince for smaller areas
these values are bigger.

Goonetilleke concluded that at high forces, a larger area may cause a higher lenstarhfort
that a smaller areaHowever, it is unknown whether if at low forces, distribution over larger areas
increases comfort. He suggested that the perceived sensation and contact area have a relationship
similar to the one illustrated in Figure 3.9.
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In the graphic, the term sensation is used to describe the individual perception, although negative
sensations may éviewed as discomfort. The traditional distribution of forces over the largest area
possible may be successfully when forces are very low or belpw-6r higher forces, a bigger area
will resultin an increase afiegativesensations.

SST suggests thtte decision to distribute or concentrate forces depends on the magnitude of
the pressure that exceeds a critical or threshold pressure for a given surface area.
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Figure 39 ¢ Hypothetical relationship between perceived sensation and contact area (Bagé&sbonetilleke,
1998)
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Chapter IV
Simbodyand Multibody Dynamics

4.1 SimTK Simbody andpenSim

Biosimulationhas beera constantlyevolving fieldMany methods to model muscl€heng, Brown
et al., 2000; Bhargava, Pandy et al., 20@#nulation of contacfFregy, Bei et al., 2003; Kry and Pai,
2006)and musculoskeletal geometry representati(@ao, Damsgaard et al., 2002; Menegaldo, de
Toledo Fleury et al., 200#ave been developed by investigators, contributingtéalevelopment.

Simbios in Sanford Unversity, is developng new open source biosimulation softwalled
SimTkeontainng programming tools (application programming interfaces)tfos purpose.

Simbody isan Application Programminglinterface (AP) of SimTK, which allows performing
simulations of multibody systemspplicationsusing Smbody have beenimplemented in areas of
biomedical research such as stdying the motion of biomolecular machines built from amino and
nucleic acid components (Flores, Sherman et al., 2010)pathological gait in
muscuoskeletal models of humans (Delp, Anderson et al., 20Q7)esignof biologicallyinspired
robotsandavatars(Sherman, Seth et al., 2011)

In 2005, an opesource gmulation envirorment called OpenSin has beendeveloped, and
maintained on Simtk.org by a growing group of participants, to accelerate the develapent and
sharing of simulation technology andto better integrate d/namic simulations into the field of
movement science (Delp, Anderson et al.,, 2007PpenSm APIlis built on Smbody, allowing
performingsimulations of multibody systems.

Opendm enables the construction of musculoskeletal models, the visualizaton of their motion,
and a setof tools for extracting meaningful information. Thesetools include inverse kinematics, to
resolve internal coordnates from available spatial marker positions corresponding to known
landmarks on rigid segments; inverse dynamicsto determine the set of generalizedforcesnecessry
to match estimated acceleratias; static optimizaion to decanpose net generalized forces amongst
redundant actuators (muscles) and forward dynamics to generate trajectories of states by
integrating system dynamical eguations in regponse to input controls and external forces.
Specializd tools are provided for generating patient-spedfic simulations. These include scaing of an
existing model to match patient-specific measurements, and determination of dynamic muscle
activationsthat causethe model to track experimental data (Thelen, Anderson et al., 2003)

OpensSim is organized into computational and functional layers (see Figure 4.1). The base layer is
the computational layer provided by Simbody (blue), particularly for creating and solving the
multibody dynamics System.

This chapter will explain in detalie mechanicatonceptsand multibody dynamics formulation
dzZiSR o0& {AY02ReéxX YKAOK Aa (GKS 0l aBe eguitions biSy { A Y Q
motion for kinematic and dynamic analyses are described as well as the contact models available in
this biomechanical simulation tool.
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Figure 41 - Opendm organization and hierarchy structur€he base layer is the computational laye
provided by Simbody (bluejhe next layer up is the modeling layer (green) that defines the model and
al its omponents. The analysis layer (orange) omprisesa set of aalyses, which fall into three categories:
modeler, solver, and reporter. The application layer (red) contains the OpenSim GUI, and a set of uti
that exercise the OpenSim API direct{§cott Delp, 2010)

4.2 Fundamental Concepts and Multibody Mechanics Formulation

Simbody uses a multibody formulation that allows for systematic formulation and solution of the
equations of motion of multibody systems. Before understanding the concepts behind the kinematic
and d/namic analysis, it is necessary to define what is meant by a multibody system.

In this chapter the general concepts needed to specify a multibody system in Simbody will be
described as well as the formulation in multibody dynamics. The concepts and l&dionuin
multibody dynamics are based in the description@arcia de Jalon and Bayo, 1994; da Silva, 2003;
Sherman, 2010)

4.2.1 Coordinate Frame

In Simbody aoordnate frame Fis defined asa set of three mutually orthogonaldirections

(axes)and a point (frameW arigin). The axes are denotedas unit veadors xF,yF,zF and follow a

fight-handS R 6 & R Bvéntich boéthiat 2= x y©. The fameQ arigin is defined asO” (see
Figure 42).
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Figure 42 - Coordinate frame and axes convention in Simbody (Based on Sherman 2010).

4.2.2 Topology and Body Representation

A body B isfundamentallya moving reference frame, called the body frameTBe set of all
bodies in a multibody system is defined@swith the " body designated a®[i]. r&EY86 O Ai AU A&O.
is O[i] with origin OB, In particular, body G is the distinguished bo@youndrepresenting the
inertial (norracceleratingnon-rotating) reference frame. The ground frame provides a global origin
YR FAESR 2NIK232ylf RANBOGAZYya&a EX "épodyjthhtis, &8 O2y¢
O[0] k G Figure43A f f dzZA iGN} 1S4 GKS DNRdzyR isefréncdfrgne. | 02 R&

"l

z

Figure 3-DNR dzy R 02 R& NX"ebody

i Sigilibdyywvith hig iKeftial éeference frame (left). Body
C OABT RSTFAYS

R 08 KAANBTFSNBYOS TNIYS IyR
To describe the multibody system topology it is necessary to define the follow properties:

- A set of bodks (that is, reference frames), includingeodistinguished body Grourttat needs
to bealways present.
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- The mass structure of each body. The possibtess structures are: (1) ground, (@pssless
(3) particle {nertialess, (4) line, (5) rigid body, and (6) flexible boli\ass properties for a rigid
body include the total mass (a scalar), the center of mass and an inertia tensor.

- An uniqued LJI NXBoyyifak each body(except Groun)l with reslS Oti (G2 G6KAOK {(KS
mobility needs to be defined. This leads to a tree topology for the system as a whole, with the
ground body at its root.

- A set of topological constraints,e., kinematic constraints wich are always present and
active, to estrict the allowable mobility betwen bodies, if such is required for the correct
RSTAYAGAZ2Y 2F aeadsSyQa (2LRf23e0

4.2.3 Euler Angles

To describe aliotational movements Simbody uses the Euler Anghesordingtd® dzft SN A& NR G
theorem, any rotation may be described using three anglys,(,s ), the so called Euler anglei$.

the rotations are writtenin terms of rotation matricey , gands , then a general rotation can be
written as

R =y (o) (41)

There are several conventions for Euler angles, depending on the axes about whiokatluans
are carried out. In this wérthe convention used will be XYZ gxa@&srepresented inifure 44, which
corresponds to the same convention used in Simb¢gignan, 2010)According to this corention,
the first rotation of the initial system of XYZ axes is about the X axis by an\amglenterclockwise.
The rotation matrix representing this rotation is given by

& 0 0
Y = go cosY -sin \ 4.2)
g sinY cosY
The resultantNBE F SNB Yy OS T NI YSsedFigureRi4. yTRidi ifidRmediaie, s& ¥ then

rotated about theYCaxiscounterclockwise by an anglg to produce another intermediate reference
frame, the: Q Q ax@eL¥eeRigure 44). This otation is represented byhe rotation matrix

D/

cosg 0 sing
0O 1 o0 (4.3)
sing 0 cosqg

q:

('Dps [ONON

Ly GKS frad &a68L GKS - Q0. 00%QQ [ESSand e NRGI (
FAYILET NBFTSNBYyOS ¥ Nie¥Fure 4)QNe rGlddidhmatixhat define® thigilasth y SR«
rotation is

Y

gcoss - sins O
s=2ins coss O 4.4)
g o0 0 1
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The angleyy , gand s are the three parameters that act as independenbadinates, since they
Oy ARSYy(GATe O2YLX SGSteée GKS 2NASyGFrGA2Yy 2F GKS
(Nikravesh, 198&erreira, A. V. S. 2008

Figure 44 - Rotations defining Euler Angléghe first rotation is about the X axis by an angflefollowed by a

NRGFOGAZ2Y | obga@angegk K S Qf I ER ANB G GA2Yy Ada 02d2iSGKS %QQ |
(Based or{FERREIRA, 2018)

The complete transformation matrix is given by the product of these matrices and it is defined by

e C0Sg COS S - cos gsin s st
R=Yq s=gcos %ins 80ss sin  ¥id co¥Y scos Ysi g si-nd (45
gsinY sins - cos Ycoss sid c8es YstinyY CGs s iYd

ThroughEquation4 5 it is possble to deduce the Euler anglé®m the elements othe rotation
matrix R:

s

tgy
Re;

tgd =— s (4.6)

+y R211 +R212

tgl = —22 Re

1

whereR; is the value on the'iline and {' column of matrix R.
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This is particular important because matrix R is usually calculated experimentakacfotime
step, from the acquired kinematic data. The Euler angles are then obtained from these matrices and

used as input in the analyses in Simbody.

4.2.4 Generalized Coordinates

In the study of multibody dynamics, different sets of coordinates denoused to descbe rigid
body orientations with respect to a fixed fran@ Generalized coordinates are defined as a set of
coordinates, usually independent of one anothtrat are used to describe the configuration of a
particular systenin a unique wayAmirouche, 2006)

If the system is subject to some additional constrairiteat will result in some dependency
between the generalized coordinates. The number of independeneigdized coordinates defines
the number ofdegrees of freedomOKK) of the system. For instance, nfgeneralized coordinates
are used to describe a particular configuration and there rareonstraints equationsnf < n), the
differencen-m is equal to the total degrees of freedom of the system. The advantage of finding the
exact number of independent generalized coordinates to describe the configuration of the multibody
system § that the constraint forces daot need to be computed even the system is dnject to
constraints (Amirouch2006).

When a body moves in space without any restrictions, its current location is defined by the
position of any point, such as the center of mass, and a set of three independent direction angles
locatingdirection lines in the body. Thus, in thebsenceof kinematical constraints, any rigid body
moving in space has sROF and a possible set ajeneralizedcoordinates are three position
coordinates of the center of mass relative to a convenient fixedregfee frame and three Euler
Angles defined relative to that reference frame.

4.2.5 Equations of Motion

In what concerns multibodgystems, there are essentially three types of analyses that can be
performed: kinematic analyses, forward dynamic analyais] inverse dynamic analysisln this
section, a multibody formulation using generalized coordinates will be descitbaatia de Jalén and
Bayo, 1994; da Silva, 2003; Sherman, 200 formulation described represents the structure used
to modelall the three-dimensional multibody systems in Simbody, allowing for the resolution of the
eguations of motion in a systematic way.

4.2.5.1 Kinematic Analysis

Before starting to describe thequations of motion underlying the dynamic analysis, a few
conventions in kinematic analysis must be established.

Common to all types of kinematic and dynamic analyses, a set of coordinates must be specified to
describe, in a unique way, the position aodentation of each element of the multibody system. In
Simbody,as mentioned before, generalized coordinates are chosen primarily to facilitate good
numerical behador during computation (Shermar2010). Thee coordinates that define the
configuration ofthe system in a unique way, at any instant of time, can be grouped in a vegctor
organized as follows:
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_ T
a={Xyzy,g.5. XY7Z % @ @.7)

where x, y and zrepresentthe three position coordinates of the center of masisthe {" rigid body
relative to a convenient fixed reference frana@dy ,,g and S, the correspondentEuler Angles

definedwith respect to the referredeference frame.
In Simbody, prameters for velocity are called generalized speeds. The symlwlused to
represent a vector of generalized coordinates, and a vector of generalized speeds, which are the
time derivatives2 ¥ G KS 3ISySNIfAT SR O22NRAYIGSa 2F GKS ae
speedauisalwaysii KS &l YS | & { Kile{DOF RBodyadas e DAF wkhiréspect to
its parent, then it will also have fivatés. TheuW are thuis mutually independentThe systems
equations of motion are written in terms of the time derivativeswfwhich are denotedi and
referred asgeneralized accelerationt this work, we will refer to the vector of generalized speeds

u, as the first time derivative of the generalized coordirsdle and will refer togeneralized

accelerationdll as the second time derivativé ine generalizedoordinateg] .

The total numbef DOFn2 ¥ | YdzZ GA02Reé aeadsSy Aa GKS adzy 2-
and represents the number oindependent system mobilitiest KS G241 f ydzZYoSNJ 27
constraint equations is denoted loy.

The general coordinates in vectqrare said to be independent if they can vary independently or
dependent when and if they are related by constraints. Constraints are algebraic equatbneed
to be introduced whether to describe the topology of the system or to describe driver actuators used
to guide the multibody syem through the analysigda Silva, 2003)These algebraic equations, like
the generalized coordinates, can be gathered in a vedtofq, t). This vector represents the
kinematic constraint equations and must be fulfilled at every instant of time which means that

F(g.t)=0 (4.8)

When performing a kinematic analysis the movement of bodied of the entire systenis
studied without considering the external forces that produce and cause thavement In a
kinematic analysis the position, velocity and acceleration of every elenfeheasystem is obtained
and analyzedut in order to achieve that, itsinecessary to specify the motion of the systenain
unique way, which means that is essential to prescribe the position, velocity and acceleration of
some elements while the remainingre obtained usingbodies propertieskinematic constraint
eguationsand mobilizerghat describe the topology of the systemta Silve2003)

To obtain kinematic consistent positignge. thosethat satisfy, at any instanbf time, the
kinematic constraint equations defined Hy (g, t) it is necessary to solv&8 with respect to the
vector of generalized coordinates Because kinematic constraints arsuallynon-linear equations,
4.8 representa sysem ofnon-linear equationghat needs to be solvedn order to solve that system
the Simbody uses th&ungeKutta Merson methodand thena time stepper study seeks to find
trajectories(Sherman, 2010)

The generalized velocitiesf the elements that describe the multibody system are calculated
differentiating4.8 with respect to time obtaining the velocity constraint equatiomsctor.
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dF(a,t) pF@Y) WHa.Hd 4.9)

F(a,9.t)=
@.a.t) dt ut g dt

where UF (Q,t)/ prepresents the vector of partial derivatives of the constraints with respect to
time, WF (q,t)/ @ is the Jacobian matrix of constrair@mensionmxn)and the termdq/ dtis the

vector of generalized velocities, also repented a$|. Defining the vectorrz(t) as the righthand
side of the velocity equatigrt.9 can be rewritten as:

F.a= i Jes (4.10)

i
In the same way, the generalized acceleration vector is calculated. The velocity constraint
equations from4.9 aredifferentiated with respect to time, obtaining:

G (e (dtQ.t) L - wg)g mrQ @11

where/), represents the gctor of partial derivatives of vectan with respect to time Defining the vectord as

the righthand-side of the acceleration equation, the previous equation can be rewritten as:

0,9=v, { g F (4.12)

4.2.5.2 Dynamic Analysis

Inverse dynamic analysis is a method that all@vsluatingthe internal and external forces
developed by the system, when taking into account the systems topology, kinematic constraints and
20a3SNUSR Y2G0A2y® LG Aa | OSNE AYLRNIFYyOG |yl feana:
reaction forces and nemoments of force developed in theints and by the muscle apparatus of a
biomechanical model, as a result of performing a task that has been previously obséav&iva
2003). This type of problem is frequently applied in gait analysis, since themaatd external forces
can be measuredThe velocity and the acceleration of body parts can be calculated by kinematic
analysis, while the external forces can be obtdilg direct acquisition of GRFs

On the other hand,drward dynamic analysis simulates the motion of a multibody system when
known forces and moments are applied, allowgaculatingthe systemdynamic responsadith this
analysis one is able talculate internal reaction forces developed by the systenwken the bodies
of the multibody system during the analysiis order to prevent the motion of the DOF constraihed
It is also possible to calculate external forces that depend on the relative position between the
multibody system elements, such as thedes generated by springs, dampers and actuators, as well
la G2 SadAYFGES SEGSNYyLFE F2NDSa GKIFG FNB 3ISySNI G
the surrounding environment, such as caat and friction forces (da Sil2803).

Equations of mdion in Simbody are obtained using the principle of virtual po¢@arcia de Jalén
and Bayo, 1994; da Silva, 2003; Sherman, 201 principle of virtual power establishes that the
sum of the virtual power produced by the inertial and external forces that act on the multibody
system must be zero, at any instasftthe analysesThis principle can be expressed as follows:

P'=q" (MG-0)=0
(4.13)
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