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Abstract

Recently, inertial measurement units (IMU) are pthon the human body segments in order
to estimate joints kinematics. A fundamental issubuman gait analysis based on IMUs is
that sensors' local references frames are misaigith anatomically-defined body-segments’
frames. Thus, this M.Sc. Dissertation proposesdthelopment of a calibration procedure to
address the problem of sensor-to-body alignmentder to estimate joint angular kinematics

during free walking.

The novel, simple and fast calibration proceduravigles tridimensional kinematics of hip,
knee and ankle using only four IMUs, without reswtto any additional tools or predefined
movements. A method for static assessment of thésiMas conducted in order to determine
the initial state of the system. The algorithmsalign the sensors to the body segments, to
calculate the joint angles and to detect eventd aag heel strike and toe off are also
presented.

Experiments were performed with five healthy sulsjestd the results were compared with
similar studies found in the literature. The resydtesented low standard deviations, which
means that estimated measures were consistensddeds. The angular patterns are coherent

and consistent with those presented in the litegatu

This procedure also presents the potential to becamalternative to high-cost camera-based
systems allowing the possibility of performing tlamalysis of human gait in external
environments with clinical application in the néature.

Keywords: IMU, gait analysis, sensor-to-body calibratiooggdure, joint angles.



Resumo

Recentemente, unidades de medicéo inercial (IMO)csfocadas nos segmentos do corpo
humano a fim de estimar a cineméatica das articemgdma questdo fundamental na analise
da marcha humana baseado em IMUs é que os sistemraenados locais dos sensores estao
desalinhados com os sistemas coordenados anatédososegmentos do corpo. Assim, a
presente dissertacdo de Mestrado propde o deséneoto de um procedimento de
calibragéo para resolver o problema de alinhamdatsensor-ao-corpo, a fim de estimar a
cinemética angular das articula¢des durante a radingie.

O procedimento de calibragdo novo, simples e rapieloexecutar, fornece a cinematica
tridimensional do quadril, joelho e tornozelo usarapenas quatro IMUs, sem recorrer a
ferramentas adicionais ou movimentos pré-definiddérs. método para a avaliacdo estatica
dos IMUS foi conduzido a fim de conhecer o estadoal do sistema. Os algoritmos para
alinhar os sensores aos segmentos corporais, aalesllangulos de articulagbes e detectar

eventos tais como o contato inicial e retira dognébém sao apresentados.

Os experimentos foram realizados com cinco sujes@® deficiéncia da marcha e os
resultados foram comparados com estudos semelhargediteratura. Os resultados

apresentaram desvios padrdo baixos, o que signifima as medidas estimadas foram
consistentes em todos os testes. Os padroes agylao coerentes e consistentes com
aqueles apresentados na literatura.

Este procedimento também apresenta potencial patarsar uma alternativa dos sistemas
baseados em camera de alto custo, permitindo #piolssle de realizar a andlise da marcha

humana em ambientes externos com aplicacéo chini¢aturo proximo.

Palavras chave IMU, analise da marcha, procedimento de calilwagénsor-ao-corpo,

angulos das articulagoes.



Resumen

Recientemente, unidades de medicién inercial (Id&Y¥olocan en los segmentos del cuerpo
humano con el fin de estimar la cinematica de ftisudaciones. Un problema fundamental en

el analisis de marcha humana basado en IMUs ebgusistemas coordenados locales de los
sensores no estan alineados con los sistemas nadaieanatomicos de los segmentos del
cuerpo. Por lo tanto, en esta tesis de Maestypacgmne el desarrollo de un procedimiento de
calibracion para abordar el problema de alinead&rsensor al cuerpo, con el fin de estimar

la cinematica angular de las articulaciones duraraecha libre.

El procedimiento de calibracion novedoso, sencylladpido proporciona la cinematica
tridimensional de la cadera, la rodilla y el tabilisando so6lo cuatro IMUs, sin recurrir a
herramientas adicionales o movimientos predefinitfosialmente, se llevo a cabo un método
de evaluacién estatica de los IMUs, con el fin deocer el estado inicial del sistema.
También se presentan los algoritmos para alineasémsores a los segmentos corporales,
calcular los angulos de las articulaciones y dateeventos tales como el contacto inicial y

despegue del pie.

Se realizaron los experimentos con cinco sujetos dsscapacidades de marcha y los
resultados se compararon con estudios similarda &teratura. Los resultados presentaron
desviacién-estandar baja, lo que significa queriadidas estimadas fueron consistentes entre
los ensayos. Los patrones angulares son cohergm@ssistentes con los presentados en la

literatura.

Este procedimiento también presenta el potencied panvertirse en una alternativa a los
sistemas de alto costo basados en camaras pewduitlanposibilidad de llevar a cabo el
andlisis de la marcha humana en ambientes ext@wmosaplicacion clinica en un futuro

cercano.

Palabras clave IMU, analisis de marcha, procedimiento de catiina sensor-a-cuerpo,

angulos de las articulaciones.
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Chapter 1. Introduction and Motivation

1.1. Human Locomotion

Walking is the body’s natural means of locomotibattinvolves a change in place, position,
and posture relative to some point in the enviramn{elAMILL; KNUTZEN, 2009). This
results from a process that involves the centrafes system, peripheral nerves, muscles,
bones and joints (WHITTLE, 2007). Other locomotimodalities include climbing stairs and
running. Although walking is the most habitual assential activity for daily life and social
participation, this activity is a complex dynamask Its learning takes place in successive
stages; consequently, each person shows particiidmacteristics (MONTERO-ODASSO et
al., 2009). The capacity to performance activitésaily living, such as walking, determines
a person’s functional ability (SENDEN et al., 201Also, gait pattern reflects the ability to
develop independently in the community.

Gait analysis (GA) is the application of anatomi@d biomechanical principles to
understand and characterize systematically the humeaomotion (WINTER, 2009).
Researchers use a variety of techniques to deterrkimematic, kinetic and metabolic

parameters, muscles mechanics and electromyogesq@ayding to the applicability.

1.2. Factors Affecting Human Locomotion

Nowadays, there is a global concern over the isongaof elderly population. The document
World Population Ageing 2013 (UNITED NATIONS, 201@ported that older people (aged
60 years or over) increased 2.5 per cent from 10¥D13. Such population will continue to
grow. Specifically in Brazil and Colombia, oldergmée represent 7.4 per cent (IBGE, 2010)
and 2.4 per cent (DANE, 2005) of total populatigaspectively. This situation warns
especially to health workers. Falls, immobility andurodegenerative disorder include the
major causes of disability in elderly people. Agdéluences in the clinical progression of
diseases such as Parkinson disease (PD). PD geaatative disorder that affects the central

nervous system. Its earlier symptoms detected aneement-related, including shaking and
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disturbance of gait. Gait studies have been usestimate characteristics of Parkinson such
as: harshness of tremor, dyskinesia and bradylarf@#eN; GLASER; AMINOFF, 2010).

Other disorders and accidents that lead to motgraimments are stroke and spinal cord
injury. Stroke or cerebrovascular accident is airbidamage due to blood supply stops
flowing to the brain. This condition causes neuraeath leading to permanent neurological
damage and malfunction of the brain area affectgsually, people suffering stroke have one
or more limbs paralyzed in one side of the bodyis Wondition affects profoundly velocity
and symmetry of gait (HSU; TANG; JAN, 2003). Phyks&rapists spend considerable time
attempting to restore patients’ movement, partitylavalking ability. In these scenarios,
researchers propose the use of robotic devicesder do avoid fatigue (BORTOLE, 2014).
Thus, the application of these technologies requaedetailed analysis of biomechanical
parameters which implies the use of GA tools (LAUIZKI, BROUWER; LI, 2013).

Patients that suffered a spinal cord injury (S@Huire significant rehabilitation treatment to
restore gait function and recover the capacity édgsmance its daily living activities. A
recent study was focused on the biomechanics tirgaatients with central cord syndrome.
Such a study helped to understand how this injdifgcts gait pattern and underscore the
importance of GA as a tool to decide surgical ehapedic intervention (GIL-AGUDO et al.,
2011).

On the other hand, conditions during pregnancyhlor after birth (up to about age three)
could affect the good development of infant bramd gprovoke problem with GA. For
example, cerebral palsy (CP) causes physical ditsabiainly in the areas motion-related.
The most common symptoms of this disorder are imialry movements, spasticity, balance
problems and unsteady gait. Depending on the dgvefi the disorder, physical or
occupational therapy could present improvementéreéesults. Recent researches reported the
remarkable performance of GA in the treatment okloeal palsy. Preoperatively this tool
could help to make decision of surgical intervemtiand assess specific pathologies.
Postoperatively GA is used to assess of outcometigai@vely (CIMOLIN et al., 2011).

Rheumatoid arthritis (RA) and osteoarthritis (OAk aother degenerative disorders that
involve degradation and/or inflammation of jointie underlying bone and cartilage also are
affected causing pain and movement problems. Thesesa of these diseases are not
completely understood. However they could be aasediwith genetics and environmental
factors. Recently it was reported that unhealthlgiteaas smoking is a risk factor for RA
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(SUGIYAMA et al., 2010). Generally, symptoms inctupbint pain, stiffness, tenderness and
locking. Patients with RA manifest inflammation rssgwhich are less prominent in OA
(referred to as non-inflammatory problems of thatg). The treatment of these patients
involves the use of analgesics and change halitsifastyles. Also, includes combination of
exercises and occasionally joint replacement syrdegifferent researches used gait analysis
in patients with RA to estimate both static andaiyic lower limb functional disability and
improvement after treatment (BAAN et al., 2012; 6l et al.,, 2012; PARVATHY;
MASOCHA, 2013; METSIS et al., 2013).

Other condition associated with mobility issuethis loss of a body part by amputation. The
causes include an injury, illness or surgery. Tommlete loss of a limb requires the use of
prosthesis because a permanent disability occuse, Amputated patients should undergo to
rehabilitation after surgery in order to regainthegt possible level of motor function. The
restoration of locomotion and improvement of gaitt@rn is closely related to the technology
of prosthesis. Designers face challenges as angiuiaknce, dynamic of activities such as
staircase walking or gait on inclined plane, weatamnal, esthetics, comfort and costs. Recent
researches applied gait analysis to predict, etal@nd analyze faults in orthopedic
prostheses (OLIVARES et al., 2010; OLIVARES et aD11; HERNANDEZ-CASTILLO;
ALVAREZ-CAMACHO; SANCHEZ-AREVALO, 2013; BOFFANO edl., 2014).

1.3.The Use of Gait Analysis

Aforementioned mobility diseases alter biomechdnfeatures that define a healthy gait
pattern, and these changes lead to dysfunctionphtbrological gait. In this context, clinical
professionals and researchers use gait analysigletotify abnormalities and potential
problems caused by such diseases. Different stoglegnized GA as a clinically helpful tool

to assist diagnosis, help to find the best treatrard give feedback to clinicians (Figure 1.1).

A recently research by Benedetti et al. (2011) egpdhat gait analysis could also make the
clinical decision less arbitrary and more objective the assessment and diagnosis of
excessive ankle plantar flexion (equinus foot) i Qatients. Using both clinical evaluation
and instrumented gait analysis, the aim of theystuds to define the types of equinus foot.

Experimental protocol involved twenty patients aeslearchers clarify that each patient could
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DYSFUNTIONAL CUTCONIES
TREATMENT - S AT (Rehabilitation-Surgery-

Orthopeadic Devices)

EVALUATION

(Gait analysis)

Figure 1.1 Performance of Gait analysis in a cihgcenario.

present more than one form of equinus. Consideragteement was found between both
assessment forms, matching 50 out of the 61 deftypds. Authors conclude that gait
analysis is useful to distinguish among differeqtiiaus types. This is important in clinical
rehabilitation, because it allows a correct andeciye diagnosis tool to choose the most

suitable intervention or treatment.

Wren et al. (2009) expose the effects of clinicdl @ the cost of care and the amount of
surgeries practiced in ambulatory children with Qe study presents the comparison
between two groups of patients with CP that hach etervened with surgery. Group 1 (G1:
N = 313) represents those that had undergone to GA béfereindex surgery and group 2
(G2: N = 149) those had not. The results evidence less substeguegery in G1l-patients
with 11% of patients who required additional surggrcompared to 32% presented in G2-
patients. This situation also implies more addaicsurgeries per person-year (G2: 03/person-
year, G1: 0.l/person-year) resulting in additior@ist (G2: $3009/person-year, G1:
$916/person-year). In conclusion, clinical GA idated with a lower rate of additional
surgical intervention helping to reduce disruptiorihe patients’ lives even though the cost of
the first surgery were higher in G1-patients (43,906, G2: $35,215).

Fuller et al. (2002) conducted a research to debterthe impact of practicing gait analysis on
surgical planning in adult patients with spasticuiaqvarus deformity. These gait-

dysfunctional patients are characterized by hawng or both feet rotated internally at the
ankle. The study involved thirty-six patients amdtsurgeons formulated independently
surgical plans before applying GA. After this pregean experienced physiatrist collected

kinetic, kinematic and EMG data. The results shbat 64% of surgical plans changed after
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gait study and the agreement between independegitauplans increased from 0.34 to 0.76.
This shows how GA may alter surgical decision- mgki

Despite the studies demonstrate gait analysisteféess, there are some challenges to make
GA widely accepted as a routine in clinical diagggssAmong the most mentioned barriers
and limitations are: the maturity of technology c{uding variability, accuracy and
reproducibility related to technical factors), ceffectiveness, flexible and friendly use and
time-consumption to drive tests and interpret ¢&t&«ON, 2004).

Optical camera systems are the current and stamelendology used to estimate position and
orientation of human limbs. Along with force platies, they constitute specialized gait
laboratories. Using these technologies both kinemahd kinetic parameters could be
estimated with high accuracy. However, these teldgmes present some limitations: they are
expensive, present reduced portability, restrice tstudy to a controlled laboratory

environment and require dedicated and experieneesbpnel.

Alternatively, wearable sensor systems (WS), whighused in this dissertation, with evident
cost, usability and flexibility advantages may offesal-time motion analysis. This
technological advancement offers to clinical areaolution to those principal hampering
factors avoiding complex set-ups and use withoatiigc environment limitations. Muro-de-
la-Herran et al. (2014) conducted a review of yhivto articles published from 2012 to 2013
about original research in gait analysis. 40% ttlas were related to non-wearable systems
(NWS), 37.5% related to inertial sensor-based systand 22.5% regarding other WS.
According to the authors, trends in the gait analgsea evidently suggest more development
of WS including calibration, signal processing amata analysis algorithms in order to
accomplish better accuracy and repeatability. Atlse,authors insure that inertial sensors are

the most promising and widely used WS in recerdaeshes.

From now on in this dissertation, the terminolog§ (inertial measurement unit) will be
referred as a device comprised of multi-axis acoebeters, gyroscopes and magnetometers,
although some authors use other terms instead 0f thirefer to those sensors that include
magnetometers, such as MIMU (Magnetic and IneNahsurement Unit) (FAVRE et al.,
2009; PICERNO; CEREATTI; CAPPOZZO, 2011; PALERMO at, 2014) or MARG
(Magnetic, Angular Rate and Gravity) (PICERNO; CERHI; CAPPOZZO, 2008;
GALINSKI; DEHEZ, 2012; QIU et al. 2014).
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Different accomplishments in gait analysis basedhertial sensors have been reported in the
last years. A wearable sensor network based orlesoogeters was used to monitor patients
with Parkinson’s disease. The researchers focusedhe evaluation of motor status of
patients. The study involved ninety-two Parkinsisedse (PD) patients and twenty healthy
subjects, which undergone to gait assessment ferelift versions improved of the system.
The system, called PERFORM, provides a very modeaasessment of patients performing
their daily activities (PASTORINO et al., 2013).

Van den Noort et al. (2013) reported a preliminaaiidation of Outwalk protocol (CUTTI et
al., 2010) thought gait analysis of six childrenthwicerebral palsy. Using inertial and
magnetic sensors (Xsens Technology, NL), 3D joinekatics were estimated. Results show
significant differences in frontal and traversahmé due to offsets. Authors associate these
offsets to problems related to protocols’ anatohuedibration process. Finally, they suggest
that posterior studies should be pointed to impranatomical calibration of the sensors in

application that involve children with cerebral 9a(CP).

Merchan-Baeza et al. (2014) used inertial sensoestialCube3TM, InterSense Inc, USA) to
analyze the reliability in the Functional Reach tT@RT) parameterization in five stroke
patients. Clinicians use this test to estimate Shmi-static balance of a person performing
trunk displacement. This approach integrates bitaeics concepts including postural
control to infer the chance of falling. Authors ctude that inertial sensors are a specific and

reliable tool for this task.

In conclusion, gait analysis based on inertial sersuld benefit a variety of research and
clinical practices including rehabilitation assessin diagnose of motion disorders,
continuous monitoring of patients and improvinghodis and prosthesis design. This leads to
a wide field of research to develop better techgiel®, define more appropriated

measurement protocol and provide different datagesing and calibration techniques.

The sensor-to-body calibration procedure is a furatgal part of IMU-based gait analysis.
IMU sensors are placed on the body segments inr dodéneasure joint kinematics. To
calculate the joint angles, the orientation of adjacent segments is required. Each inertial
sensor measures its orientation using a globaldooaie system (G-CS) as reference, but they

need to be aligned with the body segment framederao produce a correct measurement.
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1.4. Objectives

Such as aforementioned, the core of currently gaatlysis lies in the measurement of joint
kinematics and kinetics. Perhaps, the kinematiarpater, which has a major interest in the
gait study, is the joint angular displacement. @a btther hand, IMU-based joint angle
estimation requires alignment of the sensors to libdy segments to produce correct
measurements. Thus, the general objective of #gsarch is to provide a sensor-to-body
calibration procedure to align the sensor to théybsegment coordinates system. This is an
important task in order to detect and characte3i2goint kinematics for gait analysis based
on inertial sensors (IMUs). The aim of this disaBon is based on the following hypothesis:
Through the alignment of the sensors to body segment frames, is it possible to estimate the
lower limb joint angles placing at least one inertial sensor in each body segment, namely foot,
shank, thigh and pelvis? More specifically the objectives of the disséstatare summarized

as follows:

» To propose a suitable protocol to sensor placement.

* To study the background of different techniquesglign the sensor placed on each body
segment.

» To develop a sensor-to-body calibration algorithmd adefine technic-anatomical
references in order to estimate joint angles ofatlide, knee and hip in healthy subjects.

* To develop an algorithm to calculate the joint asgl

* To validate the preliminary results according te tiewpoint of a specialist and by
comparison with results of similar studies in tiberature.

* To provide an easy and flexible tool for gait as@éyto be used in external environments

with clinical application in near future.
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1.5. Organization of the Document

This M.Sc. dissertation is divided in six chapteC$iapter 1 exposes the motivation of this
dissertation and a general introduction of cliniapplication, challenges, opportunities and
trends of gait analysis (GA). The research objestiare also presented. Chapter 2 contains
the overview of gait key parameters, methods aadtate of the art in gait analysis including
inertial sensors (IMUs) and background of sensdretdy calibration techniques. Chapter 3
exposes methods and materials including the dewmorippf the used system, a short
discussion of mathematical representation of rastin 3D-space (Quaternions vs., Euler),
the sensor-placement protocol and the explanaticdheocalibration procedure proposed to
estimate lower-limb joint kinematics. Chapter 4 taoms general simulations and the
experimental validation divided in four subsectiotiee static assessment of simulated and
real inertial sensors and the calibration procedyngied to two-semi sphere and goniometer
simulated and real configuration. Chapter 5 prowitiee experimental protocol to estimate
kinematic parameters in healthy volunteers thelt®sand discussion. Finally, Chapter 6

presents the conclusions and future work.
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Chapter 2. Gait Analysis and State of the Art

2.1. Description of Human Gait

From biomechanics, human gait is the forward disggi@ent of the center of gravity, and in
non-disability conditions, consists of keeping Ibaka by moving harmonically the trunk and
lower limbs. Its analysis involves the study of thedy segments motion through time and
space from one position to the other. A completedption of human gait includes kinematic
and kinetic data. Gait could albe understood as a chain of successive eventsnimais a
cyclic pattern of movement repeated over time (VAUAB; DAVIS; O'CONNOR, 1999). A
gait cycle is the basic unit to characterize thg wiawalking, assuming that successive cycles
will be reasonably similar if not the same. Thisleyis subdivided in two main phases

(Figure 2.1):
Heel strike A
Contralateral
toe off

Mid-

Foot adjacent

Heel rise

Toe off %

Contralateral
heel strike

Figure 2.1 Gait phases and events. (Source: AddgsdWHITTLE, 2007).
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1. Stance phase (approximately 60% of the gait cyelaen the foot is in contact to the
ground and
2. Swing phase (approximately 40% of the gait cycM)en the same foot is not in contact

with the ground and the leg is moving forward pregathe next contact.

Each phase is subdivided in periods (WHITTLE, 200R0 et al., 2012). Stance phase or
“support phase” comprises the following periods.

1.1.Loading response: This is the initial double-limippgort period. Beginning with
initial contact (heel strike) until the other fdeives the ground (contralateral toe off)
prepared to swing. The hip is flexed, the knedeagirig until peak knee flexion for
shock absorption and the ankle plantar flexiontsntine heel rocker due to forefoot
touches the floor. At the end of this stage, badjght is completely transferred onto
the stance limb.

1.2. Mid-stance: This is the half of the single-limb popt period. This period begins with
the contralateral toe off and ends when body weiglaligned over the forefoot.
While the hip and knee are extending, the goahésadvance of the body over the
stationary foot by ankle dorsiflexion (second ragke

1.3. Terminal stance: This period completes the sinighd-Isupport. The interval begins
with heel rising (leaving the ground) until contatral heel strike. The hip and the
knee extend until the limit and start flexion. st period the body advances through
the forefoot rocker.

1.4.Pre-swing: This is the second double-limb suppBeginning with the contralateral
heel strike until the foot leaves the ground (t&ie dhe hip and knee are flexing. The

ankle keeps a movement of plantar-flexion. Thisenvel is to prepare for swing.
The swing phase is subdivided into the followingiqus.

2.1Initial swing: This is approximately one-third oWimg phase. This interval begins
with the toe off and ends when the swinging limojgposite to stance limb; in this
instant, the knee joint gets the maximum flexiomeThip is flexing and the limb
advances.

2.2Mid-swing: This is the second-third of the swingaph. This period begins following
the maximum knee flexion and ends when the swingim is forward and the tibia
is in a vertical position. The hip continues flaxiand the knee extends in regards to
gravity, the ankle continues dorsiflexion to endsitnal.
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2.3Terminal-swing: This last interval begins with ati@l tibia and ends with heel strike
preparing for next step. The shank moves aheatieothing through the knee fully

extension. The hip is flexed and the ankle remairtorsiflexion to neutral.

In the previous information, seven events were meatl, which subdivide the gait cycle in
periods (WHITTLE, 2007): 1) Initial contact or hestlike, when the heel contacts with the
ground; 2) Contralateral toe off, this is toe oftbe other foot; 3) Heel rise, also called “heel
off”, when the heel begins to lift from the ground); Contralateral heel strike, this is a heel
strike on the other foot; 5) Toe off, when the ftazves the floor; 6) Foot adjacent, this is the
time at which the swinging limb passes the stamb;land 7) Tibia vertical, when the tibia

of swinging limb corresponds with the vertical.

From this general description, the gait study can usually approached from two

perspectives: the study of kinematics and/or kasetKinematics is understood how the study
of the motion of bodies without consideration of tauses that produce it. On the other hand,
kinetics is the study of the relationship betweka movement of bodies and its causes,

namely forces and torques.

2.1.1. Kinematics

A variety of parameters could be expressed in teahgercentage of the gait cycle.
According to the scope of this dissertation, thegsemeters only consist of those related to
displacements, velocities and accelerations, dpeltyf the lower limb joint angles. Key
parameters such as gait speed, step length, #ndéh and cadence are explained in Table
2.1.

Table 2.1 Key parameters of human gait.

Parameter Description

Distance traveled by the full body in a time period
According to Whittle (2007).
Gait average speed
(m/s)

d (Z) = stride length (m) L ad (Steps)
Spee S = Striae eng m 120 caaence mins

Linear distance between both feet when are in convith

Step length (m) the floor (Figure 2.2).
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Stride length (m) Linear distance between two successive placeméntiseo
9 same foot, that means two step lengths.
Cadence (steps/min) Number of steps per time unit.

T

Stride length

©
Step length -)~.,'

Figure 2.2 Step and stride. A stripe is equivalerntvo steps.

Sagittal plane

Frontal plane

Transverse plane

Figure 2.3 Sagittal, frontal and transverse pl&@wifce: WHITTLE, 2007).

Angular displacements: In a gait study, angular displacements of theybeeyment axes are
ones of the kinematic parameters of most inter@stese angular displacements are
experimented on three reference planes (Figure 2t sagittal plane divides symmetrically
the body through the vertical, into right and Isiies. The frontal plan@r coronal plane)
divides the body into front (anterior) and back geoior) portions. Finally, the transverse
plane (or horizontal plane) divides the body intgeyior (cranial) and inferior (caudal)
portions. The directions of the lower limb joint wemnents in there three planes are shown in
Figure 2.4.
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Once the joint angles are estimated during a gaieckey points from the curves could be
selected to evaluate the way of walking, these tpaia called discrete angular kinematic
parameters previously reported by Benedetti e{18198). These parameters allow a better

comparison and detailed analysis of joints.

b\ Hip L Ankle
// 1Y 71N
\ / \
v : \ ’ : \
Abduction +° 1+ ‘. Adduction 0 0 M Dorsiflexion
I i 1 i .
— Extension W | ¥ Flexion (flexion) \
External | Internal
Rotation ! Rotation
[ Knee [} Plantarflc.-zxion
ZiiN AN (extension)
o SN Hindf
; ' 1 1/ indfoot
Abduction ~“| 1\ Adduction  Flexion _/ ! \_ Extension
: k | J
External | Internal
Rotation ! Rotation L R
Eversion Wk, W Inversion
(valgus) (Varus)
(Abduction) (Adduction)

Figure 2.4 Hip, knee and ankle joint motion. (Seursdapted from WHITTLE, 2007).

In this dissertation the joint angles of the ankieee and hip were estimated. For each joint
discrete parameters that describe the angularagispient on a specific event (toe off or heel
strike) or during a particular phase (maximum andimimum in stance or swing phase) are
selected. These parameters are presented in TablenZSection 3.4.4 these parameters will

be explained in detalil.

Table 2.2Joint angles parameter for gait analysis.

Hip angles parameters (Deg) Knee angles parameters (Deg) Ankle angles parameters (Deg)

H1 Flexion at heel strike K1 Flexion at heel strike Al Flexion at heel strike

H2 Max. flex. at loading response K2 Max. flex. at loading response A2 Max. plant. flex. at loading response
H3 Max. ext. in stance phase K3 Max. ext. in stance phase A3 Max. dorsiflexion in stance phase
H4 Flexion at toe off K4 Flexion at toe off A4 Flexion at toe off

H5 Max. flex. In swing phase K5 Max. flex. In swing phase A5 Max. dorsiflexion in swing phase

H6 Total sagittal plane excursion K6 Total sagittal plane excursion A6 Total sagittal plane excursion

H7 Total coronal plane excursion K7 Total coronal plane excursion A7 Total coronal plane excursion

H8 Max. add. in stance phase K8 Max. add. in stance phase A8 Max. eversion in stance phase

H9 Max. abd. in swing phase K9 Max. add. in swing phase A9 Max. inversion in swing phase

H10  Total transverse plane excursior K10  Total transverse plane excursior
H11  Max. int. rot. in stance phase K11  Max. int. rot. in stance phase
H12  Max ext. rot. in swing phase K12 Max ext. rot. in swing phase
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2.1.2. Kinetics

In order to study the dynamics of human gait, itriperative to know all internal and external
forces and torques acting on the body. This apprasabeyond the scope of this dissertation,
however, the estimation of some dynamic joint pat&ns will be assessed in future works.
This task has some high grade of complexity duth@éomeasurement of kinetics of joints is

not carried out directly with current technologies.

Therefore, these parameters could be estimatedsimg the kinematic data along with the
position and orientation of the body segments ardsuring the ground reaction force (GRF)
and the point of application of this force (WINTER)09). Using anthropometry, the body
segment lengths, centers of mass (COM) positiond i mass can be determined.
Anthropometric measurements, kinematics and extdomees could be inputs of tHenk-
segment model (WINTER, 2009) and, using dnverse solution, the joint reaction forces and
muscle moments could be calculated (Figure 2.5ne&Sassumptions are made about the

model:

Each body segment has a constant mass locatesdCG®M (as a point mass).
The location of each segment’s COM doesn’t changeng motion.

The joints are assumed as hinge (or ball-and-sppkats.

P WD PR

The moment of inertia of each segment about itssmaster (or about either proximal or
distal joints) is constant during motion.
5. The each segment length is constant during motion.

Link-segment model
Joint reaction force>
Net muscle moments>
Kinetic and potential
energy

Figure 2.5 Schematic diagram using an inverseisolaf a link-segment model to calculated

Kinematic data

Kinetic data

Anthropometric
data

144

moments and forces. (Source: Adapted from WINTHR92.
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2.2 Gait Analysis: Non-wearable and Wearable Systems

Through this document, different approaches of gaidtlysis have been mentioned. From the
perspective of methods, techniques and technolagipbed, Muro-de-la-Herran et al. (2014)
proposed the following system classification: Noeanable (NWS) and wearable (WS)
systems. NWS are those that work in controlledcisfieed and delimited spaces. These
present a higher cost, requiring fixed instrumeotaind complex set-ups. On the other hand,
WS can be used in external environments, presengiagjvely lower costs. In addition, due

to its condition of portability, these sensors rbayplaced on the body in a simpler way.

NWS are those based on optical processing and $leasors. The optic sensors used include
analog, digital and time-of-flight (ToF) camerasAMCA et al., 2010; BOVI et al., 2011;
DERAWI; ALI; CHEIKH, 2011; NGUYEN; MEUNIER, 2014),laser range scanners
(CLARK et al., 2013; GIPSMAN et al., 2014) and ared sensors (XUE et al., 2010). The
type of technology and the methods applied defireetiver body markers are required
(CESERACCIU; SAWACHA; COBELLI, 2014).

For the purpose of reconstruction and analysisuaidn body kinematics using multi-camera
systems, stereophotogrammetry is perhaps the ropsiissicated technique. Applying this
technique, bone positions and orientations andivelanovement between adjacent bones
(joint kinematics) can be estimated. Basicallys tieichnique consists of that infrared cameras
detect a set of markers placed on the body acaptdimgait analysis protocols. Within those
protocols are some variations of the Conventiorat ghodel (BAKER; RODDA 2003;
BAKER, 2006), indicated as Newington-Gage-Davis eld®AVIS et al., 1991), the Helen
Hayes model (KADABA; RAMAKRISHNAN; WOOTTEN, 1990)ral the VCM (Vicon
Clinical Manager) model. This latter is based ordels proposed by Kadaba et al. (1989) and
Davis et al. (1991). Other available protocols laA&1B (RABUFFETTI; CRENNA, 2004),
CAST (CAPPOZZO et al., 1995) and the Foot model.

Most of models consider body segment as a rigid/plecving aside the soft tissue problem.
Thus, it can be assumed that all markers have giggosnd orientation fixed relative to
associated bony segment. In such a way, techmchhaatomical coordinate systems can be

defined using mathematical models in order to estnpint kinematics.



33

Within the floor sensors, there are the force platls and pressure measurement systems,
which are equipped with pressure and ground readbocce (GRF) sensors to measure the
force applied by the subject while walking (HUNTadt 2006; ROERDINK et al., 2008).

Moreover, WS include electro-goniometers (KUMAR at, 2009)(SATO; HANSSON;
COURY, 2010), extensometers and electromyograpQE(FREED et al., 2011). Also,
these systems involve pressure and force sensock, &s instrumented shoes (BAE;
TOMIZUKA, 2013) or insoles (DE ROSSI et al.,, 2011(ther systems consist of
accelerometers (YANG AND HSU, 2010; YANG et al, 12)) gyroscopes and
magnetometers or their combination creating inedémsors (LUINGE; VELTINK, 2005;
RODRIGUEZ-MARTIN et al., 2013; TADANO; TAKEDA; MIYAGAWA, 2013; ALONGE
et al., 2014).

2.2.1. Commercial Gait Analysis Systems for Assessing Kineatics

Non-wearable systems. There are some examples of commercial gait laboraand
instrumentation. The most widely used are: BTS @i integrated solutions using Vicon

motion system and Qualisys along with external cevi

BTS GaitLab (Figure 2.6) is the most recently in&gd laboratory from BTS Bioengineering
company, Italy. It has been designed to carry @it gnalysis in different environments
including clinical scenarios. BTS GaitLab offersiategrated system to acquire kinematics,
dynamics and EMG data. The standard equipmentdeclamong others, a high precision
optoelectronic system BTS Smart DX 6000 (8 infradegital cameras and core), a modular
sensory floor BTS P-6000 (equivalent to 4 tradiilciorce plates) to measure ground reaction
force, BTS FREEMG 1000 (8 EMG wireless probes),keakit and a pre-installed software
BTS SMART-Clinic. The walking analysis protocolsaslable are: Davis, Helen Hayes,
CAST, LAMB and foot model. The SMART-DX 6000 sengesolution is 2.2 Megapixels,
with 340 fps of acquisition frequency (at maximuesalution) and accuracy less than 0.1 mm
in a 4x3x3 M volume using from 3 to 20 mm markers (BTS BIOENGERING, 2014).
Collazos and Argothy (2014) used BTS GaitLab sysiath six optoelectronic cameras in a
research to model normal and pathological gaitgukinematic parameters.
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Vicon (Oxford metrics, UK) has been present inrtiegtion capture industry for 30 years. The
latest generation of Vicon optical cameras is dalBonita. Bonita B10 infrared camera
(Figure 2.7) has a resolution of 1 Megapixel, a imaxn frame rate of 250 fps and a
precision down to 0.5 mm of translation and 0.5rdeg of rotation in a 4x4x4 hvolume
using 9 mm markers (VICON, 2015). Its recent clhisoftware solutions are: Vicon Nexus,
Polygon and Bodybuilder fully integrated, wherelteaoe present special features. The latest
release in clinically accepted model is Plug-intGlaat preserves the VCM (Vicon Clinical
Manager) features. Plug-in Gait is the Vicon impdéenation of the Conventional Gait Model
(CGM) basing on the Newington-Helen Hayes gait nho@Q&er partner enterprises, such as
Comtemplas and Biomechanical solution (COMTEMPLAS MEH, 2015;
BIOMECHANICAL SOLUTIONS, 2015), resell integratealation including from 4 to 16
Vicon infrared cameras, depending on the applioafBRAGG; CLOUTIER; YANG 2013;
CARSE et al., 2013; DI MARCO et al., 2015). Vicoystems can be integrated with force
plates manufactured by AMTI, Bertec and Kistlercénfiguration using 7 infrared cameras
Bonita B10 was used in a research to charactehigegait of children with cerebral palsy
(CELESTINO; GAMA; BARELA, 2014).

Qualisys (Qualisys AB, Sweden) offers solutionsiritegrate motion, force and muscle
activity. Its latest release in the Oqus camer@éesdas Oqus 7+. This camera (Figure 2.8)
offers, in normal mode, a resolution of 12 MegafEixend a maximum frame rate at full
resolution and full field of view (FOV) equal to @@ps. The capture distance is up to 25 m
using 19 mm markers or up to 9 m with 4 mm markargpical gait laboratory consists of 8
to 12 cameras covering a volume of at least 4x1BXRQUALISYS, 2015). Qualisys Track
Manager (QTM) is the main software as an integeat pf Qualisys’ motion capture system
that runs standard protocols (such a Helen Hayes)athods and routines own user. Also,
they have Visual3D (developed by one of Qualisyatqer, C-Motion, Inc), which is an
analysis package to report optical 3D data. Alikeovl solutions, QTM supports calculation
of force data using force platforms from AMTI, Beetand Kistler. Previous versions of Oqus
have been used in different researches relatecagseissment, with a configuration from 6 to
12 cameras (OLSEN; ANDERSEN; PFAU, 2012: NISHIDAakt 2015: GEERTSEN et al.
2015).

A summary of above-mentioned solutions, focusingttmn sensor features to estimate joint

kinematics is presented in Table 2.3.
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Figure 2.8Typical Qualisys gait laboratory using Oqus 7+.4®e: Adapted from QUALISYS,

2015).

Table 2.3 Summary of the sensor features manuttttyy BTS, Vicon and Qualysis.

Infrared camera features BTS Vicon Qualisys
SMART DX-6000 Bonita B10 Oqus 7+
Sensor resolution (MP) 2.2 1 12
Acquisition frequency (fps) 340 250 300
Accuracy (mm) <0.1 0.5 0.5*
Accuracy in volume (nT) 4x3x3 4x4x4 -
Marker set - @ (mm) 310 20 9 4t0 19

* Unreported. Accuracy for previous version: Oqu®E MITS et al., 2012).
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In addition, force platform and/or pressure measerg system are integrated to theses
above-mentioned multi-camera system to estimatarmyc parameters. Some examples are:
AMTI, Bertec and Kiristle, enterprises that manufaetforce plates, and Tekscan offers
pressure measurement solutions. The main diffdsetween these type of force sensors is
that force plates, in addition to quantify the &t component, measure the horizontal
components of the applied force. While that pressneasurement systems only quantify the

pressure patterns exerted (vertical direction)hgyfoot on the floor over time.

Wear able systems: Different types of wearable sensors used to estivarious parameters of
human body kinematics are available at global niarl@me of these devices are
manufactured to allow the monitoring of patientst@rdevelop researches. The following
examples include electromagnetic tracking systefisS{, flexible goniometers and inertial

Sensors.

Polhemus G4 system (POLHEMUS, 2013) is the newestiom capture system

commercialized by Polhemus Inc. USA (Figure 2.9isTelectromagnetic tracking system
(ETS) sends the position and orientation data (§RoRkhe PC via simple Radio Frequency
(RF) link. Each G4 hub supports up to three senspesating at 120 Hz. Position data are
sent using Cartesian coordinates and orientatida thmough Euler angles or quaternions.
This kind of technology requires a continuous seuof magnetic field (as a magnetic

transmitter) in order to track the sensors plagethe user through of G4 hub (receptor).

Perhaps the most common instrument to measuregagles is a goniometer. Technological
advances have allowed developing flexible goniometeng electric devices. Examples of
these sensors are the “SG” series twin axis gortemsieby Biometrics Ltd., UK

(BIOMETRICS LTD, 2015). These flexible goniometeran measure angles in up to two
planes of movements. The transducer type usedtigia gauge with accuracy of + 2° over a
range of +90°. These sensors could be connect&htal OG (data acquisition system) in
order to transfer the data to the PC via Bluetgétigure 2.10). Mohamed et al. (2012)
conducted a research using these sensors to méas@&inematics during activities such as

chair rise, gait and deep knee bends.
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Figure 2.9 Polhemus G4 based on electromagnetkitng system. (Source: Adapted from
POLHEMUS, 2013).

Figure 2.10 Flexible goniometer called SG150 foejoint. (Source: BIOMETRICS, 2015).

BTS G-WALK (BTS Bioengineering, Italy) uses an iti@r sensor and it is placed on the
waist to determine spatio-temporal parameters sischadence, gait speed, stride and step
length; pelvic angles are still estimated (BTS BMEHNEERING, 2012a). This devices is
projected as a clinical tool with four protocolsitalicate walk and balance related problems,
ability to sit and rise, monitor progression ofipats and determine risk of fall. The system is
an integrated platform using a 3D accelerometeth(different sensitivity from £2 to £16 g),

a 3D gyroscope (different sensitivity from +25042000 °/s), a 3D magnetometer (£1200
uT) and a GPS receiver with position accuracy feofto 3 m. The sensor fusion’s frequency
is 200 Hz and this is connected to a PC via Blubtodhis device was compared to gold
standard BTS GaitLab analyzing some parametersullReshowed a deviation of 2.28%
(BTS BIOENGINEERING, 2012b).

Shadow (Figure 2.11) is a complete wireless sensetwork for motion capture
commercialized by Motion Workshop, USA. This wedealsystem is offered in three
different configurations, one of those is lower padnfiguration that includes seven inertial
sensors and pressure insoles (MOTION WORKSHOP, 2ilbrder to estimate the lower
limb kinematics. Also this includes software whigfovides a simple interface to configure
the system, acquire orientation and sensor data. sSistem requires a wireless network
controller unit that collects data from all conregtisensors and sends to the PC via Wi-Fi.
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Each sensor node is a combination of an accelesspggyroscope and a magnetometer for
each one of the three axes of measurement. Sotuedeaf interest of this system are shown
in Table 2.4.

Figure 2.11 Wearable sensor network: Shadow sygteource: Adapted from MOTION
WORKSHOP, 2015).

STT-IBS (STT Systems, Spain) includes an accelet®ma gyroscope and a magnetometer,
each one of three dimensions (Figure 2.12) (STT T™&M\8S, 2013). Using Wi-Fi or

Bluetooth, the system can communicate with the P& smart phone. The company provides
a SDK in order to users can acquire the data sgrthé sensor network and create own

applications. Important characteristics to be camgare shown in Table 2.4.

Figure 2.125TT IBS inertial sensor. (Source: Adapted from SIYISTEMS, 2013).

Xsens Technologies (Netherlands) is probably tlagliley company of 3D motion tracking
technology based on inertial sensor. Its differeertsions of inertial sensors are the most
commonly used and commercially available. In ga#lgsis, the state of the art for Xsens
inertial sensor is MTw (Figure 2.13). This senisoncluded in the MVN Biomech system, a
solution to measure 3D kinematics based on a bibamecal model. MTw is a completely
wireless sensor and it is connected to Awinda &tafor Awinda Dongle) using IEEE
802.15.4. This last device receives and synchremnizg¢a from up to 32 MTw sensors. Also,
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this device charges up to 6 MTw sensors. The imtertommunication between Awinda and

the PC is a USB port. In open space, the transomssinge is up to 50 m and up to 20 m in

an office space. Other sensor characteristicstayen in Table 2.4.

»

Figure 2.13 MTw wireless inertial sensors by Xs¢B8surce: Adapted from XSENS
TECHNOLOGIES, 2014).

Table 2.4 Comparing three different inertial seasor

STT-IBS MotionNode — Shadow

Sensor feature MTw (Xsens, NL) . (Motion Workshop,
(STT System, Spain) USA)
Number of sensor (up to) 32 28 20
(E’n;r:‘ne)”s'ons WxLxH 34.5x57.8 x 14.5 36 x46.5x 15 35x35x 15
Weight (g) 27 30 10
Communication Sensor- IEEE 802.15.4 I;Iftilfo%?ﬁ;%) USB, Standard-A
Controller unit (CU) (PHY) (directly to the'PC) connector
Communication CU-PC USB - IEEE 802.11G
Battery life (~ hours) 4 (typical) Unreported 4.75 (15 sensors)
Transmission range 20 - 50 20 - 50 32 _ 95
indoor/outdoor (m)
Acceleration (g) + 16 (full scale) t2o0r+8 +2o0r+6
Angular velocity (°/s) +1200 + 2000 + 2000
Magnetic field (uT) + 150 + 1200 +100
Frequency rate (Hz) 50 (12 sensors) 125 - 250 100
Angular resolution (°) 0.05 <0.1 Unreported
. L < 0.5 (roll/pitch)

Static precision (°) 1 (yaw) <0.5 0.5 to 2 (RMS)
Dynamic precision (°) 2 (RMS) <2

In this dissertation, Tech IMU CAN sensors (Tecdar8pain) were used to estimate joint

kinematics. A detailed description of the systert ng presented in Section 3.1.
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2.3. Principles of Inertial Sensors

Through the document it has been mentioned thateatial sensor (IMU) is a combination of
multi-axis sensors such as accelerometers, gyrescapd magnetometers. With the recent
progress in microelectromechanical system (MEMBg tevelopment of these sensors
smaller and lighter has been accomplished.

MEMS (Microelectromechanical Systems) acceleronsetare generally piezoresistive
sensors. These sensors (piezo) are composed ofss snapended by a spring (1D). Its
working principle consists of detecting an inertiafce generated by the acceleration or
deceleration of the proof mass. This motion caase®echanical displacement of the elastic
spring which finally restores that mass to its rauposition (ALBARBAR et al., 2008).
These sensors measures two components of accateratie due to the effect of gravity and
the other corresponds to the motion of sensor.dtlyr, MEMS gyroscopes are based on
vibrating mass and these are used to measure angideities. A general configuration is
composed of two masses oscillating and moving posjte directions. If an angular velocity
occurs, the Coriolis force acts on each mass alsgpposite directions causing capacitance
change. This capacitance change is proportiondl thi¢ angular velocity (HARISH et al.,
2008). MEMS magnetometers measure the magnetdt stebngth. Many of them operate by
detecting the effect of the Lorentz force (LANGFHEER et al., 2013). Thus, these sensors
rely on the mechanical motion of the MEMS structcaeised by Lorentz force being exerted
on the current conductor in the magnetic field. fi4akis accelerometers, gyroscopes and
magnetometers are built mounting perpendicularéy dhe-dimension sensors. Furthermore,
gyroscopes and magnetometers present high temperatnsibility. Therefore, as an
additional component of the IMU sensors, a tempeeasensor should be used along with

compensation algorithms to reduce this effect.

Different approaches to estimate body segment tatiem and therefore estimating joint
angles are presented in the literature. By usig gyroscopes, an accumulative error may be
generated due to the integration of the angulasoityl (TONG; GRANAT, 1999; LUINGE;
VELTINK, 2005). To increase accuracy, it is suggdsto add accelerometers to determine
the direction of the local vertical and use fusagorithms such a Kalman filter. Meanwhile,
magnetometers may contribute with stability in Hogizontal plane avoiding heading drifts,
but magnetic disturbances affect highly their perfance (ROETENBERG; BATEN;



41

VELTINK, 2007). Therefore, the effort to improvetddusion algorithms and, consequently,
reduce these errors remains an important resesrelol many groups (CIFUENTES et al.,
2012; ALFONSO, 2014). Nevertheless, the data fusilgorithms are out of scope of this

work and will not be further discuss in this ditagon.

2.3.1. Sensor-to-Body Calibration Techniques

To estimate kinematic parameters, IMU sensors kaeegd on the body segments in order to
determine their orientations respect to a globaim@. Each segment of lower limb (feet,

shank and thigh) and the pelvis are consideredsaparate entity. These are the links of the
human body model that is composed of a seriestefdonnected rigid links and joints in a

biomechanical approach. For example, (knee) joigtes are estimated using orientation data
of distal (shank) and proximal (thigh) segments.atoomplish this task, there is a need to
define coordinates systems (CSs) for each segritastdesirable that these CSs are bone-
embedded frame (anatomical frame), but due to reiffie factors, these CSs are always
product of an estimate (technical frame). Withing factors are sensor errors, soft tissue
artifact, geometric approximations and assumptibrsegment orientations during known

postures.

As previously defined for optical systems, eachnseg is considered to present uniform
geometry (Figure 2.14): the thigh and shank araraed as cylindrical shapes and the foot as
a right pyramid (VAUGHAN et al. 1999). In the studf segment’'s 3D motions, Six
coordinates are required to express its positioth @mentation uniquely. Three of those
coordinates could be Cartesian coordinates thatatel the body segment position in the
space. Other coordinates are the three angledaifarws to describe its orientation respect to
a reference frame. Inertial sensors can measuremitic parameters relating to angles,
velocities and accelerations but not relative pmsi. Nevertheless, studies presented in
(ROETENBERG; BATEN; VELTINK, 2007; VELTINK; DE ROSS 2010) propose
automatic identification of inertial sensor placemen human body segments and estimation
of sensor position using human kinematic model amtiropometry. For the purpose of this
dissertation, positions of specific points, suchcester of gravity of each segment, are not

required
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Thigh approximation Shank approximation Foot approximation

Figure 2.14 Geometric approximations of lower libdaly segments.
The thigh and shank are assumed as cylinders arfdahas a right pyramid.
(Source: Adapted from VAUGHAN et al., 1999).

On the other hand, the lack of standards regardingy and where sensors should be placed
on the body segments and the definition of itsriéx coordinate systems (CS) still limit the
clinical application of this technology and furtheomplicate the calculation of joint

kinematics. Different approaches to accomplishtidm& can be found in the literature.

Kavanagh et al. (2006) proposes a wireless sys@sadoon accelerometers to estimate the
segmental accelerations applied to gait analysse&hEaccelerometer node consists of two
biaxial accelerometers mounted perpendicular td edloer, but only three of four axes are
used. Authors mention the difficulties to obtainrest measurements due to, among other
issues, the relation between the acceleration ttata global reference frame, since the
reference frame of the acquired data is constantlying. To counteract this effect, authors
propose to apply a tilt correction to all accelemratdata after their collection. During a static
calibration trial and the subject standing in amatal position, the degree of axes
misalignment is determined (KAVANAGH; BARRETT; MOR&ON, 2004). While the
person is on quiet stance, the degree of tilt efdhvice in the sagittal (gravity vector) and
frontal planes could be estimated using the acoeleter outputs. Subsequently, this tilt can

be corrected using a correction factor determimewoh foasic trigonometry.

Luinge, Veltink, and Baten (2007) propose the dedin of coordinate systems for upper arm
and forearm according to predefined movements. pitusedure can also be applied to lower
limbs. During a pronation-supination movement, dhientation of IMU frame (S) respect to
the forearm frame (F) is determinetfR). The direction of the angular velocity, during
pronation p,.,), determines the forearm y-axis of the coordinsystem as shown in
Equation (2.1).



43

SyF = wPron/leronl- (2-1)

While the palm of the hand faced downwards (atlibginning and end of the trial) the
direction of the forearm z-axis is assumed poiniim@ vertical direction (opposite to the
gravity vectorg). So, using the accelerometer, this axis can lmileded using the Equation
(2.2).

S,F

z = _gstart/lgstartl- (2.2)

Authors used the minus sing to indicate that this @ later recomputed. The x-axis is
determined making an orthogonal coordinate sys&inte the y-axis and z-axis could not be
exactly orthogonal using experimental data, thexig;aas previously mentioned, is

recomputed to determine a rotation matrix as shiovthe Equation (2.3).
SFR — [SyF X SZF— SyF (SyF X SZF—) X SyF]' (23)

The rotation matrix used for upper arm is determiine the same fashion through other
predetermined movements. In this research two INN$&ns, Enschede, 3° RMS orientation

error) were used.

Following the same line of calibration proceduredzhon performing predefined movements,
O’Donovan et al. (2007) proposes a 3D joint angkasurement technique based on IMU
sensors. Authors verified that the technique réflig@stimates the ankle joint angles and the
results showed accurate measurements. Also, thaitpie could be expanded to other joints.
The cited method proposes angle measurements indepiy of a fixed coordinate system,
but the interest of this dissertation focuses ow ktiwe orientation of the segment respect to
the sensor placed on is determined. TA¥R,:.;(i-segment CS orientation respect to i-
sensor CS) matrix is calculated for each i-sensorgua two stage technique (Figure 2.15).
The first stage consists of determining the axisotdition while a subject in standing upright
posture performs a rotation about the longitudaas of the full-body. Thus’®¥N 9 ¢.; (the
segment y-axis respect to the sensor CS) is defi@edthe second stagé€fNizggs; (the
segment z-axis respect to the sensor CS) is depeedrming a knee extension (avoiding
ankle joint motion). In this stage, the subjecsémted and the medio-lateral axes of the foot

and shank should be aligned in parallel.
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Axis of rotation

- (z-axis)
Initial segment

coordinate
Axis Orientation

Axis of rotation
(y-axis)

Figure 2.15 Two stage technique to defii& Rgg¢;. First a whole body rotation around y-
axis is performed. Secondly, a knee extensiontimgiposture is realized around z-axis.
(Source: Adapted from O'DONOVAN et al., 2007).

Finally, the x-axis is calculated as the cross pobaf the y-axis and z-axis. Therefore, the
3 x 3 orientation matrixX?N'Rez¢; is given by Equation (2.4). Custom designed IMusses

(which the authors called AARM) were used in tl@seaarch.
SENiRSEGi = [SENi/x\SEGi: SENi?SEGi: SENiZS‘EGi]- (2.4)

An “anatomical” calibration technique using an exég device was proposed by Picerno et al
(2008). The procedure consists of identifying stipt anatomical landmarks (ALs) through
an ad hoc experiment and determines their location relatowelF (technical frame). TF is
associated with the sensor local frame and defthethg the calibration procedure by the
orientation matrix9R.(0) relative to global frame. This task is accompléhasing a
calibration device which has two mobile pointersl ame sensor aligned with the segment

connecting them (Figure 2.16).

a) b)

Figure 2.16 Calibration device used to measuretieatation of the line joining two ALs, a)
Defining GT (greater trochanter) to LE (lateral fana epicondyle) line and b) ME (Medial
epicondyle) to LE line. (Source: Adapted from PIQERet al., 2008).



45

Using this device, the orientation of a line joiitwo ALs (represented by unit vecttw,,) is
measured relative to a global frame in order tongednatomical frames (AFs) as shown in
Figure 2.17. For each segment, at least two noaHpbrlines & = 1,2) have to be
determined to define the anatomical orthogonal &doy using a geometric rule. Then, these
unit vectors are represented in the sensor tedinarae according to Equation (2.5).

tuk = gRZ(O) ' guk. (25)

and hence AFs respect to TER(0)) are calculated. In each i-th sampled instantroé

the AFs are calculated as shown in the Equatid).(2.
IR, (D) = IR (I)'R,(0);i =1, ...,N. (2.6)

Finally, using the Cardan angular convention thetjangular kinematics of ankle, knee and
hip can be determined. Four MTx (Xsens Technokdi.) IMU sensors were used in this

research.

Favre et al. (2009) propose a calibration procechamsed on functional movements to

estimate the 3D knee joint angles using two IMUsses. Firstly, the constant quaternions

(ﬁA andﬁB) that relate the coordinate systems of the segrard the sensors are calculated.
The mentioned quaternions represent the bone-eretleithtomical frame (BAF) orientation

of the thigh (A) and shank (B) segment, respecgtivespect to the sensor local frames. IMU

sensor orientations are expressed by two quataﬁ@nand@’B respect to a common static

reference frame XYZ (Figure 2.18).

Figure 2.17 Relation of quaternions between BABK @nd ijk), IMU frames (UVW and
uvw) and fixed reference frame (XYZ). (Source: FARRt al., 2009).
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Hence, the BAFs orientations are calculated redpeitted reference frame in each instant of
time according to Equation (2.7).

5A(t) = 3’,4 ® EA
, (2.7)

as(t) = 5’3 X 1:2;3

where® corresponds to the quaternion multiplication opera The alignment of@’A and

5’3 to a common frame (XYZ) was determined using tecfional procedure presented by
Favre et al. (2008). The functional procedure iBsbf estimating the angte This angle
represents the offset in the horizontal plane betwtheT and S frames. These fixed
reference frames are associated with the thighafid shank ) respectively. In the first
study,8 was determined during a hip abduction/adductiorvenent (Figure 2.19b). During
this “firm” hip movement (without any knee joint mnan), it is assumed that the two
segments (thigh and shank) angular velocities medsn a common reference frame must be

equal.

Figure 2.18 (a) Measurement system. (b-d) Preddin@vements to determine body

anatomical frames. (Source: FAVRE et al., 2009).

In consecutive research, authors expanded thisitpof adding other movement phases. Two
passive movements are performed by an examineewd subject is on sitting posture: a

knee flexion-extension (performed between 45° a@tl & flexion, Figure 2.19c) and a
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rotation of the shank in its frontal plane (Fig@.@8d). Thus, two axes of the quaterni%m

are defined based on the angular velocity vecttist twere measured during these
movements. Lastly, the quaterniﬁ;a is estimated in order to align the thigh IMU framoe

the shank-anatomical frame during a neutral stangiosture 53(0)), assuming the three
knee joint angles equal to zero. Knee joint anglewre estimated according to the
International Society of Biomechanics (ISB) recomaetions. The system used was made
with up of two IMU (3D accelerometer and 3D gyrgsepconnected to portable data-logger
(Physilog®, BioAGM, CH). Also the IMUs were placadh the thigh and shank using an
exoskeleton harness (Figure 2.19a).

Cutti et al. (2010) developed a protocol named (@i’ by defining many anatomical
coordinate systems (according to the authors thst matical part of the process) as the
number of joints adjacent to the segment followithp standard Denavit-Hartenberg
convention. The correct placement of the sensoits (BUs) (by identifying palpable
landmarks or anatomical area defined) was requiretis procedure, especially the sensors
placed on the pelvis and shank due to their coatdirsystem (CS) are assumed to be
coincident with the anatomical frames. The protadeb defines the manner to position the
SUs according to their local frame (Figure 2.20)0 Tefine the orientation of
anatomical/functional CS in the SU-CS associatiest, the orientation of the mean flexion-
extension (FE) axis of the knee has to be compUted. latter step is accomplished during a
pure knee FE task. Here an examiner helps thedubjélex-extend the knee five times up to
70° keeping an upright posture. Thereforg; ¥ (the FE axis) is calculated using the
instantaneous helical axis (IHA) theory (CUTTI dt, 2008; STOKDIJK et al., 2000;
WOLTRING, 1990). This vector is used to define thistal thigh CS. A complete table is
provided showing the definition of all anatomicab.CSome of those aforementioned are
aligned with the gravity vector. The joint anglesdctilation is performed using the relation
between distal and proximal CS with the Euler saqaeZX’Y”. In this research ten IMU
sensors MTx (Xsens Technologies, NL) were usedtlamdrientation data is provided by the

proprietary software.
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Figure 2.19 Positioning the sensors according tbeal frame. Red, green and blue arrows
correspond to the X, Y and Z axes. (Source: CUTHI.¢2010).

A two-phase functional calibration procedure wasspnted by Palermo et al. (2014). This
procedure was used to obtain the body to senggraént independently to each sensor. The
SiRp,, matrix represents the body-to-sensor rotation imatihis matrix depends on how the
body coordinate system (CS) is defined. Authorgpse a functional procedure using two
phases to determine this matrix. During phase Auie 2.21) the subject is in a standing
upright posture and the z-axi8z,) of the i-th body CS is defined parallel to thengty

vector measured by the i-th sensgy Y as shown in Equation (2.8)

| S o FCIA)

|

- o
SO

Phase A Phase B-C Phase B-T

Figure 2.20 Two phases-calibration procedure. (@#asStanding upright posture, (B-C)
sitting position with the trunk inclined and thgsestretched, (B-T) lying on a table. (Source:
Adapted from PALERMO et al., 2014).
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Sigy, = Sizy . (2.8)

The phase B presents two variations. During (B4@ subject is seated with the trunk
inclined and the legs stretched or (B-T) the subjeclying on a table. In any of two
variations, the sagittal plane (yz-plane) is defiparallel to®iz,, andz,, (the gravity vector
measured by the sensor during the new posture BE1Q with y,,, pointing forward, thus,
the x-axis *ix;,, and the y-axis®ly, are calculated using Equations (2.9) and (2.10),
respectively. Hence the rotation matfig,, is calculated as shown in Equation (2.11). Note
that the matrix®R,, is computed using only accelerometer data, big iequired that the

subject maintain the sagittal plane of whole bodyaflel between phase A and phase B,

preventing rotation in transverse and frontal plane

Sl'Zb.XsiZB.

S — i 9gi

lxbi - |Sizbixsizgi| (29)
Siybi = Sizbi X Sixbl. (210)

SiRp, = [*Xp, Vb, “izp,]. (2.11)

Tadano et al. (2013) used seven acceleration aralsgnsors placed on pelvis, both thighs,
both shanks and both feet of five volunteers tarege joint angles in the transverse and
sagittal plane using quaternion calculations. Eaglunteer was asked to do one gait trial
walking 5 m. Authors compared measurements of madistained by the proposed method
and a commercially camera-based motion analysiemsyslhe calibration method developed
converts the sensor to body segment CSs usingadomimatrix obtained by estimating the
coordinates of sensors using camera images andersatkiring two static postures: standing
upright and sitting with outstretched legs (wheravgational acceleration vectgr,;,,q and
Jsi: are measured). Global frame axes are defined -@xisZin the opposite direction of
Istana,» Y —axis the cross product @f;.nq and g, X-axis orthogonal to the other two
vectors following right hand rule. Thus, a rotatioatrix Rs; that converts the sensor frame
orientation to global frame is obtained. Anthropdmce measures also are required to
calculate the body segment frames. Using camergamanother rotation matrkg; used to
convert the global to the body segment frame isnddf Finally, the rotation matriRsg
(sensor-to-body segment frame) is calculated asvishno Equation (2.12). The WAA-006

sensor units (Wireless Technologies, Inc., Japangwsed in this research.
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RSB = RSGRGB' (212)

2.3.2. Conclusion

In conclusion, this section has presented someanedl calibration procedures to determine
the offset or the degree of misalignment betweensénsor local frame and the underlying
segment frame. The main problem with algorithmsetdasn accelerometers and gyroscopes
data (KAVANAGH et al., 2006; LUINGE et al., 2007{GERNO et al. 2008; FAVRE et al.,
2009; TADANO et al., 2013) is the difficulty in deing a common reference frame and,
consequently, measuring 3D angles. To accuratelgsore 3D angles, a second reference
axis is necessary, which is not present on systeased on accelerometers and gyroscopes.
They have only the gravity vector as a common egfege axis. The second reference axis is

commonly the magnetic field vector, measured bysistems that include magnetometers.

Since heading drift remains a problem within systéhat involve only accelerometers and
gyroscopes, the anatomical calibration techniquesemted that use such systems rely on
predefined user’'s movements to define the axisinf motion, or use multiple devices such
as cameras (TADANO et al.,, 2013) and anatomicatifaark pointers (PICERNO et al.,
2008). Moreover, these methods have to employ devio fix the sensor in controlled
positions such as exoskeleton harness (FAVRE eR@09). The need of these additional
tools also increases the experiment duration agines experienced personnel.

On the other hand, performing some movements kgdpim upright postures (CUTTI et al.,
2010), minimal motion of other joints (O'DONOVAN al., 2007; FAVRE et al., 2009) or
maintaining the same orientation or joint anglensen two postures (TADANO et al., 2013;
PALERMO et al., 2014) may not be simple tasks topbgormed by subjects with motor
disabilities. Even for subjects without disabiliperforming these tasks require assistance of
examiners. Hence, these mentioned methods may teeprane to calibration errors.

In this context, the objective of this M.Sc. digagon is to provide a calibration procedure
based on fast and easy sensor placement, with ew afenovements performed by the user.
Complementary, the procedure does not require atianal tools, which makes the

technique practical for clinical use.
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In the following chapter, the Tech IMU system wile present. Using this system the
orientation of body segment, where sensors hava p&eed, can be collected. A check-
procedure to assessment the static orientationistensy of the sensors will be also
described. Finally, it will be proposed a protodot sensor placement and a calibration
procedure to define the technic-anatomical cootdisgstem. An initial test of the procedure

will be presented in details using a two-spheresgoniometer configuration.
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Chapter 3. Materials and Methods

This chapter presents the main features of the ossdrials, including the data acquisition
system, IMU sensors and the software used for petg and analyzing orientation data. A
brief discussion about the representation of rigatly’s orientation in 3D space is also
presented, which allows exposing the reasons whjequion was the orientation format used
in this dissertation. Also, a method to assesssth&c orientation consistency of IMUs is

presented, which allows selecting the more relifidlds for further experiments. Finally, the

sensor-to-body calibration procedure applied td gaalysis proposed in this dissertation is

presented.

3.1. Motion Acquisition System

To fulfill the objective of providing an easy anléXible tool for gait analysis to be used in
external environments, the Tech MCS (Technaid, r§pabtion acquisition system based on

IMUs was used. This system is composed, mainlg, ldJB and 4 Tech IMU-CAN sensors.

The Tech-HUB V.3 (Figure 3.1) uses Bluetooth or US&mmunications to send the
orientation data from sensors to the computer. IB®hsors are connected to the HUB
through a CAN (Controller Area Network) bus. The Biltan drive up to 16 IMUs
simultaneously and it is powered by four AA ba#terior using a power adapter. Some
technical features of the HUB are shown in Table(BECHNAID, 2014).

Each Tech IMU-CAN (Figure 3.2) sensor is compriséa tri-axial accelerometer, tri-axial
gyroscope and a tri-axial magnetometer sensor., AlMOs include a temperature sensor to
compensate errors due to temperature sensibiltyn figyroscopes and magnetometers.

Technical features of inertial sensors are showrainle 3.2.
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Figure 3.1 Tech IMU-CAN connected to the Tech-HU8l a red adapter Bluetooth. (Source:
Adapted from TECHNAID, 2014).

Table 3.1 Technical features Tech-HUB.

Features Value
Nominal Voltage (V) 5.0
Maximum current (A) 3.0
Dimension W x L x H (cm) 10x15x 6

Frequency rate (Hz) 10 - 200

Power supply pA
Adapter 110/220 VAC
USB 2.0
Communication Bluetooth

PC Offline mode Micro SD

Figure 3.2 Tech IMU-CAN sensors, illustrating locabrdinate systems. To describe the
convention of the output of Technaid’s sensorsu(&s MELIM, 2013).
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Table 3.2 Technical features of Tech IMU.

Features Magnitude / Units
Range
Supply Voltage 3.7-45 VDC
Current 100 - 110 mA
Dimension W x L x H 26 x 36 x 11 mm
Peso 9 g
Range + 500/ + 2000 °ls
Gyroscopes +8.727/+34.9 rad/s
Sensibility 2,0/0,5 mV/°/S
Range +3.6 G
Accelerometer + 35,32 m/s’
Sensibility 300 mV/g
Range 2 gauss
Magnetometer + 200 MT
Sensibility 0.5 V/gauss
Accuracy inertial sensor <1 degree
Wireless range with Line-Of-Sight 150 m
Wireless range with obstacles 50 m
Frequency rate 10 - 200 Hz
Output format:

Physical measurement:
» 3D Angular velocity (rad/s)

« 3D Acceleration (mA ’
» 3D Magnetic field (uT)
* Temperature (°C)

Digital : Digitalized signal values

at 12 bits.

Physicat Physical signal values
on the corresponding unit of

measurement.

Orientation: Direction cosine
matrix (DCM) or Quaternions

Data processing by the manufacturer: Data from 3D accelerometers, gyroscopes and
magnetometers are processed by a fusion data thlgoto obtain the orientation data. This
algorithm consists of two stages (TECHNAID, 201#&jrst stage is calibration which
provides the initial orientation using only the 2bcelerometer and 3D magnetometer data.
This process is made only one time, at the beggnafreach capture, before the user starts to
move. Second stage consists of estimating the INigntation when movement occurs,
where data from 3D gyroscopes are also used. Twuiomed stages are used in a sensorial
fusion procedure that involves an Extended KalmidterHEKF), which is executed into the
IMU.

In this dissertation the 3D orientation measuresieoft each sensor are provided by
Technaid’s sensor fusion algorithirhe manufacturer indicates that errors in anglienesion

for static measurements are smaller than 1° (TECHNAR014). This was validated using a
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spot check for assessing static orientation prapbsgePicerno et al. (2011) and presented in
this dissertation in Section 3.3

To estimate lower limb joint angles, the orientataf the two adjacent segments is required.
Thus, the joint’s relative angle is defined as dhientation of a distal segment respect to a
proximal segment (VAUGHAN et al., 1999). To measthre orientation of body segments,
at least one inertial sensor is placed on each segrin this dissertation, the interest is to
analyze the angular displacement of three joinig; knee and ankle, making a complete
description of lower-limb kinematics during gait.

For this task, four IMU sensors were used, whichewsaced on the pelvis, thigh, shank and
foot. Bluetooth communication to the computer wassen for practical reasons and the
orientation data were acquired using the quaterfoomat at 50 Hz. It is important to state
that in the case of human gait analysis, frequeacygponents up to 5 Hz are found (YANG;
KONG, 2009). A total of four quaternions were cotedl at each sample time, one for each
IMU. These quaternions represent the sensor curmeentation respect to the global
reference system. The global frame is defined leyftision algorithm using accelerometer

and magnetometer data. Thus, data samples expeeabgolute orientation of each sensor.

Next section addresses the discussion about thage te represent the orientation of a rigid
body and it is explained why quaternion represeriatias selected.

3.2. Quaternions vs. DCM and Euler Angles

3.2.1. Quaternions

Rotations and orientations in a three dimensiopate can be represented using quaternions.
Quaternions are four-element vectqrs= (q¢, 91,92, 93) = (90, q), to which is assigned the
non-commutative multiplication rule. They were figevised by William Rowam Hamilton
(1805-1865), an Irish mathematician who describeggternions as four-element vectors with
the first element as the scalar part and the ranwithree as the vector part (HANSON,
2006) (see Equation (3.1)).

The algebra of quaternions is often denotedHowr H. Unlike multiplication of real or

complex numbers, multiplication of quaternions it ncommutative. Quaternion
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multiplication (also called Hamilton product) is faed as shown in Equation (3.2)
(HANSON 2006):

q=0qo+ qii+ q;j + qzk. (3.1)

P ® q = (Po,P1, P2, P3) ® (qo, 91,92, q3)

Poqo — P191 — P292 — P33

P190 + Poq1 + D293 — D392 (3.2)
P290 + Poq2 + P3q1 — P1q3| '
P3qo + Poq3 + P192 — P2q1

P ®q= DG —P qPed+ qGP +PXq)

p®q=

For representing orientations and rotations, onlgternions of unit length are used. These
obey the unit length restriction, as expressedjuaton (3.3).

q-q=10q0)*+(q)*+ (g2)*+(@3)* = (q0)* +q-q=1. (3.3)

The inverse of a quaternion is defined as showlaqgunation (3.4). Where* is the conjugate

of g and||q|| its norm. Note that given the condition of unittgrniong=* = ¢*.

*

— q
= (3.4)

According to the Euler’s rotation theorem (HANSQ2006), any rotation can be described
using a unit-vectom (called also Euler axis) and an andle which describes a rotation
around the mentioned vector (Figure 3.3). Itsegponding quaternion is shown in Equation
(3.5).

q(6,n) = (cos (g) A sin (g)) (3.5)

X

Figure 3.3 Euler’s rotation theorem, a rotatiorrespnted by an Euler axiisand angleé.
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3.2.2. Direction Cosine Matrix (DCM)

A rotation matrix is a matrix that when multiplidey a vector, rotates the vector but not
change its length. The special orthogonal grouplio x 3 rotation matrices is denoted by
S0(3) (DIEBEL, 2006). Thus, foM as a proper matrix, iM € SO(3), then M has the

properties as shown in Equation (3.6).
det(M) =1and M~ = MT. (3.6)

The orientation of a rigid body can be describedubing these rotation matrices. Consider
0 — xyz as an orthogonal reference frame (or global framéere x, y and z are the unit

vectors of the frame axes. Also, consider an odhatframe, called local, attached to the
bodyO — x'y'z', where X', y’ and z’ are the unit vectors of tliame axes. In this case, both

frames have the same origin (e.g. see Figure Bh.vectors of local frame are expressed
respect to the global frame using Equation (3.1) isrotation matrix associated is shown in
Equation (3.8) (SCIAVICCO; SICILIANO 2000).

x' = xyx +xyy + x,2
Y' =YX +yyy + ;2. (3.7)
z' = zyx + zyy + 7,z

X'y Vi o Zy
M=|xy v z)| (3.8)
Xz Yz Zz
Rotations around one axis are expressed using etargeotation matrices. Suppose that the
global frame0 — xyz is rotated by an angke about axis x (see Figure 3.4), an anglabout
axis y and an angle about axis z, separately. Lét— x'y'z’ be the rotated frame. The

elementary rotation matrices associated to thesdions are shown in Equations (3.9) to
(3.11).

1 0 0
M,(a) =|0 cos(a) —sin(a)|. (3.9)
0 sin(a) cos(a) |

[ cos(f) 0 sin(f)]
0 1 0

_ (3.10)
[—sin(B) 0 cos(B)]

M, (B) =
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Figure 3.4 Rotation o® — xyz by an anglex around axis X.

cos(y) —sin(y) O
] (3.11)

M,(y) = ’sin(y) cos(y) 0]
0 0 1
Any rotation can be expressed using a sequenciemiatary rotation matrices according to
Euler sequences, for example ZXY sequence (seetiBqy8.12), where is the cosine ansl
is the sine). Rotation matrices also are refersedigection cosine matrix, because the matrix
elements are the cosines of the unsigned anglesbetthe local frame and the global frame
as shown in Equation (3.13) (DIEBEL, 2006).

c(Brey) —s(@)s(B)sy) —c(@)s(y) sB)cy) +s(@)c(B)s(y)
Mzxy(v, o, B) = [c(B)s(¥) +s(@)s(B)c(y)  c(@)e(y) s(B)s(y) —s(@)c(Be)|- (3.12)
—c(a)s(B) s(a) c(@)c(B)
cos(f,,) cos(B,,) cos(f, )

M = |cos(8,,) cos(By,) cos(f, ,)]. (3.13)
cos(0,,) cos(0,,) cos(f, )

There are two definition of rotation related to picgl motions: intrinsic and extrinsic
rotations. Intrinsic rotations are rotations arouhd local frame axes, that means that each
subsequence rotation is around the actual frame @ee Figure 3.5a). Extrinsic rotations are
rotations around the fixed (global) frame axes (Sgere 3.5b).

Figure 3.5 Sequence of rotations a) Intrinsic (z¥ and b) Extrinsic (z-x-z).
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A matrix rotationM = X(a)Y(B)Z(y) represents a composition of intrinsic rotationsuib
axes x-y'-Z, if used to pre-multiply column vectors. This rnada, x-y’-z” indicates that first
rotation is around x, second rotation is aroundalct and the last rotation around actual z. A
matrix rotationM = Z(y)Y ()X («) represents a composition of extrinsic rotationsuab
axes x-y-z. In this case, the rotations are araxsadis, y-axis and z-axis of global (fixed)

frame.

3.2.3. Euler Angles

Maybe the most common way to represent rotatioms aientations in three-dimensional
space are Euler angles. As aforementioned, threedicate rotations in sequence can
describe any rotation. For notation, angieg and y can be arranged in a three dimensional

vector called the Euler angle vectgrdefined as shown in Equation (3.14)
u:=[a,B,y]". (3.14)

There are twelve possible sequences that satigfyctmstraint that no two consecutive
numbers in a valid sequence may be equal (DIEBBRER For notational brevity, rotations
around x-axis, y-axis and z-axis are numbered an@ 3, respectively. Thus, the set of

possible sequences is shown in Equation (3.15).

(1,2,1), (1,2,3), (1,31), (1,3,2),
(i,j,k) € $(2,1,2), (2,1,3), (231), (23.2),;. (3.15)
3,1,2), (31,3), (321), (3,23),

For the ZXY sequence (or 3, 1, 2 sequence), whatséion matrix is expressed in Equation
(3.12), the Euler angles are determined using ¢joateons shown in Equation (3.16). Where
asin function denotes the inverse of the sine atwh2 is the arctangent function with two

arguments.
a = asin(Mzxy(3,2))
B = atan2(—Mgzxy (3,1), Mzxy(3,3)). (3.16)

y = ataHZ(_szy(l,Z), MZXY(ZJZ))
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Sngularities- Different singularities are found in the variousléfuangle representations
(dependent of rotation sequence). These sing@arére said to arise from the Gimbal lock
(DIEBEL, 2006). This physical phenomenon of gimbmk is referred as the loss of one
degree of freedom in a three-dimensional mechamenich results from having coplanar
axes of rotation (HANSON, 2006). This “locks" tgstem into rotation in a degenerate two-

dimensional space.

3.2.4. Rotation Conversions

Convert from Euler angles to rotation matrix and vice versa: As it was mentioned, using
Euler angles and rotation matrix, there are twebessible sequences to reach a desired
orientation. To convert from DCM to Euler angleslance versa a convention (which define
the sequence) is required (DIEBEL, 2006). One examas shown previously, that is, using
Equation (3.12) it is possible to convert from Eudagles ¢, 8 and y) to rotation matrix

Myxy and using Equation (3.16), it is possible to conhfrem rotation matrix to Euler angles.

Convert from unit quaternions to Euler angles and vice versa: Converting to Euler angles
require a convention that dependent of a rotatesuence. For example, the equations to
convert from quaternions to Euler angles, using4K& sequence, are shown in Equation
(3.17).

a = asin(2(q293 + q0q1))
B = atan2(2(qoq; — 9193),96 — 45 — 95 + q3) (3.17)

y = atan2(2(qoq3 — 9192),9% — 97 + 95 — q3).

The conversion from a particular Euler angle seqedn a quaternion can be written as the
product of the three axis-angle unit quaterniorfindd using pure rotations. That is, for the
sequence ZXY, with rotation angleg, &, £], the corresponding quaternion is shown in
Equation (3.18) (DIEBEL, 2006):

Uzxy ¥, ) = q(v, k) @ q(a, i) ® q(B,)).
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(3.18)

_ 2
D i @t 3 () o
Y
2

Convert from unit quaternions to DCM. To convert from unit quaternions to directionioes

matrix, as that shown in Equation (3.13), the refashown in Equation (3.19) is applied.

a6 +ai — a5 —q95  2(q192 — 9093) 2(q193 + 9092)
M@ =] 2(q192+ q093) 95— ai+a5—a5 2(q203 — 90q1) |- (3.19)
2(q193 — 9092) 29293 + 9091) 95— q% — 4% + 45

To convert from rotation matrix to unit quaternisrslightly more complex and, according to
Diebel (2006), there are four different inverse piags, but they will not be mentioned in
this dissertation.

3.2.5. Comparison of Unit Quaternions, DCM and Euler Angles

Perhaps the first and main disadvantage of Eulgteanas it was mentioned, is that the
important functions have singularities (DIEBEL, B)OEuler angles and rotation matrixes
both are sequence dependent. A desired orientafinnbe reached in many different ways

that depend on a convention, which makes thesedpr@sentations subject to ambiguities.

Alternatively, the singularities associated withm®al lock do not appear in the quaternion
representation (HANSON, 2006). In this dissertajpraternions were selected to represent
orientation avoiding these singularities. Some athges and disadvantages of the three

different representations are shown in Table 3.3

From the point of view of computational cost, quaiens are represented by four numbers,
unlike the DCMs that need nine numbers. That megueternions are more space efficient to
store than DCMs. Another of the reasons of why eunabn representation was selected in
this dissertation is because using DCM, the Techrsgstem can only drive up to four

sensors. Using quaternions, the system can driie tgn sensors, which allows the method

presented in this dissertation to be expandedher @trticulations, using more sensors.
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Table 3.3 Advantages and disadvantages of quaterDiGM and Euler angles.

Representation Advantages Disadvantages
-Avoid Gimbal lock
. . -Space efficient to store -Do not have intuitive physical
Unit quaternions . )
-Coordinate system meanings
independency
Euler angles _-Sp_e_cify an orientation in an -Subject to singularities
intuitive way -Sequence dependent
-Possible ambiguities in the
definition
DCM -Intuitive physical meanings “ONEEy o EETEN CIEHEeEn

-Rotation represented by many
different rotation matrices
-Redundant information

3.3. Static Assessment of IMU Sensors

IMUs have a local frame (LF) defined respect tobgldfixed frame (GF). When LF and GF
are aligned, the direction of IMU x-axis pointsHarth's magnetic north and z-axis direction
IS opposite to gravity vector.

For the assessment evaluation of IMU performancespat check for assessing static
orientation measurements of seven available TedlisiMas applied. The test was introduced
by Picerno et al (2011). This consists of deterngnthe orientation consistency in two
scenarios: 1) Static orientation consistency ofllUs with respect to a common global
frame (Inter-IMU consistency, IC); and 2) consisterof each IMU static orientation with
respect to an invariant global frame (Self-IMU astency, SC). The first case exposes the
reliability of the seven IMU in measuring the sagiebal frame, and the second case, the
reliability of that one IMU measures the same gldbame regardless of its orientation in
space.

This test was performed, essentially, to know thial state of the system, so it is possible
identify the four more reliable IMUs to exclude thther sensors and suggest to recalibrate
them. Also, the gait analysis based on IMU is stiifje errors affecting its accuracy. Usually,
these errors are associated to ferromagnetic Hatees (ROETENBERG et al., 2005;
SABATINI, 2006). In addition, it is said that th®MU performance decreases over a period of
use due to the fact that calibration parametersrecno longer effective (JURMAN et al.,
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2007; BRODIE; WALMSLEY; PAGE, 2008). Thus, it is tife interest of this dissertation to

identify issues related to the system accuracy.

The software Tech MCS was used to acquire ori@madiata in quaternion format. Seven
IMUs were tested and these are identified (ID IMId)ng the following serial numbers: 88,
89, 90, 91, 92, 101 and 104. All experiments wemedacted in a space as far from metal
objects as possible (approximately a 2x2x1vaiume). Additionally, the devices were kept
far from computers, cell phones and other devidest tmay cause ferro-magnetic
disturbances. Experiments were performed on a wotalde 1 m off the ground, and a 20
minutes warm-up of sensors was completed beforeexperiments, in such a way that the

orientation measurement was stabilized. The attouisrequency was set to 50 Hz.

3.3.1. Test Description

Inter-IMU consistency (IC) test — IMUs were fixed into a wooden rigid box with tflaottom
and sides (see Figure 3.6a). IMUs were fixed udmgple-side tape spaced, approximately, 3
cm and carefully aligned to each other. So, itxigeeted that all LF IMU orientations were
the same. The box was positioned on the table aedted in twelve different poses. Four
poses for each one of the three axes of rotatieaxig, y-axis and x-axis. From an initial
position (z-axis up) the box was rotated anticlosleanwith steps of approximately 90° from
the initial pose to 270° for each axis of rotatiéfter an initial period of 60 s, the box was
rotated and left stationary for 20 s. Only the 1&8ts of acquired data for each pose were

used. A total of twenty-four orientations were eoted.

Salf-IMU consistency (SC) test — This test was executed for each IMU separatelgross of

intersection of two perpendicular lines was drawnthe bottom of the box. This marker
allowed fixing and aligning each sensor to the (see Figure 3.6b). Twelve different poses
were collected for each IMU9(= 0°,90°,180° 270° for each axis). The axes of rotations
were: z-axis up, y-axis and x-axis. The procedfrelata acquisition and stationary times

were equal to the IC test.
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Figure 3.6 IMUs fixed and aligned to the box.

Three angular components — The orientation quaterniop was expressed as shown in
Equation (3.5). That orientation quaternion, wigspect to the GF, was decomposed into

three angular components:$ and y, using Equation (3.20) (PICERNO et al., 2011):

_ q1

“=0 sin (%)
_ a>

p=e sin (%) . .48)
_ as

0

Notation and data processing IC test— The quaternior?iqu represents the orientation of the
LF of the i-th IMU in the j-th box pose with respect to itGF;, where
i =88,89,90,91,92,101,104 and j =1,...,12.The orientation quaternioﬁiqu is the
average of quaternion data over a 10 s interva. q'lhaterniorFqu represents the average

guaternion calculated using the orientation datalloseven IMU for eacli-th box pose. The

difference betweeﬁiqu andGqu was determined as shown in Equation (3.21).

G~ éGio \ !
dij="qy,; ® ( quj) (3.22)

The angular components(d;;),$(d;;) and y(d;;) were calculated according to the
Equation (3.20) and expressed in absolute valuduitiner error analysis. The objective of
this step was to determine the deviation of eacl) lvbm the average orientation for each
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box pose. The orientation difference between twtJdMall possible pairs) was computed as
shown in Equation (3.22).

Gy G -
Piics = i, ® (%kay,) (3.22)

where k = 88,89,90,91,92,101,104. The angular components(p;y ), B(pir;) and
)/(pi‘k,]-) were calculated according to Equation (3.20). Plepose of this step was to

identify the largest angular difference along witk corresponding pair of IMUs.

Notation and data processing SC test - The quaternioﬁOqLO represents the initial orientation
measured by each IMU.4) with respect to the GRz(). The quaterniofq, (8, é) represents
the orientation quaternion measured by each IM#er atrotatiord (6 = 0°,90°,180°, 270°)
around one of its axe8 (¢ = %,9,2). Both foq,  and “q,(6,é) were calculated from

averaging data over 10 s interval of time.

The quaterniortog, (6, &) represents the rotatighthat describes each IMU around one of its
axesé from the initial orientatiorl.,, to the finalL. This quaternion is mathematically defined
using Equation (3.5) for the defined rotatiois< 0°,90°,180°,270°%; é = X, 7y, 2).

The orientation difference between the measured f@afs the initial orientation,) to the

final orientation ¢f) can be expressed as shown in Equation (3.23).

Gog4(6,) = 90, @ L0q,(0,8) ® (q,(6,8)) . (3.23)

The corresponding angular errors, as shown in kmué8.24), were determined according to
Equation (3.20) and then expressed in absoluteevidu further error analysis. As it was
mentioned, the objective of this step is to detamthe degree of deviation of each IMU in
measuring the same global frame regardless ofrigntation in space. The results of this

static assessment of IMU sensors are presenteectings 4.1 and 5.1.
€6a = a(Gqu(gl é))
e-p = B(%q. (6,6
GB ,3( qe( )) (3.24)

ecy = v(%0q5(6,8)).
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3.4. Sensor-to-Body Calibration Procedure

For estimating the lower limb joint angles, it iscessary to measure the orientation of the
two adjacent body segments, which means, for ex@nplestimate the hip angles, the pelvis
and thigh absolute orientations are required. Ia thssertation, hip, knee and ankle joint

angles of the right lower limb were estimated. Tisathe pelvis (body segment named PV),

the right thigh (TH), the right shank (SH) and ttght foot (FT) orientations are required.

One IMU sensor was placed on each aforementiondy §egment. Each body segment also
has associated one coordinate system (BF), whiatalied in this dissertation “technic-
anatomical frame”. This is not an anatomical bomdedded frame as the one defined by
International Society of Biomechanics (ISB) recomuaegtions (WU et al. 2002; GROOD;
SUNTAY, 1983). The reason is that the axes of smiyments’ Cartesian coordinate systems,
within ISB recommendations, are defined based omyHdandmarks that are palpable or

identifiable from X-rays.

Definition of technic-anatomical frame — During a standing upright posture, the technic-
anatomical frames (BFs) are aligned with the gyavéctor and the walking direction. The

walking direction is defined using the oppositezedxis of the pelvis frame (BF-PV). This z-

axis is determined after a correction processahgis the IMU placed on the pelvis with the

gravity. This process is explained in details irctiom 3.4.1. The technic-anatomical frames
are presented in Figure 3.7 for each body segnieming the initial posture the joint angles

are assumed to be zero, since the correspondingdagginents are aligned.

Placing the IMUs in arbitrary position on the bosiggments, without identifying palpable

landmarks, requires a sensor-to-body calibratioocguiure, which allows that the sensor
coordinate system (or IMU frame, IMU-F) is aligneth the underlying body segment. The
procedure consists of determining how the IMU semsmriented with respect to the body
segment. In Section 3.4.2, the proposed sensoodg-balibration algorithm is explained in

details.



67

Technic-anatomical frames

XYZ
AN
A ¢
Pelvis <---------- < o O
A A
Thigh <------------- <9 <0
A A
Shank g--------=--- <o <
A A
Foot<-----mn-mnn-- <9 <

Figure 3.7 Technic-anatomical frame (BF) of thevigelthigh, shank and foot. Representation

of the axes X, Y and Z in color red, green and ptaspectively.

3.4.1. Protocol of Sensor Placement

Four sensors were positioned from the pelvis thnaugiht lower limb (thigh, shank and foot
segments) (see Figure 3.8). The pelvis sensor Yeaeg on the sacrum at the S2 spinous
process in the middle point between two postengesor iliac spines. The IMU describes a
coordinate system (IMU-F) defined as x-axis poigticranially and z-axis pointing
posteriorly. The thigh sensor was placed overltbghial tract approximately 5 cm above the
patella. The shank sensor was positioned on therlawe-third of lateral shank 5 cm above

of the lateral malleolus of the fibula.

The sensors on thigh and shank were positioned zvdkis pointing cranially and z-axis
pointing laterally. The foot sensor was fixed wiltuble sided tape on the dorsal region of the
foot over the 3rd and 4th metatarsal bones, 3 cmveabto the corresponding

metatarsophalangeal joints, with z-axis pointirgnailly and z-axis pointing posteriorly.

These sensors were attached with double-sidedaia@e acrylic plate, which was glued to
elastic band with Velcro. Such positions have b&asggested by different authors (CUTTI et
al., 2010; FERRARI et al., 2010; TAO et al., 2012).



68

Figure 3.8 Sensor placement.

3.4.2. Calibration Algorithm and Definition of Technic-Anatomical Frames

During 5 s of static acquisition (initial uprighbgture), the orientation data were used to
define sensor-to-body alignment. The first stagascsts of correcting the sensor frame
placed on the pelvis (IMU-F-PV). This correctiompedure aims to align the IMU-F-PV with
the gravity.

Let GFq,MU_F_pVO be the quaternion of IMU placed on the pelvis,the initial posture

computed for averaging the orientation data acduioger the 5 s interval. Since the
orientation data were obtained in quaternion fornfa@ operations to correct or align the

sensor* q;yy_r—py, With the gravity were performed as follows:

1) Obtain x-axis Ximu-r-pv) Of coordinate system referred to the IMU orieiotatmeasured
by the quaternion associaté(iq,MU_F_pVO in the initial posture. Using the Equation

(3.19),Ximu-r-pv is defined as shown in Equation (3.24)
Ximu-r-pv =46+ a9 — a5 — a5 2 (@192 + qo93) 2+ (q1q3 + q0q2)]",  (3.24)
whereqy, q1, g, and g5 are the components of the quaterriég;yy_r_py,,.

2) Define the anglé betweenX;y_r_py and the gravityZs. The angled is calculated
using Equation (3.25).
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0 = acos(2 - (q:193 + q0q2))- (3.25)

3) Define the vecton; orthonormal to the mentioned vectois f;_r_py andZg). Around

this vector a rotatiofl is made according to Euler’s rotation theorem.

The orthonormal and unit vectog was defined as shown in Equation (3.26). Theection

quaterniong-(6,n,) was calculated using Equation (3.5)

ny =[2:(q192 + 90q3) 95+ 97 —q3—q% 0]
’ (3'26)
ny

il

n,

where q,, 91,9, and q; are the components of the quaternﬁfrq,MU_F_PVO. The technic-

anatomical frame of the pelvis (BF-PV) calculatethwespect to the global frame (GF),

during the initial posture, was defined as showkdguation (3.27)

GFQBF—PVO =qc® GFQIMU—F—PVO- (3.27)

Other initial technic-anatomical frame (BF) usingaternions were defined during the
calibration procedure as shown in Table 3.4.

Table 3.4 Definition of technic-anatomical quatemns obtained during calibration posture
(straight upright posture)

Segment Initial quaternion definition

Pelvis (PV) “Fapr-pv,
Thigh (TH) GFqBF—THO = GFQBF—PVO ® qror(90° x)
Shank (SH) “FQpr-su, = “Fapr-ru,

Foot (FT) GFqBF—FTo = GFQBF—SHO & qror(180°,ny)

wherex = [10 0] andn, = [101]7

Let gror(6,n) be the quaternion calculated using Equation (8269 = 90° or 180° and

n=xorn,.

Once the initial technic-anatomical quaternionsemgefined, the sensor-to-body orientation

BF g.mu—r—p Was determined for each sensor using Equatio)3.2
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BB gimu—-r—p = “Fapr-py ® Famu—-r-p. (3.28)

where B denotes the body segment, namely PV, THa®H-T. And« the complex conjugate
of the quaternion. Having the relative orientatioh the sensor to body segment, the
orientation of each segment at any instant in tae be determined &8qzr_pv, “Far_11,
SFqpr_sy and “Fqpr_pr, for the pelvis, thigh, shank and foot, respedyiv&hen, the hip,
knee and ankle joint rotations are defined by thentation of the distal body segment with
respect to the proximal body segment. The angleésaion is presented in detail in the next

section.

3.4.3. Joint Angles Calculation

For calculating the joint angles using the quatarsipresented for each body segment, the
mathematical formalism presented by Grood and $ufit883) was used. The last general
reporting standard for joint kinematics based dantJéoordinate System (JCS) was proposed
by the International Society of Biomechanics (ISBJU et al., 2002). The concept of JCS
was first presented by Grood and Suntay (1983) @mythe knee joint, but this has been
adopted to define the kinematics of other humamtgoi The presented mathematical
formalism uses the Cartesian coordinate systems/acir algebra. In this dissertation, the

equivalent algebra using quaternions is presented.

According to Grood and Suntay (1983), in constngtihe coordinate system for the joint
(JCYS), it is necessary to specify: 1) the Cartes@nrdinate system fixed in each bone and 2)
the body fixed axes of the joint coordinate systemd the reference axes of the JCS used to
describe the relative motion between two bones.

Let e, ande; be the unit vectors, which are the fixed axeheogdroximal body segment (PB)
and the distal body segment (DB), respectively. Thed axis, e,, is the common

perpendicular to the body fixed axes. Thereforss, defined as shown in the Equation (3.29).

ey, Xe
e, = — 1 29)

B les X 4]
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This common perpendicular axis is referred as ifigatixis, because it is not fixed in any
body segment and moves in relation to both. In @a&hb the body fixed axes and the

reference axes of the JCS are presented accoalthg frames shown in the Figure 3.7.

The Table 3.6 summarizes the sign convention usekfining the clinical rotations. In this
dissertation, the sign of external rotation is nega unlike presented by Grood and Suntay
(1983), which is positive. That is used considetimgt recent scientific contributions by other
authors studied in this dissertation (BENEDETT&Et1998; PICERNO et al., 2008; CUTTI
et al., 2010; PALERMO et al., 2014) presented tttereal rotation as a negative angle.

Now, let ¥qgr_pv, “Fapr_ru, Fqpr_sy and “Fqgr_zr be the orientation quaternions that
represent the frames fixed in each bone. Each Whadg, floating and reference axes, in
Table 3.5, are computed as function of quaternibos.example, le¢,_y, e,_x ande,_, be

the floating axis of the hip, knee and ankle joragpectively.

Table 3.5 Body fixed, floating and references aXesach joint.

Joint Joint Coordinate System Body fixed and floatig axes References axes
Pelvis axis B .
(flexion-extension) ey = —Ypy er = —Zpy
Femoral axis _ .

HIP* (internal-external rotation) €3 = Xry e3 = —Yru
Floating axis Xy X (=Ypy)
(abduction-adduction) e, = Xrm X (Vo)

Femoral axis _ -

(flexion-extension) e =Zry e1 = —Yry
KNEE* Tibial axis o = X e

(internal-external rotation) 3 = 4SH 3 = ~IsH

Floating axis Xoy X Zry

(abduction-adduction) €2 = m

Tibial axis _ .

(dorsiflexion-plantar-flexion) ey = Zsy e1 = Yoy

. Calcaneal _ g r g

ANKLE™ " (internal-external rotation) €3 = ZFr e; = —Xpr

Floating axis . Zpr X Zsy

(inversion-eversion) 2 = 1 Zr X Zap|

*JCS proposed by Wu et al., (2002) and **JCS preddsy Grood and Suntay (1983).
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Table 3.6 Rotations of the hip, knee and anklet jofrmight limb.

Joint Flexion-extension Abduction-adduction Interral-external rot.
HIP a = asin(e, - Xpy) B =acos(—=Ypy - Xry) —g y = asin(ey * Zry)
KNEE a = —asin(e, - Xry) B = acos(Zry - Xsy) —g y = asin(e, " Zsy)
ANKLE* a = asin(e, - Xgy) B =acos(Zsy " Zpr) —g

*Ankle rotations are dorsiflexion-plantar flexi@md inversion-eversion

The corresponding equations are shown in EquaBa0). WhereM;(“Fqzr_;) is the i-th
column of M calculated using Equation (3.19)=(1,2 and 3), for j-th quaternion j(=
PV,TH,SH and FT). || denote that the vector must be normalized. Thiea, equivalent
eguations in quaternions for calculating the joatations are presented in the Table 3.7.

_ M, (“Fqpp_ry) X (_MZ(GFqBF—PV))
eZ—H - ||

_ My (“Fqpr_su) X M3(“"qpp_rn)
ey_g = K _ (3.30)

_ M;(“Fqpp_pr) X My(“Fqpp_sy)
eZ—A - |_|

Table 3.7 Joint rotations as functions of quatarsio

Joint Angles
a(ez—p, Xpy), Xpy = M1 (GFqu_pV)

HIP B py, Xr), Ypy = M; (GFqBF_pv):XTH = M; (GFQBF_TH)
Y(€2—m Yru), Yoy = My (GFCIBF_TH)
@i Xri), Xrn = My (Fagp_py)

KNEE BZru, Xsu), Zry = M3 (GFqBF_TH)'XSH =M, (GFCIBF_SH)

y(er—k)Zsu), Zsy = M3 (GFqBF_SH)

a(ez Zsy), Zsy = M3 (GFqBF_SH)

B su,Zpr), Ysy = M (GFQBF_SH)'ZFT = M3 (GFqBF—FT)

ANKLE
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The results of this sensor-to-body calibration prchoe applied to gait analysis of five
volunteers without gait disabilities are presente8ection 5.2. In Section 4.1.2 and 4.2.2 the
calibration procedure is applied to two semi-spteaad goniometer configuration, which
allowed explore the calibration procedure usinggadrbody with uniform geometry and

controlled orientations.

3.4.4. Kinematics Parameters

The variables evaluated in this dissertation wéee discrete angular kinematic parameters
previously reported in a reference work by Benedsttal. (1998) for the three planes of

motion (see Table 2.2). Discrete parameters allaking a parametric analysis, which is

demonstrated to be reliable and a practical me#émadyzing gait data. Also, it is a useful tool

of the assessment of data reliability (BENEDET Talet 1998).

In the sagittal plane, H1, K1 and Al refer to flaxiat heel strike for hip, knee and ankle,
respectively. H2, K2 and A2: peak flexion (plarflaxion for ankle) at loading response. H3,
K3 and A3: peak extension (dorsiflexion for ankilestance phase. H4, K4, and A4: flexion

H5, K5 and A5: peak flexion (dorsiflexion for ankie swing phase.

Frontal plane variables were H8, K8 and A8, whid@nate peak adduction (eversion for
ankle) in stance phase. H9, K9 and A9 refer topbesk abduction (ankle inversion) in swing.
Transverse plane was assessed by the pairs H11(gehk internal rotation in stance) and
H12, K12 (peak external rotation in swing phase).

These kinematic parameters are computed for edtltygde. To determine them, there is a
need to identify the two main phases of gait, stamnd swing. This procedure of
segmentation consists of determining the two evéms indicate the start of each phase,
which are heel strike (HS) and toe off (TO). Sabat al. (2005) proposes to determine HS
and TO using the angular velocity sensed by a ggme on the foot. In Figure 3.9 the wave
form processed signal is shown, where the estimatidiS is indicated as a circle and TO as

a square.
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Figure 3.9 Detection of heel strike and toe ofhigsangular velocity measured by a
gyroscope placed on the foot. (Source: SABATIN&let2005).

In this dissertation, the orientation data of tbetfare collected using quaternions. Each trial
was divided in gait cycles to extract the kinemmaparameters posteriorly. To determine the
HS and TO, the angular velocity as a function omteunion is computed as shown in
Equation (3.31)

O = ZGSq;F—FT GSQBF—FT ) (3.31)

where®qg-_pr is the vector of quaternion rates (or the time\dee of the unit quaternion)

of the foot and); = (0, Wy, Wy, wz)T is the quaternion representation of the angulbcity
w¢. Using the component of the angular velocity omdhgittal planeu,,, for IMU placed on

the foot), the HS and TO events are determinedyusiminimum detection algorithm.

Having HS and TO, it is possible to estimate theekatics parameters at heel strike and toe
off. In addition, with these two events of intereie gait cycle is divided in the two main
phases. Thus, it is possible to estimate the dtimamatic parameters using maximum and
minimum detection algorithm. The results of thiireation of kinematics parameters applied
to gait analysis of five volunteers without gaisalilities are presented in Section 5.2.
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Chapter 4. Simulations and Experimental Validation

In this chapter, general simulations are presemteSlection 4.1.1. The aim is to study the
behavior of IMU sensors during the static assessraad to validate the sensor-to-body
calibration methods. For the static evaluation,dhentations of seven IMU were simulated.
In Case Study 1, misalignments between sensors {lean 1°) were introduced in the

simulation, which allows analyzing how this conalitiaffects the measurements.

According to the manufacturer, the errors in edtiinggangles for static measurements should
be smaller than 1°. So, corresponding errors wet®duced randomly for the simulated
angles (Case Study 2).

In Section 4.1.2, a two semi-spheres and gonionsetenp was built to explore the sensor-to-
body calibration algorithm. Each semi-sphere isdus®e represent body segments with a
known geometry, and the goniometer is used to septean articulation with one degree of
freedom. Using the goniometer, angular movememntsbeaperformed in a controlled way.

Both scenarios allow validating the methods preseemnt Sections 3.3 and 3.4.

Finally, the experimental results that allow asswesshe performance of the IMUs are

presented. In Section 4.2.1, seven IMUs were asddnsa static setup. The aim is to know
the initial state of the capture system, and idgmiie IMUs that present better performance to
be used in further experiments. In Section 4.202experiment to explore the sensor-to-body

segment calibration method was performed.



76

4.1. Simulations

4.1.1. Static Assessment of Simulated IMU Sensors

The evaluation method of static orientation coesisy of IMUs, presented in Section 3.3,
was simulated using possible orientations of séWviih sensors.

Case Study 1: Errors due to misalignment between sensors.

Considering the experiment proposed in SectiontBg MU sensors are fixed to a wooden
box aligned to each other. Nevertheless, an obsemah error cannot be discarded, which is
understood as an observational error as the parali@r. Thus, errors by misplacing the
IMUs may affect the accuracy of the measurememtghis simulation, errors due to this
condition are introduced to analyze its influencéhie final results.

Assume a misalignment around the z-axis of 0.89°;a°, -1°, 0.6°, -0.9° and 0.4° for the
IMUs 1, 2, 3, 4, 5, 6 and 7, respectively. Thessafignments are seven numbers generated
using the function rand from MATLAB. Note that thwrst cases (-1° and 1° of deviations)
are included. Consider, additionally, that all @eg are initially placed with z-axis up.
Rotations of 0°, 90°, 180° and 270° around x-ayisxis and z-axis were performed (see

Figure 4.1 Each posture of the wooden box was ntedles shown in Table 4.1.

Figure 4.1 IMU sensors fixed to wooden box.
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Table 4.1 Description of twelve postures of the dembox.

Number - Number - Number o
Description Description Description
posture posture posture
1 0° around x-axis 5 0° around y-axis 9 0° around z-axis
2 90° around x-axis 6 90° around y-axis 10 90° around z-axis
3 180° around x-axis 7 180° around y-axis 11 180° around z-axis
4 270° around x-axis 8 270° around y-axis 12 270° around z-axis

Observe that the postures 1, 5 and 9 are the saoai$e the initial position is always z-axis
up. For this reason, they will not be shown in $imaulation results. The angular components
a,f andy are computed using the Equation 3.20 for each IdMid each posture. These
angular components are presented in the TablelTdlle 4.3 and Table 4.4, respectively. As

previously mentioned in Section 3.3, the quaterrﬁanj represents the orientation of the

local frame (LF) of thé-th IMU in the j-th box pose with respect to its global frantd ;.
Values ofa, f and y equal to zero for all IMUs during some posture raoe presented. Also,

the expected (EXP) angles are shown.

Table 4.2 Anglex calculated fronfiqy,.

Posture  IMUZL1(®) IMU2() IMU3() IMU4(®) IMU5() | MU6() IMU7(°) EXP ()

2 89,998 89,998 89,998 89,998 89,999 89,998 90,000 90

3 179,996 179,994 179,993 179,993 179,998 179,994 ,9999 180

4 269,984 269,980 269,975 269,975 269,991 269,980 269,996 270

6 -0,628 0,707 -0,785 0,785 -0,471 0,707 -0,314 0
7 -1,257 1,414 -1,571 1,571 -0,942 1,414 -0,628 0

8 -1,885 2,120 -2,356 2,356 -1,414 2,120 -0,942 0

Table 4.4.3 Anglgg calculated fronfiq,, .

Posture MUL(C) IMU2(¢) IMU3() IMU4(C) IMU5(") I MUGBC) IMUT7() EXP (°)

2 0,628 -0,707 0,785 -0,785 0,471 -0,707 0,314 0

3 1,257 -1,414 1,571 -1,571 0,942 -1,414 0,628 0
4 1,885 -2,120 2,356 -2,356 1,414 -2,120 0,942 0

6 89,998 89,998 89,998 89,998 89,999 89,998 90,000 90
7 179,996 179,994 179,993 179,993 179,998 179,994 179,999 180

8 269,984 269,980 269,975 269,975 269,991 269,980 ,9969 270
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Table 4.4.4 Angle calculated frorTFiqL]_.

Posture IMU1(°) IMU2() IMU3(®) IMU4() IMU5() IMU6() IMU7(®) EXP(°)

1 0,800 -0,900 1,000 -1,000 0,600 -0,900 0,400 0

2 0,628 -0,707 0,785 -0,785 0,471 -0,707 0,314 0
4 -1,885 2,120 -2,356 2,356 -1,414 2,120 -0,942 0

5 0,800 -0,900 1,000 -1,000 0,600 -0,900 0,400 0
6 0,628 -0,707 0,785 -0,785 0,471 -0,707 0,314 0

8 -1,885 2,120 -2,356 2,356 -1,414 2,120 -0,942 0
9 0,800 -0,900 1,000 -1,000 0,600 -0,900 0,400 0

10 90,800 89,100 91,000 89,000 90,600 89,100 90,400 90
11 180,800 179,100 181,000 179,000 180,600 179,100 180,400 180

12 270,800 269,100 271,000 269,000 270,600 269,100 ,4Q00 270

In Section 3.3, the assessment method of stanation was divided into two stages. The
first stage, called Inter-consistency test, comesis to the evaluation of the difference

quaternion ¢; ;) of all IMU with respect to the average quatern(6qu) using the Equation
3.21. Computing the angular componewrfd; ;), 3(d; ;) andy(d; ), the errors between the
average quaternior?e'fL]_) and the quaternions calculated for each IMU kchqaosture‘(iqu)

were estimated. In Table 4.5 the errors are predehtote that the initial misalignment of the
sensors is exhibited on the angular componentsndépe on the posture. The errors equal to

zero are not presented.

Expressing the errors in absolute value, the lardegiation from the average quaternion is
presented for the IMUs 3 and 4, as it was expeddsb, the error is equal to the initial

misalignment and it is exhibited only in one ang@@mponent for each posture.

Table 4.5 Deviations from the average quaterniore&zh posture.

Posture CAOT]% IMUL() IMU2() IMU3() IMU4() IMU5() |IMU6() IMU7()
1,5,9-12 y -0,800 0,900 -1,000 1,000 -0,600 0,900 -0,400
3and 7 Y 0,800 -0,900 1,000 -1,000 0,600 -0,900 0,400
2 B 0,800 -0,900 1,000 -1,000 0,600 -0,900 0,400

4 B -0,800 0,900 -1,000 1,000 -0,600 0,900 -0,400

6 a -0,800 0,900 -1,000 1,000 -0,600 0,900 -0,400

8 a 0,800 -0,900 1,000 -1,000 0,600 -0,900 0,400

To determine the errors between two IMUs, the aagobmponents(p; ;. ;), 8(pix,;) and
¥(pix,;) were computed. Far(p; ;), the errors were exhibited only for postures 6 @nitr

B(pix,;), only for the postures 2 and 4 and fdp; ), the errors were exhibited for the

other postures. These errors are consistent wathnitial misalignments. As a representative
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case, the errors presented for the IMU 3 are shiowhable 4.6. As it was expected, the
largest deviation was presented from the IMU #IMU 4, and the error was of 2°.

In conclusion, initial misalignments lead to errgo$ the same magnitude) that are exhibited
in the angular components, but these errors argepted only in one angular component

depending on the box posture.

Table 4.6 Deviations between IMU 3 and other IMUs.

a(p;;) for posture 6 and 8
IMUL() _IMU2() IMU3() IMU4() IMU5() IMU6() IMU7()
IMU3() 02 1,9 0,0 2,0 0,4 1,9 0,6
B(pix,) for posture 2 and 4
IMUL() IMU2() IMU3() IMU4() IMU5() IMU6() IMU7()
IMU3() 02 1,9 0,0 2,0 0,4 1,9 0,6
¥(pix;) for posture 1, 3, 5, 7, 9-12
IMUL() IMU2() IMU3() IMU4() IMU5() IMU6() IMU7()
IMU3() 02 1,9 0,0 2.0 0,4 19 0,6

In the second stage of the test, called Self-ctarsty test, the angular components
a(90q;(0,8)), B(%oqs(6,8)) andy(Coq.(6,8)) were calculated using the Equations 3.20
3.23 and 3.24. Remember that this test allows oheténg the degree of deviation of each
IMU in measuring the same global frame regardlessit®o orientation in space. The

misalignments introduced in the previous stage \a&xe applied for this test.

In Table 4.7, the errors in measuring the globanie of each IMU for all posture are shown.
The deviations approximately equal to zero arepmesented. Observe that in this test, the
initial misalignment is exhibited twice for the arigr componeny in the postures 2 and 6.
And in the other postures, the deviation is exbibifor two angular components. That means
for example, that in the posture 1 the initial mganent of 1° of IMU 3 is exhibited in the

angular componeni® andy.

Table 4.7 Deviations in measuring the same glataahé for each IMU.

a(Cqq(0,8))
Posture IMU1(°) IMU2(°) IMU3() IMU4() IMU5() IMU6() IMU7(°)
5 -0,800 0,900 -1,000 1,000 -0,600 0,900 -0,400
7 0,800 -0,900 1,000 -1,000 0,600 -0,900 0,400

B(q4(8,2))
Posture  IMU 1 (°) IMU 2 (°) IMU 3 (°) IMU 4 (°) IMU 5 (°) IMU 6 (°) IMU 7 (°)
1 0,800 -0,900 1,000 -1,000 0,600 -0,900 0,400
3 -0,800 0,900 -1,000 1,000 -0,600 0,900 -0,400




80

v (qq(6,8))
Posture  IMU 1 (°) IMU 2 (°) IMU 3 (°) IMU 4 (°) IMU 5 (°) IMU 6 (°) IMU 7 (°)

1 0,800 -0,900 1,000 -1,000 0,600 -0,900 0,400
2 1,600 -1,800 2,000 -2,000 1,200 -1,800 0,800
3 0,800 -0,900 1,000 -1,000 0,600 -0,900 0,400
5 0,800 -0,900 1,000 -1,000 0,600 -0,900 0,400
6 1,600 -1,800 2,000 -2,000 1,200 -1,800 0,800
7 0,800 -0,900 1,000 -1,000 0,600 -0,900 0,400

In conclusion, the errors due to misalignment betwsensors (up to 1° of deviation) in the

IC and SC tests have a maximum value of 2° whelyzing the angular components mfy ;

and®q.(6,é).

In this dissertation, the proposal of avoiding émeors due to misalignment between sensors

(see Equation 4.1), consists on pre-multiplyingdhentation quaternioﬁiqu by the inverse

of the initial quaternion for each sen§(9|qLo. Thus, any misalignment around any axis (X, y

or z) is avoided and the errors due to this cooditare eliminated. Then the method of
assessment of static orientation (in Section 3a8)be applied.

G;

qu = %oq", ®%qy. (4.1)
io

JAL
Case Study 2: Errors smaller than one degree (technical features by manufacturer)

Considering that the manufacturer mentions thahtagimum deviation for each sensor unit
in static conditions is smaller than 1°, errorcompatible magnitude were introduced. Note
that such errors are inherent of the measuremestérayand this Case Study aims to observe

their effects on the calculations of angular disptaents.

If errors smaller than 1° are randomly introducetb ithe measurement of angles, it is
observed a similar behavior as shown in the CagdySt. The largest deviation evaluating
Dik,j and®gq. (6, é) is of 2°. To avoid repetitions, a representatiasecis presented in Table
4.8 and Table 4.9. Experimental results of thacstsessment of seven IMUs are presented
in Section 4.2.1.
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Table 4.8 Deviations between IMU 1 and other IMUSs.

Worst case oft(p;x;)

IMUL() IMU2() IMU3() IMU4() IMU5() IMU6() IMU7()

IMU 1 () 0° 0,0573°  0,6493°  0,8438°  0,7048°  0,8775°  0,5621°
Worst case oB(pix;)

IMUL() IMU2() IMU3() IMU4() IMU5() IMUG() IMU7()

IMU 1 () 0° 0,5033°  0,7155°  0,4390° _ 0,8433 _ 0.7313° _ 0,6378°
Worst case ofy(p;;)

IMUL() IMU2() IMU3() IMU4() IMU5() IMUG() IMU7()

IMU 1 () 0° 0,7418°  0,6921°  0,7865°  1,9191° 0,8732°  0,9362°

Table 4.9 The worst cases of angles for IMU 1 irasueing the same global frame.

Angle Maximum value (°)
o (GOqG(g, @)) 0,952°
B(“as(6.2)) 0,899°
¥ (Go%(g, @)) 1,903°

4.1.2. Calibration Procedure: Simulation of Two Semi-sphees and Goniometer Set-up

A two semi-sphere and goniometer set-up (see FigXewas used to explore the sensor-to-
body calibration algorithm. Each semi-sphere regressa segment and they are named as S1
and S2. The goniometer that represents the joimtersoted as J1. Using the goniometer,
controlled rotations, around z-axis of the IMU 1reaperformed. Angles of
0°,£20°,+40° +60°, +80° and+90° are shown in the simulation. These angles correspo
to rotations of the S2 with respect to S1. A methodiefine the orientation of the semi-
spheres with respect to the global frame, analogouthat presented in Section 3.4.2, is
applied.

Protocol of sensor placement: Three sensors (IMUs 2, 3 and 4) were placed an gemi-
spheres and one sensor (IMU 1) was placed on thometer as they are shown in Figure
4.2. The IMU 1 is used as the reference, in theesaay as the sensor placed on the pelvis for
the experiments with human subjects.



82

Figure 4.2 Two semi-sphere and goniometer set-up.

In Figure 4.3a, the initial position of IMUs is sk using the software Tech MCS. In Figure
4.3b, the corresponding coordinate systems are rghoiere the misalignment between

sensors can be observed.

Calibration algorithm and definition of technical frames: For each semi-sphere, a technical
frame was defined®@g, and®qg,). In the initial position, these frames are aligjvath the
reference frame, which is defined by the initiakatation of IMU 1 local frameG@,MUlo).
The equations presented in Section 3.4.2 are applibus, for each semi-sphere, the

definitions of initial technical frames are shownEquation (4.2).

Gq510 = GCIszo = GQIMUlo- (4.2)

Figure 4.3 a) Orientation of IMUs using Tech MC$l &) Cartesian coordinate system

equivalents for each IMU.
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Now, the orientation of each sensor with respedh#oinitial technical frame is computed
using Equation (3.28), as shown in Equation (4.3):

51 _ G G
dimuz = "4s1, @ “dimu2
52 — G G
qimuz = “qszy @ “Aimus- (4.3)
52 — G G
qimus = “qszy @ “Aimua

Having the relative orientation of the sensor tmisgphere frame in the initial position, the
orientation of each semi-sphere frame at any inspartime can be determined 4gg;,
“Qs2;0ps @NA%Gs2,,,,,- IN this case, the frame of S1 is determined ugiegiMU 2 and the

frame of S2 may be determined using the IMU 3 oUI¥

The objective of this simulation is to demonstrtéit@ regardless of the initial sensor position,
using the method presented in Section 3.4.2, ipdssible to estimate the joint angles.
Consequently, after applying the method, the angi#ained using the orientation of IMU 3
with respect to IMU 2 are the same if using themation of IMU4 with respect to IMU 2.
The joints are called J1 (rotation of IMU 3 witlspect to IMU 2) and J2 (rotation of IMU 4
with respect to IMU 2).

Joint angles calculation: As the rotations were performed only on one plahne calculation
of the joint angles was simplified using Equati@j. Then, the angular componenis

computed using the Equation (3.20).
J1=J2
J1= GQ;1 X GQSZ,MU3 (4.4)
J2="%q5 ® GQSZ,MU4

S2 was rotated with respect to $1= 0°,+20°, +40°, £60°,+80°, £90°). In the Figure 4.4
observe the angular components of IMU 3 and IMUitsh wespect to IMU 2 without applying
the sensor-to-segment calibration method. Also.eofes that because the IMUs are not

aligned, the relative rotations present the thregiar components( 8 andy).
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Figure 4.4 Angular components 8 andy, rotations of IMU 3 and 4 with respect to IMU 2

150 1000 1200

without applying the sensor-to-segment calibratieethod.

When the calibration method is applied, the angotanponentsx and are equal to zero,
because the rotations of S2 with respect to Spamermed on one plane around z-axis. That
means that only the angular componegnis significant. In the Figure 4.5, the angles

obtained applying the calibration method are shown.

Note that agr andf angles are equal to zero, they are not graphipafigented. Additionally,
asy angles of J1 and J2 are the same, they are peesentifferent plots in Figure 4.5 to

avoid the superposition of curves.

Observe that the values pffor J1 and J2 are equal to the rotations imposesirnulation.
This angular estimation demonstrates the corrediopeance of the calibration method.

Experimental results of the sensor-to-segment r@didn method are presented in Section
4.2.2.
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Figure 4.5 Angular componeptcalculated from the jointg1 andj2 applying the sensor-to-

segment calibration procedure.

4.2. Experimental Validation

4.2.1. Static Assessment of IMU Sensors

The test to estimate the static accuracy of the WHg performed on seven Tech IMUs (ID:
88, 89, 90, 91, 92, 101 and 104). This experimexs egompleted following the considerations
shown in Sections 3.3 and 4.1.1. Remember thationtaof 6 = 0°,90°,180°,270° were

executed around the x-axis, y-axis and z-axis dutire IC test and SC test. Initially, the

IMUs were aligned, which allows avoiding any iniitimisalignment.

At the beginning of the experiment, all sensors sueathe same global frame, but posterior
measurements will show the performance of the sys#lso, remember the numbered

postures previously presented in Table 4.1.

According to the Inter-consistency test, in Tabld04 the worst case of the angular

componentst(d; ;), f(d; ;) andy(d; ;), expressed in absolute value, is shown. As thedsMU
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are enforced to be aligned, the angular componéatsthe postures 1, 5 and 9 are
approximately equal to zero.

Table 4.10 IC test — the worst case of the angudarponentsy, 8 andy for each posture

Largest deviation and corresponding ID IMU from #werage quaternion.

poswe  a(d;;) PB(di;) v(dij)

2 0,490° 1,908° 4,786°
ID 088 ID 101 ID 090
3 0,349° 0,919° 3,283°
ID 088 ID 101 ID 089
4 1,056° 1,285° 2,893°
ID 101 ID 104 ID 089
6 0,989° 1,070° 5,561°
ID 104 ID 101 ID 101
7 0,315° 0,532° 1,941°
ID 089 ID 090 ID 089
8 0,621° 0,501° 3,200°
ID 104 ID 101 ID 088
10 0,272° 0,448° 3,709°
ID 104 ID 088 ID 101
1 0,458° 0,254° 3,441°
ID 088 ID 104 ID 101
12 0,267° 0,448° 5,633°
ID 104 ID 088 ID 101

The largest deviation of the measuremenis,( = 1,056°, Brax = 1,908°, Vimax = 5,633°),

on average, were exhibited by the IMU 101. Thersrfor the angular componenisandf3

are according to manufacturer specifications, hatdangular componentis approximately
6°, which may be critical value to observe the sgaet angles on transversal and frontal
planes. It is important to mention that movemenssoaiated with the angle are
perpendicular to the direction of the gravity vecifthat means that errors in correspondence

with the angley may be associated to the performance of the ggpescand magnetometers.

The maximum angular differences(p; ;). B(pir;) andy(pix,), expressed in absolute
value, are shown in Table 4.11, with its correspaggbair of IMUs and posture. The largest
difference between two IMUs af,,, = 1,816°, Bimax = 2,619°, Vinax = 10,200°) were
exhibited for the pairs ID 089-104, ID 089-101 dBd090-101, respectively. It is possible to
observe that the largest differences presentedyringblve the IMUs ID 90 and 101.
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Table 4.11 Maximum angular differences betweenIMids and corresponding posture.

Rot 2 3 4 6 7 8 10 11 12
, (88:90)  (88-101) (90-101) [(89-104) (89-104) (89-104) (91-104) (88-91)  (91-104)
0,862°  0,662°  1,554° 1,816° | 0,470°  1,802°  0,528°  0,800°  0,516°
(89-101) " (90-101) (101-104) (90-101) (90-104) (90-104) (88-91)  (91-104) (88-91)
B log19°  1836° 2127° 1,997°  0,895°  0,730°  0,756°  0,490°  0,825°
(90-101) (89-104) (89-90) (90-101)" (89-90)  (88-92)  (92-101) (90-101) (89-101)
¥ 9120°  6,491°  4,929° 10,200° 3,625°  50968°  5073°  6,642°  8,046°

According to the Self-consistency test, in Tabl&24.the worst and the best case of the
angular componente(©0q;(8,8)), B(%°q;(6,€)) and y(%oqs(6,8)) are shown. As the
angular component presents the largest deviations, the errors fdM&J and corresponding

posture are shown in Table 4.13.

Table 4.12 SC Test -the worst and best case gfandy. Deviations in measuring the same

global frame regardless of posture.

Best scenario to estimate the same global regardéesf posture IMU 091

Rot 2 3 4 6 7 8 10 11 12
a 1,977° 0,721° 2,137° 0,165° 0,093° 0,224° 0,741° 0,349° 1,243°
B 1,131° 1,536° 0,802° 1,649° 0,072° 1,417° 1,074° 1,837° 0,686°
Y 0,313° 3,705° 0,375° 2,253° 5,969° 5,896° 2,484° 0,872° 6,567°

Worst scenario to estimate the same global regardis of posture IMU 101

Rot 2 3 4 6 7 8 10 11 12
a 0,217° 0,488° 1,902° 1,205° 0,212° 0,960° 0,801° 0,070° 0,981°
B 2,172° 2,327° 0,056° 2,210° 0,248° 0,989° 0,825° 1,868° 0,995°
Y 2,704° 0,358° 4,670° 1,422° 14,023° 12,202° 6,407° 12,902° 10,009°

Table 4.13 Deviations of each IMU in correspondeoice.

Posture ID 88 ID 89 ID 90 ID 91 ID 92 ID 101 ID 104
2 1,923 4,210 3,381 0,313 4,759 2,704 2,671
3 4,249 5,393 8,460 3,705 5,595 0,358 3,019
4 4,004 3,551 3,972 0,375 0,214 4,670 0,972
6 4,418 1,305 2,005 2,253 1,585 1,422 4,107
7 8,448 2,237 10,600 5,969 5,809 14,023 6,187
8 1,412 7,324 0,694 5,896 6,709 12,202 4,497
10 8,524 3,007 8,343 2,484 1,905 6,407 4,482
11 8,563 4,885 3,571 0,872 0,263 12,902 5,709
12 10,532 7,231 12,779 6,567 6,374 10,009 6,685

The largest deviationyf,,, = 14,023°) was exhibited by the IMU 101 in the posture 7.
According to the Table 4.12 and 4.13, the IMUs ®B, 92 and 104 present the lower errors.
Despite the initial alignment of sensors, it isd&rit that all IMU do not sense the same global
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frame. This condition is exhibited in Table 4.13)eke even the best case (IMU 91) presents
deviations up to approximately 7°. According to thiéerature, the deviations in
correspondence of the angular compongnmay be associated to the performance of
magnetometer (PICERNO et al., 2011; BRODIE et 2008). Also, Picerno et al., 2011
reported that the angular deviations are smalleamithe Kalman filter is not used, as they are
directly related to the gyroscope offsets. Theudsrgdeviations more than 6° may be critical
factor to estimate the angles of joints whose iamtatanges are smaller than 20°, for example,
the hip abduction/adduction angles (BENEDETTI etE98; HARTMANN et al., 2010).

4.2.2. Calibration Procedure: Two Semi-spheres and Gonionter Set-up

An experiment to validate the method simulatedent®n 4.1.2 was performed. A two semi-
spheres and goniometer set-up was implemented~(gaee 4.6). The four IMUs (89, 91, 92
and 104) were used, which were identified as tmsas that presented lower errors in the
previous section. The IMU 89 was used as referewbé&gh was placed on the goniometer.
The IMU 91 was placed on the semi-sphere S1 antMhis 92 and 104 were placed on the
semi-sphere S2. Rotations @f, +20°, +40°, +60°, +80° and+90° were performed and the

experiment was conducted on a wooden table.

Figure 4.6 The two semi-sphere and goniometer géd-explore the sensor-to-body segment

calibration procedure.
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In Figure 4.7, it is possible to observe the angatamponents of IMU 92 and IMU 104
(placed on S2) with respect to IMU 91 (placed on8ithout applying the sensor-to-segment
calibration method. Note that because the IMUsnatealigned, the relative rotations present

the three angular componends  andy).

In Figure 4.8, the angles obtained applying thehaetof calibration are shown. Remember
that only the angular componentis significant. In Figure 4.9, the error betweée two

joints (J1 and J2) is shown. Maximum values@ndp are also shown in Table 4.14.
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Figure 4.7 Angular components 8 andy, rotations of IMU 92 and 104 with respect to IMU

91 without applying the sensor-to-segment calibrathethod.
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Table 4.14 Maximum values of the angular compomeandf for the corresponding joint.

Joint  Angle Maximum Value (°)

a 0,866
J1 i 0,822
a 0,694
J2 B 0,743
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Figure 4.8 Angular componenptof rotations of(J1) “qss—1muez @nd (2) qso—1mu104 With

respect tdqs, applying the sensor-to-segment calibration method.
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Figure 4.9 Error betweeii andj2 in correspondence with the angular compoment
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Observe that due to the inherent errors of the areagent system, the angular component
Is not the same for the joints J1 and J2. The astidhand expected angles are shown in Table
4.15. The largest difference between the estimpieds was approximately 9.8° (deviation

presented for the angle -90°).

The largest error for the expected angle was appiely 5.2° for the angle -90°. This error
was exhibited by the joint J1 calculated using M&s 91 and 92. Also, observe that the

difference between the two estimated joints is thet same through the time and executed

rotations.
Table 4.15 Angley of the J1 and J2 joints
Joint 0° 20° 40° 60° 80° 90°
J1 0° 23,825° 44,738° 64,732° 84,678° 93,748°
J2 0° 17,08° 37,633° 58,574° 79,492° 90,192°
Joint 0° -20° -40° -60° -80° -90°
J1 4,045° -17,367° -40,056° -62,653° -84,791° -95,182°

J2 -3,491° -23,130° -41,624° -59,502° -76,743° -85,345°
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4 .3. Final considerations

Significant errors were found in the experimentalidation of the method for static

assessment of the IMU orientation and for the settseegment calibration procedure.
Unlike the results presented in simulations, errorscorrespondence to the angular
componenty may be a critical factor to accurately estimate 8D human joint angles. In

Table 4.16, the worst cases of errors obtainedis dissertation are compared to those
presented by Picerno et al., 2011. Observe tleetlors associated with the anglere

significantly higher than errors associated with #imglesx andg.

Table 4.16 Worst cases of errors obtained in tisisedtation and presented by Picerno et al.,
(2011)

In this dissertation By Picerno et al., (2011)
The worst cases associated to the Inter-consisteni@st

a(Pi;) 1,8° 8,0°
B(Dix;) 2,6° 4,8°
Y(Pik;) 10,2° 11,4°
The worst cases associated to the Self-consistenest
a(0q(6,2)) 1,9° 4,8°
B (q4(6,0)) 2,3° 3,3°
v (Ceqs(6.2)) 14,0° 8,4°

As aforementioned, movements associated with tijeegrare perpendicular to the direction
of the gravity vector. This indicates that thes®msr may be associated to the performance of
the magnetometers and gyroscopes. Perhaps theanitical effect of this condition is that
IMUs do not sense the same global frame regardiéssorientations, as if the reference
frame is moving. Also, it was reported (PICERNGkt 2011) that the deviations are smaller
when the Kalman filter is not used. Thus, thesersmmay be associated specifically with the
fusion algorithms. Therefore, the effort to impralega fusion algorithms and, consequently,

reduce these errors is an important and attrastiventific research challenge.

In addition, during the executing of the testsydts evident that the performance of sensors
decreases when ferromagnetic objects are neaetn. tNevertheless, it is known that some
manufacturers provide software tools to recalibthte magnetometer in the location of the

experiments. Consequently, this may improve théopmance of the system.
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Chapter 5. Gait Analysis

In this chapter, the results from assessing thesasen-body calibration procedure are
presented. Five volunteers were tested using theedure presented in Section 3.4. Once the
joint angles are computed, an algorithm to sepagateh gait cycle was applied based on
determining the heel strike as initial event of tjgt cycle. In addition, the detection of
discrete angular kinematic parameters is perfornk@thlly, the results are compared with

similar studies in the literature.

5.1. Experimental Protocol for Gait Analysis

Figure 5.1 presents a block diagram that summatheestages of data processing. Observe
that each block represents the explained functionSection 3.4. The proposal of this
dissertation is to define the technic-anatomicaimfes using the gravity vector and walking

direction.

Five volunteers without gait disabiliti€3 men and 2 women, 26 + 4 years old) were enrolled
in the validation procedure of this study. Senseese placed on pelvis and on right lower
limb (thigh, shank and foot segments) by a traiplegsiotherapist as previously mentioned in
Section 3.4.1. The sensor placed to the pelvis aligaed with the walking direction. The
subjects were asked to keep a straight, uprighupmsduring 5 seconds before start walking
in a 10 meters walkway. This calibration postuteve¢d the definition of the sensor-to-body
alignment according to the algorithm presentedeati®n 3.4.2. Each subject performed three
trials and the three middle gait cycles were exéhdor analysis. This methodology was
applied to ensure that complete gait cycles welect excluding motion at the beginning
and at the end of the walkway. Nine gait cyclesensmrquired for each subject.
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Figure 5.1 Block diagram of the stages of datagssing. Including sensor-to-body

calibration procedure, joint angle calculations detection of angular kinematic parameters.

5.2.Results

As a representative case, the results of data gsouein different stages are shown for the
Subject #1. For the other subjects, only the freslults are shown. In Figure 5.2, the joint
angles of one trial are shown (Subject #1). Thdeangre flexion-extension, internal-external
rotation and abduction-adduction for the hip andekjoints, and dorsiflexion-plantar flexion
and eversion-inversion for the ankle joint. Themegles were calculated using the
corresponding equations presented in Section 3[#&.shaded areas correspond to the three
middle gait cycles which are extracted using thel lstrike (HS) detection algorithm also

described in chapter 3.



95

HIP ANGLES
40
Flex/Ext
~ 20 Int/Ext Rot
)
o Abd/Adduct
= 0
c
< 0l - -
-40
0
80
Flex/Ext
~® Int/Ext Rot
© 40 Abd/Adduct
k=)
c 0———-—-—-—-——-——--
<
0
0
20 Dorsi/Plantar
o) Eve/lnv
[
S 0
c
<
20— ——— -
| | | 1
0 2 4 6 8 10 12 14 16

Tiime (s)

Figure 5.Hip, knee and ankle joint angles of one trial obfeat # 1.

In Figure 5.3, the angular velocity computed frame tMU placed on the foot is shown.
Observe that HS and toe-off (TO) events are mads#adg circles and squares, respectively.
Note that HS is used as the initial event of a ggite. Thus, the HS of the middle of the trial
is identified and the three middle gait cycles barextracted and expressed in percentage of
gait cycle. In Figure 5.4, the three middle gaitleg for three trials are shown. Observe lines
that separate the cycles corresponding to the ld8tevFinally, for each joint angle a total of

nine gait cycles is computed.

Detection of heel strike (HS) and toe-off (TO) events
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Figure 5.3Angular velocity computed from IMU placed on footdetermine HS (circles) and

TO (squares) events for Subject # 1 during fiigt.tr
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Figure 5.4Three middle gait cycle from three trials of Subjed.

Discrete angular kinematic parameters were usethig dissertation to analyze the gait

pattern in subjects without gait disabilities. lable 5.1, the joint angle parameters are shown

according to the study presented by Benedetti. ¢18988).

Table 5.1Joint angles parameter for gait analysis.

Hip angles parameters (Deg)

Knee angles parameters (Deg)

Ankle angles parameters (Deg)

H1 Flexion at heel strike

H2 Max. flex. at loading response
H3 Max. ext. in stance phase

H4 Flexion at toe off

H5 Max. flex. In swing phase

H6 Total sagittal plane excursion
H7 Total coronal plane excursion
H8 Max. add. in stance phase

H9 Max. abd. in swing phase

H10  Total transverse plane excursior
H11  Max. int. rot. in stance phase
H12  Max ext. rot. in swing phase

K1
K2
K3
K4
K5
K6
K7
K8
K9
K10
K11
K12

Flexion at heel strike Al
Max. flex. at loading response A2
Max. ext. in stance phase A3
Flexion at toe off A4
Max. flex. In swing phase A5

Total sagittal plane excursion A6
Total coronal plane excursion A7
Max. add. in stance phase A8
Max. add. in swing phase A9
Total transverse plane excursior
Max. int. rot. in stance phase

Max ext. rot. in swing phase

Flexion at heel strike

Max. plant. flex. at loading response
Max. dorsiflexion in stance phase
Flexion at toe off

Max. dorsiflexion in swing phase
Total sagittal plane excursion

Total coronal plane excursion

Max. eversion in stance phase
Max. inversion in swing phase

In Figure 5.5, the angular parameters H1-H5, K1alk8 A1-A5 are shown as an example for

Subject # 1. Note that those angular parametenesmond to movements on the sagittal

plane. In Figure 5.6, the angular parameters H8¥KBK9 and A8-A9 are shown for the

Subject # 1. These parameters correspond to mowsmarthe frontal plane. In Figure 5.7,
the angular parameters H11-H12 and K11-K12 are shéw the Subject # 1. These

parameters correspond to movements on the tramsplkense.

Once the joint angles on three planes and the edesa@ngular kinematic parameters are

computed, descriptive statistics was used to expguseesults of each subject. In Figure 5.8,

the mean and standard deviation of the joint angd#sg the nine gait cycles for Subject #1

are shown.
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Observe that knee abd-adduction and int-externgtiom plot are reported over a gray
background because these rotations are not reltaldeto the soft-tissue artifact (FERRARI
et al., 2010; PALERMO et al., 2014). In Table 5% mean and standard deviation of the
discrete angular parameters (Subject # 1) obtdiyettie proposed algorithm are shown. The

largest standard deviation (6.4 °) for the Subjettis observed in ankle dorsi-plantar flexion.

Table 5.2Mean and standard deviation of the gait analysiamaters for Subject # 1.

Parameter Mean +STD  Parameter Mean +STD  Parameter Mean + STD
H1 (°) 18,2 2,7 K1 (°) -4,5 3,6 Al (°) 12,9 5,4
H2 (°) 18,3 2,6 K2 (°) 12,9 2,5 A2 (°) 3,2 3,8
H3 (°) -11,7 4,0 K3 (°) 5,6 2,7 A3 (°) 16,7 1,8
H4 (°) -6,6 50 K4 (°) 38,5 3,2 A4 (°) -4,0 6,4
H5 (°) 21,1 2,6 K5 (°) 62,0 3,4 A5 (°) -21,4 3,2
H6 (°) 32,7 2,7 K6 (°) 66,8 2,5 A6 (°) 39,9 4.4
H7 (°) 23,6 2,4 K7 (°) 12,7 2,3 A7 (°) 28,1 5,3
H8 (°) -12,6 2,8 K8 (°) 2,2 2,2 A8 (°) 9,3 3,3
H9 (°) 11,0 2,2 K9 (°) 10,1 2,5 A9 (°) -18,8 3,9
H10 (°) 21,3 2,0 K10 (°) 12,3 2,5

Largest deviation + 6,4°

H11 (°) 4,0 31 K11 (°) 3,0 2,2 (Presented for A4)

H12 (°) -16,9 2,3 K12 (°) -6,9 2,8

In Figure 5.9, the mean and standard deviatiorhefjoint angles using the nine gait cycles
for Subject # 2 are shown. The corresponding nasahstandard deviation of the angular
parameters for the Subject # 2 are presented ite EaB. The largest standard deviation (6.2°)

for the Subject # 2 is observed in ankle eve-invears
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Figure 5.9Joint angular kinematics in stride percentage (fld8to HS) of Subject # 2. Nine

Angle (°)

gait cycles were summarized by black curve (mead)aange stripe (£ std).
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Table 5.3Vlean and standard deviation of the gait analysiamaters for Subject # 2.

Parameter Mean +STD Parameter Mean +STD Parameter Mean +STD
H1 (°) 27,8 4,1 K1 (°) 3,2 3,1 Al (°) 9,9 4,8
H2 (°) 27,2 4,1 K2 (°) 14,7 3,6 A2 (°) 1,6 51
H3 (°) -13,2 4,8 K3 (°) 71 2,3 A3 (°) 15,9 3,0
H4 (°) -3,7 4,6 K4 (°) 43,2 4,7 A4 (°) -8,8 5,3
H5 (°) 30,8 4.8 K5 (°) 64,8 3,6 A5 (°) -18,7 3,7
H6 (°) 44.8 2,2 K6 (°) 67,2 4.3 A6 (°) 34,9 2,7
H7 (°) 18,0 1,6 K7 (°) 10,5 3,5 A7 (°) 21,4 5,6
H8 (°) -8,1 2,6 K8 (°) 0,2 1,6 A8 (°) 3,9 4,0
H9 (°) 9,9 2,1 K9 (°) 9,3 3,4 A9 (°) -16,8 6,2
Eﬂ 8 12563 :s Eicl) 8 13421 g; Largest deviation * 6,2°

(Presented for A9)
H12 (°) -11,1 4,6 K12 (°) -6,1 4,2

In Figure 5.10, the mean and standard deviatiahe@foint angles using the nine gait cycles
for Subject # 3 are shown. The corresponding nasahstandard deviation of the angular
parameters for the Subject # 3 are presented ileBadh. The largest standard deviation (6.0°)

for the Subject # 3 is observed in ankle eve-invers

Hip Flex-Extension Hip Abd-Adduction Hip Int-External Rotation
40 40 40
—~ zo\/\ 20 20
;)
[0
> 0
<
-20 - -
-40 -40 -40
20 40 60 80 100 20 40 60 80 100 20 40 60 80 100
Knee Flex-Extension Knee Abd-Adduction Knee Int-External Rotation
80 40 40

Angle (°)

-40 -40
20 40 60 80 100 20 40 60 80 100 20 40 60 80 100

% gait cycle % gait cycle % gait cycle

Ankle Dorsi-Plantar Flexion Ankle Eve-Inversion
40

20

0

Angle (°)

-20

-40

20 40 60 80 100 ’ 20 40 60 80 100
% gait cycle % gait cycle

Figure 5.10 Joint angular kinematics in stride petage (from HS to HS) of Subject # 3.

Nine gait cycles were summarized by black curveafme@nd orange stripe (z std).
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Table 5.4Mean and standard deviation of the gait analysiamaters for Subject # 3.

Parameter Mean +STD  Parameter Mean +STD  Parameter Mean + STD
H1 (°) 28,2 4,7 K1 (°) 5,5 3,5 Al (°) 9,5 5,2
H2 (°) 29,0 4,2 K2 (°) 20,9 3,7 A2 (°) 4.1 2,9
H3 (°) -7,6 2,6 K3 (°) 12,4 2,5 A3 (°) 20,3 2,1
H4 (°) -3,4 3,6 K4 (°) 40,2 55 A4 (°) 1,0 6,0
H5 (°) 32,2 4,5 K5 (°) 72,6 2,2 A5 (°) -20,6 3,5
H6 (°) 40,6 3,2 K6 (°) 76,4 4,8 A6 (°) 40,9 2,4
H7 (°) 18,8 0,8 K7 (°) 26,2 4.8 A7 (°) 32,9 3,6
H8 (°) -12,3 15 K8 (°) 1,0 1,9 A8 (°) 5,5 2,8
H9 (°) 6,5 1,6 K9 (°) 24,6 4.8 A9 (°) -27,4 3,3
H10 () 21,4 2.8 K10 (*) 18,5 4.0 Largest deviation + 6,0°
) 0.5 S0 Y 2,3 3.5 (gresented for A4)
H12 (°) -18,8 3,0 K12 (°) 14,6 29

In Figure 5.11, the mean and standard deviatiathejoint angles using the nine gait cycles

for Subject # 4 are shown. The corresponding nsahstandard deviation of the angular

parameters for the Subject # 4 are presented iheTab. The largest standard deviation

(10.4°) for the Subject # 2 is observed in kneeekternal rotation, but such as previously

mentioned, these rotations are not reliable. Thliscarding those rotations, the largest

standard deviation (7.2 °) is observed in anklesidplantar flexion.

Hip Flex-Extension
40

20
0

20 40 60 80 100

Angle (°)

Knee Flex-Extension

20 40 60 80 100
% gait cycle

Ankle Dorsi-Plantar Flexion

40

Hip Abd-Adduction
40

20

0 \_/_/\
-20

-40

20 40 60 80 100

Knee Abd-Adduction
40

20

-20

-40

20 40 60 80 100
% gait cycle

Angle (°)

Hip Int-External Rotation
40

i /“/_\/—\I
. |

20 40 60 80 100

Knee Int-External Rotation
40

/W\/J

|
20 40 60 80 100

% gait cycle

Ankle Eve-Inversion

40
l 20

-40
20 40

-40

60 80 100 20

% gait cycle

40 60 80 100
% gait cycle

Figure 5.11Joint angular kinematics in stride percentage (fitnto HS) of Subject # 4.

Nine gait cycles were summarized by black curveafm@nd orange stripe (z std).
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Table 5.9Mean and standard deviation of the gait analysiamaters for Subject # 4.

Parameter Mean +STD Parameter Mean +STD Parameter Mean +STD
H1 (°) 17,4 2,0 K1 (°) -7,0 5,0 Al (°) 8,8 5,8
H2 (°) 18,3 2,3 K2 (°) 15,9 3,3 A2 (°) 2,1 4,2
H3 (°) -12,2 3,3 K3 (°) 7,0 4,2 A3 (°) 20,6 2,0
H4 (°) -4.9 3,6 K4 (°) 49,1 4,9 A4 (°) -13,4 7,2
H5 (°) 21,9 3,1 K5 (°) 67,5 53 A5 (°) -28,1 6,9
H6 (°) 34,4 2,1 K6 (°) 76,6 4,1 A6 (°) 48,7 6,2
H7 (°) 25,1 2,0 K7 (°) 13,3 3,2 A7 (°) 20,9 1,7
H8 (°) -14,7 2,8 K8 (°) 2,8 1,6 A8 (°) 6,6 3,3
H9 (°) 10,4 15 K9 (°) 10,0 2,9 A9 (°) -12,5 3.3
Eﬂ 8 20063 32 37 Eicl) 8 ?692 ];3084 Largest deviation + 7,2°

(Presented for A4)
H12 (°) -16,5 3,1 K12 (°) -22,1 5,8

In Figure 5.12, the mean and standard deviatiaiefoint angles using the nine gait cycles
for Subject # 5 are shown. The corresponding nasahstandard deviation of the angular
parameters for the Subject # 5 are presented ite Eab. The largest standard deviation (5.4°)

for the Subject # 5 is observed in ankle flex-egien.
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Figure 5.12Joint angular kinematics in stride percentage (fié#nto HS) of Subject # 5.

Nine gait cycles were summarized by black curveafme@nd orange stripe (z std).
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Table 5.8Mean and standard deviation of the gait analysiamaters for Subject # 5.

Parameter Mean = STD Parameter Mean +STD Parameter Mean +STD
H1 (°) 31,2 3,2 K1 (°) 2,9 3,1 Al (°) 3,9 3,0
H2 (°) 29,9 3,9 K2 (°) 18,1 3,0 A2 (°) -2,0 3,1
H3 (°) -15,0 2,8 K3 (°) 6,1 3,1 A3 (°) 10,9 2,2
H4 (°) 2,7 2,6 K4 (°) 38,2 3,8 A4 (°) -11,3 5,4
H5 (°) 29,4 4,7 K5 (°) 63,3 51 A5 (°) -21,9 5,2
H6 (°) 47,6 1,6 K6 (°) 67,1 3,7 A6 (°) 34,6 4,2
H7 (°) 21,9 1,7 K7 (°) 11,5 1,1 A7 (°) 17,0 2,5
H8 (°) -16,3 1,5 K8 (°) 2,2 1,7 A8 (°) 1,3 3,3
H9 (°) 52 1,4 K9 (°) 7,1 2,8 A9 (°) -13,3 3,5
Eig 8 15,’51 33; Eﬁ 8 1502 ;; Largest deviation + 5,4°

(Presented for A4)
H12 (°) -10,4 3,3 K12 (°) 4,0 2,4

5.3.Discussion

In this M. Sc. Dissertation, a sensor-to-body c¢alilon procedure for gait analysis based on
IMUs was proposed. The procedure is based on tkee glacessing collected before the
walking trial. The proposed strategy was desigmedsimplicity and ease-of-use in a clinical

setting.

The proposal is based on the correcting of the Idfigntations with the gravity vector and

walking direction. Similar procedures have beenppsed in the literature, nevertheless,
performing movements keeping a firm upright postireletermine the direction of rotation

axis (as proposed by CUTTIE et al. (2010)), or @intain the same orientation between two
postures (as proposed by PALERMO et al. (2014)y nw@ be simple task to be performed
by subjects with motor disabilities or without thelp of specialist.

In order to compare and verify that the obtainadtjangles (mean and standard deviation)
are consistent with those presented in the referditerature (BENEDETTI et al., 1998;
PICERNO et al., 2008; FAVRE et al., 2009; FERRAR&k, 2010; PALERMO et al., 2014),
including both signal behavior and the similar mgds at which it occurs, the results
presented by Benedetti et al. (1998) are shownaibleT 5.7 It is worth mentioning that the
study conducted by Benedetti et al. (1998) usetk Elystem (BTS, Milano, Italy), a system
based on optical cameras.
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Table 5.7 Mean and standard deviation of the geilysis parameters
by Benedetti et al. (1998).

Parameter Mean +STD Parameter Mean +STD Parameter Mean +STD
H1 (°) 26,7 5,36 K1 (°) 0,39 4,87 Al (°) -3,99 5,97
H2 (°) 28,9 5,7 K2 (°) 17,93 7,65 A2 (°) -12,67 4,93
H3 (°) -9,98 5,09 K3 (°) 4,91 4,56 A3 (°) 10,92 5,67
H4 (°) -3,68 5,75 K4 (°) 36,61 7,59 A4 (°) -12,59 8,44
H5 (°) 29,82 4,81 K5 (°) 65,65 5,23 A5 (°) -22,64 6,89
H6 (°) 39,8 4,28 K6 (°) 60,74 5,09 A6 (°) 33,73 6,85
H7 (°) 11,06 2,64 K7 (°) 10,6 3,8 A7 (°) 13,3 5,02
H8 (°) -5,4 3,3 K8 (°) 3,07 3,61 A8 (°) 3,24 4
H9 (°) 5,45 3,28 K9 (°) -4,05 10,42 A9 (°) -9,16 4,44
H10 (°) 13,58 3,98 K10 (°) 13,9 5,09
H11 (°) 3,42 4,87 K11 (°) 5,25 53
H12 (°) -8,48 5,95 K12 (°) -8,36 5,8

The sensor-to-body calibration procedure has prowduk suitable to estimate joint angles of
the hip, knee and ankle in healthy subjects dufiag walking. According to the results of

each subject, it is possible to identify charastes of each individual.

Even though the system limitations mentioned intiSec.3, the sensor-to-body calibration
procedure is suitable to estimate the behaviouaidn joints, especially on the sagittal plane
(flexion-extension) where the largest amplitudenodvements occurs. By comparing the
information obtained in this dissertation with tiierature (BENEDETTI et al., 1998, CUTTI
et al. 2010; PALERMO et al., 2014), it is clearttilae angular patterns are coherent and
within the intervals established by mean and stahdaviations. Some examples are shown
in Table 5.6, where the results in this dissertataoe included within the findings of
Benedetti et al. (1998).

Table 5.8 Mean and standard deviation of discreggilar kinematic parameters compared

with the literature.

Findings of Benedetti et This dissertation

al. (1998)

Parameter Mean + STD Mean + STD
H1 (°) 26,7 5,36 24,6 3,34
H3 (°) -9,98 5,09 -11,94 3,50
H5 (°) 29,82 4,81 27,08 3,94
K1 (°) 0,39 4,87 0,94 3,66
K3 (°) 4,91 4,56 7.64 2,96
K5 (°) 65,65 5,23 66,1 3,92
A3 (°) 10,92 5,67 16,88 2,22

A5 (°) -22,64 6,89 -22,14 4,50
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The knee motions on the frontal and transverseeglarere not consistent with the findings of
Benedetti et al. (1998). However, previous resedrah shown that movements in these
planes have a broader range of variation, whicludes the interval of our results (CUTTI et
al., 2010; PALERMO et al., 2014).

Interestingly, the results obtained with the depebb algorithm presented low standard
deviations, which means that estimated measureg wensistent across trials. Further
investigation on the reliability of this proceduamd also internal/external validity of the
results will be performed in the future.

5.4.Conclusion

A novel, simple and fast calibration procedure hie main contribution presented in this
chapter to address the problem of body-to-sensgmraknt in IMU-based gait analysis. Such
procedure provides tridimensional kinematics of, lkipee and ankle with only four IMUs,
without resorting to any additional tools or predefl movements. The procedure require the
sensor placed on the pelvis aligned with walkingeation and the way to place the other

sensors is easier and without concern for accye#ions.

Even though the sensor system presents limitatibis procedure is suitable to estimate the
angular displacements of human joints, especiallthe sagittal plane. On this plane the joint
maximum possible motion occurs, and it is intergsto mention that recent robotic devices

used in gait rehabilitation as exoskeletons adherlimbs to follow trajectories on this plane.

The obtained results are coherent with those foomdhe literature (BENEDETTI et al.,
1998, CUTTI et al. 2010; PALERMO et al., 2014). Thgperiments allow analyzing
characteristics of the individuals in free walkifidnis procedure also presents the potential to
become an alternative to high-cost camera-basetkrsygs allowing the possibility of

performing the analysis of human gait outside #imtatory, in more realistic scenarios.
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Chapter 6. Conclusions and Future Works

6.1. Conclusions

In Chapter 1 of this dissertation, different mdgildiseases that affect the human gait were
identified. Evidently, when gait patterns are atiéelc by certain pathology, this condition
deprives the individual of having an independenietlgpment in the community. In this
context, recent technologies have been developeddist patients in rehabilitation and help
to restore its motor ability. Regardless of theaaoé action, either for diagnosis, treatment
definition and/or prescription of assistive deviceé$ias been proved that movement analysis
is a helpful tool to evaluate and analyze the moépacity, since the beginning of the clinical

intervention until the assessment of patient’s prsgion and evolution during rehabilitation.

In addition, there is a trend regarding the usavefrable sensors to accomplish the task of
movement assessment. The number of devices and emminsolutions based on inertial
sensors is increasing, which is driving the develept of better fusion algorithms, signal
processing and analysis techniques in order to dugrccuracy and repeatability of the

acquired data.

Defining an appropriated measurement protocol adiging a sensor-to-body calibration
procedure is a fundamental problem of the IMU-bagaitl analysis. Thus, the objective of
this M.Sc. dissertation was to develop a calibraatgorithm to align the IMUS’ local frames
with the anatomically defined segment frames ireotd estimate joint angular kinematics of

ankle, knee and hip.

A brief description of the human gait was presente@€hapter 2 with the aim to identify
characteristics that allow defining a gait patténitjally in healthy subjects. From kinematics,
angular displacement of the body segments axedomasl as one of the parameters of most
interest in movement studies. Thus, in this M.Sssettation an algorithm to calculate the

joint angles was implemented.

A general review of the commercial technologiesdusecapture motion was also presented
in Chapter 2. Wearable and non-wearable systenmsemreadvantages and disadvantages
depending on the application. Optical camera-bagstems continue being the gold standard
technology to estimate position and orientatiomaian limbs in motion analyzing research,
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considering its high accuracy, walking analysist@rols and standards to place markers,

which have been widely accepted by the clinical camity.

Nevertheless, higher cost, fixed, complex and tomesuming set-ups and need of a precise
placement of markers are some of the principal leimg factors that hinder the use of these
optical technologies in routine clinical applicats In conclusion, there is a need of
developing systems ease-to-use, more friendlyaptas, with relatively lower cost and that
can be used in external environments. Speciallygalge of healthcare is a task projected in

future to be performed at home.

Different approaches to accomplish the sensor-thtladignment also are presented at the end
of Chapter 2. However, the proposed procedureseptesome limitations: difficulty in
defining a common reference frame and heading diifen the system is based only on
accelerometers and gyroscopes and use of additiools or devices as cameras. Also, the
procedures require predefined user's movementsimkgdpm postures or maintaining the
same orientation between two postures. These mousmmeay not be simple tasks to be
performed by subjects with motor disabilities. lonclusion, a novel, simple and fast
calibration procedure was proposed in this M.Sgselitation to address the problem of body-
to-sensor alignment in IMU-based gait analysis. lSpoocedure provides tridimensional
kinematics of hip, knee and ankle with only fourUs| without resorting to any additional

tools or predefined movements.

A static orientation assessment method was pres@ntéhapter 3 and validated in Chapter 4.
This method was performed with the aim to knowithigal state of the system and identify

the IMUs that present the lower errors. The sygpeasents some limitations, and significant
errors were found when comparing the orientatiopaifs of sensors and in measuring the
same global frame regardless of the orientatiogpace. This factor may be more critical in

analyzing movements in secondary planes (frontdlteansverse planes).

The proposed sensor-to-body calibration proceduss wimulated and experimentally
validated in Chapter 4. The method was tested uaing/o-semi sphere and goniometer
configuration. The aim of this experiment was pngvthat independent of the position of the
sensors on a segment, the sensor-to-segment tialibmrocedure can estimate the angles
imposed by the goniometer. In simulations, the Iteswere as expected, however, in

experimental validation, errors were exhibited thuthe sensor system limitations.
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A method to identify events of human gait was amplemented. Using the angular velocity
calculated from the IMU sensor placed on the feegnts, such as heel strike (HS) and toe off

(TO), were identified. This method allows separgtime gait cycles to further analysis.

An important characteristic of the proposed metisa be able to detect the two events (HS
and TO) that define the beginning of the stance swithg phases. The analysis of the

moments of occurrence of these events may helgetatify problems in the gait pattern.

In addition, an algorithm to detect discrete anglimematic parameters was developed.
These parameters were selected in order to contipar@btained results with those presented
by Benedetti et al. (1998). This last study is aplete reference of gait analysis that uses
camera-based system. By comparing the informatlaaied in this dissertation with the

literature, it is evident that the angular patteare coherent and within the intervals

established by mean and standard deviations.

The sensor-to-body calibration procedure was testedfive volunteers without gait
disabilities in Chapter 5. A sensor placement protovas proposed, which was able to
estimate the joint angular displacements in frekiwg, fulfilling the main objective of this

M.Sc. dissertation.

The obtained results including both signal behaaiad the similar intervals at which it occurs
are consistent with those presented in the litegatinterestingly, the obtained results
presented low standard deviations, which indicdtest estimated measurements were

consistent across trials.

Characteristics of the individuals in free walkimgn be analyzed using the proposed
procedure. This procedure also presents the patdaotibecome an alternative to camera-
based systems allowing the possibility of perfognihe analysis of human gait outside the

laboratory, in more realistic scenarios.
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6.2. Contributions

The main contribution of this dissertation was tevelop a sensor-to-body calibration
procedure in order to resolve the alignment problesmg IMUs for gait analysis. The
procedure allows estimating the angles of jointhaut regardless of location IMUs on the
segment. The calibration procedure is fast ancopmed at the beginning of each experiment.
Also, the complete system provides a tool easys#®-uersatile and portable, which can be
used in ambulatory and routine clinical applicasiorOther contributions involve the
development of algorithms to detect gait eventsess strike and toe off and discrete angular
kinematic parameters. This system uses only foud Bénsors to estimate lower limb joint

angles and the result were found coherent withetippssented in the literature.

6.3. Publications

The following publications in conferences procegdimvere obtained as direct results of this

work:

* VARGAS, L. S.; ELIAS, A.; FRIZERA NETO, A.; BASTOS, T. Ghration
Procedure and Definition of Anatomic ReferencesGait Analysis Based on Inertial
Sensors. In: Proceedings of the 1st Internationatkdhop on Assistive Technology,
2015. Pp. 15-18.

« VARGAS, L. S.; ELIAS, A.; FRIZERA NETO, A.; ROCON, E. By to Sensor
Calibration Procedure for Lower Limb Joint Angletigation Applied to IMU-based
Gait Analysis. In: Anais do XXIV Congresso Brasiteide Engenharia Biomédica
CBEB 2014, 2014. Pp. 777-780.

 BOTELHO, T.; SOPRANI, D.; SCHNEIDER, P.; CARVALHQS.; VARGAS, L.;
FRIZERA, A. Uma Proposta de Protocolo de Colocad&o Sensores Inerciais
Utilizando Alinhamento Virtual para Aplicacbes emndlise de Movimento de
Membros Inferiores. In: Anais do V Encontro Nacibde Engenharia Biomecanica —
ENEBI, 2015.
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6.4. Future work

The following tasks are indicated as possible fitworks of this M.Sc. dissertation:

* An investigation on the reliability of the proposedocedure and internal/external
validity of the results involving significant numbef subjects.

» Testing the procedure in patients with motor disi#s to estimate the benefits of the
method in identifying different pathologies.

» Testing the procedure in patients using assistxéceds, such as robotic smart walkers
and exoskeletons to monitor the patient’s evolution

» Testing the calibration procedure in parallel wiptical camera-based systems to
perform a comparative study and identify the manddits and limitations.

» Studying and implementing fusion data algorithmingprove the orientation data
accuracy.

* Developing a wearable sensor networks involvingrtiake sensors and other
technologies, such a polymeric optical fiber, imjng the fusion data and providing

a more robust system to continuous monitoring tiepts.
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