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Abstract

Stroke is one of the leading causes to disability in the wasterld. The #ects of stroke are many and
in many cases include impairment of motor, sensory inpugte&m, language, perception and cognitive
functions. Impairment of motor functions usually involvegralysis or paresis on one side of the body.
One crucial component in rehabilitation following a stragkéhe restoration of mobility of which walking
is an essential part. For almost 50 years Functional Ete¢t8timulation (FES) has been applied to
restore motor function and to improve gait. In 1961 Libersged functional electrical stimulation to
elicit the withdrawal reflex during the swing phase.

This work is concerned with the technological developmédiat imew system for FES-assisted gait train-
ing for stroke patients. The system is based on an inertr®esystem consisting of 2 inertial sensor
units mounted to each foot. Algorithms for estimation oftfodentation, detection of gait phases and
estimation of movement parameters as well as strategiesutiichannel FES-assisted gait training have
been developed. The algorithm for gait phase detection alspsssible information from one inertial
sensor to detect four distinct gait phases. The gait phasagpresented as states in a state machine and
the transitions are governed by logical functions. Theat&te system was validated by use of an insole
foot pressure measurement system. In experiments ingpfiia hemiplegic subjects, it was found that
the detection system worked robustly, meaning that all gjadises were detected and no critical failure
in the phase detection occurred.

Based on the gait phase detection algorithm and the estimafi foot orientation, an algorithm for
estimation of movement parameters like step length andcfeatance was developed. The method takes
into account known constraints of the movement, like ihaiad end conditions in order to improve the
accuracy. The estimated movement parameters were compiinadeasurement from an optical motion
analysis system for 5 stroke patients walking on a treadnilie results showed that the movement
parameters could be estimated from inertial sensor dataaniigh accuracy.

Furthermore, on basis of the gait phase detection algorithmmultichannel stimulation strategy for
stroke patients walking on a treadmill was developed andemented in a laboratory set-up. Gait
analysis measurements with an optical motion analysiesy$br two stroke patients showed that the
electrical stimulation had an immediate positiviéeet on the gait pattern. Furthermore, a closed-loop
strategy was derived in order to control movement paraméterestimated by the inertial sensor system.
By evaluating the movement parameters after a completikd stre stimulation intensity was found for
the next stride. The closed-loop strategy was succesdfdbgd in simulation. In experiments with one
stroke patient having a drop foot, the strategy was suagaissipplied to control the maximum sagittal
angle of the foot by stimulation of tibialis.



In summary, inertial sensors have proven to be suitabléhéoekact control of FES-assisted gait training
in a clinical environment. The developed system is relialibust, easy to mount on a patient and does
not require re-calibration before use.



Zusammenfassung in deutscher Sprache

Ein Schlaganfall fuhrt in der Regel zu massiven Storungenzgmtralen Nervensystems und oftmals
zur Invaliditat des Betdenen. Als Folge der Hirnschadigungen kommt es haufig zurnBéehti-
gung motorischer und sensorischer Funktionen, zu Ausfafleder Sprache sowie zu einer gestorten
Wahrnehmung. Ein einseitiger Schlaganfall bezuglich dekif@s flhrt in der Regel zu einer halb-
seitigen LAhmung der gegentberliegenden KoérperseiteL&heung kann dabei vollstdndig oder teil-
weise (paretisch) sein. Ein wichtiger Bestandteil in dehd&télitation nach Schlaganfall stellt die Mobil-
isierung der Patienten dar. Die Unterstiitzung des Gehesisrfrunktioneller Elektrischer Stimulation
(FES) der paretischen Muskeln wurde erstmals von Libersah 1961 bei Schlaganfallpatienten mit
FuRheberschwache praktiziert. Die Stimulation wurde dailitéels eines einfachen FuRkontaktschalters
getriggert. Der Elektrostimulation lassen sich sowohlipetische als auch ein therapeutisctéeke
nachweisen.

Die Dissertation beschéftigt sich mit der technologiscBatwicklung und Erforschung eines neuartigen
Therapiesystems flir das FES-unterstiitzte Gangtrainin§dbgaganfallpatienten. Das Training findet
auf einem Laufband mit teilweiser Gewichtsentlastung ddeRten statt. Grundlage der Entwicklung ist
ein Inertialsensorsystem bestehend aus zwei Miniatuidsensoren, die an beiden Schuhen des Patien-
ten angebracht sind. Jeder Sensor besteht aus 3 Beschilegsigind 3 Winkelratensensoren mit orthog-
onaler Anordnung. Im Rahmen dieser Arbeit wurden Algorigmrentwickelt zur Gangphasenerkennung
und zur Schéatzung der Orientierung sowie der Raumtrajekttws FuRes basierend auf den Inertialsen-
sordaten. Unter Ausnutzung der gewonnenen Informationenleveine geregelte mehrkanalige funk-
tionelle Elektrostimulation realisiert, bei der die Stilation mit dem Gang exakt synchronisiert ist und
ausgewahlte Gangparameter, wie z.B. der Grad der Fulsheperiglt beeinflusst werden kénnen.

Das Gangphasenerkennung mit Intertialsensoren erlagbtydferscheidung von 4 Gangphasen (Be-
lastungsantwort, Standphase (FulR3flachphase), Vorsclplieeg und Schwungphase) sowie die Reg-
istrierung von 3 Gangereignissen (initialer Bodenkontaktiésung von Ferse und Zehen vom Boden).
Der entwickelte Algorithmus funktioniert robust fur velnsedene Patienten ohne individuelle Anpas-
sungen. Die Sensoren missen lediglich in Zeitabstdndemebmeren Monaten kalibriert werden. Am
Patienten ist keine Kalibrierung der Sensoren notwendiglass das System nach einer einfachen Mon-
tage der Sensoren an den Aul3enseiten der Schuhe sofotzbersit ist. Die Gangphasenerkennung
mittels Interialsensoren wurde in einer klinischen Sturdie5 Schlaganfallpatienten erfolgreich getestet
und die Ergebnisse mit einem kommerziellen Gangphasemaukgssystem mit Drucksensoren unter
der Ful3sohle verglichen.



Fur die Schatzung der Orientierung des Ful3es wurde ein Kakiiter verwendet. Als Vergleichsmes-
sungen fur die aus den Winkelraten berechneten Sensorageen die statischen Beschleunigungsmes-
sungen in den Standphasen des Ganges herangezogen. ZmnBes) der Raumkurve des Ful3es wurde
eine Doppelintegration der gemessenen Beschleunigungehgefuhrt. Um den Einfluss vonfiSet-
fehlern der Beschleunigungsmessungen auf die BerechremBalmkurve zu reduzieren, wurde die
Raumkurve @line nach jedem Schritt ermittelt unter Beriicksichtigungammter Randbedingungen,
wie z.B. der Geschwindigkeit des Ful3es in den Standphaseginér klinischen Studie mit 5 Schlagan-
fallpatienten konnte die hohe Genauigkeit der Raumkuigitzung nachgewiesen werden. Konkret
betrachtet wurden die aus der Raumkurve abgeleiteten Kéag Schritthéhe und Schrittweite. Als
Referenzmesssystem wurde ein optisches Messsystem d&tven

Neben der exakten zeitlichen Synchronisation der Elefitnogation mit dem Gang erlaubt das entwick-
elte System auch eine gezielte Anpassung der Stimulatersitat, um gewilnschte Sollwerte flr aus-
gewahlte Gangparameter zu realisieren. Bei dem vorgestedRegelungskonzept werden nach jedem
Schritt die gemessenen KenngréRen des Ganges mit den i§althem verglichen. AnschlieRend wer-
den die Stimulationsintensitaten fiir den nachsten Sangepasst. Wahrend eines Schrittes werden die
Stimulationsintensitaten konstant gehalten. Um die Madkdit einer solchen Regelung zu demonstri-
eren, wurden experimentelle Untersuchungen mit einema8ahfallpatienten mit ausgepragter Fu3he-
berschwéche durchgefihrt.

Zusammenfassend lasst sich feststellen, dass ein hoclegenad zuverlassiges System zur Gang-
phasenerkennung und Bewegungsschéatzung mittels Iserisdren realisiert werden konnte. Fur den
spateren klinischen Einsatz spricht ferner die einfach# sahnelle Anbringung der Sensoren am Pa-
tienten. Das System eignet sich sehr gut fur die Regelunglé&trostimulation beim Gangtraining von
Schlaganfallpatienten.

Vi
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1. Introduction

1.1. Stroke

Stroke is one of the leading causes to disability in the wastrld. The éects of stroke are many
and often include impairment of motor and sensory input,tems, language, perceptions and cognitive
functions. Impairment of motor functions involves par&ysr paresis on the contralateral body side of
the lesion. Damage to the neural pathways results in abhaegalation of spinal motorneurons and
causes a degradation of the voluntary movements. Typitiaiynuscles extending the leg, the calf and
the quadriceps, are spastic and the muscles of flexion, teei@ntibialis and the hamstrings are weak
or inactive.

One crucial component in the rehabilitation of stroke isn&toration of mobility in which walking is
an important component. The time and degree of recovery tdingafunction after stroke were studied
prospectively in a population of 804 consecutive acuteketpatients in Copenhagen [39]. In this study
it was reported that at the time of admission to rehabititatbl % of the subjects had no walking
functions and 12 % needed assistance in ambulation. Aftetbilitation, only 18 % of the participants
still had no walking function and 11 % required assistanc@essistent, long-term disability remaining
in approximately 10 to 20% of stroke survivors is Upper Mdimuron-Drop Foot (UMN-DF). UMN-
DF typically involves an inability to dorsiflex the foot dag the swing phase of gait (drop foot) as well
as aloss of normal knee flexion, inability to pudfi-and spasticity of the calf muscle group in the stance
phasel[89].

1.1.1. Neuropathological Changes

Stroke is defined through rapidly developing clinical sigrisfocal disturbance of cerebral function
lasting more than 24 hours with no other apparent cause thascalar origini[81].

Stroke is either occlusive (due to closure of a blood vessehaemorrhagic (due to bleeding from a
vessel). Insfficiency of blood supply is termed ischaemia; if it is tempgraymptoms and signs may
be found with little or no pathological evidence of tissuendge. Ischaemia does reduce the blood
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supply and is thereby deprives tissue of oxygen, glucosepaakents the removal of potentially toxic
metabolites such as lactic acid. When ischaemiafiscgently severe and prolonged, neurons and other
cellular elements die. Haemorrhage may occur at the brafacgu Alternatively, hemorrhage may be
intraparenchymal causing a blood clot or haematoma witiercerebral hemispheres, in the brainstem,
or in the cerebellum. An infarction in the middle cerebraiesy causes the most frequently stroke
syndrome with contralateral weakness, sensory loss andVigld defect. Weakness and sensory loss
affect the face and the arms more than the legs because thesmtrodled by both hemispheres.

1.1.2. Epidemiology and Risk Factors

The WHO MONICA project of 12 224 registered stroke patientgleven countries [84] identified the
highest attack rates in men in Finland and Russia. The atttek were three times higher in those
countries compared to those found in Italy and Germany. Ime&m the highest attack rates were also
seen in Russia, where stroke events were more than threg Hiigieer than in Italy. It was also shown
that stroke incidence rate was higher in men compaired toemprand in half of the countries twice as
many men sfiered of stroke compaired with women. In the same study srgokimd elevated blood
pressure explained 21 % of the variation in stroke incideneeen and 42 % in women_[84].

A meta-analysis of 22 studies indicated that smoking carblgotine risk of an ischaemic stroke [81].

Subjects who stop smoking reduced this risk by 50 %. For reidgled women who smoke, the relative
risk for stroke may be as 2.6 times higher as for aged-matcioedsmokers. Lowering high blood

pressure can substantially reduce the risk to vascular koatipns and overall mortality, depending

on the magnitude by which blood pressure is lowered. In Bxddiio decreasing blood pressure and
smoking cessation, lifestyle modification includes addiéil factors to reduce the risk of stroke e.g.
regular physical activity and use of a low salt, low satutdtd, high fruit and vegetable diet rich in fibre

[27].

1.2. Functional Electrical Stimulation

An important feature of Upper Motor Neurone Lesions (UMNE)that electrical excitability of the
associated peripheral nerves is still intact, thus fatilig the use of Functional Electrical Stimulation
(FES) to restore or enhance motor functions. Electricaldtition for the correction of spastic drop foot
in hemiplegia was first applied by Liberson et al.|[43] in 198%hen the patient lifted the heel to take
a step, the stimulator was activated. Stimulation was sidpphen the heel contacted the ground. This
was the first ever use of stimulation, and the terminologyckanal Electrical Stimulation (FES) was
born. Later many applications of FES have followed both foske and in paraplegia. FES can either
be used as an orthotic device as in a foot drop stimulatoGiwtiie patient has to use permanently or as
a part of a rehabilitation program. Studies have shown ttshtEstical improvement of the gait speed
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can be achieved through the use of FES in gait rehabilitdifizn92]. Other &ects of FES are increased
muscle strength and a reduction of spastidity [16]. As &rpéatients normally still have their sensory
nerves intact, they can feel a pain when the muscles areieddlst stimulated. The pain threshold is
individual to each patients and for some patients who haeg/ghin threshold, FES cannot be applied.

Apart from provoking contraction of skeletal muscles, FE8sed in other neuroprosthetic devices, e.g.
the cochlea implant, the phrenic pacemaker, and the sattetli@ root stimulator for bladder control
(see Rushtor _[73] or Stein et &l. [85] for an overview). Apations of FES in paraplegia with the aim
of motor function restoration include cycling |76, 86], Wwialg [22], rowing [15, 35], standing-up and
sitting-down [68| 69] and standing_|37].

The underlying neurophysiological principle of FES is tlemgration of action potentials in the uninjured
peripheral lower neurons by application of low levels ofgma electrical current to the nerves. Muscle
contractions can be artificially released by electricahatation of éferent (motor) nerves innervating the
paralysed muscles or by electrical stimulation fiéeent (sensory) nerves provoking reflexes via intact
reflex arcs. An example of the latter is the stimulation of pleeoneal nerve to elicit the withdrawal
reflex. Stimulation can follow either through percutanestisulation of peripheral nerves by needle
electrodes through the skin, or as in this work through tatameous stimulation with surface electrodes.
Charge-balancing can be realised either by means of a tapaicusing biphasic stimulation pulses. The
stimulator used in this work is current controlled and tifiene delivers constant biphasic current pulses.
The current pulses usually have a duration between 10 anduSGhd an amplitude between 0 and
125 mA.

The muscle force produced by FES depends on the number ofteztmotor units and the activation

rate. A motor unit is a single motor neuron and the group ofateubres (of the same type) innervated
by it. When the pulse charge (pulsewidtipulse amplitude) is gficiently high and the neuron is close
to the electrode, the motor neuron will be polarised aboxestiold and an electric action potential will

be released. The muscle force increases with the numbecmiited motor units (spatial summation),

and therefore modulation of pulsewidth or pulse amplitude be used to control muscle force. The
muscle force can also be controlled by modulation of thedtition frequency (temporal summation).
The traditional method for neuromuscular stimulation esypla train of brief rectangular stimulating

current pulses, at frequencies typically between 10 andHi00

Although FES can elicit strong andfective muscle contractions, there are significant linotai Nor-
mally, muscles contain a mixed population of slow fatigasistant (type 1), fast fatigue-resistant (type
2A) and fast fatiguable (type 2B) motor unit types. The tefastandslowrefer to the contractile speed
of the muscle fibres. Compared with the physiological reégrent order (the Hennemaisize principle
[3Q]), recruitment with FES is thought to be inverted [24]h& low muscle forces are desired, and thus
low intensity electrical stimulation pulses are appliecgimly rapidly fatiguing large motor units which
are close to the electrodes are activated. This is becaadaghfatiguable fibres of type 2B motor unit
are associated with large-diameter nerve axons, whichdéoer firing threshold to externally applied
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stimulation. With increasing intensity of the pulses, astall neurons (related to slow fatigue-resistant
(type 1) and fast fatigue-resistant (type 2A) motor unitghvigher firing threshold and neurons which
are located further away from the electrodes are recruitedddition to this, at a constant stimulation
intensity and for the same electrode position, the samemooits are activated all the time. With FES,
the action potentials of flierent motor units are triggered simultaneously. Thisfiedént from the CNS
which activates motor units asynchronously.

1.3. Outline of the Thesis

The work in this thesis is concerned with the development fstem for contolled FES-assisted gait
training for stroke patients by means of inertial sensors.

¢ In ChaptefR, the state of the art in FES-assisted gait trgiand Foot Drop stimulation is reviewed.

¢ In ChaptefB, an introduction and descriptions of the sesgstems and the stimulator used within
this thesis are given. The physical principles of an inesgsor unit are explained as well as how
an inertial sensor unit is calibrated. Furthermore, temdinfieatures of the stimulator RehaStim
are discussed and itsfiirent operation modi are explained. Moreover, a brief desen and
technical details are given for the Lukotronic optical matianalysis system and for the Parotec
foot insole pressure measurement system.

¢ In Chaptei}4, an algorithm for obtaining the orientation wfi@ertial sensor unit is derived based
on an Extended Kalman Filter (EKF). The EKF is an indirecgfilin which the error between
the estimated orientation based on an integration of thalangelocity and the real orientation is
estimated in the filter. The acceleration measurement i indhe stance phase of the gait to give
the real orientation of the sensor under the assumptiorttibagensor is not accelerated.

¢ In Chaptefb, a novel algorithm for online detection of gdiages is presented. The algorithm
exploits all possible information derived from an inersansor unit. Four distinct gait phases are
represented as states in a state machine. The transititvnsdrethe states are governed by logical
functions based on the angular velocity, orientation amelacation of the sensor. The robustness
of the algorithm was tested in a clinical study involving 1@tiplegic stroke patients. During
the tests all parameters of the gait detection algorithmeviretd constant. Furthermore, for five
hemiplegic patients out of the total twelve, reference dagee recorded with a foot insole pressure
measurement system and gait phases detected by meanssyfstieism were compared with those
detected with the inertial sensor unit.

¢ In Chapte b, a method for estimating the three dimensigag@dtory of the foot during gait is
described using data from an inertial sensor unit. Basedthisrirajectory, gait movement param-
eters of gait like step length and foot clearance are condpuibe accuracy of these calculations
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is improved by the introduction of start and stop constsaori the movement. For validation pur-
poses, measurements with an optical motion analysis systemm performed with five patients
and the estimated movement parameters were validated. dMamtage of using a full inertial
sensor unit (3 accelerometers and 3 gyroscopes) insteacdfieed sensor (2 accelerometers and
1 gyroscope) was demonstrated.

¢ In Chaptefl, a prototype system for FES-assisted gaititigais described. The system consists
of an inertial sensor system with two inertial sensor uratstandard laptop and an 8-channel
stimulator unit. The gait phase detection system desciib&thaptefb was implemented and runs
online on a laptop using the Linux operating system. Theatletegait phases form a basis for
the stimulation pattern generator i.e. the synchronisatibthe stimulation with the gait cycle.
Strategies for stimulation of muscles as well as for cldseg- stimulation are presented in this
chapter. The proposed FES-assisted gait training systeedlzm inertial sensor was successfully
tested on 12 hemiplegic subjects and the feedback contabégt was successfully applied to one
patient.

Conclusions and recommendations for future work are ginebhaptefB.

1.4. Contributions of the Thesis

The main contribution of the thesis consists of the develamnof algorithms by means of an inertial
sensor unit in the application of FES-assisted gait trginirhe diferent algorithms developed through-
out the thesis are connected together and depend upon dechlait the contributions can be divided
into the following parts:

On-line Gait phase detection:A new algorithm for online gait phase detection has beenldped. The
algorithm requires that the sensor is mounted to the outdittes foot. Beside an initial calibration of the
inertial sensor to estimate biases on the gyroscopes asteemmeters, no extra calibration or adaption
of the sensor is required for each patient individually. @lgorithm takes advantage of the information
derived from the inertial sensor such as the angle betwestnafoad ground and velocity of the foot as
well as the acceleration and angular velocity directly mess by the sensor. This algorithm represents
a novelty as it is the first algorithm using a full inertial senunit. The feasibility and robustness of the
algorithm has been verified in experiments with stroke pétie

Calculation of movement parameters by means of a full and redced inertial sensors. A new al-
gorithm for calculation of gait movement parameters basethe 3D-movement trajectory of the foot
during gait has been developed. The algorithm uses thedgldgtected gait phases for start and stop
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times. The acceleration is integrated two times in ordeftaia the foot position. The accuracy of the
estimation is improved by using constraints on the intégmate. that the velocity is zero at the start and
at the end of the integration. The estimation of movemerdmpaters was investigated for a full inertial
sensor and for a reduced inertial sensor unit with only 3asr(d gyroscope and 2 accelerometers). The
novelty of this work lies in the experimental validation bftproposed methods and comparison of the
different algorithms. The algorithms were experimentallye@gin 5 patients who were walking on a
treadmill and the movement parameter estimations were amdpyith measurements from an optical
3D motion analysis system.

Developement of a closed-loop FES-assisted gait trainingsgem: A new strategy for FES-assisted
gait training was developed. The developed stimulatioatestry depends on the gait phase detection
algorithm. The gait cycle is divided into 11 subparts, andhestimulation channel can be uniquely
programmed to be active in selected parts. The gait cadenobsierved and the stimulation pattern
is scaled to the gait cadence. A new closed-loop controtegtyawas derived in order to control the
stimulation intensity with the aim to achieve desired mogatparameter. The open loop control strategy
was successfully tested on 12 hemiplegic patients, wheteaseasibility of the closed-loop control
strategy was demonstrated on one stroke patient. This wd&rshtime that an inertial sensor unit was
used in the application to closed-loop FES-assisted gait.

1.5. Publications

The results presented in this thesis have previously betiy pablished in the following articles:

1. Negard, N.-O., Kauert, R., Andres, S., Schauer, T. anddRall. Gait phase detection and step
length estimation of gait by means of inertial sensorsPioc. of the & European Medicak-
Biological Engineering Conferenc@rague, Czech Republic. Oct. 2005.

2. Negérd, N.-O., Schauer, T. and Raisch, J. Robust Noml@eatrol of Knee-Joint Angle: A Sim-
ulation Study, InProc. of the ¥ Wismar Symposium on Automatic Contidhnsestadt Wismar,
Germany. Sep. 2003.

3. Negérd, N.-O., Schauer, T.,Kauert, R. and Raisch, J. AB-&&Sisted gait training system for
hemiplegic stroke patients based on inertial sensorBrdn. of the & IFAC Symposium on Mod-
elling and Control in Biomedical Systeni®eims, France. Sep. 2006.

4. Negard, N.-O., Schauer, T., Gersigny, J., Hesse, S. aisttRal. Application Programming
Interface and PC control for the 8 channel stimulator MOTEINMS, In Proc. of the 18 Annual
Conference of the International Functional Electricalrtilation Society (IFESS 20Q3FESS,
Montreal, Canada. Aug. 2005.
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5. Negard, N.-O., Schauer, T.,Raisch, J.,Schumacher,dSHamberg, V. Control of FES-assisted
gait training after stroke using inertial sensors.,Piroc. of the 1§ Annual Conference of the

International Functional Electrical Stimulation SociefrESS 2006) IFESS, Zao, Japan. Sep.
2006.

6. Schauer, T., Negard, N.-O., Nahrstaedt, H. and Rais&ggelung von Peroneus-Stimulatoren zur
Kompensation von FuRheberschwéche nach Schlaga®@RITHOPADIETECHNIKG0(2):78-83,
2009



2. State of the Art in FES-Assisted Gait Training

2.1. Summary

This chapter gives an overview of Functional Electricahfbiation (FES)-assisted gait training and
mainly represents a literature review with discussionscti8e[Z2 outlines the advantages of FES-
assisted gait training in comparison to other types or gaihing e.g. treadmill training with partial
bodyweight support. In Sectidn2.3, a description of norgait and terminology of this are given. In
SectionZH# existing sensors, methods and algorithms fbpgase detection are presented. An intro-
duction to FES-assisted gait training as well as the mustézson, stimulation parameters and timing
of the electrical stimulation is given in Sectibnl2.5. Ferthore, diferent approaches and strategies
for closed-loop control the stimulation intensity duringitcare outlined in Sectidnd.6. The application
of inertial sensors for motion estimation and the accurdcyuch sensors are reviewed in Secfiod 2.7.
Finally, a discussion of open research issues in FES-edgisitit training are given in Sectibn .8

2.2. Gait Rehabilitation after Stroke

Following stroke, it is necessary to start rehabilitatisrsaon as possible. In Europe, the Bobath training
approach is the most used training concept applied for strekabilitation. This method is based upon
repetitive exercises of single movements in preparatiogdd, while gait itself is not so much practised.

In the last decade, a new form of gait training with use of adnaill and Partial Body Weight Support
(PBWS) has been brought into clinical practice for patiemih neurological impairment caused by
stroke [32| 98], spinal cord injuryI[5] or other neurolodidé&seases e.g. cerebral palsvi[77]. In this novel
approach patients use an overhead suspension system whjobrs a percentage of the body weight
while the patients walk on a treadmill. The reduction of virtigakes it possible for the patients to carry
their remaining weight adequately, i.e. without knee gudtaand excessive hip flexion during the single
stance period of thefiizcted limb. The body weight support is reduced as the wal&bility increases,
allowing more and more realistic gait training. This tramiregime allow the practice of a complete gait
cycle with many repetitions in an early stage of the gait bihation. Use of harness support minimises
the delay before the patients can start the walking trainimgddition, PBWS gait training is providing
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Table 2.1.: Walking mobility criteria for levels of ambLilax

Criterion Description
1. Physiologic ambulator Endurance, strength of level sistance required make the ambulation not
functional. May require assistance to stand. (Walks for@sge only)

2. Limited household Walks in the home but limited by endagastrength or safety (Walks rarely in
ambulator the honmfaever in community.)

3. Independent household  Walks continuously for distatitasare considered reasonable for inside the
ambulator home. May require assistance with stairs ingidecarbs, ramps outside the

home. A wheelchair may be used outdoors. (Walks occasiomatiome
rarely in community)
4. Limited community Walks outside the home and can managesgdiow curbs and ramps.
ambulator A wheelchair may be used for long distances. (SMagularly in the honye
occasionally in community)
5. Independent community  Walks for distances of approxagat00 meters at a speed at least 50 % of
ambulator normal. Can manage all aspects of walking safielyding curbs, stairs and
doors. (rarelynever uses wheelchair)

an environment that discourages the development of corapmgsstrategies compared to gait training
with walking aids which favours an asymmetrical gait pattem a study by Hesse et al. [32] it was
shown that patients could practise a more favourable gah@treadmill with a higher rate of symmetry
and a prolonged stance phase on tiieced side.

Repetitions of gait movements are assumed to lead to am#etivof central gait pattern generators. The
background for this theory is based upon experiments int agirialized cats and incompletely lesioned
primates, showing an entrainment of presumed spinal anég-sjginal pattern generators by locomotor
therapy I[35]. The central pattern generator activation f@tsbeen shown for human beings but the
plasticity of the brain allows relearning. Recently a lagjedy [31] compared the Bobath program
and a task-specific motor re-learning program in 61 acutiketpatients. Their results showed that
patients who were trained with PBWS treadmill training sthjewer days in hospital and their general
improvements in motor functions and walking mobility criée(see Tablg2]1) were significant better as
for the patients in the Bobath group.

PBWS treadmill training can also be enhanced by functioteatecal stimulation. In a study by Hesse
et al. [33] the &ects of the combined use of functional electrical stimolatand treadmill training in
hemiparetic patients were studied. Threadmill traininthviinctional electrical stimulation was shown
to be superior to traditional physiotherapy with regardestoration to gait function. On the other hand,
it has never been proven that functional electrical stitmgitself has positive fects. But clearly the
use of functional electrical stimulation has several athges in treadmill training as the stimulation can
improve and support the movement and ease the manual latraiefphysiotherapists.

The first usage of electrical stimulation to improve gait \dase by Liberson et al. [43]. Peroneal nerve
stimulation was used to elicit the withdrawal reflex in ortieachieve dorsiflexion throughout the swing
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phase. About 10% - 20% of chronic stroke patients developet)dotor Neurone Drop Foot (UMN-
DF). This means an inability to dorsiflex the foot during thérgy phase of gait. For these patients a
permanent drop foot orthosis can be a useful alternativesithamical braces.

2.3. Description of Normal Gait

As this thesis is concerned in a broad way with gait and rditestion of gait, a short introduction to the
gait and its definition is given in this section. There areesalvdefinitions and descriptions of gait as
well as its phases in the literature. The most common defitéthave been derived by Perry|[65] and
are therefore used within this thesis.

Walking is the most convenient way for human beings to travrt distances. As the body moves
forward, one limb typically provides support while the athienb is advanced and prepares for the role
to be the supporting limb. The Gait Cycle (GC) in its simpliesin comprises swing and stance phase.
The stance can furthermore be divided into 3 parts, initaide-limb support, single-limb support and
terminal double-limb support. Each double-limb supportqaklasts for 10 % of the GC, while the swing
phase typically endures 40 % of the GC and single double-fieriind typically represents 40% of the
gait cycle. Slight variations occur normally in the peregyg of stance and swing related to gait velocity.
The duration of stance decreases normally as walking \glowreases. As velocity increases, double-
limb support time decreases. Running constitutes forwasdement with no periods of double-limb
support. The term ipsilateral is used to describe the sadeedfithe body, and the term contralateral is
used to describe the opposite side of the body or the opfoslte The direction of walking is referred
to as the line of progression.

A stride is the equivalent of a GC. The duration of a stridehis time between sequential initial floor
contacts by the same limb. A step is recognised as the ihtbeteveen sequential floor contacts by
ipsilateral and contralateral limbs. Two steps make up &hwhich is roughly symmetric in normal

individuals.

2.3.1. Functional Tasks of Gait

The gait can be divided into eight functional parts, thesesab phases. Each of the eight sub gait phases
has a functional objective and a critical pattern of selectiynergistic motion to accomplish this goal.
The sequential combination of the gait phases enables biage tasks, which are Weight Acceptance
(WA), Single-Limb Support(SLS) and Limb Advancement(LA).

Task A: Weight Acceptance

The first functional task is Weight Acceptance. In this fimaal task two phases are involved, Initial
Contact and Loading Response. The demand for immediatsféranf body weight onto the limb as

10
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/ Initial Contact

Phases Loading Mid Terminal | Pre Initial Mid Terminal
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Functional Tasks & P Support
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Figure 2.1.: Gait phases and functional tasks during gaitraiing to Perryl[65].

soon as it contacts the ground requires initial limb stgbdind shock absorption while simultaneously
preserving the momentum of progression.

Task B: Single-Limb Support

The second functional task is the single-limb support. Brily two phases are associated with the
single-limb support, midstance and terminal stance. Whercontralateral foot starts the swing phase,
the single-limb support intervals begins for the stancdliMidstance is the first half of the single- limb
support phase, begins as the other foot is lifted and cosdimuntil the body weight is aligned over the
forefoot. Terminal stance completes the single-limb suppoatil the other foot strikes the ground.

Task C: Limb advancement

This task can be divided into four phases: Pre-swing, Irstidng, midswing and terminal swing. Pre-
Swing is the final phase of stance and the second double staeceal in the gait cycle. The weight
is transferred from one side to the another, but this leg isantively contributing to this, instead it is
preparing for the swing. Initial swing begins with the foifit from the floor and ends with the swinging
leg opposite of the stance leg. Midswing begins when thegiwinleg is opposite of the stance leg and
ends when the swinging leg is in a vertical position. Terrrgveing concludes the swing when the foot
strikes the floor.

2.3.2. Gait Phases

The gait cycle can be described in the phasic terms of irdbatact, loading response, midstance, ter-
minal stance, pre-swing, initial swing, midswing and teratiswing (see Figule.1). The stance pe-
riod consists of the first five phases: initial contact, logdiesponse, midstance, terminal stance and
preswing. The swing period is primarily divided into thrdeapes: initial swing, midswing and termi-
nal swing. Pre-swing, however, prepares the limb for swidgaacement and could in that sense be
considered as a component of the swing phase.

Initial Contactis an instantaneous point in time which occurs in the momsrtha foot touches the
ground. Most of the motor functions of the leg which occuriigiinitial contact are for the preparation

11
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of the loading response that follows the initial contact.

The Loading Responsphase takes up about 10 % of the gait cycle and constitutgsettied of initial
double-limb support. During this phase the whole foot begwim touch with the ground. While this
is done all the body weight is transferred onto the stancé.limihis phase ends at the time as the
contralateral leg is lifted fd the ground.

Midstancerepresents the first half of single-limb support. This phasgurs in the range from 10 % to
30 % of the gait cycle. It begins when the contralateral feaves the ground and continues as the body
weight travels along the length of the foot until it is alighever the forefoot.

Terminal Stanceonstitutes the second half of single-limb support. Thiagghbegins with the heel rise
and continues until the contralateral foot touches themplo@erminal stance happens in the range 30 %
to 50 % of the gait cycle. During terminal stance the body Weig moving ahead of the forefoot.

Pre-swingis the terminal double-limb support period and this phakegalace during the last 12 % of
the stance phase in the range between 50 % and 62 %. This pdgiss s the contralateral foot comes
in contact with the ground and ends as the toe looses conttcgmund. During this period, the body
weight is transferred onto the contralateral side.

The Initial Swing phase takes place in the range from the 62 % to 75 % of the gai.cyhis phase
starts as the toe lifts of the ground and continues until tagimum flexion of the knee is achieved.

Midswingoccurs in the second third of the swing period in the rangafré % to 85 % of the gait cycle.
This phase begins at the moment as the knee is maximal flexkerals in the moment as the tibia is in
a vertical position.

Terminal Swindakes place in the range from 85 % to 100 % of the gait cycle.phase starts at the tibia
passes beyond perpendicular sagittal orientation andhemst until the knee fully extends in preparation
for heel contact.

2.4. Gait Phase Detection

The task of a Gait Phase Detection (GPD) system is to idethtifyphases of gait based on some sensory
input mostly for the purpose to trigger electrical stimidatin a drop foot stimulator or in FES-assisted
gait training. GPD is especially important for drop foothmrses, as there is a need to detect the gait
phases robustly for all possible situations in daily lifeor FES-assisted treadmill training, where the
patients are consequently either walking forward or stamdihe requirements on a gait phase detection
system are weaker. A gait phase detection system for fogtluls to detect the intention to take a step
and at the same time it has to exclude other daily life norkiwgltasks e.g. sitting down and standing
up. In gait phase detection systems developed so far, theygde is divided into two or more phases.

12
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The number and definition of these phases varies. As alreeslyrided in Section 2.3, normal gait is
usually divided into as much as eight gait phases for eachlleig division is hard to fulfill and to detect
with a sensory system. Normally, in a gait phase detectistesy, four or less gait phases are detected
depending on the sensors used.

2.4.1. Gait Phase Detection: Sensors and Robustness

The first sensor taken into use, and still the most frequeustyd sensor in gait phase detection systems, is
the foot switch. The fact that foot switches are mounted &mnine foot imply that mechanical wear will
degrade the performance after a while, and as reported tgriddien et all[100], they are quite unreliable
and susceptible to mechanical failure. The inadequacyaibfatches in detecting foot contact events
was shown inl[50]. On average, the foot switches detecteldchatact falsely 1.3-7.6% of the time. In

a paper by Taylor et all_[38] a questionnaire were done amioagisers of the Odstock Dropped Foot
Stimulator (ODFS) and nearly 40 % of the patients reportablems related to the stimulator's foot
switches.

These facts lead to the desire to use more reliable sensgatiphase detection. Another goal is to
improve the robustness and accuracy of detection. But theeg of accuracy can be somewhdfidult

to define as transitions between phases occur graduallynayid be interpreted éierently by diferent
investigators who are manually detecting gait events eygevaluating a video. Therefore, no sensor
can be considered completely accurate in the detectionibégents, and comparison betweefelient
sensor systems and detection algorithms can only shoviveetiifterences.

So far, besides the simple foot switch, combinations of mhawitches, foot switches, force sensitive
resistors, inclinometers, goniometers, gyroscopes,lewreeters and ENG (electroneurography) have
been proposed as sensory systems to detect gait phasesyresedjwently to control the timing of the
stimulation sequences in FES-assisted training systems.u$age of 2 or 3 foot-switches has been re-
ported by Chen et all_[11] and insole force measurement walsedpin [23]. A switch sensor at the
heel of the &ected side can be used to trigger quadriceps stimulatiomemlisabled foot during the
stance phase [11]. More extensively equipped with sensere the subjects in the study described in
[20]. In addition to foot switches and angle measurementdgyaf goniometers, acceleration was also
measured at the hip joint. All this information was used in &hine learning regime. In_[100], four
accelerometers were used to measure the radial and tealgaeteleration of the shank segment. A
rule based algorithm was developed to detect four distiaitghases with the emphasis on detecting
heel-df as this is essential in a peroneal nerve stimulator. Thisritgn worked well for three out
of four patients, but for the forth patient the heel-strikaswconstantly detected too early due to dis-
turbances. An approach using accelerometer sensors wersheesin Williamson and Andrews$ [101].
Three accelerometers were attached in the tibial cresbmediwo of the accelerometers were oriented
in the horizontal direction and the last one in the vertided¢ation. Force-sensitive resistors were used
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to generate reference signals of gait phases from the foot-gontact pattern. In this paper an Adaptive
Logic Network (ALN) was applied in order to detect gait pfaf®m the accelerometer measurements.
A remarkable high accuracy of the proposed sensor systemagyasved by comparing the detection
based on accelerometers mounted on the shank with a tredif&R sensor system. The heel strike and
the toe df detections were reported to have an accuracy of 99 % and 96éctively. As the data were
sampled with a frequency of 33 Hz, this accuracy means thgtloout of 10 samples missed with one
sample at 99% accuracy.

Other alternatives for triggering stimulation like gonietars measuring hip, knee and ankle angles have
also been proposed [60]. Recently, the interest in usingn@bomtion of gyroscopes and accelerome-
ters by use of Inertial Sensor Units (ISU) and reduced ISldsgnawn for the purpose of detecting gait
phases. Kotiadis et al. [40] used an inertial sensor sysfdthough using a complete ISU with 3 gyro-
scopes and 3 accelerometers, only the 2 accelerometerssadgittal plane and the gyroscope measuring
angular velocity in the sagittal plane were considered at tork. Contrary to the work in this thesis,
the sensor was fixated on the shank segment just below the Knegnilar placement of tilt sensors
in [14] showed that this sensor configuration leads to a bfidrdntiation between gait movement and
standing ugsitting down. A similar study was done by Sabatini etlall [Whlere spatial gait parameters
were estimated in addition to the temporal parameters. éalaced ISU two accelerometers and one gy-
roscope collect the most valuable information, the addéticGcensors in a complete ISU might improve
the robustness and accuracy. Furthermore, a complete 13il#lypoovide a more accurate estimation
of foot velocity and position which could possibly be usedtfansitions rules between states in a gait
phases detection system. To the author best knowledge, Dosgftem utilising all gyroscopes and
accelerometers in an inertial sensor unit has been deklopéd now.

Another method is described in Strange andfelg87] to detect the transition between swing and stance
phase by exploiting anfi@rent nerve input. By implanting nervefEelectrodes in cats they were able to
detect the transitions between stance and swing with ailigladf 99%. Later, similar detection systems
have been applied in human beings [29]. By attaching theereu¥ to the peroneal nerve and using a
switching circuit, stimulation followed through the sameatrode. Such systems are invasive and only
detect two phases. A major disadvantage of these sensbi itce sensitive resistors have to be used
in a calibration procedure in order to train an adaptivedagitwork. In[[10] a system using EMG signals
was used for triggering stimulation. Electrodes at thetibianterior are used to sense voluntary motion.
This signal is rectified and integrated. When the procesisgrhisexceeds a threshold the stimulation is
initiated on two other electrodes, and continuing for ag/laa the patient maintains the EMG signal.

Closely related to real-time gait phase detection systemsf@ine gait analysis systems measuring
temporal and spatial gait parameters. Such a system wabpedeby Aminian et al.L[2] who attached
gyroscopes to the shank. A method applying wavelets wagmedito detect heel-strike and tof o
events. In similarity to [101], the detected events weregained with data recorded from FSR attached
to the heel and to the toe. In the study, the participants wWmided into two groups; one consisting
of young and one of elderly people. Heel strike detectiorebagoon gyroscopes was found to have a
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systematic delay of 10 ms with regard to FSRs with a confiderieeval between 7 and 13 ms. A similar
study was performed by Jasiewicz et Al [38]. An algorithrarskees in windows to find peaks in either
acceleration data or in gyroscope. The sensor, a reducedit8dne gyroscope and two accelerometers,
was mounted to the foot and shank segments, and the detegitephgses were compared with gait
phases gained from foot switches. The results were sinaitdrase found inl[2] for subjects with normal
walking pattern. For patients with abnormal gait pattertgrger deviation in the detection of the two
events was observed for events detected with the data freshidink segment.

2.4.2. Methods of Gait Phase Detection

In methodology there are mainly two approaches to detecgéliiephases. The first is a rule based
approach in which the gait phases are defined as states ofteadtaie machine and the transitions
between the states are functions of the sensory input [11$644d5| 100]. An example of a rule based gait
phase detection system can be found in Papas et al. [64]islafgproach one gyroscope and three FSRs
were applied. One FSR was placed underneath the heel whilevth others were placed underneath
the metatarsal heads since the foot is not always symmigtrioaded. The gyroscope was attached to
the heel and was applied to calculate the tilt angle relativihe ground. This was done by filtering
and integrating the gyroscope signal. Drift was avoided dsetting to zero when all force resistive
sensors were loaded. The gait detection algorithm divitledghit cycle in four dierent gait phases:
stance, heel4b, swing and heel-strike. These phases were representedtes ist a state machine, and
the transitions were governed by a knowledge-based ahgoritThe algorithm allowed 7 transitions
between states (See Figlirel2.2). The gait phase detecstensyvas validated by use of a 3D motion
analysis system. It was reported that the GPD system hadtensytic delay compared with motion
analysis system in the worst case of 90 ms. The correlatiaregorted to be good but no numbers were
given indicating the variance of the detection.

The second approach is from the methodology completdfgréint compared to the first. Instead of
having clearly defined rules for transitions, the detectigsiem is represented as a black box where the
gait phases are the outputs and sensory information arési{fiy/ 83| 101]. Such black-box systems are
usually related to machine learning techniques, fuzzyclegstems or neural networks. Normally, such
systems have to be trained in advance by using a known refere®uch reference can be transitions
which are found by manually evaluating video data. The atgnof such systems is that they can be
trained to accurately and robustly detect gait phases fewsabject. On the other hand, the disadvantage
of those systems is that they have to be trained for eachdudgparately with some sort of reference
detection system, possibly by foot switches or manually thaiad switch. This is a time-consuming
procedure that has to be redone as the gait rehabilitatiogregsses and consequently the gait changes.
That makes this approachfii¢ult to implement in a clinical setting.
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Figure 2.2.: Gait phase detection system represented ateaisachine. The gait phases are represented
as 4 states and 7 transitions![64].

2.5. FES-Assisted Gait Training Systems

In this section, a review of FES-assisted gait training tlirmed. The focus will be on surface stimulation
approaches applied to stroke patients. A summary of stiglgisen in TabldZ]2.

FES-assisted gait systems can be used for rehabilitatiqguopes for acute hemiplegic stroke patients or
as a permanent orthosis called Drop Foot Stimulator (DFSgHeonic drop foot patients. The techno-
logical aspects for both DFS and FES-assisted gait traisytstems are similar e.g. the stimulation is
synchronised to the gait phases. FES-assisted gait tgagyistems are usually applied in the rehabili-
tation a short time after stroke, and are usually appliedat@pts who can ambulate independently on
a treadmill with partial body weight support. The generaadf FES-assisted gait training is that the
gait movement should be repeated many times in order torrelgalking. In a metastudy by Robbins
et al. [72] all relevant articles on the usage of FES to relggit were investigated in order to conclude
on the défects of FES on gait. The results of the study showed that thgeusf FES gives a statistical
improvement on the gait speed. Furthermore, an increassdlenstrength was shown to be significant.
On the other side, the overall functional ability was nonffigantly improved. A further metastudy by
van Peppen et al. [92] confirms this saying that while theredgerate evidence that FES has a positive
effect on gait speed and muscle strength, it could not be préwad-ES increases the scores on Activity
of Daily Living (ADL).

As already mentioned in Chapf@ar 1, 20 % of stroke survivovelde a long term disability to dorsiflex
the foot during the swing phase of gait. In 1961 Liberson €44l developed the first orthosis based on
electrical stimulation for patients with drop foot. In th&inovation the withdrawal reflex was employed
to achieve dorsiflexion throughout the swing phase. A hedtbwvas mounted in the sole of the shoe
to synchronise the stimulation to the peroneal nerve duhirgwing phase. When the pressure released
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Table 2.2.: Stimulated muscle groups or nerves using seéectrodes in FES-assisted gait training:
Q - quadriceps, H - hamstrings, G - gluteus maximus, TA - libianterior, S - Soleus, P -
peroneal nerve. The last column indicates the number adiatparticipating in the study. If
the study is of pure technical nature it is marked with (T).

Source Q H G TA S P| Patienttype N / Study type
Liberson et al.|[43] X | Hemiplegic 7
Vodovnik et al. [99] Hemiplegic T
Kralj et al. [41] X X x | Paraplegic 3
Bogataj et al.l[[7] Paraplegic T
Malezic et al. [48] X X X X x | Stroke and Brain damagedl18
Hesse et all [33] X X X X X | Hemiparetic 11
Bogataj et al.l[6] X X X X X | Stroke 1
Chen et al.|[11] X X Hemiplegic 1
Taylor et al. [8DJODFS x | Hemiplegic 151
O’Keeffe and Lyons|[62] X | Hemiplegic -
Granat et al..[25] x | Hemiplegic 19
Quintern et al.l[67] X | Hemiplegic 38
Hansen et al.[28] x | Hemiplegic 1
Lyons et al. [[47] X | Hemiplegic 1
Sepulveda et all_[30] x | Hemiplegic 1

off the heel-switch at heelfibthe delivery of stimulation started and continued until tine heel-switch
closed at heel strike. Clearly, the system lacked sophistic and delivered stimuli in a crude fashion
compared to the natural activation of the neuromusculdesysln this case study, seven hemiplegic pa-
tients participated, and in all subjects a considerabledargment of the gait was shown when they used
the foot drop orthosis. A good survey paper by Lyons et al]. §éScribes the technological developments
in neural protheses for the correction of upper motor nezidnop foot since 1961.

After the first development of Liberson, many hard-wirecggénchannel system followed in the seven-
ties and eightied [99]. One problem that was frequently mepowas the occurrence of a reflex spasm
provoked by electrical stimulation. Vodovnik et al. [99]sd#ebed a DFS system where they proposed
to solve this problem by filtering the onset activation sigmaa low-pass filter in order to enable a soft
onset and a soft stop of the stimulation current. Other iations described by Vodovnik et al. [99]
were:

¢ use of both manual and conventional foot switch triggering.

¢ use of electromyography (EMG) for triggering ES rather thaimg foot switches.

The paper of Vodovnik et al. from 1978 was of pure technicarabter and no experiments with patients
were described.
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In 1983, the first use of multichannel FES was proposed by apgad the University of Ljubljana in
Slovenial[41]. In this paper, they demonstrated the usagetbfee channel portable stimulator. The
stimulator incorporated a radio link between the heelwind the stimulator. The three stimulation
channels enabled fiérent muscle groups to be controlled independently, sucinkle dorsiflexors,
knee flexors and knee extensors. A drawback of the systemhatthe clinician was required to make
multiple adjustments to optimise the delay settings fohezfahe three stimulation channels following
detection of the heelfbevent. The stimulator system described in the paper wagiexgeatally tested
on 3 SCI patients.

In the paper byl|7] from 1984, the first use of microcontrgit@croprocessor technology in a FES-
assisted gait training system was reported. Bogataj'ssysonsisted of a 6-channel stimulator and
a control unit with an embedded stride analyser. On the cbuatiit there was an array of 16 switches
which were used to refine the stimulation pattern. By usingi&ses for the swing phase and 8 switches
for the stance phase for every stimulation channel, a reiné¢iof the stimulation pattern was possible.
The increments were scaled in time to the duration of the gaim stance phases by the stride analyser.
The stride analyser was also used to display vital parasefiethe gait like the number of steps, the
mean stride time and the swistance duration. As for many multichannel stimulation degithis was
only suitable for clinical use.

In the early nineties the Ljubliana group developed a nevn&@ioel microprocessor based DIS [48].
This stimulator had in addition to the stimulation part, agmammable stride analyser. The clinicians
could independently program all the stimulation paranseter each channel via the programmer unit.
The subjects could only adjust the current amplitudes. AgHe earlier 6-channel stimulator unit by
[7], the duration of the stimulation sequence was adaptedasubject’s cadence. Two foot-switches
could be connected to the stimulator unit and if additiotiahslation channels were required a cascade
arrangement of the stimulators was possible. In additiog,programmer unit gathered parameters of
gait like the number of strides recorded in a session, thatidur of left and right stride as well as the
duration of swing and stance phase. Recording of gait paeamis useful because it allows the clinician
to assess how the DFS is performing in a home environmenhidrstudy 11 stroke and 10 Traumatic
Brain Injured (TBI) patients were stimulated during gaitffBrent stimulation combinations of peroneal
nerve, hamstring, quadriceps, triceps brachii, and glutaaximus were applied. The purpose of the
clinical evaluation was to determine the stimulators penfince in therapeutic and orthotic use. The
main dforts was directed to the evaluation of the flexibility of thegram to diferent stimulation ap-
proached. It was concluded that the stimulator proved tadegwate for the restitution of gait in stroke
and TBI patients because the nature of the stimulator uésge variety of stimulation sequences and
parameters could be adapted to a large patient group.

In a study by Hesse et al. |33] from 1995 thieets of the combined use of functional electrical stim-
ulation and treadmill training in hemiparetic patients wascribed. Muscle stimulation to thé&ected

lower limb muscles were applied using surface electroddse Skimulator provided a selection of the
stimulation within eight stance phases and eight swing @livasements for every channel (See Figure
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[Z3). The durations of the phase increments were updatedspanding to the cadence. The peroneal
nerve was stimulated by use of surface electrodes for theatiiexion and moderate eversion during
the swing and initial stance phase in ten subjects. The tggudr muscle was stimulated for the knee
extention in the terminal swing and the first part of the stgplsase. The hamstring was stimulated for
the knee flexion in the pre and initial swing phase. Finalg gluteus maximus was stimulated for hip
extention throughout the stance phase. In total 11 patjnticipated in this study, divided into two
groups, where the first group consisted of 4 patients whoveddreadmill training besides conven-
tional physiotherapy. In the second group, a single caseAdBudy was applied, where phase A was
15 treadmillstimulation treatments, phase B conventional physiothefar 15 days and last phase A
was consisting of another 15 treadpsitimulation treatments. The first four patients improvesrtigait
ability considerably during the additional treadmill tvetig. After the study one patient was completely
independent, two patients needed verbal support and oiempags still dependent on intermittent sup-
port. In the seven patients assessed in the A-B-A study thetitnal ambulation category improved
during the two A phases, and remained fairly constant in tpé&e. The Rivermead score and the Ash-
worth score indicated noflierences between the two therapy treatments in muscle #irand spasticity

in the A-B-A study.

In 1999, Taylor et al.. [69] described the use of a single-ae&hard wired stimulator, the Odstock Drop
Foot Stimulator (ODFS). This stimulator had incorporatddva new innovative solutions. Stimulation
of the hemiplegic leg could be controlled by a heel-switctrrwon either the hemiplegic or nonhemi-
plegic side. When the switch was on the nonhemiplegic stidauation was initiated by heel strike and
terminated by heel rise. Furthermore, miniature potengiens were introduced in order to allow adjust-
ment of both the rate at which the stimulation was ramped tipeatff and the rate at which stimulation
was ramped down at heel-strike. In this study 151 patienigeli into 3 groups of stroke, MS and ISC.
After the patients had got their drop foot stimulator fitthaby used it on a daily basis. An assessment of
Physiological Cost Index (PCI) and speed of walking was nigitlally and after four and a half months.
The stroke patients showed a statistically significant smpment in both measurement parameters. The
immediate &ect of using the stimulator was also shown to be statisyicignificant, with an increase in
walking speed of 12 % and a decreaseftiomt of 18 %. For the stroke patients a short term “carry-over”
effect when not using the stimulator was shown after four andfarfenths.

The tibialis anterior is the major muscle controlling déiesiion of the ankle joint. During the swing
phase of gait the typical EMG activity pattern of tibialistamor has two peaks; at the initial swing
and the loading response. Inl[61] an optimisation schemeinmasiuced in order to find the optimal
stimulation pulse width of the tibialis anterior. This wasng by comparing the value of the natural
EMG profile with the EMG profile developed from electricalnstilation. A stimulation pulse width
trajectory which produced an EMG pattern similar to a ndtfpadtern was found by optimisation. It was
shown that this optimised stimulation pattern resultedsigaificantly higher dorsiflexion range than the
normal trapezoidal stimulation. Additionally, only haffthe stimulation charge had to be applied which
led to reduced muscle fatigue. The experiment describdusrpaper was performed on one 23 year old
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healthy subject who was seated in a CON-TREX MJ isokinetitadyometer. As the experiment was
not performed during walking no conclusions can be drawn bather the improvements could also be
expected in walking.

In 2000, Lyons et alL[47] implemented a similar “naturaltieation envelope to the one described.in [61]
in form of a look-up table in a stimulator. By observing theation of the swing phase, the stimulation
envelope was scaled in time whereas the shape and ampliaydmiconstant. The stimulation envelope
was applied to a 52 year old hemiplegic patients. The reshttesed that using the “natural” stimulation

envelope, a 76 % increase in dorsiflexion range was obtaoretiis specific patient.

A study by Quintern et alL[67] showed that the stimulatiofieXor reflex d&erents during gait retraining
of non-ambulant hemiplegic stroke patients improved thmabditation of gait. The inclusion criterion
of the study was that the patients should be able to stanautithe help of a therapist but they should
not be able to walk more than 10 metres. Patients who did nat dgositive flexion reflex response on
electrical stimulation were excluded. The study followea tgroups both receiving gait training; one
with electrical stimulation, and one without. The main fesfithe study showed that the walking speed
in the FES group was significantly higher than in the otheugro

An alternative to treadmill training is the application obot-like walking machines. Examples of these
are the Gait Trainer GT | developed by Hesse etlal. [34] antlilised by the company Reha-Stim
Gmbl—ﬂ and the Lokomat developed by Colombo et all [13] and disteithby the company Hocoma
AG Medical Engineerir% These are machines that in principle are moving the didalbigbs on a
predefined path. They are expensive and take up a lot of spaoevesent a real alternative to treadmill
training for severe hemiplegic patients who are not able atkwwindependently even with partial body
weight support. A multicentre study (DEGAS) was recentlyfgened in Germany [66] in order to eval-
uate the &ects of repetitive locomotor training on the GT | in subaaiteke patients. The patients were
divided into two groups. Group A received 20 minutes of locton training and 25 minutes of physio-
therapy whereas Group B received 45 minutes of physiotlief@pmary outcome measures were gait
ability and Activity of Daily Living (ADL). The results shoed that significantly more patients in Group
A compared to Group B could walk independently (at least 7therBarthel index) after four weeks of
training. Recently, the GT | has also been enhanced withtifumal electrical stimulation [57, 90]. The
latter study involved training with two patients for a petiof 4 weeks. By the end of the training period,
both patients showed improvements in the scores on thed@saitidex, and improvement of balance and
in functional ambulance. In a 6-month follow up assessmerthér improvements on ambulation and
balance were found. Further randomised studies are needsdluate whether combined training with
FES on an electromechanical trainer is superior to trainimgn electromechanical trainer alone.

thttpy/www.reha-stim.de
httpy/www.hocoma.ch
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2.5.1. Stimulation Sites and Stimulation Parameters

In DFS and in the FES-assisted gait relearning with the ustBa/S and treadmill training, the choice
of which muscles to stimulate is an important question. TdlkWing list shows the most common
stimulation sites during FES-assisted gait training:

e Stimulation of the peroneal nerve during the swing phasedercto elicit the withdrawal reflex.
The withdrawal reflex is causing ankle dorsiflexion, kneeiflexand hip flexion. The stimulation
is usually prolonged to the end of the swing phase._[6, 33].

¢ Stimulation of the soleus muscle in order to provide or adrtiee push-ff in the terminal stance
and in the pre-swing phase.

¢ Stimulation of the quadriceps muscle for correction of kextension in the terminal swing, initial,
and midstance phases|[11} 42].

e Stimulation of the hamstring muscles in order to establistoorect knee flexion in the pre-swing
and initial swing phases.

¢ Stimulation the gluteus maximus muscle throughout thecst@mase to enable weight shift to the
affected lower limb.

Care has to be taken to find the best placement of electrodgsecklly the placement of the surface
electrodes for peroneal nerve stimulation has been rapant¢he literature to cause some problems
[2]. In Figure[Z3B the electrode positions of the major mespoups as well as the peroneal nerve are
depicted. The placement of the electrodes has to be doneawiihl and error approach in order to
find the optimal response to obtain balanced dorsiflexionemedsion of the foot. This time consuming
task has to be performed before each session. To achieveeapremise stimulation, usually smaller
electrodes are used compared to muscle stimulation. Fgpdfeneal nerve stimulation is the active
electrode placed over the common peroneal nerve, just kiblewead of fibula. The other electrode is
located approximately 5 cm below, slightly forward of théaeelectrode over the motor point of tibialis
anterior [9]. Quintern et all_[67] used other stimulatioresiin order to elicit the withdrawal reflex. They
stimulated either the sole of the foot, dorsum of the footteral to medial aspect of the knee joint. The
placement of the electrodes for muscle stimulation is eds#én the placement of electrodes for eliciting
the withdrawal reflex. The active quadriceps electrode agqid above the knee and slightly medially
in order to recruit the vastus medialis. The active ele@risdplaced midway up the thigh and 3 cm to
the lateral side. The active electrode for gluteus maxirayddced below the dimples at the top of the
sacrum. The other electrode is placed approximately ond'sianeath below the active electrode. The
active hamstring electrode is placed over the centre of thecla. The other electrode is placed at the
bottom of the hamstring, just above the back of the knee. Thigeacalf muscle electrode is placed
above the widest part of the calf muscle and theffisgént electrode is placed towards the bottom of the
calf muscle.
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Figure 2.3.: The figure shows the most common stimulatia@ssithe left figure shows the stimulation
of gluteus maximus, hamstrings and to the calf group. Thesupght figures shows the
stimulation sites of the quadriceps. The lower left figurevetithe most common position
of the electrodes of the peroneal nerve stimulation [9].

The type of stimulation pattern is dependent of how the dadgtsps are detected. When using a single
foot switch at the heel as Liberson et al. did, the stimufaiioramped up at the todfevent and ramped
down after the heel strike event as illustrated in Figuré 2¥hen more advanced gait phase detection
system are used, the possibility to refine the stimulatidtepacan be achieved as well. In Figlirel2.5
an example of a stimulation pattern used for hemiplegiceptgiis shown where both the swing and
the stance phases were each divided into 8 time periods valgohwere scaled in time according to the
cadence. This stimulation pattern was applied by Bogatlj {fi]. In addition to the timing and duration
of the stimulation there are a few other parameters thateaete.g. the current amplitude, the frequency
and the pulse width. The pulses are normally biphasic andalypalues for the current amplitude are
between 10 mA to 50-60 mA. The pulse width lies between 10 &04.5. Normally either the current
amplitude or the pulse width is kept constant and the otheli®waried to achieve the desired movement.
For the stimulation to befkective, it must produce a strong muscle contraction witltigtomfort and
muscle fatigue. Regarding the frequency, there isfi@mdince whether the peroneal nerve or a muscle
is stimulated. The applied stimulation frequency of theopeal nerve has an impact on the withdrawal
reflex response with regard to habituation. An increasirgthation was found in the studies of Hesse
et al. [38] and Malezic and Hesse [49] when a stimulationdesmpy of 20 Hz was applied. This meant
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Figure 2.4.: An example of a stimulation pattern when a heélaatoe switch is applied. The stimulation
is ramped up at toefband continued until heel strike when the stimulation is rachgown.

that an increased stimulation intensity had to be appligosaguently until the highest allowed level was
reached. The stimulation frequency was then shifted to 6@vkizh was shown to provide a sustained
activation with less habituation_[49]. In the same studg, MG signals of the tibialis anterior, soleus,
biceps femoris and rectus femoris were recorded in sevestd vhere frequencies of 20, 50 and 100
Hz were applied. The EMG measurements showed an increasedfpeak amplitudes between the
tibialis anterior and the soleus in favour of dorsiflexiorimincreased stimulation from 20 to 50 Hz, but
decreased at 100 Hz. For the biceps femoris and rectus fenhatie was no big ffierences between
the diferent stimulation frequencies. At the end, a frequency dfi6@vas chosen which gave a better
dorsiflexion for all patients. With this frequency the déiesiion remained stable without too much
habituation. In the article of Field-Fote [19], the stimtida of the peroneal nerve was in the range 50-80
Hz, but no special attention was payed to investigate ffects of diferent frequencies. In both these
studies the investigations were done with paraplegic pistie

In a study of stroke patients by Quintern etal! [67] a freayesf 40 Hz was used to elicit the withdrawal
flexor reflex. In muscle stimulation, usually a lower freqoei20Hz) is used. Fatigue poses less of a
problem for intermittent stimulation burst, like stimutat during the swing phase of walking, compared
to other applications were continuous stimulation areiedpt.g. standing up or sitting down. In[17]
it was shown that an increase of stimulation frequency fr@&vHz to 60 Hz had no influence on the
fatigue for FES-cycling but even though the power outputéased with 25 %. As stimulation pattern
for FES-cycling is similar to pattern for FES-assisted ,ghiis result should be valid for FES-assisted
gait as well.
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Figure 2.5.: Stimulation pattern for FES-assisted gaiihitng used by Bogataj et al.|[6]. Both swing and
stance phases are divided into 8 time intervals which atedtathe cadence. Selected time
intervals are used to refine the stimulation pattern.

2.6. Control Approaches for Drop Foot Stimulators and FES-Assis ted
Gait Training

One aspect of DFS and FES-assisted gait training systernhdhaeceived little attention in the liter-
ature is closed-loop control of the stimulation intensity.all the approaches described in the previous
sections the intensity of the stimulation was either piegpmmed before the session started and then
kept constant throughout the session, or a fixed pattern wasgmmed and adapted to the gait cadence.
These approaches with a preprogrammed stimulation ityerggiresent a disadvantage that the stimula-
tion intensity usually is chosen to large in order to achignedesired movement. By using sensors and
by giving feedback (closed-loop control) from the motiormare desired movement can be achieved
with use of less stimulation which will in turn reduce theidae and prolong the time the stimulation
can be applied. In this section, closed-loop control of station will be reviewed. When using the term
“control” in the application of DFS and FES-assisted gaiirting, the adaptation of either the stimulation
intensity (pulse width or current amplitude) or the lengtthe stimulation burst is meant.

Control systems for adaption of stimulation intensity ing-&ssisted gait training can be classified in
two methods: Classical feedback and adaptive feed forwanttr@. Feedback control is based upon
continuous measurements of joint angles which are usedattjust the stimulation intensity in order
to follow a predefined angle trajectory. Due to non-linéasitbetween stimulation intensity and angle
trajectories such as time delay which is causing a limiteathaadth, this method is not very useful in
FES-assisted gait training. Feed forward control meartsatistimulation pattern is chosen beforehand.
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The stimulation pattern can be changed after a completgdosised upon measurements of the move-
ment. A cycle to cycle controller of the gait is a special calsadaptive feed forward control. By using
this strategy, information from the last stride is used tapdhe stimulation intensity in the next stride.
Common to both strategies is that some sort of sensory irdtom such as that from goniometers, force
sensitive resistors, accelerometers or inertial senswsdbe present.

Feedback Control of Angle Trajectories

In this section, diferent strategies found in the literature which are dealiitg the control of hip, knee
and ankle joint are reviewed. An FES-system for preventirap doot and for compensation of the
quadriceps weakness in hemiplegic patients was develgpadytoup in Taiwan.[11]. The system con-
sists of three Force Sensitive Resistors (FSR), two atthiththe #fected foot as well as one attached to
the healthy foot. Additionally, three magneto-resistimgalar position sensors were applied to measure
knee and ankle joint angles. The stimulation of the quapscegas related to the FSRs on thHeeated
side. The tibialis anterior stimulation was triggered by ESR on the urfected side. If a drop foot was
detected, meaning that the toe-strike event happend bibiieeel-strike event, the pulse duration of the
tibialis anterior was increased. This work was later exéehdy a fuzzy logic controller_[12].

Another closed-loop control approach to drop foot was rggbin [55]. The ankle joint angle was
measured with a goniometer and a force sensitive resisteused to detect the heel contact with ground.
The intensity of the stimulation was adjusted accordingitermbedded control law which was not closer
described in the paper.

In the neuroprothesis system “WALK!” developed by Fuhr amthi8idt [23] an Integral (I)-controller
with a dead zone was applied in the late swing phase and thootighe stance phase to control the knee
extension in paraplegic subjects. The knee angle was mezhglth a goniometer. If the knee angle was
lying between two threshold values the stimulation intignaias kept constant. Furthermore, if it was
detected that the knee was hyper-extended the intensityowased through an I-controller. When the
knee joint was more flexed than the lower threshold, the gitgmvas increased through an I-controller
similar to the first one but with a lower gain.

Adaptive Feed Forward control

As already mentioned, the second approach to control tle@sity of stimulation during gait is on a

stride to stride basis i.e. the stimulation intensity foe tiext step is based on information from the
previous strides. Related to this is cyclical control of ésimbs. Such control can be performed in
a set-up where the patients are sitting on a bench where #rk gfan be freely moved or the patients
are sitting on a bicycle seat restricting the movement ofarig knee angle to the sagittal plane. The
first attempt described in the literature to control a sidgtd movement in a cycle to cycle manner

25



Chapter 2. State of the Art in FES-Assisted Gait Training

by use of functional electrical stimulation applied to theadriceps group was done by Veltirk [93].
In his experiments the patients were sitting on a bench sughthe lower limb could swing freely
and the knee angle was measured with a goniometer. By apptyiclical stimulation with the same
time period as the free swinging leg, a cyclical movemenictde produced. A PID-controller was
designed to achieve a constant maximum knee angle. Thedisaeste PID controller adapted the burst
time whereas the pulse width and current amplitude were ¢@pstant. The experiments showed that
the controller compensated for the influence of fatigue foleast 150 cycles. After 150 cycles, the
controller was saturated and the maximum knee angle dexteas

An extention of the single limb movement has been done_in {@re a two degree of freedom move-
ment was considered in simulation. Later the same conceet experimentally validated [21]. The SCI
injured patients were standing in a stand device with arnparip In the stand frame, the movement
of the free swinging limb was fixed to the sagittal plane. Thkle, knee and hip joint of the other leg
were locked. Additional support was provided from a bicysdeldle. Stimulation were applied to the
hip flexor, hamstring and quadriceps in order to generateclicay movement. The optimal stimulation
onsets and burst durations of the three muscle groups wengifidd experimentally. First the stimu-
lation of the hip flexor was found by gradually increasing thest duration until a desired hip range
movement was achieved. Hamstring stimulation was addedder ¢o achieve dficient foot clearance
in the forward swing. Quadriceps was then added to achiege krtention. The hamstring and quadri-
ceps stimulation were kept constant, while the hip flexanstation was adapted using a discrete PID
controller working on a cycle to cycle level. The authors @doded that stimulation patterns for the
major swing phase objectives during gait can be achievediiagbegic subjects. Furthermore, slowly
time-varying system characteristics such as fatigue wamgpensated by using a slowly varying cycle to
cycle PID controller, and a desired swing of leg for a prokhgeriod of time was successfully main-
tained. A neuro-fuzzy control strategy for the same set-ap studied in van der Spek et al.[[91]. No
large diferences between the PID and neuro-fuzzy controller wererobd.

Another method to cyclically control one or two segmentshef keg is with use of a two stage neural
network control system was persuaded by Abbas and TiibldiEks and Abbas [71]. An extention of
this work to two limb cyclical control were done by stimutadithe peroneal nerve, hamstring quadriceps
and gluteus|[63]. They used a set-up similar to Veltink eff@]. Cyclical control of one and two
segments of the leg by use of a two stage neural network waerggrated. A first layer of the neural
network, the Pattern Generator (PG) generated a periogialsitypically consisting of over-layered
sinusoidal functions. Usually this parts is kept constamirg) experiments, which means this part is only
producing a periodic signal. The next layer of the neuralvoek the Pattern Shaper (PS) shaped this
periodic signal by using angle measurement from knee jaintgared with pre-defined angle trajectory.
In this approach the peroneal nerve, hamstring quadriceggkteus were stimulated. The peroneal
nerve stimulation and the gluteus stimulation were kept tmmstant value, while the hamstring and
guadriceps stimulation were set by the neuraffP&controller. The objective of the controller was to
track predefined knee and hip joint angle trajectories.
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Figure 2.6.: Conceptual scheme for adaptive tuning of a tmanoel drop-foot stimulator using move-
ment parameters derived from inertial sensor movemenbsafedtink et al. [96]. s, rep-
resents a stimulation channel wheraasrepresents a movement parametakq; is the
reference movement parameter.

All the approaches for cyclic control of lower limb movemeleiscribed so far have been for free swing-
ing leg in a static position. Veltink et al. [96] proposed avredaptive tuning strategy for cycle to cycle

adaption of stimulation during gait. The scheme is depiateligure[Z6. Movement criteria were de-

fined on the level of walking cycle. Two channels were stirtada the deep peroneal nerve and the
superficial peroneal nerve. Movement criteria for both timwation channels were defined on the level
of walking cycle, e.g. sagittal and coronal foot orientatimefore foot landing. For each new step, stim-
ulation parameters were determined in advance from the mewecriteria using an inverse model of

the relation between stimulation and movement parametdris. relation was assumed to be static and
nonlinear. The parameters of this relation are recursisgtified and updated, using the applied stim-
ulation parameters and resulting movement parameterseity valking cycle. The proposed strategy
was implemented and tested in simulations. In the simulatibwas shown that a static linear model

with only one parameter yielded the best model adaption antt@ performance. No experiments have
been undertaken to prove this concept in real life.

2.7. Application of Inertial Sensors for Motion Estimation

Recently, the usage of inertial sensors in biomedical systeas become popular. One reason for the
popularity is that a complete ISU with three acceleromedarsthree gyroscopes is not sensitive in regard
to how the sensor is mounted to the body. An example for thgeushcombination of accelerometers
and gyroscopes is given in [52]. By the use of four uniaxiakderometer and one gyroscope mounted to
both the thigh and shank segment the kinematics in the abgiin were obtained. Later, an extention
to this work were done by [82] who used a sensor pack congistirb ISUs in order to estimate knee
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and hip joints. For both studies Root Mean Square (RMS) gtvetween Vicon and the body-mounted
sensors were reported to be 5.2 % (fast walking) and 1.9 %(stlking) in percentage of the maximal
angle. Application of body-mounted sensors have sevenrarddges to other measurement systems.
Such systems can obtain the same data as optical and ulch8@umotion analysis systems, but are
easier to take into use. Another example of angle joint egton is demonstrated by Moreno et al.|[54]
who used two ISUs connected to the shank and to the foot réaggdgc In addition were gait events
like heel strike and heelfbdetected. Inl[45] it was demonstrated that inclination argflhuman body
segments in activities of daily living can be accuratelyneated by use of an ISU.

2.7.1. Stride Length and Stride Velocity Estimation

Miyazaki [53] proposed an ambulatory monitoring systenm@si piezoelectric gyroscope strapped just
above the knee. Based on a model of gait and with the assumiptéd the gait is symmetric, the
approximate stride length was estimated using simplendgeetry as well as the lengths of the body
segments. A calibration over a known distance was performetbtermine the cdicients of a linear
regression in order to improve the accuracy. Tests wer@paeld with multiple subjects on a 40 meter
long test track. The maximum error for normal subjects whS % whereas for patients with abnormal
walking pattern the maximum error wa5 %. By using a double segment gait model taking both the
thigh and shank movements into consideration and by mewmshdth the angular velocity of the thigh
and shank Aminian et al.l[2] reported an erroraf %.

A slightly different approach was pursued by Sabatini el al. [75]. They aséaiplified ISU with two
uniaxial accelerometer and one gyroscope measuring iretfittal plane. The ISU was attached to the
instep of the foot. The angle was estimated by integratioth@fangular velocity and the gravity com-
ponent was subtracted in order to find the unbiased acdelerahich was integrated twice to obtain the
position. As with some of the stride modelling techniquessE?] this concept does also assume that the
foot motion is primarily in the sagittal plane. This assuioptwill work properly for people with normal
walking pattern, but for patients with abnormal walkingtpat the accuracy will decline. However, these
methods have an advantage because they measure step lieagtlly dnd do not make further assump-
tions about the user’s height, gait, or walking environmefih enhancement of the method proposed
by Sabatini et al..[75] was done by Veltink et al.[[97]. Thepposed to use a complete ISU measuring
acceleration and angular velocity to reconstruct 3D movdroéa foot during gait. In that paper, the
sensory signals were recorded using a data-logger and theveae later processedfliine for analysis
purposes of the gait.

28



Chapter 2. State of the Art in FES-Assisted Gait Training

2.8. Summary and Conclusions

Treadmill training is a task-specific approach in walkingatkilitation for a range of neurological dis-
eases. Several studies shows that this training regimeakses the time for improvement of walking
abilities compared to traditional physiotherapy. It canoe concluded that PBWS treadmill training is
superior to traditional training, but it can be seen as a dongmtary treatment to the traditional training.
Several studies have shown that by the use of treadmilifigithe scores are better in ambulatory skills.
On the other hand, the general motor functions are equal amdpo the patients who went through
traditional training.

Since the sixties many studies on FES-assisted treadmuitlinig have been conducted, yet this is still
not standard practise. For drop foot the situation is dljgtitfferent and a few commercial systems
are on the market. But most of the closed-loop strategieadapting stimulation intensity during gait
have never found a way into clinical use. One reason for thteat mounting of sensory systems like
goniometers is very time consuming and not realistic in ai@dil setting. Furthermore, calibration of
sensors takes time making ifficult to take such systems into clinical use. For a system taken into
clinical use, the applied stimulation must be easy tunablutomatically tuned, not too many sensors
should be necessary and they should be easily mountabletisaichhysiotherapists are able to take it
into use without help from engineers or scientists.

In Chaptefb, a new gait phase detection system is desciibéus approach an inertial sensor mounted
to the foot is used to detect gait phases. This gait phasersy#ers an advantage over the foot switches
as more than two phases are detected. In addition the praiflemechanical wear is eliminated as the
sensor is mounted with braces to the outer side of the foocalbration of the sensor is needed as the
implemented algorithm detects the sensor’s orientatiahthe parameters of the algorithm are tuned to
fit a variety of patients. In ChaptEl 7 the gait phase detectistem is used to trigger the stimulation in
an FES-assisted gait training system. The use of inertiess in FES-assisted gait training has several
advantages compared with traditional foot switches. Theene need to calibrate the sensors before use
like finding appropriate thresholds and at the same time ¢theybe used to monitor the progress of the
training by examining the temporal and spatial informatjren by the inertial sensors.

Regarding a feedback strategy on a stride to stride basisfiyatling objective like hip range, stride
length and foot clearance, the disadvantage of the cyclectitgs is that there are no possibilities to
apply feedback within a stride and to react to disturban@esiroing within a stride as a result of the
slow adaptation. This is also the case for the adaptive fewebfd controller byl[63]. On the other hand
it is actually more important in FES-assisted treadmiihireg that these variables are kept constant than
that a predefined trajectory is followed i.e. that fatiguedmpensated. A controller on a stride to stride
basis has the ability to do that. In Chagikr 7, a new conttedise is described where information from
an inertial sensor is used in a feed forward manner. Thetahfyibt angle before heel strike is used as a
measurement for how well the step is performed. In the next tte stimulation of the tibialis anterior
is changed in order to reach a preferred reference value.
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3.1. Summary

This chapter gives an introduction to the stimulator anchle@surement systems used within this thesis.
In Sectior 3P the Inertial Sensor is explained in detaile Bheration modes of the stimulator RehaStim
are explained in Sectidn_3.3. Sectionl3.4 contains techsecification and working principle of the
LUKOtronic motion analysis system are given. At last, in#8etd3.3 the technical specifications and a
description of the Parotec foot insole pressure measuresygstem are given.

3.2. Inertial Sensor System

If one tri-axial accelerometer and one tri-axial gyroscape mounted approximately in the same point
they form an inertial sensor, also called Inertial Motionit{fMU) or an Inertial Sensor Unit (ISU). If
the sensor is correctly calibrated, the acceleration ieettarthogonal directions and the angular velocity
around these axes are measured. By using a calibrated ISifithednitial position and orientation are
known, it is theoretically possible to derive the orierdatiof the sensor. Orientation can be found by
integration of angular velocity. The gravity can be extegcfrom the acceleration measurement using
the known orientation, and the sensor position can be foyridtbgrating the acceleration twice. In the
following sections the physical principles behind acastesters and gyroscopes are explained.

3.2.1. Accelerometers

There are in principle two types of accelerometers, meciahaind solid-state. In this section the me-
chanical accelerometer is explained. This is the origimaekrometer and has been developed over
decades. A mechanical accelerometer is exploiting thdignef a mass. When a force is acting on
a mass it will accelerate. This is also known as Newton’s is@daw of motion which states that to
accelerate a massa forceF is needed. In equation form this becomes

F =ma 3.1
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A single accelerometer works as a damped spring system {gaeeB1). The spring is connected
to a housing and a mass. When the mass is displaced the digtartbe spring will restore a force
proportional to the displacement

F = kAX. (3.2

An acceleration of the housing will cause the mass to beatisgl by

_ ma

AX i (3.3)

In this way the problem of measuring acceleration has begeduinto measuring the displacement of
the mass connected to the spring. Typically an electricaladiu, is measured which is related to the

Accleration a

B

B p_—

Figure 3.1.: A single axis accelerometer.

physical quantities
Uy = Ka(a—g) + ba (3.4)

wherek; is representing the scaling factbg,is the dfset,g is the gravity constant whereass the sensor
acceleration. By mounting three single accelerometerstheg all in orthogonal directions, a tri-axial
accelerometer can be constructed. The gains #isete as well as the orientation of the sensitive axis
with respect to the housing can be found by the calibratignrathm described by Ferraris et al. [18].

3.2.2. Gyroscopes

Gyroscopes or angular rate sensors can be constructeéfénedi ways. Most common are spinning

rotor gyroscopes, laser gyroscopes and vibrating masscgypes. For navigation purposes the most
common used gyroscopes are conventional spinning rotofas®it gyroscopes. The vibrating mass
gyroscopes are small, inexpensive and have a low power ogotgn.

A schematic view of a typical vibrating mass gyroscope isicted in FiguredE3R. The vibrating mass
gyroscope has a vibrating element, and when the gyroscomgaited it is influenced by the Coriolis
acceleration. This is causing a secondary vibration odhabto the original vibrating direction. By
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Figure 3.2.: A gyroscope consists of a mass that is vibratirgyto an actuatar.. When the gyroscope
is rotated around the axis perpendicular to the plane showheifigure, the mass is displaced
in the direction perpendicular to the rotation and to theation of vibration.

sensing the secondary fordg,, in the directionrgg,, the rate of turn can be detected. This is done by
sensing the displacement of the mass perpendicular to tinatign direction. The force sensed is only
apparent in the sensor coordinate system, not in the ihed@dinate system. The magnitude of the
Coriolis forcefor is given by:

feor=2-m-v-w (3.5)

wherem is the massy the momentary mass speed andhe angular velocity. Thus the displacement
caused by the Coriolis force is proportional to the anguddoeity and is used therefore as a measure of
angular velocity. In order to induce and detect the vibratbthe test mass, a piezo-electric actuator is
often used. Therefore vibrating gyroscopes are oftendgtizo”, “ceramic”, or “quartz” gyroscopes,
although in fact vibration and detection do not necessashy the piezoféect.

A tri-axial gyroscope can be assembled using three singgeggroscopes. As for the tri-axial accelerom-
eter, a method for obtaining the gairffset and the sensitivity axis is once again described in fgrra
etal. [18].

3.2.3. The RehaWatch ™ Inertial Sensor System

The portable inertial sensor system RehaWdfcproduced by the German company HASOMED GleH
was applied in this work. Figufe=3.3 shows the inertial sesystem. The RehaWatch inertial system
consists of one Digital Signal Prosessing (DSP) unit, tvestial sensor units and two foot braces. The
braces can be easily mounted outside the shoes. The telchpédfications of the inertial system are

listed in the Tablé_3]1. The inertial sensor system is irgenibr dfline use, and is equipped with an

USB interface for exchanging data with an external PC. Aquoitfor online reading of the sensor data
was specially provided by the producer of the sensor.

lwww.hasomed.de
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% RehaWatch

E-i

Figure 3.3.: Inertial sensor system: On the left the RehakVatertial sensor system is shown. On the
right a brace and an ISU mounted on a foot are shown.

Table 3.1.: Technical specifications of the RehaWatchiadeseénsor system.

Gyroscopes Accelerometers

Degrees of freedom 3 3

Operating range (OR)  + 900 [degs] =+ 50 [m?/s]
Linearity 0.1 [% of OR] 0.2 [% of OR]
Bias stability 5 [degs] 0.02 [n/s]
Scale factor stability 0.5 [des] 0.02 [n/s]
Noise 0.7[ degg] 0.01 [n/s]
Alignment error 0.1 [deq] 0.1 [deq]
Bandwidth 50 [HZ] 30 [Hz]
Sampling rate 500 [HZz] 500 [HZz]

3.3. Stimulation Device and Pattern Generator

The portable stimulation device RehaStim Bfoemployed in this work is produced by the German
company HASOMED GmbH. The current-controlled 8 channehslator is a certified medical prod-
uct and possesses two independent current sources whiahuétiplexed to 4 outputs each. The main
processor of the stimulator is an ultra-low-power 16-bi8RImixed-signal processor from Texas Instru-
ments (MSP430F169). There are two independent stimulatiotules hosting each one of the current
sources. Each stimulation module owns another micropsocébMSP430F149) which is responsible for
the pulse generation timing. The stimulation module A hasstimulation channels 1 to 4, stimulation
module B has the stimulation channels 5 to 8. Since both negduhction independently simultaneous
pulse generation on module A and B is possible.
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Figure[3.% shows the stimulator device. The device is opdray a touch panel with illumination. The
technical specifications are listed in the Tdbld 3.2. Nafiet the RS232 and USB interfaces share the
same UART interface of the MSP430 so that multiplexing mestapplied when using both interfaces
at the same time. In the PC-controlled configuration the U8&iace is employed for communication
with the PC and the RS232 is free. The stimulator possessisoad! inputs and outputs which are not
used here. Galvanic isolation between high voltage gdoefakectrodes and the rest of the stimulator
electronics has been realised for safety reasons.

Figure 3.4.: Portable 8 channel stimulator

Table 3.2.: Technical details of the stimulation device.

Current Q..126 mA in 2 mA steps

Pulsewidth 020...500us in 1ussteps

Frequency see Sectibn 313.1

Pulse form biphasic

Channels 8 (2 times 4 on two modules)

Serial ports RS232 and USB with galvanic isolation

Digital and analogue/© 8 pins which can be assigned individually as
12-bit analogue inputs (8 available), 12-bit
analogue outputs (2 available) or digital in-
putgoutputs (8 available)

Sensor supply 5y 100 mA

Figure[3b shows the form of a delivered bi-phasic pulse oideal resistive load. Current amplitude
and pulsewidth are defined in the figure. Notice that therefigeal pause of 100s between the two
phases of the pulse. At the end of the pulse the remainingyehar the electrodes and skin is removed
by an active shortcut (change of electrode polarity fas)lL
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Figure 3.5.: Definition of pulsewidth and current amplitddea biphasic pulse.

3.3.1. Pulse Generation Modes

The stimulator ffers diferent modes of stimulation pulse generation. An ApplicatRrogramming
Interface (API) is provided which enables the developmémustomised stimulator applications using
the diferent modes of pulse generation. Moreover, a serial conwation protocol is available so that
the pulse generation can also be controlled by sending cotenaith 115200 Bauds from an external
device, preferably a PC.

The following modes of pulse generation are available:

¢ Single Pulse Mode:On an external command or an API function call the stimulgtemerates
a single pulse on a specified channel with desired currentitaish and pulsewidth. The stim-
ulator will generate the pulse immediately after procassite command. Complex stimulation
patterns may be generated by sending more than one commaedapplication program inside
the stimulator or the external device (PC) are responsiimedntrolling the stimulation timing,
i.e. the stimulation pulse interval. Therefore, the APIraf stimulator provides a 16-bit timer with
a resolution of 1 ms.

e Continuous Channel List (CCL) Mode: Using this mode, the generation of complex patterns is
greatly simplified. The main processor and the processattseo$timulation modules control the
pulse generation by means of timer-interrupts. A list ahsiiation channels has to be specified,
on which pulses or even pulse groups (doublets or tripleils)epeatedly be generated. Figlirel3.6
defines the main stimulation peridgdand the inter-pulse time of doublets and triplets with the
help of an example. The channel list is repeatedly procesgtadime periodt;. Pulse generation
takes place on the selected channels, ordered by the chaumélers. For each selected channel
a time slot of 1.5ms is reserved, even if currenand pulsewidth are zero for the channel or if
the pulsewidth is smaller than 1.5 ms. At least 1.5 ms passdaet the stimulation of éierent
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channels of one module. The stimulation modules A and B gotiee channel list in parallel with
atime diset of 0.6 ms. Module A generates pulses on the channels I &apglicable, and module
B generates pulses on the channels 5 to 8 if applicable. Thepulse timet, of doublets and
triplets is fixed for all channels and is set during an inigi@ion step. When doublets or triplets
have to be generated the channel list will be processed twibree times more with periot.
Stimulation takes place only on the channels on which dasiloletriplets have to be generated.

Second pulses Second pulses
of doublets of doublets
_Ch1 Ch3, Ch1 Ch3, _(Ch1 Ch3, 'Ch1 Ch3
00‘ ‘00‘ 00‘ ‘4—» 4—»‘
o< [ : [ [ : [
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Figure 3.6.: Example for the Continuous Channel List Mod#hefstimulator. The channel list encloses
the channels 1, 3, 5 and 6. The main stimulation frequencytis Doublets are generated
on the channels 3 and 5 with a frequeng$,1The grey bars indicate some communication
periods in which the actual stimulation settings are trametl from the main controller to
the stimulation modules. Stimulation pulses are represehy black bars where the same
width and amplitude have been assumed for simplicity.

The main stimulation frequency is specified by the petiodSome channels of the channel list
can be assigned to a lower frequency which has the petiodheren is a positive integer.

The CCL mode must be initialised by an API function call or enceand (external control). Used
channels, main timg, inter-pulse timd, and the maximal size of pulse groups must be chosen at
this stage. The minimal possible inter-pulse tithelepends on the maximal number of channels

36



Chapter 3. Experimental Setup

assigned to the individual stimulation modules as follows
to > 1.5ms- max(ch,, Nchg) (3.6)

whereng,, andng,, are the number of selected channels of stimulation modulasd\B respec-
tively. The minimal possible periot] depends or; and the maximal sizep, of pulse groups
used (i, = 1 for single pulsesny, = 2 for doubletsny, = 3 for triplets). The constraint fdy is
then

tp > N, -t +15ms 3.7)

where the 1.5 ms above results from a communication betweamain processor and the stimula-
tion modules as indicated in FigUre3.6. The petipdan be changed in the range.310235 ms

in 0.5 ms steps subject to the constralntl3.7), greén be altered in the range 316 ms in 05 ms
steps subject to the constraifi{3.6). Using all 8 chanmetsinimal group time, of 6 ms can be
achieved, i.e. a doublet or triplet frequency of 180 Hz. Whely doublets and single pulses with
a frequency of 180 Hz are appliedy; = 2), a minimal value of 13.5 ms for peridgis obtained,
i.e. a maximal possible main frequency of 74.1 Hz.

Another API function call or external command deactivates@CL mode. When the CCL mode is
active, the pulse parameters (pulsewidth, current angi@diand group mode (single pulse, doublet
or triplet) of the selected channels can be altered by a spporaling API function call or an
external command. The new parameters will be used from thigpnecessing of the channel list
onwards.

The main processor controls the frequengts by which the channel list is processed. Each time
the stimulation cycle repeats, the main processor sendactiial stimulation settings to the two
stimulation modules which then generates the individudégaion the selected channels. The
processors on the stimulation modules guarantee thatfigoepulsewidths and inter-pulse times
of the doubles and triples are realised.

e One Shot Channel List (OSCL) Mode: Just as in the Continuous Channel List Mode a channel
list is defined by an initialisation step. However, procegsif the channel list is not automatically
repeated so that the time periads no longer relevant. Instead, the channel list will be pesed
once and pulses afat pulse groups are generated only if a special API functahot an external
command are issued. Pulse parameters (pulsewidth, cluanepiitude and group mode of the
selected channels) are specified by the API function cah@ekternal command.

The OSCL mode fiers the possibility to control the main stimulation freqeygfrom an applica-
tion program running in the stimulator or from an externalide while the inter-pulse time of the
doublets and triplets is realised by the stimulation maglule

The (OSCL) Mode was applied in the work described in Chdfter 7
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3.4. Optical Motion Analysis System

The LUKOtronic AS 202 measurement system from the compargQtdonic Lutz-Kovacs-Electronics

OECH was used as a reference measurement system in Chhpter 6randtion analysis purposes in

Chaptefl. In this section the technical specifications hadinctionality of the system are summarised.
The AS 202 is a portable measurement system for capturingh8iZements in real time. The system
can be deployed everywhere and is not fixed to one room. Theurgraent unit consists of one mea-
surement beam which is connected to a laptop (see HigdreTvd)marker chains with active markers
are connected to the body. The markers are activated thrandRF-link. During the measurement,

Figure 3.7.: LUKOtronic AS 202 measurement system: (1) Thasuaring beam with three cameras. (2)
The transmitter control box. (3) Active infrared markersigected in a chain. (4) USB cable
between laptop and measurement beam. (5) Standard laptopinvier software

the active markers are transmitting light impulses in tHeaned spectrum. One marker at the time is
active such that each marker can unambiguously be identiiéé measurement beam with the three
cameras is powered up by the USB connection whereas therissign control unit is powered up by a
rechargeable battery. The cameras are sensing the 3Dopessil the active markers. From the marker
positions, the movement of the patients can be calculatddyephically displayed within the PC soft-
ware. The position data can also be stored and exported tdlA8¢h that they can be read by some
external software e.g. Muas/SimuLink . The technical specifications of the LUKOtronic AS 202 are
listed in Tabld=313.

2www.lukoctronic.com
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Table 3.3.: Technical data of the LUKOtronic AS 202 system.

Sum Sample Rate 1200 Hz
Number of Markers 48
Measurement Range 5-7 Meter
Resolution 0.1 mm
Opening Angle 20 degrees

Transmission Frequency 433 MHz
Opening Angle Marker + 90 degrees
Weight 2.4 Kg

3.5. Insole Pressure Measurement System

The in-shoe pressure measurement system Parotec (see[E@ufrom the company Paromed Medizin-
technik Gmbfﬁ was used in the validation of the gait phase detection in @n&pas well as for analysis
in Chapteflr. The measurement system Parotec consists ofgale foot sensors and a control unit box.
Each of the foot insole sensors has 24 piezoresistive nensass embedded in hydrocells measuring the
sum of the horizontal and shearing forces acting on the Ealth hydrocell consists of an incompressible
fluid preserved in a constrained polyurethane pack that ngnbe deflected at the top and bottom. The
design allows a pressure measurement that unifies the namdalangential components of the force
applied. The microsensor consists of a Wheatstone bridgaitcfixed onto a silicone membrane that
deflects under pressure into an evacuated chamber. Thigsdilo the measurement of loads between
the foot and the supporting material and is considered teleosnpensating against changes in temper-
ature. Diferent insole sizes are available with the sensors placdaiodrrect relative position for each
foot size. For the online measurement mode the samplingsr&teHz, whereas forfiline measurement
sampling rates up to 250 Hz are possible. The pressure senwsok with a resolution of 2.5 kPa in a
range of 600 kPa.

Swww.paromed.de
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Figure 3.8.: Parotec insole pressure measurement system.
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4. Estimation of Sensor Orientation

4.1. Summary

Aim: The aim of the work presented in this chapter was to developlgorithm for obtaining the
orientation of an inertial sensor mounted to the foot dugag. The orientation of the foot is of high
importance in later chapters as it is employed in gait phdsesction and for the estimation of movement
parameters.

Methods: An Inertial Motion Unit (IMU) measures angular velocity aacceleration in three orthogonal
directions. In principle, the orientation can be obtaingeédaly by integration of the angular velocity
measured with the gyroscopes. However, an integrationuvdloidably drift df after a short time due
to timevarying biases in the gyroscope measurements. riaidly, the accelerometers can under the
assumption that the sensor is not accelerated, measurarth& gravity vector, which serves as a fixed
orientation reference and enables the determination ofridependent angles.

To fuse the information from the gyroscopes and the acamlerers a Kalman filter is used. Kalman
filters are frequently applied to estimate not directly nueeable states of a linear dynamic system,
by using measurements linearly related to the state butigt@d by white noise. The Kalman filter is
stochastic optimal with respect to a quadratic functionhef éstimation error. An Extended Kalman
Filter (EKF) is a Kalman filter in which states of a nonlinegndmic system can be estimated. A model
of the error between the estimated orientation from thectlinkegration of the measured angular velocity
and the measured orientation from the accelerometer wadapmd. The measured error based on the
accelerometers was used as a reference measurement inrtenk#ter update only during the foot flat
phase in order to correct the estimate based on the integratithe angular velocity.

By use of the orientation between the sensor and a globaditade system, the angle between the sensor
and the ground in the walking direction can be easily catedlaThis is done under the assumption that
the sensor is mounted such that the sensors x-axis lies satfittal plane. Especially in the gait phase
detection algorithm described later, the accurate andledam foot and ground is of high importance.
A linear filter was used to estimate the angféset between the sensor and the foot during the foot flat
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phase.

Results: The Kalman filter was successfully applied. Even though #eading was drifting fi, the ori-
entation could be estimated for a very long time. No specifa@uation was performed to validate the
accuracy of the obtained orientation, but the results ptegan the following chapters give the supposi-
tion that an accurate orientation estimate can be achieyéuelbdeveloped approach.

Conclusions: An indirect Kalman filter for obtaining the orientation ofetlioot using an inertial sensor
has been developed and is suitable.

Contribution: The author developed the methods, and implemented theimgrgal software. Further-
more, the author planned and ran the experiments. Partsaofitink are published in [56].

4.2. Introduction

The determination of position and orientation of movingeait§ is of interest in a variety of fields. Typi-
cally, in navigation systems, the Global Positioning Sys(&PS) is used in combination with an Inertial
Navigation System (INS), consisting of an Inertial MotionitIMU) mounted on the vehicle, to esti-
mate the position and if required the orientation. In theliapfion considering human motion the usage
of GPS is not beneficial as the resolution of the GPS measutemaot good enough for this purpose
and usually only one single IMU or more IMUs are used. An iaérheasurement unit is composed of
one tri-axial accelerometer and one tri-axial gyroscopgegdration of angular velocity measured by the
gyroscope will lead to an increasing error in the estimatéehtation. Even a smallffset on the gyro-
scope signal will lead to large integration errors over sliore. Moreover, if an absolute orientation is
required instead of a change in orientation, a referen@ataiion has to be obtained at least once during
a recording. Algorithms for integration of the angular \aiy can be found in.[8].

Orientation can also be estimated by combining the measmsnfrom gyroscopes and accelerometers.
This approach is applied in the automotive field and for treessment of human balancirig [4]. A
tri-axial accelerometer measures the earth’s gravityore€the sensor is not exposed to acceleration.
The gravity vector is a measure for the orientation of thesgeim relation to an earth fixed coordinate
system. The accelerometers do not contain any informationtathe rotation around the gravity vector
and do not give a complete description of the orientationpidally, a state estimator, i.e. a Kalman
filter is used to fuse the information from both gyroscopes arcelerometers by using the acceleration
as measurement update. The accelerometers inevitablyuredasth the body acceleration as well as
the gravity component, but general assumptions on the hunawement is made such that the body
acceleration can be filtered out. When only accelerometedsggroscopes are used, no information
about the rotation around the vertical axis (the sensorihga known, and this state will unavoidably
drift off. To avoid this drifting, a measurement of the earth magriigtid by magnetometers can be used

42



Chapter 4. Estimation of Sensor Orientation

[61,174].

A Kalman filter using an IMU for orientation estimation candesigned in a several ways. The states
in a Kalman filter can be chosen to be any representation dfrieatation. Ini[44] they used rotation
matrices and vectors to represent the orientation while {&li] and [74] the orientation is represented
by quaternions. The filter can be designed in an indirect aregtifilter. When the states in the Kalman
filter are the orientation then it is called a direct filter. &vhthe error between estimated orientation
obtained by a pure integration and the the measured oriemfabm the accelerometers are the states in
the Kalman filter it is called an indirect filter.

In this chapter an Extended Kalman Filter (EKF) is desigried tuses the information from a tri-axial
accelerometer system with a tri-axial gyroscope systemdardo measure orientation of the foot during
gait. In Sectior413 the theoretical background and the Elgérdhms are presented. Furthermore, in
Sectior 424 the main filter structure is presented and tloe Brodel is deduced. In Sectibn}4.5 the angle
between foot and ground is found based on the estimatedtaticam and a slow filter estimating the
angle between the sensor and the foot. At last an experilmevratuation of the extended Kalman filter
is given in Sectiof Z416.

4.3. Extended Kalman Filter (EKF) Equations

A Kalman filter is an optimal way to estimate states for linegstems based on measurements and
knowledge of stochastic parameters of the system and nezasut noise. The Kalman filter is optimal
in the sense that the expectation value of the estimate isiae#d and that the variance of the estimate is
minimal. The use of a Kalman filter for nonlinear system idethExtended Kalman Filter (EKF). This
filter is no longer optimal, but has been applied successiialmany applications. The algorithm can be
found in many books e.g._[26], and is shortly outlined here.

Given the continuous stochastic system

X(t) = f(x(t), u(t), v(t)) (4.1)

wheref (x(t), u(t), v(t)) is a nonlinear vector function of the state vect, the input vectou(t) and the
white noise vector(t) which is the plant noise with the covariance matfix The measuremenigk)
are done at discrete time instants ts - k with the sample timéy

z(k) = h(x(K)) + w(k) (4.2)

whereh(x(k)) is a function of the states an(k) is the white measurement noise described with the
covariance matriR.
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This system can be made time-discrete by help of the forwaterEnethod

x(k+1) = frx(k), u(k), v(k) (4.3)
(4.4)

where
fr(X(K), u(k)) = x(K) + tsf (x(K), u(k), v(K)) (4.5)

The Extended Kalman Filter algorithm can be summarisecthile .

1. Initialisation of the error covariance matlfﬁ(O) and the initial state(0):

x(0)
P(0)

E{x(0)} (4.6)
E{(x(0) — X(0))(x(0) — X(0))"}

Here,E{+} is the expectation operator

2. Compute the Kalman filter gain
K(K) = PRHK)T (HIPRHK)T + R)‘l (4.7)
3. Compute the posteriori state estimate
X(K) = x(k) + K (k) (y(k) = H(K)x(K)) (4.8)
4. Update the posteriori error covariance matrix after nevasarement:

P = (I - KH(K) P(K) (4.9)

5. Update the a priori estimate

X(k + 1) = X(K) + t<f (X(K), u(K), 0) (4.10)

6. Update the a priori error covariance matrix

Pk + 1) = ®KPKDPK" + V(KQV(K)T (4.11)

In the algorithm the following notation is used:

fk(x(Kk), u(k). 0) V(K = Ifk(x(k), u(k), w(k))

®(K) =
IX(K) x(K)=%(K) ow(k) X(K)=R(K)

(4.12)
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and
_ 0h(x(K)

H(k) =
() OX(K)  Ix(=30

(4.13)

In the case no measurement is availabl€k) is set to zero. It will then follow that the Kalman filter
gainK (k) becomes zero and thagk) = x(K) andP(k) = P(k). It will then follow that the EKF becomes
a state predictor.

4.4. Design of a Filter for Orientation Estimation

An indirect Kalman filter was designed to estimate the odtaon of the IMU by combining the tri-axial
accelerometer and a three-axial gyroscope by using a métiet dMU. The structure of the algorithm

is depicted in Figur&4l4. The state of the Kalman filter is¢her in the orientation. The orientation
is in first place calculated by an independent strap dowmyiat®n, where basically the angular speed
is integrated in 3 dimension. The correction state updadei® by the acceleration measurement. The
indirect filter has the advantages that:

e The error state model is not that non-linear as the real statiel.

e The parameters of the model can be treated as stochasteEspesc

. g q

Gyroscope Integration ®—f’
measurement |

Wmeas A !

Sl SR R IS

| 1

! | ~

| : q
Acceleration | *| Orientation Kalman !

(. > . r--
measurement error filter

Omeas QU .é’ q

Figure 4.1.: Block structure of the orientation estimation

In the following, a model which describes the sensor outpyirésented which considers the output of
the sensor systenffacted of uncertain states driven by white noise. By consigahe model of the
sensor output of both the gyroscopes and accelerometeesrttenodel is derived.
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4.4.1. Sensor Signal Model

The sensor is assumed to be attached to a human body segmethtifoot that rotates and translates
with respect to a global coordinate frame. The measuredsggpe signals, represented as the vector
Wheas= [Wheasxk @Wheasy Wmeas] | are assumed to be the sum of angular veloeiy a slowly varying
biasp and random white noisg,.

0B as= WP +B+E,. (4.14)

The spectrum of the gyroscopé&set has a low cutfb frequency in comparison with the bandwidth of
the kinematic signals that are to be measured. The slowlingbias in the gyroscope measurements
is modelled as a first order Markov process driven by a whitseneectorg,,

B=-Ty 'B+&. (4.15)

T is the diagonal matrix with the time constants of the Markoecpsses on the diagonal axis. A tri-

axial accelerometer measures acceleration, the grauity glwhite noise component, all in the sensor
coordinate frame. The accelerometer signals are modealledeasum of the linear acceleration vector
aB, the gravity vectog® and white noise,

Ameas= a> +0° + &, (4.16)

The superscripB is used to indicate that the signals are expressed in thersemsrdinate system.

4.4.2. Representation of Orientation

Rotation of a body in 3D space is fully described with threeapzeters. Rotation is always defined
between two coordinate frames. We define two coordinatesystone system fixed to the sensor or
body-fixedB and one global coordinate systémiThe latter is always fixed once defined and zhaxis

is always pointing in vertical direction. Rotation can bpresented in several ways; the most important
representations are |79]:

Rotationmatrix: 9 parameters, 6 constraints

Euler angles: 3 parameters

Angle axis parametrisation: 4 parameters

Euler parameters (Quaternions): 4 parameters, 1 cortstrain

Euler Rodriguez parameters: 3 parameters
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Minimal representations with only three parameters alway#ain a singularity. The most common
Euler angles definitions, also called the roll-pitch-yawdg defined for a pitch angle af90 degrees.
However in many practical application, e.g. marine velsickhis parameter region is not likely to be
entered. An advantage of the Euler parameters is their ctatipoal €ficiency, in opposite to Euler an-
gles. The Euler angles are computed by numerical integrafia set of nonlinear elierential equations.
This involves computation of a large number of trigononeefwinctions.

Figure 4.2.: Orientation systems: lllustration of the tiota between two coordinate systems represented
as one axis and one angle.

In this work we use the Euler parameter representation ¢rquiiternion. In the following an introduc-
tion to quaternions is given and the connection with spati@tion is explained.

The Euler parameters (unit quaternion) are defined as
q:["leR“ (4.17)

wheren is called the scalar part of the quaternion whiles the vector part. Quaternions form a group
whose underlying set is the four dimensional vector sfidcaith a multiplication operato® that con-
tains both the dot and cross product. The quaternion prdoesteen two quaterniong; anddy is
defined by:

T
l n l:l m || l: 2 — €] &2 l (4.18)
£ £1 £2 n&2 + 1261 + S(e1)82
where
Q1=[ml,Q2=[nzl- (4.19)
&1 &2
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The product can be written as:

MR e g @20
& g1 ml+S(e1) || & .
= F(avaz (4.21)
or as
MR 1 42
P> g2 ml-S(e2) || &1 .
= E(g2)a1 (4.23)

The quaternion product betwegrandqg* results in the identity quaterniang

qidzq*®q=q®q*=[ l (4.24)
Ozx3
The time derivative of the identity quaternion gives
Ga=9"®q+q°®q=0 (4.25)
from which this useful relation is obtained by postmultpliion byq
g°=-9"®0eq". (4.26)

To rotate a vectox® by the rotation encoded i, the following quaternion multiplication can be carried
out

X =qexeq, >~<B=[ 0 l f(':[ 0 l (4.27)

Furthermore, a very usefull feature of quaternions is thatimilarity to rotation matrices, a series of
sequential rotations can be simplified to one rotation bytiplidation i.e. ifq; andg, are unit quaternion
then the combined rotation that is resulting from the rotatj; followed by the rotatiorg, correspond
to the rotationgs = g2 ® Q1.

Their relation to the angle-axis parametrisation is:

(4.28)

=
Il

cos(g

2
&1

B
€3
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They are constrained by the condition
qg=n"+&e=1 (4.30)
hence the name unit quaternion. The relation between thempien and the rotation matrix is
R(1, 8) = |3 + 2nS(€) + 25%(s). (4.31)

The quaternion extracted froR* = RT is denotedy* and is defined as

* n
=]

—-&

(4.32)

The quaternion representation of a rotation is related gbeaaxis parametrisation. Euler’s displacement
theorem tells that any rotation can be expressed as a siotplion by the anglé around one axik. A
rotation matrixR'B between a global coordinate systérand the body systerm can be obtained by the
following equation from the axik and the angl®

Rg cos)l + S(k) sin@) + (1 — cos@))kk " (4.33)

| + S(k) sin@) + S2(k)(L - cos @) (4.34)

wherel is the identity matrix ané is the skew symmetric matrix defined as:

0 —k3 k2 kl
SK)=| ks 0 k| k=|k |. (4.35)
-k Kk 0 k3

4.4 3. Kinematics

To continuously derive the orientation we need an exprasgio the time derivative of the rotation
matrix. Given two coordinate systenhsand B where the rotation between them is represented by the
rotation matrixR, the time derivative of the rotation matrix is given as

R = S(w|g)R = RES(wfs) (4.36)

wherew) is the angular velocity between systénand B. The same relation can be found using the
quaternion representation. If the quaternmp = [ &']" represents the rotation between the system
| andB, andwp is the angular velocity of system relative to systeni, the time derivative ofg for
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systeml becomes:

. 1 0
dis = 5[ L |®ais (4.37)
w
1B
1 ol
- T PP (4.38)
2| 7l - Se)
The same kinematics can be described in system B:
. 1 0
Qe = EqIB‘X’ B l (4.39)
1B
T
A Y (4.40)
2| 1 + S(e)

4.4 4. The Error Model of the Orientation

Even though quaternions have many advantages as repteseatfaorientation, there is a weakness in

connection with the Kalman filter. The constraint on the fparameters makes the four parameters
linearly dependent upon each other. By an implementaticadl dbur parameters as states in a Kalman
filter a singularity in the covariance matrix would occur dese of this linear dependency. A possible
solution (out of others) to avoid this singularity is to us&auncated representation of the quaternion.
This is accomplished by using the error of the orientatictaad of the direct orientation.

We now proceed to find the dynamic equation of the error inntaigon will be deduced as well as
the equation for the inertial navigation system. The goahaf section is to deduce the dynamics of
the error caused by the bias on the gyroscope measuremethe following the quaternionyg which

is representing the rotation from the inertial systemo the sensor coordinate systeBris g, and the
estimated orientation from the direct integration of theaggope signal is represented dpynd which

is found by using Equatioh {£.139)

NI

G=50®| ;
Wmeas

0 l . (4.41)

Here,wB,is the angular velocity measured directly from the gyrossogGiven that the integration is
not perfect, the obtained orientatigncan be assumed to be the rotation from systaman unknown
systemB. The rotation error between the sensor sysBamdB is denotedj as illustrated in FigurE2.3.
Since this rotation error also represents a rotation, wenelayed, g andq by

d=09"®q (4.42)

whereq is the orientation error of which the dynamics is to be detivEhe time derivative of Equation
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B
I B
3 >
Figure 4.3.: Relation between the global coordinate systedithe sensor fixed coordinate system when
there is and error in the orientation.

#@.42) is found by using the chain rule:
G=9"®G4+q"®§ (4.43)
which by using Equatiorf{4.26) can be written as
=a'®d-9°®4eq 84 (4.44)

From Equation[[4.37) the kinematics fprandq is given through

s 1 0 L1, 0
q:—[ l@q=—q® l (4.45)
2 w:neas 2 wr?]eas
. 1] 0 1 0
=z =z 4.46
q 2[ o ®q 2q ® wB l ( )
Using these relations the error state becomes:
q q*®§ | ®4-9'®| | |®qeq (4.47)
Wmeas w
-1 ®Q ®§ ®Q"®Q9®§ (4.48)
- 2 (,()E]eas q q (,()B q q q .
1] 0
= = 0 4.49
5 [ 5 |90 (4.49)
whered,, is defined from
wr?\eas: w® + 6, (4.50)
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The error model is in component form

1] 0 -6,"

2| 6, S(B.)
Sincerj = cos@/2), and assumed that the error is small, the following agpration that;"~ 1 can be
used. This results in:

M [
My [

l (4.51)

&= 260+ =6,)8 (4.52)

By substitutingd,, = B + £, the dynamics of the error becomes

5= %,3 + %S(ﬂ)é + (I — S(B))¢, (4.53)

4.45. Total Model Used in Kalman filter

The states which are estimated by the Kalman filter are thtoveart of the quaternion error and the
bias vector on the gyroscope:
[ &
X =
B

By putting together the model equation for the bias and thmadhical model of the quaternion error, the
following continuous dferential equation for the states in the Kalman filter can bigemras

(4.54)

1 1 pa =
i o | 2praSwE H 30 - S@E)NE, l (4.55)
TP €5
= f(x(t), v(t)) (4.56)
with

T, 0 O
Tﬁ = 0 Tﬁ 0 (457)

0 0 Tg

To use this model in a Kalman filter, it has to be in a time-diseform. By using the forward Euler
method with the sampling timig, the following diference equation is derived

x(k+1) = x(K) + tsf (x(K), v(K) (4.58)
5+ 118 + t.1S(B)3 gz

xk+1) = | © TP TR l+ ts(l - SEDE l (4.59)
B - tST'g ﬁ tS‘f,B

The linearised error matri¥ (k) and the error covariance matrix of the process ne{kgbecome:

ts3(lae — SEK)) Oz

V(K) =
O3x3 tslaxs

(4.60)

.Q(k) = [

2
3302  Oss
O3z lax3- 0’2
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The linearised transition matrix becomes:

I3x3 + ts%s(ﬁ(k)) ts%|3x3 - ts%s(g(k))

D) =
03x3 I3x3 — tsTgl

(4.61)

4.4.6. The Initial Orientation

When an integration of the angular velocity is started, ttigai orientation of the sensor in relation to
a global system must be found. As only the tri-axial accelerier gives a direct measurement of the
orientation, this is applied for this purpose. Under theiagstion that the sensor is not accelerated mean-
ing that the patients have to stand still as the integratiartss this can be done. As already mentioned,
the acceleration measurements only give partial infolmnagibout the orientation; the angle about the
vertical axis (heading) is not contained in the accelenati®asurement. From that it follows that the
global coordinate system has to be chosen at the moment Wwhaémtégration starts.

The acceleration measurement of the unaccelerated sewnssrthge gravitation vector in the sensor
coordinate system. This vector is here denoted,ags The global system is defined such that the
axis is pointing in opposite direction of the gravity vect®hex'-axis andy'-axis have to be orthogonal
in respect to each other as well as to theonstructing a right handed coordinate system. fthaxis

is chosen to be the projection of the sensdton the global horizontal plane. This means that at the
beginning of the integration the yaw angle (heading) in kpidth-yaw representation would be zero.

To find the initial orientation of the sensor, the axis of whibe body system is rotated in relation to
the global system is found as well as the corresponding amyith this knowledge the initial rotation
formulated as a quaternion can be easily found. The rot#tion the body system to the global system
is along the axis orthogonal to the glolzlaxis and orthogonal to the normalised gravity ved@gas

By using the cross product, the akigi; can be found

|
OmeasX Z

Jmeas™ = 4.62
lOmeasx 2'l| ( )

Kinit =
with z' = [0 0 1]". Now, as the axis of rotation is found, the next step is to firangle to rotate. This
is the angle between the vectrandgmeas This angle is found by the cosine relation

nt T .
1Z'| - Igmead
The initial orientation can now be represented by a quaiarni
. cos(at)
— ’ 4.64
init [ Kinit SIN (9'—5") ( )

Note that by the calculation dfi,it, both the initial orientation i.e. the sensor’s orientatio relation to
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the global system, as well as a definition of the global sydtesne simultaneously found.

4.4.7. Measurement Equation

The measurements from the accelerometers are used to mastirmate of the orientation error and
are included in the Kalman filter through the measuremendtimu The gravitation vect@measis the
measured acceleration in the sensor sysBenThis vector is pointing in the opposite direction of the
Z'-axis. The corresponding gravitation vecépby the pure integration is found by this equation.

g = QTZI (465)

whereR is the orientation found by the pure integration of the messangular velocitywB ., and
Z' = [0 0 1]". The axis of the error rotation goes through the axis orthatw the measured gravitation
vector as well as the axis orthogonal to the gravitationardiit This axis can now be found by applying
the cross product between the respecting vectors:

Omeas* 0

k = Zmeas— 2
|OmeasX 0l

(4.66)

Now as the axis of rotation is found, the next step is to findathgle to rotate. This is simply the angle
between the vectog andgmeas found by this equation:

cosf) = —QT  Gmeas (4.67)
|0l|9mead
Now the error orientation can be described by a quaternion:
. cos(g) N [~ . (5)]
=\ ~ , & = |k sin| = 4.68
W [ ksin(5) &y 2 (4.68)
with the corresponding measurement maktigk)
HK) = | laargrest Osc |- (4.69)

As the measurement based on the accelerometers is onlywiadid the sensor is not accelerated, the
measurement in the Kalman-filter is only updated during ¢l fiat phase or more precisely during the
gyroscope rest, rest Which is defined and explained in Chadier 5. The measurenggstien is given
by

Yk = H(K)xk + w(k) (4.70)

wherew(K) is the measurement noise vector related to the measurefig error orientation.
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Table 4.1.: Parameters of the Kalman filter.

op[s] oglrads] Tgls] o
0.01 0.01 100 0.05

4.4.8. Implementation Issues

The model of the orientation error is based on the assumghiainthe error remains small. Because of
the unknown bias in the gyroscope measurement, the estreater will after a while drift ¢f. To avoid
this the estimated error and bias from the Kalman filter adebfck to the integration ab2.,, This is
done at fixed time interval of 10 seconds.

Filter Parameters

Parameters of the extended Kalman filter are the initialrerooariance matrix2(0), the initial a priori
state vectox(0), as well as the covariance matric®sof the process errov(k) and the covariance
matrix to the measurement erna(k), namelyR. The initial error covariance matrix is chosen to be a
diagonal matrix. Larger values indicate that there is adiadiscrepancy between initial state estimates
and real values. For increasing measurement noise vasiattte EKF will trust the internal model
predictions more than the measurements. Smaller cornsctibthe a priori state estimate are generated
by discrepancies between the measurement and the predigtedt. The noise covariance matkx

is set according to Equatiofi{4160) whereas values of thedatd deviatiornor, and o to the white
noise processe. and¢, are listed in Tablg4l1. The noise covariance magiis very much a tuning
parameter, when small values are chosen will this resultdmvabandwith filter which is good for slow
moving signals. High values will result in a high bandwidtkefi that can track fast moving signals but
with a high noise. The initial error covariance matfi§0) and the initial state vecto(0) were chosen
to be:

1€ 0 O 0 0 0 [ 0 ]
0 1€ 0 0 0 0 0
_ 0 0 1¢ 0 0 0 _ 0
P(0) = , X(0) = 4.71
© 0 0 0 1rad/s 0 0 © 0 (4.71)
0O 0 O 0 1rad/s? 0 0
0O 0 O 0 0 1rad/s? | | 0|
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ksofoot N ¢ _

P

Figure 4.4.: In the gait phase detection algorithm the abgteveen the sensor® axis and the global
coordinate systems andy' is denotedp. The angle between foot and the horizontal ground
is denotedptgot.

4.5. The Angle between Foot and Ground

In the gait phase detection algorithm explained in Chdfténesangle between the sensotaxis and
the ground is denoted asas shown in FigurE4.4. The angle is defined as positive irtlankwise
direction seen from the right side. More preciselys the angle between the sensor%axis and the
plane constructed by thé andy' axes of the global coordinate system. In the foot flat phasariyley

is nearly constant but the angle is depending on how the senswunted. The angles ¢ is introduced
as the dfset such that the ange oo; between the foot and ground is zero during the foot flat phBise.
¢toot CaN be calculated as

Pfoot = ¢ — Pff. (4.72)

The anglept+ is only depending on how the sensor is mounted, and once tisersis fixated, the angle
remains constant. In order to allow a variation of the magjtthe anglep¢ is estimated during the
foot flat phase through the following filter

et1[Kl = (pri[k - 1] + a * ¢[K]) /(1 + a) (4.73)

calculating recursively the mean of the angle. The fomgtfiactora was chosen to be very small
(<0.005).

4.6. Evaluation of the Extended Kalman Filter

As no experimental validation of the EKF has been perforrsethe experimental results will briefly be
shown in this section. In Figufe“4.5 the elements of the ed@dhorientation are plotted in the upper
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graph. In the middle graph is the c rest is plotted. The panaghich the Kalman filer update is active
XgrestiS one. In the lower graph the bias states are plotted. Frenfighre it can be seen that during
the period in which the Kalman filter update are performee diases are changing, whefyest is zero

and no measurement update are performed the biases stéagntohs FigurdZJ6 the same plot is shown
with a smaller time scale.

In Figure[4.Y the biag¢¢ between the sensor and foot is shown in the upper graph whthreasagittal

angle between the foot and groupg,o; is shown in the lower graph. It can be observed that thedyias
converges after ca. 2.5 seconds.
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Figure 4.5.: Upper graph shows the elements in the quatenpigolid line), first vector component (dot-
ted), second vector component (dashdotted) and the thattwiveomponent (dashed). The

lower graph shows the corresponding bias elements: finstezie(dotted), second (dashdot-
ted) and third element (dashed).
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Figure 4.6.: Upper graph shows the elements in the quatenpigolid line), first vector component (dot-
ted), second vector component (dashdotted) and the thatwiveomponent (dashed). The

lower graph shows the corresponding bias elements: finstezie(dotted), second (dashdot-
ted) and third element (dashed).
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Figure 4.7.: Results of the bias angle estimation during ddpper graph shows the bias on the angle
vif. Inthe lower graph the sagittal angle between foot and gt@up.: is shown.
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4.7. Discussion and Conclusions

In this chapter an indirect extended Kalman filter was dgp@dto estimate the orientation of an inertial
sensor. The extended Kalman filter was developed for theelisaan FES-assisted gait training system
with the sensor mounted to the foot. Information from the ghiase detection system developed in
Chaptefb was used to decide whether the sensor was at resh téhsensor was at rest, the accelerom-
eter measurement was used as orientation measurementHKlthan filter. No experiments has been
conducted in order to directly validate the accuracy of tladnkan filter in this chapter, but the EKF is
used extensively in the following chapters of this thesisChaptefb, the angle between foot and ground
plays an important role in the gait phase detection algorithin Chaptefl6, a method for finding the
3D movement of the foot is developed and experimentallyfieeriwvith an optical measurement system.
Furthermore, in Chaptél 7 an FES-assisted gait trainingsybased on the gait phase detection system
is developed. In that chapter a closed-loop control loogi®tbped, where electrical stimulation applied
to the tibialis anterior is used as the plant input and theimars angle between the foot and the ground
is used as feedback variable.
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5.1. Summary

Aim: The work presented in this chapter aims to develop a robusphase detection system for use
in FES-assisted gait rehabilitation by means of inertialsses. The target is to show that one robust
algorithm can work for a variety of subjects without the néetline the parameters individually for each
patient.

Methods: By help of braces inertial sensors can be easily mountedefett in short time. A new Gait
Phase Detection algorithm based on an Inertial Sensor Urstdeveloped (GPD-IS). From all the in-
formation one inertial sensor delivers, four distinct gditises were detected: foot flat, pre-swing, swing
and loading response. The inertial sensor system appliisichapter consists of 2 sensor units making
it possible to detect the gait phases on both sides. Fivkespatients with dferent pathological gait
patterns were chosen to validate the algorithm. To valitteedetection algorithm the insole pressure
measurement system Parotec manufactured by the compaom@&hGmbld was used. This system
consists of a foot insole with 24 hydro-cells making it pbksito measure the distributed pressure un-
derneath the foot. All patients walked with a parachute éssrsupport on a treadmill for at least 3 min,
and the detected phases from the GPD-IS were compared witibtained gait phases from the Parotec
system.

Results: In five hemiplegic subjects, all strides were detected byGR®-IS in walking tests on a mo-
torised treadmill. In the comparison with the insole pressneasurement system, which is similar to the
traditional force resistive sensors used for triggeriregeical stimulation during gait, no large time dif-
ferences in the detection of the events were found, but amic delay of the toefbevent was found.
The heel strike event was systematically detected eahar that of the reference system. For the two
other events no systematic bias of the event detection cmufdund. For one patient the detection of the
loading response phase failed for more than 20% of the steffseeadfected body side using the GPD-IS
algorithm. The variations of the event detection for eaclividual patient were small indicating a high

lwww.paromed.de
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repeatability of the detection.

Conclusions: The developed gait phase detection system has been showarkorebustly for five
hemiplegic patients. The errors in the event detection @atpto the reference system are limited and
it can be concluded that in an FES-assisted gait trainingsythe obtained gait phases from the inertial
sensor can be used to trigger the stimulation.

Contribution: The author developed the methods and implemented the egaal software. Further-
more, the author planned and ran the experiments. Partsaofitink are published in [56].

5.2. Motivation

There are several reasons for using an inertial sensor foplgase detection. The sensor can with the
help of a special made brace be attached on the foot outsidpattient’s shoe in a short time (half a
minute for a trained person). This makes it more attractivettierapists to take it into use compared
to traditional foot switches which have to be attached umelgth the foot. This had the consequence
that the patients had to tak& ¢he shoes in order to attach the sensor. In addition, a feitisd sensor
possesses an advantage over similar sensors also cogtgymoscopes and accelerometers; not only the
raw signals angular velocity and acceleration can be used @lgorithm for detecting gait phases but
also values derived from the orientation of the sensor sadheangle between foot and the ground as
well as the acceleration without the gravity component esped in the global coordinate system. The
goal here was to develop an algorithm which will work for a vidariety of patients without having the
need to tune the parameters of the algorithm for each patidividually.

Within this chapter methods for obtaining gait phases basethe inertial sensor and the validation
of those methods with a foot insole pressure reference maasmt system are presented. A robust
algorithm for estimating four distinct gait phases by usatigavailable information from the inertial
sensor is explained in Sectibnlb.4. Furthermore, in Sefan experimental validation of the obtained
phases from GPD-IS is described. In this section a referalgoeithm for detection of gait phases based
on the insole foot pressure measurements, the experimszitgd and the experimental procedure are
described. Experimental results from the comparison oftiephases from GPD-IS with the obtained
phases from the reference measurement system are givectiorfie®. Finally, the results are discussed
in Sectior 5.
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5.3. Introduction

There are many éierent definitions and description of gait. The most commaislyd reference on gait
has become the book by Perty|[65]. She defines the gait phased lon its functional tasks. Since a
measurement of the gait with foot switches or gyroscopesaandlerometers can only detect events that
are caused by some repetitive patterns in the movement @hd measured signals, the phases detected
from sensors dier from those based on functional tasks. Perry describestiiveee phase periods and
three swing phase periods. The stance phase periods arboassfdnitial contact, loading response,
mid-stance, terminal-stance, and pre-swing. The swing@pariods are initial-swing, mid-swing, and
terminal-swing. Initial contact is defined as the moment mvtie foot touches the floor. The loading
response is the reaction of the limb as it absorbs the impawet. period of single limb support during
which the body progresses over a stationary foot is midestamerminal-stance is the period in the gait
cycle in which the body moves ahead of the supporting footvegight begins to fall on the contralateral
limb. The final stance phase period, pre-swing, is the ttiansil period of double support, during which
the limb is rapidly unloaded in preparation for swing. laitswing is the point in which the limb is
lifted from the floor and initial advancement of the thigh $samed to achieve toe clearance and forward
propulsion. During mid-swing, the limb is advanced furthreorder to achieve a vertical tibial position.
Continued tibial advancement toward full knee extensi@teteration of the thigh, and maintenance of
the foot position are included in the terminal swing. Thesmpgletes the full cycle from initial contact
to terminal swing.

Swing
T2 13
Pre
oWing T6 Loading
T5 response
T1 T4
Stance

Figure 5.1.: Gait phase detection system represented ateaisachine. The gait phases are represented
as four states where six transitions between the stateasife.

Four distinct gait phases are detected in the algorithmriteesthere (GPD-IS) (cf. Figuie3.1). These
four phases are the foot flat, pre-swing, swing and loadiegaese phases. The phase transitions can be
seen as gait events; the transition from foot flat to pre-gusrthe heel & event, the transition between
pre-swing and swing is the todfavent. Furthermore, the transition from swing to loadingpmnse
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is the initial contagheel strike whereas the transition between loading respand foot flat is the full
contact event. The transitions between the phases willimwork be based upon characteristics in
the sensor signals and not on functional tasks. Shortlyrithest; the heel strike event is detected by a
peak in acceleration, full contact is detected by a low amugddi in both gyroscope signals and in the
accelerometer signals. The hed event is detected by increasing amplitude in the signalstlamdoe
off event is detected by a change in the rotational movemenedbiit.

Pe Pre Initial Mid Terminal Loading Mid Terminal
y swing swing swing | swing response|  stance stance
Left GPD-Is Fre Swing Loading Foot flat Pre
swing Response swing
Events | Toe off | Initial 1 Full | Heel off
| 1 contact | contact |
Perry Loading Mid Terminal Prc_e Initial Mid Terminal
response stance stance swing swing swing swing
. Loading Pre .
Right GPD-IS | Response Foot flat swing Swing
Events | Initial , Full ' Heel off " Toe off
1 contact ! contact ! !

[% Gait Cycle]

Figure 5.2.: The first row shows the gait phases as definedy JB&], the second shows the gait phase
definition used in this work (GPD-IS) whereas the last rowdates the corresponding gait
events.

In Figure[5.2 a comparison of the phases gait phases by Pairtha phases used within this work is
shown. The initial contact event initiates the loading cese phase in both definitions. In the definition
by Perry, the loading response lasts until the contraleséta toe lifts df. In GPD-IS, the next event de-
tected is the full contact which also ends the loading respqinase and starts the foot flat phases. Perry
uses the notation stance which is divided into middle stanceterminal stance, and in the middle stance
the weight is shifted from heel to toe, and the contralatiexal is progressing beyond the stationary foot.
The next phase that is detected by GPD-IS is the h#elvent. This event initiates the pre-swing phase.
This is occurring at the same moment as the terminal staresepdtarts according to Perry. The phase
between heel fd and toe @ is within this work called the pre-swing phase, whereasyPdinides this
phase in terminal stance and pre-swing. In the terminatst#me weight moves ahead of the foot, and
in the pre-swing phase the contralateral side has its ligitiatact, and the weight is shifted to the other
side.
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B
Wmeasx Xg.x
wB wB X X
Gyroscope meas measy (2 State g.rest
measurement machine
;.
measz Xgz
—— Kalman Projection |#foot . States
filter State machine ——»
I
a
. . footx Xax
Orientation (R)
: al al
Acceleration Coordinate foot footy Xay | State Xarest
measurement B transformation machine
ameas
a
footz Xaz

Figure 5.3.: Block structure of the algorithm used in thet ghiase detection based on inertial sensors
(GPD-IS).

5.4. Methods

5.4.1. Detection Algorithm

The algorithm developed in this chapter detects the gadgmbor one side under the assumption that the
sensor is mounted on the side of the foot with braces in suchyathat the sensor's® axis is pointing

in forward walking direction, and the senstraxis is pointing towards the direction of gravity when the
subject is standing. Thg® axis is pointing in the orthogonal direction of the two otlees, forming a
right handed coordinate system.

In Figurel5.B the structural scheme of the developed gagebtatection system based on inertial sensors
(GPD-IS) is depicted. The block “Kalman filter” is referribgthe Kalman filter developed in Chapkér 4
where a method for orientation estimation of the sensor reiipect to a global coordinate system was
proposed. In the gait phase detection algorithm, the @iemt of the sensor is applied to transform the
measured acceleration into the global coordinate systéma.nfeasured acceleratiafi,,<is the sum of

the real acceleration of the sens®, the gravity componerg® and an unknown biag

ar?ueas: a®+g°+7. (5.1)

The unknown bias is in this section taken to be as zero in agntio Chaptefl6 where this bias is
calculated @line. The sensor’s acceleratitmﬁ;oot in the global coordinate system without the gravity
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component can be calculated by this equation

a‘Ifoot = Rataeas_ g. (5.2)

HereR is the rotation matrix representing the orientation of tes®r in relation to the global coordinate
system and)' is the gravity component.

Based on the angular velocity and the acceleration measmteartoarse detection is performed whether
the sensor is at rest or if it is moving. This is done indepeatigdor the angular velocity measurement
and the acceleration measurement. These coarse detemtéodenoted ag, rest for the accelerometers
andy, rest for the gyroscopes, where the logical value 1 means thatethgos is at rest and the logical
value 0 means that the sensor is indicating a movement. Tueitaims are both for the gyroscopes
and the accelerometers similar in the structure but thenpebexs are dierent and only the detection of
XgrestiS outlined here.

The detection of gyroscope resy,, rest and acceleration restya rest

To each of the gyroscope sensar® = [cu)Ef, wy, w?]T a logical variabley, x, x4, andy, . is associated.
Each variable describes if this gyroscope is indicating oesot. y, « is the state in a state machine
containing 2 states; rest and not rest. Similar to the gyqsdor each accelerometer sensor the logical
variablesya x,ya, andya, are associated.

For both states there is a condition for transition to thewotne. Let the following functiog(i, x, 6, N)
is defined

f(x,é):{ Lifx> 0 } g(i, %, 6,N) = 2 F(XL 11, 6). (5.3)

Oif x< o [l ¥

The functiong(i, X, 6, N) is merely counting the number of samples for which the vecis exceeding a
limit within the last N samples.

Transitions for single sensor detection of regmovement
All the logical valuesy,.x, xg.y» X922 Xax: Xay: Xaz have the same conditions for transitions but with
different parameters. The transition from rest to movementfeiis as follows:

Tsingler—m : rest— movement

The condition for the transition from rest to movement fog thdividual sensors is de-
pending on the angular velocity. When the angular velocitthe last N=25 samples ex-
ceeds a limit 6 times a transition to movement occurs:

g(i, w8, 8, x, N) > 6
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Tsinglem—r : Movement- rest

The condition for the transition from movement to rest fa thdividual sensors is depend-
ing on the angular velocity and its derivative. When the daguelocity of the last N25
samples does not exceed a limit more than 2 times and theatieeiwf the angular velocity
does not exceed a certain limit the last 25 samples the ti@m$d rest occurs

(90, w2, 6ux N) < 2) A (g(i, @2, usxs N) = 0).

Transitions for detection of resfmovement based on all sensors
The transition ofy,, rest from rest to movement and vice versa can be described by tisériggical vari-
ables of the separate sensors.

T/_m : rest— movement
Xguli]
Tmor . movement- rest

Xox[i] A xgyli] A xgli]

The conditions for the transitions of the GPD-IS
The main state machine consists of four states. The transitietween the states in the gait detection
system are dependent on the coarse detection represertiegl Ibgical variableg, rest andyarest.

The transitions between the states have the following tiomd:
T1: foot flat— pre-swing

In the foot flat phase, the only transition which can occuhédne to the pre-swing state.
This is done when botfa rest andy, rest are indicating a movement and when the angle of
the foot in the sagittal plane is exceeding a certain limitégative direction:

(Yares) A (Xg—rest) A (SDfoot < 5¢,T1)-

T2: pre-swing— swing

In the pre-swing state the algorithm anticipates the ttenmsio the swing state. The con-
dition for the transition to the swing phase is that at leamt of the sensors is indicating
movement. The second condition for swing phase is that ttaiooal movement of the
foot in the sagittal plane is changing from clock wise to @otikwise direction when seen
from the right side. To make this detection more robust, aaghaof sign from positive to
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negative for both the angular velocity as well as the dexigadf the angular velocity is used.
The condition for the transition becomes:
(Yarest V Xarest) A (CsignEP, 6,,) v csign@p. 8,,,,), where

1Ifg(|—22,X,6,3)>2/\g(|,x,6,3)>2}. (5.4)

else0

csign, 8) = {

T3: swing— loading response

In the swing phase the algorithm awaits the transition toltlaeling response phase that
begins with the first contact of the foot with the ground. Thilme algorithm is awaiting
for a peak in the accelerometer signals. This is detectelliairag the derivative of the
acceleration, the jerk. Furthermore, for several patiémsfoot might touch the ground
during the swing phase. This leads to a peak in the accalarsitjnal which can trigger the
transition to the loading response. In order to avoid sutdefaansitions, the angle of the
foot in the sagittal plane has to exceed a certain threshmdraaddition the velocity in the
horizontal level has to be limited:

(la'footl > 53,T3) A (SDfoot > 5¢,T3) A (lV'fOOL(X,y)l < 5U,T3)-

T4: loading response- foot flat

After the loading response the next phase is foot flat whidinsewhen both front and rear
part of the foot touch the ground. This event is detected wieth the gyroscopes and
accelerometers are indicating rest. The transition cmmdiiecomes

(Xg,rest) A (Xa,rest) *

T5: pre-swing— foot flat

In the case when the subject lifts the heel and then puts ik badhe ground a transition
is introduced. This event is detected when both the acauleters and the gyroscopes are
indicating rest. Furthermore, to avoid a premature traorsiback to foot flat phase the
sagittal angle has to exceed a certain limit. The transitmmdition becomes

(Yarest) A ()(g,rest) A (Sofoot > 5¢,T5) .

T6: swing— foot flat

In certain gait patterns the loading response is not deteatethis transition is detected by
large peaks in the acceleration. If this is the case, a diransition from swing to foot
flat is useful. This event is detected when both the acceleters and the gyroscopes are
indicating rest. Further requirements are that the ratatioelocity around the®- axis
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and its derivative are approximately zero and that the tshgihgle is larger than a negative
threshold:

(Yarest) A ()(g,rest) A (|d)r?1easj| < 50‘),511;) A (|wr?weasy| < 5w,T6) A (‘Pfoot > 5¢,T6)-

Table 5.1.: Parameters of the gait phase detection algarith

6w,x 5w,y 6w,Z 6&),X 6&),y 56),2
0.2[rags] 0.2[rads] 0.2[ragls] 0.05[rags’] 0.05[rads?’] 0.05[rags?]

ax Oay 0az dax Oay 0az

1.5[ms?] 1.5[ms?] 1.5[ms?] 0.15[nys’] 0.15[nys’] 0.15 [mys?]

0p,T1 0aT3 0¢,T3 0y,T3 04,75 0w,T6 0in,T6 04,76
2] 1.73[mys?] -2[°] 0.45[ms] -2[] 0.1[rads] 0.005 [rags?] -2[°]

5.5. Experimental Validation

5.5.1. Experimental Procedure

An experimental study was carried out in order to quantify dietection success ratio and its accuracy.
A group of five stroke patients with fierent gait pathologies were recruited. Despite their inmpaints
all patients were all able to walk on a treadmill with a pargerharness independently.

Subject information as hemiplegic side, gender and walkimged is given in Table3.2. The walking
experiments were performed on a motorised treadmill from)(WmE. The treadmill speed can be man-
ually adjusted. Before committing the experiments desctribere, all the subjects had been familiarised
with the treadmill and were comfortable walking on it. Alltjgmts were for safety reasons walking
with a parachute harness. Before each measurement, tieatpatiere standing still on the treadmill.
About five seconds after the measurement was started, Huniikt was accelerated up to normal walk-
ing speed for the subject and was kept constant througheutxperiment. The subjects were walking
continuously with a constant treadmill speed for at leastid¢lminutes.

5.5.2. Experimental Setup

The measurement system Parotec from the company Parometﬂ@mb applied for validation of the
GPD-IS algorithm. The technical specifications for thisteys are summarised in Chaplér 3. For the

2www.woodway.com
!Paromed Medizintechnik GmbH, www.paromed.de
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Figure 5.4.: Parotec sole with 24 hydro-cells.
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Parotec system a serial data transfer protocol is definkmyia an online communication between a
PC and the Parotec control unit. The protocol allows stattsaop of the measurement as well as online
reading of the pressure signals. The signals from the Rasgtem were sampled at a frequency of 60
Hz whereas the inertial sensor signals were sampled at 50Qhithe PC side the signals were collected
and synchronised as they were read in throughsaLM/SimuLink program. The signals from theftir-

ent measurement systems were read intofiebas they were arriving by a separate progtbessad and
then the MrLas/SimuLink program collected the last entries by a fixed sample time.tBtlds sampling
strategy the Parotec pressure signals are time delayeddlyabetween 0 and 16.67 ms.

5.5.3. Gait Phase Detection Based on Insole Pressure Measur ement

Based on the foot insole pressure measurement an algoriisndeveloped to detect exactly the same
phases as the gait phase detection system with inertiabigseriBhe gait phases are still represented as
states in a state machine, and logical rules are governmgraimsitions between the states. The idea
behind this algorithm is to compare the inertial sensor gaétse detection system with a traditional gait

Table 5.2.: Subject data.

Subject maldgemale walking speed hemiplegic side

S1 M 1.18 [kmih]  left
S2 M 2.32[kmh] __ right
S3 M 1.18[kmh] _ right
S4 M 1.35[kmh]  left

S5 M 0.98 [kmih]  right
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Table 5.3.: Parameters of the gait detection validatioorétgm.

5r,1 [N/sz] 5r,2 [N/sz] 5r,3[N/sz] 5r,4[N/Cm2] 5r,5[N/sz]
1.25 0.41 0.50 1.66 0.83

phase detection system based on foot switches. From thed2d-bglls three meta signals are defined

metaheel =% =1 P(n) (5.5)
metamid = £ ¥N=22P(n) (5.6)
metatot =z ZN=24P(n) (5.7)

whereP(n) is the pressure from hydro-cell numbedefined in Figur€hl4. Four transitions are defined
which correspond to the transitidrL.. T4 of the algorithm described in Sectionl5.4. Since the ttams

T5 andT6 do not correspond to any gait events but are merely inteditie hinder that the gait phase
detection is dead locked, they are not used in this deteatgorithm.

T1: foot flat— pre-swing

The foot flat phase is lasting until the heel lift§ the ground. The transition is detected as
the sum of all sensors measuring pressure underneath therieleelow a certain threshold:

meta_heet 6; 1.

T2: pre-swing— swing
The transition from pre-swing to swing is occurring at thennemt the toe lift & the ground.

For simplicity the transition condition is that timeeta tot is below a certain threshold:

meta tot < & 2.

T3: swing— loading response

The swing phase is lasting until the heel is touching the igdouThe condition for this
transition is that theneta heelis exceeding a certain limit which will occur for a normal
heel strike at the point where the heel first hits the grourat.tffe case when the foot hits
the ground flat or the toe hits the ground first, another camdis introduced where the sum
of all cells signals are used. The condition becomes:

meta heel> 6, 3 vV meta tot > 6; 4.

T4: loading response- foot flat

This transition happens in the moment the foot is flat on tleengd, and the condition for
this transition is that the signals of the cells undernehghmiddle of the footrfieta mid)
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exceed a limit;
meta mid > 6 5.

5.5.4. Event Validation Procedure

In order to assess the accuracy of the GPD-IS event deteat@mmparison with the foot insole reference
system was performed. As the measured signals from botméntal sensor system and from the foot
insole system were read into the computer simultaneoushadditional synchronisation of the data was
necessary. The gait phase detection considered here idina procedure but the validation followed
afterwards with anfline processing of the recorded data.

Firstly, the errors of the detection were assessed. For #B-{% system dferent errors can occur
i.e. complete steps can be missed, transitions can occarlioar single transitions can be completely
missed. The following error types can be distinguished:

False heel & (transition T5 occurred): During continuous gait the transition from foot flat to pre-
swing and back to foot flat should normally not occur. Thisisiion exist merely for the case where
the patients are slightly moving the foot but do not intendatce a step. Consequently, the transition
sequence from foot flat to pre-swing and back to foot flat isrduwalking with a constant speed on a
treadmill considered as a detection error. The false deteof heel ¢f was easily found by counting the
number of transitions from pre-swing to foot flat.

No loading response (transition T6 occured)Another possible error of the GPD-IS is the direct tran-
sition from swing phase to foot flat phase, i.e. the deteatiomeel strike fails and the transition directly
to foot flat is detected. In some types of pathological gatftot is hitting the floor very softly and con-
sequently no heel strike is detected. For this reason thsitien from swing phase to foot flat phase has
been introduced. This transition is considered as a fachimse a missing heel strike detection would in
some cases lead to a prolonged stimulation in an FES-asgiatesystem.

Early heel strike: Furthermore, for many patients with pathological gait,fiiw on the paretic side can
often touch the ground in the swing phase. Depending on theement of the foot, this often leads to
a peak in the accelerometer signals, which in turn are usddtert the heel strike. In order to prevent
such a premature transition two rules have been appliedszsibed in Sectioh Bl4. Despite these rules
such transition can happen and is defined as an error.

In addition to the error assessment, the accuracy is alstat@dl in terms of the time fierence between
the detected events from the inertial sensor system andrihdrom the foot insole based detection.
The events detected from the foot insole measurements werkas reference, and the timéelience
between the reference event and the GPD-IS event was fousdarghing in a window of 300 ms
around the time of the reference event. If the event did notiioin this window, it was classified as not
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Angular vel. [rad/s]

Acceleration [m/s?]

Time [s]

Figure 5.5.: Upper graph shows the angular velogif,(thin lines) and the detected gyroscope rest
Xy (bold line). The lower graph shows the acceleralﬁ;got(thin lines) and the detected
accelerometer regt,(bold line).

detected. For the events that were successfully detettednean dierence and the standard deviation
of the timing error between the reference events and the (&R&ents were calculated.

Since the measurements started with zero treadmill vg|dbié first three steps were excluded from the
analysis.

5.6. Experimental Results

The gait detection system (GPD-IS) was able to detect allpfases for all five subjects. In Figure

the measured angular velocity and acceleration arerstiomthe left side of subject S4. In the

same figure, the detection of gyroscope fgsand acceleration regt, are shown. As observed in the

figure, the detection of rest by use of the gyroscopes is nadigbte than the detection based on the
accelerometers. Therefore the former does also play a meriant role in the GPD-IS algorithm.

In Figure[5.®6 the gait phases detected by the GPD-IS are sfmvome subject together with the gait
phases detected by the foot insole system.

In Table[2. % the total number of steps, the number of strid@ghich the loading response phase were not
detected, the number of strides in which early heel strileis; the number of false heefathe number
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Figure 5.6.: Gait phases detected by the inertial senstid (8®), and with the Parotec system (dashed
line).

of late toe df detection and early foot flat detections are summarisedifpatents. It can be observed,
that especially for subjects S3 and S5 the loading respagtsetibn fails for many steps. The reason for
this detection failure was that the peak in the jerk was natexit enough. The heel strike detection is
influenced by the magnitude of the threshold. This threshald tuned with the consideration in mind
that if the threshold was to high the heel strike detectianiccbe missed. On the other hand, a too low
threshold would lead to a premature detection.
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Table 5.4.: Number of steps and detection errors. The taiohergrises the total number of steps, number
of steps with no detection of loading response, early heidestfalse detection of heelf

late toe of detection and early foot flat detection for all patients.

S1 S2 S3 S4 S5
left right | left right | left right | left right | left right
Total steps 187 187 | 127 127 | 57 57 | 146 146 | 141 141
No loading response 0 0 0 0 7 0 0 0 6 20
Early heel strike 0 0 0 0 0 0 0 0 0 2
False heel fi 0 0 0 0 0 0 0 0 0 0
Late toe of 0 0 0 0 0 0 0 0 0 1
Early foot flat 0 0 0 0 0 0 0 0 1 0
Velocity in the horizontal plane
©15 : ‘
£ 1+ |
2.5 I\ s
R Z N S N
> 68 69 70 71 72 73 74 75
Time [s]
Angle ¢+o0t between foot and ground
he)l 20—17 T T T T T
s | AN A\ N\ Jar
< _20 1 1 1 1 1 1 1 1
68 69 70 71 72 73 74 75
Time [s]
T o[ ‘ 1
% .—] 1 .—l { .—] .—] | -|
3 o_l " pwrvrarel W 1 o
68 69 70 71 72 73 74 75
Time [s]

Figure 5.7.: Example of exclusion rules for gait phase detec The upper graph shows the online
estimated velocity in the horizontal plane (solid line) wdie the grey areas indicate that no
transitions to loading response can happen. The middldgtapys the angleoo; between
the foot and the ground in the sagittal level. The grey baigate the area in which the
angle excludes a transition to loading response. The lovegrhgshows the absolute value of
the jerklla'f ooill» the threshold for detection of loading response as wehasléetected gait
phases that are equivalent to Figurd 5.6. The grey barssmthph are the union of the grey
bars of the two upper graphs.

In Figure[5.Y four steps are shown for the right side of sutfé&c In the third stride shown in the figure
the loading response is not detected as the peak in the grodiexceed the threshold limit. The same
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figure illustrates that the rules based on the angle betwamrahd ground as well as on the velocity do
prevent a too early detection of heel strike. This is the éaisthe second and the forth step shown in the
figure.

For subject S5 one instance of a transition from swing to fiadtis detected to early i.e. in the middle
of the swing phase. As for the heel strike detection rulesdcbave been implemented to prevent this
early swing to foot flat detection. This is not done for thesmrathat if heel strike is not detected and if
simultaneously the velocity calculation is driftingf @and hindering the transition from swing to foot flat,
no transition to foot flat would happen and the gait detectiggtem would be locked in the swing phase.

For all the subjects there was no false detection of h&abluserved. The heelffodetection is highly
dependent on threshold parameters. Especially the tHoephoameteb, 11 for the anglepyoot is im-
portant in the heelfd detection and a small increase of this parameter can leacktative large increase

in the time of detection. It must be pointed out that this paeter and all other parameters have been
kept constant for all experiments described in this chagterell as those described in Chagbiler 6.

The detection of toefdappears to be quite robust; only for subject S5 tdevas detected late with GPD-
IS comparted with the reference system. In order to maketriduisition more robust, the maximum in
the angular velocity as well as in the angle were used in thees o detect this transition. When using
only one of these criteria this transition would not haverbdetected in more steps. Unfortunately, as
the peak in angle and in angular velocity do not occur at theesamoment, the usage of both criteria
leads to a larger variation of the detection time for thisntve

Heel off

[ms]

[ms]

Strides

Figure 5.8.: The time dlierences for the event detection between GPD-IS and refessistem are illus-
trated with circles. The solid lines show the meafietences. The data are taken from the
left side of patient S4.
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Table 5.5.: Time shift between the detected events of the -Gd@hd the reference system: The table
shows the time dierences between the events detected by the GPD-IS and #rerned
system. The number are given in milliseconds and as the mage of the reference stride

duration.
Heel df Toe df Init. contact Full contact
S left -5.7+1.6% 8.1+ 2.7% 4.4+ 2.5% -3.2+ 2.5%
974+ 274ms -140.849.3ms 76.8&44.1ms -54. 7% 43.8ms
right -2.2+3.4% 20+£16% 10.1+ 2.6% 6.3+ 5.2%
-39.3+£60.8ms -33.827.3ms 1734443 ms 116.395.8ms
S left -0.7+1.3% -3.5+1.9% 2.8+ 1.3% 1.1+ 3.0%
-9.0+ 18.7ms -48.5-29.6 ms 37.318.8ms  15.8-: 40.0 ms
right -11.5+6.6% -2.2+0.8% 1.1+ 3.3% -10.6+ 3.1%
-152.0+£94.3ms -29.6:11.5ms 14.343.2ms -143.4 454 ms
S3  left -6.1+2.8% -0.6£0.7% 9.9+ 4.1% 7.3+ 2.9%
-133.5+£585ms -12.A&154ms 217.%k82.2ms 163.267.2ms
right 3.1+1.9% -15+1.4% 2.1+ 1.0% -4.3+ 1.9%
69.2+ 41.5 ms -32.%31.8ms  46.6:22.3ms  -94.3 40.5ms
sS4 left -3.6+1.2% 3.3+ 1.1% 4.5+ 2.5% -4.5+ 1.6%
-554+179ms -51.2170ms 70.238.6ms -70.524.2ms
right -5.9+2.1% 21+ 24 % 6.8+ 1.3% -1.3+ 1.9%
-91.9+326ms -32.6:37.3ms 106.922.1ms -19.5 29.8ms
S5 left -2.9+3.9% -25+1.9% 8.6+ 2.1% 10.2+ 4.3%
-61.7+85.1ms -53.939.3ms 184.3459ms 223.4104.0 ms
right 54+1.7% -3.3+15% 0.7+ 2.6% -5.2+ 2.8%
117.6£38.0ms -71.3334ms 14.5%56.0ms -117.&60.2ms

In TabldR.b, the mean value and the standard deviation ¢iftieedifference between the detected events
from the GPD-IS and the reference system are summarised fargects. The dierence are given as
the percentage of the gait cycle as well as in millisecond§igure[5.8 the time dlierences between the
GPD-IS and the reference system are plotted as a functidmeddttides for all four events for the left
side of patient S4.

The numbers in Tabled.5 demonstrate that the hehw@nt takes place later for the GPD-IS than for
the reference system. This is the case for the majority op#tents. In average this event is detected
60 ms to late whereas 95 % of the detected héeéweents (all patients) happend in the interval [-270
150] ms in relation to the reference system. In percentagleeofluration of one complete step, the heel
off detection on the right side of subject S2 follows the refeeesystem as the worst case in average
with a delay of 11.5 %.

From TabldRb it can be seen that the téieevent is detected later for the GPD-IS as for the reference
system for all subjects. On average this event follows 62ouddte and the 95 % confidence interval
is [-167 43] ms. Although the inertial sensor based detaatictoe df occurred later than the reference
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system, the mean filierence was relatively low for all subjects, and the largesiation was found for
the right side of subject S1 with a mean shift of 8.1 % with extfio the gait cycle.

The initial contact event was for all subjects detectedexaidr the GPD-IS than for the reference system.
The event takes on average place 91 ms before the referesteensgind 95 % of the events happend in
the interval [-74 256] ms. The intersubject variation of thean error was relatively large, for the right
side of subject S5 the mean error was 0.7 %, whereas the mesarfarsubject S1 was 10.1 % on the
right side as the worst case.

For the full contact event, intersubject variability of ttietection was larger than for the initial contact
and toe @ events and similar to the heeff@vent detection.. The 95 % confidence interval for the time
shift of the full contact event was [-260 250] ms, thus a largdation of this event is evident but on
average the dierence was only 6 ms.

The standard deviations of the timing error between the G®and the reference system for th&elient
subjects were in the range from 1.3 % to 5.2 % in the worst case.

Table 5.6.: The duration of the estimated phases by the G@a&nt from the reference system. The
values are given as percentage of the duration of the comgtiete.

Pre-swing Swing Loading resp. Foot flat
GPD-IS Ref. GPD-IS Ref. GPD-IS Ref. GPD-IS Ref.
51 left 16.8% 14.3% 24.7% 374% 100% 24% 485% 459%
right 205% 209% 233% 353% 13.6% 10.0% 425% 33.8%
S2 left 26.1% 232% 334% 39.7% 141% 126% 263% 245%
right 229% 323% 348% 380% 148% 32% 27.4% 265%
s3 left 229% 28.0% 265% 38.3% 92% 50% 413% 28.8%
right 13.2% 86% 293% 33.1% 84% 20% 49.2% 56.3%
s4 left 176% 17.7% 362% 440% 122% 3.1% 340% 352%
right 144% 18.2% 19.6% 28.7% 92% 11% 56.7% 52.0%
S5 left 13.8% 14.1% 31.1% 422% 84% 105% 46.7% 33.2%
right 13.8% 48% 351% 384% 65% 17% 44.7% 551%
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Table 5.7.: The duration of the stance and swing phasesastinby the GPD-IS and by the reference
system. The values are given as percentage of the duratibe ocbmplete stride.

Swing Stance
GPD-IS Ref. GPD-IS Ref.

s1 left 24.7+28% 37.4+28% 753+28% 62.6:2.8%
right 23.3+24% 35338% 76.7+24% 64.7+3.8%

S2 left 33.4+2.0% 39.7+1.8% 66.6:+2.0% 60.3+1.8%
right 34.8+24% 38.0+3.2% 652+24% 62.0+3.2%

3 left 26.5+6.2% 38.3:+28% 73.5:t6.2% 61.7+2.8%
right 29.3+18% 33.1+25% 70.7+1.8% 66.9+2.5%

s4 left 36.2+1.5% 44.0:+3.2% 63.8:15% 56.0:3.2%
right 19.6+22% 28.7+19% 80.4:t22% 71.3:t1.9%

left 31.1+3.7% 42.2+34% 689:£3.7% 57.8:3.4%

right 35.1+55% 38.4+27% 64.9+55% 61.6:2.7%

After the transition times of the events have been found, this duration of the phases can be calculated.
This information is especially of interest in a gait monigy system. More specific is the relationship
between the duration of the phases on the hemiplegic sidpa@u with the duration on the noftfected
side of interest. In Tabled.6, the normalised durationdlgfteases are summarised for the GPD-IS and
for the reference detection system. In addition, the domatbf swing and stance phases are summarised
in Table[5.Y. Here, the stance phase is the duration betwaslrstrike and toe 6 which is equivalent
with the sum of the durations of the loading response, fobafld pre-swing phases.

Left side Right side
| | S

0.5 0.5
5 0.4/ F04
o ™ B @
0.3 S 0.3
o o
802 8 0.2

01 ﬂ 01 ml ﬁ

i . _

Pre-swing Swing Loading resp. Foot flat Pre-swing Swing Loading resp. Foot flat

Figure 5.9.: The duration of the phases normalised for oitecgele for subject S4. The light grey bars
are from the GPD-IS and the dark bars are from the referersteray
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Figure 5.10.: The duration of swing and stance (loadingaese+ foot flat + pre-swing) phases nor-
malised on one gait cycle for subject S4. The light grey begdfram the GPD-IS and the
dark bars are from the reference system.

In Figure[5.9 the duration of the gait phases is illustratedstibject S4, and in FiguEeh]10 the duration

of the swing and stance (loading responseot flat+ pre-swing) phase is illustrated. It can be observed
that the duration of the stance phase is longer for the GPDd8 for the reference measurement and
consequently the opposite is the case for the swing phaseedver, the coherence for the pre-swing

phase is good for all patients.
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Figure 5.11.: Stance duration as percentage of the gait:cyaft graph shows the stance duration as
percentage of the gait cycle from GPD-IS compared with thédioed from the reference
system. Right plot shows the stance duration from GPD-ISpawed with that obtained
from the reference system in seconds. Grey markers indicateft side of the patient and
black markers indicate the right side of the patient.
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The duration of the stance phad& ;pp_ s measured with the GPD-IS was for all patients longer than
the stance duratioDBS ke measured with the reference measurement system. An assaomjgis made
that there is a linear relation between the estimated dunrsitdf stance and swing phase from GPD-IS
and the durations measured with the reference system. A&ssign analysis was performed where a
good coherence between the mean duration of the stance pleaseired with the reference system and
the one calculated from the GPD-IS was found. Figurel5.12pemes the actual stance duratids ker
with the measured stance duratib® tpp-1s for both the normalised and the real value. The linear
relation was found to be:

DS&ker=0.87-DS&pp_is. (5.8)

The correlation factor was=0.96 and the RMSE was 57 ms.

Table 5.8.: The symmetry index&sls tance@Nd S Isyiny Calculated from the GPD-IS and from the refer-
ence system.

S |stance S ISwing
GPD-IS Ref. GPD-IS Ref.
S1 -1.0 -1.8 3.0 30
S2 14 -13 -1.8 22
S3 1.8 -3.8 47 75
S4 -11.5 -12.0 29.7 211
S5 24 33 -58 49

From the duration of the phases an index of symmetry can loele&td by the following equation:

_ Xeft = Xright

Sl=
Xieft + Xright

100 (5.9)
where X 11 is the temporal variable, i.e the duration of the stance @loiswing phase. The index of
symmetry lies in the range from -100% to 100% with perfect syetry being equivalent t8 1 = 0. In
Table[5.8 the symmetry index&stanceandsS ls,ing are summarised for all subjects. Only for subject S4
a noticeable asymmetry can be observed and the indexes fiyuihe GPD-IS were in accordance with
the indexes found by the reference system. For the othematnly small values of symmetry indexes
could be observed.
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Figure 5.12.: Average stride durations: The figure illussahe duration of a stride measured with the
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Table 5.9.: Duration of the stride and its standard dewiatialculated from heelfbin one step to the
heel df in the next step measured with the GPD-IS and the referenesur&ment system.

RGCT LGCT
GPD-IS Ref. GPD-IS Ref.
S1 172£0.11s 1.730.13s 1.720.09s 1.720.09s
S2 135t0.11s 1.350.10s 1.35:0.12s 1.36:0.11s
S3 221+0.11s 220:t0.12s 2210.11s 2.2k 0.11s
S4 156+£0.04s 156:0.04s 1.56:0.03s 1.56:0.03s
S5 218+0.24s 21A40.12s 21#0.15s 21%A0.15s

In Table[5® Gait Cycle Time (GCT) (stride durations) fromIBFS is compared with the gait cycle time
obtained from the reference measurement. Also, Figuréiius®ates the good coherence. The RMSE
was 12 ms and the correlation ¢beient was £0.99.

5.7. Discussion and Conclusions

The main aim of this work was to develop an algorithm basedherirtertial sensor for detection of gait
phases in which no extra tuning of parameters has to be dpjgliendividual patients. Several simi-
lar algorithms have been developed by other research gtmagesd on accelerometers and gyroscopes.
However, to the authors knowledge this system is the firstb@sed on a complete inertial sensor unit
(three accelerometers and three gyroscopes). It was stondind hemiplegic subjects that the detection
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system worked robustly and that all gait phases were detectd no critical error occurred that could
have been critical if the stimulation had been triggerecbatiogly to the detected gait phases in an
FES-assisted gait training system.

In the literature several gait phase detection systems e described and compared with reference
measurement systems. Due tfelient methods, measurements and subjects it is hard to cernpa
results with those. In_[101] gait phase detection based oelammeters by use of machine learning
techniques was applied. The correlation with the gait phésesed on force sensitive resistors were
almost perfect, but these were also used as a training gmrthle neural network and for this reason not
very suprising.

The finding that toe f detection is biased compared with the insole detection & aordance with the
results of Sabatini et al._[75] who found a bias of 35 ms onayerfor two healthy subjects. On the
contrary, Aminian et all[2] found no significantffirence. In contrast to this detectioffilioe methods
were applied to detect todfo This diference indicates that the online detection of tfid@rdaroduces a
time delay. The fact that meanfidirences vary between 20 and 80 ms depending on the subjett mus
be ascribed to dierences in the individual walking patterns of the patieRigrthermore, no systematic
correlation of the delay and the walking speed and the hegiipkide could be seen.

The fact that the inertial sensor (accelerometer) can ditedeel strike event earlier than force sensors
is not in concordance with Williamson and Andrews _[101] wioairid no diference making similar
comparisons. On the other sidg,|[64] also found a mean d€l89 ms of the heel strike event based
on force sensor compared with a video analysing system. i§tmist directly comparable but this also
indicates a real dlierence in the detection of heel strike.

Using a complete inertial sensor (3 gyroscopes and 3 accedters) for gait phase detection instead
of a simplified sensor with for instance only two acceler@metand one gyroscope can be considered
by many as not necessary. It must be pointed out that by ubmgdamplete inertial sensor several
advantages emerged. As an example| ini[100] it was demtatstlaat using only one accelerometer
lead to problems with a too early detection of heel strikeseveral patients. This has partially been
overcome by the algorithm described here by using the krdy@l®f the rotation, velocity and position
of the sensor. The question is whether the added sensorsead@fénded financially in a commercial
product

In the literature many systems for detecting gait phasesdas machine learning techniques have been
proposed, implemented and successfully tested. The diatalye of such systems is the time consuming
procedure of individually fitting the algorithm to each eati. The overall detection robustness and
accuracy might be better than that of a rule based detecyistieras for one specific patient when the
neural network has been trained. But the time consumingegiwe cannot be defended in a clinical
setting where time is critical.
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A gait event detection system is the key component for thenaatic control for stimulation in an FES-
assisted gait training system. Furthermore, a gait detesiistem is an important component in an online
gait monitoring system, giving information about the syntipethe relative relation between swing and
foot flat, as well as cadence and variance of the gait.
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6. Estimation of Movement Parameters

6.1. Summary

Aim: The work presented in this chapter describes methods fairohg) movement parameter estimates
based on an inertial sensor. Movement parameters condilere describe the gait on a stride to stride
basis. The movement parameters taken into account areeghéesgth and foot clearance. Furthermore,
it was a goal to verify the accuracy of the calculated movdrparameters with an exact reference mea-
surement system.

Methods: By means of the obtained orientation described in Chdptéredacceleration can be trans-
formed into a global coordinate system. The transformeelacation can be integrated two times in a
global coordinate system in order to obtain the positiorhefgensgfoot. This integration is started at
the heel & event and is continued until the full contact event. Basether8-dimensional trajectory of
the foot, the movement parameters step length and footelearare computed. The accuracy of the cal-
culation was improved by introducing start and stop coirggan the movement for the integration. For
validation purposes, reference measurements using atebptotion analysis system were performed
with five patients.

Results: In the comparison of the estimated movement parameterskeatance and step length with
the reference measurement system it could be shown thatehe errors for both of these values were
below 4 % for all subjects walking at least 50 steps on a tréadiine variance of the estimation error
was also shown to be less than 4 % whereas the variance ofdheldarance error was in general higher
than the variance of the step length error.

Conclusions: The results have shown that foot movements and gait phaseseceeconstructed from
an inertial sensor with an accuracy good enough to be usesedbdck sensor in an FES-assisted gait
rehabilitation system as well as in a gait monitoring system

Contribution: The author developed the methods, and implemented theimgrgal software. Further-
more, the author planned and ran the experiments. Partgsafitiik are published in [56].
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6.2. Motivation

Until now the timing of the stimulation in FES-assisted dgadtining has been synchronised with the
gait phases by foot switches, whereas the stimulation sitielhas been pre-programmed or changed
online manually by the physiotherapist. As already showtheprevious chapter, the inertial sensor
can similar to foot switches be applied to robustly detedt gfaases. Furthermore, as described in this
chapter, more quantitative gait parameters like step leagd foot clearance can be estimated. The
motivation to estimate these parameters is for gait perdioca monitoring as well as for online tuning
of the stimulation intensity which later will be describedGChaptef]7. The algorithms described here
are not only expected to be relevant as feedback for autorhating but also to assess the quality of
gait with quantitative parameters. These can be used towabsee progression of a patient during the
rehabilitation. The advantages of the inertial sensorobuous in contrast to a fully equipped opto-
kinetic motion analysis system, which is very expensive ianery time consuming to utilise.

Within this chapter methods for obtaining important movetrgarameters are described. An accurate
algorithm for estimating the movement parameters steptead foot clearance by taking start and stop
conditions for the movement into account is explained inti8ef.3. Furthermore, in Secti@n®.4 another
method for obtaining the movement parameters based on eagédensor with only two accelerometers
and one gyroscope is described. After this, in Sedfioh 6.6x@erimental setup and a procedure for
making reference measurements with an optical motion aisasystem are described. The results from
the comparison of the estimated movement parameters frenmértial sensor and from the reduced
sensor with the reference measurement system are giverciim€.6. Finally, a summary is given in
Sectior 6.

6.3. Step Length and Foot Clearance

By use of the sensor orientation a three dimensional t@jgaif the foot can be estimated through a
double integration of the acceleration in a global refeeesygstem as shown in Figurel6.1. In Figlird 6.2
the structure for calculation of the movement parametesti@svn. The first requirement for obtaining
a trajectory of the fogsensor is to know the orientation of the sensor with regai giobal reference
system. The Kalman filter to obtain the orientation is dématiin Chaptefl4. The orientation is in this
chapter described by the rotation matRxSince an endless integration of the acceleration wouldeon
qguently drift df, a new integration is performed for every step where thetiposand velocity are reset
to zero at the beginning of each step. The integration isestat the beginning of the pre swing phase at
the heel & event and is continued until the full contact event occunsdisated in Figur€gl1l. The start
time and stop time of integration for thé& step are indicated bstart(K) andTg,(K) respectively, and
they were found by the algorithm described in Chajpter 5. Dumt foreseeable errors in the integration,
the calculated trajectory is error-prone. To increase tlogracy of the estimation, known constraints of
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the movement are used to calculate an artificial lpifsr the acceleration measurement. By using the
biasy, the trajectory estimation can be improved.

! Full contact |

Heel off 1‘/ Toe off Heel strike \

Pre swing i Swing : Loading :

%’ | 3D trajectory | response,

= ‘ / : |

T : : :

L ! Foot clearance : |
N\ Y ‘ >

Walking direction

Step length

Figure 6.1.: To obtain a three dimensional trajectory offtha a double integration of the acceleration
is started at the heefitevent and continued until the full contact event.

w
Gyroscope meas > Kalman o
measurement - filter Initial a_nfj
end condition
Orientation (R) ¢
Acceleration Coordinate Subtraction > Integration 3D trajectory
measurement - "1 transformation 1 ofgd of accelerationf — ~
ameas
_ | Gait phase Tstart: Tstop
detection

Figure 6.2.: Block diagram of the three dimensional trajgctalculation.

6.3.1. Constraints

In order to improve the accuracy, constraints for the irgign have been introduced based on the pre-
knowledge of the movement. In the foot flat phase the footrisoat at rest. The velocity of the sensor
can then be assumed to be zero relative to the treadmill baefwlebheel & and after the full contact
events. These events also coincide with the start and stihie @ftegration respectively. Furthermore, by
the assumption that the patients are walking on horizontdidse, the position in the vertical direction
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is also zero at the beginning and at the end of the step. Tloestraints can be written as:

V(Tstart) = V(Tstop) = 0 (6.1)
STstart) = Sz(Tstop) = 0 (6.2)

whereV(Tstart) is the velocity at the start and(Tstop) is the velocity at end of the step respectively.
S(Tstart) and s,(Tstop) are the vertical positions at the start and end of the stepewively. These
constraints would normally not be fulfilled by an integratiof the acceleration due to measurements
errors, error in the orientation estimation, slowly vagytriases and other unknown errors.

6.3.2. Algorithm

In order to fulfil the above given constraints an artificiaddion the acceleration measurement is intro-
duced giving the following measurement equation

ar%eas: al+ gB +y (6.3)

whereag,.,«is the measured accelerati@®, is the assumed true acceleration of the sergSas the grav-
ity component and is the artificially introduced bias which will be calculatbg using the constraints.
The assumed true acceleration in the sensor coordinaensystransformed into the global coordinate
system (as defined in Sectibn414.6) by use of the estimatedtation of the sensor represented by the
rotation matrixR:

al = Raraeas_ Ry-d. (6.4)

The gravity componeng' = [0 0 9.81]" m/s* can easily be subtracted as it is constant in the global
coordinate system. The measured acceleration and anguteity are sampled with the sampling time
h. The discrete measurements take place at sampling instants- i and are denoted b§f.,Ji] and

wB . di]. Furthermore, the integration is replaced with a simpl@sation

11 N
fo f(t)dt ~ hi; [i] (6.5)

where the timé = h- i corresponds to the discrete sample indexd whereN = t;/h. Equation [6B)
can be integrated to find the velocit}j]. This is done by the summation

i i
9] = h ) (Rlilapeadil - 9) —h > Rlily. (6.6)
i=1 i=1

wherej is the discrete sample index defined between 1 and N. The indexcorresponds to the contin-

. . Tstop—T. . . .
uous time instant sigrt andN = M corresponds to the continuous time instagb,. Furthermore,
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the position can be found by summation of the velocity

j j i i
gil=h) oflil=n> [Z(Rma,%eam -g)- >, Rmy] 6.7)
i=1 i=1 \I=1 =1

The velocity and position for which the artificial bias is maimpensatedy(= 0) are denoted agy| j]
andsy[ j] respectively

j
volil = h) (Rlilaheadil -9 (6.8)
i=1

j i
hﬁ[Z(RmaaeaJu —g')]. (6.9)
i=1

1=1

Sol]]
From Equations[{6]1) an@(6.2) there are four constraihtgetdue to the velocity and one due to the

vertical position. The bias which consists of three elemeannot fulfil all constrains simultaneously.
The bias estimatg ¢an be found by minimising sum of squared residuals

7 = min ((VIN] = 9[NDT (VIN] = 9IN]) + (&:{N] - &{NI)?). (6.10)

Using Equation[{6]7), the following matrices are definedjfer N

K =h? ZN: IZ:I; R[] (6.11)

N
L =h )" RIi] (6.12)

K1
K=| ks |. (6.13)
ks
Now the condition for the bias can be written as
N
[ WINI | _ g (6.14)
So.z[N]
with
L
B= [ l (6.15)
K3
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The bias estimate is found by applying the standard leastrequethod:

(6.16)

&:(BTB)‘lBT[ VoIN] l

Sz N]

After the bias estimate is calculated the acceleration esulmmed up in order to obtain the velocity and
position by Equationd{8.6) and (6.7) wheres replaced by its estimate. As the heading is not known as
closer explained in ChaptEl 4, the step length is calculfated the position at the end of the step by

lstepld = /SIN]2 + §[N]2. (6.17)
The foot clearance is defined as the maximum distance in thiealedirection:

fofy = max&[jl), j=1..N. (6.18)

6.4. Movement Parameter Estimation - Sensor Reduction

With the assumption that the movement retains in the sagiése the movement parameters can be
estimated based on a reduced sensor. In this case only teleamoeters and one gyroscope are applied
for the calculation of the movement parameters. In thelartly Sabatini et al..[75] algorithms for
estimating step length and foot clearance based on a siegplifertial Motion Unit (IMU) consisting of
one gyroscope and two accelerometers are described. Iggttion similar methods are used.

Inertial sensor

Figure 6.3.: lllustration of the sagittal angle of the fgotThe angle between the senséraxis and the
global coordinate systemeé andy' axes is denoted by.

In this approach the global coordinate system is defined éy'tlandz' axes whereag' is pointing in
the treadmill walking direction and is pointing in the direction opposite the gravity. Movenint the
coronal and the frontal plane are ignored and the oriemtatidhe foot is represented by the anglécf.

89



Chapter 6. Estimation of Movement Parameters

Figure[G.B). The rotation of the foot can be expressed bydtafing rotation matrix:

R :[ cosfp) —sin(p) l (6.19)

sinp) cosf)

The measured acceleratiafe,s= [a5cas 3beas] ' N the sensor body frame can in similarity to the full
sensor configuration be modelled as the sum of the true saoseteratiora®, the gravity component
g® and an artificial biay

apeas= 2" +0° +7, (6.20)

The measured acceleration can be transformed into thelgiobedinate system in order to obtain the
sensoffoot acceleration

a‘Ifoot = Rar?leas_ g - Ry, (6.21)

whereg' = [0 9.81]". The measured angular velocity around ghexis, wf e,s is Used to estimate the
rotation of the foot represented by the angléAssumed that the foot is at rest during the foot flat phase,
the accelerometers measure solely the gravity. This méanshe initial orientation of the foot before

a step can be estimated by calculation of the mean of théMastmples before the heel of event which
starts the calculation of the 3D trajectory

Tstart/h B H
1 tan? (amLSX[']) . (6.22)

Pinit = 17 5 .
i=Tstart/N-M ameaSZ[I]

Here Tgart is the start time for the summation of the 3D trajectory. Tbetfangle can be computed
through a summation of the angular velocity from the stad sfep till the end of the step

j
¢li] =h > Bl + gini (6.23)
i=1
Here it is assumed that the start of the step,; corresponds to the index= 1. It is assumed that the
angular velocity measurement is biased, that is

wr?]easy = ‘UyB +5, (6.24)

Whel’ea)yB is the real angular veIocitw,Eiea% is the measured angular velocity giiés the bias. By the
assumption that the anglereturns to its initial value at the end of a step the followampstraint on the
angle is defined

O(Tstart) = SD(Tstop) = Qinit- (6.25)

By summation of Equatior {6.23) from the start of a steg: (1) till the stop of a stepi(= N) with
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N = w it follows that

N N N
PNl =h )" 0P meadil =0 "B+ ginic = h > wPli] + @it (6.26)
i=1 i=1 i=1

From the start and stop condition it is given that

h> wflil =0. (6.27)

Now, 3 can be directly computed frori{6]26) under the assumptianitlis constant during a step

N
1
N Z Wy meas['] (6-28)
i=1
Wheng is determined, the estimated angle can be found by summattiBquation [6.213) fromi(= 1)
till (i = N).

Similar to the previous section, it is possible to use stadt $top constraints to improve the accuracy of
the velocity and position estimate:

V(Tstart) = V(Tstop) =0 (6.29)
S(Tstart) = S(Tstop) = 0. (6.30)

The two dimensional velocity and position can be found by mation and double summation of the
acceleration respectively:

j
voli] = h) (Rlilaheadi] - ¢ (6.31)
i=1

j i
1Y [Z(Rma%eam - g')] : (6.32)
i=1

Soli]

The following matrices are defined:

R[I] (6.33)

R[i], (6.34)
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where the matriceK andL can be divided in row vectors

SHESH

I ko
1 l oo x[N] l

ko So,2[N] ’

where the condition, that the horizontal velocity at thetstad end are zero and that the vertical position
at the start and end is the zero, has been used. Here, thétyétothe z direction is not used in the
constraints as for the full sensor. This could also have bekmd similar as for the full sensor, by using
the least squares method. The validation showed that thealmplementation gave the best results.

Now the bias can be found by

y= (6.36)

In contrast to the full sensor, no Kalman filter is used toneate the orientation of the sensor. The
Kalman filter is also not active during the step for the fulhser. It is only implemented in order to
estimate slowly varying biases. In this regard the two megHor estimating movement parameters for
full and reduced sensors are comparable.

6.5. Validation of the Estimated Movement Parameters

Five patients with dferent gait pathologies were recruited for a clinical studlypatients were walking
on a treadmill with parachute harness. Two inertial sens@re mounted with brackets on the left and
the right foot. One marker of the LUKOtronic AS 202 motion s system was placed on the inertial
sensor, as seen in Figurel6.6, such that the markers webdeVisim behind the patients. The patients
were walking at their individual normal speed. In Tabld 64 tollowing subject information are listed:
walking speed, gender and lesidisability. The LUKOtronic measurement system consist® wfarker

Table 6.1.: Subject data.

Subject Mal#female Walking speed Hemiplegic side

S1 F 151 [kyh]  left
S2 M 1.95 [kmh]  right
S3 M 1.46 [kmgh]  left

S4 M 1.28 [kmgh]  right
S5 M 1.40 [kngh]  right

chains, each having 5 markers. The markers were attachkd ioertial sensor, the ankle joint, the knee
joint, the hip joint and to the pelvis. In this chapter, orihe tmarker attached to the inertial sensor was
used in the analysis. The experiment started when the patigre standing at rest on the treadmill. The
data acquisition from the inertial sensors and the LUKGtromeasurement system was performed from
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two separate computers and the measurements were stgregetsty but simultaneously in order to be
able to synchronise the measurements later. During theriexgrets reported here the optical motion
analysis system was sampled with a frequency of 100 Hz anidhéinéal sensor system was sampled at
a frequency of 500 Hz.

Reference measurement

The LUKOtronic camera system was placed 2-4 meters behingdtients and the system was aligned
with an inclinometer so that the LUKOtroni¢ axis was pointing in the patients walking direction. The
Z- axis was pointing in the direction opposite to the gravitg tirey- axis was orthogonal to the other two
axes forming a right handed coordinate system. By this genarent the' axis of the global coordinate
and thez- axis of the LUKOtronic coordinate system coincide. The algrirom the two measurement
systems were synchronised by manually looking at the pefake gosition in thez direction.

Reference measurement Trar‘lsformed ‘reference‘measurer‘nent

12.5¢
2.4r

2.3r

=
N
T

2.2¢

N
=
o

2.1

x Position [m]
x Position [m]

ol |sted ptL,x}
11
1.9t

%1 22 23 24 25 26 21 22 23 24 25 26
Time [s] Time [s]

Figure 6.4.: Position measurement by the LUCOtronic magioalysis system. The left graph shows the
X position measurement with the optical motion analysisesysthe right graph shows the
same position time transformed.

The exact speed of the treadmif}, was calculated from th& position of the reference measurement
during the foot flat phase. This was done by using least sguaethod applied to the following equation

pL,X = Utm " t (637)

pL.x is the measured position in the all the foot flat phases. The referergeosition was time trans-
formed in order to be able to calculated the step length

Pt x = PLx + vm -t (6.38)
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wherept, x is the transformed position of the markerp, x is the measureg position,vi, is the treadmill
velocity andt is the time.

In the left plot of Figurd €14 the measuragosition p_ x is shown. The vertical bars indicate the start
and stop of a step. These are identical to the gait eventsoffeahd full contact detected by the gait
phase detection system based on the inertial sensor. Tiveein the strait lines between the stop and
start of the step indicate the treadmill speed. In the ridgitip Figure[6.4 thex position pt, x after the

time transformation is shown. After the time transformatibe incline of the line between stop and start
is zero. The step length is calculated as theedence in the position at the start of the step and at the
stop of the step from the time transformed position:

1555 = PtLx(Tstop) — PLx(Tstart). (6.39)
Reference measurement Transformed reference measurement
0.2r 1
0.15
E E
S 5 01 |
.§ -‘g‘
o o 0.05r 1
N N
1T T
‘ ‘ ‘ : ‘ ‘ -0.05¢ ‘ ‘ ‘ ‘ J
21 22 23 24 25 26 21 22 23 24 25 26
Time [s] Time [s]

Figure 6.5.: Referenceposition measurement.

An example of the reference position measurement irzttieection is shown to the left in Figuie 6.5
where the start and stop of steps are indicated by vertiwad liThe position at start is used to transform
the position to the level of the inertial sensor.

PtLAt) = PLt) — PLATstart)- (6.40)

The transformed positiopt, ; is shown to the right in Figure8.5 and the maximum value ofttass-
formed signal is used to calculate the reference foot aheara

fREF = max(pt_ (1)}, te [Tstart Tstogl- (6.41)
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Estimation of the marker position from the inertial sensor

As the motion analysis system marker was placed outsidetirgirtig of the inertial sensor, the measured
position difers from the estimated position by the inertial sensor wiclocated inside the sensor

housing. In order to compare the estimated position of tinsaewith the reference motion analysis
system the position of the marker was calculated from thienagtd position of the sensor using the
assumption that the marker was exactly placed on the sendoeaiis as indicated in Figufe .6.

Figure 6.6.: LUKOtronic marker in relation to the inerti@nsor. The marker is placed at a distance
Ly side from centre of the sensor coordinate system.

The estimated position of the LUKOtronic marker by the fo#itial sensor is calculated by the following
relation
I—x,side
Sn=8+R| 0 , (6.42)
0

wheres is the estimated position of the full inertial sensgy, is the estimated position of the marker,
R is the rotation matrix representing the orientation of thiéihertial sensor and.y siqe is the distance
between the centre of the sensor coordinate system and tikermahe lengthd e ¢ and Ly ignt were
measured with a ruler and their values are given in Tableh2.lengths dier because the accelerom-
eters and gyroscopes were not mounted exactly in the cehtre diousing. For the reduced sensor,
similar estimates for the marker position can be easilyinbth

Table 6.2.: The distance between the centre of the sensatioate system and the LUKOtronic marker.

I—x,right [Cm] I—x,Ieft [Cm]
2.5 4.1
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6.6. Results

The mean erroE's'I\IS between the measured step length and the estimated stéip basgd on the inertial
sensors is calculated as follows:

Nstep
—_e 1
EINS — § INS __ |REF
sl Nsteps k=1 (Istep[k] IStep[k]) (6.43)

where Nsteps is the number of steps. The standard deviatkgﬁis of the same error is computed as
follows:

1 Nsteps 5
INS _ INS _ |IREF[L1 _ EINS
Og = Nsteps ; (Istep[k] Istep[k] ES| ) (6-44)

The mean erroE'f'ES and the standard deviati(a:rt’g‘S of the error of the foot clearance are defined similar
as for the step length.
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Table 6.3.: The mean error of the step Ienﬁﬂﬂs and the foot cIearancE!JgS with respect to the refer-

ence system. The error is given in centimetre and in pergendfithe total step lengtioot
clearance measured with the reference system.

Subject Steps Side Move Par. MeanV.[cm] MeanV.Ref. [cm] MEaor[cm] Std. Error [cm]

right Istep 54.61 54.70 -0.09 (-0.17%)  0.48(0.87 %)

s1 50 fe 15.65 13.55 2.10 (15.48 %) 0.19 (1.23 %)
ot Istep 53.61 54.43 -0.82(-1.51%)  0.96 (1.77 %)

fe 8.52 7.35 1.16 (15.82%)  0.31(4.17 %)

right Istep 78.26 77.61 0.65 (0.83 %) 0.46 (0.59 %)

52 111 fc 14.79 15.03 -0.24 (-1.60%)  0.29(1.94 %)
left Istep 77.77 77.58 0.19 (0.25 %) 0.74 (0.95 %)

fe 16.96 17.44 -0.48 (-2.73%)  0.24 (1.35%)

right Istep 65.29 67.83 -2.54 (-3.75%)  1.79(2.74 %)

s3 100 fc 18.48 17.90 0.58 (3.22 %) 0.56 (3.04 %)
left lstep 67.88 67.72 0.15 (0.23 %) 0.98 (1.45 %)

fc 8.11 8.72 -0.61(-7.00%)  0.25(2.92 %)

right Istep 72.72 73.64 -0.92 (-1.25%)  0.65 (0.89 %)

s4 65 fe 9.79 9.54 0.25 (2.67 %) 0.34 (3.50 %)
left Istep 72.99 73.31 -0.32(-0.43%)  0.55(0.75%)

fe 9.12 9.34 -0.21 (-2.30%)  0.27 (2.89 %)

right Istep 77.05 76.87 0.18 (0.23 %) 1.14 (1.48 %)

S5 54 fc 13.16 13.66 -0.50(-3.68%)  0.28 (2.10 %)
left Istep 78.43 76.78 1.65 (2.14 %) 3.19 (4.15 %)

fe 14.44 15.10 -0.67 (-4.40%)  0.17 (1.14 %)
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Position in x direction, (solid line) reference measurement, (thin line) estimated value
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Figure 6.7.: The upper graph shows the estimated and meagastion in the walking direction, the
lower graph shows the estimated and measured positionticaledirection.
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Figure 6.8.: Example of movement parameter estimatiorti®fll inertial sensor with integration con-
straints taken into account compared to the referencemyside upper graph shows the
estimated step length and the lower graph shows the estfaieclearance.
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In Table[&3B the mean value of the movement parameters neshstith the reference system and the
mean value of the estimated movement parameters are susechdor five patients. Furthermore, the
mean erro@ of the foot clearance estimate as well as the standard dm/irat'ﬁs of the error are
listed. This table shows the results for the full inertiahsa whereas the bias in the acceleration mea-
surement was estimated via integrations constraints. darel6.¥Y an example of the estimated position
trajectory is shown and in Figufe 6.8 the estimated footraleze and step length are illustrated as bar
plots for the subject S4.

The comparison with the reference system shows that thelastgph can be estimated with a high
accuracy when using the artificial bias in the calculatioor &l subjects the mean errl:Er‘s’I\'S was less
than 4%. The mean errors of the foot clearal:"tq%S were generally larger than that of the step length.

Table 6.4.: The mean error in step Ien@@(’biaS and foot clearancETbias and the standard deviation
of the error for the full inertial sensor without the artifitibias calculation with respect to
the reference system. The error is given in centimetre ammkinentage of the total step
lengthfoot clearance measured with the reference system.

Subjects Step Sides Move Par. MeanV.[cm] Mean V. Ref. [cm] aMError [cm]  Std. Error [cm]

right I'step 55.11 54.70 0.40 (0.74 %) 0.68 (1.24 %)

s1 50 fe 13.50 13.55 -0.05(-0.40%)  0.18 (1.34 %)
ot Istep 55.12 54.43 0.69 (1.27 %) 2.56 (4.70 %)

fe 8.17 7.35 0.81 (11.07 %) 0.40 (5.48 %)

right I'step 80.43 77.61 2.81 (3.62 %) 1.48 (1.84 %)

s2 111 fc 11.84 15.03 -3.19(-21.20%) 0.56 (4.73 %)
left I'step 78.98 77.58 1.40 (1.81 %) 2.14 (2.76 %)

fe 16.01 17.44 -1.43(-8.18%)  0.63 (3.59 %)

right I'step 70.74 67.83 2.90 (4.28 %) 1.18 (1.67 %)

s3 100 fe 14.78 17.90 -3.12(-17.43%) 0.27 (1.84 %)
left Istep 65.47 67.72 -2.26(-3.33%)  3.47 (5.13 %)

fe 7.84 8.72 -0.88 (-10.09%) 0.25 (2.91 %)

right I'step 76.48 73.64 2.84 (3.85 %) 3.26 (4.26 %)

s4 65 fc 7.99 9.54 -1.54 (-16.18%) 0.53 (6.58 %)
left I'step 68.33 73.31 -4.98(-6.79%)  1.80 (2.46 %)

fe 9.22 9.34 -0.11 (-1.21%)  0.22(2.36 %)

right I'step 73.44 76.87 -3.42 (-4.45%)  3.48 (4.74 %)

s5 54 fc 10.62 13.66 -3.04 (-22.26 %)  0.39 (3.69 %)
left I'step 77.24 76.78 0.46 (0.60 %) 2.33(3.03 %)

fe 14.14 15.10 -0.97 (-6.41 %) 0.27 (1.79 %)

In Table[6&.% the results from the calculation of the step tleramnd foot clearance without the artificial
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bias estimate are summarised. The mean value of movemenhetrs measured with the reference
system and estimated from the inertial sensor are listedh&unore, for all patients the mean error of
the foot clearancwbiasand the step Iengtﬁbiasare summarised together with the standard deviation
of the errorsr1°°3s andgoPas

Considering the accuracy of the estimated movement paeasn@mitting the start and stop constraints,
the accuracy deteriorate. The intersubject variation ®@htlean error varies more when the artificial bias

calculation is included.

Table 6.5.: The mean error in step Iengﬁ@fd and foot cIearancE;id and the standard deviation of
the error for the reduced sensor with respect to the refereystem. The error is given in
centimetre and in percentage of the total step legfaih clearance respectively measured

with the reference system.

Subjects Step Sides MovePar. MeanV.[cm] Mean V. Ref. [cm] aMError [cm]  Std. Error [cm]

right I'step 52.10 54.73 -2.63 (-4.80 %) 0.90 (1.72 %)

s1 50 fe 15.86 13.55 2.31 (17.04 %) 0.29 (1.85 %)
left I'step 50.65 54.52 -3.87 (-7.09 %) 0.82 (1.51 %)

fe 7.90 7.37 0.53 (7.15 %) 0.31 (4.24 %)

right I'step 74.55 77.61 -3.07 (-3.95 %) 1.10 (1.48 %)

52 111 fe 14.69 15.03 -0.34 (-2.27 %) 0.40 (2.73 %)
left I'step 73.76 77.58 -3.82 (-4.92 %) 1.08 (1.40 %)

fe 16.74 17.44 -0.70 (-4.04 %) 0.47 (2.71 %)

right I'step 59.59 67.82 -8.23(-12.13%)  1.50 (2.52 %)

s3 100 fe 16.21 17.89 -1.69 (-9.43 %) 0.52 (3.23 %)
left Istep 59.55 67.72 -8.17 (-12.06 %)  1.37 (2.03 %)

fe 8.35 8.75 -0.40 (-4.59 %) 0.21 (2.39 %)

right I'step 67.22 73.69 -6.46 (-8.77 %) 2.46 (3.67 %)

sS4 65 fe 8.95 9.54 -0.59 (-6.20%)  0.90 (10.09 %)
left I'step 66.73 73.34 -6.61 (-9.01 %) 1.42 (1.93 %)

fe 9.00 9.35 -0.34 (-3.67 %) 0.22 (2.33 %)

right I'step 65.55 76.78 -11.23 (-14.63%) 2.61(3.98 %)

S5 54 fe 12.94 13.66 -0.72 (-5.24 %) 0.51 (3.92 %)
left I'step 66.97 76.67 -9.69 (-12.64 %)  3.63 (4.73 %)

fe 12.71 15.08 -2.38(-15.76 %)  0.61 (4.06 %)

Furthermore, in TablEZ8.5 the mean error of the estimatqul Istegth E;‘fd and foot cIearancEgecOI as
well as the corresponding standard deviatiof;%‘ ando-rf‘f:d of the error are summarised for the reduced
sensor. In the calculation, the movement constraints vadentinto account.

The data summarised in the Tables €3] 6.4[and 6.5 were ebdthiom a series of consecutive strides.
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The recording started when the patients stood still on #mdmill. After the recording was started, the

treadmill was accelerated up to a constant speed. As trefdramation of the reference measurement was
done under the assumption of a constant treadmill speedndivement parameters were not correctly
measured during the acceleration period. As a consequirecdata from the 3 first steps were excluded
from the calculation of the mean error and standard deviaifdhe error.

Table 6.6.: The mean error and its standard deviation ofdbediearance and step length calculated for

all patients.
|INS |n0bias |red fINS fnobias fred
step step step c c c

Mean error  0.02 [cm] -0.34[cm] 5.80[cm] 0.02[cm] 1.59 [cm] .50 [cm]
St. deviation 2.10[%] 4.81[%] 4.55[%] 6.23[%] 10.22[%] &.8%]

In Table[G.® for all steps over all subjects and steps the reaamn and its standard deviation are sum-
marised for all three methods and movement parameters. Stimeage based on full inertial sensor is
performing at best when taking movement constraints intmaat. There is basically no bias in the
estimate of the movement parameters.

As seen from the previous results, the calculation of the Istegth with the reduced sensor model yields
biased estimates. To investigate the correlation betweemeasured reference movement parameter and
the estimated movement parameters, a regression anaysipesformed where the coherence between
the mean value of the reference system and the one calc@latedhe inertial sensor system was found
for all three methods. The linear relationship can be exg@ss:

ISiep = 2 I5iep (6.45)
In Table[6.Y the linear facta, the codficient of correlatiorr and the root mean square error are sum-

marised. In the left graph of Figufe 6.9 the calculated mdap Ength@, is plotted against the

measured mean reference step Ieri@,ﬁg. In the right graph the mean foot clearani®S is plotted
against the mean reference foot clearaff¢g™. Furthermore, the same plots for foot clearance and step
length calculated without the artificial bias and with thdueed sensor are given in the Figures6.10 and
6. 11.

Table 6.7.: Summary of the linear regression analysis ®ntbvement parameters.

|ITS |nobias W fINS fnobias m
step step step c c c
a 1.00 1.00 1.10 0.99 1.12 1.03
r 0.99 0.95 0.94 0.97 0.94 0.94

RMSE 1.00[cm] 2.62[cm] 2.85[cm] 0.86[cm] 1.26[cm] 1.18[Fm
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Figure 6.9.: Regression analysis for the full inertial ertaking movement constraints into account.
The left graph shows the correspondence between the reéestep Iengtuﬁt'gg and the cal-
culated step length calculatidg’i‘e%. The right graph shows the correspondence between the

reference foot clearancBREF and the calculated foot clearanéE'S. The black markings
indicate left side and the grey markings indicate right side
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Figure 6.10.: Regression analysis for the full inertialssgnmnot taking movement constraints into ac-

count. The left graph shows the correspondence betweepfrence step lengt EE and
the calculated step length calculatiti;ﬁeb[i)as. The right graph shows the correspondence

between the reference foot cleararige-" and the calculated foot clearan£g®®2s The
black markings indicate left side and the grey markingsdatdi right side.
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Figure 6.11.: Regression analysis for the reduced inesiabor taking movement constraints into ac-

count. The left graph shows the correspondence betweepfrence step lengt EE and
the calculated step length calculatit@i’gp The right graph shows the correspondence be-

tween the reference foot clearant®F and the calculated foot clearan@. The black
markings indicate left side and the grey markings indiceghtside.

6.7. Discussion and Conclusions

The feasibility of using an inertial sensor to calculatgpdength and foot clearance was demonstrated
for five subjects with dterent gait pathologies. All subjects participated in th&F&ssisted gait training
described in the next chapter. In the calculation of the fmsition, there are several sources of errors. It
was demonstrated that the use of initial and end conditibtteeanovement could considerably improve
the accuracy of the movement parameter estimates.

The sources of error in the movement parameter calculat®many. An error in the orientation esti-
mation will of course lead to an error in the accelerationtbyransformation into the global coordinate
system. Furthermore, the foot is in reality never compjesirest during the foot flat phase as the foot
is always continuing rolling forward. In addition, as theigh is shifted from one side to the other the
shoes are slightly deformed. In Figlirel6.5 it can be obsetivatithe inertial sensor is moving as much
as 0.5 cm in the vertical direction during the foot flat phd3ee to this movement, the exact moment for
the start of integration is impossible to find and the refeeemovement parameter would also be more
sensitive to the start point of integration. As a consegeafahis the position estimate in the vertical
direction is associated with more error than the positidgimege in the horizontal direction.

The correlation analyses showed that the mean value of temment parameter for the reduced model
was lower than the reference value. This can be explainetidofact that the movement is not entirely
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in the sagittal plane. Usually the foot is also rotated adotive vertical axis. This implies that the
acceleration in the sagittal plane in reality is larger tha@asured with the reduced inertial sensor.

It was shown that a full inertial sensor is superior to a redigensor. Furthermore, the known movement
constraints can be employed to estimate biases in the a@tiete measurement. Taking these biases
into account during the double integration of the accel@nagignificantly improves the accuracy of the
position estimate of the inertial sensor.

In conclusion, the current study indicates that foot mowatm@nd gait phases can be reconstructed
from an inertial sensor with an accuracy good enough to be asdeedback sensor in FES-aided gait
rehabilitation system as well as in an analysis tool.
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7. FES-Assisted Gait Training by means of
Inertial Sensors

7.1. Summary

Aim: The first aim was to develop an experimental laboratory aydta FES-assisted gait training
based on the gait phases detection algorithm describedapté&fb. The second goal was to investigate
methods for automatic feedback control of certain musaobeips in FES-assisted gait training. More-
over, an aim was to verify the feedback control methods irukition as well as experimentally.

Methods: A test bed for FES-assisted gait training was developed. syetem consists of an inertial
sensor system, a standard laptop and an 8 channel stimutdtoiThe gait phase detection system de-
scribed in Chaptdr]l5 was implemented and runs on-line ontagapsing the Linux operating system.
The detection of gait phases forms a basis for the stimulataitern generator i.e. the synchronisation
of the stimulation with the gait cycle. Through aaMas/SimuLink interface, a simple adjustment of
the stimulation parameters can be performed. In additi@mondrol strategy for automatic tuning of the
stimulation intensity on a stride to stride basis was dgydo The feedback control strategy depends
upon derived information from the inertial sensor i.e. theximum sagittal angle before heel strike or
the maximum height during the swing phase (foot clearangejnathematical model was developed
in order to validate the proposed controller structure muwations. The proposed FES-assisted gait
training system based on inertial sensors was tested onriplagic subjects and the feedback control
strategy was validated with one patient.

Results: The stimulation scheme worked robustly for all the possualigation of stimulation channels

and stimulation patterns tested on the 12 patients. For atienis who were walking at a low speed, the
heel df event were detected too early as a result of fidgety foot dutie foot flat phase. This was the
only critical problem that occurred. For all the patients thaximum number of stimulation channels
used were two. Furthermore, in simulation it was shown thatstimulation of tibialis anterior could

influence the maximum sagittal angle of the foot beforerutthe floor. The maximum angle was con-
trolled by adjusting the stimulation intensity on a step tepsbasis. In simulations it was also shown
that the stimulation of the hamstrings could influence th&imam foot height during the swing phase
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such that it could be controlled on a stride to stride basiseXperiments with one hemiplegic subject,
the feasibility of controlling the maximum sagittal anglassxdemonstrated.

Conclusions: The proposed scheme has also the potential to be applied am-glimical setting for
patients permanently using foot drop stimulators. It carctmecluded that the inertial sensor can be
successfully applied as single sensor in an FES-assistetlagaing system.

Contribution: The author developed the methods and implemented the memdl software. Fur-
thermore, the author planned and ran the experiments. &fatigs work are published in_[58] and in
[59].

7.2. Motivation

Upper motor neurone lesion (UMNL) can result from strokénalcord injury, multiple sclerosis, cere-
bral palsy or head injury. Each patientfaring from stroke has hiser own unigue mixture of deficits.
Typically, the muscles responsible for extention of the kbg calf and quadriceps are spastic and the
muscles responsible for flexion, the anterior tibialis aathktrings are weak and in some cases inactive.
An important feature of UMNL is that the peripheral nerves still intact, making it possible to activate
the muscles through the use of functional electrical statith. For patients with gait deficits FES can
be applied to support and enhance the gait.

Liberson et al.l[43] was the first, who used electrical statioh to elicit the withdrawal reflex during
the swing phase of the gait in order to initiate the gait angréwent foot drop. Since then many systems
have been commercialised. Most of these systems are usihgvidtches attached to the heel fgrdo
the metatarsal head to trigger the stimulation when no f@@plied on the sensors. In this chapter
we will investigate the possible use of an inertial sensocémtrol in FES-assisted gait rehabilitation of
stroke patients.

In the previous two chapters it was shown how an inertial @enss applied to obtain gait phases as
well as temporal and spatial parameters of the gait. Thevatain for obtaining these values is for
one reason to directly apply them in the rehabilitation ofle patients by FES-assisted gait. The gait
phases can directly be used to synchronise the stimulatitimtiae walking cadence. More interesting
is the exploitation of the additional information the inaktsensor delivers compared to other sensors
such as the trajectory of the foot during the swing phase laaérom it derived values as foot clearance,
step length and maximum sagittal angle during the swingghabe ultimate goal would be an FES-
assisted gait training system which automatically findsajpgmal stimulation sequence and for which
the stimulation intensity is adapted in such a way that thiepts are walking as if they were healthy. On
the way there, small steps have to be taken to investigatedsility of such system. It was shown in
the last chapter, that the gait detection system could satidey applied to detect gait phases fofteient
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patients without the need to tune parameters. Veltink §BEl.introduced the idea to control the gait
on the basis of movement parameters on the level of walkiatece.g. the desired dorsiflexion angle
before foot landing and foot clearance during mid-swinge &bthors proposed a strategy for controlling
the sagittal foot orientation just before landing, and pbthe concept in simulation. For each new step,
stimulation intensity parameters were determined in ackvdrom the measured movement parameters
using an inverse model of the relationship between stinwiand movement parameters. In this chapter
a similar principle is applied, and a control strategy fa tdontrol of the maximum sagittal angle of the
foot and the foot clearance is proposed.

In Sectior Z.B the laboratory setup is presented and in@€¢f# the pattern generator is explained. Fur-
thermore, in Section7.5 an initial clinical study using FieS-assisted gait training system is described.
In SectionZb a strategy for automatic tuning of the stimoiaintensity is proposed. A mathematical
model for the free-swinging leg is developed in Secfion hd the control concept is demonstrated in
simulations in Sectiof7.8. In Sectibnl7.9 the feasibilitgh@ control concept is experimentally verified
on one stroke patient. Finally, a summary is given in Se¢fidf.

7.3. Experimental Set-up

A prototype FES-assisted gait training system for treddwalking has been developed. An inertial

sensor system is used as sensory input, namely the Rehagyatelm consisting of two miniature Iner-

tial Measurement Units (IMU) and a Digital Signal Procegs[BSP) unit which is described closer in

ChapteB. The main computing unit of the laboratory setapsisndard laptop with the Linux operating
system. The signals from the inertial sensor system areint@adhe laptop through an USB interface

with a frequency of 500 Hz. The stimulator RehaStim is cotettthrough an USB-interface and is con-
trolled by a special protocol called ScienceMode (see @nEbfor a detailed explanation). A galvanic

isolation is provided by the stimulator. The stimulator @igated through the external Multi Channel

List Mode. This means that the main stimulation frequenayoistrolled by the PC software. The main

frequency of the PC program is 60 Hz, whereas the output Etion frequency can be chosen to be 20
Hz, 30 Hz or 60 Hz depending if pulse is sent every samplintaing, every second or every third. An
illustration of the system is given in FigureT.1.

For straightforward testing of new stimulation strategieédarLas/SmmuLiNnk user interface was developed
where new stimulation patterns can be easily realised. [Hogithms described in the following sections
have been implemented in+G.

107



Chapter 7. FES-Assisted Gait Training by means of Inertial 8nsors
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Figure 7.1.: The muscles and nerves stimulated in FEStedsimit training: (a) peroneal nerve, (b)
quadriceps, (c) hamstrings, (d) gluteus maximus and (g)iskanterior.

7.4. Stimulation Pattern Generator

An overview of the laboratory data processing software galed in Figuré Z]2. The gait phase detection
runs with the same frequency as the data are read in (typis@0 Hz). All the calculated data such as
the orientation and the gait phases for each time instanbufered. As soon as one complete step is
detected i.e. at the full contact event, the algorithm dieedrin Chaptekl6 for obtaining the movement
parameters is performed. In addition, temporal paramétershe durations of the elierent phases are
determined. The mean value of the durations are calculatedtioe last three steps.

The main pattern generator is running at a frequency of 60THs frequency is generated by the real
time clock of the PC. The temporal and spatial informatiorwa$i as the current gait phase from the
gait phase detector are re-sampled to 60 Hz and used as tofhts pattern generator. The stimulation
pattern, e.g. start and stop times for the stimulation, liated to one of the gait events and to the
cadence. As a finer division of the stimulation timing is attegeous, the stance and swing phases have
been divided into four parts and the pre-swing phase is @ividto two parts. By this division, the gait
cycle is divided into 11 parts. Since the cadence was onktiemated, the start and stop times of the
stimulation could be set to one of these division. The pulstthwis ramped up during three pulses to a
decided pulse width value and likewise ramped down in thrdgeg after the stop time is reached. The
decided stimulation intensity i.e. the pulse width canagitie manually controlled via a potentiom@ter

Ihttpy/www.griffintechnology.corproductgpowermatg
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or as later explained in Sectibnl7.6 by a step to step distirtecontroller.
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Figure 7.2.: Overview of the gait pattern generator.

In Figure[ZB a typical complex stimulation pattern is showrhe peroneal nerve stimulation is trig-
gered by the detection of pre-swing and lasts until the lepdésponse. Hamstrings stimulation is also
triggered by the detection of pre-swing phase but is turrfedarlier as the peroneal nerve stimulation.
Furthermore, quadriceps can either be stimulated in thegphase in order to improve the knee exten-
tion or in the stance phase to improve the stability. Thesgistmaximus can in some cases be stimulated
during the stance phase in order to stabilise the hip.

Another possible stimulation configuration is the stimiolatof the peroneal nerve in combination with
the tibialis anterior whereas the latter is stimulated ughtoend of the swing phases. Peroneal nerve
stimulation takes place at a frequency of 60 Hz while musatesstimulated at 30 Hz.

7.5. Clinical validation of Inertial Sensor Triggered FES-As sisted Gait

The purpose of the experimental clinical pilot study ddsemliin this chapter was to measure the instant
performance and benefits of FES-assisted gait by meansrtélreensors. Although the performance of
the GDP-IS has been extensively validated and analysee iprédvious chapter, the application of GDP-
IS in FES-assisted gait training is here to be validated. clinecal validation with patients took place at
the St. Mauritius Therapieklinik in Meerbush, Germany. Tweepatients with unique pathological gait
were recruited to participate in this study. Out of the 12jects, 11 were sub-acute stroke patients and
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Figure 7.3.: Atypical stimulation pattern for FES-asgiggait training. Stimulation periods are indicated
by grey areas.

one had Parkinson’s disease. The inclusion criteria wetahle subjects were able to walk independently
on a treadmill with or without parachute harness. The pwrpfsthe FES was to influence the gait
pattern instantly in order to improve the quality of the gdilost of the patients were attending gait
training sessions every day in the rehabilitation clinief@e attending the FES-assisted gait training,
the subjects were informed of the purpose of the study and tiair informed consent to participate.
The patients were all walking on the treadmill with paraehbarness for safety reasons, and the gait
was evaluated by physiotherapists who chose appropriaenefs for stimulation. In Table—1.1 the
gait deficits and the stimulated muscles are summarised. sfilmellation sites were determined via
stimulation before the therapy. While the patient wasrgittin a chair or standing in an upright position,
the electrode positions were found by trial and error uhtl best possible response to the stimulation
was found.
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Table 7.1.: Stimulation channels and the ranges in whichrthscles were stimulated. The phases cor-
respond to the definition in Figuke¥.3.

Subject S1 S2 S3 S4 S5 S6
Channel 1 Hamstrings Quadriceps Peroneal nerve GastracshienTibalis ant. Quadriceps
Range 2-3 4-13 1% -3% 13-3 15 - 33 1-2
Channel 2 Tib. ant. Quad.
Range 2-1 31-13
Subject S7 S8 S9 S10 S11 S12
Channel 1 Gluteus max. Tibialis ant. Quadriceps GastroaremTibialis ant. Tibialis ant.
Range 3-14 21 -4 3-4 13 -31 2-1 2-3
Channel 2  Quadriceps Tibialis ant.

Range 3-13 2-32

Table 7.2.: Walking speed of the patients.
Subject S1 S2 S3 S4 S5 S6

1.25 [kmh] 0.96 [knyh] 1.26 [kmyh] 2.36 [kmh] 0.97 [knyh]  1.40 [knyh]

Subject s7 S8 S9 S10 s11 S12
1.18 [kmh] 1.49 [knyh] 0.88 [kmh] 1.63 [kmh] 1.28 [knyh] 1.41 [kmh]

7.5.1. Comments on the Usability of the FES-Assisted Gait Tr  aining.

In general the prototype FES-assisted gait training systamworking good i.e. the stimulation timing
worked as desired. The mounting on arfiaf the sensor system to the patients took maximum three
minutes for a trained person which can be considered as astgdmpared to foot insole measurement
systems. The only problem regarding the sensor mountingexerienced with patients who walked
with the foot pointing outwards such that the inertial seénsas touching the ground and falling of
the bracket. Moreover, a few problems with the gait phaseatien system occurred with two stroke
patients who were walking slowly (subjects S5 and S9 (cflé@®)). During the foot flat phase the feet
were unsettled such that the transition to pre-swing sonasticaused a too early onset of the stimulation
(typically for peroneal nerve and tibialis anterior stiutibn).
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Right knee angle with no FES Right knee angle with FES
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Figure 7.4.: Knee- and hip-joint angle trajectories forjgabS1. In the two upper graphs the mean value
of the knee trajectories from 10 consecutive strides rembmlith the LUKOtronic motion
analysis system are shown (solid line). The grey area itedhe 95 % confidence interval.
On the left side the values are shown for trajectories whelRE® is applied whereas on the
right side the mean value and standard deviation are shoven WES is applied. The two
lower graphs show the mean value and standard deviationtipitnajectories for the same
strides as for the knee angle.

Generally speaking, positivetects on the gait pattern due to the electrical stimulatiorei@emost ob-
served when the stimulation was applied in the swing phaggpidal example of such is the stimulation
of the peroneal nerve or the muscle tibialis anterior in thing phase to prevent the drop foot. When
stimulation was applied in the stance phase, like stimutadif gluteus maximus in order to improve the
stability of the patients, no directfect of the stimulation could usually be observed from theperal
and spatial parameters calculated from the inertial sesysiem. This does not mean that the FES had
no impact, but an instant change could not be measured. Anenay be that the patients were always
walking on the treadmill with the same constant speed withwithout FES. If the patients had walked
on a normal floor rather than on a treadmill, an instant impnoent would be expected in form of an
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Sagittal angle of foot with no FES Sagittal angle of foot with FES
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Figure 7.5.: Sagittal angle of foot for Subject S1. In thé¢ ¢ghph the mean value (solid line) and the 95
% confidence interval (grey area) of the sagittal angle fr@ednsecutive steps are plotted
when no stimulation is applied. In the right graph the medunevésolid line) and the 95 %
confidence interval (grey area) of the sagittal angle froroditsecutive steps are plotted for
trajectories when stimulation was applied to the hamstmingcle group.

increase in speed. For patient S2 an exception from thiswatefound as temporal variables changed
when stimulation was applied. This is explained in detdédan this chapter.

As observed from TableZd.1 only one channel and at most twonghia were applied in order to improve
the walking pattern although eight channels were availalitegether. The reason for not choosing more
channels had flierent reasons. For the patients having a drop foot syndromig,one channel was
chosen. The two patients presented more closely later snstigtion both had one specific gait deficit
related to one muscle (patient S1) or the walking patterridceimply be improved by stimulating one
muscle group (patient S2). In a clinical setting where srpltients are receiving FES to improve the
walking pattern, the time is limited. For each channel whichdded, time is needed to find appropriate
stimulation sites as well as appropriate start and stopstiimethe stimulation.

From the 12 patients taking part in the FES-assisted gaiitigg two patients are more closely presented
here. In addition to the measurement with the inertial sesgstem, knee and hip joint angles were
captured by use of the LUKOtronic AS 202 motion analysisesysand foot pressure was collected with
the Parotec insole measurement system.

Case study subject S1:

Subject S1 was stering from stroke and wadfacted on the right side. He could not walk without
walking aid or holding on to something. The main problem fog patient was the inability to control
the shank at the end of the swing phase. The knee was alredldg middle of the swing phase fully
extended and was uncontrolled hitting the ground when iegdhe initial contact event. The patient
was walking with his normal walking speed. In order to impgdkie gait pattern the hamstring muscle
group was stimulated. The onset for the stimulation was el-&f€ and dfset was set to 50 % of the
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swing phase. The subject was patrticipating daily in treldnaining and the session reported here took
place instead of regular treadmill training without FES.rkéais were fixed at pelvic, hip, knee ankle
and at the inertial sensor to measure the position at theséspeith the LUKOtronic AS 202 motion

analysis system.

A comparison of the hip and knee joint trajectories with aritheut FES is presented in Figurel7.4.
The figure shows the mean value and the 95 % confidence inferdaip and ankle trajectories for 10
sequential steps. The upper graphs show the knee angleashtbielower graphs show the hip angle
for the same strides. To the left are the trajectories shohenwo FES is applied while the plots to the
right have been recorded as FES was applied. From anglaliegerthe excessive motion of the shank
can again be seen as oscillation in the knee joint. Duringviidking, the knee joint was extended with a
high velocity without any damping. After reaching the fultention the shank bounced back leading to
unwanted knee flexion at the end of the swing phase. By afpbtimulation to the hamstring muscle
group the movement of the shank is damped and the oscilkatibthe knee joint are almost completely

vanished.
? 30 ‘ ‘Maximum fqot angle ‘ ‘
@ 20( |
s 107
é 0 1 1 1 1
s O 20 40 60 80 100

0 20 40 60 80 100

Foot clearance [m]
o
=
T

o

= 400 ‘ ‘ ‘

2 200f / \ / -

i(/‘; O it I I Il I

g 0 20 40 60 80 100
Strides

Figure 7.6.: Maximum sagittal angle and foot clearance fobj&ct S1. The upper graph shows the
maximum sagittal foot angles on th&ected side (black line) and on the noffieated side
(grey line) measured with the inertial sensors. The middéply shows the foot clearance
on the dected side (black line) and on the noffiegted side (grey line). The lower graph

shows the applied pulse width.

In Figure[Zb the sagittal angle of the foot with respect ®dghound estimated from the inertial sensor
is plotted. In the left graph the sagittal angle of the foqtlstted for the case when no stimulation was
applied, whereas in the right hand graph the stimulatioméchiamstring muscle group was applied. In
Figure[Z® the maximum foot angle for both theated side as well as for the noffexted side are
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shown. It can be observed that the maximum angle was redubed the stimulation intensity was
increased. In addition, on the noffected side the stimulation has thieet that the maximum sagittal
foot angle was reduced. At first glance these figures mightdne that the stimulation degrades the
walking pattern as the maximum sagittal angle was reducde: faximum sagittal angle of the foot
was achieved in the moment when the knee was hyperextendatieAtimulation prevented this hyper-
extension, the maximum foot angle was also reduced. Thediogle at heel strike with and without
stimulation was small and more or less identical. This cddde been improved by stimulating the
tibialis anterior. From the figure it can also be observed tha foot clearance was noffacted by
the hamstring stimulation. Temporal parameters like tharegtry of the gait were notfiected by
stimulation. There were no significantfidirence of the symmetry indexes calculated with stimulation
and without stimulation.

Case study subject S2:

Subject S2 was gtering from stroke and wastacted on the right side. He could not walk independently
without using a walking aid or holding on to something. Helddwowever walk independently using
parachute harness on the treadmill. The main problem fopdkient occurred in the stance phase as the
guadriceps was to weak to bear the body weight. This resint&dee flexion during the stance phase
making it hard for the patient to initiate the next step. Iderto improve the gait pattern the quadriceps
muscle group was stimulated. The stimulation was switchredyothe heel strike event and was turned
off as soon as the foot flat phase was finished by the EeVent. The subject was participating in daily
treadmill training and the session reported here took plastead of regular treadmill training without
FES. The positions of pelvic, hip, knee ankle and inertialsse were recorded with the LUKOtronic
AS 202 motion analysis system in one session and with thetdtafoot insole measurementsystem in
another session.
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Figure 7.7.: Knee- and hip-joint angle trajectories for abS2. In the upper two graphs the mean
value (solid line) and the 95 % confidence interval of the kamgle for 10 consecutive
strides recorded with the LUKOtronic motion analysis syste shown for subject S2. On
the left side the mean value (solid line) and the 95 % confidénterval (grey area) are
shown when no FES is applied. On the right side the valueshangrsfor strides when FES
is applied. The two lower graphs show the mean value (sal&) lof the hip trajectories for
the same strides as for the knee angle.

In Figure[ .Y the comparison of angle trajectories with aitiaut FES is shown for subject S2. In the
figure the mean value of angle trajectories and the 95 % cordemterval are shown for steps without
stimulation and with stimulation applied to the quadricemsscle group. When the subject is walking
on the treadmill and no stimulation is applied it can be obsgithat the knee joint is flexed during the
stance phase. When applying stimulation the improvemeaqpgarent. The knee angle is fully extended
during the stance which can be seen from the small confidenerval in upper right graph compared
with the upper left graph. The same trend can also be observéite hip trajectories as the confidence
interval becomes smaller indicating that the step to stejatan decreases.
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Figure 7.8.: Foot pressure measurements for patient S2greipls show the mean pressure underneath
the foot (thick solid line) and the 95 % confidence interval ttn consecutive strides. To

the left measurement is shown when no stimulation is applibdreas in the right graph
stimulation is applied.

Table 7.3.: Temporal information of the gait for subject S2e table shows the mean values when no
FES is applied in the first row and the mean values when FESigedn the second row.
Percentage stance [%] Stride duration [secS lstance S lswing
no FES 0.60 2.14 -4.47 9.17
with FES 0.64 2.30 -1.95 3.70

In Figure[Z8 the results from the measurement with the Parftot insole measurement system are
presented. In the figure the average pressure for the peessnsors underneat the foot is plotted. To the
left the pressure is plotted when no stimulation was applibdreas for the right plot the stimulation was
applied to the quadriceps muscle group. From the figure ibeapbserved that when applying FES the
characteristic of the mean pressure becomes more simiégpattern of a healthy person. A typical peak
in the loading response phase as well as in the terminaleszartbe seen, whereas without stimulation
only one peak in the middle of the stance phase is seen.

Furthermore, it can also be observed that the duration dfttrece phase increased when stimulation was
applied which indicates that the patient with stimulatinrsted his weak side and got a more symmetric
gait. In Tabld_ZB the mean temporal variables are sumneefisesubject S2. In the table the percentage
of stance, the stride duration and the symmetry ind&iggnceandsS lg,in, are summarised. The values
in the table confirm the observation from the pressure measemt. The duration of the stance phase
and also the total duration of the strides increased whewukition was applied. The increased duration
of the stance phase does also influence the symmetry indéxel faoth are improved due to the stim-

ulation. It must be noted that the step to step variation efdues are quite large but the mean values
indicate a positive trend.
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7.6. Feedback Control of Movement Parameters in FES-Assisted Gait

7.6.1. Motivation

Surface and implantable systems have been developed withagorithms featuring control which have
been tested in laboratory environments for small patiemtiigs. However, the most drop foot systems to
date are open loop. These systems require active partawigdadm the user for adjustment of stimulation
parameters during initial set-up and in daily use. Furtloeamall previous feedback controlled drop foot
orthoses have been using extensive sensory inputs suchiasngders for measuring knee, hip and ankle
joints. Application of goniometers is unrealistic outsiéaboratory environment as a time consuming
procedure for mounting and calibrating the sensors aranestjbefore taking the sensors into use. The
inertial sensors féer an alternative to other sensors used in drop foot systachinahe application of
FES-assisted gait training as inertial sensors are easiljntable and can, as already shown in previous
chapter, be used to synchronise the stimulation with thiecgale. In this section we propose a strategy
for feedback control for use in drop foot stimulators and ESFassisted gait training based on inertial
sensors which allow an assessment of certain gait and maongrameters.

7.6.2. Control Concept

As already shown in ChaptEl 6, inertial sensors deliver afteompleted step estimated movement pa-
rameters such as maximum height of the foot during the swhiage, length of the step and the maximum
sagittal angle between the foot and the ground during swirag@. The idea is that each of these move-
ment parameters can be influenced by stimulation of one mgsolup. The stimulation timing of the
muscles is still synchronised to the gait phases as alregshribed and the stimulation intensity profile
i.e. the pulse width is kept constant during one stride. iAdteompleted step, movement parameters
are evaluated and the pulse width is changed for the nextirstequler to achieve a target value of the
movement parameter. This can be done automatically bydetticontroller do the task of choosing a
new stimulation intensity. Since the update of the stimaitaintensity is applied on a step to step basis
which of nature is discrete. Such a discrete controller sgeed in the next section.

In Figure[Z® two pairs of a movement parameter and a stimulathannel are illustrated for which
the feedback control is closer examined. The first movemararpeter evaluated is the foot clearance,
which can be influenced by stimulation of the hamstring maugcbup. The stimulation is triggered by
the heel & event and continues until the middle of the swing phases. riExé movement parameter
evaluated here is the maximum sagittal angle during thegspirases. The stimulation of the tibialis
anterior can influence this movement parameter.
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Figure 7.9.: Freely swinging leg with electrical stimudarti

7.6.3. Control Design

Let us assume a discrete-time control system where the sagnipstants are the heel strike events of the
stimulated leg. The control signals are the amplitude(isity) of predefined stimulation profiles and
outputs are the movement parameters influenced by the stioul At the sampling the stimulation
intensity for the next step must be determined based on tlasuned value of the movement parameter
from the previous step. Note that there is a time delay of o&e lsetween stimulation intensity update
and the &ect on the movement parameter. Under the assumption oféndept pairs of stimulation
channels and movement parameters the problems simplifigs drMIMO control problem to a set of
SISO control problems. The relationship between the agpliesaturated stimulation profile amplitude
u(k) of one stimulation channel and the movement paramgigrcan be assumed to be a linear time-
discrete pulse transfer function

y(K) = ba tu(k) + d(k) (7.1)

whereq! is the backward operatog(*u(k) = u(k — 1)). The plant gairb is dependent upon the
electrode placement, the timing of the stimulation and ipbsslso the speed of the patierd(k) is an
output disturbance comprising all external disturbansesell as voluntarily muscle movements.

Based on the the simple plant model (HQ.] 7.1), a pole placeomniroller may be designedi [3]. In
Figure[Z.ID the block structure of the closed-loop systeth miovement parameter controller is shown.
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Figure 7.10.: Block structure of the closed-loop system.

The controller is given through

u(k) = sat(T(q7)r(k) - S(@™y(K) + (1 - R@)u(K)) (7.2)

wherer (K) is the desired movement parameter (reference). Hgoel) andS(q?) are fixed polynomials
with the following structure:

ROY =1+rgt+..+rnq™ (7.3)
S(Y) =sp+sig 4.+ s (7.4)

The prefilterT(q1) is also a polynomial. The controller contains an internabet of the control signal
saturation:

u vk <u
u(k) = satp(k)) =3 v(k) u<ok) < (7.5)
U oK>T

The lower boundl represents the lower pulse width required to produce a maalsuinfluence on the
movement parameter. The upper bounis either technically caused by the stimulator device os it i
the maximum pulse width the patient can tolerate due to parcompensate for constant disturbances
and model errors integral action in the controller is regglirThis is done by choosing the polynominal
R(g™?) as follows:

RO =@1-gHR@™). (7.6)
(7.7)
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With this control design, the closed-loop system becomes

T T s L ) (L-ghHR(@™)
y(k) = He (g )r(k) + Ha(g ")d(k) = Wf(k) + Wd(k) (7.8)
where the closed-loop characteristic polynornig(q™) is given as
Ac = (L-gHR@™) +S(@ g™ (7.9)

The polynomialsR(q1) andS(g™t) are determined by the pole-placement method in which aetksi
closed-loop characteristic polynomial is specified by &gsation

Ad(@™) = Ao(d HAG™) (7.10)

whereAy(q1) andAc(q?) are polynomials of first order. The reason for splittingd¢hesed-loop polyno-
mial into two parts is to give the controllerftirent properties for reference tracking and for disturbanc
rejection. A second order closed-loop polynomial was chaseorder to obtain a proper controller of
minimal order. By solving the Diophantine Equatién{7.9 fbllowing solution is given

Ry = 1 (7.11)

sl = Xtl, Zegs (7.12)
b b
The second step of the controller design is to choose thenpoiial T(q™1). The aim is to obtain a
transfer function
ba'T(q)  _ A1)
Ac(@™MAs™)  Ada?)
from the reference to the movement parameter which is ofdidér and has unit gain. This is done
by cancelling the observer polynomiak(q™?) in the transfer function This is done by choosing the
following pre-filter T(q %)

Hr(q_l) =

(7.13)

gty = AR (7.14)

The tuning of the controller is specified by the closed-loofes, i.e. the roots of(q™1) andAc(q™?)
which can be specified through the time constants of equitatentinuous time systems oftbrder:

Ao(@ ) =1 - exp1/no)g (7.15)
Adh) =1-expEl/n)gt, (7.16)

Heren, andn; are the time constants given in strides. Téblé 7.4 showsutae for how the closed-loop
system can be tuned. The gaimvas in this work found through an identification procedurs.tide gain
remain fairly constant during the experiments, the paranietvas identified @line before the control
experiments. Naturally, the paramebecould also be identified on-line in an adaptive control salhem
The controller does comprise an anti-reset windup throbghrtternal input saturation model.
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Table 7.4.: Controller tuning.
Rise time Reference tracking Disturbance rejection Nassisivity

ng 7 - worse better
No | - better worse
ne T slower worse better
N | faster better worse

7.7. Simplified Model of a Free Swinging Leg

In this section a mathematical model of the free swingingdetgveloped in order to verify the proposed
control concept in simulations.

The swinging leg is considered as a planar triple penduluth thie hip joint as a fixed hanging point.
The pendulum consists of three segments: thigh, shank and Furthermore, it is assumed that the
mass of each segment is concentrated in a point mass at tte adrmass. The centre of mass, the
moment of inertia about the centre of mass and the lengthaf segment are assumed to be constant
during the movement of the leg. All joints are assumed to hgéjoints. Ground reaction forces do not
occur since only the swing phase is considered.

7.7.1. Equation of Motion

The equation of motion can be derived from Lagrangian foatioth, which is based on energy relations.
The Lagrange’s equations in the%2orm for a system oh generalised coordinategis defined by

d (8L) oL
aGi

a -5 = Qi i=1.n (717)
whereQ; are externally applied moments e.g. caused by muscle foqgassive joint properties, ards
the Lagrangian function which is theffiirence between the total kinetic enefiggnd the total potential

energyU of the system
L=T-U. (7.18)

The simplified model of the swinging leg has three genemlismordinatesr{= 3). These are the hip
joint angleq; = ¢y, the knee joint anglep = ¢k and the ankle joint anglgs = ¢a which are defined in
Figure[ZTl. The total potential energy of the system is time sf the potential energy of all segments:

U = mrght (pn) + Msghs(¢k, ¢H) + Maghal(ek, ¢H, @a). (7.19)

The first term represents the potential energy of the thighsécond term represents the potential energy
of the shank and the third term represents the potentialggnarthe foot. In the equatiog is the
gravitational constant, and the following masses and lteigie defined:
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Figure 7.11.: Model of a freely swinging leg.

my - mass of thigh

ms - mass of shank

ma - mass of foot

ht - height of the centre of mass of thigh
hs - height of the centre of mass of shank
ha - height of the centre of mass of foot

The heightstfr,hs,ha) of the centres of masses are functions of the knee, hip add print angles and
are derived in the the following way:

hr(on) =liey — ITH COS(oH) (7.20)
hs(¢H. ¢s) =liey — It COSfoH) — Isk COSloH + ¢k) (7.21)
ha(eH, ¢s, ¢a) =liey — 17 COS{H) — Is COSlon + k) — IFaSIN(eH + ¢k — @A) (7.22)

The lengths which are used are defined as:
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liey, - length of the whole leg

Itn - length from the centre of mass of thigh to the hip joint

I+ -length of thigh

Isk - length from the centre of mass of shank to the knee joint
Is - length of shank

Iea - length from the centre of mass of foot to the ankle joint

The total kinetic energy of the system is the sum of the kinetiergies of all segments

1 . 1 . i
T = 5('1 +mrl et + §|2(90H +@Kk)* +
1 2 2 l - . . 2 l 2 2
E(vx,s + 0, 5)Ms + EIS(SDH +oK —pp)” + E(UX,A + 0, A)MA (7.23)

where the first term is the kinetic energy of the thigh, theoedderm represents the rotational energy of
the shank about its centre of mass. The translational eméripe shank is given in the third term. The
fourth and fifth term represent the rotational and transteti energy of the foot segment respectively.
The termsyy A anduv, A describe the translational velocity of the foot segmentdnzontal and vertical
direction. The following moments of inertia and velocite® used:

I1 - moment of inertia about the centre of mass of thigh
I> - moment of inertia about the centre of mass of shank
I3 - moment of inertia about the centre of mass of foot

vxs - horizontal velocity of the centre of mass of shank
v,s - Vertical velocity of the centre of mass of shank
vxa - horizontal velocity of the centre of mass of foot
v,a - Vertical velocity of the centre of mass of foot

By applying the Lagrangian formulation, the general equmatif motion for three degrees of freedom
can be described as follows:

[M(a)] 4 = C(g.9) + G(q) + Q(a. q) (7.24)

with

q=[¢n ¢x @al" - vector of angles

M (q) - 3x3 inertia matrix

C(g,9) - 3x1 vector of Coriolis and centrifugal terms
G(q) - 3x1 vector of gravitational terms

Q(g,q) - 3x1 vector of external applied moments

The components of the matrices and vectors in the model eea gi AppendiA.
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7.7.2. Passive Moments

The total momen®(q, g) at the joints is the sum of active, passive elastic and passscous moments.
The passive elastic moment is modelled as a double expahéniction of the joint angles, whereas the
passive viscous joint moment is modelled as a linear damfpinction. These moments are caused by
passive properties of muscles, bones, ligaments etc. agdatie assigned to the joint. The viscous joint
moment is defined by

bh 0 O
M,s(@ =-Bg, B=| 0 bxk O (7.25)
0O O ba

whereB is the positive definite damping matrix. These passive ielgght moments can be expressed
by double exponential functions as described by Riener aihd [69)].

Mela = [MeIaH IV'ela,K MeIa,A]T (7-26)
with

Melar = €Xp(2108+ 0.9167pk + 1.117p) — exp(2.178— 4.011pk — 7.72%) — 1524 (7.27)
Melak = exXp(1037+ 0.2292o4 + 2.830px + 1.432p1)—

exp1.156— 0.1146pa — 1.4550k — 0.1719p) + exp(2500+ 14320k) + 1.0 (7.28)
Melaa = €Xp(20111— 4.7727pa — 0.0090pk ) — eXp9.925 + 12.215554) — 2.97. (7.29)

7.7.3. Muscle Models

Nine muscles and muscle groups have been taken into aceotire model (cf. FigurEZ.11). The mus-
cle models used in this paper are based on the models prédgniiener and Fuhi [69]. The muscle
models are far too complex for use in control design, but tigture important physiologicalfects and
are suitable to evaluate new control strategies in sinariatbefore carrying out real experiments with
subjects. The muscle models can be divided into activatiwhcantraction dynamics. Each muscle or
muscle group possesses its own activation and contracfizaingics. Activation dynamics are computed
considering the féect of spatial and temporal summation by a nonlinear raorrit curve, a nonlinear
activation frequency relationship, and a linear seconemoodlcium dynamics with time delay. Con-
traction dynamics describe the active moment developed $igigde muscle or muscle group, and are
calculated from its nonlinear moment arm and the musclesfontich is a function of maximum iso-
metric muscle force, muscle activation, force-length asrdd-velocity relation. The muscles described
in the model are listed in Figuke7]111.
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7.7.4. Reflex Model

The electrical stimulation of the mono-articular hip flex@ia surface electrodes is hardly realisable as
the hip flexor muscles are located deeply within the body. &l@s the flexion withdrawal reflex can
be elicited in order to initiate a step by FES. The withdravedllex is causing a flexion in the hip and
knee joints as well as an ankle dorsiflexion. The stimulatiequency has to be higher than for surface
muscle stimulation and frequencies in the range 50 to 60 elnarmally used.

Here a new approach of modelling the flexion withdrawal reffegxroposed. Parts of the muscle models
from [69] can be used for describing the physiological béhavof the flexion withdrawal reflex in an
adequate way. A number of assumptions regarding the plogsoall behaviour of the flexion withdrawal
reflex and the stimulation conditions are applied:

e Stimulation of the common peroneal nerve results in theractibn of the hip flexors and rectus
femoris which causes a hip flexion, and in a contraction ohtmastrings (caput longum), biceps
femoris (caput breve) and gastrocnemicus which is causkrgea flexion.

e Contraction dynamics, calcium dynamics and muscle fatayeeequal to normal muscle stimula-
tion.

e The time delay of reflex activation is higher than the one oéaimuscle activation because the
afferent neural signal is transmitted first to the spinal codithan the motor signal is transmitted
from the spinal cord to the muscles which is a longer distdhae at direct muscle activation.

e The activation caused by reflex stimulation isfelient for each muscle. Therefore, the reflex
activation of each muscle is weighted by a constant.

e Mono-articular muscles like biceps femoris (short head) hip flexors have larger weighting
constants than biarticular muscles.

e Reflex activation reduces the activation potential of dimcscle stimulation via surface elec-
trodes.

The activation dynamics are extended by a pulse width-reftéxation relation, an additional time delay,
a constant and a term specifying the superposition of reflex activadod direct muscle stimulation.
The relationship of the reflex activatiagetex to the applied pulse widtipw can be expressed by an
exponential function (cf. Figufe_Z112), as in|[78]:

The time delay is taken from_[94] and_[70]. Both referenceBngea time delay of 200ms between
stimulation input and reflex activation. Taking the aclisatdynamics into consideration a slightly
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smaller time delay of 175ms has been chosen. A constaranging between 0 and 1 is introduced
weighting the reflex activation of each muscle. The constavtiich are implemented in the model
are a rough estimate based on trial and error. For muscleshvdain be simultaneously activated by
peroneal nerve stimulation and direct stimulation the xedletivation and the direct activation have to
be superposed in an adequate way. The superposition of ditecle stimulation activatioayysgeand
reflex activationgse tjex to the total activatiora is represented by the following equation:

a = amuscld1 — Areflex) + areflex- (7.31)

This equation is a simple approximation to a nonlinear andptizated relation. Direct surface muscle
stimulation via surface electrodes activates motor neuvaimch are located near the surface. Peroneal
nerve stimulation activates motor neurons in the whole feus&quation [[Z.31) assumes that direct
stimulation and reflex stimulation activate partially tlagre motor units. For instance, a reflex activation
areflex Of 0.5 superposed to a surface muscle activasigiscie Of 0.5 will result in a total activation of
0.75. Furthermore, a total activation higher than 1 is ngsfide. This is an improvement in comparison
with other existing models.

Reflex activation

0.8¢

0.61

Areflex

0.4r

0.2¢

0 100 200 300 400 500
Pulse width [us]

Figure 7.12.: Pulse width dependency of reflex activation.

7.8. Feedback Controlled FES-Assisted Gait - Simulation Stud vy

7.8.1. Stimulation Pattern

The model described in the previous section was used toybef proposed control scheme. As there
are no contact forces described in the model, it is only valttie swing phase of the gait. Consequently,
the simulation is repeatedly started after a finished swimasp, with the same initial states. Before
validation of the control scheme, appropriate stimulaticervals for the four dferent channels were
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Table 7.5.: Stimulation pattern used in the simulation.
Start[s] Stop[s] Pulse widthug] Frequency[Hz]

Peroneal Nerve 0 0.5 400 60
Quadriceps 0.3 0.6 270 20
Hamstrings 0 0.3 variable 20
Tibialis anterior 0.7 1.0 variable 20

found, which provide a natural gait movement. During thewation, the parameters current amplitude,
pulse width, frequency and range of stimulation were kepstant, while the pulse width profile of the

channel influencing the movement parameter i.e. hamstdngbialis anterior have been modulated in
the amplitude by the controller.

Movement parameters used within this section are the featrahce and the maximal angle of the foot
in the sagittal plane. The foot clearantein the model is computed as the distance between the foot
and an imaginary ground. This is defined as a perfect cirdie tive hip joint as origin with radius equal

to the complete length of the extended lgg The foot clearance is then

fe =l — 12 + 12 — 27l cosex — 7). (7.32)

Note that the hip angley does not influence the foot clearance as the imaginary grisuased. Fur-
thermore, the maximum sagittal angle between the foot andtbund can from the model be found by

this equation
max

Ptoot = MAXE(pH + ¢k + ¢a)). (7.33)

Equation [Z.3B) assumes that the ground is flat.

In the simulation, the quadriceps, the hamstring, thelitbanterior and the peroneal nerve were stimu-
lated. Quadriceps comprises the vastii and rectus femarscias. In TableZ7l5 the stimulation timing,
the pulse width and frequency of the respective channelswaranarised. The pulse width for tibialis
anterior and quadriceps were as below described variable.

7.8.2. Test Procedure

Simulations were performed to investigate the performarfcthe feedback controller. For both the
foot clearance and the maximum sagittal angle of the foottmrol scheme was tested. As shown in
Chaptefb the foot clearance estimate based on inertiabsesassociated with a certain noise. To make
the simulations more realistic, the estimated movemeratrpaters were superposed by white noise with
a standard deviation of 5% of the mean value to simulate th@sorements with the inertial sensor.
Separately, for both the hamstring as stimulation chanm&fa@ot clearance as movement parameter and
the tibialis anterior as stimulation channel and maximugit&d angle before heel strike as movement
parameter the following tests were performed for finding ¢batrol parameters and to validate the
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controller:

e Open loop testThe stimulation intensity of one target muscle was changediden two stimu-
lation levels in a predefined manner, while the parameterthéoother stimulation channels were
kept constant.

e Parameter identification After the open loop test was performed, the plant dawas found
for stimulation chann@giovement parameter relation. After the plant dgaivas determined, the
controller was tuned using the rules defined in Téblé 7.4.theamore, the range in which the
movement parameters were lying was found in order to defipeogpiate reference values for the
closed-loop tests.

e SISO Closed-loop testburing this test only one controller was active and the esfee was
changing between two values lying in the range found in thendpop test. The reference move-
ment parameter was kept constant for 20 steps and then chémgfee other value. Stimulation
parameters of the other stimulation channels were keptaons

Two additional test have been performed in which both movdémarameter controllers were active:

o MIMO test 1: The reference value for the foot clearance was constantréfeeence value for the
maximum sagittal angle was a square wave signal.

e MIMO test 2: The reference value for the maximum sagittal angle was arsquave signal. The
reference value for the foot clearance was a square wavalsign

7.8.3. Results

In Figure[ZIB the results from tlepen loop testare shown. In the left graph tlepen loop tesfor the
foot clearance is depicted. The hamstrings stimulationckasged after 30 step from 208 to 300us.
The plant gain was calculated to bgyn = 0.085 cmius. The foot clearance was in the range 8 cm for
no stimulation to 16 cm for maximum stimulation of the hanmgys.
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Figure 7.13.: Results from thapen loop testsThe upper graph to the left shows the measured foot
clearance (grey line) and the real foot clearance (sol@) Jiwhereas the lower graph to the
left shows the corresponding pulse width applied to the lwmgs. In the upper graph to
the right are the measured maximum sagittal angle (greydine the real maximun sagittal
angle (solid line) shown, whereas in the lower right grapihéscorresponding pulse width
applied to the tibialis anterior depicted.

In the right graph the results from tlepen loop testor the tibialis anterior stimulation and the related
maximum sagittal angle are shown. The pulse width of thalidbanterior stimulation was changed after
30 steps from 15@s to 250us. The gain between the pulse width of the tibialis antetionidation and
the maximum sagital angle was found tollgg = 0.15 degus. It was also observed that the maximum
sagittal foot angle was lying between 12 and 31 degrees.

In Figure[ZI# the results from tf&1SO closed-loop tedr the foot clearance regulation are shown. The
reference was between 11 cm and 14 cm. In the upper graphférerree (dotted line), the measured
(grey line) and the real foot clearance (solid line) are ghaw the lower graph the corresponding pulse
width is shown. As seen from the plot, the controller has rabj@m to follow the reference value. The
new reference value was achieved after 5-7 steps.

In Figure[ZIb the results from tf SO closed-loop te$br the maximum sagittal angle regulation are
shown. The reference (dotted line) was changing betweemd &3 degrees and is shown in the upper
graph with the measured angle (grey line) as well as the regédsolid line). The lower graph depicts
the corresponding pulse width applied to the tibialis dateAs seen from the plot, the controller has no
problem to follow the reference value. The new referencaevalas achieved after 5-7 steps.
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Figure 7.14.: The results of tH&SO closed-loop te$br the foot clearance. The upper graph shows the
reference foot clearance (dotted line), the real foot eleee (solid line) and the measured

foot clearance (dashed line). The lower graph shows theukdtion pulse width applied to
the hamstrings.
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Figure 7.15.: Results from th8lSO closed-loop tesbr the maximum sagittal angle. The upper graph
shows the reference value (dotted line), the real maximugittahangle (solid line) and
the measured maximum sagittal angle (grey line). The lowaply shows the stimulation
pulse width applied to the tibialis anterior.
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Figure 7.16.: Results from thelIMO test X In the upper left graph are the reference foot clearance
(dotted line), the measured foot clearance (grey line) haddal foot clearance (solid line)
shown. In the lower left graph is the corresponding pulsethwipplied to the hamstrings
depicted. In the upper right graph are the maximum sagittgleareference (dotted line),
the measured maximum sagittal angle (grey line) and theregimum sagittal angle (solid
line) shown. In the lower right graph is the correspondinig@width applied to the tibialis
anterior depicted.
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Figure 7.17.: Results from thelIMO test 2 In the upper left graph are the reference foot clearance
(dotted line), the measured foot clearance (grey line) &edréal foot clearance (solid
line) shown. The corresponding pulse width applied to thmdtengs is depicted in the
lower left graph. In the upper right graph are the maximunitsd@ngle (dotted line), the
measured maximum sagittal angle (grey line) and the realrmar sagittal angle (solid
line) shown. In the lower right graph is the correspondinfg@width applied to the tibialis
anterior depicted.

In Figure[ZTI6 the results from tHdIMO test 1are shown. In the upper graph the measured foot
clearance (grey line), the real foot clearance (solid lara) the reference foot clearance (dotted line) are
shown. After 20 steps the reference maximum sagittal angtechanged from 15 degrees to 25 degrees
and the new desired value was achieved after 5-7 steps as prekious tests. After the #0step the
reference value of the maximum sagittal foot angle was redlfiom 25 to 15 degrees again. Both steps
had no influence on the regulated foot clearance as seen liefigtre.

In Figure[ZI¥ the results from tHdIMO test 2are shown. The reference foot clearance was after
20 steps changed from 9 cm to 18 cm and the new reference valsi@ehieved after 5-7 steps as in
the SISO closed-loop testAfter the 2@ step the maximum sagittal angle is falling slightly as it is
influenced by the increased hamstrings stimulation. Theiimax sagittal foot angle controller reacts
to this disturbance and the reference values is after a e $tack to the reference value. After th&40
step the reference value of the foot clearance was reduoed B cm to 9 cm again. After 7-8 steps
the reference value was achieved again. The maximum dagitife was increased as a consequence of
the reduced hamstring stimulation. The maximum sagittgleanontroller reacted to the situation and
decreased the stimulation to the tibialis anterior. Afté& Steps the reference was reachieved.
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7.9. Feedback Controlled FES-Assisted Gait - Patient Study

7.9.1. Subject

One hemiplegic stroke patienffacted on the left side had a good response to the tibialisiangtimula-
tion and was found suited to be used in the control schemeefiE*ar having drop foot, he had problems
to stabilise the fiiected leg during the stance phase. The patient was compent@s by moving the
non dfected side faster through the swing phase making the gaitrasyrical. Nevertheless, the main
purpose here was to show that the maximum sagittal angleedbtht could be controlled on a step to
step basis.

Sagittal angle of the foot
30 ‘ ‘

max

Ptoot \

Heel strike

Angle [ded

“lon B o, @ ol

=50
150 1505 151 1515 152 1525 153 153.5

Time [s]

Figure 7.18.: Example trajectory of the sagittal foot angdg,:.

In this section the movement paramet&l is used as movement parameter (see Figuré 7.18). The max-
imum sagittal angle of the foot was calculated after a cotegdlewing phase by searching the maximum
of the bufered angle during the swing phase.

7.9.2. Experimental Procedure

For the subject who had an appropriate response to stiroulafi the tibialis anterior, the following
procedure was carried out to find control parameters andlitat@ the control scheme experimentally.
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e Open loop test:The stimulation intensity of the tibialis anterior was maly changed via the
potentiometer.

o Parameter identificationAfter the open loop test was performed, the static plam gaias found
as well as the range in which the maximum sagittal angle wag.ly

e Closed-loop test 1:.Closed-loop test of the designed feedback controller. muthis test the
reference angle was set to constant 20 degrees.

¢ Closed-loop test 2During this test the square wave reference angle was chgbgiveen 18 and
23 degrees. The reference angle was kept constant for 46dsebefore it was changed to a new
value.

The current was set to 45 mA and the frequency was set to 30 drzalFtests the stimulation was
triggered by the heelfbevent and continued unti}8 of the swing phase.

7.9.3. Results

In Figure[ZI® the result from th®pen loop tests shown. In the lower graph the applied stimulation
intensity is plotted (pulse width). In the upper graph thinested maximum foot anglef2; is given.
Without stimulation the achieved maximum angle was lyinthimrange 13 to 15 degrees. When stimu-
lation was applied, the maximum angig® measured was lying in the range 14 - 26 degrees depending
on the stimulation level. The plant gain was somewhiiadilt to estimate as the response changed from
one test to another. But from the tests the constant was @tisely estimated to bk = 0.025 degus.

The controller was tuned by setting the time constagts 2 andn. = 2.
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Figure 7.19.: Results from th@pen loop testThe upper plot shows the achieved maximum sagittal foot

anglegtX. The corresponding pulse width is shown in the lower graph.
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Figure 7.20.: Results from thelosed-loop test:1In the upper graph the reference angle (dashed line)
and the measured maximum sagittal foot angle (solid line)giren. The applied pulse
width is given in the lower graph.
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Figure 7.21.: Results fror@losed-loop test:2In the upper graph the reference angle of 20 deg (dashed
line) and the measured maximum sagittal foot angle (satiel) lare shown. The reference
angle changes between 18 deg and 23 deg. The applied pulgeisvigiven in the lower
graph.

In Figure[Z2D the results fro@losed-loop test &re shown. The achieved maximum sagittal apg]e’

is shown in the upper graph, whereas the applied stimulattensity (pulse width) is shown in the lower
graph. As seen from the figure, the controller was able to keepnaximum angle constant during the
whole test (ca. 4 mjfi20 steps). Even though the averaged maximum angle was tettdaot, there
was a considerable step to step variation which was eithesechby variation of gait or by measurement
noise. The standard deviation of the maximum angle was leézlito be 1.5 degrees during this test.

In Figure[Z.Z1 the results from ti@&osed-loop test 2re shown. In the upper graph the achieved max-
imum sagittal angleofi%; (dashed line) is shown together with the reference angle. cbiresponding
pulse width is shown in the lower graph. The new referenceevalas normally achieved after 5 to 7
steps.

7.10. Discussion and Conclusions

The positive results from the GPD-IS triggered FES gainntragj indicate that an inertial sensor is a
appropriate sensor for such purpose. The general testihg 6fES-assisted gait training showed that the
triggering based on the GPD-IS worked robustly for neatlpfahe 12 hemiplegic patients participating
in the study. Only for two patients who were walking at a loveeg, the heel 6 events were detected
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too early as a result of a fidgety foot during the foot flat phaldgs was the only critical problem that
occurred.

The experiments showed that by applying electrical stitiarathe joint trajectories of hip, knee, and
ankle could be changed such that the gait patterns werdafiadly improved. The same experiments
showed that the improvements caused by electrical stifoalabuld not be revealed from the inertial
sensors derived temporal values for subject S1. For suBcan improvement in symmetry could be
seen from the temporal values derived from the inertial @&sns

The number of stimulated muscle groups was normally limitegxperiments, only one or two muscle
group were stimulated because of the elaborate proceddiedt@ppropriate muscles, and because of
the time consuming task to find the right stimulation pattern

In experiments with a stroke patient, it has been shown tieatiaximum sagittal angle estimated from an
inertial sensor can be used as feedback signal in a clospd-IBS control scheme on a step to step basis.
Even though the experiments were performed in a clinicdinggtthe control scheme has a potential to
be used for drop foot patients who are using a stimulator atenoThe feedback controller used is
simple to tune and no advanced modeling was needed for thieotdesign. An obvious extension of
the controller is to make it adaptive by identifying the glgain online.

The control scheme was successfully demonstrated with taxmement parameters in simulation and
with one movement parameter in experiments. It was not plesgd show that hamstrings stimulation
could influence the foot clearance in experiments with agpatilue to the limited number of patients
available. In the simulation, the MIMO controller tests wieal that the influence of the foot clearance
from the stimulation of tibialis anterior was minimal. Imuilations it was shown that the maximum
sagittal angle was influenced by hamstrings stimulatiore Jdime ffect was also seen in experiments
with one patient. Although this was not a problem for thisgrat a MIMO controller could have been

used to stabilise the maximum sagittal angle when stimngatie hamstrings.

Further investigation should in the future consider more@neent parameters derived from the inertial
sensor in simulation as well as in experiments. The modetldped in this work is a good basis for
further investigation of the proposed control scheme.
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8. Conclusions and Recommendations for
Future Work

In this thesis the use of inertial sensors in FES-assistédrgaming was investigated. As a first step

an algorithm for gait phase detection was developed, fockvitiwas assumed that the one inertial

sensor unit is mounted to the foot. Several similar detactigstems have been developed by other
research groups based on accelerometers and gyroscopdkle aothors best knowledge the system
presented in this work is the first one based on a completéidhsensor unit (three accelerometers
and three gyroscopes). Compared to other systems the gdedetdgorithm has the advantage that no
individual tuning of the parameters for each patient is ssagy. Even though a full sensor do imply an
advantage compared to a reduced sensor (one gyroscope@add@ierometers) measuring acceleration
and angular velocity in the sagittal plane, no direct congpar was done in this thesis regarding gait
phase detection, and this should be investigated in futoré.w

The feasibility of using an inertial sensor to calculateuamate estimates of step length and foot clearance
was demonstrated for five subjects withifeient gait pathologies walking on a treadmill with partial
body weight support. It could be demonstrated that the denstion of initial and end conditions of the
movement could considerably improve the accuracy of thelstegth and foot clearance estimation. In
conclusion, the current study indicates that foot movesant gait phases can be reconstructed from
inertial sensor data with an accuracy good enough to be sstgbdback sensor in an FES-assisted gait
rehabilitation system.

Experiments with 12 hemiplegic patients showed that FE&t&sl gait training based on the gait phase
detection system described in Chayifer 5 worked robustlalgpatients except for two subjects who
were walking at a low speed. For these two patients, the héalvents were detected too early as
a result of a fidgety foot during the foot flat phase. When applyelectrical stimulation, it could be
shown that the joint trajectories could be altered suchttf@pait patterns were qualitatively improved.
The improvements in gait can be online monitored by tempanal spatial parameters estimation as
well as indirect derived values from an inertial sensorea@yssuch as symmetry indices’s. Although
inertial sensors attached to the shoes do not directly megaint- angle trajectories, they do represent
an alternative to optical motion analysis systems becdwesedan easily be applied in a clinical setting
and monitor the progress of the rehabilitation. The numifestimulated muscle groups is normally
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limited. Usually only one or two muscle groups were stimedbibecause this was in most casdicent
to improve the gait pattern. In the cases where more than haonels were needed, the disability was
so severe that other rehabilitation methods like an elpwaihanical gait trainer should be considered.

It has been experimentally demonstrated that the maximygjittazangle of the foot with respect to the
ground estimated from the inertial sensor can be used abdekdaignal in a closed-loop FES control
scheme. The estimated movement parameter e.g. maximuttekaggle was after a completed step
used as feedback in the controller in order to adjust theusdition intensity for the next step. Even
though the experiments were performed in a clinical settimg control scheme has potential to be used
for drop foot patients who are using a drop foot stimulatoh@ne. The feedback controller used was
simple to tune and no advanced model was needed for the Bentdesign. An obvious extention
of the controller is to make it adaptive by on-line identifioa of the plant gain. Further research
should consider more movement parameters derived frorméréal sensor in simulation as well as in
experiments. The biomechanical model of the freely swigdawer limb developed in this work is a
good basis for further investigations of the proposed cbstheme.
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A. Model Equations

In Chaptefl a dynamic model of the free swinging leg is dbscrias:

[M(@)]d = C(q,9) + G(a) + Q(q,q) (A.1)
The components of the inertia matrix are:

M1 M2 M3
M(Q) =| mp1 My M3 (A.2)
M1 M2 Mz3

2 2 2 2 2 ;
My =m5|SK+ mTITH +1l1+ 12+ m5|-|- + mAIS + mAI,:A + I3+ ZmAlTlpASIn(ZpH + K — SDA)
+ 2malslea Sin(Z* YH + 2 % YK — (,DA) + 2maltls COS@K) + 2m5|T|SKCOS€0K) + mA|-2|- (A3)

Myo :mAlg + mAI,Z:A + 2malslea Sin(Z,DH + 2% YK — SDA) + 1y + m5|§K+

MaltlEa SIN(2pH + ok — @A) + MalTls cOsfpk) + MslTlskcosfek) + 13 (A.4)
My = — MalZ 5 — MaltlEA SIN2pH + oK — @a) — MAlslEaASIN(2pH + 20k — @A) — 3 (A.5)
Mp1 =My (A.6)
Mo =M * 12 + MalZ, + 12 + Mgl + I3+ 2malslea SiN(20n + 20k — @) (A.7)
Mps = — MalZ, — |3 — MalslEa SIN(2pH + 20k — @) (A.8)
Mgy =3 (A.9)
Mgz =Mpg (A.10)
Mag =I5 + MalZ 5 (A.11)

The components of the vector of gravitational terms are:

g1
G(a)=| g2 (A.12)
93
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g1 = — gMrlru sinfen) — msg(lT Sinfepn) + IskSin(en + ¢x)) — Mag(lT sin(en)

+Is sin(py + k) — IFA COSloH + vk — @A) (A.13)
g2 = — gMslsk Sinfpn + k) — Mag(ls Sinfen + ¢k) — IFA COSloH + vk — @A) (A.14)
g3 = — gMalFa COS(oH + @k — ¢p) (A.15)

The components of the vector of Coriolis and centrifugahteare:

Ci1 Ci2 C13
C@,0)=| ca1 Cx2 Co3 (A.16)
C31 C32 Cz3

C11 =(2maltlra cos(2o + ¢k — @) + 2Malslea €OS(20H + 20k — @a))PH

+ (MaltlFa COS(20H + @K — @A) + 2MalslFa COS(204 + 2¢k — wa) — MalTls sin(ek)

- msltlsksin(ek))ek + (=MaltlFa cos(2on + ok — oa)—

MalslFa COS(2on + 20K — @A))@a (A.17)
C12 =(Maltlra cOS(2n + @K — @A) + 2MalslFa COS(2on + 20k — ¢p)-

maltls sinfpk) — Msltls k Sin(ek))en + (Maltlea cOS(20H + ¢k — ¢a)

+ 2malslEa COS(2oH + 20k — @A) — Maltls sinfek) — Msltls k Sinfpk )@k +

(—=maltlracos(2o4 + ¢k — ¢a) — Malslpa COS(2on + 20k — wa))@a (A.18)
Ci3 = — Malra(ls COS(2on + 20Kk — ¢a) + |1 COS(ZoH + @k — wa))(PH + @Kk — @A) (A.19)
Ca1 =(2malslracos(Zon + 20k — ¢a) + MaltlFa COS(2oH + @k — pa)+

Maltls sinfpk) + MsltlskSin(ek))en + 2MalslFa cos(2oy + 2pk —

@A)k — Malslea COS(2on + 20K — pa)pa (A.20)
C22 =Malslra cos(2on + 20k — wa)(20H + 20k — @) (A.21)
Co3 = — MalslFa COS(2on + 20Kk — wa)(PH + @K — ¢4) (A.22)
C31 = — Malpa(@nls COS(2oH + 20k — @A) + @Rt COS(2oH+

@Kk — @A) + ¢kls €os(Zpn + 20k — ¢n)) (A.23)
Cz2 = — MalslFa COS(2oH + 20K — @a)PH — MalslFa COS(20H + 20Kk — @a)@K (A.24)
Caz =0 (A.25)
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