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FOREWORD

This volume contains the proceedings of the First International Conference on Biomedical Electronics and
Devices (BIODEVICES 2008), organized by the Institute for Systems and Technologies of
Information Control and Communication (INSTICC) and the University of Madeira, technically
co-sponsored by the IEEE Engineering in Medicine and Biology Society (EMB) and in
cooperation with AAAL

The purpose of the International Conference on Biomedical Electronics and Devices 1s to bring together
researchers and practitioners from electronics and mechanical engineering, interested in studying
and using models, equipments and materials inspired from biological systems and/or addressing
biological requirements. Monitoring devices, instrumentation sensors and systems, biorobotics,
micro-nanotechnologies and biomaterials are some of the technologies addressed at this

conference.

BIODEVICES is one of three integrated conferences that are co-located and constitute the
International Joint Conference on Biomedical Engineering Systems and Technologies (BIOSTEC).
The other two component conferences are HEALTHINF (International Conference on Health
Informatics) and BIOSIGNALS (International Conference on Bio-inspired Systems and Signal

Processing).

The joint conference, BIOSTEC, has received 494 paper submissions from more than 40 countries
in all continents. 65 papers were published and presented as full papers, i.e. completed work (8
pages/30” oral presentation), 189 papers reflecting work-in-progress or position papers were
accepted for short presentation, and another 86 contributions were accepted for poster
presentation. These numbers, leading to a “full-paper” acceptance ratio below 14% and a total oral
paper presentations acceptance ratio below 52%, show the intention of preserving a high quality

forum for the next editions of this conference.

The conference included a panel and six invited talks delivered by internationally distinguished
speakers, namely: Sergio Cerutti, Kevin Warwick, F. H. Lopes da Silva, Vipul Kashyap, David Hall
and Albert Cook. Their participation has positively contributed to reinforce the overall quality of
the Conference and to provide a deeper understanding of the field of Biomedical Engineering
Systems and Technologies.

The proceedings of the conference will be indexed by several major indices including DBLP,
INSPEC and ISI-Proceedings and it will also be submitted for indexing to EI. A book with the
revised versions of a short list of selected papers from the conference will be published by
Springer-Verlag in the new CS book series: Communications in Computer and Information Science
(CCIS). Additionally, a special issue of the IEEE Transactions on Biomedical Circuits and Systems

will be edited based on the very best papers of the conference.
The program for this conference required the dedicated effort of many people. Firstly, we must
thank the authors, whose research and development efforts are recorded here. Secondly, we thank

IX



FOREWORD (CONT.)

the members of the program committee and the additional reviewers for their diligence and expert
reviewing. Thirdly, we thank the keynote speakers for their invaluable contribution and for taking
the time to synthesise and prepare their talks. Fourthly, we thank the program chairs, Teodiano
Freire Bastos Filho and Hugo Gamboa, whose collaboration was much appreciated. Finally, special
thanks to all the members of the INSTICC team, especially Marina Carvalho at the conference
secretariat, and the local organising committee from the University of Madeira, especially Jorge
Cardoso and Paulo Sampaio, whose collaboration was fundamental for the success of this

conference.

This year, the organization will distribute two paper awards at the conference closing session: the
best paper award and the best student paper award. The decision was mainly based on the paper

classifications provided by the Program Committee.

We wish you all an exciting conference and an unforgettable stay in the lovely island of Madeira.
We hope to meet you again next year for the 2" BIODEVICES, details of which are available at
http:/ /www.biodevices.org.

Joaquim Filipe
INSTICC/Polytechnic Institute of Setubal




CONTENTS

INVITED SPEAKERS
KEYNOTE LECTURES

MULTIVARIATE, MULTIORGAN AND MULTISCALE INTEGRATION OF INFORMATION
IN BIOMEDICAL SIGNAL PROCESSING
Sergio Cerutti

OUTTHINKING AND ENHANCING BIOLOGICAL BRAINS
Kevin Warwick

ANALYSIS AND MODELS OF BRAIN EPILEPTIC ACTIVITIES
Fernando Henrigue Lopes da Silva

FROM THE BENCH TO THE BEDSIDE - The Role of Semantics in Enabling the Vision of
Translational Medicine
Vipul Kashyap

THE CANCER INFORMATICS ECOSYSTEM - A Case Study in the Accretion of Federated Systems
based on Service Oriented Architectures, Semantic Integration and Computing Grids
David Hall

ICT AND PERSONS WITH DISABILITIES - The Solution or the Problem?
Albert Cook

PAPERS

SHORT PAPERS

PROBABILISTIC WORKPSACE SCAN MODES OF A ROBOT MANIPULATOR COMMANDED
BY EEG SIGNALS
Fernando Alfredo Anat Cheein, Fernando di Sciascio, Ricardo Carelli and Teodiano Freire Bastos Filho

OMNIDIRECTIONAL VISION TACKING SYSTEM BASED ON KALMAN FILTERING
AND OMNICAMSHIFT
B. Allart, B. Marbic, L. Delahoche, O. Rémy-Néris and A. M. Jolly-Desodt

A RECONFIGURABLE SYSTEM FOR MOVEMENT REHABILITATION AND DIAGNOSTICS
WITH FES
Piotr Kaczmarek, Andrzej Kasiniski, Marek Kraft and Przemystaw Mazurkiewicz

METROLOGICAL CHARACTETIZATION OF A CYCLE ERGOMETER
Bocciolone Marco, Comolli Lorenzo and Molteni Franco

MEASURING THE FORCES APPLIED TO A VIRTUAL REALITY LAPAROSCOPIC SURGICAL
SIMULATOR WITH QUANTUM TUNNELLING COMPOSITE SENSORS
LI W. Mack, K. McMenemy, R. S. Ferguson, S. Potts and A. Dick

FORCE MEASUREMENT DURING GAIT THERAPY - The Case of Lokomat®
M. Bocciolone, M. Lurati, M. Vanali and F. Molteni

INSTRUMENTATION AND LABVIEW BASED CONTINUOUS PROCESSING FOR CHEST
PHYSIOTHERAPY
Liuc Marechal, Christine Barthod, Gérard Gantier, Jacques Lottin and Jean Claude Jeulin

1S-5

1S-9

1S-21

1S-23

1S-25

1S-27

17

23

29

35

41

XI



AUGMENTED COMANIPULATION IN ROBOTIC SURGERY
B. Cagnean, D. Bellot, G. Morel, N. Zemiti and G. D’Agostino

NEW DEVELOPMENT ON SHAPE MEMORY ALLOYS ACTUATORS
Roberto Romano and Eduardo Aoun Tannuri

A VERSATILE ROBOTIC WHEELCHAIR COMMANDED BY BRAIN SIGNALS OR EYE BLINKS
André Ferreira, Daniel Cruz Cavaliers, Rafael Ieal Silva, Teodiano Freire Bastos-Filho and Mdrio Sarcinelli-Filho

NEUROLAB: A MULTIMODAL NETWORKED EXOSKELETON FOR NEUROMOTOR
AND BIOMECHANICAL RESEARCH
A. F. Ruizy E. Rocon, F. Brunetti, L. Bueno, |. C. Moreno and ]. 1. Pons

MECHATRONIC SYSTEM FOR TRANSURETHRAL RESECTION TRAINING
Angel Asensio, Alejandro Ibar, Jose Ignacio Artigas, Alvaro Marco, Javier Casas and Roberto Casas

SYNCHRONIZATION ISSUES IN SURGICAL TRAINING
Alvaro Marco, Héctor Gracia, Angel Asensio, Carlos Guallar, José Ignacio Artigas and Roberto Casas

QUANTUM CASCADE LASERS FOR BIOSENSING APPLICATIONS
Pietro Regoliosi, Andrea V acchi, Giuseppe Scarpa and Paolo 1ugli

RAPID FINITE STATE MACHINE CONTROL OF INDIVIDUAL DNA MOLECULES IN
A NANOPORE
Noah A. Wilson, Robin Abu-Shumays, Elizabeth Koch, Seico Benner and William B. Dunbar

NOVEL FIELD-EFFECT CONTROLLED SINGLE-WALLED CARBON NANOTUBE
NETWORK DEVICES FOR BIOMEDICAL SENSOR APPLICATIONS
Udo Schwalke

SCREEN-PRINTED SENSOR FOR CHLORIDE QUANTIFICATION IN SWEAT FOR EARLY
DETERMINATION OF CYSTIC FIBROSIS
Javier Gonzalo-Ruiz, Roser Mas, F. Xavier Muiioz; and Rafael Camero

BIOINTERFACES BASED ON IMMOBILIZED BORONIC ACID WITH SPECIFITY TO
GLYCATED PROTEINS
Jan Pibyl and Petr Sklidal

A MINIMALLY INVASIVE MICROWAVE HYPERTHERMIC APPLICATOR WITH AN
INTEGRATED TEMPERATURE SENSOR
Guido Biffi Gentili and Mariano Linari

MICROCOMPUTERIZED SYSTEM TO ASSESS THE PERFORMANCE OF INFANT INCUBATORS
Mrio Anderson de Oliveira, Manricio Campelo Tavares and Raimes Moraes

A NOVEL APPROACH FOR SIMULATING A BIO-CONTAMINATION PROCESS
Gerard Chalhoub, Antonio Freitas and Michel Misson

PATIENT SIMULATOR APPLIED TO AUDITORY EVOKED POTENTIALS,
ELECTROCARDIOGRAPHY AND ELECTRONYSTAGMOGRAPHY
M. Tavares, C. Richter, R. Moraes and T. Oliveira

DESIGN OF A PC-BASED PATIENT SIMULATOR FOR TESTING AND CALIBRATION OF
ELECTROMEDICAL DEVICES USING LABVIEW
Pedro Pablo Escobar, Gerardo Acosta and Marcos Formica

EFFICIENT EVALUATION OF THE INFLUENCE OF ELECTRIC PULSE CHARACTERISTICS
ON THE DYNAMICS OF CELL TRANS-MEMBRANE VOLTAGE
N. Citro, L. Egiziano, P. Lamberti and V. Tucci

47

55

62

68

74

82

87

94

99

103

107

113

119

123

130

135

140

XII



POLYMER MEMS SYSTEM FOR MEASURING THE MECHANICAL MODULUS OF
A BIOLOGICAL CELL
Wenyne Zhang, Markus Gnerlich, Y aohuna Sun, Gaoshan Jing, Jonathan J. Paly, Arkady 1V oloshin

and Svetlana Tatic-Lucic

MEASUREMENT OF CELL FORCES USING A POLYMER MEMS SENSOR
Nicholas Ferrell, James Woodard and Derek Hansford

MICROWAVE DIELECTRIC SPECTROSCOPY OF LOW-VOLUME FRACTION HUMAN
CANCER CELLS EMBEDDED IN COLLAGEN GELS - Experimental Feasibility Study with an
Open-ended Coaxial Probe

Stéphane Egot-1emaire, Pierre-Olivier Bagnaninchi, Jacek Pijanka, Josep Sulé-Suso and Serguei Semenov

A 2.4 GHZ WIRELESS ELECTRONIC SHIRT FOR VITAL SIGNALS MONITORING
J. P. Carmo, P. M. Mendes, C. Conto and J. H. Correia

PERSONAL DIALYSIS USING A WEB-BASED, PORTABLE SYSTEM - C-PAK (Catry-on Pulse
Artificial Kidney)
Jung Chan Lee, Wook Eun Kim, Ki Moo Lim, Jeong Chul Kim and Byoung Goo Min

MAGNETIC COUPLING ANALYSIS OF A TET POWER DELIVERY SYSTEM
Thushari Dissanayake, David Budgett and Aiguo Patrick Hu

MECHANOMYOGRAPHIC SENSOR - A Triaxial Accelerometry Approach
Guilherme Nunes Nogneira-Neto, Ronie Wesley Miiller, Fabio Andrey Salles, Percy Nobama
and Vera Liicia da Silveira Nantes Button

CONSIDERATIONS ON IMPROVING THE DESIGN OF CUFF ELECTRODE FOR ENG
RECORDING - Geometrical Approach, Dedicated IC, Sensitivity and Noise Rejection
Fabien Soulier, Lionel Gonyet, Guny Cathébras, Serge Bernard, David Guirand and Yves Bertrand

AUTOMATIC FALL DETECTION AND ALERT SYSTEM - A Compact GPS/GSM Enabled Unit
Based on Accelerometry
Hugo Silva, Filipe Silva, Hugo Gamboa and V'itor 1 iegas

SENSORIZED MICROCATHETER - Smart Microinstrumentation Adressing Fetal Surgery — First Results
A. Sieber, K. Houston, A. Menciassi, G. Nauer and P. Dario

WIDE-BANDWIDTH, HIGH FRAME RATE ELECTRICAL IMPEDANCE TOMOGRAPHY /
SPECTROSCOPY - A Code Division Multiplexing (CDM) Approach
A. L. McEwan, D. S. Holder, ]. Tapson and A. van Schaik

SIMULTANEOUS WIRELESS MEASUREMENT OF BLOOD PRESSURE AND SYMPATHETIC
NERVE ACTIVITY - A System for Investigating Neural Control Mechanisms in Long Term Blood Pressure
Regulation

Daniel McCormick, Robert Kirton, Alan Easteal, Simon Malpas, Carolyn ]. Barret, Sarab Jane Guild, Poul Nielson,
Augio Patrick Hu, David Budgett, Matthew Lin and Bruce van 1 liet

MICRO-SHAFT-POKING - A Novel Instrument for Mechanically Characterizing Soft Biomimetic
Membrance
Kuo-Kang Lin, Mark Abearne, Eleftherios Siamantonras and Ying Yang

INSTRUMENTED SPLINT FOR THE DIAGNOSIS OF BRUXISM

Pilar 1afont Morgads, Andrés Diaz Lantada, Alexander Martinez Alvarez,

Antonio Barrientos Crug, Héctor Lorenzo-Y ustos, Pedro Luis Castedo Cepeda, Roberto Gonzdlez Herranz,
Julio Muiioz Garcia and Javier Echavarri Otero

METHOD FOR MEASURING PARYLENE THICKNESS USING QUARTZ CRYSTAL
MICROBALANCE
Henna Heinild, Maunn Mdantyli and Pekka Heino

146

151

156

162

166

170

176

180

186

190

196

204

210

216

222

XIII



APPLICATION OF MODAL ANALYSIS FOR EXTRACTION OF GEOMETRICAL FEATURES
OF BIOLOGICAL OBJECTS SET
Michal Rychlik, Witold Stankiewicg and Marek Morzyriski

A WIRELESS ACQUISITION SYSTEM FOR MONITORING THE INFLUENCE OF LOADS
ON VERTEBRAL COLUMN BEHAVIOUR
Joao Eduardo Castro Ribeiro and Joao Paulo Pereira do Carmo

A NEW METABOLISM MODEL FOR HUMAN SKELETAL MUSCLE
Dayn Ly and Bill Goodwine

A NOVEL DESIGN AND DEVELOPMENT OF A SINGLE CHANNEL INTEGRATED
DIGITAL BODY SOUND DATA ACQUISITION DEVICE
Ali Alouani, Omar Elkeelany and Mobammed A. S. Abdallah

DIFFERENTIAL ELECTRIC FIELD SENSITIVE FIELD EFFECT TRANSISTOR - Charactetistics,
Modeling and Applications
Yebhya H. Ghallab and Wael Badawy

PROGRAMMABLE CYTOGENETIC SUBMICROLITRE LAB-ON-A-CHIP FOR MOLECULAR
DIAGNOSTIC APPLICATIONS

Daniela Woide, Veronika Schlentner, Teresa Neumaier, Thorsten Wachtmeister, Herwig G. Paretzfe,

Zeno von Guttenberg, Achim Wisforth and Stefan Thalbammer

LAB-ON-A-CHIP WITH FLUID ACOUSTIC MICROAGITATION - Piezoelectric Polymer 3-PVDF
used as Ultrassonic Transducer

V. F. Cardoso, J. G. Rocha, F. O. Soares, G. Minas and S. Lanceros-Mendez,

YEAST ON A CHIP - Single-cell Analyses of MAPK Signaling Pathways in Saccharomyces Cerevisiae using
Cell Chips
Min Cheol Park, Moon Kyn Kwak, Hye Sung Cho, Kabp Y. Sub, Jae Young Hur and Sang-Hyun Park

A NEW INSTRUMENTED BIOLOGICAL DEVICE DESIGNED TO APPLY MECHANICAL
SHOCKS TO BONE CELLS
Laurent Navarro, Jean-Charles Pinolz, Henri Besset, René Guyonnet, Lanrence 1 ico and Alain Guignandon

MPSOC ARCHITECTURAL DESIGN AND SYNTHESIS FOR REAL-TIME BIOMEDICAL SIGNAL
PROCESSING IN GAMMA CAMERAS
Kai Sun, Hongxing Wei, Tianmiao Wang, Meng Wang, Zili Shao and Hui Liu

SMART DIELECTRIC ELASTOMERS AND THEIR POTENTIAL FOR BIODEVICES
Todd A. Gisby, lain A. Anderson, Emilio P. Calins and Shane Xie

PUNCTURE DEPTH AND THE MECHANICAL STABILITY OF MICRONEEDLES
D. C.C. Lam, Y. H. Lee, K. T. Shek and G. Pang

JUST PUSH PRINT - Biodevice Printing Using Bioinks, Electroinks and Quantum Dot Inks
Jan Lawrence Sumerel and Kai Sudau

ELECTRONIC DEVICES FOR RECONSTRUCTION OF HEARING
Albrecht Eiber

METHODOLOGY AND SYSTEM OF EVALUATING THE DRIVER’S VIGILANCE LEVEL
IN AN AUTOMOBILE TRANSPORTATION EXAMINING BOTH PHYSIOLOGICAL AND
MECHANICAL DATA

A. Giustiy C. Zocchi and A. Rovetta

AUTHOR INDEX

227

233

238

244

250

256

262

268

272

279

285

291

297

304

310

317

XIv



INVITED
SPEAKERS






KEYNOTE
LECTURES






MULTIVARIATE, MULTIORGAN

AND MULTISCALE INTEGRATION OF INFORMATION

Abstract:

IN BIOMEDICAL SIGNAL PROCESSING

Sergio Cerutti
Department of Bioengineering, Polytechnic University, Milano, Italy
sergio.cerutti@polimi.it

Biomedical signals carry important information about the behavior of the living systems under studying. A
proper processing of these signals allows in many instances to obtain useful physiological and clinical
information. Many advanced algorithms of signal and image processing have recently been introduced in
such an advanced area of research and therefore important selective information is obtainable even in
presence of strong sources of noise or low signal/noise ratio. Traditional stationary signal analysis together
with innovative methods of investigation of dynamical properties of biological systems and signals in
second-order or in higher-order approaches (i.e., in time-frequency, time-variant and time-scale analysis, as
well as in non linear dynamics analysis) provide a wide variety of even complex processing tools for
information enhancement procedures. Another important innovative aspect is also remarked: the integration
between signal processing and modeling of the relevant biological systems is capable to directly attribute
patho-physiological meaning to the parameters obtained from the processing and viceversa the modeling
fitting could certainly be improved by taking into account the results from signal processing procedure.
Such an integration process could comprehend parameters and observations detected at different scales, at
different organs and with different modalities. This approach is reputed promising for obtaining an olistic
view of the patient rather than an atomistic one which considers the whole as a simple sum of the single

component parts.

BRIEF BIOGRAPHY

Sergio Cerutti is Professor in Biomedical Signal and
Data  Processing at the Department of
Bioengineering of the Polytechnic University in
Milano, Italy. In the period 2000-2006 he has been
the Chairman of the same Department. His research
interests are mainly in the following topics:
biomedical signal processing (ECG, blood pressure
signal and respiration, cardiovascular variability
signals, EEG and evoked potentials), neurosciences
and cardiovascular modelling. In his research
activity he has put emphasis on the integration of
information at different modalities, at different
sources and at different scales in various
physiological systems. Since 1983 he has taught a
course at a graduate and a doc level on Biomedical
Signal Processing and Modelling at Engineering
Faculties (Milano and Roma) as well as at
Specialisation Schools of Medical Faculties (Milano
and Roma). He has been Elected Member of IEEE-
EMBS AdCom (Region 8) in the period 1993-1996.

He is actually Fellow Member of IEEE and of
EAMBES and Associate Editor of IEEE Trans
BME. He is a member of the Steering Committee of
the IEEE-EMBS Summer School on Biomedical
Signal Processing: he was the local organiser of four
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1 INTRODUCTION

Biomedical signals and imaging carry important
information about the behavior of the living systems
under studying. A proper processing of these signals
and images allow in many instances to obtain useful
physiological and clinical information. Actually,
many advanced algorithms of digital signal and
image processing are at disposal and therefore
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important selective information is now obtainable
even in presence of strong sources of noise or low
signal/noise ratio. In most of the cases it is not sure
whether such sources might derive even by complex
and unknown interactions with other biological
systems whose implications could be important from
the physiological or clinical standpoints. Traditional
stationary signal analysis together with innovative
methods of investigation of dynamical properties of
biological systems and signals in second-order or in
higher-order approaches (i.e., in time-frequency,
time-variant and time-scale analysis, as well as in
non linear dynamics analysis) provide a wide variety
of even complex processing tools for information
enhancement procedures in the challenging studying
of a better explanation of many physiological and
clinical phenomena.

2 INTEGRATION BETWEEN
SIGNAL PROCESSING AND
PHYSIOLOGICAL MODELING

Another important innovative aspect to improve the
information content from biomedical data is
constituted by the integration between signal
processing and modeling of the relevant biological
systems, thus directly attributing patho-physiological
meaning to the model parameters obtained from the
processing; and, viceversa, the modeling fitting
could certainly be improved by taking into account
the results from signal/image processing procedures.

3 MONOVARIATE AND
MULTIVARIATE SIGNAL
PROCESSING

Other kinds of integration may be fulfilled, taking
into account more signals from the same system in a
multivariate way (i.e. from a single-lead vs
multichannel EEG or ECG analysis) and combining
also the action of different systems such as
autonomic nervous system, cardiovascular and
respiratory systems, etc. Sleep is a formidable
example of multiorgan involvement in both
physiological (sleep staging and correlation with
cardiorespiratory ~ system) and  pathological
conditions (sleep apnea, sleep deprivation, restless
leg syndrome and so on).
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4 MULTISCALE APPROACH

Further, modern rehabilition techniques (motor and
/or cognitive) make use actually of objective indices
obtained from the patient’s biosignals and images to
better “personalize” rehabilitation protocols (from
EEG, EP’s, ERP’s, MRI, fMRI, NIRS, etc). In
neurosciences such an integration process could
comprehend parameters and observations detected
also at different scales, from genome and proteome
up to the single organ and to the entire body
compartment. Examples will be described where an
animal model (murine model) is developed by
alterating a gene putative to a determined patholopy
(i.e.epilepsy) and changes in EEG signals are studied
(spike/wave occurrences and modifications in signal
power bands). In clinical applications, it is worth
mentioning the important data fusion which could be
fulfilled by the integration of simultaneous EEG
recordings and fMRI in some epileptic patients
during inter-critical or critical events.

Finally, another important integration can be
obtained along different observation scales.
Traditionally, biological signal analysis is carried
out at the level of organ or system to be investigated
(i.e., ECG or EEG signal, arterial blood pressure,
respiration and so on). It is very clear the advantage
of correlating this information with that one obtained
about the same system, but at different scale level,
i.e. at cellular level or even at subcellular level (for
example, analyzing possible genetic correlates or
typical patterns of proteins or even DNA/RNA
sequences). Biomedical engineering as a dedicated
discipline may strongly contribute to this multiscale
information processing

Along this approach line, even the long-QT
syndrome, can be efficiently studied at different
scale level: a mutation in a portion of gene SCN5SA
which presents a phenotype compatible to long-QT3
type, is known to produce an altered function of Na+
channels. Through a proper model which describes
the functioning of ventricular cells is possible to
evidence that this alteration may induce a
prolongation of QT duration, as detected on ECG
tracing. This event is further correlated with an
increased risk of ventricular tachyarrhythmias.
Hence, the path is completed: from the genetic
expression up to the disease manifestation (Clancy
and Rudy, 1999), (Priori ey al.,, 2003). Many
different signal processing and modeling are
involved in this paradigmatic example: an
integration along the various scales of observation
may undoubtedly contribute to a  better



understanding of the complex pathophysiological
correlates.

A great effort is on course nowadays for creating
very large databases and networking of models and
technologies for integrating such information
(Physiome project (Hunter et al., 2002), (Rudy,
2000) to be connected with Genome and Proteome
projects and Virtual Physiological Human project —
VPH — which is inserted into the activities of the 7"
Framework Programme of EU).

Other examples are constituted by the studying of
the profile of expressed proteins in 2D-gel supports,
or after mass-spectrometry analysis, relative to a
variety of pathologies (i.e. epilepsy, peripheral
neuropathies or Amyotrophic Lateral Sclerosis
(ALS), or in oncological studies) thus singling out
the set of proteins which present a correlate with the
pathology in respect to the control group.

This overall approach is reputed promising for
obtaining an olistic view of the patient rather than an
atomistic one which considers the whole as a simple
sum of the single component parts.
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In this paper an attempt has been made to take a look at how the use of implant and electrode technology
can now be employed to create biological brains for robots, to enable human enhancement and to diminish
the effects of certain neural illnesses. In all cases the end result is to increase the range of abilities of the
recipients. An indication is given of a number of areas in which such technology has already had a profound
effect, a key element being the need for a clear interface linking the human brain directly with a computer.
An overview of some of the latest developments in the field of Brain to Computer Interfacing is also given
in order to assess advantages and disadvantages. The emphasis is clearly placed on practical studies that
have been and are being undertaken and reported on, as opposed to those speculated, simulated or proposed
as future projects. Related areas are discussed briefly only in the context of their contribution to the studies
being undertaken. The area of focus is notably the use of invasive implant technology, where a connection is
made directly with the cerebral cortex and/or nervous system.

Tests and experimentation which do not involve human subjects are invariably carried out a priori to
indicate the eventual possibilities before human subjects are themselves involved. Some of the more
pertinent animal studies from this area are discussed including our own involving neural growth. The paper
goes on to describe human experimentation, in which neural implants have linked the human nervous
system bi-directionally with technology and the internet. A view is taken as to the prospects for the future
for this implantable computing in terms of both therapy and enhancement.
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1 INTRODUCTION

Research is being carried out in which biological
signals of some form are measured, are acted upon
by some appropriate signal processing technique and
are then employed either to control a device or as an
input to some feedback mechanism (Penny et al.,
2000), (Roitberg, 2005). In many cases necural
signals are employed, for example
Electroencephalogram (EEG) signals can be
measured externally to the body, using externally
adhered electrodes on the scalp (Wolpaw et al.,
1990) and can then employed as a control input.
Most likely this is because the procedure is
relatively simple from a research point of view and
is not particularly taxing on the researchers
involved. However, reliable interpretation of EEG
data is extremely complex — partly due to both the
compound nature of the multi-neuronal signals being
measured and the difficulties in recording such
highly attenuated

In the last few years interest has also grown in the
use of real-time functional Magnetic Resonance

IS-9



Imaging (fMRI) for applications such as computer
cursor control. This typically involves an individual
activating their brain in different areas by
reproducible thoughts (Warwick, 2007) or by
recreating events (Pan et al., 2007). Alternatively
fMRI and EEG technologies can be combined so
that individuals can learn how to regulate Slow
Cortical Potentials (SCPs) in order to activate
external devices (Hinterberger et al., 2005). Once
again the technology is external to the body. It is
though relatively expensive and cumbersome.

It is worth noting that external monitoring of neural
signals, by means of either EEG analysis or indeed
fMRI, leaves much to be desired. Almost surely the
measuring technique considerably restricts the user’s
mobility and, as is especially the case with fMRI, the
situation far from presents a natural or comfortable
setting. Such systems also tend to be relatively slow,
partly because of the nature of recordings via the
indirect connection, but also because it takes time
for the individual themselves to actually initiate
changes in the signal. As a result of this,
distractions, both conscious and sub-conscious, can
result in false indicators thus preventing the use of
such techniques for safety critical, highly dynamic
and, to be honest, most realistic practical
applications. Despite this, the method can enable
some individuals who otherwise have extremely
limited communication abilities to operate some
local technology in their environment, and, in any
case, it can serve as a test bed for a more direct and
useful connection.

The definition of what constitutes a Brain-Computer
Interface (BCI) is extremely broad. A standard
keyboard could be so regarded. It is clear however
that various wearable computer techniques and
virtual reality systems, e.g. glasses containing a
miniature computer screen for a remote visual
experience (Mann, 1997), are felt by some
researchers to fit this category. Although it is
acknowledged that certain body conditions, such as
stress or alertness, can be monitored in this way, the
focus of this paper is on bidirectional BCIs and is
more concerned with a direct connection between a
biological brain and technology, and ultimately a
human and technology.

2 INVIVO STUDIES

Non-human animal studies can be considered to be a
pointer for what is potentially achievable with
humans in the future. As an example, in one
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particular animal study the extracted brain of a
lamprey, retained in a solution, was used to control
the movement of a small wheeled robot to which it
was attached (Reger et al., 2000). The lamprey
innately exhibits a response to light reflections on
the surface of water by trying to align its body with
respect to the light source. When connected into the
robot body, this response was utilised by
surrounding the robot with a ring of lights. As
different lights were switched on and off, so the
robot moved around its corral, trying to position
itself appropriately.

Meanwhile in studies involving rats, a group of rats
were taught to pull a lever in order to receive a
suitable reward. Electrodes were then chronically
implanted into the rats’ brains such that the reward
was proffered when each rat thought (one supposes)
about pulling the lever, but before any actual
physical movement occurred. Over a period of days,
four of the six rats involved in the experiment
learned that they did not in fact need to initiate any
action in order to obtain a reward; merely thinking
about it was sufficient (Chapin, 2004).

In another series of experiments, implants consisting
of microelectrode arrays have been positioned into
the frontal and parietal lobes of the brains of two
female rhesus macaque monkeys. Each monkey
learned firstly how to control a remote robot arm
through arm movements coupled with visual
feedback, and it is reported that ultimately one of the
monkeys was able to control the arm using only
brain derived neural signals with no associated
physical movement. Notably, control signals for the
reaching and grasping movements of the robotic arm
were derived from the same set of implanted
electrodes (Carmena et al., 2003), (Nicolelis et al.,
2000).

Such promising results from animal studies have
given the drive towards human applications a new
impetus.

3 ROBOT WITH A BIOLOGICAL
BRAIN

Human concepts of a robot may involve a little
wheeled device, perhaps a metallic head that looks
roughly human-like or possibly a biped walking
robot. Whatever the physical appearance our idea
tends to be that the robot might be operated remotely
by a human, or is being controlled by a simple
programme, or even may be able to learn with a



microprocessor/computer as its brain. We regard a
robot as a machine.

In a present project neurons are being cultured in a
laboratory in Reading University to grow on and
interact with a flat multi-electrode array. The neural
culture, a biological brain, can be electronically
stimulated via the electrodes and its trained response
can be witnessed.

The project now involves networking the biological
brain to be part of a robot device. In the first
instance this will be a small wheeled robot. The
input (sensory) signals in this case will be only the
signals obtained from the wheeled robot’s ultrasonic
sensors. The output from the biological brain will be
used to drive the robot around. The goal of the
project initially will be to train the brain to drive the
robot forwards without bumping into any object.
Secondly, a separate biological brain will be grown
to be the thinking process within a robot head (called
Morgui) which houses 5 separate sensory inputs.

What this means is that the brain of these robots will
shortly be a biological brain, not a computer. All the
brain will know is what it perceives from the robot
body and all it will do will be to drive the robot body
around or control the robot head respectively. The
biological brain will, to all intents and purposes, be
the brain of the robot. It will have no life, no
existence outside its robotic embodiment.

Clearly this research alters our concept of what a
robot is, particularly in terms of ethical and
responsibility issues. If a role of animal research is
to open up possibilities for future human trials, then
in this case the research could well be opening a
window on the ultimate possibility of human
neurons being employed in a robot body. All the
‘human’ brain would know would be its life as a
robot.

4 HUMAN APPLICATION

At the present time the general class of Brain-
Computer Interfaces (BCIs) for humans, of one form
or another, have been specifically developed for a
range of applications including military weapon and
drive systems, personnel monitoring and for games
consoles. However, by far the largest driving force
for BCI research to date has been the requirement
for new therapeutic devices such as neural
prostheses.

The most ubiquitous sensory neural prosthesis in
humans is by far the cochlea implant (Fin and

LoPresti, 2003). Here the destruction of inner ear
hair cells and the related degeneration of auditory
nerve fibres results in sensorineural hearing loss. As
such, the prosthesis is designed to elicit patterns of
neural activity via an array of electrodes implanted
into the patient’s cochlea, the result being to mimic
the workings of a normal ear over a range of
frequencies. It is claimed that some current devices
restore up to approximately 80% of normal hearing,
although for most recipients it is sufficient that they
can communicate to a respectable degree without the
need for any form of lip reading. The typically
modest success of cochlea implantation is related to
the ratio of stimulation channels to active sensor
channels in a fully functioning ear. Recent devices
consist of up to 32 channels, whilst the human ear
utilises upwards of 30,000 fibres on the auditory
nerve. There are now reportedly well over 10,000 of
these prostheses in regular operation.

Studies investigating the integration of technology
with the human central nervous system have varied
from merely diagnostic to the amelioration of
symptoms (Warwick and Gasson, 2004). In the last
few years some of the most widely reported research
involving human subjects is that based on the
development of an artificial retina (Rizzo, 2001).
Here, small electrode arrays have been successfully
implanted into a functioning optic nerve. With direct
stimulation of the nerve it has been possible for the
otherwise blind recipient to perceive simple shapes
and letters. The difficulties with restoring sight are
though several orders of magnitude greater than
those of the cochlea implant simply because the
retina contains millions of photodetectors that need
to be artificially replicated. An alternative is to
bypass the optic nerve altogether and use cortical
surface or intracortical stimulation to generate
phosphenes (Dobelle, 2000).

Most invasive BCIs monitor multi-neuronal
intracortical action potentials, requiring an interface
which includes sufficient processing in order to
relate recorded neural signals with movement intent.
Problems incurred are the need to position electrodes
as close as possible to the source of signals, the need
for long term reliability and stability of interface in
both a mechanical and a chemical sense, and
adaptivity in signal processing to deal with
technological and neuronal time dependence.
However, in recent years a number of different
collective assemblies of microelectrodes have been
successfully employed both for recording and
stimulating neural activity. Although themselves of
small scale, nevertheless high density
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connectors/transmitters are required to shift the
signals to/from significant signal processing and
conditioning devices and also for onward/receptive
signal transmission.

Some research has focussed on patients who have
suffered a stroke resulting in paralysis. The most
relevant to this paper is the use of a 3" generation’
brain implant which enables a physically incapable
brainstem stroke victim to control the movement of
a cursor on a computer screen (Kennedy, 2000),
(Kennedy, 2004). Functional Magnetic Resonance
Imaging (fMRI) of the subject’s brain was initially
carried out to localise where activity was most
pronounced whilst the subject was thinking about
various movements. A hollow glass electrode cone
containing two gold wires and a neurotrophic
compound (giving it the title ‘Neurotrophic
Electrode’) was then implanted into the motor
cortex, in the area of maximum activity. The
neurotrophic compound encouraged nerve tissue to
grow into the glass cone such that when the patient
thought about moving his hand, the subsequent
activity was detected by the electrode, then
amplified and transmitted by a radio link to a
computer where the signals were translated into
control signals to bring about movement of the
cursor. With two electrodes in place, the subject
successfully learnt to move the cursor around by
thinking about different movements. Eventually the
patient reached a level of control where no
abstraction was needed — to move the cursor he
simply thought about moving the cursor. Notably,
during the period that the implant was in place, no
rejection of the implant was observed; indeed the
neurons growing into the electrode allowed for
stable long-term recordings.

Electronic neural stimulation has proved to be
extremely successful in other areas, including
applications such as the treatment of Parkinson’s
disease symptoms. With Parkinson’s Disease
diminished levels of the neurotransmitter dopamine
cause over-activation in the ventral posterior nucleus
and the subthalamic nucleus, resulting in slowness,
stiffness, gait difficulties and hand tremors. By
implanting electrodes into the subthalamic nucleus
to provide a constant stimulation pulse, the over
activity can be inhibited allowing the patient, to all
external intents and purposes, to function normally
(Pinter et al., 1999).
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Ongoing research, funded by the UK Medical
Research Council, is investigating how the onset of
tremors can be accurately predicted such that merely
a stimulation current burst is required rather than a
constant pulsing (Gasson et al., 2005: pp.16/1-16/4).
This has implications for battery inter-recharge
periods as well as limiting the extent of in-body
intrusive signalling. The deep brain stimulator can
be used to collect local field potential (LFP) signals
generated by the neurons around the deep brain
electrodes (Gasson et al., 2005: pp.16/1-16/4).
Determining the onset of events can be investigated
by using fourier transforms to transfer the time
based signal to a frequency based spectrogram to
determine the change in frequency at the critical
time period. However, in addition to that, the
frequency changes in the period of time immediately
prior to the tremor occurrence can give important
information.

Fig.1 shows the results of an initial attempt to train
an artificial neural network to indicate not only that
a Parkinsonian tremor is present but also that one is
very likely to occur in the near future. The aim of
this research is that, once a reliable predictor has
been obtained, the stimulating pulsing will only be
enacted when a tremor is predicted, in order to stop
the actual physical tremor occurring before it even
starts in the first place.

The bottom trace in Fig.1 shows emg (muscular)
signals, measured externally, associated with
movement due to the tremors. It can be seen that the
tremors in this incident actually start at around the
45 to 50 second point. The trace just above this
indicates the corresponding electrical data measured
as deep brain Local Field Potentials in the Sub-
Thalamic Nucleus of the patient involved. It can be
witnessed how, in this case, the electrical data takes
on a different form (in terms of variance at least) at
around the 45 to 50 second point. The four top plots
meanwhile indicate the outputs from 4 differently
structured artificial neural networks, based on multi-
layer perceptrons with different numbers of neurons
in the hidden (middle) layer.

It can be seen how, for each network, the output of
the network goes high (logic 1) at the 45 to 50
second point, to indicate the presence of a
Parkinsonian tremor. This is all well and good, what
is important however is that the output of the
networks also briefly goes high around the 30
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Figure 1: Time plot of the onset of a Parkisonian tremor incident with corresponding artificial neural network indicators.

second point and this can be seen as an indication of
the fact that a tremor will shortly occur. Ongoing
research is involved with selection of the type and
number of inputs to the network, presently these
being based on the energy spectrum in different
frequency ranges. The networks are also being tested
on considerable amounts of resting data, that is long
periods of brain activity where no tremors at all
actually occur in patients. Clearly the aim is that a
network will not give false predictions of tremors.

In fact false positive predictions are not so much of a
critical problem. The end result with a false positive
is that a stimulation may occur when it is not strictly
necessary. In any event no actual tremor would
occur, which is indeed a good outcome, however
unnecessary energy would have been used — in fact
if numerous false predictions occurred the intelligent
stimulator would tend toward the present ‘blind’
stimulator. Effectively the occasional false positive
prediction is perhaps not a problem, unless it became
a regular occurrence. The good news is that results
show that the network can be readily tuned to avoid
false positives anyway.

6 GENERAL IMPLANT STUDIES

Some of the most impressive human research to date
has been carried out using the microelectrode array,
shown in Figure 2. The individual electrodes are

only 1.5mm long and taper to a tip diameter of less
than 90 microns. Although a number of trials not
using humans as a test subject have occurred
(Branner and Normann, 2000), human tests are at
present limited to two studies. In the second of these
the array has been employed in a recording only role
(Donoghue et al., 2002), (Donoghue et al., 2004),
(Friehs et al., 2004), most notably recently as part of
the ‘Braingate’ system. Essentially activity from a
few neurons monitored by the array electrodes is
decoded into a signal to direct cursor movement.
This has enabled an individual to position a cursor
on a computer screen, using neural signals for
control combined with visual feedback. The first use
of the microelectrode array (Figure 2) will be
discussed in the following section as this has
considerably broader implications which extend the
capabilities of the human recipient.

A key selection point at the present time are what
type of implant to employ, as several different
possibilities exist, ranging from single electrode
devices to multielectrode needles which contain
electrode points at different depths to multielectrode
arrays which either contain a number of electrodes
which penetrate to the same depth (as in Figure 2) or
are positioned in a banked/sloped arrangement. A
further key area of consideration is the exact
positioning of a BCI. In particular certain areas of
the brain are, apparently, only really useful for
monitoring purposes whilst others are more useful
for stimulation.
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Actually deriving a reliable command signal from a
collection of captured neural signals is not
necessarily a simple task, partly due to the
complexity of signals recorded and partly due to
time constraints in dealing with the data. In some
cases however it can be relatively easy to look for
and obtain a system response to certain anticipated
neural signals — especially when an individual has
trained extensively with the system. In fact neural
signal shape, magnitude and waveform with respect
to time are considerably different to the other signals
that it is possible to measure in this situation.

If a greater understanding is required of neural
signals recorded, before significant progress can be
made, then this will almost surely present a major
problem. This is especially true if a number of
simultaneous channels are being employed, each
requiring a rate of digitization of (most likely)
greater than 20KHz in the presence of unwanted
noise. For real time use this data will also need to be
processed within a few milliseconds (100
milliseconds at most). Further, although many
studies have looked into the extraction of command
signals (indicating intent) from measured values, it
is clear that the range of neural activity is
considerable. Even in the motor area not only are
motor signals present but so too are sensory,
cognitive, perceptual along with other signals, the
exact purpose of which is not clear — merely
classifying them as noise is not really sufficient and
indeed can be problematic when they are repeated
and apparently linked in some way to activity.

It is worth stressing here that the human brain and
spinal cord are linking structures, the functioning of
which can be changed through electronic stimulation
such as that provided via an electrode arrangement.
This type of technology therefore offers a variety of
therapeutic possibilities. In particular the use of
implanted systems when applied to spinal cord
injured patients, in whom nerve function is
disordered, was described in (Warwick, 2004) as
having the following potential benefits (among
others):

1. Re-education of the brain and spinal cord
through repeated stimulation patterns

2. Prevention of spinal deformity

Treatment of intractable neurogenic and other

pain

Assisting bladder emptying

Improving bowel function

Treatment of spasticity

Improvement of respiratory function -

assisting coughing and breathing

w
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8. Reduction of cardiovascular maleffects

9. Prevention of pressure sores — possibly
providing sensory feedback from denervated
areas

10. Improvement and restoration of sexual

function

11. Improved mobility

12. Improved capability in daily living, especially
through improved hand, upper limb and
truncal control

Sensate prosthetics is another growing application
area of neural interface technology, whereby a
measure of sensation is restored using signals from
small tactile transducers distributed within an
artificial limb (Fin and LoPresti, 2003). The
transducer output can be employed to stimulate the
sensory axons remaining in the residual limb which
are naturally associated with a sensation. This more
closely replicates stimuli in the original sensory
modality, rather than forming a type of feedback
using neural pathways not normally associated with
the information being fed back. As a result it is
supposed that the user can employ lower level
reflexes that exist within the central nervous system,
making control of the prosthesis more subconscious.

One final noteworthy therapeutic procedure is
Functional Electrical Stimulation (FES), although it
is debatable if it can be truly referred to as a BCI,
however it aims to bring about muscular excitation,
thereby enabling the controlled movement of limbs.
FES has been shown to be successful for artificial
hand grasping and release and for standing and
walking in quadriplegic and paraplegic individuals
as well as restoring some basic body functions such
as bladder and bowel control (Grill and Kirsch,
2000). It must be noted though that controlling and
coordinating concerted muscle movements for
complex and generic tasks such as picking up an
arbitrary object is proving to be a difficult, if not
insurmountable, challenge.

In the cases described in which human subjects are
involved, the aim on each occasion is to either
restore functions since the individual has a physical
problem of some kind or it is to give a new ability to
an individual who has very limited motor abilities.
In this latter case whilst the procedure can be
regarded as having a therapeutic purpose, it is quite
possible to provide an individual with an ability that
they have in fact never experienced before. On the
one hand it may be that whilst the individual in
question has never previously experienced such an
ability, some or most other humans have — in this



case it could be considered that the therapy is
bringing the individual more in line with the “norm”
of human abilities.

It is though also potentially possible to give extra
capabilities to a human, to enable them to achieve a
broader range of skills — to go beyond the “norm”.
Apart from the, potentially insurmountable, problem
of universally deciding on what constitutes the
“norm”, extending the concept of therapy to include
endowing an individual with abilities that allow
them to do things that a perfectly able human cannot
do raises enormous ethical issues. Indeed it could be
considered that a cochlea implant with a wider
frequency response range does just that for an
individual or rather an individual who can control
the curser on a computer screen directly from neural
signals falls into this category. But the possibilities
of enhancement are enormous. In the next section
we consider how far things could be taken, by
referring to relevant experimental results.

7 HUMAN ENHANCEMENT

The interface through which a user interacts with
technology provides a distinct layer of separation
between what the user wants the machine to do, and
what it actually does. This separation imposes a
considerable cognitive load upon the user that is
directly proportional to the level of difficulty
experienced. The main issue it appears is interfacing
the human motor and sensory channels with the
technology. One solution is to avoid this

sensorimotor bottleneck altogether by interfacing
directly with the human nervous system. It is
considering what may

certainly  worthwhile

potentially be gained from such an invasive
undertaking.

Advantages of machine intelligence are for example
rapid and highly accurate mathematical abilities in
terms of ‘number crunching’, a high speed, almost
infinite, internet knowledge base, and accurate long
term  memory. Additionally, it is widely
acknowledged that humans have only five senses
that we know of, whereas machines offer a view of
the world which includes infra-red, ultraviolet and
ultrasonic. Humans are also limited in that they can
only visualise and understand the world around them
in terms of a limited dimensional perception,
whereas computers are quite capable of dealing with
hundreds of dimensions. Also, the human means of
communication, essentially transferring an electro-
chemical signal from one brain to another via an
intermediate, often mechanical medium, is
extremely poor, particularly in terms of speed,
power and precision. It is clear that connecting a
human brain, by means of an implant, with a
computer network could in the long term open up
the distinct advantages of machine intelligence,
communication and sensing abilities to the
implanted individual.

As a step towards this more broader concept of
human-machine symbiosis, in the first study of its
kind, the microelectrode array (as shown in Figure
2) was implanted into the median nerve fibres of a
healthy human individual (myself) in order to test
bidirectional functionality in a series of experiments.
A stimulation current direct onto the nervous system
allowed information to be sent to the user, while
control signals were decoded from neural activity in
the region of the electrodes (Gasson et al., 2005:pp
365-375), (Warwick et al., 2003).

Figure 2: A 100 electrode, 4X4mm Microelectrode Array, shown on a UK 1 pence piece for scale.
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In this way a number of experimental trials were
successfully concluded (Warwick et al., 2004),
(Warwick et al., 2005): In particular:

1. Extra sensory (ultrasonic) input was
successfully implemented and made use of.

2. Extended control of a robotic hand across the
internet was achieved, with feedback from the
robotic fingertips being sent back as neural
stimulation to give a sense of force being
applied to an object (this was achieved
between New York (USA) and Reading(UK))

3.A primitive form of  telegraphic
communication directly between the nervous
systems of two humans was performed.

4. A wheelchair was successfully driven around
by means of neural signals.

5. The colour of jewellery was changed as a
result of neural signals — as indeed was the
behaviour of a collection of small robots.

In each of the above cases it could be regarded that
the trial proved useful for purely therapeutic reasons,
e.g. the ultrasonic sense could be useful for an
individual who is blind or the telegraphic
communication could be very useful for those with
certain forms of Motor Neurone Disease. However
each trial can also be seen as a potential form of
augmentation or enhancement for an individual. The
question then arises as to how far should things be
taken? Clearly enhancement by means of BCIs
opens up all sorts of new technological and
intellectual opportunities, however it also throws up
a raft of different ethical considerations that need to
be addressed directly.

8 ON STIMULATION

After extensive experimentation it was found that
injecting currents below 80puA onto the median
nerve fibers had little perceivable effect. Between
80uA and 100pA all the functional electrodes were
able to produce a recognizable stimulation, with an
applied voltage of 40 to 50 volts, dependant on the
series electrode impedance. Increasing the current
above 100pA had no apparent additional effect; the
stimulation switching mechanisms in the median
nerve fascicle exhibited a non-linear thresholding
characteristic.

During this experimental phase, it was pseudo
randomly decided whether a stimulation pulse was
applied or not. The volunteer (myself), wearing a
blindfold, was unaware of whether a pulse had been
applied or not, other than by means of its effect in
terms of neural stimulation. The user’s accuracy in
distinguishing between an actual pulse and no pulse
at a range of amplitudes is shown in Figure 3.

In all subsequent successful trials, the current was
applied as a bi-phasic signal with pulse duration of
200 psec and an inter-phase delay of 100 psec. A
typical stimulation waveform of constant current
being applied to one of the MEA’s implanted
electrodes is shown in Fig 4.

It was, in this way, possible to create alternative
sensations via this new input route to the nervous
system. Of the 5 enhancement features mentioned in
the previous section, this one will be described, as an
example, in further detail. Background information
on the other enhancements can be found in a number
of references, e.g. (Gasson et al., 2005:pp 365-375),
(Warwick et al., 2003), (Warwick et al., 2004),
(Warwick and Gasson, 2004).
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Figure 3: Effect of stimulation amplitude on the number of correctly identified pulses and absence of pulses (over 100

trials).
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Figure 4: Voltage profile during one bi-phasic stimulation pulse cycle with a constant current of 80pA.

It must be reported that it took 6 weeks for my brain
to repetitively recognize the stimulating signals
accurately. This time period can be due to a number
of contributing factors:

(a) The team had to learn which signals (what
amplitude, frequency etc.) would be best in
order to bring about a recognizable
stimulation.

(b) The recipient’s brain had to learn to
recognize the new signals it was receiving.

(¢) The bond between the recipient’s nervous
system and the implant was physically
changing (becoming stronger).

9 EXTRA SENSORY
EXPERIMENT

An experiment was set up to determine if the human
brain is able to understand and successfully operate
with sensory information to which it had not
previously been exposed. Whilst it is quite possible
to feed in such sensory information via a normal
human sensory route, e.g. electromagnetic radar or
infra-red signals are converted to visual, what we
were interested in was feeding such signals directly
onto the human nervous system, thereby bi-passing
the normal human sensory input.

Ultrasonic sensors were fitted to the rim of a
baseball cap (see Figure 5) and the output from these
sensors, in the form of a proportional count, was
employed to bring about a direct stimulation of the
nervous system. Hence when no objects were in the
vicinity of the sensors, no stimulation occurred, and
as an object moved close by so the rate of
stimulation pulses being applied increased in a linear
fashion up to a pre-selected maximum rate. No
increase in stimulation occurred when an object
moved closer than 10cm to the sensors.

The ultrasonic sensors were open type piezoelectric
ceramic transducers with conical metal resonators
and operated at 40 KHz. These were used in a pair,
one for transmit and one for receive, to give
maximum sensitivity for small and distant objects.
The most useful range for the experimentation was
found to be 2 — 3m, this being also dependent on the
size of object. A simple microcontroller was
programmed to perform the echo ranging on the pair
of transducers, and provide the range to the first
detectable object only. This was translated into a
stimulation pulse train, which operated on a single
pin of the electrode array. Pins on the array had been
tested for their suitability for stimulation by the
earlier experimentation in which the recipient
identified the presence or absence of stimulation
pulse trains at various amplitudes and repetition
frequencies.
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Figure 5: Experimentation and testing of the ultrasonic baseball cap.

It was found that very little learning was required for
the new ultrasonic sense to be used effectively and
successfully — merely a matter of 5/6 minutes. This
said it must be remembered that it had already taken
several weeks for the recipient’s brain to
successfully, accurately recognize the current signals
being injected.

As a result, in a witnessed experiment, the recipient,
whilst wearing a blindfold, was able to move around
successfully ~within a cluttered laboratory
environment, albeit at a slower than normal walking
pace. The sensory input was “felt” as a new form of
sensory input (not as touch or movement) in the
sense that the brain made a direct link between the
signals being witnessed and the fact that these
corresponded in a linear fashion to a nearby object.

10 CONCLUSIONS

External input-output interfaces with human and
animal brains have been studied for many years.
These are sometimes referred to as Brain-Computer
Interfaces (BClIs) even though the interface may be
external to the (human) body and its sensorimotor
mechanism. In this paper an attempt has been made
to put such systems in perspective. Emphasis has
been placed on such interfaces that can be obtained
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by means of implanted devices through invasive
surgery and actual direct neural connections. In
particular a number of trials in this area have clearly
shown the possibilities of monitoring, stimulating
and enhancing brain functioning.

Although there is no distinct dividing line it is quite
possible as far as humans are concerned to
investigate BCIs in terms of those employed for
direct therapeutic means and those which can have
an enhanced role to play. It is clear that the
interaction of electronic signals with the human
brain can cause the brain to operate in a distinctly
different manner. Such is the situation with the
stimulator implants that are successfully used to
counteract, purely electronically, the tremor effects
associated  with  Parkinson’s  disease.  Such
technology can though potentially be employed to
modify the normal functioning of the human brain
and nervous system in a number of different ways.

The same stimulator, with slightly different
positioning, has been shown to elicit feelings of
sadness or happiness in the recipient. Given the
nature of the intelligent stimulator described here it
would appear to be possible to monitor, in real time,
a human brain with a computer brain, and for the
computer brain to predict when the human is going
to feel sad — quite some time before they actually
feel sad. In theory a signal could then be injected at



that time to make them feel happy, or at least to stop
them actually ever feeling sad in the first place.
Maybe this could be regarded as an electronic anti-
depressant. There are of course questions about
recreational use here — but this would need a deep
brain implant which might well prove to be rather
too onerous for most people.

Perhaps understandably, invasive BCIs are presently
far less well investigated in University experiments
than their external BCI counterparts. A number of
animal trials have though been carried out and the
more pertinent have been indicated here along with
the relevant human trials and practice. In particular
the focus of attention has been given to the
embodiment of grown neural tissue within a
technological body. Whilst only 1,000 or so neurons
are involved this presents an interesting research
area in a number of ways. But once the number of
such neurons used increases 1,000 or 1,000,000-
fold, it also raises enormous philosophical and
ethical issues. For example is the robot ‘thinking’
and what rights should it have?

The potential for BCI applications for individuals
who are paralysed is enormous, where cerebral
functioning to generate command signals is
functional despite the motor neural pathways being
in some way impaired — such as in Lou Gehrig’s
disease. The major role is then either one of relaying
a signal of intention to the appropriate actuator
muscles or to reinterpret the neural signals to operate
technology thereby acting as an enabler. In these
situations no other medical ‘cure’ is available,
something which presents a huge driver for an
invasive implant solution for the millions of
individuals who are so affected. Clearly though,
bidirectional signalling is important, not only to
monitor and enact an individual’s intent but also to
provide feedback on that individual’s resultant
interaction with the real world. For grasping,
walking and even as a defensive safety stimulant,
feedback is vital. This paper has therefore focussed
on such studies.

Where invasive interfaces are employed in human
trails, a purely therapeutic scenario often exists. In a
small number of instances, such as use of the
microelectrode array as an interface, an individual
has been given different abilities, something which
opens up the possibilities of human enhancement.
These latter cases however raise more topical ethical
questions with regard to the need and use of a BCIL.
What might be seen as a new means of
communication for an individual with an extreme
form of paralysis or a new sensory input for

someone who is blind, opening up a new world for
them, can also be seen as an unnecessary extra for
another individual, even though it may provide
novel commercial opportunities. What is therapy for
one person may be regarded as an enhancement or
upgrading for another.

Whilst there are still many technical problems to be
overcome in the development of BClIs, significant
recent experimental results have indicated that a
sufficient technological infrastructure now exists for
further major advances to be made. Although a more
detailed understanding of the underlying neural
processes will be needed in the years ahead, it is not
felt that this will present a major hold up over the
next few years, rather it will provide an avenue of
research in which many new results will shortly
appear through trials and experimentation, possibly
initially through animal studies although it must be
recognised that it is only through human studies that
a full analysis can be made and all encompassing
conclusions can be drawn. Nevertheless the topic
opens up various ethical questions that need to be
addressed and as such, research in this area should, I
believe, only proceed in light of a pervasive ethical
consensus.
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ANALYSIS AND MODELS OF BRAIN EPILEPTIC ACTIVITIES

Abstract:

Fernando Henrique Lopes da Silva
University of Amsterdam, The Netherlands

The essence of epilepsy is the sudden occurrence of a qualitative change in the behaviour of neuronal
networks of some specific areas of the brain. In general we may assume that neuronal networks possess
multistable dynamics. We may simplify this concept considering the case that a neuronal network may
display, at least, two dynamical states: an interictal state characterised by a normal on-going neural activity,
as revealed in the Eletcroencephalogram of Magnetoencephalogram (EEG, MEG), that may be apparently
random, and another one — the ictal state - that is characterised by the sudden occurrence of synchronous
oscillations, most commonly with large amplitude. The latter becomes manifest as a paroxysmal change of
behaviour and /of the state of consciousness of a patient, i.e. an epileptic seizure. In the terminology of the
mathematics of non-linear systems, we may state that a neuronal network behaves as a bistable system with
two attractors, to which the system converges depending on initial conditions and on the system’s
parameters.

We propose schematically that the transition between the normal on-going to the seizure activity can take
place according to three basic models: Model I — a transition may occur due to random fluctuations of some
system’s parameters. These transitions are thus unpredictable. Models II and III — a transition may result
from a gradual change of some unstable parameters, either due to endogenous (model II) or exogenous
(model IIT). In these cases the change of parameter values causes a deformation of the attractor resulting in a
transition from the basin of the attractor corresponding to the normal state, to the attractor corresponding to
the seizure dynamical state. Some experimental findings obtained in different cases of epilepsy, both in
human and in animals, are compatible with each of these 3 models. Some examples of these cases are
illustrated.
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FROM THE BENCH TO THE BEDSIDE

The Role of Semantics in Enabling the Vision of Translational Medicine

Abstract:

Vipul Kashyap
Partners HealthCare System, Clinical Informatics R&D, US4

Biomedical research and healthcare clinical transactions are generating huge volumes of data and
information. At the same time, the results of biomedical research in the form of new molecular diagnostic
tests and therapies are being increasingly used in the context of clinical practice. There is a critical need to
speed "translation" of genomic research insights into clinical research and practice. In this talk, we will
discuss challenges faced by a healthcare enterprise in realizing the vision of Translational Medicine, such as:

- The need to create structured and semantic representations of genotypic and phenotypic data such as
clinical observations and molecular diagnostic tests.

- The need for cost-effective and incremental data integration for combining genotypic and phenotypic
information at the point of care.

- The need for actionable decision support for suggesting molecular diagnostic tests and therapies in the
context of clinical care.

- The need for knowledge update, propagation and consistency to keep abreast of the rapid pace of
knowledge discovery being witnessed in the life sciences, a crucial pre-requisite to reduce the cost of
knowledge acquisition and maintenance.

Semantics-based approaches to address the above-mentioned challenges, including the applicability of
semantic web standard (RDF, OWL, Rules); and issues related to the value proposition of these

technologies will be presented.
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THE CANCER INFORMATICS ECOSYSTEM
A Case Study in the Accretion of Federated Systems based on

Service Oriented Architectures, Semantic Integration and Computing Grids

Abstract:

David Hall
Research Triangle Institute in North Carolina, USA

Information technology is playing an increasingly critical role in health and life sciences research due to the
profound expansion in the scope of research projects in the post-genomic age. Robust data management and
analysis systems are becoming essential enablers of these studies. Driven by funding agency requirements,
funding opportunities, and grass roots organizing, efforts are underway to develop standards and
technologies to promote large-scale integration of publicly-funded systems and databases including
infrastructure developed for individual studies. Predicted benefits include an enhanced ability to conduct
meta-analyses, an increase in the usable lifespan of data, a funding agency-wide reduction in the total cost
of IT infrastructure, and an increased opportunity for the development of third party software tools. This
presentation will critically examine efforts towards developing publicly-accessible interoperable and
distributed production systems in the health and life sciences via ontologies, formal metadata, service
oriented architectures, and grid computing models with a focus on several projects under the direction of the

author in the area of cancer informatics.
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ICT AND PERSONS WITH DISABILITIES
The Solution or the Problem?

Albert M. Cook
Faculty of Rehabilitation Medicine, University of Alberta, Edmonton Alberta, Canada
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Assistive technologies, information and computer technologies, persons with disabilities.

In order to lead full and productive lives, persons with disabilities need to have the same access to
information and communication systems as the rest of the population. Advances in information and
communication technologies (ICT) are occurring quickly, and the capability of technologies to meet the
needs of persons with disabilities is growing daily. Future developments in assistive technologies (AT) and
the successful application of these technologies to meet the needs of people who have disabilities are
dependent on exploitation of these ICT advances. AT also involves the development of specialized
interfaces such as the brain computer interface (BCI), adaptive interfaces that accommodate for changes in
the user’s physical skills, cognitive interfaces that allow understanding of the human technology interface
by individuals with intellectual disabilities and systems that accommodate for user needs based on
environmental sensing (e.g., GPS interfaces) and downloading of profiles to meet specific user needs.
Universal Design (or design for all) calls for the design of products and environments to be usable by all
people, to the greatest extent possible, without the need for adaptation or specialized design. In the physical
world this often means ramps, curb cuts and other adaptations to the built environment to accommodate
individuals who have disabilities. In the ICT world the barriers to access are technological, and the goal for
ICT universal design is to have an environment with enough embedded intelligence to be easily adaptable to
the varying cognitive, physical and sensory skills of a wide range of individual’s in order to meet their
productivity, leisure and self care needs. If ICT advances are not adaptable enough to be accessible to
persons with disabilities it will further increase the disparity between those individuals and the rest of the
population leading to further isolation and economic disadvantage. On the other hand, availability of these
technologies in a transparent way will contribute to full inclusion of individuals who have disabilities in the
mainstream of society.
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1 ICT AND PERSONS WITH
DISABILITIES TECHNOLOGY
AND PROGRESS

Societal Progress requires change much of which is
accomplished through advances in technology. In his
book, A4 Short History of Progress, Ronald Wright
(2004) points out that this characteristic has been
true for millions of years as societies have advanced
through greater utilization of technology.

Wright goes on to describe the problems that
technology typically creates such as over
consumption, environmental ruin, and separation of
classes. These problems are amplified for people
who have disabilities, and they lead to a gap in the
access to work, self care and community
participation for persons with disabilities compared
to the general population. Since people with
disabilities often depend on technologies for societal
participation, the lack of availability of accessible
technology or the obsolescence of accessible
technologies isolates them further. This is an
extension of the concept of the “digital divide” that
separates people along socioeconomic lines based on
their access to ICT. I refer to it as the “disability
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2 ADVANCES IN INFORMATION
AND COMMUNICATION
TECHNOLOGIES (ICT)

The 21st Century is characterized by a continuous
move from a machine-based to a knowledge based
economy (Ungson & Trudel, 1999). In this shift, the
basis of competence is changing to knowledge skills
from machine skills. Information currently amounts
to 75% of value added to products This will
continually increase, and connectivity will be the
key to business success. There is also a move from a
regional or national scope of business influence to a
global scope, in which virtual networks dictate
organizational structures.

Key players in business development are
becoming communication suppliers with the move
from host-based to network based systems.
Telephone, cable TV and internet service providers
control commercial growth. Along with these
changes networks will become more graphically-
based moving increasingly from text-based systems.
In order to lead full and productive lives, persons
with disabilities need to have the same access to this
new information and communication system as the
rest of the population.

2.1 What Can we Expect from
Technology in the Next 20 Years?

The cost of information technology is continually
dropping for comparable or increased computing
power and speed. There is also a greater
understanding of the biological/physical interface for
the control of computers. The human computer
interface (HCI) is being developed to be more
human-like, more user oriented and more intelligent-
providing additional capabilities for searching,
processing and evaluating information.

There are a number of changes that are likely to
occur over the next few years (Applewhite, 2004).
There will be an increase in automated transactions
between individuals and organizations enabling
people to complete all transactions without face-
toface interactions. It is expected that we will
achieve equalized access to the web and information
between the developed and developing world.
Embedded systems will dramatically increase with
application such as “intelligence in the doorknob”
that recognizes the owner and doesn’t require key
manipulation. We are likely to see much greater



understanding of the biological to physical interface
for the control of computers.

2.2 Changes in Mainstream Tech with
AT Implications

There are many examples of emerging mainstream
technologies with potential for assisting people with
disabilities to access ICT systems. A few of these
are described in this section.

Display-based assistive technologies present an
array of choices for a user to select from (Cook &
Polgar, 2007). This often referred to as scanning
since the choices are highlighted sequentially and
then chosen using some sort of gross movement.
One of the problems associated with this approach is
that there must be a physical display for making
selections. This often requires the overall system to
be larger and more bulky or places a display
between a user and a communication partner. A new
development is a direct retinal display that creates
image that overlays view of real object (Lewis,
2004). The retinal display is low powered because it
is shined on retina directly. Scanning light into the
eye allows the image to overlay an object such as a
communication partner’s face-enabling eye contact
and small size. The scanning array could be the
retinal image, since display scans across the retina
power levels can be kept low kept low for safety.

Another development is 3-D displays that create a
more intuitive view of objects, events and activities
(Lewis, 2004). This type of display may be helpful
to individuals who have cognitive disabilities. It
might also create new challenges for individuals
with visual limitations.

Embedded automatic speech recognition is being
developed for PDAs because of the need for
keyboards with more and more functions and the
limitations of very small keyboards (Kumagai,
2004). This feature could be very useful to reduce
individuals who have limited hand function or for
those who cannot see the keyboard to make entries.

3 MEETING THE ICT NEEDS OF
PERSONS WITH DISABILITIES

Over the centuries, our ability to make tools is what
distinguishes us as human, but our tools ultimately
control us by making us dependent on them (Wright,
2004). This dependence is less optional for people
who have disabilities

3.1 Impact of Technology Advances on
People who have Disabilities

Technology advances increase the gap between
people who have disabilities and those who don’t
(Wright, 2004). All societies become hierarchical
with an upward concentration of wealth (including
aggregations of technology tools) that ensures that
“there can never be enough to go around", and this
disparity contributes to the “digital divide" and the
"disability gap". As advances occur more quickly,
the gap widens faster and the people who are poor
and/or disabled loose out even more completely and
faster. This is a characteristic of cultural and societal
"progress" over centuries-technology drives change,
and creates both positive and negative outcomes in
the process

The prognosis is not good for people with
disabilities unless there is considerable effort to keep
them connected to ICT and thereby to commerce,
employment and personal achievement. There two
fundamental approaches to this problem (1) make
mainstream technologies accessible to people who
have disabilities, or (2) design special purpose
technologies specifically for people with disabilities.
The former approach is referred to as universal
design or design for all. The second approach
utilizes assistive technologies.

3.2 Implications for Assistive
Technologies

Access to ICT for people with disabilities is a
significant global problem, and it has major
implications for assistive technologies. There is a
constant challenge to keep ICT systems accessible to
persons who have disabilities as mainstream
advances occur and adaptations become potentially
incompatible with the new systems. Communication
technologies change rapidly, and each change may
result in the need to re-design accessible interfaces.
We are closer to goal of having assistive technology
adaptations available when the mainstream
consumer product ships, but there are still many
problems with “workarounds” necessary to make
mainstream operating system, productivity software
and internet access accessible to people with
disabilities.

Development and maintenance of access to ICT
must be driven by the needs of people with
disabilities. Developments which broaden the scope,
applicability and usability of the human technology
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interface will be driven, at least in part by the needs
of people who have disabilities.

The Internet (e-mail and chat rooms) have the
advantage of anonymity, and this can be a major
benefit to individuals who have disabilities. Because
the person’s disability is not immediately visible,
people who have disabilities report that they enjoy
establishing relationships with people who
experience them first as a person and then learn of
their disability. For example, Blackstone, (1996)
describes some of the advantages of e-mail for
individuals who have disabilities. Since the receiver
of the message reads it at a later time composition
can be at a slower speed. The person with a
disability can communicate with another person
without someone else being present, establishing a
greater sense of privacy than situations in which an
attendant is required. It is also possible to work form
any location-avoiding some transportation problems

3.3 Universal Design

Increasingly, commercial products are being
designed to be usable by all people, to the greatest
extent possible, without the need for adaptation or
specialized design (NC State University, The Center
for Universal Design, 1997).

3.3.1 General Principles of Universal Design

Features are built into products to make them more
useful to persons who have disabilities (e.g., larger
knobs; a variety of display options--visual, tactile,
auditory; alternatives to reading text--icons,
pictures) are built into the product. This is much less
expensive than modifying a product after production
to meet the needs of a person with a disability. The
North Carolina State University Center for Universal
Design, in conjunction with advocates of universal
design, have compiled a set of principles of
universal design, shown in Box 1. This center also
maintains a Web site on universal design
(www.design.ncsu.edu/cud).

3.3.2 Universal Design for ICT

In universal design for ICT the barriers are
technological rather than political and economic
barriers that characterize architectural and
commercial product design (Emiliani, 2006). The
goal of universal design for ICT is to have an
environment with enough embedded intelligence to
be easily adaptable. The features of future
information services are that there will be no clearly
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predefined service and little distinction between
interpersonal communication and access to
information. Services will need to be highly
interactive,  inherently = multimedia,  sensory
multimodal (i.e., access via auditory or visual means
is equally possible). To achieve this cooperation
between users or representatives of users is critical
in a variety of contexts of use. The overall goal is to
have access to information involving communities
of users with a wide range of motor, sensory and
cognitive skills.

ONE: EQUITABLE USE

The design is useful and marketable to people with
diverse abilities.

TWO: FLEXIBILITY IN USE

The design accommodates a wide range of individual
preferences and abilities.

THREE: SIMPLE AND INTUITIVE USE

Use of the design is easy to understand, regardless of
the user's experience, knowledge, language skills, or
current concentration level.

FOUR: PERCEPTIBLE INFORMATION

The design communicates necessary information
effectively to the wuser, regardless of ambient
conditions or the user's sensory abilities.

FIVE: TOLERANCE FOR ERROR

The design minimizes hazards and the adverse
consequences of accidental or unintended actions.

SIX: LOW PHYSICAL EFFORT

The design can be used efficiently and comfortably
and with a minimum of fatigue.

SEVEN: SIZE AND SPACE FOR APPROACH
AND USE

Appropriate size and space is provided for approach,
reach, manipulation, and use regardless of user's body
size, posture, or mobility.

Box 1: Principles of Universal Design From North
Carolina State University, The Center for. Universal
Design, 1997.

In addition to Universal Design for ICT, access
to capabilities of mainstream technologies includes
individualized assistive technologies that are easily —
customized. This in return requires an increased
understanding of the biological/physical interface for
the control of assistive technologies and expanded
availability of embedded systems networks.

3.4 A Working Definition of Assistive
Technologies

The International Classification of Functioning,
Disability and Health (ICF) is a system developed
by the World Health Organization (WHO) that is
designed to describe and classify health and health
related states. These two domains are described by



body factors (body structures and functions) and
individual and societal elements (activities and
participation) (WHO, 2001). The ICF recognizes
two contextual factors that modify health and health
related states: the environment and personal factors
(WHO, 2001). Environmental elements include
assistive technologies in relation to activities of daily
living, mobility, communication, religion and
spirituality as well as in specific contexts such as
education, employment and culture, recreation and
sport (WHO, 2001). Other environmental elements
such as access to public and private buildings, and
the natural and built outdoor environments, also
have implications for assistive technologies.

A commonly wused definition of assistive
technology is from the Technical Assistance to the
States Act in the United States (Public Law (PL)
100-407): Any item, piece of equipment or product
system whether acquired commercially off the
shelf, modified, or customized that is used to
increase, maintain or improve functional
capabilities of individuals with disabilities.

3.4.1 Hard and Soft Technologies

Odor (1984) has distinguished between hard
technologies and soft technologies. Hard
technologies are readily available components that
can be purchased and assembled into assistive
technology systems. The main distinguishing feature
of hard technologies is that they are tangible. On the
other hand, soft technologies are the human areas of
decision making, strategies, training, concept
formation, and service delivery as described earlier
in this chapter. Soft technologies are generally
captured in one of three forms: (1) people, (2)
written, and (3) computer (Bailey, 1997). These
aspects of technology, without which the hard
technology cannot be successful, are much harder to
obtain. Soft technologies are difficult to acquire
because they are highly dependent on human
knowledge rather than tangible objects. This
knowledge is obtained slowly through formal
training, experience, and textbooks such as this one.
The development of effective strategies of use also
has a major effect on assistive technology system
success. Initially the formulation of these strategies
may rely heavily on the knowledge, experience, and
ingenuity of the assistive technology practitioner.
With growing experience, the assistive technology
user originates strategies that facilitate successful
device use. There is a false belief that progress is
solely driven by “hard” technological change The
gap between the general public and persons with

disabilities can only be closed by gains in both soft
and hard technologies

3.4.2 Mainstream Technologies to Specially
Designed Technologies: A Range of
Options

As illustrated in Figure 1, the needs of people with
disabilities can be met in a number of ways. Off the
shelf “standard” (i.e., mainstream technologies)
commercially available devices (especially those
designed using the principles of universal design)
can often be used by people with a variety of
disabilities. For example, standard personal
computers designed for the general population are
often used by persons with disabilities. Sometimes
these need to be modified however, to make them
useable. Another type of commercially available
device is one that is mass-produced but specifically
designed for individuals with disabilities (special
commercially available devices). These devices
often need to be modified to meet the needs of a
specific individual. Our goal is to reduce the
amount of modification necessary and to make
mainstream technologies as accessible as possible.
However, there will always be a portion of the
disabled population that will require specifically
designed assistive technologies.

Commercially Available
Standard Special
(for general (for disabled
population) population)

Modified
Custom

Figure 1: This diagram shows the progression from
commercially available devices for the general population
and commercially available devices for special
populations to modified devices and custom devices. From
Cook and Polgar, (2007).
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3.5 The Human Technology Interface
for ICT

3.5.1 General Concepts

It is estimated that as many as 40 million persons in
the United States alone have physical, cognitive, or
sensory disabilities (Lazzaro, 1999). The world-wide
impact is significantly larger. If these people are to
compete on an equal basis with non-disabled
individuals, then it is extremely important that the
internet be accessible to all. As the internet becomes
more and more dependent on multimedia
representations  involving  complex  graphics,
animation, and audible sources of information, the
challenges for people who have disabilities increase.
In order for access to the Internet to be useful to
people with disabilities, the accessibility approach
must be independent of individual devices. This
means that users must be able to interact with a user
agent (and the document it renders) using the input
and output devices of their choice based on their
specific needs. A user agent is defined as software
to access Web content (www.w3.org/wai). This
includes desktop graphical browsers, text and voice
browsers, mobile phones, multimedia players, and
software assistive technologies (e.g., screen readers,
magnifiers) that are used with browsers. The person
with a disability interacts with technology through
the Human Technology Interface (HTI) (Cook and
Polgar, 2007).

The graphical user interface (GUI) has both
positive and negative implications for persons with
disabilities. The positive features are those that
apply to non-disabled users (e.g., use of icons,
recognition rather than recall memory, screen icons
for the same task look the same, operations such as
opening and closing files are always the same). The
GUI is the standard user interface because of its ease
of operation for novices and its consistency of
operation for experts. The latter ensures that every
application behaves in basically the same way.
People with motor disabilities may not have the
necessary physical (eye-hand coordination) and
visual skills to navigate the GUIL. Modification of the
GUI to allow specialized access (see Figure 1) can
also be more challenging for GUI-based operating
systems.

As networks are expanded and more devices
(e.g., cell phones, PDAs) have open architectures, it
will be possible to download profiles, adaptations
and special instructions that enable adaptable
systems to be developed to meet the needs of people
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who have disabilities. Some examples are (1)
trainable hearing aids that adjust automatically to the
environments in which they are used; (2) a “Smart
House” that assesses occupants current state and the
state of various home utilities to aid with common
activities of daily living, provides feedback should
residents become disoriented or confused and report
medical emergencies automatically; an orientation
and direction finding device that senses the current
location (via GPS) and gives directions to a desired
location for individuals who cannot read maps
because of visual or cognitive disabilities.

3.5.2 Access for Motor Impairment

There are a significant number of people who cannot
effectively use standard keyboards, mouse controls
or switches. It is likely that we will see a much
greater understanding of the biological/physical
interface for the control of computers in the future
(Applewhite, 2004).

One approach that may offer promise is the brain
computer interface (BCI). BCI systems may be
grouped into a set of functional components
including the input device, amplification, feature
extraction, feature translation and user feedback
(Mason and Birch, 2003). Signals are
mathematically analyzed to extract features useful
for control (Fabiani, Mcfarland, Walla, and
Pfurtscheller 2004). Features or signals that have
been used include slow cortical potentials, P300
evoked potential, sensorimotor rhythms recorded
from the cortex and neuronal action potentials
recorded within the cortex). A typical task for a user
is to visualize different movements or sensations or
images.

Another approach to cursor control is the use of a
digital camera and image recognition software to
track a particular body feature to control an on-
screen mouse cursor (Betke, Gips and Fleming,
2002). The most easily tracked feature is the tip of
the nose, but the eye (gross eye position not point of
gaze), lip, chin and thumb have also been used. Non-
disabled subjects used this approach and fund that
the camera mouse was accurate but slower than a
typical hand-controlled mouse. Using an on-screen
keyboard the camera mouse was half as fast as a
regular mouse in a typing task, but the accuracy
obtained was equivalent on each system. More and
more computers have built-in cameras, so the
camera mouse requires only software to capture the
body feature image and interpret its movement as
mouse commands. This may lead to wider
application of this technique.



There are many other approaches that are used to
provide access to and control over technologies for
people with severe motor disabilities (Cook and
Polgar, 2007) \. These range form keyboards of
various type, to automatic speech recognition to
mouse and mouse emulators systems to single and
multiple switches.

3.5.3 Access for Cognitive Impairment

Cognitive disabilities include a wide range of skills
and deficiencies. Learning disabilities typically
involve significant difficulties in understanding or in
using either spoken or written language, and these
difficulties may be evident in problems with reading,
writing, mathematical manipulation, listening,
spelling or speaking (Edyburn, 2005). These
limitations make it increasingly difficult to access
complicated Web sites that may include flashing
pictures, complicated charts, and large amounts of
audio and video data. While there are assistive
technologies that are specifically designed to address
these areas (discussed later in this chapter), many of
the technological tools are useful for all students,
and are part of instructional technology (Ashton,
2005). Even the so-called assistive technologies
have features (e.g., multimedia, synthetic speech
output, voice recognition input) that are useful to all
learners.

For individuals with acquired cognitive
disabilities due to injury (e.g., traumatic brain
injury) or disease (e.g., stroke (CVA) or dementia)
changing features such as font size, background/
foreground color combinations, contrast, spacing
between words, letters and paragraphs and using
graphics can all improve access to screen-based
information. Another technological concept for these
individuals is a cognitive prosthesis, which is a
custom-designed computer-based compensatory
strategy that directly assists in performing daily
activities'. It may also include additional
technologies such as a cell phone, pager, digital
camera or low tech approaches

Persons with intellectual disabilities have
difficulties with memory, language use and
communication, abstract conceptualization,
generalization and problem identification/problem
solving. Characteristics of the HTI that are important
for these individuals include simplicity of operation,
capacity of the technology to support repetition,
consistency in presentation, and inclusion of

! Institute for Cognitive Prosthetics, http://www.brain-rehab.com/
definecp.htm

multiple modalities (e.g., speech, sounds and
graphical representations) (Wehmeyer, Smith and
Davies, 2005).

An example of technology designed for cognitive
needs is the Planning and Execution Assistant and
Trainer (PEAT). It is a PDA-based personal
planning assistant designed to assist individuals with
cognitive disorders due to brain injury, stroke,
Alzheimer's disease, and similar conditions
(Levinson, 1997). PEAT employs artificial
intelligence to automatically generate plans and also
to revise those plans when unexpected events occur.
PEAT uses a combination of manually entered
schedules and a library of stored scripts describing
activities of daily living (e.g., morning routine or
shopping). Scripts can be used for both planning and
for execution. Planning involves a simulation of the
activity with key decision points presented and
prompts (auditory and visual) supplied necessary to
aid the individual through the planning process. The
plan to be executed can be either the stored script or
a modified script based on the simulation. The
PEAT artificial intelligence software generates the
best strategy to execute the required steps in the plan
(LoPresti, Mihailidis, and Kirsch, 2004). PEAT also
automatically monitors performance, and corrects
schedule problems when necessary.

3.5.4 Access for Auditory Impairment

Since web pages are a mixture of text, graphics, and
sound, people who are deaf may be prevented from
accessing some information unless alternative
methods are available. The primary approach for
thee individual is the use of the Microsoft
Synchronized  Accessible Media Interchange
(SAMI), which allows authors of Web pages and
multimedia software to add closed captioning for
users who are deaf or hard of hearing. This approach
is similar to the use of closed captioning for
television viewers. The W3C WAI SMIL
(www.w3.org/WAI) is designed to facilitate
multimedia presentations in which an author can
describe the behavior of a multimedia presentation,
associate hyperlinks with media objects, and
describe the layout of the presentation on a screen

Trainable hearing aids adjust automatically to the
environments in which they are used through access
to embedded information networks. This allows
automatic adaptation to changing noise levels and
environments.
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3.5.5 Access for Visual Impairment

The W3C WALI user agent guidelines are based on
several principles that are intended to improve the
design of both types of user agents. The first is to
ensure that the user interface is accessible. This
means that the consumer using an adapted input
system must have access to the functionality offered
by the user agent through its user interface. Second,
the user must have access to document content
through the provision of control of the style (e.g.,
colors, fonts, speech rate, and speech volume) and
format of a document. A third principle is that the
user agent help orient the user to where he is in the
document or series of documents. In addition to
providing alternative representations of location in a
document (e.g., how many links the document
contains or the number of the current link), a well-
designed navigation system that uses numerical
position information allows the user to jump to a
specific link. Finally, the guidelines call for the user
agent to be designed following system standards and
conventions. These are changing rapidly as
development tools are improved.

Communication through standard interfaces is
particularly important for graphical desktop user
agents, which must make information available to
assistive technologies. Technologies such as those
produced by the W3C include built-in accessibility
features that facilitate interoperability. The standards
being developed by the W3C WAI provide guidance
for the design of user agents that are consistent with
these principles. The guidelines are available on the
W3C WAI Web page (www.w3.org/wai).

3.5.6 Other ICT Access

Cellular telephones are becoming more powerful
with capabilities approaching that of personal
computers. This expanded capability will provide
significant advantages for people with disabilities,
especially those with low vision or blindness.
describes Three changes will be particularly
valuable to people who have disabilities:: (1)
standard cell phones will have sufficient processing
power for almost all the requirement of persons with
visual impairments, (2) software will be able to be
downloaded into these phones easily, (3) wireless
connection to a worldwide network will provide a
wide range of information and services in a highly
mobile way (Fruchterman, 2003). Because many of
these features will be built into standard cell phones
the cost will be low and reachable by persons with
disabilities. A major advance will occur if the cell
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phone industry moves away from proprictary
software to an open source format providing the
basis for a greater diversity of software for tasks
such as text-to-speech output, voice recognition and
optical character recognition in a variety of
languages. Many applications for people with
disabilities will be able to be downloaded from the
internet. With expanded availability of embedded
systems, it will be possible for a user to store their
customized programs on the network and download
them as needed form any remote location.

Downloading a talking book program into a cell
phone can provide access to digital libraries for
persons who are blind. Outputs in speech or enlarged
visual displays can be added as needed by the user.
With a built-in camera and network access a blind
person could obtain a verbal description of a scene
by linking to on-line volunteers who provide
descriptions of images. These applications will
depend on the increasing application of universal
design in information technology products (Tobias,
2003). These applications include ATMs, cell
phones, vending machines and other systems that are
encountered on a daily basis (Tobias, 2003).

4 INFRASTRUCTURE FOR
FUTURE ACCESSIBILITY

The infrastructure for future accessibility consists of:
(1) an expanded, smarter and more available "real"
and "virtual" internet, (2) Home automation systems
that are smarter and have greater interconnectivity,
(3) universal design principles that are applied more
widely, (4) alternative approaches for accessing
information technologies, and (5) special-purpose
assistive technologies.

The Infrastructure for future accessibility will
depend on several factors. These include: Web-
based virtual systems, home automation, universal
design for ICT, alternatives for accessing
information technologies and special-purpose
assistive technologies. In addition there is n on going
need for the development of soft technology tools.

If ICT advances are not adaptable enough to be
accessible to persons with disabilities it will further
increase the disparity between those individuals and
the rest of the population leading to further isolation
and economic disadvantage. On the other hand,
availability of these technologies in a transparent
way will contribute to full inclusion of individuals
who have disabilities in the mainstream of society.



S CONCLUSIONS

The move to the information age offers great
promise for persons with disabilities. It also holds
great threats for persons with disabilities. Constant
vigilance is required to insure that information
technologies remain accessible and responsive to the
needs of persons with disabilities. The future for
persons with disabilities will not be driven by
advances in technology, but rather by how well we
can take advantage of those advances for the
accomplishment of the many tasks of living that
require technological assistance

6 SUMMARY

Anticipated changes in technologies coupled with
the focus on the social aspects of disability, provide
a significant opportunity for major advances in the
degree to which individuals with disabilities can
participate in all aspects of life, including work,
school, leisure and self care.

Technological advances will be particularly
important as the percentage of the population that is
elderly rises. Concepts from universal design will be
important in ensuring that this segment of the
population remains active and is able to participate
in society. This new group of elderly individuals will
also be more experienced with computers and other
technologies than their predecessors and they may
well demand greater performance and adaptability
from both assistive technologies and mainstream
ICT (e.g., telephones, internet communication).

The percentage of individuals with long-term
disabilities who join the over 65 age group will also
increase. These individuals will have been long-term
users of assistive technologies, and their experience
will have major implications for developments to
meet future needs.

While much of what I have described is
conjecture, it is based on modest extrapolation from
the current state of the art. There are some things
that we know with a high degree of certainty. We
know that computer systems will be faster, have
more memory be smaller and be less expensive for
the same or greater functionality. We also know that
the communication channel bandwidth will continue
to increase allowing much more information and
much more sophisticated information processing.
Finally, it is clear that people with disabilities will
continue to assert their right to fully participate in
society.

Technological advances also raise questions for
people who have disabilities. The most important of
these is whether accessibility will keep pace with
technological developments. For example, will
assistive technologies for input and output be
compatible with the user agents and operating
systems of tomorrow. A second major question is
whether the needs of persons with disabilities will be
a driving force in future technological developments.
Will people who have disabilities have to adapt to
the existing technologies based on characteristics for
non-disabled people or will universal design become
a greater reality? In the latter case, adaptations will
become less important and accessibility will become
the rule rather than the exception.

For people who have disabilities, there are
significant implications of emerging information
processing technologies. If not closely monitored,
these could result in less rather than more access to
the new information economy for persons with
disabilities. Despite the wider use of universal
design principles, there will still be a need for
effective assistive technology design and application
if individuals with disabilities are to realize the full
potential of the new information age.
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In this paper, probabilistic-based workspace scan modes of a robot manipulator are presented. The scan

modes are governed by a Brain Computer Interface (BCI) based on Event Related Potentials
(Synchronization and Desynchronization events). The user is capable to select a specific position at the
robot’s workspace, which should be reached by the manipulator. The robot workspace is divided into cells.
Each cell has a probability value associated to it. Once the robot reaches a cell, its probability value is
updated. The mode the scans are made is determined by the probability of all cells at the workspace. The
updating process is governed by a recursive Bayes algorithm. A performance comparison between a
sequential scan mode and the ones proposed here is presented. Mathematical derivations and experimental

results are also shown in this paper.

1 INTRODUCTION

Brain Computer Interfaces have got a great impulse
during the last few years. The main reasons for this
growing are the availability of powerful low-cost
computers, advances in Neurosciences and the great
number of people devoted to provide better life
conditions to those with disabilities. These interfaces
are very important as an augmentative
communication and as a control channel to people
with disorders like amyotrophic lateral sclerosis
(ALS), brain stroke, cerebral palsy, and spinal cord
injury (Kubler et al.,2001, Wolpaw et al., 2002).

The main point of a BCI is that the operator is
capable to generate commands using his/her EEG
(electroencephalographic) signals in order to
accomplish some specific actions (Wolpaw et al.,
2002, Lehtonen, 2003, Felzel, 2001, Millan et al.,
2003). Thus, an operator using a BCI can control,
for example, a manipulator, a mobile robot or a
wheelchair (amongst other devices) without using
any muscle. The EEG frequency bands have enough
information to build an alphabet of commands in
order to control/command some kind of electronic
device (Ochoa, 2002). In this paper a BCI, which is

controlled through alpha waves from the human
brain, is wused. Although the EEG signal
acquisition/conditioning, which is part of this BCI,
was developed in other work of the authors (Ferreira
et al., 2006), one of the objectives of this paper is to
illustrate its versatility, mainly in terms of the simple
algorithms used.

Event related potentials (ERP) in alpha
frequency band are used here. Such potentials are
ERD (Event Related Desynchronization) and ERS
(Event Related Synchronization), well described in
the following sections. This BCI has a Finite State
Machine (FSM) which was tested in a group of 25
people.

The main contributions of this paper are the scan
mode algorithms proposed to allow the user to
command a manipulator (Bosch SR-800), based on a
probabilistic scan of the robot’s workspace. The
workspace is divided into cells. Each cell contains
three wvalues: its position (x,y)at the robot’s

workspace plane and a probability value. This value
indicates the accessibility of that element. Once a
particular cell is accessed, its probability is updated
based on Bayes’ rule.
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This paper is organized as follows: a brief
description of the sequential scan mode of the
manipulator’s workspace is presented in section 2.
The probabilistic scan modes proposed are shown in
Section 3. Section 4 shows the results for a
Montecarlo experimentation, where the probabilistic
evolution of the whole workspace and of a specific
cell is presented. Section 5 shows the conclusions of
this work.

2 SEQUENTIAL SCAN MODE

As a brief introduction, the sequential scan mode of
the robot workspace developed in Ferreira et al.
(2006) is presented here.

The workspace is previously divided into three
main zones as it can be seen in Fig. 1. The system
iteratively scans from zone I to zone 3 until one of
them is selected by the user (using EEG signals).
Once it is so, the selected zone is scanned row by
row until one is selected. Once a row is selected, the
system scans cell by cell (switching columns)
iteratively inside the selected row. After a cell is
selected by the user, the robot reaches the position
given by that cell.

Figure 1: Main zone division at robot’s workspace.

3 PROBABILISTIC SCAN
MODES

The two probabilistic scan modes shown in this
paper are based on Bayes rule for updating
probability values of the cells at the manipulator’s
workspace. The scan modes are shown in the
following sections.

3.1 First Approach of a Probabilistic
Scan Mode

The first approach of a probabilistic scan mode
works as follows:

1. The workspace’s resolution is set to 72 cells and
can be easily changed, decreasing or increasing
this number. The workspace behaves as a pmd
(probabilistic mass distribution).

2. Each cell has its own initial probability. This
value can be previously determined by some
heuristic method (for example: if the BCI
operator is right-handed, then cells to the right of
the workspace will have higher accessing
probability than the ones to the left). However, it
is also possible to set all cells to a probability
near zero, in order to increase or decrease them
depending on the times they are accessed by the
user. In this work, the first case was adopted.

3. Let @ and b be the higher and lower probabilities
cells respectively. Then, the workspace is divided
into three zones according to these values. Table
1 shows how division is made. Let P(C; |G) be
the probability of cell C; given a group G to
which it belongs.

4. Every zone at the workspace is divided in three
sub-zones under the same philosophy presented

before. Each one of these sub-zones contains a set
of probabilistic weighted cells.

5. The scan mode proceeds as follows:

I. First, the zone with the highest probability
value at the workspace is highlighted. If that
zone is not selected by the operator, the
second highest probabilistic zone s
highlighted. If it is not selected, the highlight
passes to the third and last zone. The scan
keeps this routine until a zone is selected.

II. When a zone is selected, the highlight shows
first the sub-zone with the highest probability
inside the zone previously selected. The scan,
in this case, is exactly the same used in the
last step.

III. When a sub-zone is selected, then the scan
highlights first the cell with the highest
probability of occupancy. If it is not selected,
the scan passes to the next cell value. This
routine keeps going on until a cell is selected.
Once a position is selected, the probability
value of the cell, sub-zone, zone and complete
workspace is updated. The update of the
probabilities values is made by the Bayes’
rule.

As it can be seen, the number of cells that belong to
a sub-zone or a zone is variable. Then, the
organization of the zones at robot’s workspace is
dynamic. This allows improving the scan mode in
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order to access in a priority way to the most
frequently used cells.

The probability update of each cell at the
workspace is based on the recursive Bayes’ rule.
Once a cell is reached by the user, its probability
value changes according to (1).

Table 1: Workspace’s Zones Definitions.

a highest probability cell

value

b lowest probability cell
value
zone 1: the set of all
cells which

probabilities are the

{c,- :b+3(a7b) <P(C|G)< a}
3 .
highest of the

workspace
¢ (b+ (a 7b))<P(C,' |G) < zone 2: the set of -all
3 cells which

probabilities are  of

2
<(b+ ;(a - b)) middle range

zone 3: the set of all
cells with the lower
probability  of  the
workspace.

{c,» b P(C G)g(b+@)}

Let C be any cell at robot’s workspace and G a set
to which that cell belongs. Thus, the updating
algorithm is given by,

- BGIOBCIG) 1
PG ORL(CI6) + RGOl D

B (C1G)

Though (1) is mainly wused in very simple
applications (Thrun et al., 2005), it fits as an
updating rule for the purpose of this work.

Equation (3) can be re-written in (4), where a
scale factor was used.

B (C|G) =nb(G| C)B1(C | G) ()

According to the Total Probability Theorem (Thrun
et al., 2005), # is the scale factor, which represents

the total probability of P(G) . In (1), P,_,(C|G)is the
prior probability of a cell given the primary set to
which it belongs at time k-1. p(G|C) is the

transition  probability ~ which  represents the
probability that a given cell C belong to a set G.
Finally, P,(C|G) is the posterior probability -at
instant k- of the cell used given the zone to which it
belongs.

In order to make sense to the use of the recursive
Bayes algorithm, an initial probability value must be
given to all cells at the workspace.

Figure 2 shows the evolution of a cell’s
probability when it is accessed successively by the
user.

The cell used in Fig. 2, for example, has an
initial value of 0.05 but it is increased each time the
cell is accessed by the user. As was expected, the
maximum value a cell can reach is one. When this
situation occurs, the whole workspace is scaled. This
scaling does not change the scan mode because the
relative probability information remains without
changes, i.e., if a cell p has the maximum probability
over all cells, after scaling, p will continue being the
cell with the highest weight. A more extended
development of this algorithm can be seen at
Papoulis (1980). Once the updating algorithm is
complete, the scan algorithm is released as described
in Section 3.
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Figure 2: Evolution of Cell’s probability when
successively accessed.
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Figure 3: Probabilistic distribution of a workspace for a
right-handed user.

Figure 3 shows the workspace’s pmd for a right-
handed user. Fig. 3.a shows the cells probability’s
value and Fig. 3.b shows the different zones of the
manipulator’s workspace.

3.2 Second Approach

This second approach investigated in this work is
based on the sequential scan mode algorithm. Each
zone or sub-zone -as those shown in Fig. 1- has a
probability value associated with it. As the
workspace is considered as pmd then each zone or
sub-zone’s probability value is calculated as the sum
of all probability values of the cells that belong to
that group. The scan mode proceeds as follows:

1. The zone with the highest probability is
highlighted first; then, the second higher
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probability zone is highlighted and then the last
zone (see Fig. 1). The highlighting process
repeats until the user chooses a zone.

2. Once a zone is chosen, the row with the highest
probability -inside that zone- is highlighted. A
row of a zone is known as sub-zone. If this sub-
zone is not selected by the user after a period of
time, the highlight passes to the next higher
probability value row. This process is repeated
iteratively until a row is selected by the user.

3. Once a sub-zone is chosen, the cell with the
highest probability of that sub-zone is
highlighted. If it is not chosen after a period of
time, the highlight passes to the next higher
probability cell. The process continues and if no
cell is chosen, it starts from the beginning cell.

4. Ifacell is chosen, then its probability is updated
according to the Bayes rule (Eq. 3). Then,
workspace pmf, sub-zone’s probabilities and all
zone’s probabilities are also updated.

The sampling time used in all scan modes is the

same one used in Ferreira et al. (2006).

4 EXPERIMENTAL RESULTS

This section is entirely dedicated to compare the
three scan types: sequential and probabilistic ones.
For this purpose, a Montecarlo experiment was
designed (Ljung, 1987). This experiment shows the
performance of the three methods by measuring the
time needed to reach different cells at the robot’s
workspace.

4.1 Montecarlo Experiment

The robot’s workspace consists of 72 cells. It also
can be considered as a 4x18 matrix. According to
this, a cell’s position is defined by a number of row
and a number of column at that matrix. The number
of a row and a column can be considered as a
random variable. To generate a random position of a
cell destination, the following algorithm was
implemented.

i. An uniform random source generates two

random variables: xand y .

ii. The random variable x is mapped into the
rows of the 4x18 matrix workspace.
iii. The random variable y is mapped into the

columns of the 4x18 matrix workspace.

iv. When a position is generated, both scan
types begin. The time needed to reach the
cell is recorded.

v. After the system reaches the position
proposed, a next process point generation is
settled -the algorithm returns to point i-.

4.2 Mapping Functions

Let f, be a mapping function such as:
fiiA—>B

X—>m

{Az{x:xe[O,l)c!R}

B={m:me{l,234}cN} )
and let £, be another mapping function such as:
fy:4->C

y—>n

where,

where,
{A = {y 1ye [O,l)c SR} @)

B= {n ‘ne {1,2,3,...,18}C N}

Equations (3) and (4) show the domain and range of
the mapping functions. Finally, the mapping is made
according to the following statements.

i. Let 0 be the sum of all weights at robot’s

workspace, that is, 5222 P, where P, is
ieB jeC

the probability value of a cell located at the

i—row and j—column .

ii. Let xeA be an outcome of the uniform
random source for f, .

D5

" If 0Sx<% then f (x)=i=1. This

means that the value of xe 4 should be
lower than the sum of all cell’s values in row
one -over J - to f,(x) be equal to one.
2. 2.
. [f PElisC Sx<i=2,jec
)
This means that x € 4 should be greater or
equal to the sum of all cell’s values in row
one and lower than the sum of all cell’s
values in row 2.
= The same process continues up to the last

then f (x)=i=2.

oW, whose expression is: if
27 2.
"=3J;C <x<ZHC then f(x)=i=4.

= Each time a cell is selected, the mapping
functions vary. It is so because they are
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dependent with the probability value of the
cells.

= For the mapping over the columns, the
procedure is the same, however in this case,
the sum is made over the set B (four rows).

Concluding, the mapping presented here is dynamic
because it is updated each time a cell varies its
probability value. For the case implemented in this
work (a right-handed user) the initial mapping
functions are represented in Figs. 4.a and 4.b. In Fig.
4.b is also possible to see that column 10 has higher
probability than column 1. It is also important to see
that, if all cells at robot’s workspace have the same
probability weight, then the mapping functions
would be uniform. Thus, each row or column would
have the same probability to be generated.

4.3 Montecarlo Simulation Results

The objective of Montecarlo experiments was to test
the performance of both scanning methods:
probabilistic and sequential ones. The performance
is measured in function of the time needed to access
a given position. This position is generated by the
uniform random source. After 500 trials the mean
time needed to access a random position by the first
approach of the probabilistic scan was of 20.4
seconds. For the second approach of the
probabilistic scan the mean time needed was of 16.8
and for the sequential scan was of 19.8 seconds. The
three results are in the same order but the
probabilistic second approach of the scan mode
requires less time. Consider now only the right side
of the workspace, which is, according to Fig. 3, the
most accessed side. The mean time of access for all
points belonging to the workspace right side is of 8.4
seconds under the first approach of the probabilistic
scan instead of 11.3 seconds corresponding to the
second approach of the probabilistic scan mode.
Under sequential scan, the mean time is of 14.8
seconds. The probabilistic scan mode first approach
is 43% faster than the sequential scan for cells over
the right side of the workspace while the second
approach is 23.7% faster.
Mapping function for Row Values

Row value

Figure 4.a: Mapping function for the four values of rows.
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Figure 4.b: Mapping function for the 18 values of
columns.

Figure 5 shows how a low probability valued cell in
the probability scan first approach evolves after
successive callings. The cell passes through the
different zones of cells according to its actual
probability value. After 240 iterations -or callings-,
the cell has passed through three zones and its
performance has also been improved as long as its
weight. In Fig. 5, one can see that at the beginning,
32 seconds were needed to access that cell. After 240
iterations, only 14 seconds were needed. This time is
smaller than the one needed on the sequential scan
mode which is of 18 seconds. Fig. 5 also shows
when the cell changes zones. Thus, if its probability
increases, the cell passes from, for example, primary
zone 2 to primary zone 1. Though a cell could be the
first in being scanned in the primary zone 2, if it
increases its value and passes to primary zone 1, it
could be the last scanned element in this zone. That
is the reason of the two time increments in Fig. 5. A
cell under the second approach of the probabilistic
scan shows similar behavior to the one showed in
Fig. 5.

Scan Mode Time evolution of a low Probability Cell after 240 iterations

2 First Change of Zone
2 l
20

18 Second Change of Zon

Time needed to reach the cell in secs.

20 40 60 80 100 120 140 160 180 200 220
Iterations

Figure 5: Evolution of a cell access time.

Figure 6 shows the workspace state after 500
iterations generated by the Montecarlo experiment
using the first approach of the probabilistic scan.
Fig. 6.a shows the probability state of each cell at
the workspace while Fig. 6.b shows the new three
zones of the scan mode algorithm. One can see that
the non-connectivity tends to disappear.
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Probability values of the workspace's cells

Probability

50 40 30 20 10 0
Workspace primary zones

Figure 6: Workspace state after 500 iterations.

On the other hand, Fig. 7 shows the workspace state
after the same iterations of Fig. 6 under the second
approach of the probabilistic scan, though this scan
do not imply a dynamic behavior of the number of
cells of the different zones.
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Figure 7: Workspace state after 500 iterations under the
second approach of the probabilistic scan mode.

As it can be seen from Figs. 6 and 7, probabilistic
distribution of the workspace depends on the type of
scan mode used. Both probabilistic scan modes
presented in this work show a better performance
respect to the sequential scan mode.

S CONCLUSIONS

The work presented here showed the implementation
of two probabilistic scan modes, based on a
recursive Bayes algorithm, of a robot manipulator’s
workspace. A comparison between these methods
and a sequential scan mode showed that the
probabilistic scan improves the access time of the
most frequently accessed cells. Although this system
could be implemented in several Human-Machine
Interfaces, it was primary designed for a Brain-
Computer Interface.

Experimental results show that the time needed
to access a specific position at the workspace is
decreased each time the position is reached. This is
so because the recursive Bayes algorithm
implemented updates the probability value of that
position once it is reached. A decrement of the

access time means that the user of the Interface
needs less effort to reach the objective.

In this work, a right-handed workspace
distribution case was presented. This case showed
that all cells to the right of the middle point -half of
the main workspace- have the higher probability and
the lower time needed to be accessed.

Finally, it is possible to say that the system learns
the user’s workspace configuration. It pays special
attention to those cells with the highest probability
minimizing the time needed to access them.
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This paper deals with a robotised assistance dedicated for Handicap person. In this paper, we will propose to

discus about one of the main functionality of this project: the tracking of the wheelchair from an
autonomous mobile platform on which the Manus (c) arm is mounted. To ensure the tracking, we will
present a method based on Kalman filter’s algorithm that we have upgraded in combination with two
Kalman filtering levels. The first level permits an estimation of the wheelchair configuration in its
environment and the second is used to compute the mobile platform configuration in connection with its
environment. The association of the two filtering processes allows a robust tracking between a mobile target
(wheelchair) and a mobile observer (assistive platform). More over, the team project was also composed
with a clinical group; hence we present some interesting real-life testing of this technical assistance.

1 INTRODUCTION

Our laboratory works on an assistive prehensile
mobile robot project and has to ensure the tracking
of a wheelchair from the mobile platform. In this
article, we propose an approach to solve the problem
known as target motion analysis (TMA). We
propose a target tracking filter based on a
probabilistic approach with the Kalman Filtering
which will be fed by omnidirectional vision sensors
and dead-reckoning sensors mounted on the mobile
platform. The problem of tracking is classical in the
world of robotics. It’s generally linked to the data
association stage and state estimation. The data
association problem is that of associating the many
measurements made by a sensor with the underlying
states or trajectories that are being observed. It
includes issues of validating data, associating the
correct measurement to the correct states or
trajectories, and initializing, confirming or deleting
trajectories or states. The Probabilistic Data

Association Filter (PDAF) for single target and the
Joint Probability Data Association Filter (JPDAF)
(Y. Bar Shalom et al, 1988), (Bar-Shalom Y et al,
1995) for multiple targets are two inescapable
approaches. They are both Bayesian algorithms that
compute the probability of correct association
between an observation and a trajectory. The general
JPDAF framework can be implemented using Monte
Carlo techniques, making it applicable to general
non-linear and non-Gaussian models (D.Schulz et al,
2003).

A second classical paradigm of data association
is the Multiple hypothesis tracking (MHT)
(S.Blackman, 1986) which permits to represent
multimodal distributions with Kalman filters (Y. Bar
Shalom et al, 1988). It has been used with great
effectiveness in radar tracking systems, for example.
This method maintains a bank of Kalman filters,
where each filter corresponds to a specific
hypothesis about the target set. In the usual
approach, each hypothesis corresponds to a



BIODEVICES 2008 - International Conference on Biomedical Electronics and Devices

postulated association between the target and a

measured feature.

For our application, we have chosen to use two
Kalman filters to solve the problem of target
tracking from a mobile observer.

The originality of this approach in connection
with the classical solutions resides in two points:

e Solving the problem of data association with a
dedicated image-processing filter (camshift).

e Solving the problem of simultaneous moving of
the target and the tracker with two embedded
Kalman filters.

The combination of the prior two points
contributes to solving the non-linearity problem of
the global filter.

Paper Organisation. In the next paragraphs (§1.1,
§1.2, §1.3, §1.4), we will mention the specific
context of this study, outline the perception system
and describe the functionalities of the proposed
assistive platform. After that in part 2, we will
briefly explain the first tracking method (1TM)
based on the iterative algorithm CAMSHIFT with a
specific use for omnidirectional images. We also
present very original clinical results of the tests
made under genuine conditions by disabled people.
In the last part (§3), we deal with the multi-level
Kalman filtering tracking (second Tracking Method,
2TM). Moreover, in this section, we will describe
our Embedded Extended Kalman Filtering (EEKF).
Finally (§4), we will conclude with an explanation
of the experimental results.

1.1 Context Overview

This project, ARAP (Robotised Assistance for
Prehensile Help), came into being from a human
synergy, which grew out of a definition of problems
faced by peoples of reduced mobility. The idea of
robotised assistance for handicapped people
followed an observation: there is generally a
significant delay between technology, no matter how
advanced, and assistance for peoples of reduced
mobility. Above all, however, this project meets a
social demand, that was defined by patients of
reduced mobility confined to the Berck Hopale
group (Hospital), who are taking part in this project.
An interesting specificity of this project was
composing a strongly plural-disciplinary team:

e  “Science for the Engineer” skills of the IUT of
Amiens (University of Picardie, Jules Verne) have
been used for the integration of a system of
detection on the mobile platform and for the
development of the prototype.
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e The “Human and Social Science” team was in
charge of the psychological impact of this mobile
assisting platform on the end-user.

e The “Clinical group” (the Calvé Centre in
Berck-Sur-Mer) used its clinical knowledge of the
problem of disability, which will allow an
evaluation of the work done.

A lot of work has been carried out in connection
with the problems defined by technical assistance.
Some of them are describe in (B.Marhic et al, 2006).

We have proposed studying the technical,
psychological and clinical impact of robotised
assistance for persons of reduced mobility by
combining a mobile platform with a grasping arm in
its usual role as robotics for handicapped persons
(robot arm MANUS®).

1.2 Main Perception System

The mobile platform, in other words “the observer”,
is mounted by the two classical kinds of sensors; i.e.
the Inner Navigation System (INS) and the External
Position System (EPS). The INS are dead-reckoning
sensors and the EPS is a stereoscopic
omnidirectional vision sensor used in a goniometric
mode (figure 2). Moreover, this exteroceptive
sensorial system is also used for the target
observation (wheelchair) as a “classical” vision
system involving the intrinsic properties (colour).

The well-known equation (first order) of “dead-
reckoning”, considering the figure 1 is given by:
Xm: [Xm’ ym, em]T

X (1) = 5" () +3S(n) - cos(0" (m))
V' (41 = " () + 85(n)-sin(6” (n))
0" (n+1)= 0" (n) + 56(n)

Figure 1: Small movements of the robot during a period.

Stereoscopic Omnidirectional Vision System.
Main vision applications in mobile robotics use the
classical pinhole camera model. Depending on the
lens used, the field of view is limited. Nevertheless,
it is possible to enlarge the field of view by using
cameras mounted in several directions (H. Ishiguro,
S. Tsuji, 1993) but the information flow is very
important and time consuming.

We have opted for a catadioptric vision system
(figure 2).
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Figure 2: The mobile platform and stereoscopic sensors.

There are many advantages to wusing an
omnidirectional vision sensor. Firstly, in one
acquisition, we obtain a full view of the environment
without using a sophisticated mechanical system.
Secondly, the same system can be used as EPS and
also as a “bearing sensor”. Finally, even if the visual
interpretation of omnidirectional pictures is difficult,
it is possible to compute a “classical perspective
view” of the scene. The previous functionality is not
discussed in this paper.

The figure 3 shows an omnidirectional view of
an environment with a wheelchair.

A wheelchair

Figure 3: (left) an omnidirectional view of a scene with a
wheelchair in the field of view. (right) “un-warped”
picture of the white area from the omnidirectional view.

1.3 Main Functional Specificities

Two functional specificities have been integrated
into the robotised assistance (ARAP). Firstly
(automatic mode), the mobile platform follows the
patient’s wheelchair whenever the patient does not
wish to use it. Secondly, a remote controlled mode
for the grasping arm MANUS® and for the mobile
base, used when the patient wishes to carry out a
task involving grasping.

1.4 Scientific Problematic

The two main scientific themes associated with the
automatic mode are the tracking and the path

planning according to the obstacle avoidance and
map building (locally). The coordination of the
tracking and of the detection of obstacles is very
important for the proper progress of our system.

The block diagram below (figure 4) shows the
concomitance between the local map and the
tracking phase. These can sometimes give
orientation orders to the mobile platform that are
contradictory.

In this paper, we focus only on the tracking
problem.

Data / \ Trajectory Command of

acquisition planning mobile base
SLAM
(detection of

obstacle)

Tracking filter

Figure 4: Coordination of tracking and detection of
obstacle.

2 1TM: OMNICAMSHIFT

We wished to achieve the greatest possible degree of
flexibility regarding the wuse of this robotic
assistance. We therefore did not want to restrict our
method to the use of one wheelchair in particular.
More over, the wheelchair is not equipped with any
particular marker; we have to track it as it is. Thus,
in the first stage, our strategy for wheelchair
recognition and tracking was based on a specific use
of the CAMSHIFT. We have named the calculation
of a CAMSHIFT directly into an omnidirectional
image “OmniCAMSHIFT”. (C. Cauchois ef al, 2005)

The Continuously Adaptive Mean SHIFT
(CAMSHIFT) algorithm (Bradski, 1998), is based
on the mean shift algorithm (Comaniciu et al, 1997),
a robust non-parametric iterative technique for
finding the mode of probability distributions
including rescaling.

2.1 Initialisation (Target-wheelchair)

Our construction of the model accommodates not
only the wheelchair, but also the patient. This is why
we turned our work towards an intrinsic model,
directly calculated from a stereoscopic colour video
signal. The figure below (Figure 5) shows
omnidirectional images: they illustrate the extraction
of the background and the extraction of the
wheelchair. Once the model is computed, a
histogram (acts as density function) representation is
calculated.

11
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Figure 5: Target Initialisation. Subtraction of the image.

2.2 OmniCAMShift Results

The next figure (Figure 6) shows an example of the
OmniCAMShift application.

Previous Location

Estimated Location
Final Location
Estimated gyration

Computed Angle for
the triangulation

Figure 6: Wheelchair recognition using OmniCAMShift.

Once the wheelchair is identified in the two
omnidirectional images, computing the relative
position of the wheelchair by triangulation (figure 7)
using the two computed angles is easy:

Xtri: [Xtri’ ytri]T

play)

\\ i d x tan(b) d
XM+ =
N tan(b) — tan(a) 2
N )
N e S n _ dxtan(b)xtan(a)

: tan(b) —tan(a)

Loft Sengor Right Sensar

Figure 7: triangulation by two bearing angles. The
referential frame is between the two omnidirectional
SENsors.

2.3 Evaluation and Clinical Results

As we explained at length, the prototype that we
designed is based on an actual social demand. The
prototype has thus been tested in a hospital.
Unfortunately, the automatic mode, ie. 1TM:
OmniCamsShift was not secure enough (loss of
target) to be used and tested by handicaped people.
The required reliability for wheelchair tracking was
too strict to establish an evaluation with tetraplegic
subjects in clinical conditions. In a first stage we
chose to test the platform with 13 non handicapped
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subjects placed in the same constrained motor
conditions as tetraplegic subjects.

Joystick (without click )

2 omnidirectionnals
vision sensors
PC (Robot)

TCP/IP
WIFL .
(wireless ) L

802.11
( \

Pk Y

D ®):

Interface’s screen

|

t

Figure 8: Operation’s schema.

However, under laboratory conditions, the
mobile platform was able to follow the wheelchair at
a low speed and at a distance of 2m without any
oscillation in the trajectory (automatic mode). In
order to be manually controlled by the end-user, the
base has to go around the wheelchair automatically
when ordered to, without any prior warning. This
intermediary phase corresponds to the transition
from the automatic mode to the remote-controlled
mode. This transitory trajectory was chosen in a
reliable manner based on obstacle avoidance and the
platform positioned itself without difficulty in front
of the wheelchair in order to start the remote-
controlled operation.

Real-life testing has shown that the end-user will
encounter no difficulties operating the platform. The
main clinical evaluation was dedicated to validate
that the end-user can operate the mobile base + robot
arm as easily when he is seated in the wheelchair as
when he is in bed.

During the grasping operation with a moving
base, the time needed to place the base was not
significantly different between for S5meters near
84sec (standard deviation, s.d. 40) and 9 meters
(105sec s.d. 36). The time needed to accomplish a
grasping task was significantly longer when the
joystick was driven by the chin (108sec s.d. 24) than
by a hand blocked in an orthosis (102sec s.d. 33) or
by a digital device (95sec s.d. 25). The difference in
distance for the grasping action to be undertaken
(between 1, 5 and 9 meters) had a non-significant
impact on the outcome, respectively S6sec s.d. 17;
64sec s.d. 17 and 67sec s.d. 25, with a significant
difference between 1 to 9 meters. With a fixed base
and randomly presented at either 90° or 45° to the
subject, the average time needed to grasp showed a
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significant increase between conditions (respectively
6l1sec s.d. 18 and 141sec s.d. 56). No significant
difference was found during the task combining the
movement of the base and the grasping of an object,
no matter if the patient was in the wheelchair or in
bed, nor if the object was on the ground or on a
table. However, the change in distance from 5
meters to 9 meters increased significantly the
average grasping time from 102sec s.d. 56 to 151
s.d. 80.

In short, the results presented by this research
project show that whether feasible, the time for
grasping with a mobile platform increases
considerably with the distance and with the base
orientation in comparison to the patient place.
Grasping with a mobile robot seems to be a solution
to a wider demand than that originally targeted by
the first studies into the use of robotic assistance. As
there are many people, other than from tetraplegic
people, who are bed-ridden, a far wider target-group
can benefit from the use of robotic assistance.

However, the evaluation also proved that the
wheelchair tracking by a mobile platform had its
limitations and an actual use in an environment
outside of the laboratory is very complicated. This
necessitated the implementation of new software
elements. A part of this future improvement is
discussed in the next part of this article.

3 2TM: KALMAN FILTERING

For solving the problems of target loss presented
above, we add at the previous tracking method
Kalman filtering. That way, we can pinpoint some
detection errors that weren’t detected before
(divergence of the OmniCamShift).

3.1 Problem Formulation

The target, i.e. the wheelchair, located at coordinates
(x", y") in the world frame, moves with a constant
velocity. The state vector is defined by:
X/ = [xf yf]T.

The discrete-time state equation for this problem
can be written as:

i 1 00 A
Xn/+l = |:0 1 0:| x X'I:l + an+/lm + Vn+l (1)
Where X"y is defined figurel and v is

centred Gaussian white noise v(n+1) ~ (0, Q) with Q
= o0.l,, here ¢ is a scalar and I, is the 2x2 identity

matrix. The superscript "™ indicates the position of
the wheelchair in relation to the mobile platform.

We assume that during the prediction stage the
relative movement between the wheelchair and the
mobile platform remains constant:

ie. X"y = X™q . This classical target-
observer geometry is depicted in the figure 9.

|
Wheelchair

»
.

P

Yy

(0, w) X =
Figure 9: Target-observer geometry.
3.2 First Level of Filtering

We use the dead-reckoning data (INS) to compute
the observer state, i.e. our mobile platform state
(step 1: the prediction stage); the non-linear equation
8. Afterwards, the relative position X" of the
wheelchair in connection with our mobile platform
is computed by triangulation (figure 7) of data
provided by the two omnidirectional vision sensors.
The equation (2) enables us to obtain the state
vector X/ = [fc" b ]T which gives us the position
of the wheelchair in the environment (World frame),
based on the addition of two vectors X" and X/'" .

# 1o o] xﬂ [Jeose) —sin@)] [ )
I o010 Z’I sin@) cos@) | |y"

where : o =90°-00". The previous vector

X7 = [fcf 37 ]T is computed outside the filter; X/ is
used as the measurement in the observation equation
(step 2: update Stage) defined as follow:

X =H, xX! +w, (3)

where w(, is a zero-mean white Gaussian noise.

The observation matrix H,, of the filter becomes
the matrix identity. The observation stage is thus
linear. The diagram below (figure 10) summarises
this process. Some actual results are shortly shown
in the figure 11. This figure represents the position
of our mobile platform and the wheelchair in a real
scenario. The result obtained was satisfactory for a

13
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straight trajectory but insufficient during the phase
where the mobile platform turned, due to errors of
dead-reckoning and the non-repositioning of the
mobile platform. The state vector estimation X/ is
highly dependant of the of dead-reckoning vector
X™; thus if an error occurs on X", it appears on
X . This method is not efficient.

BEGIT -t

X X X

”

DATA Predict
Dead-reckoning Ralman

Figure 10: Filter’s algorithm.

em)

¥ Positon (in

| L L | L L L I
E) 0 EC) 00 500 0 7m0 am

Figure 11: First filter results. (In blue the mobile platform
position, in purple the estimated wheelchair position and
in black the real wheelchair position).

So, to resolve this new problem and to make our
application robuster, we add a second level of
Kalman to this filter, which then deletes this
imperfection. We have named this second filter the
Embedded Extended Kalman Filter (EEKF).

3.3 Second Level: EEKF

We now propose to fully estimate the platform state
vector (“the observer”) by a classical EKF. Thus,
this method requires knowledge of the
environment’s landmarks (EPS). We will be able to
determine, with precision, the position of our mobile
platform and thus be able to re-inject the platform
position in the first Kalman loop.

For indoor application, these landmarks are
walls, doors, objects, angles which one will be able
to detect in an omnidirectional image using
segmentation processing. Therefore, it is necessary
for us to know the map of the environment to be able
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to match the omnidirectionnal image primitive to the
known landmarks (doors and windows) of the
environment (see figure 12). In order to extract the
landmarks’ angles of the ominidirectionnal picture,
we compute a Deriche-Canny filter before applying
a classical Hough transform algorithm.

Figure 12: Segmentation and landmarks in an

omnidirectional image.

Yr

Y Bi(x1.y1)
A Ba(x2,y2) /, n 1X
®x o
Y —\(/
%i(x‘,vn
X

»
»

Figure 13: Relation between landmarks and mobile
platform.

For this process, the equation of observation of the
extended Kalman filter is as follows. The vector of
observation is:
1}
2
ze=| . |+v, = h(X L k)+v,

“

ny

where 1 ,: , which contains the azimuths angles, is

the layer of i™ landmark B; of co-ordinates (x;, y;) i
the world landmark in the moment k. And vy is a
measurement noise, presumably white and Gaussian.

The exact position of the beacon B; is expressed
according to the state vector X of the system as
follows:

i = arctan(u) (5)
X, — X,

The matrix of the Jacobian of the vector function
H is, in the case of measurements of absolute angle:
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e/ dl% —(5=x)/y dl? 0 ©
H, = . . .
~en)di g%, dp 0]

where d is the distance between the landmark
and the mobile platform.

We add this second Kalman filter before the
correction of the first Kalman filter as can be seen in
the graphic figure 14.

The result of this add-on is a reposition of the
mobile platform in the environment reference (see
figure 13). This better knowledge of the base
location also allows us to have a better estimation of
the wheelchair. Moreover, the update stage of the
first level Kalman filter is now achieved by data
from both the triangulation and the platform location
(second level Kalman filter).

Moreover the errors induced by the dead-
reckoning such as skids and slips, errors of
quantification and others, are taken into account in
an improved way. This improvement stems from our
multi-level Kalman filter that performs a more
accurate location.

BEGN |4
- ~ "
s
“k n A ‘X n+l
DATA Predict
Deatschosing [P Kalman Extended
Kalman Filter
Repositioning of
mobile base
A
Ves
Correct
Kalman
No

Figure 14: New process of filtering.

We can see that the second filter corrects the
dead-reckoning as seen in figure 15, represented by
the arrow. Here it is a big error because the
wheelchair is suddenly turning.

As we can see in the figure 16, the result of our
process follows the curve well, which our system did
not manage to do before.

Figure 17 shows us the error in X and Y of your
system. These results are given by the matrix of
variance/covariance and allows us to see that our
system tracks the target with the precision as
expected. This way we can confirm the importance
and the need of our second Kalman filter.

¥ Position (in cm)

18 120 122 124 126 128 130 132
X Position (in cm)

Figure 15: repositioning of the mobile platform. A: dead-
reckoning prediction location; B: EKF estimation.
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Figure 16: System in a straight trajectory following in a
curve.

s

X Fostion cm)

Figure 17: Error of our wheelchair’s system in X and Y.

4 CONCLUSIONS

In this article, we studied a target tracking
application dedicated to an assistive platform for the
disabled. The aim was to track a wheelchair with a
mobile platform mounted with a grasping arm
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(MANUS®). We propose an approach based on an
association of two Kalman filtering levels. We have
named this architecture the EEKF. The first level
permits to estimate the wheelchair configuration.
The second is used to compute the mobile platform
configuration in connection with its environment.
We have shown that the second level increases the
precision of the configuration estimation of the
wheelchair in the platform frame. The use of the
identity matrix in the first stage of the Kalman
filtering allows us to solve the problem of the non-
linearity of the system due to the triangulation.
However, our paradigm integrates a strong coupling
of the camshift algorithm and the Kalman estimation
state. This new target tracking approach shows that
it is possible to compensate the loss of tracking by
the camshift, whilst continuing to track.

This paradigm can be considered as a
contribution to solving the problem of TMA (target
& tracker). The robustness of the filtering process is
very important because it is used in a clinical
context. Future works will study the integration of a
supplementary layer based on a particle filter.

Moreover, in this paper we have presented some
original results concerning the clinical tests. These
tests have permitted to evaluate the impact of the
remote controlled mode of this assistive platform.
The results seem to be encouraging. The automatic
mode will also be evaluated in the near future.
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Abstract: The architecture of a custom originally designed FES syssetiescribed. The system is built from off-the-
shelf and cusom components to obtain a target functionalisf of potential applications is provided. Some
tasks have been already tested in laboratory and clinicgaditons. Hardware specification of proprietary
components is given and interfacing issues are addressed.

1 INTRODUCTION of the single stimulation pulse, leaving only various
square or trapezoid pulse combinations at the thera-

Motion restoration through the appropriate functional Pist disposal.

electrostimulation (FES) of a neuro-muscular system  Many research institutes try to determine the in-
is an interesting perspective. Still, the investigations fluence of stimulation parameters on the muscle con-
are continued at the level of a single joint as well as traction, the fatigue effect, as well as the long-term ef-
that of a limb. The most interesting problemis to eval- fects generated in the muscles subjected to persistent
uate how the electrical stimulation program translates stimulation (this refers to the regeneration process as
into an efficient and controlled elementary motion. well as to side effects). The experiments are aimed at
Commercially available functional stimulators can be investigation of physiological properties of the mus-
divided in 2 groups: stimulators for clinical research cles both of healthy and of disabled subjects (Chizeck
(like the S88 from Grass Teledyne), daily-use electri- etal., 1999). An interesting issue is to reveal the opti-
cal stimulators for rehabilitation and functional elec- mal stimulation pattern for the application in the FES
trical stimulation systems used in neurophysiological systems (Breen et al., 2006). So far the optimization
research (like NeuroTrac, Compex Motion, ODFS, process was restricted to the selection of the stimuli
Parastep)(Keller et al., 2002; Taylor et al., 1999). In train frequency (Chou et al., 2005), or the pulse width
principle all of these stimulators provide the possibil- and amplitude. The influence of the stimulating pulse
ity to alter the stimulation pulse frequency, amplitude shape on the contraction force has not been studied
and duration. In most cases (S88, NeuroTrac, ODFS,yet. Moreover, research results of the experiments
Parastep) these parameters are controlled manually byconcerning the pulse shape influence on the muscle
the user. Only the most advanced stimulators, like contraction are not clear (Bennie et al., 2002).
Compex Motion, allow to control the parameters by Both movement restoration and rehabilitation pro-
means of a closed loop control based on data comingcesses are evaluated upon apparent effects. Such ef-
from a number of sensors (switches, force sensors,fects can be used as a feedback for the FES control
EMG sensors). Most common approach is a sim- algorithm, however it is desirable to quantify the ef-
ple event-triggered stimulation for a certain amount fects, which are of different character. First apparent
of time with the parameters set by the therapist (ie. effectis the response of neuro-muscular system under
in ODFS stimulators the stimulation sequence is trig- stimulation on its own. The neuro-muscular system
gered by a heel-switch). All of the above mentioned excitation level can be judged on the basis of the elec-
stimulators lack the capability of optimizing the shape tromyographic signals (EMG) being the response to
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the electrostimulation. In movement restoration ex-
periments however, it is necessary to measure and to
analyze the EMG of the particular muscles contribut-
ing to the movement (Kutch and Buchanan, 2001).
Moreover, it might be desirable to use a multi-channel %é
transcutaneus electrode to support the decomposition
of the EMG signal for studying the propagation of BLUETOOTH
a single action potentials and motor point localiza-
tion, or to analyze the signals in more detailed way.
In order to get a better image of the stimulation ef-
fects there might be also required to partially esti-
mate the state of a biomechanical system from ad-
ditional physiological signals such as electroneuro- |
grams (ENGs)(Sinkjaer et al., 2003) or mechanomyo- ‘
grams (MMGs) (Kaczmarek et al., 2005; Orizio et al., | ‘
2_0_03) which better reflect the senso-motor system ac- smart sensors
tivity as well as changes of the muscle geometry,re- t — — — — — — 7 "= "= J
spectively. Figure 1: The block diagram of the FES system.
However, these signals reflect the intermediate ef-
fects of electrostimulation, but the target result (the PC is equipped with a Intel Celeron 400MHz pro-
final effect) is the motion of a limb or at a lower level, cessor, 256MB RAM and 4GB CompactFlash card.
the motion of a joint under study. There are two in- The configuration of the system involved in a partic-
teresting aspects of the motion evaluation - the static ular task is open in a sense, that the use of a sim-
aspect, related to the force generated by a joint at aple serial peripheral bus (SPB) and of a specially
certain perceived level of the EMG activity while cor- designed communication protocol enables the user
related with joint configuration (angle), and the sec- to connect a number of intelligent sensors (like ac-
ond, which is related to the resulting motion dynam- celerometers, goniometers, tensometers, point EMG
ics. The investigation of the first aspect is performed sensors) to form a distributed measurement system,
by the simultaneous recording of EMGs of the appro- enabling tailoring of the system configuration to the
priate muscle and the resulting force being directly particular task at hand. These distributed sensors
recorded with the tensometric device, while the joint perform all the measurement, preprocessing and data
is locked at a particular angle. For the second aspect,forming operations on-site. This allows to reduce the
it is necessary to acquire simultaneously the signalsinfluence of various environmental interferences on
of the generated force, EMGs, the joint-angle rotation measurements. The availability of sensor data enables
signal and the task-space acceleration signal due tothe system to perform real-time closed loop control
the resulting dynamic motion of the limb. of joints by proper muscles stimulation depending on
This would be possible under the condition that this data. The embedded PC is equipped with a multi-
one disposes of a fully programable electrostimulator channel A/D converter PCM-3718HG. This converter
with a necessary number of outputs, of a measurements used to measure the data from a multi-section EMG
system running during stimulation (a multichannel electrode. The PC is also fitted with the Bluetooth
EMG signal acquisition and a processing system) and wireless interface. This enables remote control (for
of a measurement system to evaluate the biomechanexample by exchanging stimulation programs during
ical effects of the FES (an instrumented exoskeletal rehabilitation), the visualization of a system state and
device - the orthosis). In this paper we describe such sensor readouts (usable in biofeedback applications).
a custom system, which has been built from modules For simple therapeutic programs at the patient bed it
and list examples of applications of that system to the is possible to control the system by a palmtop.
rehabilitation and diagnostics procedures.

2.1 Electrostimulator

2 THE SYSTEM ARCHITECTURE The stimulator unit has the ability to perform stimula-
tion through four independent channels. This enables
The schematic outline of the complete system is independent stimulation of different muscle groups.
shown in fig. 1. The main control and sensors readout The control circuit consists of a microcontroller and
tasks are performed by the embedded 3,5" PC. Thea 4-channel, 8-bit digital to analog converter (DAC).
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Such the system setup enables the user to define thé®C. The second is the data processing mode, enabling
pulse shape, frequency, amplitude and other parame-the estimation of the velocity and of the position and
ters (i.e. number of stimuli, initial delay, pulse train the signal filtering. The third is the events detection
profile and modulation frequency) independently for or a fuzzification mode, which is used for fuzzy logic
each stimulation channel. The output stage consists ofcontrol algorithm. The sensor in such a mode evalu-
a voltage controlled current source, which can source ates the system state from the accelerometric signals
a current of up to 60 mA and can work with volt- and digital input state according to the given set of
ages up to 400 Vpp, which is important in the case fuzzy rules.

of the transcutaneous stimulation. The high voltage  The use of registered signals is the following. 3D
stage is galvanically separated from the control cir- acceleration signal together with goniometric signal
cuit. Control and programming of the device can be let to reconstruct the position and the motion tra-
performed on-line via RS232, SPI or 12C interface. jectory independently. This enables to analyze the
In that way the described device let the therapist to kinematic effects of the electrostimulation and to dis-
define flexibly the movement-restoration or rehabili- cover pathological deficits. The tensometric subsys-
tation requirements to each individual patient and to tem gives the opportunity to evaluate the contraction

the particular task. force at a single joint. Thus not only the kinestatic
evaluation is possible but also dynamics of the move-
2.2 Orthosis and its Instrumentation ment can be studied.

Plonar—beam
force sensor

The orthosis is a skeleton enabling the force and po-
sition sensors attachment. Fig. 2 presents the ex-
oskeleton of the ankle joint, which is one of the most
important joints for balancing and locomotion tasks.
The orthosis enables to perform static measurements
(during an isometric contractions), as well as dynam-
ical acquisitions during walking or balancing. It is
equipped with the angle sensor i.e. an incremental
encoder of 0.05 deg resolution and with the force sen-
sor based on a planar-beam force sensor with a full-
bridge strain gage. The system is capable of measur-
ing a torque generated by a dorsi as well as a plantar  Figure 2: Instrumented Orthosis of the ankle joint.
flexion during isometric contractions for variable an-
kle joint angles in the range between -10 and 10Nm.
The mechanical solution of the force sensor allows to
obtain the force, that is always perpendicular to the
sensor beam and independent on the ankle joint an-
gle. The orthosis controller has a 10-bit AD converter
with a variable input gain. This let the user to se-

lect appropriate gain depending on the performed tes . . X
and the torque value. Moreover, the controller per- Surface size of 10x1[mm]. Multichannel EMG signal

forms signal processing tasks such as a signal filter- acquisition system is modular, where every module is

ing and sampling with rate up to 4kHz, evaluation of connected to a single acquisition channel. It consists
the absolute angle of the joint and data buffering. The ©f an instrumental amplifier, analog high-pass Butter-

communication and data transfer to the Embedded pcWorth filter (f3dB=10Hz), low-pass Butterworth filter
is performed via SPB. Moreover, during locomotion (f3dB=1000Hz) and a final amplifier stage giving the

or balancing tests, 3D accelerometric sensors can bemti'JlI gain wlilthin the range 10@@2000. Acquired sig-
fixed to the exoskeleton. The accelerometric sensorNalS are collected by a PCM-3718HG card connected

is equipped with a microcontroller and a 10bit AD (© the embedded PC.

converter, moreover it has 3 digital inputs enabling to

connect the additional switches (foot switches or limit Point-like EMG Smart Sensor. Smart EMG sen-
switches) or other discrete triggering elements. The sor is a device with analogue and digital parts. The
smart sensor can operate in three modes, selected bynalog part is similar to that described in a previous
the user via SPB. The first one is the data acquisition section. However, the contact surfaces (electrodes)
mode, where raw data is transmitted to the embeddedare integrated with the PCB of the analog subsystem.

[ Lever
[>Orthosis skeleton

Incremental encoder—\|

2.3 EMG Acquisition Subsystem

Multichannel EMG. Important part of the pre-

sented system is an EMG electrode (Fig 3). The elec-
trode consists of 9 rectangular AgClI contacts surfaces
tplaced of a distance of 5 mm and with the contact
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Linear . . .
E H @ E E electrode niques such as a pulse-width, amplitude or frequency
array modulation.
Pl i e Maa i
Instrgmentation
gggzzzgg amplifiers Evaluation of the EMG-force Relationship. Us-
I S A A o R R ing the instrumented orthosis and exoskeletons one

is limited to apply the FES system only in the clin-
PCM-3718HG ics. Therefore it is essential to built the portable FES
with feedback based on measured physiological sig-

Figure 3: Linear electrode array for multichannel EMG.  nals. This is necessary in order to evaluate or estimate

the force and the joint configuration. In this study,

The digital part consists of microcontroller with a 10- the maximal voluntary contraction force and the EMG
bits AD converter. Its main role is the acquisition of signal have been recorded while varying the ankle
the analog EMG signal, buffering and basic prepro- joint angle. It was observed, that for a medial gas-
cessing such as evaluation of the RMS value. The trochnemius muscle the maximal force increases with
sensor can operate in two modes. In the first, the rawincrease of the dorsi flexion, however the RMS value
data are transmitted via SPB to the master controller, of the recorded EMG signal significantly decreases,
in the second mode only the results of processing arewhich may suggest the decrease of the muscle activ-
transmitted. The sensor is designed to be placed di-ity level. This phenomenon demonstrates that the for
rectly over a tested muscle in order to reduce noise the force estimation at a gastrocnemius muscle from
and artefacts. Additionally, all IC chips can work in the EMG signal, the simultaneous estimation of the
the shutdown mode for protecting the sensor ampli- ankle joint orientation is required. This effect did not
fiers from damage due to the high-voltage stimulation. occurred for tibialis anterior muscle.

Evaluation of the Fuzzy Rules for a Fuzzy Logic
3 APPLICATIONS OF THE Controller for Movement and Balancing Tasks.
SYSTEM The efforts are made to create a fuzzy sets describ-
ing the phase of gate cycle during locomotion from
5 accelerometric sensors located at lower limbs and
3.1 Research Tasks the trunk as well as from EMG sensors. This could
enable to estimate the mass center position changes
As far the system has been used in 4 research task&luring locomotion or balancing tasks. The smart sen-
focused on the FES issues. sors are powerful enough to perform simple classifi-
cation tasks and enable easy testing and evaluation of

the rules.
Stimulus Waveform Optimization. The system re-

stricted to the stimulator, the force sensor and the
EMG sensors has been used to evaluate the influenc
of the stimuli shape on the muscle contraction dynam-
ics, and comfort level. The experiments were per-
formed on a group of healthy volunteers and subjects

with movement deficits. Within this study the bipha- i
sic stimuli with inter-phase interval (IPI) have been the standard, well known and powerfull tools and li-

tested. 24 stimulus waveforms have been taken intobrar_ies can be_ us_ed for t_he application developing and
account. They are combination of a pulse widths (50, (€Sting. The distributed intelligent sensors may be re-
100, 175, 250us) and the inter phase intervals (0, 50,conflgure(_j toworkina given control mode delivering
250, 500, 1000, 2000us). The preliminary results sug- & aPPropriate feedback signals.

gest that the contraction force recorded during stimu- ) )

lation depends not only on the pulse amplitude, width 3.2 Diagnostics Tasks

and frequency, but also on the IPI. The contraction

force has increased significantly with increase of the The diagnostics tasks refer to the potential application
IPI. Additionally decrease of the pain sensation side- of the system in the clinical field. In the presented
effects was reported. The results suggest, that thesystem it is possible to perform the electrophysiolog-
modification of the pulse shape seems to be an alter-ical as well as kinematics test, which may support the
native for the the commonly used force control tech- diagnosis. Moreover, such system could be used for

é)eveloping of the FES Control Algorithms. Us-

ing the Embedded PC with Linux on-board as the
system supervisor enables an easy development and
testing of various control algorithms based on fuzzy
logic, neural networks or classical control. Moreover,
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Figure 4: The multichannel EMG signals recorded from a liianterior muscle with 8-point linear electrode array. A
selected Action Potential (AP) propagating through thecateubas been marked with the arrows. The mean EMG signal
power has also been computed. The black dots denote the igeahmower of the particular EMG channels. The maximum
of the mean signal power between the channels ch4 and chfedethe motor point localization.

selecting the individually optimized stimulation treat- two ways: the first is localization based upon the max-
ment. imum signal power and the second is the AP phase
inversion. The phase inversion can be seen in Fig 4
where the AP marked with the arrows is inverted in
Multisection EMG.  Signals recorded withthe mul-  the channels ch5, ch6 and ch7. The motor point lo-
tichannel EMG signal acquisition system have been cajization is important for an appropriate stimulation
used to estimate the conduction velocity of motor glectrodes placement in FES application as well as a
unit's action potentials (AP). This can be achieved by |inear array-electrode placement in the signal decom-
a special technique based on analysis of the APs havposition task. The main purpose of the decomposition
ing similar shape and being recorded in neighbouring task is to estimate a discharge time of a particular mo-
channels. Selected AP generated by a single MU hastor unit during a voluntary contraction. In contrary to
been marked in Fig. 4. The AP propagation veloc- the decomposition systems of the intracellular EMG
ity can be computed on the basis of measured delaysjgnals, decomposition of the multichannel surface
of the AP observed in particular channels and known gMG signals does not require to use needle electrodes
distance between electrode points. Additionally, the \yhich is an advantage. Multichannel recordings may
system allows to localize neuromuscular junctionin a compensate for the lower selectivity and give a deeper
particular muscle. It has been shown that signal pa- jnsight into the motor units activity. These informa-
rameters such as AVR or mean frequency (Fmnf) of tjon can be used in more sophisticated algorithms to

tested muscle, can indicate the localization of the in- sensors can be used during walking tasks in order to
nervation zone. The motor point can be localized in
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A cycle-ergometer has been instrumented with suitable strain gauges to obtain metrological qualified

measurements of the left and right leg torque. A wireless device has been used to transmit in real-time the
gathered signals to the acquisition PC. Advantages are to give to doctors and physiotherapists a diagnostic
tool, to analyze the cycling pattern of the patients and to monitor the improvements during rehabilitation.
The real-time measures are also suitable input data for the Functional Electrical Stimulation (FES). All the
analysis was conducted with a particular attention to spinal cord injured patients, who are characterized by
highly asymmetric cycling: yet, this measurement setup, by independent measurement of right and left
torques, can be used successfully also in this particular situation. An explanation of the measuring principles
and a set of first results are given, that show the potentiality of the setup.

1 INTRODUCTION

The present work is aimed at the metrological
characterization of a commercial cycle-ergometer,
used in clinical and private field, for the
rehabilitation of people who need a motor therapy.
The device shows on a display the mean value of
clinical parameters: subject’s motor power, angular
velocity, energy, right and left leg unbalance. Those
values are computed using electrical quantities from
the motor and the unbalance supposes that one of the
legs is not opposing a relevant resistance to the
motion. These average measurements proved to be
quite accurate on healty subjects, but problems could
arise in the unbalance measurement expecially with
strongly asymmetric spinal cord injured patients.
Indeed, in the standard device, the unbalance is
computed by splitting the revolution in half; but in
asymmetric patients one of the legs typically has a
bigger resistance during flexure respect to extension
(e.g. due to spasticity, contracture or joint
limitation), that could lead to systematic errors. The
proposed measurement of indipendent left and right
torques would solve the problem. An introduction to
the devices can be found in (Comolli et al., 2005).

Moreover the average data on the display are not
saved. To give specialists a better idea of the
rehabilitation of a patient, a recording and tracking
of the data should be done, together with an
a-posteriori appropriate data analysis to quantify the
improvements of the treatment.

Another advantage of having a real time
measurement setup is to provide a proper input to a
Functional Electrical Stimulation (FES) system such
as that in (Ferrante et al., 2005 and 2006).

2 CYCLE-ERGOMETER
INSTRUMENTATION

The employed cycle-ergometer provides the mean
value of the above parameters by using measurement
techniques and data processing that, in particular
working situations (typically asymmetries), could
give unreliable information. In order to overcome
those limitations and to have instantaneous
information, an independent measurement system
has been designed and developed, using mechanical
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sensors. Such system provides the following
quantities:

¢ bending moments (M,) and radial forces
(F,) of right and left cranks: through two
Wheatstone full-bridges each made up of
electrical resistance strain gauges;

e angular crank position (0): through
optical encoders (Gfohler et al., 2001;
Mimmi, Pennacchi & Frosini, 2004) drawn
with white and black sectors on the main
wheel (see Appendix for additional
solutions).

Strain gauges are sensors suitable for superficial
strain measurements. To measure the bending
moments and radial forces, the gauges must be
positioned in the appropriate position and direction
on the crank, and must be connected on a
Wheatstone full-bridge electrical circuit (made of 4
strain gauges) so that the voltage output is made
proportional only to the selected quantity. An
analysis of the strains present on the crank, subject
to a generic force on the pedal axis, and the
application of the basic laws of the theory of
elasticity, will lead to the conclusion that for the
measurement of the bending moment the sensors
must be positioned near the crank axis, where the
strain is larger, two on the upper and two on the
lower surfaces, with the sensing direction along the
crank longer dimension. The radial forces can be
measured with two opposite strain gauges with the
sensing direction along the crank longer dimension
in a position corresponding to the smaller section;
but to complete the Wheatstone bridge, two more
strain gauges are necessary and they will be
positioned transverse to the former so that they will
sense transverse strain.

The positions on the Wheatstone bridge of each
group of 4 strain gauges are selected such that
compensation of radial forces and bending moments
are achieved respectively in the bridges apt to
measure the bending moment and radial force.
Moreover temperature compensation is achieved
automatically by means of auto-compensated strain
gauges for the crank material (steel) and also thanks
to the full-bridge properties. In this specific
application, the locations of strain gauges are shown
in Figure 4, with the numbers corresponding to
specific positions on the Wheatstone bridge,
according to the conventions of Figure 12. A
detailed description of the applied methods can be
found in Doebelin, 2003, Hoffmann, 1989 and
Cigada, Comolli and Manzoni, 2006.
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The strain gauge bridges are conditioned through
a four-channel wireless device, which allows to
transmit the signal from the rotating shaft to the
acquisition system. This solution was selected after
also considering slip rings and capacitive coupling
(Mimmi et al., 2004), both of which required too
much additional space.

The selected components are very compact: the
wireless device is mounted on the left side crank
inside a metal protection box (Figure 1); the
connections between the sensors located on the right
and left side of the device are realized by means of a
multi-core cable passing through the crank axis
(Figure 2). The power supply is given by an internal
hi-capacity rechargeable battery that provides up to
9h working time. The transmitted data are then
converted in analog signals and acquired with a
traditional DAQ board.

"3

@ |

>

Figure 1: The strain gauge wireless acquisition device is
inside the blue box, mounted on the left crank.

Figure 2:The right crank with the strain gauges wires
passes through the axis to be connected to the wireless
device that is on the other crank.
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Figure 3: Scheme of the measuring chain and feedback on
the patient.

3 MEASURED QUANTITIES

The measurement setup was designed and developed
in order to identify the torque T as a combination of
the bending moment M, and the radial force F,
(Figure 4).

Known all the dimensions of the crank, the
torques T are given by:

TR :Mb,RS_Fr,R@
(1
b b-d
T, :Mb,LZ_F;,L%

where b, d, e are the dimensions shown in Figure 4,
and L and R pedex are respectively referred as the
left and right leg.

The instantaneous total power P, can be
computed, known the angular velocity ¢ measured
by the encoder, as:

P, =(Ty+T,)-0 @

Moreover the mean energy per revolution can be
computed as:

12
E, . =[P()-dt 3
tl

where t is the time and t; and t, are the instants of
start and end of a revolution.

The unbalance U, a very significant quantity for
asymmetric patients, can be computed as:

U — Em,R _Em,L
E

m,tot

4)

where a positive value of U mean an unbalance
toward the right leg that is more powerful.

Another useful quantity is the jerk J, i.e. the rate
of change of angular acceleration, which shows the
fluidity of the motion (Schot, 1978 and Teulings et
al.,, 1997). Absolute jerk is defined as the third
derivative of angular position, while a more
interesting parameter is Jyq, the standard deviation of
jerk computed per revolution:

J=0

t2
Ay L () P

(tz _tl)tl

where J is the mean jerk in one revolution.

M, r bending moment
T . Strain gauges F,r radial force

strain gauges

pedal axis

Ft,l; """"""" - Fr

Figure 4: Scheme of the positioning of strain gauges on
the right crank. For the strain gauges numbering
conventions, see Figure 12.

4 FIRST RESULTS

The identification of the motor strategy of a patient
and the comparison with healthy subjects (or with
the same patient before rehabilitation) is
fundamental to diagnose a pathology and verify the
progress. The modified cycle-ergometer gives to the
doctors and physiotherapist many information: in the
following some examples.

Figure 5 shows a spinal cord injured patient
cycling with the help of FES. Such a patient can
cycle also without FES because the cycle-ergometer
is motorized and maintains a minimum speed. But
the muscles of the insane leg would never make any
work and may loose mass. FES permits also the use
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of those muscles and therefore let them grow in size,
even if the patient cannot control them.

Figure 5: A spinal cord injured patient cycling with the
help of FES.

Figures 6-9 show an example of data that can be
retrieved from the measuring system. A healthy
subject was asked to cycle in different conditions,
such as active (time 0-15 s), passive (15-40 s), active
(40-58 s, various powers), only right leg (58-68 s)
and only left leg (68-82 s).

Figure 6 shows the angular position and the three
derivatives that are necessary to compute all the
subsequent quantities.
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Figure 6: Angle and derivatives from cycling data of a
healthy subject in different operating conditions.

In Figure 7 the standard deviation of jerk per
revolution was computed; this quantity has relevant
information: particularly the higher jerk is obtained
when only one leg is used, this is due to the higher
speed variations. Values up to 20 rev/s’ are normal
for healthy subjects during normal cycling with a
high cycling resistance, while small values such as
2 rev/s’ can be obtained with small resistance (not
shown).
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Figure 7: standard deviation of jerk per revolution: the
biggest values are at right when only one leg was used.

The raw measurements would lead to instantaneous
torque and power plots (not shown), with left, right
and total components. Those information are
interesting but highly difficult to analyze. A better
solution has been found in re-phasing and averaging
the torque values from some adjacent revolutions.
Some examples will be shown ahead.

Average power and energy per revolution are
shown in Figure 8, and give a good idea of the
cycling conditions.

Figure 9 shows the percent unbalance and the
total energy produced by the patient from the start of
the test. Here also very small unbalance will build
up and will be easily visible at the end of the test.
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Figure 8: Average power and energy per revolution.
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Figure 9: Unbalance and total energy from the start of the
test.

A better way to evaluate the torque produced by the
patient is to re-phase the torque signals and compute
the median value in a number of revolutions. The
median torque (along with percentiles) shows a
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better waveform of the cycling and allows a better
comparison between healthy and non healthy
subjects and between the same patient before and
after the rehabilitation. Figure 10 shows the torque
from a healthy subject, while in Figure 11 the same
subject was asked to use only the right leg. The zero
crank angle is set at the maximum flexion of the left
hip.
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Figure 10: Median torque from a healthy subject actively
cycling: (a) the left (dashed) and right (solid) components,
(b) total torque that show nearly symmetric peaks. In
dotted line the 5M-95" percentiles.
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Figure 11: Same as the previous figure but related to an
healthy subject, asked to cycle only with the right leg; the
curves show highly asymmetric peaks.

The situation of a healthy subject asked to cycle only
with the right leg simulates only one of the many
possible cases of pathologic patients, where one of
the legs is very weak but not completely passive.
Indeed a healthy subject is unable to perform a true
passive pedaling, as shown in Figure 11(a), where
the left leg curve (dashed) is nearly flat in the
angular range 270-360°, indicating that the weight of
the leg is unconsciously partially compensated.

5 CONCLUSIONS

The paper deals with the design and the realization
of a measurement system able to measure relevant
quantities of the cycling, such as the torque (left,
right and total), power, energy, unbalance and jerk.

The experimental tests involved both healthy
subjects and spinal cord injured patients. Examples
of the obtained measurements had been shown
extensively in the figures. The results obtained up to
now allowed the doctors and physiotherapists to
have at their disposal additional and metrological
qualified information, useful for diagnostic purposes
and for checking the effects of the rehabilitation.
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APPENDIX

For the crank angle measurement, a traditional
encoder solution was chosen using a photo-reflective
sensor coupled with a yet-present encoder drawn on
the main cycle-ergometer wheel. Another two
solutions have been also investigated.

The first solution was an inclinometer able to
measure the bending of a beam with a small mass at
the extreme, by means of strain gauges. The
inclinometer has been positioned on the crank and
have a nearly cosinusoidal output dependent on the
angular position. The measured bending moment is
proportional to the tangential acceleration a, of the
mass, which can be computed as:

a,=gcos@+6p (6)

where g is the acceleration of gravity and p is the
distance of the mass from the crank axis (see Figure
12). After the realization of an inclinometer with a
small p value (Figure 13), the measurements showed
that the angular acceleration term can be neglected
and so the signal is actually a cosinusoid.

Another consideration is about the thickness of
the beam that should not be too thin, this because a
high natural frequency is desirable; but also not too
thick because the bending must be measurable. The
output signal was gathered with the same strain
gauge wireless device used for moments and forces
measurements, then it is filtered and analyzed to find
the unknown angle. To solve the two solutions
ambiguity of the arccosine function, the first
derivative was considered: a negative value indicate
that the solution is in the first or second quadrant.

Another studied solution takes advantage of a
cam positioned on the crank axis (Figure 12); the
distance of the cam to a fixed point on the
cycle-ergometer was measured by means of a laser
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triangulation transducer. The resulting signal is
nearly cosinusoidal and can be analyzed in the same
way of the inclinometer one. In fact the signal is of
this kind:

16)=—e, cos@++/R* —¢’ sind (7

where r is the distance from the crank axis of a point
on the cam surface that cannot rotate with it, e is the
cam eccentricity and R is the cam radius. With the
proper selection of the dimensions, the cosinusoid
approximation can give as low as +5° errors, as in
the realized cam.

All the described measurement solutions were
successfully used and proved to be of interest when
no simpler alternatives are possible.
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distance sensor conventions g
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beam
Inclinometer \ 4 3
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A Pedal
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Figure 12: Scheme of the inclinometer and the cam
mounted on the crank.

Figure 13: The adopted inclinometer.
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Abdominal surgery performed by laparoscopy requires a very high degree of skill in the surgeon. This skill
level can only be acquired through practice and training. However, a virtual reality (VR) training simulator
commands a high price. There is no reason for a VR simulator to be expensive, as a modern personal
computer can produce high-quality graphics. If all that was required was good graphics, every surgeon
could have a training tool within their laptop computer. What is missing is suitable low-cost human
interface hardware — the equivalent of the computer game ‘joystick’. This paper presents a design for a low
cost device to address this issue. In order to provide force feedback, the forces exerted on the surgical
instruments have to be measured by sensors mounted at various points. The sensors are constructed from
quantum tunnelling composite pills which measure the pressure applied to them by the surgeon. The force
feedback is produced by small direct current motors. The low cost design has been tested by both specialist
laparoscopic surgeons and non surgical personnel to assess its benefits in training at different levels of

expertise. A preliminary qualitative report is given which documents the findings from these initial tests.

1 INTRODUCTION

Laparoscopic, or minimally invasive, or keyhole
surgery is well established among surgeons as a
technique used to carry out surgery through small
incisions as compared to larger incisions required for
traditional surgery. However, while a singer, for
example, can practice before a concert, a surgeon
does not always have available the means to sharpen
his/her skills before performing an operation.

The quality of the training equipment to which a
surgeon has access largely depends on the amount of
money a hospital has available for that purpose. At
the low cost end of the market, a plastic box with a
fabric top represents the body, with holes through
which real surgical instruments are pushed to
operate on rubber body parts. A camera looks
through the side of the box and displays the
‘operation’ on an ordinary video monitor.

At the top end of the market the laparoscopic
surgical trainer can be a pair of pseudo surgical
instruments with force feedback and virtual reality
software running on a computer which displays a
depiction of the inside of a virtual patient and VR
tool tips. The LapVR system from the Immersion
Corporation allows the surgeon to learn essential
skills through virtual reality training. The VEST
systems from Select-IT VEST Systems AG allow for
training in gall bladder removal and surgery in
gynaecology. The SurgicalSim Education Platform
from Simsurgery can be used for a wide range of
training scenarios including trocar placement,
camera navigation, suturing and knot tying.

VR training systems like these, and the one
shown in Figure 1, can cost many thousands of
dollars. However, the cost of such simulators need
not be prohibitive, as personal computer (PC) game
technology can deliver excellent, high quality, real
time interactive 3D graphics that can easily meet any
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requirements of a VR laparoscopic simulator. If it
was only an issue of graphics, then every surgeon
could have a training and practicing tool on their
laptop PC. It is suitable human interface hardware,
the equivalent of the computer game ‘joystick’ or
“flight simulator yolk’ that is missing.

8 et i St

Figure 1: A VR laparoscopic surgery application
displaying a representation of the abdomen and two simple
instruments.

When interacting with a 3D virtual environment the
experience not only depends on the type of device
used to provide the human interaction, but also on
external factors such as feedback, whether this is
visual, audio or tactile. Other factors also have to be
considered, such as the number of degrees of
freedom of the user interaction device, as well as
subjective and ergonomic aspects. For example,
(Kontarinis and Howe, 1995) demonstrated that high
frequency vibrations played a significant role in
manipulation tasks. (Lindeman, Sibert and Hahn
1999) showed that adding passive-haptic feedback to
precise manipulation tasks appreciably improved
user performance. (Lindeman, Templeman, Sibert
and Cutler, 2002) demonstrated that adding
vibrotactile feedback to visual and auditory feedback

improved the user experience of virtual
environments.
Force reflecting interfaces such as the

PHANTOM Desktop Device from Sensable
Technologies provide useful feedback, but their
utilization is limited by their cost and the fact that it
is difficult to customize them to fulfill a specific
task.

Vibrating motors, like the ones in mobile
telephones, can be used to provide low-cost
vibrotactile feedback as demonstrated by (Cheng,
Kazman and Robinson, 1996). Indeed vibration
elements have been attached to a standard computer
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mouse by (Hughes and Forrest, 1996) to provide
tactile feedback.

This research reflects the belief that integrated
tactile and visual feedback must be implemented in
surgical simulators. The visual feedback is readily
available in real time and at low cost using advanced
computer graphics. The tactile feedback is much
more difficult to integrate into the simulator at low
cost. This paper aims to resolve this issue by
documenting the development of a low cost haptic
device for use in a surgical simulator. Following on
from this introduction, section 2 will outline the
basic design of the mechanical hardware. Sections 3
and 4 describe the electronic system and interface
protocols. The quantum tunnelling sensors are
introduced in section 5 and section 6 illustrates how
the concept was initially tested. Section 7 will then
present conclusions from our work to date.

2 THE SURGICAL TOOLS

This section outlines the design and development of
low-cost haptic devices for interaction with a
surgical simulator.

2.1 The MK1 Surgical Instruments

The hand grips, and spatial positions used in the
pseudo-instruments, were constructed to match
dimensions taken from actual surgical instruments.
The instruments (the surgical tools) were mounted
on pillars attached to a base. They could rotate from
the horizontal to point down by 45 degrees, and
from facing forward to point inwards by 45 degrees.

These instruments had no electronics attached, as
they were produced solely to verify that the
measurements taken had been translated into an
accurate 3D model. Following initial field trials it
was decided to make some alterations to the position
of the pillars because, during an operation the tool-
tips mostly remain within a 4cm diameter spherical
volume. These changes had the advantage of
allowing more space at the tool-tip end to mount
some electronics in the Mk2 instruments.

2.2 The MK2 Surgical Instruments

From our earlier research, Mack, Ferguson, Potts
and McMenemy (2006), and discussions with
practicing surgeons it was decided that each joystick
or surgical tool should have six degrees of freedom.
That is, they should allow for movement in the X, Y
and Z axes, rotation about the Z-axis, rotation of the
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tool-tip about the Z-axis, and the opening and
closing of the tool-tip. A Binary-Coded Decimal
(BCD) thumbwheel switch was used to simulate the
actual method of rotating the tool-tip. Five small
rotary potentiometers were used to detect movement
in the X, Y and Z axes, rotation about the Z axis and
the opening and closing of the tool-tip.

For increased stability the instruments were
mounted on a heavy wooden base as shown in
Figure 2.

Figure 2: A pair of Mk2 instruments mounted on a
wooden base.

3 THE USB INTERFACE

This section outlines the design and development of
the Universal Serial Bus (USB) which was chosen to
interface the instruments to the PC.

3.1 The Electronics

The 16C765 USB microcontroller from Microchip
was selected for the interface because Microchip’s
MPLAB and Crownhill’s Proton Development Suite
provide a stable and comprehensive Integrated
Development Environment (IDE). The PICs are
cheap and employ re-usable re-programming
technology, and require little in the way of
additional external components to implement a
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working circuit. They have low power requirements
and can therefore draw their power from the
Universal Serial Bus itself.

Members of the Human Interface Device (HID)
Class such as USB keyboards and mice are low-
speed devices, and use interrupt data transfer.

The maximum possible transfer rate of data for
this combination is 8 bytes per 10 milliseconds.
This is quite sufficient for joysticks and similar
devices such as the custom-made Mk2 pseudo
surgical instruments because each surgical
instrument’s interface has only to send 6 bytes of
data, one byte for each potentiometer and one byte
for the thumbwheel switch on the pseudo surgical
instrument.

The PIC was initially configured as a Human
Interface Device without force feedback for the Mk2
joystick. Descriptor details for a HID device can be
found in our earlier paper (Mack et al., 2006).

With the addition of force feedback, each
interface would have to send force data to the PC
and receive force feedback data from the PC. It was
apparent that a HID class interface could not handle
the data rates required. For a Mk3 joystick another
method would have to be found to send and receive
larger data bursts.

Other classes of USB devices were investigated
to determine if any would be suitable for use in a
force feedback interface. The Communications
Device Class (CDC) specification from USB.org
indicated that it could be used for bulk data transfer.

However, the 16C765 could only operate as a
HID class device, so the 18F4550 was seclected as it
could operate as a Communications Class Device.

A PCB very similar to the one used for the Mk2
joysticks was designed for the new microcontroller
on the Mk3 joysticks. Two of these circuit boards
are required, one for each surgical instrument, and
are mounted underneath the base of the instrument.

3.2 The PIC Descriptors

The Universal Serial Bus interface uses a serial
protocol, and depending on how it is configured, can
be low, full or high speed. The maximum data rates
are 800 bytes per second for low speed, 1.2
Megabits per second for full speed and 53 Megabits
per second for high speed.

When a USB interface is connected to a PC a
procedure called enumeration takes place. During
enumeration the interface must send descriptors to
the PC which completely define the USB device’s
capabilities and how the device will be used.
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If a USB device can be incorporated into a standard
USB device class then there is a good chance that it
can be made to work using the standard device
drivers included with the Windows operating
system. Configuring the interfaces as members of
the Communication Device Class results in a
twofold advantage. Firstly, the Proton+ compiler is
able to use customizable descriptors provided by
Microchip which allows the Communications
Device to emulate RS232 serial protocol over a USB
connection. Secondly, the device enumerates as a
COM port on the PC and allows the use of a
standard Windows device driver to establish
communications with the device.

Although the descriptors define the interfaces as
standard COM ports, this is only used as a
convenient way to input data to and output data from
the PC application via the Universal Serial Bus.

Details of the descriptors used in the Mk2 and
Mk3 surgical instruments are explained in detail in
internal documents entitled, “Descriptors required
for a HID USB Interface”, and, “Descriptors
required for a CDC USB Interface”, respectively.

4 THE PIC PROGRAM

However, to have any purpose, the USB devices
must each run an application program.

The surgical instruments were originally
developed without force feedback, and only fed
position information to a Windows VR application,
which can be seen in Figure 1. A different PIC
application was developed for use with an
experimental rig to test the setup for force feedback
in one degree of freedom.

The data flow for one degree of freedom can be
seen in Figure 3. The force feedback in the surgical
instruments will be provided by small DC motors,
which will provide a more tactile feel for the
surgeon. A potentiometer at each pivot point
provides position data. The force exerted by the
user is measured by the use of pressure sensors
produced from Quantum Tunnelling Composite
(QTC) pills manufactured by Peratech.

Excluding the thumbwheel switch input, which is
not suitable for force sensing or force feedback, four
sets of data are required for the operation of each
degree of freedom. Position data has to be sent from
the joystick to the PC application, as does data
regarding the force exerted by the user in two
directly opposing directions. Force feedback data
has to be sent from the PC application to the pseudo
surgical instruments.
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Figure 3: Data flow for one degree of freedom.

Small DC motors have been used in the
development process. The motors have to operate in
both forward and reverse, and this can be achieved
by the use of an H-bridge circuit. The motor torque
can be controlled by using Pulse Width Modulation
(PWM) to vary the average current. A motor can be
controlled by varying the duty cycle and/or the
frequency of the PWM pulse train applied to it.
Some PICs, such as the 16F777 used here, have
hardware PWM channels which allow the pulse train
to be produced in the background while the program
is executing other instructions.

It was decided to produce separate modules
which could control three degrees of freedom, with
each module being controlled by a 16F777 PIC. The
PIC also has the nine Analogue-To-Digital (A/D)
converters required to sample three position and six
force sensors. Each module sends data to the USB
interface PIC and receives data from it to control the
torque on three force feedback motors.

At this stage of the research it was decided to
work on only one degree of freedom on one surgical
instrument.

The applications for the USB and 16F777
module PICs were written in Basic and compiled
using the Proton Development Suite.
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S THE QTC SENSORS

When deformed, Quantum Tunnelling Composites
transform from a near perfect insulator to a
conductor similar to metal. This transformation can
be as a result of compression, stretching or twisting
the composite.

Each QTC pill is sandwiched between two
electrodes, and the user force applied
perpendicularly to the flat face of the pill, as shown
in Figure 4.

The circuit for measuring user force is a simple
potential divider with the sensor in series with a
current limiting resistor. Under no pressure the
sensor appears open circuit, while under pressure it
appears short circuit.

FORCE

ELECTRODE

ELECTRODE

QTC —*
PILL

Figure 4: A QTC sandwich sensor.

6 TESTING THE CONCEPT

Figure 5 shows the rig used to evaluate the force
feedback setup. For the sake of clarity it is shown
before wiring.

A simple front-end program, written in Visual
Basic (VB) is used to control and display the output
from the experimental test rig.

Figure 5: The force feedback test rig.

Four bytes of data specify the motor behaviour. The
application program allows forward or reverse
motion to be seclected. It is also possible to
interactively control the PWM signal sent to the

WITH QUANTUM TUNNELLING COMPOSITE SENSORS

motor through the simulated RS232 protocol over
the USB interface to the 18F4550 PIC. The
18F4550 sends the data to the 16F777, to configure
the H-bridge and hence control the DC motor, thus
providing force feedback.

The tests proved that a single personal computer
could act as output generator for force specification
and simultaneously acquire and act upon signals
from the pressure sensors in real-time.

7 CONCLUSIONS

This paper presented a design for, and practical
realization of, a low-cost laparoscopic surgical
training tool that offers the possibility of
incorporating force sensing through the novel use of
quantum tunnelling composite force sensors.

Several electronic interfaces have been
developed, culminating in a fully implemented USB
design that emulates a traditional PC COM port. A
test rig for a one degree of freedom force feedback
axis has been produced which sends position and
force data via one of these USB interfaces to a driver
program in a host PC. Data from the driver program
has been returned to the test rig to control a force
feedback motor. It is the ultimate aim of this
research to have twelve such motors controlled in
the final version of the surgical instruments.

Two instruments give a surgeon the opportunity
to practice realistic procedures, and our design offers
the possibility of highly accurate force sensing and
feedback in the future. The tight interaction between
force sensing and feedback afforded by the quantum
tunnelling sensors will alleviate some of the
problems that arise in conventional haptic rendering
applications, for example the need for a very high
sampling rate in the servo loop.

When combined with the realistic graphics that
current Graphics Processing Unit (GPU) based
rendering hardware offers it will be possible to offer
a very effective training package that could be made
widely available.

Two surgeons and two non-specialists tested the
MKk2 instruments in conjunction with the virtual
reality software and they were very favourably
received. Both groups found the instruments easy to
use, with the surgeons able to perform simulated
surgery on a gall bladder. With force sensing, force
feedback and collision detection algorithms,
surgeons will be able to practice realistic surgical
procedures with a good level of authenticity.

The development of force feedback systems that
are actually used by surgeons requires close
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teamwork between medical staff and researchers. It
is hoped that the development of this VR trainer will
result in a laparoscopic simulator which will be
acknowledged by the medical profession and lead to
an enhancement in the safety of patient care.

The original aim of making a pair of low-cost
pseudo surgical instruments for a VR laparoscopic
simulator is well on the way to a successful
conclusion.  The component cost of the Mk2
instruments is approximately 0.4% of the cost of the
Virtual Endoscopical Surgery Training (VEST)
simulator without force feedback from Select-IT
VEST Systems AG. The Mk3 training instruments,
when they have force sensing and force feedback
implemented will have a projected component cost
of 1.1% of the cost of the VEST force feedback
system. While our costs do not include the cost of
manufacturing the instruments they compare very
favourably with commercial equipment. Indeed we
could include a laptop computer with pre-installed
laparoscopic simulation software, which could also
be used independently as an ordinary PC, and still
cost only 1.5% and 1.7% of the commercial non
force feedback and force feedback systems
respectively.
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The present paper deals with force measurement during gait therapy assisted by a special robotic treadmill

with driven robotic orthoses that guide inferior limbs movements. The objectives, the measurement setup
and the results are presented. This work has been carried out in order to gather data necessary to begin the
analysis and the design of a new ankle motion device. The presented results also show how these
measurements can be useful in gait parameters assessment and patient’s muscle activity level.

1 INTRODUCTION

Nowadays mechanical measurements give a valid
and important aid in the rehabilitation field, both for
the design of specific devices and for the
development of suitable data analysis techniques.
Different types of sensors can be fixed on the
rehabilitation machines (Comolli et al., 2005), and
particular wearable sensors allow to perform the
measurements directly on the patient’s body, e.g. the
acceleration of body segments during gait (Zijlstra,
2003). Mechanical measurements can be useful to
properly set-up the rehabilitation device parameters
or to evaluate the patient’s conditions during
rehabilitation sessions (Melis et al., 1999).

This paper deals with force measurements
applied to the case of locomotion therapy assisted by
a specific robotic treadmill, the Lokomat®. This is a
rehabilitation device composed of a driven robotic
gait orthosis that guides the patient’s legs on a
treadmill while a desired percentage of the body
weight is sustained by a special support system. The
patient is sustained while his hips, thighs, knees and
legs are actively guided during the entire gait cycle,
therefore reproducing a physiologic movement. The
feet are instead passively pulled with a spring-belt
system: consequently ankles and feet follow non

“natural” trajectories and do not reproduce the actual
human walking. The foot sustainment is strictly
necessary to avoid the patient to stumble. Even if
this eventuality wouldn’t represent a danger for the
patient’s health because of the presence of suitable
security devices, it would cause the system
emergency stop to avoid the patient to fall, thus
interrupting the rehabilitation session. The growing
interest around this topic and the study of possible
solutions are the starting point of the present work.
The internal forces exchanged between the patient
and the Lokomat® have been measured in order to
analyze the mechanical behaviour of the utter system
(human and mechanical), and to investigate the
forces transmission from the suspension system to
the ground and vice versa. This knowledge is the
basis to upgrade the ankle motion system allowing a
better control and a more physiological ankle
movement. This paper describes the design of the
tests, the experimental set-up and the obtained
results. The analysis of the results has allowed to get
information about the patient’s working conditions.
The achieved data have also been the inputs in order
to design an innovative prototype device able to
control the ankle motion (Bucca et al., 2008). The
possibility of the patient’s conditions evaluation and
the rehabilitation parameters assessment have been
therefore investigated in the paper.
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Force measurements during patients’
rehabilitation sessions have been performed using
suitable transducers (load cells) expressly built and
calibrated. These have been installed between the
patient and the Lokomat® frame. The body weight
sustaining force and the left/right foot pulling force
have been measured during the assisted gait, both for
an healthy subject and for an actual patient.

2 MEASUREMENT SETUP

This paragraph describes in detail the measurement
setup, the installed sensors and the Lokomat®
system.

The Lokomat® rehabilitation device (Figure 1)
is essentially composed by three parts:

1. a hip support system that sustains a desired
percentage of the patient’s weight;

2. two electrically driven leg orthoses;

3. a passive spring-belt system that pulls and
drives the feet.

Figure 1: view of Lokomat® (with the courtesy of
Hokoma, from website www.hocoma.ch).

The body weight support system allows the therapist
to set the counterweight that sustains the patient
during the gait, accordingly to the medical
directions. This parameter setup is crucial because it
influences the rehabilitation session effectiveness
and therefore the patient’s progresses. During the
gait the patient is submitted to dynamic forces,
which have been measured and analyzed using
suitable techniques. In order to perform this goal, a
specific load cell (diameter 90 mm, thickness 5 mm,
depth 30 mm, output sensitivity 7.69 mV/N) has
been installed between the cable and the pin that pull
the system frame (Figure 2). In the following it will
be referred as the sensor N. 5.
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Because of the main interest toward the feet pulling
system, other transducers have been installed to
measure the involved internal forces. Four load cells
(diameter 45 mm, thickness 2 mm, depth 20 mm,
sensitivity 20 mV/N), have been inserted between
the springs and the belts that pull up the feet. Sensor
N. “1” and “2” have been installed on the left side,
“3” and “4” on the right one (Figure 3).

All the load cells are not commercial products
but have been designed and realized for this specific
application. The transducers incorporate an
aluminium cell ring as the elastic element. Four
strain gauges, located as shown in Figure 4, are used
as sensors able to measure the strains due to the
force (extension or compression) acting along a
diameter.

Figure 2: sensor number Figure 3: sensors number
5. 1-2 (left leg), 3-4 (right
leg).

The strain gauges are connected in a full Wheatstone

Bridge. The arrangement allows the thermal
compensation. The bandwidth is 0-20 Hz.

AV

E

Figure 4: mechanical and electrical design of the load
cells.

All the output voltage signals have been acquired
with a National Instruments Acquisition System,
using a 12 bit PCMCIA DAQ card and a notebook
for data storing.
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3 TEST DESCRIPTION

Several tests have been carried out in two different
conditions:

1. during the gait of a 65 kg healthy person, with
no specific pathology (it will be referred as the
“normal” condition);

2. during the gait of a patient with a specific
motor disability.

In the first case (healthy subject) different speed
and counterweight conditions have been tested, and
are listed below:

e gait speed of 1.5 km/h and 2 km/h;
e counterweight of 20 kg and 35 kg;

e active and passive gait: in the active session
the subject was asked to walk in normal
conditions, therefore using his muscles at
100% and contrasting the Lokomat®
resistance; in the passive session he was asked
not to use his muscles, being completely
transported and guided by the Lokomat®
orthoses.

In the second case (real injury condition) a Spinal
Cord Injury (SCI) patient has been monitored during
a usual rehabilitation session. Because of the
specific pathology he was almost unable to use the
left leg but not the right one. Considering that the
patient used to have his gait sessions at 2 km/h with
40 kg of counterweight, two different speed
parameters have been tested (1.5 km/h and 2 km/h),
and he was asked to walk both passively and
actively. In order to prevent negative effects on the
patient’s rehabilitation sessions, only the usual 40 kg
counterweight has been tested.

4 RESULTS

This paragraph presents the results obtained in the
most meaningful tests for both test conditions.

4.1 “Normal” Conditions

A first effective analysis can be performed analyzing
the data obtained from the sensor N. 5 (the one
measuring the body sustaining dynamic force).

Figure 5 shows the force time histories 30 s long,
measured in the following conditions:

a) subject standing and suspended;

b) subject walking suspended;

c) subject walking leant with 35 kg
counterweight;

d) subject walking with 20 kg counterweight.

The measured forces, except obviously the case of
standing subject (a), present a periodic shape due to
the alternate left and right foot contact.

Time history sensor N. 5

700

(@) —(a) standing suspended

—(b) walking suspended

—(c) walking leant (counterweight 35 kg)
(d) walking leant (counterweight 20 kg)
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Figure 5: measured body sustaining force in different test
conditions.

A characteristic force waveform can be observed in
a step cycle, considering for example a 10 s long
time interval, in the case of subject walking at
1.5 km/h with a counterweight of 35 kg (Figure 6).

Time history sensor number 5
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Figure 6: body sustaining force - time history.

The subject has a left (or indifferently right) foot
contact in 2.7 s and therefore a foot contact in 1.35 s.
The lowest force values are exhibited at the foot
contact instant while the highest when the foot rises.
The time-history analysis allows to evaluate the
actual load variations. In this case the measured
mean value is 359 N, with minimum and maximum
values equal to 310 N and 400 N. It has therefore
been calculated that the subject has sustained an
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average weight of 275 N (~28 kg), with a minimum
of 235N (~24kg) and a maximum of 324N
(~33 kg). The analysis in the frequency domain
(using DFT techniques) is useful to identify the
dynamic component parameters. Figure 7 shows the
force amplitude spectrum: there is a main
component at 0.7 Hz (correspondent to the feet
contact frequency at a speed of 1.5 km/h) and other
lower multiple components.

Spectral analysis sensor number 5
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Figure 7: body sustaining force - amplitude spectrum.

Table 1 contains the numeric results for all test
conditions, in terms of mean, max and min values
and peak to peak amplitude.

Table 1: measured body sustaining force (mean, max, min,
peak-to-peak values) for 35 kg and 20 kg counterweight.

35kg | 20kg

Mean value 350N | 242N
Max value 400N | 265N
Min value 310N | 215N
Peak-to-peak 90N 50N

The analysis of the data acquired by the cells
installed over the feet (sensors N.1 to N.4), gives
some important indications about the subject’s real
activity during the gait. Table 2 presents the numeric
results, comparing the suspended and the leant
subject conditions, both for left and right leg.

Table 2: numerical results for left/right foot pulling force.

Suspended Leant patient
patient
Right Left Right | Left
Peak-to- 30N 25N | 105N | 110
peak N
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Figure 8: left and right foot pulling force (comparison
between active and passive zones).

In this case the mean values are not meaningful
because of their dependence on the static tension the
therapist gives preparing the patient. The dynamic
components are instead indices of the subject’s
muscle activity. The peak-to-peak value grows from
30 N to 105 N for the right leg and from 25 N to
110 N for the right, showing a strong increment of
the forces needed to sustain the feet when the subject
walks leant on the treadmill respect to the suspended
case.

The comparison between the time histories of the
active and passive sessions shows a significant
difference in the measured forces, being useful for
the subject’s work evaluation (Figure 8).

4.2 SCI Patient Gait

The previous analyses, performed in the case of an
healthy subject, have been applied to the case of a
SCI patient. The considered patient is affected by an
asymmetric left/right motor disability, and therefore
well suits a study case.

Time history sensor number 5
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Figure 9: time history (body sustaining force).
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Spectral analysis sensor number 5
100

—active
——passive | |

60

40

Force [N]

20

LAIAA

1 2 3 4 5
Freq [Hz]

Figure 10: spectral analysis (body sustaining force).

The body sustaining force time history (Figure 9)
shows a more regular signal waveform, confirmed
by the spectral analysis (Figure 10), where the main
spectral component (associated to the foot contact
frequency) is more marked if compared with the
normal case. Comparing the active and passive
session spectra, it can be observed that the secondary
dynamic components tend to become lower in the
passive case, but when the patient tries to walk
actively a little increase appears (like the “normal”
gait case, where multiple components are well
marked).The analysis in the time domain has pointed
out significant differences in the measured
sustaining force depending on the patient’s speed
gait: the mean, max and min values of the aliquot
part of the weight sustained by the patient himself
are respectively 147 N, 59 N, 226 N for speed of 2
km/h. In the case of speed of 1.5 km/h the values are
127N, 29 N, 226 N. The first case (2 km/h) is the
usual rehabilitation condition for the patient: he
seems therefore able to realize a more fluent gait
supporting a higher load.

The analyses of the time histories of the feet
sensors are useful to obtain indications about the
patient’s muscular activity (Figure 11).
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Figure 11: left and right foot pulling force (comparison
between active and passive zones).

The calculation of the standard deviation of the
forces, index of the dynamic forces exchanged
between the patient and the orthosis, shows an
increment related to the patient gait efficiency
(Table 3, Table 4).

Table 3: feet pulling force values for 2 km/h speed.

2 km/h | Passive | Active | Increment
Right | 123N | 198N +61%
Left 126 N | 141N +12 %

Table 4: feet pulling force values for 1.5 km/h speed.

1.5 km/h | Passive | Active | Increment
Right 12.IN | 199N +64%
Left 128N | 16.3N +27 %

In agreement with the patient’s pathology the results
has pointed out a significant difference between
active and passive sessions only for the right leg,
with an increment of 61% and 64% respectively for
2 and 1.5 km/h, while 12% and 27% for the left leg.

5 DISCUSSIONS AND
CONCLUSIONS

Measurement chains able to gather the forces during
gait therapy assisted by a robotic treadmill have
been designed and settled-up. Results have pointed
out that these measurements can help doctors and
therapists in the patient’s assessment and the
rehabilitation parameters set-up. The obtained
results have also been the starting point for the study
of an ankle motion system improvement.

The actual load sustained by the patient during
assisted gait is a fundamental parameter. The proper
value is different for each patient, depending on the
physical condition and the specific pathology. A too
high value may be detrimental to the patient, while a
too low value may be inappropriate, raising the
patient’s recovery time length. The measurement of
the actual load, and especially of the dynamic load
variations, for sure very important to this aim, has
been performed and the results analyzed.

Beside this, the knowledge of the involved
internal forces can help the therapist in the
rehabilitation session evaluation, allowing to
properly set-up all the parameters, as the gait speed
and the session time length.

The very good results obtained in the present
work provide the basis for future developments
aimed to the real diagnostic possibilities. Additional
experimental tests will be carried out in order to
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consider a greater number of patiens, thus validating
the obtained results and estimating the associated
uncertainty levels.

The authors think that the measured internal
forces are associated to the actual muscular activity
of the patient. Therefore the next step in this
research field will be the correlation between the
measured forces and the results coming from the
electromyography of lower-limb muscles during
walking, in order to validate the presented results.
The possibility of the patient’s assessment based on
force measurements is very interesting, giving a lot
of advantages as low cost and ease of carrying out.
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Infant chest physiotherapy (CPT) has never been the purpose of any assessed scientific study although it is

widely used for newborn babies suffering from bronchiolitis. It is thus compulsory to quantify the limits of
the gesture to obtain the expected effect. In this paper, we present original instrumented gloves designed to
perform measurements during the CPT act on babies to characterize the gesture. Associated electronics and
software were specially developed with LabVIEW for data acquisition, continuous processing and analysis of
the characteristic parameters. The measuring system and its readout electronics were calibrated. A drive to
do measurement with babies in real situation validates the principle of the system. The analysis of the results
highlights relevant parameters for typical phases of the CPT act.

1 INTRODUCTION

As the demand for clinical or medical instrumen-
tation design increases rapidly, the techniques and
methods used to convert medical and physiological
information to electrical signals grow too. Quan-
titative responses must be relevant to allow a bet-
ter understanding of the medical or clinical analysis
through computer interfaces. In surgery or physio-
therapy for example, the characterization of the ges-
ture for a medical or a clinical act is more and more re-
quired (Davidson, 2002). The need of standard quan-
titative definition of chest physiotherapy gesture ex-
pressed by physiotherapists is at the beginning of our
study. Hardly any study concerning the character-
ization of infant chest physiotherapy technique has
been achieved. This paper presents the method and
the system for the characterization of the physiothera-
pist gesture when performing chest physiotherapy act
on newborn babies. First a chest physiotherapy tech-
nique is rapidly described in order to explain the need
of practitioners regarding the definition and character-
ization of their gesture. We present the implementa-
tion of force and displacement sensors on innovative
instrumented gloves that we designed to record the

characteristic parameters of the gesture. In a second
part, the study of the different components of a com-
puter based measuring system is detailed. In partic-
ular, the acquisition system, the readout electronics,
the acquisition program and important details of the
coding are presented. Finally, measurement results
are proposed, showing the reliable capability of the
system to give a scientific definition of the gesture.

2 MEASURING SYSTEM

2.1 Medical Context

Bronchiolitis is an acute disease of the respiratory
tract that affects young babies. In French-speaking
European countries, the two consensus conferences,
held in 1994 and 2000, concerning the management
of bronchiolitis in infants have widely recommended
the use of chest physiotherapy in order to provide care
(ANAES, 2000). These techniques aim at generat-
ing forced respirations in order to improve bronchial
pulmonary exchanges. More particularly in France,
the forced expiration maneuver used is the Increase
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of Expiratory Flow technique (IEF). IEF technique
is a thoracic-abdominal movement generated by the
hands of the physiotherapist on the infant’s chest. The
infant being lain on a table, the physiotherapist places
one hand on the thorax close to the neck and the other
hand on the abdomen. The “thoracic hand” presses
uniformly with its cubital part whereas the “abdomi-
nal hand” has a global support. The applied pressure
sequences must be synchronized with the infant free
respiratory cycle.

2.2 Assesment of Needs

These last years, due to management with the IEF
technique, results have shown an improvement of the
clinical evolution of babies’ health preventing many
of them from reaching the critical state of the hospi-
talisation (Postiaux et al., 2006). Consequently, the
CPT act is more and more used and the efficiency of
this physiotherapy technique is now currently admit-
ted in France. Although the IEF technique requires
a good know-how, the physiotherapist has an empiric
approach and relies his practicing on his own percep-
tion. He adapts and controls the magnitude and the
frequency of the gesture versus the sound of the in-
fant respiratory system and his own sense of touch.
A qualitative protocol for the IEF technique has been
defined (Fausser et al., 2002) but no quantitative def-
inition has been made. The demand is then twofold:
on one hand, to prove the efficiency of the gesture for
validating the technique; on the other hand, to char-
acterize the gesture to enhance learning and create di-
dactical situations.

2.3 Implementation of Force and
Displacement Sensors

As it was decided to quantitatively define the basic
gesture of the IEF technique, technical discussions
between instrumentalists and expert physiotherapists,
about the practical knowledge for doing the efficient
gesture, allowed to choose its physical parameters to
record. So, specific instrumented gloves were de-
signed to measure during the CPT act (Maréchal et al.,
2007): the space displacement of the physiotherapist
hands, and the distribution of the force applied by the
hands on the infant’s chest. A third relevant parameter
consisting of the sound of the infant respiratory sys-
tem has to be taken into account too. Thus, the mea-
surement system should neither modify the physio-
therapist’s gesture nor being cumbersome or disturb-
ing for the infant.

Since the force measurement system must be thin,
flexible and painless for the baby, and because the
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force applied by the practitioner is as well quasi-static
as dynamic, Force Sensing Resistor sensors (FSR)
from Interlink Electronics were chosen. FSR are
polymer thick film (PTF) devices which exhibit a de-
crease in resistance with an increase in the force ap-
plied to the active surface (Interlink, 2004). After an
exhaustive comparative study of different sensors, we
have chosen the most appropriate one as far as their
size and cost are the lowest, for equivalent technical
properties. Such sensors have already been used for
biomedical devices (Morris et al., 2006).

The FSR sensors are glued on a cotton glove by
an adhesive band (supplied by 3M). What is innova-
tive with such gloves is the location of the sensors.
Investigation of the contact between the physiother-
apist hands and the infant body has been led so that
we can characterize it. The contact shapes have been
determined after several tests according to the refer-
ent physiotherapist, so that the most interesting pres-
sures applied during the IEF act can be seen and mea-
sured. Regarding hygiene and medical environment, a
thin medical latex glove is worn over the instrumented
glove so that the sensors are not directly in contact
with the skin of the toddler.

Besides, the measurement of the position of the
hands of the physiotherapist is performed thanks to
a six-degree of freedom electromagnetic tracking de-
vice, the Flock of Birds (FoB, from Ascension Tech-
nology). It is composed of one transmitter and two re-
ceivers. Each receiver is placed on a cotton glove on
the upper side of the back of each hand. Manufacturer
claims that the system accuracy is 1.8 mm and 0.5°
RMS for position and orientation respectively within
a working range of + 1.2 m in any direction. No con-
ductive material must be present near the system be-
cause interferences produce significant error measure-
ment (LaScalza et al., 2003). This system is suited
to our application because the transmitter is placed 30
cm far from the head of the baby and the displacement
of the hands doesn’t exceed 5 cm in each direction.

2.4 Signal Conditionning

Preliminary trials were made with the referent physio-
therapist in order to determine the range for our appli-
cation. Then, we designed the FSR signal condition-
ing according to the manufacturer’s advices among
suggested electrical interfaces.

For a force-to-voltage conversion, the FSR device
is the input of a current-to-voltage converter. In the
shown configuration (Figure 1), the output voltage is
inversely proportional to the FSR resistance. An out-
put swing of 0 V to 10 V is desired to enhance the
sensitivity of the measurement system. Vref is set to -
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5 V.1t is to be noticed that a variation of the reference
voltage would lead to a variation of the output volt-
age. The supply voltage should be constant. Hence,
a precision voltage reference, the AD584, was cho-
sen for that purpose. The current through the FSR
should be limited to less than 1 mA/cm? of applied
force, to prevent from damaging the sensor. Rg value
of 15 kQ was chosen to limit the current and maxi-
mize the output voltage range. Moreover, the risk of
electronic noise is avoided with these sensors because
the value of resistance in the feedback loop is high
enough. This circuit is simple, easy to implement, re-
liable and costless.

Rg
=-=9 x v
Vs R X Ve

fus

Figure 1: FSR associated electronics.

3 DATA ACQUISITION AND
PROGRAMMING

FSR sensors voltage responses are acquired using
a NI-9205 DAQ card and NI ¢cDAQ-9172 compact
chassis for USB interface communication. It fea-
tures a 32 single-ended analog inputs with a sampling
rate up to 250 ksamples per second. Figure 2 is a
block diagram of the system. The program is written
in Graphical programming using National Instrument
LabVIEW version 7.1 since dataflow language is well
adapted for application with parallel tasks. Sampling
rate was chosen at 200 Hz for each sensor. This has
been defined after tests and recordings of the CPT act:
observation of the gesture pointed out important vari-
ations lasting about 100 ms. In order to have enough
samples to acquire and plot the signals, we chose
a resolution of 5 ms which is well adapted to have
enough accuracy.

Sensors

5 1
—] ' i
s I
¥ ! i
E P | [
= v DAQ board | | aptop
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signal conditioning

Figure 2: Acquisition block diagram.

3.1 Continous Processing (Figure 3)

In the aim to display the measurements when the
gesture is being performed, we decided to process
the signals on-the-fly during their acquisition. The
length of the trial, up to several minutes, and the num-
ber of signals (fifteen) increase rapidly the amount
of the collected data. Regarding these parameters,
the recording of the data must be done throughout
the measurement. The DAQ board performing the
acquisition stocks the samples in its circular mem-
ory. The Ni DAQmx driver ensures the continuous
transfer of the digitized data to the computer memory.
The reading of the samples is done block by block
with the LabVIEW program by the Analog Input (AI)
Read routine returning data from the buffer. This high
level priority routine is expensive in terms of perfor-
mance. As a matter of fact, for slow frequency rate
acquisition when Al Read is called, data might not be
all present in the buffer. So, Al Read will wait for
data to be available. This waiting time from a pri-
ority task involves heavy performance cost. To rem-
edy this, Chalons recommends an optimisation of the
computer resources when a continuous processing is
desired (Chalons, 2001). In order to acquire and pro-
cess a continuous amount of data, we used a new pro-
gramming technique in our code which stands for a
call of the AI Read routine only when needed. To do
so, a variable is used to indicate the number of analog
input data remaining in the buffer. The new version
of the DAQ driver NI-DAQmzx 8.3 makes easier the
programming by using a simple Read property node
that returns the state of the buffer. This frees enough
resources to activate other asynchronous tasks that are
less time critical such as display and file storage, and
allows continuous display.

This solution is low cost to perform “real time”
acquisition and display, in comparison to Real Time
hardware modules. The program runs on a conven-
tional Laptop PC, Pentium M CPU at 1.6 GHz with
512 MB RAM under Windows 2000. Any reasonably
current PC should be compatible with our measure-
ment system. The program has been tested and shown
to operate reliably.

3.2 Monitoring and Visualization

Before each trial, a user friendly interface enables the
user to supply information about the management of
the patient. Sex, age, size, weight and pathology are
also asked. A text box is dedicated to comments and
evolution of the clinical state. All information are
saved in a result file detailed further. While gesture is
performed by the physiotherapist, waveform plot dis-
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Figure 3: Structure of the LabVIEW acquisition program: (1) acquisition configuration; (2) definition of buffer size; While
loop: (3) reading buffer state; (4) reading of samples by Al read routine if the buffer is fulfilled; (5) graphical display update

and (6) file storage when Al read routine is not solicited.

plays signals issued from each sensor in “real time”.
The monitoring screen is presented Figure 4.

B MIKROB.vi _lojx|

°
H> a
10 2
g Ey

Pressure magnitude [arb. unit]

~ ot . - . o=
Measures. 00:00 Time (5] 13i50

Abdominal hand Thoracic hand
@ 10~ @ 10= g 10- 4 10~ 4 10- 410~ 10- 410 g 10= 4 10= 4 10- 410~ 410~ 410~ 4 10
R T T TR Bk B T} 0= 0- 0-5 0-75 0-% 0§ 0% 0°7 °©

Figure 4: Monitoring screen.

Simultaneously to force measurements, the trajec-
tories of the hands are recorded with the FoB sensors
located on the gloves. The whole system is presented
Figure 5.

3.3 File Output

For each trial the program saves the data in a *.txt file.
Spreadsheet file format compliant for common soft-
ware such as Microsoft Excel or OpenOffice Calc was
not chosen because they have a limitation of 65536
rows. The file contains the values of the output data
of the fifteen sensors versus the time, for each mea-
surement. It also contains the acquisition parameters:
measurement rate, trial start and end times. The aver-
age size of the result files is of 10 MB which is accept-
able in comparison with actual disk space capabilities.
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Figure 5: Whole measuring system.

4 FIRST RESULTS

4.1 Calibration System Validation

Calibration of FSR devices before use is of inevitable
occurrence. Calibration curves supplied by the man-
ufacturer are carried out with the sensor placed be-
tween two rigid materials. However, it is worthwhile
noting that the response of this kind of sensor depends
on the nature and shape of the contact. Consequently,
FSR sensors should be calibrated in the same situa-
tion as the use. Former studies focused on measur-
ing forces developed by the human hand when grip-
ping objects (Nikonovas et al., 2004). In this work,
Nikonovas used FSR sensors between human hand
tissues and stiff surface, nevertheless calibration was
not made in the conditions of their use. Besides, Cas-
tro (Castro and Cliquetlr, 1997) placed small rigid
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plates over and under the active area of the sensor
to improve its behaviour during use, but for calibra-
tion the force was applied thanks to a small sphere.
Regarding our application, the contact is between hu-
man hand tissues and human body tissues. Pertaining
to the work of Castro, in order to enhance FSR re-
sponse, we thought to insert plates on both sides of
the sensors, but we can’t mount them on rigid sub-
strates since they could injure the infant during the
CPT act. For use and calibration, we also tried to in-
sert the sensors between different flexible substrates
such as thin layers of polymer materials or silicones
but it had no relevant effect on sensor response.

A specific workbench is implemented to calibrate
the sensors in order to be in a situation closest as pos-
sible as between hand covered by cotton material and
body (Figure 6). A plate of metal covered with a poly-
mer layer realises the distribution of the applied force.
We made comparative calibration to highlight the im-
pact of the substrate. Dead loads in range of 0.1 kg to
1 kg were applied to the active surface of each sensor.
With the same applied force but with different im-
plementations, the sensor’s response is strongly dif-
ferent. Figure 7 shows the calibration curves for the
same sensor; alone (a) and implemented on the glove
(b). In the end, keeping in mind that the stiffness of
the hands of two physiotherapists may be very dif-
ferent, we decided to calibrate the sensor with identi-
cal impementation for all measurements. So, we use
the static calibration curve obtained with the bench
described before, the FSR being implemented on the
cotton glove and covered with a medical glove.

However, the calibration gives the part-to-part re-
peatability but is not able to provide the absolute force
magnitude during the measurement on newborn ba-

bies.
polymer substrate
//— FSR sensor

support ——

coton glove _\

Figure 6: Calibration System.

4.2 Measurement Results

The measurement with the whole system was per-
formed in a physiotherapist consulting room from

81 (a)

FSR Voltage [V]

FSR Voltage [V]

T T T
o 200 800 1000

400 600
Weight [g]

Figure 7: FSR calibration curves: (a) alone; (b) imple-
mented on the glove.

January to March 2007. The study was managed tak-
ing into account a population of 25 infants aged from
5 to 7 months suffering from bronchiolitis. This ran-
dom trial was performed by the same expert physio-
therapist, J.C. Jeulin.

Figure 8(a) shows the sensors responses acquired
on the thoracic hand glove during two compressions
on the chest of a 5-month-old infant, for a sequence
of the gesture called “fast IEF”. The FSR responses
evolve synchronously. They are repeatable since the
rising time of the applied pressure and the magnitude
of the forces remain constant for each sensor in each
compression. The displacement of the thoracic hand
in the direction perpendicular to the table plane dur-
ing one compression of a “fast IEF” is reported on
Figure 8(b). These first results are consistent with
the gesture qualitatively described as the referent one
by the expert.

S CONCLUSIONS

The measuring system, designed and created to record
hands applied pressures and displacement during the
act, has been validated. The choice of the sensors
and their implementation respect the medical environ-
ment. Specific calibration according to the use has
been achieved. Low cost portable hardware is used
to acquire sensors signals. Custom optimized soft-
ware has been developed with LabVIEW to process
and display the data as in real time. The first results
obtained are reproducible and consistent with the ex-
pert sensations. Our ongoing work in the framework
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Figure 8: (a) Pressure (two FSR) and (b) displacement
(FoB) responses of sensors on the thoracic glove.

of CPT enables quantitative investigations of the ges-
ture.
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Abstract: This paper presents a control scheme for augmented contapuwith force feedback in robotic surgery.
This approach aims at increasing the surgeon’s dextertg stirgeon manipulates a handle mounted on the
robot which manipulates the instrument. The control lanuess that the instrument applies on the organ
the same forces that the surgeon applies on the handle n¢taded by a scale factor. As a consequence,
the robotic device provides the surgeon with an augmentesasen of the interaction forces between the
instrument and the organ. The proposed control law doesenoine any knowledge of the environment. This
control scheme is proven stable thanks to a passivity stimdieed, passivity analysis is a useful tool for the
stability analysis of a robot interacting with an unknowwiesnment. Experimental results are presented on
a robot dedicated to minimally invasive surgery.

1 INTRODUCTION and his dexterity is thus reduced. An other applica-

tion of force control that could increase the dexterity

of the surgeon is force scaling. Indeed, for precise
manipulation tasks, a robotic device could provide the
surgeon with an augmented sensation of the interac-
tion forces between the instrument and the organ.

In the context of robotic surgery, the surgeon and the
medical staff have to interact with the robot. Depend-
ing on the surgical task, the degree of cooperation can

Fhee rﬁ)ablgt dilrffz:]egato?wlgnrﬁl)eu;avigs T%etﬁhrgztzregob#s Comanipulation appears to be a good solution to over-
’ Y, 9 come these problems. Comanipulation is a direct in-

supervision. For_exam_ple, the surgeon defines the de'teraction between the surgeon and the robot: the in-
sired positions via an interface and the robot moves

10 these positions. However more complex tasks re- strument is manipulated simultaneously by the sur-
. P o P geon and by the robot. The main difference between
quire the surgeon’s judgment and, thus, cannot be per-

formed autonomously by the robot. Th tasks r comanipulation and teleoperation is that no master
ormed autonomously by tn€ robot. 1Nese 1asks re- ., 5 neaded to impose displacements to the robot.
quire that the robot works in cooperation with the sur-

con. The suraeon's skills are thus improved as the So the complexity and the cost of a comanipulation

?obot. increaseg his dexterity. To do sg one of the system may be lower since it involves only one me-

L , Y. ] .~ chanical system. Moreover, the use of a comanipu-
possibilities is robot’s force control. For instance, in

. . . . . lation system may be more intuitive for the human
minimally invasive surgery, a robotic device could be

used in order to display manipulation forces back to operator.
play Py - Different approaches have been studied concerning
the surgeon. Indeed, since the instruments are manip

- “U ' Mthe comanipulation. Some systems are able to impose
ulated through a trocar and because of the friction IN \irtual constraints to the surgeon’s gesture which re-

the trocar, the surgeon Ioose_s the sensation of the ""strain the tool into a delimited area of the task-space
teraction forces between the instrument and the organ
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and forbid the access to critical zones. proaches are presented: the surgeon holds a handle
For example, in (Schneider et al., 2000), the sys- mounted on the robot and the robot manipulates the

tem PADyC has been presented. The clinical results instrumentin a way such as it exerts on the organ the
obtained with this system concern pericardial punc- same force that the surgeon applies on the handle, but
ture. It consists to remove pathological liquid from scaled-down. Three different control laws using an
the pericardium using a needlBADyC can be used inner position/velocity control loop are compared in
under different control modes corresponding to the (Roy etal., 2002). The best results are obtained with
degree of autonomy the surgeon wants. The robot is@n adaptive control law involving the estimation of
controlled with a velocity loop and it imposes con- the environment's compliance. However, when the
straints on the surgeon to prevent damages on the Sur.ContaCt with the environment is IOSt, the estimation
face of the heart. These constraints are computed withbecomes problematic. Another disadvantage of this
respect to the relative position between the needle andcontrol law is that it requires differentiation of the
the percutaneous access. Indeed, a model of the opforce applied by the surgeon on the handle which is
eration’s area is created during a pre-operative phase & noisy signal.
This model is then used to derive the constraints field. Even if benefits presented in the above references are
Here no force control is used to perform the operation. important (e.g. gesture’s accuracy or the increase of
In (Jakopec et al., 2003), thcrobot system is system’s safety), none of these systems allow the sur-

used to assist the surgeon during an operation of kneedeON t% feel an "’r‘]mp“f'led vderﬁlon of the distal forces
replacement. The main feature of this system is to im- ?Ctt'r?_g etween the too a? the ?rgl"’m'h ¢

pose virtual constraints on the surgeon when he/she n this paper, we présent a controf schéme for aug-
cooperates with the robot. When the task has beenmer"[ed comampulanqn with force _feedbgck. The
defined with the planning software, the manipulator main advantages of this control Ia_w is that it doe_s not
is able to move freely the robot to the operations area. rec:_wtr_e amf' knoyvledge OT tr_:_(ka]_enwronmerl]ﬁ nor d|ffter-

If the surgeon moves the tool outside the defined path, entiation ora noisy signal. 1his approacn Is an exten-
the robot applies forces on the user to modify the cur- sion of previous works (Zemiti et al., 2006) realized

rent trajectory. It has been clinically proven that the I_Ir_1h0ufr_ Is;bora}{to;yt.h_ i< devoted 1o th q
preparation of bones surfaces are more accurate com- e lirst part of this paper s devoted 1o the propose

paring to a classical operation. Once again, no force control law fo_r augmented comanipulation. This con-
control is performed with this system. trol sc.heme is proven stable thgnks to a passivity
Moreover, some systems can exploit a measure ofStudy n the_ second part. Expe_r|mer_1tal results with
forces. Therefore, there is no need to use models of® robot dedicated to minimally invasive surgery are

contacts to obtain the measure of distal forces. It is Presentedin the last part.

also possible to derive constraints which are directly

based on the forces applied by the surgeon on the or-

In (Kazanzides etal., 1092), af wollerisused > ~SCMENTED

n (Kazanzides et al., , a force controller is use

so that the surgeon can guide the robot. The surgi- COMANIPULATION

cal tool is attached below a force sensor mounted on

the robot’s wrist. The force controller uses the mea- 2.1 Principle of the Approach
sured forces to provide the reference to an inner ve-
locity control loop. When the desired force is null,
any applied force on the instrument causes the robot

to move in the direction of this force. So, the surgeon quiring human judgment and involving small interac-

can guide the robot by holding the tool. tion forces between the surgical tool and the organ.
In the same manner, th&urgicobot system  Therefore, the proposed device allows an augmented
(Kochan, 2004) allows the surgeon and the robot to comanipulation. It is a comanipulation system be-
manipulate the same drilling instrument for maxillo- cause the surgical instrument is held simultaneously
facial interventions. The surgeon can freE|y move the both by the surgeon and by the robot. We call it aug-
instrument except in some predefined space where themented because the robot is controlled in such a way
robot generates restrictive forces in order to prevent that the surgeon is provided with an amplified sensa-
the surgeon from moving the instrument too close to tjon of the interaction forces between the instrument
vital nerves. and the organ. As a consequence, the instrument ap-
In (Taylor et al., 1999), (Kumar et al., 2000) plies on the organ the same forces that the surgeon
and (Roy et al., 2002) augmented comanipulation ap- would apply in a transparent mode but decreased by a

We present, hereafter, a robotic device in order to as-
sist the surgeon for accurate manipulation tasks re-
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scale factor. This device can also filter the surgeon’s where [0204],, denotes the skew symmetric matrix
tremor in order to increase the accuracy of the task. associated with the vector fro@, to O; expressed
This approach supposes that the reference forces proin the basis of framer,. However, in future work,
vided by the surgeon and the interaction forces be- it will be interesting to compute this transformation
tween the instrument and the organ may be measuredwith a calibration process. In the Section 4, we as-
separately. Therefore a handle equipped with a force sume that the mechanical design is precise enough to
sensor (force sensor 2) is mounted on the instrumenthave a good estimation of this transformation.

(see figure 1). The surgeon manipulates this handle  With these notations, as detailed in subsection 2.3,
and the force sensor 2 measures the forces appliedhe aim of the proposed approach is to control the
by the surgeon on the instrument at po®y. The robot such thatv, = —%We wheref €]0;1] i.e. the
force sensor 1 measures the forces applied by the or-surgeon feels the forces applied by the organ on the
gan on the instrument at poi@. The data provided  instrument,—we, amplified by a scale factof > 1.

robot
force sensor 2

handle

instrument

force sensor 1

_&— Organ

Figure 1: Setup for augmented comanipulation.

by the force sensor numbérare wrenches applied
on pointO; and expressed in the basis of frame
linked to the sensor. In order to be compared these
wrenches have to be expressed in the same point an

in the same basis. As the transformations between the

basis linked to frameg; and the basis linked to the
fixed robot base framg;, are supposed to be known,

The proposed control scheme is presented in the fol-
lowing subsection.

2.2 Proposed Control Scheme

The robot dynamics is modeled by the general form:

M(a)d+C(d,9)q+Tvq+Gy(q) =T—Te—Tu (1)
whereq € R" denotes the joint position®] (q) is the
positive definite symmetric inertia matri€(q, )q is
a vector grouping the Coriolis and centrifugal joint
torques/[ \q is a vector grouping the dissipative joint
torques,Ggy(q) is a vector grouping the gravity joint
torques,t is the command vector for joint torques.
—Te and —1y are the joint torques corresponding re-
spectively to—we and —w, i.e. —Te = J'(q) (—We)
and -1, = J(q) (—w,) whereJ(q) is the Jacobian
matrix of the robot at poinD1, expressed in the basis
of 7.

At the lowest level of the controller, a proportional ve-
ocity feedback is used in order to partially linearize
he robot dynamics:

T=-B4+Gy(q) +Ca.94+ T (2)
whereB is a symmetric positive definite matrix of

we choose to express the wrenches in the basis linketgggpack gaing, is the new command vector for the

to the frame7,;. So, from the data provided by the
force sensor 1, we can computave the wrench ap-
plied by the organ on the instrument at podt and
expressed in framg;. From the data provided by the
force sensor 2, we can computevs the wrench ap-
plied by the surgeon on the instrument at p@stand
expressed in framg;. Note thatwve andws are respec-
tively the wrench applied by the instrument on the or-
gan at poinO; and the wrench applied by the instru-
ment on the surgeon at poi@. Assuming that the
transformation between the franm and the frame
Fo is known, we can compute the wrenetw, ap-
plied by the surgeon on the instrument at pdtin
Fri —Wyu = T12(—ws) with

03
I3

I3

T2=| _[0,04],

joint torques,é\g(q) andé(q,q)q are estimated val-

ues ofGy(q) andC(q,q)q. Therefore, the model (1)
becomes:

M(Q)4+Ba=Tc—Te— Ty 3)
The proposed control scheme is presented on fig-
ure 2.
In this figure the Jacobian matriq) is notedJ.

This control scheme introduces notations defined as
follow:

e C((s) is a Proportional-Integral torque compen-
sator at the joint level such that:

Ki

Ce(s) =Kp+ @

whereK, € R™" andK; € R™" are symmetric,
positive definite matrices.
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—w
:
- Robot
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S Organ
Figure 2: Augmented Comanipulation force control scheme
in joint space.

e X is the 6-component vector grouping the coordi-
nates of the rotational and linear velocity of the
instrument at poinO; with respect to framer;,
expressed in the basis of.

In the sequel the following assumption will be
used :

Assumption 1 The matrixJ(q) is of full rank n

This assumption means that the robot is not in a sin-
gular configuration.

2.3 Equilibrium

The stability of the control scheme 2 will be proved in
the following section. So, assuming that this control
scheme is stable, as the controk&(s) involves an
integral term, the torque erra; will be null at the
equilibrium. So, at the equilibrium:

®)

As the stable low-pass filteB(s) has a steady-state
gain equalto 1, at the equilibriurmy = J(Q)'B(—wWy).
Thus (5) leads to :
1
(—We)) =0

3! ((—wu> +3

If n=~6i.e. if we consider a 6 joints robot, the matrix
J(qg) is square. Moreover, according to assumption
(1), this matrix is of full rank. Therefore, it can be
deduced from equation (6) that:

T
B
Suppose that we chooBe= 1. Then, equation (7) can
be written:

Tg—Te=0

(6)

()

(—We)

8

It means the wrenchvs sensed by the surgeon at
point Oy is such that its expression at po®{, wy, is
equal to the wrench-w, applied by the organ on the
instrument expressed at poi@y. Thus the surgeon

Wy = (—We)
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manipulates the instrument in a transparent way i.e.
the surgeon senses the wrenghas if he/she were
manipulating a zero mass instrument without any
friction.

Similarly, if B €]0;1], equation (7) means that the
wrenchws sensed by the surgeon is an amplified
version, by the scale facto% > 1, of the wrench
that he would sense in a transparent manipulation.
Let's remark that (7) can be writteme = B (—wy). It
means that the wrench applied by the instrument on
the organ at poinDO; is the wrench applied by the
surgeon at the same point, reduced by the scale factor

If n< 6, J(q) € R™6 is not square. Thus it
cannot be deduced from (6) that the wrench error
&w = (—Wy) + %(—We) is zero. The wrench errasy
is not necessarily zero but belongs to the null space
?f J'(g). An equilibrium is obtained betweem, and

B(—We).

3 PASSIVITY

In the proposed approach, the robot interacts with its
environment. The stability of the control loop de-
pends not only on the robot dynamics but also on the
environment dynamics. However we cannot assume
for a known model for the environment. Therefore,
a useful tool for the stability analysis of the proposed
control loop is passivity analysis since this study does
not require any environments model. Thus, whatever
could be the contacts (robot-organ / robot-surgeon),
the passivity analysis ensures that the system remains
stable. The principle of a passivity study is presented
in the following subsection

3.1 Principle

Let consider an LTI system with an inpuf an out-
puty, such thaty = T(s)u with T(s) a real rational
transfer matrix. This system is passive if and only
if T(s) is positive real. In turn, positive realness can
be checked by the following property (Anderson and
Vongpanitlerd, 1973):

Property 1 Let = 0x+ jwx, ke {1..m}, denote the
m poles of all the elementg {i5) of T(s), and let juw,

| € {1..p}, denote the p< m pure imaginary poles of
all the elements;j(s) of T(s). The transferT(s) is
Positive Real if, and only if:

1. Vke {1.m},0¢<O0;

2.Vl € {1..p}, jux is of multiplicity 1, and the as-
sociated residue matriK; is hermitian, positive
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semidefinite (PSD). The matrlk; can be com-  3.2.2 Passivity Study
puted as:
) _ ) o The system (10) is passive if and only if the matrices
Ki :sﬂ% (s—jon)T(s), if oy is finite Yu(s) andYe(s) are positive real. As is supposed
to be of full rank (Assumption 1), this condition is
equivalent to the positive realness of the matri¢gs
andY ¢ defined as follow:

and: K = lim I& , if & is infinite

Note that a zero ofjjl(s) is considered as a pole

at the infinity. { Yuz = Yi(9) [In+B(Ce(s)+1n)] (11)
3. TH—jw) + T(joo) = T*(j) + T(jw) is PSD, for Yeo = Yr(s)[ln+Ci(9)]

anywe R—{w,l € {1.p}}. u Equations (11), (9), and (4) lead to :

Let, now, consider an LTI system with two dif- Yua=(Ms+B)7|In+BKp+ B_};'} 12
ferent inputsu; anduy provided by two different en- Yez=(Ms+B) [l +Kp+ &} (12)
vironments, and assume that this system is described ' S
by: y =T1(s)us + T2(s)uz. This system is passive if whereK |, = K + 1.
and only ifT1(s) is positive real and »(s) is positive
real. We first derive conditions ensuring the positive re-

alness oY »(s). The poles ofY »(s) ares; = 0 and
3.2 Passivity of the Modified Force the poles ofY(s). The poles associated i (s) are

the solutions of d&iM s+ B) = 0 i.e. the eigenvalues
of -M~!B. As far asM andB are symmetric posi-
tive definite matrices, the eigenvalues-of1 1B are
3.2.1 Modeling, Linearized Robot Dynamics negative real.

In order to check the second condition of property

The robot controlled by the control scheme depicted 1, We compute the residue,; associated to pole =
on figure 2 is a system whose outputds This sys-  0- We get:

tem has two inputs-w, and —we provided by two Ki=limsY,,= BB K;

different environments, respectively the surgeon and SosL

the organ. So, in order to study the passivity of this As B > 0, we deduce the following condition for the
system we first have to compute the transfer matrix passivity of the control scheme:

Yu(s) between—wy and X and the transfer matrix 4

Ye(s) between—we and X. This computation sup- B7Ki=0 (13)
poses that the system is linear. Therefore, in orderto  The third condition of property 1 consists in
Study the paSSiVity of the proposed control scheme, Checking, for anyw € R — {0}, the positive semidefi-

we linearize the robot dynamics (3) by assuming that pjteness of the matrkt (jw) defined as follow:
the robot evolves in a neighborhood of a given joint

Control Scheme

configurationgo so that we can sé#l = M (qo) con- Hi(jw) = Yu2(jw) + Yu2' (- jw)
stant. The resulting linearized model writes: =(joM +B)! [I n+BKp + %} (14)
Ki , N

G=Y:(S)(tc—Tu—Te) with Y (s)=(Ms+B)?! +|In+BKp + E—,w} (—joM +B)~*

9

©) becausdz(g, Ki, M andB are symmetric.
wheres is the Laplace complex variable. More- Positive semidefiniteness bfy (jw) is equivalent
over, under the assumption that the robot evolves in to positive semidefiniteness bif,(jw) defined as fol-
a neighborhood of a given joint configuratigg, we low:
_cnanns;(ca)geT J(go) constant. Then, we get the follow- Ho(jw) = %(jwM +B)H1(jw)(—jwM +B)
ing :

= [%|n+K;J+jK—(L:| (—jwM +B)

X:Yu(3>(*Wu)+Ye(3)(*We) (10) +(jwM +B) [%In""K;J"'—KTim}

where: (15)
We get:
Yu(®) = JIYe(9) [In+B(Ce(s) +1n)] I :
{ Ye(s) = JIYr(9) [In+Ce(9)]J Hz(jw)=R1+R2+jw|ml+$|m2 (16)
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where: 4 EXPERIMENTS
Ry = (%/B)B , The aim of these experiments is to show that it is pos-
Ry =K;B Jf BKQ — (KiM +MKj) sible to provide force feedback to the surgeon thanks
Imy =MKy —KyM to proposed control scheme. Furthermore, for differ-
Im2 = KiB —BKi ent values of the gaifs, we will verify that the sys-

tem remains stable. Experimental setup will be briefly
described and benefits of augmented comanipulation
will be evaluated experimentally.

Note that, in the rest of the paper, the used joint torque
compensator gains and the valuesBoand 3 were

The hermitian matrixd»(jw) must be PSD in order

to ensure passivity. Thus its real part has to be PSD
and its imaginary part has to be null. Therefore, the
following conditions have to be satisfied for aty=

R—{0}: chosen in such a way that the conditions given in 22
Ri+R»>0 (17) are verified.
wimy + &1)|m2 =0 (18) 4.1 Experimental Setup
Thus, condition (18) is equivalent to: The robotMC?E (French acronym focompact ma-
nipulator for endoscopic surgeyys a Kinematically
R1+R2>0 Defective Manipulator (KDM) which means that it
Im;=0 (19) has fewer joints than the dimension of the space
Im,=0 in which its end-effector evolves. It is specially
suited for minimally invasive robotic surgery appli-
To summarize, the matriX, »(s) and thusY(s) cations(Zemiti et al., 2007). With = 4 joints and a
is positive real if and only if the following conditions ~ spherical structure, this robot provides 4 degrees of
are satisfied: freedom (DOFs) at the instrument tip.
The Figure 3 shows how the mechanical constraint
BK;>0
Im;=0
Im,=0 (20)
R1+R>>0

As far as positive realness ofg»(s) is concerned,
with a similar reasoning we deduce that the first and
the second condition of property 1 are satisfied if and
only if M~1B > 0 andB~1K; > 0. It can be noticed
in equations (12) that the expressionYafz(s) is sim-
ilar to the expression of y 2(s) when = 1 andKj,
is replaced by p. Therefore, we deduce from equa-
tions (19) and (17) that the third condition ensuring
the positive realness ofez(s) is satisfied if and only  Figure 3:MC2E can comanipulate an instrument with a sur-
if: geon, and measures wrenches that are applied either by the
surgeon, or at the instrument tip.
MK p—KpM =0

KiB—BK;=0 (21)
B+KpB—KiM >0

is created. The lower part of the robot is dedicated to
the orientation of the instruments. The upper part al-

The equations (20) and (21) lead to the following '0Ws translation and rotation of the instrument along

conditions for the passivity of the proposed control itS OWn axis. S . .
scheme: Since the 4 axis coincide, there is a fulcrum point

which allows the insertion of the trocar into the pa-
B~!Ki>0 tient's body. This mechanical structure is clearly
MK —KpM =0 adapted to Mini Invasive Surgery. Traumatisms are

KiB—-BKi=0 (22) reduced because translations through the fulcrum
(%In+K§J)B—KiM >0 point are not allowed.
Apart from its compactness, the main feature of
with K’pz Kp+In. this robot is that it offers a possibility for force
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measurement in MIS. NamelyIC’E can measure 4.2 EXxperimental Results

the distal organ-instrument interaction with a 6-axis

force-torque sensor placed outside the patient. Thus,The figure 5 shows how the gafhhas been modi-
it is subject to much less sterilization constraints. Re- fied during the experimen@ = 1 is a particular value
markably, due to the special mounting of the force
sensor, these measurements are not affected by the
disturbance forces and torques arising from the inter- i
action between the trocar and the instrument.

Itis important to mention that the control scheme that
we have detailed in Section 2 can be used in other
fields of interest and not only in laparoscopic surgery.
For example, it is possible to improve surgeon accu-
racy during otologic surgery. The forces applied dur-
ing such kinds of interventions are very low. There- .
fore, it should be useful to provide an amplified ver- N ‘ ‘ ‘ ‘ ‘

sion of these forces thanks to force feedback. ’ ’ e . =

The new control sch_eme prese_nted in s_ection 2 inqli- Figure 5: Gain values vs. time.

cates that the robot interacts with two different envi-

ronments (the organ and the surgeon). This configu-for which torques measured on the organ are equal
to torques applied by the manipulator. When setting
3 = 0.5, torques applied on the organ should be de-
creased by a factor 2.

The figure 6 depicts torque measurements. It allows
to compare torques applied on the organ, torques pro-
vided to the controller and torques applied on the ma-
nipulator. This result demonstrates that the proposed

11

— Value

09t

Time 9

Figure 6: Torque values vs. time.

Figure 4: Experimental Setup.

control scheme allows a reduction of the torques ap-
ration is shown on figure 4. It needs a second force plied on the organ. At = 10s, B is switched from 10
sensor to measure forces between the robot and theo 0.5. One can notify that torques applied on the or-
surgeon. Therefore to measure forces applied by thegan almost remain the same but torques applied by the
surgeon, a second force sensor has been added on theurgeon are amplified. Therefore, to apply the same
robot. Due to difficulties to fix it directly on the han-  efforts on the organ, the surgeon must amplify forces
dle, it has been deported on the second axMGfE. acting on the robot. This result satisfies equation (7).
This particular disposition was the quickest way to The figure 7 shows that the system remains stable
provide force feedback to the manipulator. However, for different values of gains. Furthermore, it demon-
the same disposition is not adapted to transmit forcesstrates that good performances can be achieved with
along instrument's axis. In order to overcome this the controller which has been proposed in section 2.
problem, next step will be to modify existing experi- Error appearing on Figure 7 is mainly due to noise
mental setup to exploit each of the robot's DOF. on measurement. However, one can notice that there

are some error peaks on this plot. This phenomenon

is due to the modification of the force feedback gain
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Torque (N.m)

] 2 4 8 10

6
Time (s)

Figure 7: Torque error vs. time.

during experiments. In practice, if a fixed valuefof
is used, these peaks would not appear.

5 CONCLUSIONS

This paper presents a modified version of a force con-
trol scheme. In the context of comanipulation, it is
possible to provide force feedback to the manipula-
tor by modifying torques reference. In order to obtain

such results, a second force sensor is necessary to dis-

tinguish manipulator and environment forces.
Robots kinematic has been used to deal with
torques equilibrium. In other words, using a gains
matrix allows reduction of forces acting on the envi-
ronment and amplification of forces acting on the ma-

nipulator. Experiments have been conducted to show

efficiency of the proposed control scheme.

Moreover, a formal proof of passivity has been es-
tablished. It ensures stability of the system whatever
could be contacts between the robot and its environ-
ment.

In future work, in-vivo experiments will be con-

duced. Even if experiments are satisfying with actual
experimental setup, it should be modified to exploit

the last 2 DOFS. A new handle seems to be the easi-

est way to use existing robot.
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The present paper presents the development of a mechanical actuator using a shape memory alloy with a

novel cooling system based on the thermo-electric effect (Seebeck-Peltier effect). Such a method has the
advantage of reduced weight and requires a simpler control strategy as compared to other forced cooling
systems. A complete mathematical model of the actuator was derived, and an experimental prototype was
implemented. Several experiments are used to validate the model and to identify all parameters. A robust
and nonlinear controller, based on sliding-mode theory, was derived and implemented. Experiments were
used to evaluate the actuator closed-loop performance, stability, and robustness properties. The results
showed that the proposed cooling system is able to improve the dynamic response of the actuator.

1 INTRODUCTION

Shape Memory Alloys (SMAs) consist of a group of
metallic materials that demonstrate the ability to
return to some previously defined shape or size
when subjected to the appropriate thermal
procedure. The shape memory effect occurs due to a
temperature and stress dependent shift in the
materials crystalline structure between two different
phases called Martensite and Austenite. Martensite,
the low temperature phase, is relatively soft whereas
Austenite, the high temperature phase, is relatively
hard. The change that occurs within SMAs
crystalline structure is not a thermodynamically
reversible process and results in temperature
hysteresis. SMAs have been used in a variety of
actuation applications. The key feature of this
material is its ability to undergo large seemingly
strains and subsequently recover these strains when
a load is removed or the material is heated. SMA
actuators have several advantages such as excellent
power to mass ratio, maintainability, reliability, and
clean and silent actuation. The disadvantages are
low energy efficiency due to conversion of heat to

mechanical energy, inaccurate motion control due to
hysteresis, nonlinearities, parameter uncertainties,
difficulty in measuring variables such as temperature
and the slow response due to the thermal process
evolved in the working principle.

To operate quickly, the SMA must be cooled
rapidly. Some researchers have proposed static
methods, in which the SMA wires are continually
cooled by means of an air stream (Tanaka and
Yamada, 1991). In a similar way, Furuya and
Shimada (1990) used a cooling system based on
water immersion. In such case, cooling time was
reduced in 10 times compared to a non-cooled wire.
However, the power consumption of such actuator
has increased by a factor of 20, since in the heating
phase it is necessary much more power to
compensate the heat that is lost by the cooling
system. Golbert and Russel (1995) used a mobile
metallic heat sink and a complex mechanism
guaranteed that the sink was only in contact to the
wire being cooled, which minimizes the power
consumption of the actuator and increases its
dynamic behavior. Asada and Mascaro (2002)
developed an actuator with a cooling system based
on flowing water around the wire. A complex
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system guarantees that water flows only when wire
must be cooled. The dynamic response of the
actuator is expressively better, and the power
consumption is also acceptable.In order to increase
the dynamic characteristics of SMA actuators,
keeping a simple mechanical and electrical design,
the present work proposes a novel cooling system
based on thermoelectric effect (Seebeck-Peltier
effect). A complete mathematical model of the
actuator is derived and an experimental prototype is
used to validate the model and identify all
parameters. A sliding-mode control is also derived
and some preliminarily results of its application in
the experimental system are obtained and discussed.

2 EXPERIMENTAL SET-UP

An experimental prototype of the SMA actuator,
cooled by a thermoelectric element, was built. It was
used to validate the mathematical model and to
evaluate the control algorithm. Figure 1 shows a
simple scheme of the actuator. The thermoelectric
tablet is assembled in a heat sink and a small blower
is also used to dissipate the heat. The SMA wire is
attached to the structure, by means of an electric
connector C1. The other end of the wire is attached
to the intern pulley (radius r1=0.45cm). A 40g load
is supported by a wire connected to the external
pulley (r2=4.5cm). The length of the SMA wire is
15cm, and its typical 4.0% deformation is amplified
by a factor 10. So, it is expected a 6¢cm elevation of
the load, which is equivalent to a 76” pulley rotation.
Such rotation is measured by a potentiometer
directly attached to the pulley axis.

Figure 2 shows a picture of the actuator. The signal
conditioning module is composed by a constant
current amplifier that supplies up to 1A the electric
current to heat the SMA wire and by a voltage
amplifier/filter connected to the potentiometer.

Pulley

Potentiometer

Thermoelectric

tablet \

+5V

Common wire

Current input
Load

Figure 1: Diagram of the SMA actuator.
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The module is connected to a computer (Pentium
100MHz) by mean of a 10bits AD/DA board. The
thermoelectric tablet is constantly powered by a 5V
tension.

A Matlab/Simulink software was used to acquire and
process the data from the potentiometer, and to send
the command to the current that must be imposed to
the SMA wire. Such software is flexible, and several
control algorithms can be easily implemented.
Furthermore, all graphical and mathematical tools
provided by Matlab/Simulink can be used. The
interface with AD/DA board was developed by
means of a low-level code included in the software.

Figure 2: Picture of the actuator.

3 MATHEMATICAL MODEL

The model developed in the present work is based
on the formulations proposed by Ikuta, Tsukamoto
and Hirose (1991); Grant, Hayward and Lu (1997);
Ashrafiuon and Elahinia (2002), Hoder, Vasina and
Solc (2003) and Dutta and Ghorbel (2005). It is
composed by a thermal model, a phase
transformation model and a description of the
mechanical properties and dynamics of the system
(Figure 3).

Hetric
current

Thermal Phase aronerty
property | lransformation I .
TeC) T(OC)XE -

I .

Figure 3: SMA actuator model.

The main variables used in the model are:
i — electric current in the SMA wire (A)
T'— SMA wire temperature (°C)
& - martensite fraction (0 a 100%)
o - mechanical stress in the SMA wire (N/m?)
& - deformation (strain) of the SMA wire (AL/L)
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3.1 Thermal Model

Thermal model was base on the system shown in
Figure 4 in which the SMA wire touches the
thermoelectric element. The temperature of the
element is considered to be constant, equal to 15 °C.

= SMIA

wire

Ceramic
T=15°C

T I- Current

Figure 4: SMA wire and cooling element.

Considering several simplification hypothesis
(Grand, Hayward and Lu, 1997), the thermal model
can be written as (thermomechanical coupling is also
not included since the deformation rate of the SMA
wire is small, and such effect becomes important for
fast or highly oscillatory deformations):

amb

m.cp.il—]; =i R—hA(T~T,,)-C(T-T,) (1)

In the previous equation, T}, is the temperature on the
surface of the cooling element (15°C), T,,, is the
ambient temperature (considered to be 20°C), 4 is
the natural convection coefficient per unity length of
SMA wire (in W/m” °C/m) and C is the conduction
coefficient per unity length (in W/ °C/m).
Furthermore, technical specifications of the SMA
wire Flexinol FLX 00870, 0.008°’, 70°C) are given
by (Dynalloy, 2005):

m - mass per unity length (2.10 Kg/m)

¢, - specific heat (837 J/Kg.K)

R - electrical resistance per unity length ( 32€2/m)

A - external area per unity length ( 6.28.10* m*/m)

d -diameter (2.10™m)

The parameters % and C are very difficult to estimate,
since they depend on several variables. A rough
estimation of such parameters, based on the theory
exposed in Incropera and Witt (1998), are C = 0.4
W/°C/m and h=6.55 W/m*™C/m. In the sequel, an
identification procedure will be used to obtain values
closer to the real ones.

3.2 Phase Transformation

During heating, occurs the transformation between
Martensite (M) to Austenite (A), and during the
cooling phase, the opposite transformation occurs.
Basic equations that model such transformations, as
a function of temperature, are given below (Ikuta,
Tsukamoto and Hirose, 1991):

¢ (heating)

1+exp{A §.2 (T— As + Afﬂ
{f — As 2

¢, .. (cooling) (2)

1+exp|:M §.2 [T  Ms +Mfﬂ
If —Ms 2

where As and Af are the initial and final temperature
of austenite transformation respectively; Ms and Mf
are the initial and final temperature of martensite
transformation respectively, &, is the highest
martensite fraction during cooling and &£ 4 is the
initial value of martensite fraction during cooling.
Typical values are 4s=68°C, Af= 78°C, Ms=52°C and
Mf= 42°C (Dynalloy, 2005). However, such values
may present variations up to +15°C, and an
identification procedure will be applied to evaluate
the correct values for the wire used in the
experimental actuator. Phase transformation is
shown in Figure 5, and the hysteresis gets evident
(Holder; Solc and Vasina, 2003).

&=

E=

1 L ——————————m—— — — ————— ]

Heating

Cooling

|
|
|
|
Ms T(0)

Figure 5: Phase transformation plot.

3.3 Mechanical Properties and
Dynamics

Mechanical properties of shape memory alloys are
obtained by means of a multiple layer model. The
austenite phase is characterized by an elastic
behavior. The martensite phase presents a behavior
that seems to be plastic, deformed by a small stress
(Ikuta, Tsukamoto and Hirose, 1991). So, for & 0
(full austenite), the stress-strain relation is given by:
o, =E, & 3)
where o,is the mechanical stress in the austenite
portion of the alloy and £ 4 is the austenite Young’s
Modulus. In the other way, when & = 1 (full
martensite), the stress-stain relation is given by:

o,=E & if |S|S £,

4)

0, =E,,if |¢>]e,]|

57



BIODEVICES 2008 - International Conference on Biomedical Electronics and Devices

E,, is the martensite Young’s Modulus , &, is the
martensite maximum elastic deformation, o;, is the
maximum stress in the martensite. The martensite
mechanical behavior is illustrated in the fig. below:

[

Emy &

Figure 6: Martensite mechanical behaviour.

Considering then the case with 0<€< 1, the stress-
strain relation is given by:

et e e ©
c=%5o0, +(1-8)o,=> g ;fg(_E:ni‘)- .
2Tl eor ‘g‘ > ‘s ‘
(1-4).E,

The dynamics of the actuator is now considered. A
simplified diagram of the actuator and the main
forces are shown in the Figure 7, where the
coordinate x represents the position of the load.

x

=
\ "

T
T1
X
m_.g
7T
Figure 7: Diagram of the actuator and main forces.

The traction T; holds the load, T, is the traction
acting on the SMA wire and wis the angular
velocity of the pulley. So, being J the moment of
inertia of the pulley and m; the mass of the load,
using the basic laws of Mechanics one obtains:

X
-T,rn,+T,r,=J—

7

-m,g+T =m,.% (6)

Traction T, may be estimated using a linear spring
analogy. Figure 8 shows the wire in three possible
states. In the austenite phase, the “spring” presents
its initial length /). In the martensite phase, the wire
reaches its maximum length /., that correspond to
the situation in which the load position is x=0. The
difference between [, and /. is approximately 4%
of the [,;.. In an intermediate phase, the “spring”
elongation A/ is given by 4%., —x/n .
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l x/ n

= 40/ l ire T

0Ly, AZ l

wire
lo I:JT i
Austenite Intermediate Martensite
(x=0)
Figure 8: Spring analogy.
So, the traction is given by

T,=KAl=K(0,041, —x/n), where K is the

equivalent stiffness coefficient of the wire. Including
a damping term, the equation of motion of the
actuator becomes:

(J/rz2 +mL)5é+c.5c+K/n2 x=-m,g+(0.04 , K)/n (7)

wire

The stiffness coefficient K may be evaluated using
(5). Assuming elastic behavior, being A4,;. the
sectional area of the wire, one obtains:

o=[EE, +(1-&).E,]e or

% [z, va-0£ )2 ®)

Finally, considering that martensite stress will be
higher than its elastic limit, it may be assumed that it
will present a full plastic behavior, with a very small
stiffness. So, Ey may be excluded from (8), resulting
the approximation:

K=[0-05 )2 ©)

4 PARAMETER
IDENTIFICATION

Thermal parameters C and A4, as well as the
transformation temperatures (Ms, Mf, As and Af)
must be accurately evaluated using a proper
experimental procedure. A ramp excitation was
induced in the wire, inducing a displacement of the
load, as shown in Figure 9.

Using an optimization algorithm based on
Quadratic Sequential Programming (SQP), the
model parameters were adjusted in order to make the
model to recover the measured position accurately.
The following parameters were obtained,: C=0.255
W/°C/m, h=7 W/m*C/m, Ms = 66°C , Mf = 34°C
As = 53°C, Af = 93°C. The comparison between the
measured position ant that obtained by the model
simulation is given in Figure 10. A good accuracy of
the model is verified.
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Current (A)

X position (cm)
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Figure 9: (a) Current ramp excitation; (b) Position of the
load.

0 1
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Figure 10 Comparison between simulation and

experimental results

S CONTROL SYSTEM DESIGN

In order to apply the sliding mode control to the
SMA actuator, the model previously developed must
be adapted, following the formulation exposed in
Slotine and Li (1991). After some algebraic
manipulation using (1) and (2), the dynamics of
phase transformation can be written as:

E=f(&)+b(E)u (10)
with:
f&)= g_mac (& (5—1()-(.5—/{)7)[11@,,,, +cT, —(hA+c)[é1n[%—lj+bj]
B =———(& (R -~k )R s u=1’
é:omcp
and

6.2 A +4, .
a=———ib=—— g, =5,k =0if T>0
f s
62 M +M,

3G =1-85k=¢, if 7<0

a= ;
M, M, 2

Using (1) and (9), the dynamics of the motion can
also be written as:

Kn(l—f)x:_mg+Kn(1—§)A (11)
: n

Li+cx+ .
n

With [:(J/r22+ml_); K,=E, Awire/l() and

A=0.04/ . In equations (10) and (11), the variable

x is measured, but the variable & must be estimated.

This may be done considering a quasi-static
approximation to (11), makingx=x=0, that
results:

s m,g (12)

=1-
: % A_L)
‘\n n?

Differentiating (11), and using (10), one obtains the
SMA model adequate to apply sliding mode control,
as proposed by Slotine and Li (1991):

¥ = f(X)+b(X)u (13)
with  x=(& x & i),

e, K-8 (Kx KA
f(x)—Tx In’ x+( In’ In ]f(f)
Kx KA
and b(x):([nz - jb(g).

So, the control action u =i’ is given by:
1

b
withs =¥ + 24% + A°% . f(x) and p(x)are the best
estimates of the functions in model (13), considering

the approximate values for the parameters and the
estimate of the variable & given in (12). x, is the

u

[ @+s, -2 - 25)- K satis /gy (14)

desired position of the actuator load (set-point), 4 is
a positive constant related to the cut-off frequency of
the closed-loop system, ¢ is the boundary layer
thickness to avoid control chattering and Ky, is a
control gain related to the modeling and parameter
estimation errors. A detailed description of the

control design may be found in Slotine and Li
(1991).

6 EXPERIMENTAL RESULTS

The control logic previously developed was applied
to the experimental prototype, and the performance
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of the closed loop system could be evaluated. Figure
11 shows a reference step of 2.5cm applied at t=10s.
Control parameters are A=40; ¢=1,6 and Kgy=64.
The 5% settling time obtained is 0,23s, and the
maximum overshoot is 0,6%.

5 10 15 20
Time(s)

Figure 11: Step response of the SMA actuator.

A harmonic set-point was applied to the actuator,
with amplitude of Iecm and periods of 20s and 5s
(Figure 12. It can be seen that, despite a small
oscillation around the set-point, the system follows
the reference with good accuracy. Tests with
decreasing periods indicated a 0.69Hz cut-off
frequency, despite of a 0.37Hz obtained with a
conventional PID controller. Finally, a cooling
disturbance was applied, created by a computer
cooler fan directed toward the SMA wire (Figure
13). The robustness of the controller can be verified,
by comparing the response with the open-loop
response.

— Position
— - Reference

Time(s)
(b)
Figure 12: Harmonic set-point response of the SMA
actuator (cm amplitude). (a) 20s; (b) Ss period
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Figure 13: Cooling disturbance response of the SMA
actuator (a) closed-loop; (b) opened-loop

7 CONCLUSIONS

A novel SMA actuator was proposed, using the
thermoelectric effect for cooling the SMA wire. An
experimental prototype was built, and a
mathematical model was developed. The model
parameters were adjusted by means of an
experimental identification procedure. The validated
model was then used to design a sliding mode
controller. Such controller is able to deal with model
and parameter uncertainties, and also with non-linear
effects. Closed-loop preliminary results obtained in
the experimental set-up showed that the proposed
actuator presents a good dynamic response and low
sensibility to disturbs of load and ambient cooling.
So it is recommended in application with SMA
devices.

ACKNOWLEDGEMENTS

The authors would like to express their gratitude for
the IPT (Institute for Technological Research - Sao
Paulo, Brazil) for supporting this research and for
CNPq (National Council for Scientific and
Technological Development), Research Process
Number 484232/2006-1.



NEW DEVELOPMENT ON SHAPE MEMORY ALLOYS ACTUATORS

REFERENCES

Asada, H.H. and Mascaro S., 2002, “Wet Shape Memory
Alloy Actuators”, MIT Home Automation and
Healthcare Consortium, Phase 3 Final Report, Boston,
USA.

Ashrafiuon, H. and Elahinia H.M., 2002, ‘“Nonlinear
Control of a Shape Memory Alloy Actuated
Manipulator”, ASME Journal of Vibration and
Acoustics, Vol. 124, pp.566-575.

Dutta, S.M. and Ghorbel, F.H., 2005, "Differential
Hysteresis Modeling of a Shape Memory Alloy Wire
Actuator," IEEE/ASME Transactions on
Mechatronics, Vol. 10, Issue 2, April , pp. 189-197.

Dynalloy, Inc., 2005, “Flexinol — Wire specifications”.
Available at: http:// www.dynalloy.com. Acess: 20
Dec. 2005.

Furuya, Y. and Shimada H., 1990, “Shape Memory
Actuator for Robotic Applications, Engineering
Aspect of Shape Memory Alloys”, Butterworth-
Heinemann, London, pp 338-355.

Gorbet, B.R. and Russel A.R., 1995, “Improve the
Response of SMA Actuators”, IEEE International
Conference on Robotic and Automation, Vol. 3, May,
pp- 2299-2303.

Grant, D., Hayward V. and Lu A., 1997, “Design and
Comparison of High Strain Shape Memory Alloy
Actuators”, International Conference on Robotic and
Automation, Albuquerque, New Mexico, 260-265.

Hoder K., Vasina, M. and Solc F., 2003, “Shape Memory
Alloy- Unconventional Actuators”, International
Conference on Industrial Technology ICIT, Maribor,
Slovenia, pp. 190-193.

Ikuta K., Tsukamoto M. And Hirose, S., 1991,
“Mathematical Model and Experimental Verification
of Shape Memory Alloy for Designing Micro
Actuator”, Proc. of the IEEE on Micro
Electromechanical Systems, an Investigation of
Microstructures, Sensors, Actuators, Machines, and
Robots, pp.103-108.

Incropera, P.F. and Witt, D.P.D., 1998, “Fundamentos de
transferéncia de calor ¢ de massa”, 4 ed., Rio de
Janeiro, LTC (In Portuguese).

Slotine, J.J.E. and Li, W., 1991, “Applied nonlinear
control”, Englewood Cliffs: Prentice —Hall, USA.

Tanaka,Y. and Yamada Y., 1991, “A Rotary Actuator
Using Shape Memory Alloy for a Robot, and Analysis
of the Response with Load”, IEEE/RSJ International
Workshop on Intelligent Robots and Systems IROS
’91, Osaka, Japan, pp1163-1168.

61



A VERSATILE ROBOTIC WHEELCHAIR COMMANDED BY BRAIN
SIGNALSOR EYE BLINKS

André Ferreira, Daniel Cruz Cavalieri, Rafael Leal Silva
Teodiano Freire Bastos-Filho and Mario Sarcinelli-Filho
Department of Electrical Engineering, Federal UniversifyEspirito Santo
Av. Fernando Ferrari, 514, 29075-910, Vitoria-ES, Brazil
tfbastos@ele.ufes.br

Keywords:  Wheelchair control, Human Machine Interfaces (HMI), Biatizal Signal Processing.

Abstract: A system allowing a person with severe neuromotor disfencto choose symbols in a Personal Digital
Assistent (PDA) using electroencephalography (EEG) arteenyography (EMG) is implemented onboard
an electrical wheelchair. Through this system the user lis tabelicit personal needs or states, like sleep,
thirst or hunger; to write texts using an alpha-numeric keyll and to command a robotic wheelchair. The
EEG patterns used are event-related synchronization asgrddronization (ERS and ERD, respectively)
occurring in the alpha band of the signal spectrum captunettié occipital region of the head, while the
EMG patterns are eye-blinks. The results so far obtaineld thi#¢ system developed, in indoor and outdoor
environments, are quite satisfactory. This paper deszitihe system so far implemented and shows some
experimental results associated to it.

1 INTRODUCTION support is included), and a high number of electrodes
(fifteen) is used. The system here developed, by its

The use of biological signals intentionally generated turn, uses only three EEG electrodes, is quite easy
by impaired people can contribute to improve their to use, presents a high recognition rate, and is more
life-quality, providing augmentative communication versatile, since it allows selecting between two com-
capabilities and autonomy of movement (Wolpaw munication channels (EEG or EMG). Besides allow-
et al., 2002; Millan et al., 2003). The development of ing commanding the wheelchair, the system here de-
a Human Machine Interface (HMI) that considers my- Scribed provides other useful functions, as it is shown
oelectric (EMG) or electroencephalographic (EEG) in Section 4. It was tested in indoor and outdoor en-
signals is here described. Such an HMI acquires the Vironments, with quite satisfactory results.
myoelectric or electroencephalographic signals of an The current structure of the proposed HMI and the
impaired individual in order to recognize a short set of Way it interacts with the impaired individual and the
easily voluntarily generated patterns, which are asso-Wheelchair are shown in Figure 1. The signal ac-
ciated to a group of previously defined tasks. Such an quired by the electrodes connected to the face/head of
interface has been used in connection to robotic de-the impaired individual are conditioned and quantized
vices (Ferreira et al., 2006; Frizera-Neto et al., 2006), through a high-resolution A/D converter. After being
and is currently being used to allow an individual to read by a computer, such a signal is filtered through
control a robotic wheelchair and to communicate with @ bandpass digital filter whose pass band spans from
other people, as it is shown hereinafter. 1 to 30 Hz, when using the EMG option, or from
To the extent of the authors’ knowledge, just two 8 to 13 Hz, when acquiring EEG signal (the alpha
works using EEG to command a wheelchair have band). Features of interest extracted from such Sig-
been published so far (Tanaka et al., 2005; Rebsamerals are then delivered to a classifier that identifies
et al,, 2007). In (Tanaka et al., 2005) the process- if the impaired individual wishes or not to select a
ing unit is off board the wheelchair, a h|gh number Symb0| shown on the screen of the Personal Dlgltal
of EEG electrodes (thirteen) is used, and the recog-Assistant (PDA) as illustrated in Figure 1. If yes,
nition rate associated to the brain signal may be asthe communication interface shown in the figure asks
low as 20%. In (Rebsamen et al., 2007) the focus is the PDA for the information necessary and sends it
the navigation of the wheelchair (no communication to the next module, which is responsible for generat-
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HUMAN MACHINE INTERFACE system. The signal acquisition board has two input
channels and a third electrode used as the reference
COMPUTER for the signal amplifier. A high-pass filter with cut-

:>. REPROCESSING off frequency of 0.1 Hz avoids the saturation of the
) amplifiers due to the continuous voltage caused by
ﬁ the coupling between the electrodes and the skin. A

AND CONDITIONING

FEATURE EXTRACTION

afs

fourth order low-pass Butterworth filter with cutoff
frequency of 32 Hz limits the spectrum of the ac-
quired signal and attenuates 60 Hz artifacts (electro-
magnetic induction), some contaminating noise and
disturbances generated by muscles movements, elec-
CLASSIFICATION trodes displacement, etc. Such a board also embeds
a Body Driver circuit to reduce 60 Hz artifacts (Web-
M & ster, 1998).
The second part of the acquisition system is a
, ONTERFACE guantization board based on the AD7716 analog to
BIO-FEEDBACK PDA digital converter. The main features of such a chip
> are a resolution correspondent to 22 bits, four A/D
channels, and a low-pass digital filter with a cutoff
] CONTROL eNALS frequency selectable among 36.5 Hz, 73 Hz, 146 Hz,
292 Hz and 584 Hz. The sampling rate used for the
HM OUTPUT EEG signal is 140 Hz, so that the cutoff frequency of
_ such a low-pass filter has been set to 36.5 Hz. The
Figure 1: The structure of the proposed HMI. digital signal thus obtained is then sent to the high
level hardware.
ing the necessary control actions so that the robotic  After receiving the acquired data delivered by the
wheelchair executes the task the impaired individual data acquisition board, the onboard CPU (mini-ITX)
has chosen. The feedback is closed through the operis responsible for pre-processing them, extracting the
ator (bio-feedback), as shown in the figure. desired features, classifying them and generating the
The description of the system so far implemented control signals associated to the recognized pattern.
is completed in Section 2. The data acquisition sys- Figure 2 illustrates how the hardware pieces are con-
tem and the techniques used in the EMG and EEG nected.
processing module are presented in Section 3. In the

sequel, a description of the functionalities included ROBOTIC WHEELCHAIR
in the graphic interface programmed in the PDA iS | acquisITION SYSTEM —p cPU
presented in Section 4. The experimental results are CAMERA —B- | 111117

presented in Section 5 and are discussed in Section 6 e =

which highlights the conclusions of the work as well.

CONTROL UNIT

(MSP430)
2 HARDWARE STRUCTURE ENCODER —p»
INFRARED —»
Figure 2 illustrates the hardware embedded on the ULTRASONIC—B> | POWER / SENSORS
wheelchair. Encoders and ultrasonic sensors are func- MASIEEEE = UNIT
tional, while the others are under development. The RFID > MOTORS

motors are controlled by a low-level controller pro-
grammed on a MSP430 microcontroller (Texas In-
struments, Inc.), which receives commands of angu-
lar and linear velocities from a mini-PC onboard the
wheelchair. The signal acquisition system and the
PDA are connected to the PC through a parallel and a
serial port, respectively.

Two electronic boards, a signal conditioning one and
a quantization one, compound the signal-acquisition

Figure 2: The hardware structure of the system developed.
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3 RECOGNIZING SIGNAL S
PATTERNS o

ERS

3.1 Through Processing EEG

Time [s]

Event-related Synchronization and De- ®)
synchronization (ERS and ERD, respectively)
are the EEG patterns searched for in this work.
They are characterized by meaningful changes in the
signal energy in specific frequency bands. An energy
increase is associated to an ERS, while an energy 0 ‘
decrease is associated to an ERD (Pfurtscheller anc Time [s]
da Silva, 1999). The frequency band used to detect
these patterns is the alpha band (8-13 Hz) and, thus
the digitized signal is filtered by a FIR filter with
such a pass bgnd. ) N o . the chosen task and sends it to the actuation module
The EEG signal is acquired in the occipital region (MSP430).
of the user’s head, with electrodes in the positiGas
andO; (regarding the 10-20 International System of
Figure 3) and the reference in the right ear.

Figure 4: (a) Filtered EEG signal with ERD and ERS. (b)
Variance increase during an ERS.

3.2 Through Processing EMG

B N\/ The objective here is to recognize the presence of

an eye-blink (Figure 5) in the Myoelectrical signal
(MES) acquired on the user’s face, for selecting sym-
bols presented in the PDA screen.

The samples of a given MES can be considered
as a random variable, whose variance represents an
averaged measure of the variability or activity of the
signal about its mean (Rangaraj, 2002), as shown in
Figure 6. Such indicator of signal activity was used
to control the robotic wheelchair with good results,
as it is indicated in Table 1. Four individuals tested

Figure 3: The 10-20 International System. the capability of choosing an icon in the PDA screen
through the variance associated to the MES signal.
A user whose eyes are open (under visual stimulus orThey should blink an eye to select an icon they were
concentrated) keeps the alpha rhythm in a low energy asked to select. As shown in Table 1, the accuracy
level. When he/she closes the eyes (with no visual obtained by using the MES variance as the indica-
stimulus or relaxed), there is a great energy increasetor of activity was very high, thus justifying to use
in the alpha rhythm, characterizing an ERS. The vari-
ance of the filtered EEG signal allows detecting these

Preaurical
point

energy changes, as observed in Figure 4. ;“ '

The second graphic in Figure 4 is generated re- £ 7 ’ 1
garding a moving window filled wittN = 280 sam- 3§J1 J“ Lo J n A J‘ ﬂ\ h
ples (N is empirically determined) of the filtered 2 b Sl S SO LIUI N
EEG signal %), for which the mean value and € | W \”’w :“‘ “‘” 'w . ““““J:"“’ |
the variance are, respectively = &SN ;% and ‘ ‘

0% = § SR (% — W2 S P o

The variance thus obtained is the input of a  § ™/ RTANY “"’M‘»] /’*“‘f”‘qf \f ‘\[ \ "
threshold-based classifier, whose functionis to detect $ ¢ | | | } f I H |
. . = w2+ “ ‘ ‘ H ‘ ‘ | \‘ i
if the user wishes or not to select a symbol presented = U I M . U M .
in the PDA screen. Case yes, a request is sent to the - e M , J LR V ‘

PDA through a serial line, and it informs which sym- T Time(s)
bol has been selected. Knowing that, the mini-ITX
calculates the necessary control signals to accomplish Figure 5: Myoelectrical signal associated to eye-blinks.
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= (a) Table 2: The ANN’s implemented and the training algo-
£ . ‘/\ ‘ ‘ " rithms.

@ % }/\ /\ Training || Input || Hidden | Output || Error
=R \ e A Algorithm || Layer || Layer || Layer || (%)
gal N L VN BR 20 4 3 0.6
2T BR 20 6 3 0.5
° (b) BR 20 8 3 0.6
ERNI ' ' BR 20 10 3 0.6
[ & RP 20 4 3 0.3
PLEIN | il RP 20 6 3 0.6
ga ‘v \ N RP 20 8 3 | 03
gLl g1 ) RP 20 10 3 05
Hime ! SCG 20 4 3 0.8
Figure 6: (a) MES of an ordinary individual (male, 25 SCG 20 6 3 0.5
years). (b) Signal variance. SCG 20 8 3 0.3
SCG 20 10 3 0.3

such an indicator. Each individual was asked to se-
lect 15 icons, each one associated to a movement of .
the wheelchair. The calculation of the variance of total of 210 pre-processed sequences of facial MES
the MES is performed in the same way used for the correspondent to right-eye blinks, 210 pre-processed
EEG signal (Subsection 3.1), after normalizing the Samples of facial MES correspondent to left-eye
signal amplitude. A threshold-based classifier was Plinks, and 210 sequences of random noise, result-
used again. ing in 630 sequences of signal samples, were used for
However, according to (Kreifeldt, 1974) the myo- training and validating the neural networks tgsted. For
electrical signal is better described as a stochastic ran-8ach one of thes_e .three sets of samples, fifty percent
dom process, for its average and variance vary alongwe.re u;ed for training and fifty per(_:ent were used.for
time. Thus, it is necessary to use more robust SyS_valldatlon. The results are shown in Table 2. A hid-

tems to process MES, to take into account its stochas—den layer W'th 4 to 1.0 neurons resulted in a very good
tic behavior. In (Hudgins et al., 1993) it is shown accuracy in classifying the three patterns of interest,

that such signal presents a deterministic characteris—knov‘”ng left-eye blink, nght-gye blink aﬂd hoise (no
tic in the first 200 ms after a muscular contraction. blink). The error prz_es_ented In T‘T"ble 2 is the sum of
Due to the nature of the MES, it is reasonable to ex- 1€ €ITors during training and validation.

pect meaningful changes in the value of the parameter ~ The ANN configurations showing the best perfor-
describing a particular pattern from one individual to mances in Table 2 were tested, now regarding 252
other. Other aspects, like changes in the position of New test signals, from which 84 corresponds to left-
the electrodes and body-weight fluctuations, will pro- €ye blinks, 84 corresponds to right-eye blinks and 84
duce changes in the signal patterns along time (Hud- corresponds to noise sequences (no blinks). The re-
gins et al., 1993). Thus, a classifier based on an artifi- Sults obtained when classifying them are presented in
cial neural network (ANN) was trained to accommo- Table 3, and show that the use of the artificial neural
date the expected individual differences and, as well, Network as a classifier for the patterns searched for

to accept slow variations in the values associated toin the MES resulted in a high rate of rightness. In
the patterns to be recognized. particular, the classifier currently implemented in the

The neural network is trained using three back- system here addressed is an artificial neural network
propagation algorithms: Bayesian Regularization having 20 neurons in the input layer, 4 neurons in the

(BR), Resilient Back-propagation (RP) and Scaled hidden layerand 3 neurons in the output layer, whose
Conjugate Gradient (SCG) (MathWorks, 2000). A training algorithm is the Resilient Back-propagation.

Table 1: Results for controlling the wheelchair with basis

o o Table 3: Results of testing the best ANN'’s in Table 2.
on the indicator of activity.

— . Training || # of Neurons in thel| Success
Individual || # of Tests|| # of Errors|| Rightness Algorithm Hidden Layer Rate (%)
A 15 0 100 %
BR 6 98.4
B 15 0 100 %
RP 4 99.6
C 15 1 93.3% SCG 10 08.4
D 15 0 100 % :
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4 SELECTING AN OPTION ON

ROBOTIC WHEELCHAIR ROBOTIC WHEELCHAIR
THE PDA SCREEN CONTROL v1.6 CONTROL v1.6
BACK << STATE >> BACK << TEXT >>
The PDA (Figure 1) is installed onboard the ,,_4 '-i:f:‘% 9y 2 E é S g
- - iy = 758
wheelchair in such a way that it is always visible for 57 Bgal -~ HoJ2 kLM
. . P . . BATHROOM  PAIN ITCH N P Q R s
the impaired individual seated on it. It provides a s T v ow % v
graphic interface containing the possible options for o* Z . 7 spae den
the operator, including the pre-programmed move- SLEEP S
ments of the wheelchair, a virtual keyboard for text e s E
edition, and symbols to express some basic needs ol v >y
feelings of the impaired individual, such as to sleep, b HeAT
drink, eat, feel cold, heat, etc. For all these cases, a .. - S . M-

specific option is selected using a procedure to scan
the rows and columns in which the icons are dis-  Figure 7: Softward®WCC: STATE. andTEXT screens.
tributed on the PDA screen (once the desired screen
is presented). A voice player confirms the option cho- ROBOTICWHEELCHAIR ROBOTIC WHEELCHAIR
sen, providing a feedback to the user and allowing
the communication with people around as well, either — .
through EMG or through EEG signals. AN N . R
The operator selects symbols presented on the <}: ﬁA :> T EATIRCOM [TCEN
PDA screen, which are distributed in a form that re- » B3 ! x'
sembles a matrix, assisted by an automatic scanning| ™" FRONT TURNRIGHT i Gt Il! - E
system. Each row of the matrix of symbols remains ROOM  SERV. AREA BALCONY
pre-selected for a while, until the operator confirms @ ﬁfﬁ M gm
the choice. After selecting the row, the process is re- - (2 2
peated, now regarding the columns of that row. For || FOT! ST Back  ROTRIGHT fjj HALLWAY ENTRENCE

5

BACK << MOVEMENT >> BACK << CONTROLLER >>

Waiting Waiting

tasks like controlling the wheelchair or asking for spe- o o o o o o o o
cific external help, this scanning system is quite suit- Figure 8: SoftwareRACC: MOVENENT. and CONTROLLER
able. screens.

Figure 7 illustrates th&TATE and TEXT screens.

The first one is designed to support interpersonal yser will be able to choose a place in a structured en-
communication. It presents options to the operator in yironment, and the wheelchair will be guided to that

order to elicit emotions, personal states or some basicp|ace by an automatic control system. This screen is
needs. Although the options of this screen can be ex-shown in Figure 8.

pressed by using thEEXT screen, this mode is much

faster, mainly in emergencies, such as to complain

about pain. ThaEXT mode provides a communica-

tion channel to the operatorf)allowing the selection of © EXPERIMENTS

letters and numbers through a virtual keyboard, whose

sounds are echoed to speakers. Although being a lowA user testing the wheelchair in an indoor environ-

bit-rate communication process, it provides a way to ment (left) and in an outdoor environment (right), us-

elicit words via artificial voice when the patient does ing the EEG signal option of the developed HMI, is

not have this capacity anymore. presented in Figure 9. The preparation of the user
The screerMOVEMENT provides to the operator a to operate the system consists of cleaning the regions

set of symbols corresponding to movements of the where the electrodes should be connected@hand

robotic wheelchair. The options are shown in Fig- Oz positions in the head and the right earlobe) and,

ure 8, and represents actions sent directly to thethen, a special gel is applied between the electrode

wheelchair motors. The first command starts the and the user’s skin, for impedance-matching.

movement of the wheelchair and the next one, it A meaningful group of users tested their capabil-

does not mind where the automatic scan is, stopsity of using the system, and the result was that all of

the wheelchair. For safety, only successive short them were capable to command the wheelchair and to

back-displacements are allowed, because of the nullcommunicate with people around it.

visibility in such a movement. Through the screen The analysis of the EEG signal in the alpha band,

CONTROLLER, option currently being developed, the and of its variance as well, shows very clearly when
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Figure 9: Testing the system prototype.
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1 INTRODUCTION
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Biorobotics, Biomechanical Devices, Exoskeletons, Helslonitoring Devices.

NeuroLab refers to an experimental platform designed t@ead studies in human movement and neuro-
motor control. The platform comprises a robotic exoskeleiad some other stand-alone devices. All of
these components have communication capabilities irntesdjia hardware and can work cooperatively taking
advantage of a networked architecture. A set of experimeate been conducted with NeuroLab. The

objective of the trials was to use mechanical perturbationdentify the viscous-elastic properties in human

elbow joint and to correlate such mechanical impedance thigtelectromyographic information of muscles

associated to the joint, during a postural task and in a @stipn. In each condition, a pseudo-random torque
perturbation was applied directly to the arm and to the fonday mean of an upper limb powered exoskeleton.
The angular kinematics (velocity and position), kinetimgque) and the muscular activation patterns (EMG)
in the two main muscles (biceps and triceps brachii) inteing in the elbow flexion-extension movement

were recorded.

pendent devices that communicate with each other,
based on a Personal Area Network (PAN) concept.

Human movement and neuro-motor control is a very Each device has a specific function and helps to ad-
complex research field due mainly to the complexity dress the overall goal of the platform. The NeuroLab
of the involved mechanisms and the difficult access to iNtegrates several devices in a global architecture. The
the components of the overall system. Due to these Main goals of NeuroLab are:

reasons, the research community tries to exploit all 1 stydy of human movement in subjects with mo-

kinds of valid information (EMG, EEG, kinetics and
kinematics) relating to movement planning and exe-
cution in order to understand this complex system and
to develop new aids in the medical robotics field.

One common and generally-accepted approach to
understanding and modelling the human motor sys-
tem is to monitor and analyse movement-related data
during different motor task. A common approach to
understand the dynamics of the motor control system
is to independently manipulate the mechanical condi-
tions of each joint while acquiring the biomechanical
signals and the generated bio-potentials while the hu-

man motor system adapts to those new applied condi- 3.

tions.
In this scenario, a set of tools attached to the hu-
man body is required. In NeuroLab, there are inde-
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2.

tor disorders such as pathological tremor or spas-
ticity. The information provided by the platform
during the execution of specific motor tasks can be
used as a tool to diagnose and assess motor disor-
ders, (Rocon et al., 2007).

Study of neuro-adaptative strategies for learning
and training of specific motor patterns through the
application of selected force-fields to the upper
limb. This application could potentially be of con-
siderable impact in patients suffering of cerebral
injuries, (Krebs et al., 1998).

Validation of neurophysiological models of hu-
man motor control in upper and lower limbs. This
will help to gain a better understanding of the inte-
gration of the sensory information and the under-
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lying mechanisms for generation of motor com-

mandS Robotic exoskeleton
4. Study of human body behaviour under external Sensors | [ Actuators

loads. The load application is the basis for several —

technical aids to compensate functional disability. PC/104

5. Exploration of new communication channels in
human-robot interfaces. This is potentially feasi-
ble through the use of EMG and EEG information
to control wearable robots, (Rosen et al., 2001),

t—{  EMG Module
Central .
Platform :
(Pfurtscheller et al., 2002). L e o
6. Assessment and quantification of human upper L

Wired 3 i . e
limb parameters, e.g. mechanical impedance. = Biomechanical

These parameters are considered important for  sictoon

understanding of the control mechanisms of the — 77

human joints, the generation of control signals, R

the execution of movements and the adaptation

under changing conditions. Figure 1: Layout of the NeuroLab system. Different mod-
ules can connect to a base station using Bluetooth. At the

This paper aims at describing the design and the same time, all the modules are part of the wearable-robot
development of a platform to enhance research in se-network, called BioNET.

veral fields. The next section presents each device
concept of the NeuroLab system. Next, a set of ex-

periments which are being conducted with such plat- mea5urement of biomechanical variables (kinemat-

form in order to model the human motor controlatthe jcg ang kinetics variables) and biopotentials, such as

upper limb Wi||. b_e described. The experime_ntal Me- glectromyography (EMG) and electroencephalogra-
thods and preliminary results are presented in sectlonphy (EEG).

3. Finally, the section 4 discusses future work with
NeuroLab. 2.1 Robotic Exoskeleton

The upper limb robotic exoskeleton in NeuroLab
2 PLATFORM DESCRIPTION spans the human elbow and wrist joints, (Rocon et al.,
2007). The sensors (gyroscopes, potentiometers and
The platform (see figure 1), is composed of modules force sensors) measure the biomechanics of the arm.
and devices that provide several capabilities: an upperUsing this data, limb movements, motor tasks and
limb robotic exoskeleton, an EMG module, a Biome- several postures can be assessed under different me-
chanical Monitoring module, and an EEG module. It chanical conditions.
can further be expanded with other peripherals. A Maxon Motor EC 45 Flat continuous current have
software platform is defined to manage the system, been selected as actuation device, which is a very
e.g. setup the experiments and acquire data. Safetylight, small DC motor without brushes that adapts to
and reliability were priority considerations in the de- orthotic applications. In order to match the speed and
velopment. the torque of the DC motor to the application require-
The powered exoskeleton and the devices canments, a gearbox was necessary for the system. This
communicate with each other using a CAN-based net- was done via a harmonic drive. In particular, the drive
work and specific protocols. Each element of the plat- selected for the application was the HDF-014-100-
form provides several services which can be requested?A. The actuator system configured in this way can
by other devices. There are therefore different prim- apply a maximum torque of 8 N.m.
itives in the upper layers of the protocol, for instance The exoskeleton is controlled following an
to retrieve the data acquired by a module or to control impedance control strategy which includes a position
a joint of the exoskeleton. feedback loop. The goal of the controller is to modify
The robotic device is an upper limb exoskeleton the apparent Human—Robot impedance.
which allows the mechanical conditions of each limb NeuroLab has a real-time target computer system
joint to be manipulated independently, (Ruiz et al., (xPC Target) to control the exoskeleton. Control is
2006). The networked platform enables combined implemented using the MatLab Real-Time suite by
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Figure 2: Upper limb robotic exoskeleton. The device spans
the human elbow and wrist joints.

MathWorks, Inc. This environment provides mathe-
matical libraries making it easy to implement control
strategies. The algorithm can be coded in C-language
and compiled in an executable application.

2.2 EMG Module

Measurements supplied by electromyography (EMG)
provide a valuable information regarding physiology
and muscle activation patterns. This information de-
scribes the forces that will be generated by the mus-
cles and the timing patterns of the motor commands.
It can be also used to assess the response of the hu
man motor system to external dynamic conditions or
perturbations.

The EMG module allows for acquisition of data
on four muscle groups. Since the EMG signal is very
small (5QuV- 5mV), it may be affected by interfer-
ence from other biological and environmental noise
sources, e.g. movement artifacts, electric noise and
muscle noise among others, (DelLuca, 1997). In or-
der to minimise the effects of noise, the EMG module
amplifies and filters the raw EMG signals before they
are digitalized.

Additionally, a battery is used to power the EMG
acquisition module in order to reduce 50 Hz har-
monics (power-line noise). In the light of interna-
tional safety regulations regarding electronic devices
connected to human beings, several topics were ad-
dressed in connection with electric isolation of the
EMG module. In particular, galvanic isolation using a
wide-band, unity-gain isolation amplifier was imple-
mented in the EMG Module.
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2.3 Biomechanical Monitoring Module

This module uses inertial sensors to acquire kinematic
and kinetic information on the system. This was the
first smart module developed, so further details are
given. The modular approach of NeuroLab enables
the use of the different devices in many different ap-
plications.

The Biomechanical monitoring comprises the fol-
lowing logical components:

e The controller. This uses a TMS320F2812 DSP
Texas Instrument, which is powerful enough to
run all the signal processing algorithms. The
clock frequency is up to 150 MHz. The DSP in-
cludes several communication interfaces.

e The Sensor Seflwo inertial sensors can be con-
nected to the controller using a SPI interface.
Each sensor consists of a set of three gyroscopes,
three accelerometers and three orthogonally-

mounted magnetometers (see figure 3).

e The Data Logging blockAn ATMega32 micro-
controller is used to manage a SD card. The
microcontroller implements a FAT16 file system.
Using basic commands, the controller can store
the data of the sensors in a non-volatile memory.

Communication blockThe communication block
includes four different communication interfaces
for networks. The first is the SPI, which is em-
bedded in the DSP and is used to communicate
with the sensors and the data logger. The second
block comprises a Bluetooth module for wireless
communication with a base station for real-time
monitoring. The third interface is a CAN port pro-
vided by the DSP. It can be attached to the Neuro-
Lab BioNET using simple CAN drivers. The last
interface is an USB port for data transfer and real-
time monitoring. The Biomechanical Monitoring
Module can be connected to the central platform
(Figure 1) using Bluetooth or USB.

e Power supply. This is based on an lon-Lithium
battery with a capacity of 900 mAh. The module
uses the USB connection to charge this battery.

24 EEG Monitoring Module

EEG can be used to study movement planning and to
control wearable robots, (Wolpaw et al., 2002). The
development of portable EEG module for research
purposes is not a trivial task. Noisy environments
and movement artifacts affect the quality of the EEG
signals. Moreover, EEG signal processing techniques
are usually complex and require a powerful platform
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priority management mechanisms among others. A
table describing the device, its services and its param-
eters, is stored in the device itself. This concept is
similar to TEDS, used in IEEE P1451.3.

Current research efforts are aimed to develop the
monitoring and rehabilitation profiles for the network.

Figure 3: Inertial sensor that include 3 gyroscopes, 3 ac-

celerometers and 3 magnetometers. 3 EXPERIMENTAL METHODS

Many studies have approximated the dynamic be-
to execute these algorithms. Even relatively simple haviour of human body segments such as upper
algorithms can require a powerful platform as usually and lower limbs and their joints as a mechanical
the EEG is acquired using arrays with more than 10 impedance, (Hogan, 1984), (Dolan et al., 1993),
electrodes. (Tsuji et al., 1995), (Zhang and Rymer, 1997). The

Early developments of EEG Monitoring Module mechanical impedance in this context can be defined
have been based on a PC/104 computer platform. Aas the dynamic relation between small force and po-
special amplification board was designed following sition variations.
the safety requirements for devices directly connected  Using the platform described, NeuroLab, a set of
to the human body. This board is aimed to amplify experiments are being conducted to estimate the prop-
16 channels with variable gain amplifiers and a band- erties of the human elbow joint impedance and to de-
width that spans from 0.1 to 80 Hz. The board also termine viscoelasticity—EMG relationships. This is
has a notch filter centered on 50 Hz to compensatesupported for the fact that the EMG information can
for 50 Hz line noise. This board is connected to the be also used to assess the response of the human mo-
PC/104 through a data acquisition board. The acqui- tor system to external dynamic conditions or pertur-
sition of the EEG is aimed to use a 512 Hz frequency, bations. In literature, several studies have used elec-
minimizing distortion due to acquisition. The CAN tromyography in biomechanical analysis and human
connectivity is achieved through the use of an exter- joint torque estimation, (Clancy and Hogan, 1997).
nal CAN board attached to the PC/104 platform. To start with experiments on this topic, a system

The EEG monitoring module can provide EEG for measuring arm impedance is required. Thus, the
logging through the use of a hard drive connected robotic exoskeleton is set up as a mechanical mea-
to the PC/104 board. Other services of the module surement system to get reference measurements for
comprises the identification of patterns related to the correlation with EMG-signals. The robotic device
movement planning and imagination to be used as aapplies torque perturbations to the subject’'s arm. Sen-
control signal to the robot. This module also uses the sors of robotic device deliver the necessary data to
xPC target platform (from MatLab, Inc.) used to con- compute the mechanical impedance.
trol the robotic exoskeleton. This software platform The human arm and their articulations could be
was chosen due to the mathematical tools already im-modelled as a mechanical impedance in terms of iner-

plemented and for its flexibility. tia (1), viscosity (B) and elastic stiffness (K), using a
) linear second order model (Equation 1), (Dolan et al.,
2.5 BIONET 1993).

The parameters in the model that represent the dy-
The purpose of NeuroLab is to integrate several dif- namic behaviour of the human neuromusculoskele-
ferent devices in order to study Human-Robot inter- tal system are non-linear and vary highly depending
action (both cognitive and physical) and the human on factors such as torque bias and posture, (Kear-
neuromotor system using non-invasive techniques. In ney and Hunter, 1990). Therefore, experiments that
view of the wide range of profiles and applications of fit the data to an impedance of a second-order linear-
the system, a distributed modular approach was se-model must specify an operating point. The operating
lected to implement the proposed concepts. point consists of constant posture, constant force, and

A network of smart devices was identified as the non-fatiguing contractions over a particular task. The

optimum solution to achieve the goal. The network is ensemble of linear models estimated over a range of
called BioNET and is CAN-based. The work package operating conditions may be thought of as defining a
includes the development of several network proto- quasistatic model of arm dynamics and can be defined
cols including service discovery, synchronisation, and by the following linear equation:
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The RMS Root Mean Squajevalue was used as in-
dex to quantify amplitude of EMG signals as defined

2
F(t) =1 9 ﬁ(t) +B(d) OX(t) +K(@)X(t) (1) by Equation 2. In the correlation procedure, the RMS
0t ot value was the considered variable.
where F(t) and X(t) represent the force and the dis-
placement, respectively, ardddefines the operating -
point of the system. RMS—= /1 X2 )
According to Equation 1, inertial component re- ni;
main constant and viscous and stiffness components
(B and K) are functions. wherex; is value voltage int" sample, n is number of
samples in segment.
3.1 Protocol The RMS value represent the root square of the
mean power of the EMG signal for a specific time

Four healthy subjects participated in the experi- P€riod. _ _
ments. Subjects were instrumented with surface EMG ~ 1he linear equation that relates EMG amplitude
electrodes according to the SENIAM recommenda- gnd the variation of angular ppsltlon_to the variation
tions, (http:/Awww.seniam.org). Two muscles agonist- N the generated torque by the joint might be modelled
antagonist involved in the elbow joint movementwere 2S Equation 3.

measured: the flexor (biceps brachii) and extensor

(triceps brachii long head) muscles. AR a & AE a an.

Subjects wore a robotic exoskeleton on its right AT =1-06+B(& 51)- A0+ K(&:$1)-00 - (3)
arm allowing elbow flexion and extension in the ver- wherest ands; are the amplitude estimation of EMG
tical plane. Shaft joint on the device was aligned with signals for muscles flexor and extensor, respectively.
subject elbow joint, and the device was attached to its A8 is the variation in angular position akT is the
upper arm and forearm. The elbow was flexed making variation of torque generated by the joint.
an angle of 90 degrees.

The trials consisted of an intentional postural task. 3.3 Results
In each trial a pseudo-random torque perturbation was

applied directly to arm and forearm by the upper limb  gjq,,re 4 represents the estimated parameters of me-

powered exoskeleton. _ chanical impedance and its mean and standard devia-
The duration of each trial was 10 seconds. The 4, for one subject. Each sample of x-axis in figure

subject was asked to maintain the position while the o, esents a trial, in order to evaluate the repeatabil-

mechanical perturbation was applied. Three repeti- ity. Each trial magnitude was the mean of estimated

tions were chosen for each experimental session and5,es of a set of two-second windows of the recorded
the signals were sampled at 1 kHz for biomechanical

variables (kinetics and kinematics) and for the elec-

o Several quantitative information have been re-
tromyographic signals (SEMG).

ported in literature mechanical impedance of human
elbow joint, (Zhang and Rymer, 1997). The parame-

3.2 DataAnalysis ters obtained in the experiments carried out are similar
to those values.
Kinematics and kinetics data were filtered usind"a 4 Correlating EMG-signals with the computed me-
order Butterworth low-pass filter with a cut-off fre-  chanical impedance can be considered as a function
quency of 10 Hz. of EMG-activity, according to Equation 3. Currently,
The toolboxSystem Identification Toolbax Mat- this functional relation has being found out.

lab have been used to accomplish the modelling pro-

cess. In particular, the functicermaxwas used to

fits the parameters of the linear second-order model

to the structure of ARMAX Auto-Regressive Moving 4 CONCLUSIONSAND FUTURE
Average with eXogenous inpytbased on a predic- WORKS

tion error method.

Surface EMG signals were rectified (full-wave) NeuroLab is based on an upper limb robotic exoskele-
and the envelope of the signals extracted using a low-ton with which specific force profiles can be applied.
pass filter with a cut-off frequency of 10 Hz. A"5 It establish a real multimodal interaction between the
order Butterworth filter for this purpose was adopted. user and the powered exoskeleton through a set of
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Training the residents who start with endoscopic operations remains a challenge. This paper describes an

electromechanical system developed for learning the transurethral resection (TUR) technique. This system
can be easily set and cleared up in a classroom, and consists of a supervisor’s workbench with a wireless
sensing device, connected to several trainees’ workbenches with motorised devices. These devices have a
resectoscope mounted on an electromechanical structure that is able to reproduce all the movements of an

actual endoscopic operation of the prostate.

1 INTRODUCTION

Transurethral resection (TUR) is an endoscopic
surgical technique that makes it possible to extract
tissue from the prostate in mitigating or corrective
operations. It is performed by means of a
resectoscope, consisting of a thin cannula that
includes an endoscopic lens system and contains a
tiny wire loop acting as an electro-scalpel, and
operated from the exterior.

Nowadays, video-surgery has simplified TUR
training, becoming a common practice among many
urologists. However, no urologist hesitates to
consider learning this technique difficult and time-
consuming. Mere vision of the moving endoscopic
image is not enough to acquire the reflexes, manual
skill, and mental agility necessary to cope with the
recurring occasions in which only solid practical
experience will make it possible to handle the
situation, and conclude the operation successfully
(Pycha, 2003).

Traditional training for novel surgeons is carried
out by first explaining the techniques with
endoscopic images, to later begin performing very
simple operations, directly in the operating theatre.

Work has been done on support for training in
endoscopic techniques, and there have also been
efforts to devise manipulators for motorised
operations guided by the surgeon (Kerfoot, 2004;
Gettman, 2003; Katz, 2003; Ottensmeyer, 2000;
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Ballaro, 1999; Gomes, 1999). However, these
systems have certain problems, such as lack of
tactile feedback, and their high cost for generalised
use in training. Their main objective is to automate
operations, not to perform exact imitations of the
movements of a surgeon. Our system achieves a
great precise reproduction of the movements of an
expert surgeon, at a much lower cost.

Another difference with the mentioned line of
work is that our proposal aims at low-cost robot
systems, specific for this operation, capable of
capturing the movements of the resectoscope and
reproducing them both in real time and recorded.

For this, we have devised an easy to set and clear
up lecture room, practical for use at hospitals. The
room has a sensing workbench connected to a
computer, and several motor workbenches linked by
Bluetooth. All these workbenches are able of
reproducing the movements of a hand at the degrees
of freedom of the resectoscope. A video monitor
shows images of an operation. The sensing
workbench senses the movements performed upon
it, and the motor workbenches are able of
reproducing these movements.

The solution we present in this paper is cost-
effective, and has been successfully tested by
experienced surgeons. First we detail the specific
goals pointed out by the users, which guided us in
the design of the solution presented; Next, we
analyze in depth each block of the final system.
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2 SYSTEM GOALS

The aim of our system is to aid learning of a
complex technique of endoscopic surgery,
transurethral resection, in order to improve the skill
of surgeons and reduce risks for patients. We try to
offer a lecture room that permits training in
techniques as they are currently performed, in such a
way that its structure allows inclusion of more data,
and with feasible installation in hospitals (easily set
and cleared up in multipurpose halls).

Thanks to the system’s modular structure,
several different teaching modes are possible:

1. Real time teaching mode: The trainer operates
the sensing workbench and movements are repeated
in the hands of trainees by means of the motor
workbenches. The trainer’s explanations can be
underlined by videos played on the computer.

2. Recording mode: The trainer watches an
endoscopic video on the computer, and
simultaneously  performs the  corresponding
movements with the sensing workbench. The
movement pattern is stored in the computer, and a
video of the operation with embedded information
on positions is generated. This video will be used
later to control motor workbenches without the
presence of the trainer.

3. Recorded teaching mode (without the
presence of the trainer): The computer plays a pre-
recorded video that controls the motor workbenches.

4. Trainee assessment without trainer: A video is
played and trainee operates the sensing workbench;
movements are stored in the control board of the
sensing workbench. Once the test has ended, data
are sent to the trainer’s computer, and they are
checked against the movement pattern of the expert
surgeon.

The technical requirements we have had to deal
with are the following:

— The workbenches must reproduce movements
with the same degrees of freedom that the surgeon
has during an actual operation. The initial hypothesis
is that the urinary tract sphincter is fixed in space,
which leads us five degrees of freedom. The
correctness of this hypothesis and the validation of
the movement replicator have been checked during
the research actions performed by the group.

— Another very important requirement is
synchronization of the endoscopic video playing
with the movements of the resectoscope.

—To ensure portability, we envisage a
radiofrequency workbench data communications
structure  using Bluetooth  (Anastasi, 2003).
Bluetooth chips available on the market managed

from a microcontroller based system have been
used. Both the hardware and the firmware have been
original developments aimed at the present final
application.

—One last goal is to allow collection of actual
movements data in the operating theatre. In this
scenario it is not possible to modify the instruments
available to the surgeon, nor interfere with his
movements. To achieve this, we propose a new
method for sensing and capture of the movement of
the resectoscope in the operating theatre, based on
ultrasound.

3 DESCRIPTION OF THE
ENVIRONMENT

3.1 Basic Scenarios

Next we briefly describe the structure of a possible
lecture room. It should be pointed out that some
systems share certain common blocks, so these will
be described only once.

3.1.1 Trainer’s Workbench

Its role is that of a general coordinator, and it
comprises several clearly distinct subsystems
(Figure 1).

The resectoscope or instrument to be used by the
medical personnel is mounted on a mechanical
system that allows mobility as if an operation were
being performed. For this, three turns (coordinate
axes) and two sweeps (cannula and resection loop)
are allowed. The trainer will introduce the sequence
of movements using this workbench. A set of
position encoders capture kinetics directly, or by
means of the corresponding transmission ratios.

A digital system based on a Field Programmable
Gate Array (FPGA) has been developed for data
collection tasks, management of communications,
motor device control and memory management.
Previous  developments  were  based on
microcontroller solutions, but the large number of
inputs-outputs and the need for concurrence
recommended migration to programmable logic
devices. The use of FPGA allows for modular and
flexible design, which eases the integration of the
various subsystems developed.

A Bluetooth device in this workbench acts as a
master of the wireless communications system. It is
possible to control a complete network, commanding
the various devices and modes, and at the same time
the various flows of information.
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Acting as a central server, the trainer’s
workbench relies on computer equipment offering
various functions: It controls reproduction of the
TUR operation video; it allows storage of movement
patterns for later analysis or repetition; and it
manages communications and state of the devices in
the lecture room by means of Bluetooth linking via
electronic system.

Sensing Device Electronic System

Figure 1: Trainer’s workbench.

3.1.2 Trainee’s Workbench

The mechanical structure is similar to that of the
trainer’s workbench (Figure 2). It includes the
electromechanical devices allowing reproduction of
movements. The student holds the device and feels
the movement to be performed. The device retains
the position encoders, making available a process of
auto-calibration without the need of supervision by
the user. A Bluetooth device acts as a slave in the
network managed by the trainer’s workbench.

Sensing/Motor Device Electronic System

Figure 2: Trainee’s workbench.

3.1.3 Installation in Operating Theatre
Figure 3 shows the block diagram of the installation

in operating theatre. Encoder-based position capture
is not possible in the operating theatre, since the set
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of instruments cannot be modified (figure 4). We
have therefore developed a novel positioning
technique based on ultrasound (US) pulses, with the
aim of applying it to the capture of the movements
performed by the surgeon on the resectoscope in the
operating theatre. In this way, it will be possible to
document fragments of actual operations with the
video information, movements, and other parameters
that may be considered relevant. We should point
out that the training video is obtained by an
endoscopic camera during the operation. Later on,
and as a previous step to its use in the training
system, it is processed by the computer system.

Computer

Endoscopic Video

US Positioning System

Figure 3: Installation in operating theatre.

3.2 Mechatronic System

Initially, the typical movement of the resectoscope
in an operation was studied. Considering the results,
to express the movement as parameters, the
following hypothesis is adopted: “The point of the
resectoscope oppressed by the sphincter is
considered still, and this point does not vary
throughout the operation”.

To all practical effects, it is considered as the
origin of the coordinates of the mechanical system.
On the basis of this hypothesis, the conclusion
reached is the need to design a mechanical system
allowing three angular movements, one forward
movement for the cannula, another for the cutting-
loop, and two for the switches of irrigation and
coagulation. To sum up, seven coordinates are used
to define the state of the device at a given moment.
Four of them reflect the point in space where the end
of the resectoscope is, another the state of the cutting
loop, and the remainder refer to the state of the
switches the resectoscope is equipped with
(generally pedal-operated).
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According to the explanation offered, the
mechanical system should allow the movements
detailed in Figure 4.

Extreme of Turn 3
resectoscope

Figure 4: Kinetic diagram of the resectoscope.

The final system has been the result of several
different prototypes. At the moment of designing the
mechanical system, we have two different kinds of
devices:

Sensing device: Conveniently equipped with
encoders in order to capture the movements
performed with it.

Motor device: Fitted with servo-motors to
reproduce movement. In the design phase, this
device is also equipped with sensing elements in
order to carry out calibration and performance
measurements.

The present design is capable of completely valid
mobility. The sensing workbench can most
realistically imitate any type of operation. Both the
sensing and motor workbenches share a similar
design, so that they may or may not include motors
and sensors, that they may have the required
functionality on the basis of a single development.
The mechanical similarity between them likewise
eases the generation of movements from the stored
kinematics.

Various alternatives have been checked for
movement generation, among which we could
feature step-motors and servo-motors. The latter
presents suitable speed-torque characteristic curves,
which together with their simple handling have
made them the chosen solution. Different kinds of
movement must be generated, angular for the three
coordinate turns, and longitudinal for the cannula
and resection movements. In order to achieve linear
movements, mechanical transmission chains have
been designed, based on the turning of the servo-
motor.

The measurement of the three angular
movements is performed with angular encoders. The
linear movements are indirectly measured from the

electromechanical rotation system. In this way we
can use the same kind of sensor for the different
movements, with all the advantages of uniformity
and simplicity. Specifically, the encoder chosen will
be of the digital type and incremental.

Once the mechatronic system implemented, the
performance, both kinetic (speed, accelerations,
movement ranges and sensitivity) and dynamic
(torque) of the system was tested. For this,
automated tests have been devised to check the step
and ramp response of each motor device.

Finally, several tests were carried out by the
medical team, with the goal of simulating the
different kinds of movements that actual operations
might require. Two models were simulated:
cystoscopy (inspection) and resection (operation), as
well as a mixed model including various types of
movement. On the basis of these tests, we can state
that our system correctly replicates a model
operation.

3.3 Synchronization

In the system, various temporal distortions may
appear, which can generically be grouped as two
different sets of problems:

— Data delay: An ideal design in the FPGA will
make this negligible in the context of the time
intervals operated with.

— Loss of synchronization and regularity between
video frames and mechanical positions: Critical
aspect. The computers might be unable to send the
movement data in a totally regular and predictable
way while it reproduces a video or is handling other
processes.

Different alternatives have been checked:
synchronization by means of video subtitles, real-
time operative systems, and modulation in audio
channel.

The solution finally adopted is based on use of
the video’s audio channel. To include the digital
information of positions on an analog audio signal,
Manchester encoding has been chosen. It has been
decided to encode and send the sampling number
corresponding to each video frame, rather than all
the data for each frame. A Hamming code with
distance 4 is applied, to minimize environmental
noise. This strategy will make it possible to detect
up to three bit errors, and correct up to one bit. The
frame under the Hamming format is Manchester
encoded and modulated upon the audio channel.
Both processes have been carried out with Matlab.
The final application generates an audio file
containing the sampling numbers, spaced the exact
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time needed. This file is included in the video, so
that we have a video with exact time marks
indicating a sampling number. In normal use, an
audio channel carries the frame number we are at,
and the other channel may include trainer’s
comments.

Before the use of a trainee’s workbench, a
massive download of positions in each motor system
is performed from the computer to the local FPGA.
During the video playing, the time marks are
extracted and the local memory is searched for the
associated positions.

3.4 Computer System

The computer system presents two layers. One of
them is opaque to a certain degree for the end user,
and collects the data of the different blocks and
integrates them. Also, it calculates the kinematics of
the resectoscope during the operation, using the
obtained data from the ultrasound location system.
Finally, it generates the movement references for the
device, synchronized with the endoscopic video.

The computer system has another aspect,
intended for the end user in the training context. A
simple and friendly user interface is offered for
interaction in the lecture room (Figure 5). It includes
a video player and a manager of the various
operation modes that the trainer may request. The
more tedious tasks, such as Bluetooth node
management and processes with data files have been
completely automated.

-

Car tos.

Vides de entrenamiento: |02 rtulod medio.avi

General | Corfiguracién del auia | Log |

iento de "C:\Documents and Setiings\Angel

ento de Iz maqueta. P

Habilitads recepcién de datos de movimiento de la maquetz.

Figure 5: Computer system. User interface.
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4 OPERATING THEATRE
POSITIONING

It is interesting to see how different data are
obtained in the operating theatre, such as the
endoscopic video of the operation and the actual in
situ trajectory followed by the resectoscope.
Obtaining the endoscopic video is possible with
commercial equipment, so we will concentrate on
the analysis of the problems regarding highly
accurate location. The different alternatives allowing
a sufficiently exact positioning were analyzed, with
the main focus on optical, radiofrequency and
ultrasound solutions. Several aspects, such as
economy and environmental constraints pointed to
ultrasound positioning as the ideal method.

Through high precision positioning by
ultrasound waves, it is possible to locate an object
within a given volume with a tiny error margin,
simply and quickly, without any necessary physical
contact with the point to be referenced (Fukuju,
2003; Casas, 2004; Mahajan, 2001; Prigge, 2000).
The initial idea was to obtain a system allowing
capture of the position of the resectoscope during an
actual operation in the operating theatre; the system
should therefore have very restrictive features.

In the case of our application, there are certain
key aspects defining the location system, due to the
characteristics of work in an operating theatre.

The range of the system must agree with the
dimensions of the operating theatre (in our case, up
to 3.5 metres).

Given the need for a precise reading of the
kinematics and of the position of the resectoscope,
the positioning refresh rate must be as high as
possible. It has been possible to obtain up to twenty
references per second.

In order to achieve millimetric errors in the
position of the resectoscope, it was necessary to
analyze other factors of the design: the possibility of
background noise, disadjustment of probes,
environmental factors (temperature and humidity),
and reflected ultrasound waves due to reflecting
surfaces.

The probes of the emitter modules (Figure 6) are
joined to the resectoscope in fixed positions. Three
probes are usually necessary in order to later infer
the position and direction of the instrument from
them.

The receiving probes will be attached to the
ceiling of the operating theatre in positions with
known coordinates, with the necessary precision to
later give references for the emitting probes in the
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Computer
M Ultrasound Emitters

N Ultrasound Receivers

Temperature
Measurement

Figure 7: Precision positioning block diagram.

space. A redundant number of probes make possible
to minimize the effects of occlusions.

The system includes the blocks shown in figure
7.

Front

i | i i ; i 1 i i
066 068 07 072 074 076 078 08 082

I R
0.3
U.29*§
I AN T—
U.27*é
026

T
0.24

n2af:

0.22f

; i i H H i
0.68 0.7 0.72 0.74 0.76 0.78 0.8
%

The control system will send a signal to the
corresponding emitter modules, to generate the
ultrasound pulse train, and simultaneously the time-
of-flight of the ultrasound waves to the receiver
modules will be measured. During the time-of-flight
of the ultrasound pulses a measurement of the
temperature will be obtained, to compensate the
data. The features and pattern of the pulse trains
generated are critical for the system. Their
generation is based on a self-interference strategy, in
which the optimum phase and counter-phase periods
have been obtained analytically and empirically. In
the receiver, filtering is an equally delicate process,
articulated around a second order Rauch filter
followed by a high speed comparator.

The receiver modules will send the received
signal, filtered and conditioned, to the FPGA, which
will capture and process the data in order to
calculate the times-of-flight of each emitter-receiver
pair, as well as reliability indicators of each
measurement for their later processing. Once all of
the data have been processed, it will send all the
information obtained to the computer together with
the temperature measurement. The computer will
calculate the distances between each of the emitter-
receiver pair.

After obtaining the distances between emitter and
receiver probes, the coordinates of the emitter
probes are calculated by an algebra resolution

Left
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Figure 8: Positions of the end of the resectoscope.
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method (Casas, 2004) and a solution filtering
algorithm based on the least median of squares
(Casas, 2006). Once the positions of the emitter
probes have been obtained, the trajectory of the
resectoscope is obtained as well.

In order to verify the system, an experiment set-
up has been designed with the motor workbench
managed by the computer system in auto-calibration
mode. Figure 8 illustrates the results obtained. It
shows the position of an emitter probe located at the
end of the resectoscope. An emitter transducer is
attached to the mock up, which moves using a
predefined pattern. With three receivers, the results
are very accurate (few millimetres), and even the
bounces and oscillations of the mechanical system
itself can be detected.

S CONCLUSIONS

Training surgery residents who start with endoscopic
operations remain a challenge. This paper has
described an electromechanical system developed
for learning the TUR technique. It consists of a
trainer’s workbench with a wireless sensing device
connected to several trainees’ workbenches with
motorised devices. These devices have a
resectoscope mounted on an electromechanical
structure able to reproduce all the movements of an
actual endoscopic operation.

The system has several operating modes that will
make it possible to:

—Reproduce the movements of an expert
surgeon in the hand of the trainee.

— Reproduce the pre-recorded movements of an
actual operation in the hand of the trainee.

— Assess the level reached by the student before
participation in any operations or in solving
problems requiring a certain degree of experience.

As a complement, a millimetrically accurate,
ultrasound-based positioning system has been
developed. This will be mounted on a resectoscope
in order to capture the movements performed in an
real operation. The management software of the
training room allows easy integration of these data
with the endoscopic video, to rely on an adequate
operations database.

What remains is to assess this tool in the
practical conditions of training urology residents in
the use of medical equipment, which will doubtless
offer most interesting data regarding the use or need
for modifications of the global system.
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Surgical training systems allow novel surgeons to acquire the required skills to successfully carry out an
operation without harming a real patient. These systems emulate the situation of a real operation, replicating
the information gathered by sensors, movements of the surgeon, patient response, etc. All this information
must be synchronized to provide an experience to the novel surgeon as closest to reality as possible. A
special case of information synchronization is when using video images from the operation. In this paper,
we analyze these synchronization issues —video, movements, sensors, etc. — and show a particular case

that bring all together: an endoscopic video-surgery learning system.

1 INTRODUCTION

Endoscopy or tele-surgery, are medicine techniques
that require a special skill from surgeons, as they
have not a direct vision of what they are doing.
Learning these techniques is supported by training
systems that allow the surgeon to acquire the
required skills to successfully carry out an operation
without harming a patient.

(Ballaro et al. 1999) propound a training system
where the surgeon manipulates synthetic images of a
prostate. (Gomes et al. 1999) and (Kumar et al.
2002) improve it by providing a tactile feedback of
the manipulation with an artificial prostate. (Chen
and Marcus, 1998) offers also a feedback with an
adapted resectoscope, analyzing the anatomic tissues
virtually touched and generating the opposing force.

To properly emulate real situations where the
surgeon can be involved, it is necessary to collect a
lot of data from different sensors in real operations.
Besides that, surgical training is often supported by
use of pre-recorded video images (Gambadauro and
Magos, 2007).

Although most of training systems offering
haptic feedback use virtual simulations instead of
real video, augmented reality systems combining
these videos with graphics images systems provide a
better simulation environment (Botden et al. 2007).
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Real videos can be used for training with motorized
mock-ups driving surgeon’s hands while playing
video-images of the operation, reproducing the
movements displayed in the video. Obviously, it is
needed that the information used to drive them to a
position is synchronized with the related frames of
the video.

In this paper, we discuss some synchronization
issues we have faced during the development of a
video-surgery learning utility, which implements
also a wireless-synchronization between classroom
workbenches.

Next section outlines the learning utility and its
synchronization issues, which are discussed in
sections three and four. Section five details
synchronization integration in the classroom and its
operation, and finally, conclusions are presented.

2 VIDEO-SURGERY LEARNING
TOOL

Our application consists on a classroom for training
surgeons on prostatic surgery, whose system layout
is presented in figure 1, and consists of several
mock-ups. All the mock-ups are wireless connected,
which allows an easy deployment and configuration
of the classroom.



One of them —master—, includes a motion
monitoring system which extracts all the movements
the instructor surgeon makes; this one is called
sensing mock-up. The others —slaves—, transmit
these previously recorded movements to the practice
surgeon so he can first learn the instructor
movements and, after that, be evaluated by
comparing his movements with the ones made by
the instructor; this ones are called motor mock-up.

R

Management PC
N —
Qer mOCE-uD/
Slave mock-up Slave mock-up
Bluetooth
Slave mock-up Slave mock-up

Slave mock-up

Figure 1: Video-surgery classroom. Master mock-up is
video-synchronized and slave mock-ups are wireless-
synchronized.

In order to get a real-like feedback, a big video
display is used. At this moment, it seems clear there
is heavy need of synchronization for this system, so
video and captured instructor movements are
correctly recorded and, this way, the learning and
evaluation processes are synchronized with the
video displayed.

It is also necessary to propagate this
synchronization through the different motor mock-
ups so all of them reproduce the movements at the
same time the action is being taken at the video they
see.

In short, we can group synchronization in two
terms:

a) Video-synchronization, between the pre-

recorded images and the surgeon’s
movements.

b) Wireless-synchronization between the mock-
ups.

In the next sections, these synchronization issues
are discussed in deep.

3 VIDEO SYNCHRONIZATION

In this case, a little misalignment between images
and movement —below several milliseconds— is
admissible, but playing must be fluid and without
cuts that will hinder learning. If the training system
core runs in a PC, a possibility for synchronizing

SYNCHRONIZATION ISSUES IN SURGICAL TRAINING

surgeon’s movements with video is to play the video
in the PC, and to stream the movement information
to the mock-up —through a serial port, by
TCP/IP...—, but common multi-task Operating
Systems (OS) can lead to cuts or undesired delays,
so a real-time OS will be needed to do that.

Operation video Frame number
recording audio codification

1

Video file Audio file

( Audio + Video mixing )

O

Experts
surgeons’

Training video movements
sensor mock-
up while Training data
E> seeing

training video
Expert surgeon

Figure 2: Block diagram for video synchronization. Expert
surgeon’s movements are captured and time-stamped with
the corresponding frame number of the operation video.

To properly synchronize the video and the data, we
decide to integrate the data directly into the video
stream. AVI file formats allow integrating multiple
streams into the same file (e.g. the video, audio,
subtitles, chapters... of a movie). A possibility is to
integrate a data stream with the movement
information like a “subtitle”, but we need also to
extract that information and to stream it to the mock-
ups, outside the PC, which can lead to an
“asynchronous playing”. The easiest way to avoid
that is recurring to the audio channel. Audio is send
by the OS to the sound card, and is synchronized
with the video, so if we code our data in the audio
track, the mock-ups can listen to the sound card and
get the data synchronously with the video.
Moreover, we could record the file in a DVD and
play the video on a DVD player without the need of
a PC.

In addition to that, there is another big issue
about how to compound the operation information
and the video images to get a synchronized training
data set. If all the information of the operation is
obtained “online”, while the operation is carried out,
as all the sensors must be synchronized, the training
data set can be generated directly.

However, if the information related to the
surgeon’s movements cannot be real-time acquired,
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an offline synchronization is required. The way to do
this is that an experimented surgeon, while seeing
the video images, replicates the movements over a
sensor mock-up. That mock-up captures the
movement information, and synchronizes it with the
video.

Again, streaming the movement data to or from a
PC can lead to a bad synchronization. The ideal
solution would be to directly record the movement
data on the audio track of the video, but this is not
trivial. Fortunately, there is an easiest method.
Strictly, we don’t need to extract the data directly
from the video, and it’s enough by knowing the
timestamp of the video, or the frame number.

For the movement data capture, we have coded
the frame number of the video in the audio track,
and the sensor mock-up listen to the video the expert
surgeon is viewing. When the capture starts, the
surgeon reproduces the movements displayed on the
operation, and the mock-up store them together with
the frame numbers listened. This way, we obtain a
training data set where each frame of the video has
synchronized information relative to the movements
of the expert surgeon.

3.1 Frame Number Codification

To code the frame number into the audio track, we
have generated an audio wave with a Manchester
code, suitable for binary data transmissions. The
data rate will be constrained by the audio
characteristics and the sound card hardware. With a
sampling frequency of 44.100 Hz, and using two
samples to codify each bit (one sample for both high
and low part of the wave), will give us a maximum
data rate of 22.050 bps, but resulting sound wave
cannot be correctly played by every sound card. A
safer ratio of six samples per bit allows 7.350 bps,
enough to codify more than 200 frame numbers per
second with 32 bits resolution.

Frame number codes must be placed in the audio
wave at the exact moment the frame is displayed in
the video, which can be easily done with any video
editing tool. To prevent errors when decoding the
audio wave, a hamming code of distance three is
also applied to the frame number.

ﬁ
Manchester JIII"_I-I_IL

encoding
Audio wave

Figure 3: Frame number codification.

0b01010010
10010101..

Frame number

84

4 WIRELESS COMMUNICATION
AND SYNCHRONIZATION

Once we have established synchronization between
video and movements on the master mock-up, this
synchronization must be propagated to the slave
mock-ups, so we need that they are wireless
synchronized. Every mock-up calculates its local
time basing on its own oscillator, and these timings
tend to diverge one from another. This is caused by
the lack of precision on their oscillators, as there can
be errors from 20 ppm to 100 ppm. The more time
they keep running their clocks free, the bigger the
misalignment will be.

This is a familiar matter on wireless sensor
networks. Creating a common temporal reference
using wireless communication capabilities has been
widely studied keeping in mind the energy, cost and
size limitations of the devices used in wireless
sensor networks (Sivrikaya and Yener, 2004). The
regular clock corrections needed to keep wireless
networks synchronized are usually performed by
exchanging reference messages time-stamped with
the reference time. The more accurate that
timestamp is the  higher accuracy the
synchronization achieves. Some protocols that
achieve high synchronization accuracy with a
reduced traffic load are the TMSP —Timing-sync
Protocol for Sensor Networks— (Ganeriwal et al.,
2003) or the FTSP —Flooding Time
Synchronization Protocol— (Maréti et al., 2004).
Their main advantage is that they can gain access to
the MAC layer, so they can precisely timestamp
messages when they pass through the lower layers.

According to the time-analysis performed by
Mar6ti et al, the most problematic delays when
transmitting messages over a wireless link are those
from the send, receive and access processes (see
figure 4). Besides bigger than propagation time, they
are not deterministic, so they have a big influence on
synchronization accuracy.

This way, methods which can access to MAC layer
and precisely timestamp messages, such as TMSP or
FTSP, can achieve a high accuracy. However, the
use of standard wireless hardware such as ZigBee or
Bluetooth —as in our case— to ease deployment,
block access to lower layers, preventing from a

precise timestamp.

X RX

Figure 4: Times on sending, accessing, propagating and
receiving reference messages. Propagation time is
negligible versus send, access or reception times.
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Figure 5: Misalignment on reception time. The non
deterministic times on the sender side are eliminated.

In order to reduce as much as possible the
uncertainties in this process, a receiver-receiver
synchronization scheme is used. There is a common
time reference for every member of the network,
which is propagated through all the mock-ups using
a broadcast message sent by the network coordinator
(whose local hour is taken as the global time). After
that, each mock-up receives this global hour and
thus, can correct its own clock with the just received
information.

With this receiver-receiver message
synchronization method, medium access time
variation is avoided (fig.5), so the biggest part of the
non-deterministic error is eliminated. This method
compares the local hours when the master mock-up
and the different slaves receive the same message, so
they can refer their local time to the master global
time and hence, correct it. This is possible, because
the uncertainty associated with the time involved in
sending the message affects the same way both
receivers, and so, doesn’t have influence on the
overall timing error. The propagation can be
assumed as equal for the two nodes (because the
distance is not significant enough to cause a
measurable time difference in the propagation of a
radio signal).

Thus, synchronize the clock of the mock-up i
implies estimate and compensate its clock skew s;
and offset k;. The most used procedure to perform
these adjustments is broadly described in literature
(Sivrikaya et al. 2004, Mardti et al. 2004, Elson et al.
2002, Cox et al. 2005). There is a reference clock
which all the mock-ups will be synchronized to (z,).
A sync-point is defined as a pair of timestamps
collected at the same time f in the reference node
and in the node that want to be synchronized: {t,-k,
t5}. Once each mock-up stores several sync-points
at different instants, the offset (k;*) and slope (s;*)
differences with the reference are calculated using
linear regression:

e -i, e -0,
5 =k ,

Y ()

k

k=% —s:t_,,.

1 1
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This way, every node can estimate the global time
(tr*) from its local clock:

t, =-——". @)

Table 1 shows the results obtained when using
the below described process to correct local times
using Bluetooth and ZigBee technologies compared
to other synchronization methods.

By these resynchronizations, clocks can be kept
with a misalignment considerably lower than the
precision required to cover our timing correction
goals. The response time of the mock-up kinematics
is considerably bigger than 1 ms, so achieving this
misalignment between the different mock-up clocks
is more than enough for this application.

Table 1: Misalignment on reception time. Results obtained
by using different synchronization methods.

Sync Method Average Worst
case

Sender — Receiver

Zigbee (Motes-2.4GHz) 149pus  61.0 ps
[Cox 2005]

TPSN (Motes-916MHz) 169 us  44.0 ps
[Ganeriwal 2003]

FTSP (Motes-433MHz) 1.4 ps 4.2 ps
[Maroti 2004]

Receiver — Receiver

RBS (Motes) 29.1us  93.0 us
[Elson 2002]

RBS (Bluetooth) 45ps  18.0 us

RBS (ZigBee) 222us  52.0 us

5 CLASSROOM INTEGRATION

Once we know how to perform video-
synchronization and wireless-synchronization, it is
time to integrate them into the classroom. In the
layout shown in figure 1, the sensor mock-up —
master— is connected to the PC, which controls
video playing. The mock-ups form a Bluetooth
piconet that allows communicate them and keep
them synchronized with an absolute error below 1
millisecond, small enough for the classroom
requirements.

For synchronizing the data with the video, we
have generated an audio file in Matlab, containing a
frame number every 10 milliseconds, and mixed it
with the video containing the images of the
operation for training. In the configuration of the
mock-ups, it is possible to set an amount of frame
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numbers to drop out when decoding audio, reducing
the effective frame rate.

There are two basic operating modes: capture
and playing. Combinations of them allow recording
movements of the expert surgeon and reproducing
them for training the novel surgeon, capturing
movements of the novel surgeon for evaluating,
guiding, etc.

In the capture mode, the surgeon reproduces the
movements related to the video sequence. The
sensor mock-up receives the audio in the training
video, and decodes the frame numbers, which are
periodically distributed. When a frame number is
decoded, the mock-up captures the values of the
position encoders and stores them together with the
frame number. When the capture ends, the mock-up
sends the data to the PC, where can be saved as the
training data file related to the video, or be evaluated
with a previously stored data.

In the playing mode, all the motor mock-ups
previously store the training data, and wait for the
start command from the sensor mock-up. When the
PC starts video, the sensor mock-up decode the first
frame number, and timestamp it with the global
hour. Then, it broadcasts that information to the
motor mock-ups, which can compute the timestamp
for the next frames, and synchronize playing.

The sensor mock-up periodically broadcast
frame-time pairs for prevent errors, and when there
is an unexpected value in the frame number
sequence, which means a change in the video
playing (pausing the video for an explanation,
advance the video, looping some technique... etc.).

6 CONCLUSIONS

In this paper we have discussed two different
synchronization issues we have faced during the
development of a video-surgery learning utility.

Video synchronization was performed by a cost
effective and simple method recurring to the audio
channel. It allows accurate synchronization without
the need of a complex system. Even it is possible to
eliminate a PC by using a dedicated video player and
controlling playing from the sensor mock-up.

Wireless synchronization between mock-ups was
also analyzed using a similar criterion of wireless
sensors networks. We use a synchronization protocol
over Bluetooth (we also tested ZigBee with similar
results) that largely achieves our requirements. The
method avoids accessing the lower layers of the
protocol while performing similar accuracy as others
that use the MAC layer.

With the strategies described in this article, we
conclude in a surgical training classroom in which
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images displayed will be correctly synchronized
with the sensor information and the mock-up
movements, so the novel surgeons can acquire the
needed skills in a real-like environment without
harming any patient. This is obtained at low cost by
using off-the-shelf components to build up this
surgical classroom.
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Quantum cascade lasers represent nowadays a mature technology to obtain laser sources in the medium and

far infrared region (up to THz). Several advantages with respect to other coherent sources make this kind of
lasers particularly attractive: the emission frequency can be selected by properly designing the growth
structure, the emission wavelength is tunable with a very good precision and a high optical power in the IR
range can be emitted in a spot of small size. These properties make them suitable for several applications,
including gas spectroscopy in the IR range. In this work we introduce different types of quantum cascade
lasers and we provide a description of their performances and properties, showing that they are suitable

candidates for biosensing applications.

1 INTRODUCTION

In recent years, the first realization and the further
development of quantum cascade lasers (QCL)
(Faist, 1994; Hofstetter, 2001; Pfiigl, 2003;
Faugeras, 2005)) have provided reliable, powerful
and tunable sources for the IR region, whose
wavelength emission can be selected along a wide
range by properly designing the constituting layered
structure. Therefore, possible applications of such a
source have been already explored in different fields
of IR spectroscopy, like environmental monitoring
(McManus, 2005), medical diagnostics (Roller,
2002), atomic spectroscopy (Vacchi, 2006), plasma
diagnostics (Ropcke, 2006). QCL look quite
profitable, since they could provide a compact and
unique source also in the IR region, avoiding the
requirement to use sophisticate and complicate laser
systems.

In the present work, we present the development and
testing of QCL sources designed to be used in

atomic spectroscopy, with the aim to describe the
characteristics which make them usable also for
other applications. In Section 2 we describe the
peculiar structure of quantum cascade lasers and we
introduce the lasers tested in order to define the
achievable performances.

In Section 3 it is presented the experimental
setup which allowed wus to perform the
measurements aimed to define the lasers
characteristics: the results are shown in Section 4.
Finally, in Section 5 a discussion of the possible
applications of QCL in the field of biosensing is
provided taking into account the obtained results and
presenting some of the worldwide already running
activities.

2 DEVICES UNDER TEST

In conventional semiconductor lasers light is
generated by stimulated emission across band-gap
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(inter-band emission); in the case of QCL radiation
is generated by intersubband transitions across
designed energy gap inside the same band (intra-
band emission). Thus the emission transition can be
designed by mean of band-structure engineering, i.e.
by choosing the thickness of the different layers of
the materials composing the active region of the
device. A scheme of the basic principle is shown in
Figure 1.

4

3

laser
transition

“WW

T 37 mev ?

37 meV

Figure 1: Scheme of the principle of an injectorless QCL.

The QCL structures we designed have been
thought for high power and reduced instability in the
laser pulse. The scheme is called bound-to-
continuum (Pfiigl, 2003): the upper laser state is a
bound one as in the basic case of QCL structure,
while the lower state is spread on a continuum of
state, which helps the laser emission, the fast
injection of the following active layer and thus
inversion of the population. The optimal structure as
derived by simulations is presented in Figure 2.

Three different groups of lasers have been
designed and fabricated with a Ilattice matched
technique in order to avoid strain problems
(morphological defects). The different designs
aimed to check the possibility to span the emission
over a wider range around 7um.
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Figure 2: Bound-to-continuum scheme for a QCL with
injection region.

Such kind of lasers are basically Fabry-Perot
structures, thus expected to have multimode
emission (i.e., to emit with several different near
peaks). For spectroscopy purposes, single-mode,
narrow linewidth lasers with well-defined, precise
tunability can be required. In order to achieve these
goals, QCL are fabricated with a periodic structure
built in the cavity (Figure 3). This periodic variation
of the refractive index or of the gain leads to a
certain amount of coupling between the back- and
forth-travelling waves. The coupling becomes
strongest if the periodicity is an integer multiple of
half the laser wavelength in the cavity. Because
feedback occurs along the whole cavity and not only
on the mirrors, these devices are called distributed
feedback lasers (DFB). They show usually an
excellent single-mode behaviour, can be precisely
tuned with temperature or current, and deliver a
reasonable amount of output power. In order to test
the DFB monomode behaviour, we commissioned
such a structure from Alpes Lasers SA, Switzerland,
with specification able to match our structures.

InGats wave guide layers
grating and lateral contact layer
Tidwu contact layer

active region

“ﬂ_“_m__n_mﬂﬂw
I" _!_'.l s
Y ——— = ————— U

_IIIIIIIII'
A A

ZnSe isolation layer
I
Ak

InF substrate

Figure 3: Scheme of the distributed feedback structure,
with the grating superimposed to the active region (from
University of Neuchatel).
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3 EXPERIMENTAL SETUP

The lasers are fixed on the cold finger of a cryostat,
whose chamber can be evacuated and cooled down
to a temperature as low as liquid nitrogen
temperature (77K). The emitted light is coupled out
of the cryostat through a CaF window (more than
90% transmission in the 2-9 pum range), then
collimated and focused on a IR detector by two
parabolic reflectors (equivalent f/# ~ 3.9). The
measurements are performed by applying a pulsed
voltage on the QCL, and reading out the optical
power on the detector by mean of an oscilloscope.

In case of spectral measurements, the focused
beam has been coupled to the input of a
monochromator, and the detector has been
positioned at the output of the monochromator itself.
We performed both power and spectral
measurements at different temperature, in order to
define the achievable power and the possible tuning
of the laser emission. A scheme of the whole setup is
depicted in Figure 4.

In order to perform both the kind of
measurements in the same time, it has been explored
another possible setup, by mean of inserting a ZnSe
beam splitter in the optical path. The beam splitter
divides the emitted light in two parts: one is focused
directly on a photo detector to measure the optical
power, the other is coupled with the monochromator
for a contemporaneous spectral measurement. The
configuration is also able to provide an online
feedback on the drifting of the emission wavelength,
which shows to be useful in case of spectroscopy
measurements.

o detector
detector power/energy

power/energy monochromator

gratings .

cryostat i |
probe -
i

Figure 4: Setup for the optical power measurements: (a for
power estimation, b for spectral measurements).

4 RESULTS

In Figure 5 an example of the I-V characteristics of
our set of lasers is shown as a function of the
temperature together with the corresponding
emission peak powers. The measurements gave the

idea of the achievable power: more than 1W at
cryogenic temperatures; about half of such power is
still present at room temperature. The laser could be
operated up to 400K. Considering that the laser facet
has an area of about 60-100 um?, it corresponds to a
power density of 10° W/cm® if the whole power is
perfectly focused. The amount of power allows the
lasers to be exploited in spectroscopy of gas, for
example by mean of absorption measurements.
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Figure 5: I-V curves and peak power of QCL of our set of

laser in the range between 77K and 360K.
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Figure 6: QCL Spectra between 78K and 275K.

The corresponding spectra for one of the three
groups of lasers are shown in Figure 6 as a function
of the temperature. Due to the high emitted power, it
is possible to observe fine structures: none of the
spectra could be optimally fit with a simple
Gaussian curve, due to the expected multimode
emission. The convoluted spectra have widths
spanning from 70 nm to about 150 nm. Taking into
account all the three groups, the overall range that is
possible to span with such lasers is very wide, from
6900 nm up to 7800 nm, demonstrating the
possibility to tailor the structure in order to span a
desired wavelength range. This feature is another
important one in terms of spectroscopy application,
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since it could allow to scan wide spectral ranges
with a limited number of different devices.

In order to define the achievable tunability, we
performed studies on the DFB structure: since it
emits in monomode behaviour, its tunability is more
well defined. The power achievable with the DFB
structure is lower than the one emitted by our
structures (even if still about 1W at cryogenic
temperatures). However the emission is clearly
monomode in a certain range of temperatures as it is
possible to estimate from the measurements shown
in Figure 7 and it is tuneable with very nice
precision by mean of changing the voltage applied
by the pulser. Figure 8 reports the study of the
tunability, performed at 90K: the peak wavelength
increases with increasing voltage (due to the
increase of the temperature of the active region), and
the behaviour is linear. The achievable tunability is
as low as (30+1) pm/V around the emission, and the
estimation is limited by the resolution of the
spectrometer (the actual width of the laser line
should be as narrow as 5 pm).

1 ﬂ. .ﬂ
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il vy —a—93K
Rl = 112K
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6770 6780 6790 6800
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Figure 7: Monomode emission of DFB structure and its
shift with the temperature.
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Figure 8: Linear fit of the variation of the central emission
wavelength as a function of the pulser voltage.
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The very nice achievable precision is a feature
strictly required for atomic spectroscopy, where the
fine definition of the transition energies is quite
important, but it can be also exploited in general
spectroscopy.

5 QCLFOR BIOSENSING

The presented results describe the achievable
performances with a QCL source: high IR power
localized in the space, spanning on a very wide
range of wavelengths or with monomode emission
depending on the chosen structure, providing the
availability of fine tuning by mean of very precise
temperature changes. All these properties look
profitable for spectroscopy in the IR region, and they
can be applied as well to biosensing applications.

Indeed, most of the chemical species have
distinctive absorption lines in the range between 3
and 20 pm (500 — 4000 cm™), due to the vibration
modes of the most important organic bonds (see the
panel in Figure 9). For example, the QCL structures
presented so far emit around 7 um which means
about 1425 cm™ (they have been designed in order
to provide sources for atomic applications), thus
they could be used to detect the C-H bending in the
alkanes. Moreover as mentioned above it is possible
to choose the emission wavelength only by changing
or using different materials without modifying the
achievable performances.

Therefore, molecular detection in terms of
vibrational spectroscopy is possible, and it is
currently under development. Most of the activities
is oriented on the utilisation of DFB structures, since
spectroscopic applications usually require single
mode operation. The laser emission is collimated
and focused in a gas cell (usually a tube terminated
with antireflection coated windows), which provides
both the volume where the absorption takes place
and a way to increase the optical path of the
radiation and thus to increase the sensitivity of the
system. The method has been explored with
different kinds of laser to detect different gases, like
CO, and H,0 (640 cm’!, Kosterev, 2002), C,H, and
NH; (1000 cm™, Weidmann, 2004), NO (1920 cm™,
Weber, 2002), providing detection limit down to <
Ippbv, which could be already exploited in medical
diagnostics. Recently, more sophisticated
approaches as the off-axis integrated cavity output
spectroscopy (OA-ICOS) have been applied to
deeply investigate the achievable sensitivity
(Bakhirkin, 2006). Another explored way to realize
QCL-based gas sensors has made use of photonic
bandgap fibers, which are able to transmit radiation
in the IR range. The QCL emission is coupled into
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the fiber using a coupling cell: a sensor able to
detect C-H stretch band of ethyl chloride gas has
been realized in this way (975 cm™, Charlton, 2005).
THz lasers, which have higher wavelengths have
been used for gas phase spectroscopy (Hiibers,
2000).

For laser spectroscopy of larger molecules with
broad absorption features narrow linewidth is not
required, but it is more important to be able to tune
the emission over a wide wavelength range. In this
case, the bound-to-continuum structures we
presented provide the required broad spectrum (the
lower state of the transition is a relatively broad
continuum). The fine tuning is achieved by mean of
the utilization of an external cavity configuration:
the emission of the laser is collimated and reflected
off a diffraction grating so to create a resonant
cavity. The first order diffraction from the grating
provides the laser feedback, while the output of the
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Figure 9: Absorption regions in the infrared.

external cavity is obtained by the zeroth order. The
tunability is provided by moving and rotating the
grating with piezo actuated positioners. The method
has been proved to be fruitful (Wysocki, 2005) and
it is currently exploited for measuring absorption
spectra of large molecules, like Freon (around 1150
cm™, Phillips, 2007).

Another idea which can be exploited comes from
the realization of surface-emitting quantum cascade
micro cavity lasers: the active region of the laser is
covered with a patterned surface, like a photonic
crystal. The presence of the crystal provides both
feedback for the laser action and a selection of the
polarization of the emitted light (Colombelli, 2003).
This structure could allow also the possibility to
allocate defects on the photonic crystal which can
absorb chemical species: the change in emission due
to the absorption of molecules can be monitored as a
change of the laser emission and the whole would

perform as a compact and sensitive biosensing
device.

6 CONCLUSIONS

QCL present themselves as reliable sources for IR
range: they provide high optical IR power, their
emission can be tailored to span a selected range and
by mean of a superimposed grating it could be made
monomode. The emission is also tuneable with very
fine precision, either intrinsically by changing the
laser temperature or externally by using a coupled
diffraction grating Their performances make them
suitable for a series of application, since most of the
molecular species present distinctive absorption
lines in the medium infrared.

Different methods to realize QCL-based
biosensor have been already tested or are currently
in development, principally in the field of the gas
sensing for medical diagnostics applications or
environmental control: several substances have been
already proved to be detectable through the
utilization of QCL based sensing devices, which
start to provide significant and interesting results.

Such a development is a very interesting field
which looks to be double faced. From one side a
new class of biosensors could profit of the unique
properties of QCL in the IR range: the versatility of
such structures could allow a very wide range of
design and applications. On the other hand the study
of such sensors could provide a further push to the
design and development of even more efficient QCL
structures properly aimed to better match the
requirements of biosensor field.
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This paper demonstrates feedback voltage control of individual DNA hairpin molecules captured in a

nanopore. A finite state machine is used to program voltage control logic, executed on a field-programmable
gate array, for rapid detection and regulation of hundreds of DNA hairpins, one at a time. Prompt voltage
reduction is used for extension of the dwell time of DNA hairpins in the nanopore. Then, voltage reversal
after a preset dwell time is used for automated expulsion of molecules prior to hairpin unzipping. The demon-
strated control authority of single molecular complexes captured in the nanopore device is an integral part of
our ongoing research for direct monitoring and control of enzyme-bound biopolymers.

1 INTRODUCTION

Nanopore sequencing is based on electrophoretically
driving a singe-stranded DNA (ssDNA) or RNA
molecule through a nano-scale pore (Deamer and
Branton, 2002). The potential of this technology
is high-speed, high throughout sequential identifica-
tion of all nucleotides in any single DNA or RNA
molecule. Many research groups are now exploring
and developing biological and solid-state nanopores
to achieve low-cost, high throughput nanopore-based
sequencing (Rhee and Burns, 2006), in addition to
other single molecule sensing applications (Dekker,
2007).

In the biological nanopore setup, a planar lipid bi-
layer is created across a 20 um teflon aperture in a
KCl solution. A single o-hemolysin protein channel
is inserted into the planar lipid. The channel (pore)
is 15 nm in length and varies in diameter. The cis-
opening of the pore is 2.6 nm wide, opening to a 3.6
nm vestibule before narrowing to a limiting 1.5 nm
width at the beginning of the stem. The remainder of
the stem up to the trans-opening is 2 nm wide. The
vestibule is large enough for double-stranded DNA
(dsDNA) to enter, but the limiting stem is just wide
enough for ssDNA to pass through. Across the bi-
layer, AgCl electrodes are used to apply a poten-
tial that produces an ionic current through the pore.
The field created by this voltage pulls the negatively
charged phosphate backbone of the ssDNA or RNA

through the pore, passing from the cis side to the
trans side of the pore with the trans-side voltage posi-
tive. As molecules translocate, the pore becomes par-
tially blocked by the translocating molecule, causing
an momentary drop in current. These translocation
events can be characterized by the amplitude of the
blockade current and the time the molecule spends in
the pore, defined as the dwell time.

We use DNA oligomer that is 79 nucleotides to-
tal in length, with a 20 base pair hairpin (20 bphp).
The hairpin is formed by the 3’ end folding over and
annealing on itself resulting in a 20 base pair region.
The hairpin is thus the double-stranded segment, with
the single-stranded segment 35 nucleotides long (4
unpaired bases in the doubled-stranded end loop).
Upon capture of the ssDNA end, the hairpin enters
the pore vestibule and remains until the hairpin is un-
zipped. A schematic of the nanopore system and an
example 20 bphp translocation event is illustrated in
Figure 1.

Regarding the resolution limits of ionic cur-
rent measurements, homopolymers of ssDNA and
block copolymers of RNA are distinguishable
based on the measurable differences in the block-
ade current amplitude or kinetics (Akeson et al.,
1999). However, translocation rates are too fast
(up to 2 nucleotides/usec, (Akeson et al., 1999))
to identify individual nucleotides in heterogeneous
single-stranded polymers using existing biological
nanopores (Dekker, 2007). In this paper and other
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Figure 1: Schematic of nanopore and DNA, and plot of
representative ionic current signal during a 20 bphp DNA
translocation event under 180 mV applied potential. (I) At
180 mV, KCI ions pass through the open channel result-
ing in ~64 pA current. (II) Upon capture of the single-
stranded end of the DNA molecule into the cis opening of
the pore, the flow of ions is reduced to ~20 pA. (III) Af-
ter ~5 msec, the voltage unzips the hairpin, causing ssDNA
to pass through the pore into the trans chamber, completing
the measured blockaded event. The duration of the event is
referred to as dwell time.

studies (Vercoutere et al., 2003; Mathe et al., 2004),
DNA with single and double stranded segments is
used to increase the dwell time of nucleotides in the
pore (0.5-10 ms, depending on applied voltage and
dsDNA segment length). Another approach is to
use DNA-binding proteins (enzymes) to increasing
the nucleotide dwell time in the pore. This is being
pursued at UCSC as part of the $1000/mammalian
genome project (Golovchenko, 2005). Under an ap-
plied voltage, the ssDNA end of enzyme-bound DNA
is captured in the nanopore, with the enzyme resid-
ing on top of the nanopore being too large to translo-
cate through it. Binding of enzymes to DNA in this
configuration has been shown to increase the dwell
time of DNA in the nanopore by up to two orders
of magnitude (up to 200 msec). Recently, kinetics
of Escherichia coli exonuclease I binding to ssDNA
has been quantified using voltage ramps for nanopore-
based force spectroscopy (Hornblower et al., 2007).
The voltage field force exerted on the ssDNA causes
it to dissociate from the enzyme after several millisec-
onds before translocating. The time-to-dissociation
in turn can be correlated to enzyme binding rate con-
stants.

In (Benner et al., 2007), the interaction of DNA
with the Klenow fragment (KF) of Escherichia coli
DNA polymerase I was explored. In the absence of
KF, capture and subsequent unzipping of 20 bphp at
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constant 180 mV reveals blockades with 20 pA mean
amplitude and 4 msec median dwell time. Addition
of KF and the dNTP complementary to the DNA tem-
plate base in the KF catalytic site yielded a substan-
tial increase in blockade dwell times (110 msec me-
dian lifetime for dGTP), attributable to ternary (DNA-
KF-dGTP) complexes. Closer investigation of such
blockades revealed a two-step pattern in greater than
97% of the blockades, the first step at 24 pA mean
amplitude, and the second (terminal) step at 20 pA
mean amplitude lasting 4ms consistent with the hair-
pin kinetics alone. It was demonstrated that the tran-
sition from step one to two resulted in dissociation of
KF from DNA first, followed by hairpin dropping into
the pore vestibule until unzipping occurred. As a ini-
tial effort at voltage control of enzyme-bound DNA,
we demonstrated efficient automated detection of in-
dividual ternary complexes (< 3 msec), based on the
characteristic 24 pA amplitude, and truncation of the
blockade time by voltage reversal after 20 ms (Benner
et al., 2007)).

This paper presents an extension of the control re-
sults presented in (Benner et al., 2007). Specifically,
we demonstrate automated detection and manipula-
tion of DNA hairpins. Rapid detection (< 2 msec) is
based on computing a filtered mean amplitude of the
ionic current in real time, and monitoring the mean
relative to an amplitude range consistent with DNA
hairpin blockades (20 £ 2.8 pA). Upon detection,
two methods of voltage control are demonstrated. In
method 1, dwell time extension is achieved by prompt
voltage reduction, with the reduced voltage applied
until the hairpin unzips. A voltage for capture in-
creases the number of molecules examined, and the
reduced voltage post-capture increases the dwell time
to, in principle, facilitate sequencing. In particular,
extending the life of DNA hairpins in the pore in-
creases the time within which a terminal base iden-
tification could be acheived using machine learning
methods (Vercoutere et al., 2003). In method 2, volt-
age reduction is applied for a preset time (10 msec)
followed by voltage reversal to expel the molecule
prior to hairpin unzipping. This demonstrates our
control authority to aggregate the dwell times of hun-
dreds of blockade events. Additionally, it comple-
ments our prior work (Benner et al., 2007), confirm-
ing our ability to detect DNA-enzyme blockades and
DNA hairpin blockades. Confirmation of our ability
to discern between each blockade type in real time is
part of our ongoing work. Ultimately, nanopore-based
characterization of enzyme dynamics will require di-
rect detection and control of multiple DNA confor-
mations relative to the enzyme, and direct control of
enzyme-free DNA is a prerequisite toward developing
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this capability.

Direct control of ssDNA in a nanopore has been
demonstrated (Bates et al., 2003), in which detec-
tion of DNA is based on monitoring the raw am-
plitude relative to a threshold level. Voltage level
changes, comparable to those employed in this paper,
were commanded to explore the zero and low volt-
age effects on ssDNA-pore interactions. In contrast
to thresholding the raw ionic current amplitude, the
windowed amplitude mean calculation we have used
here filters the current noise. Additionally, detection
depends on the mean remaining within a preset am-
plitude range (< 6 pA in spread) for multiple con-
secutive comparisons. Alternative methods for sin-
gle molecule sensing and manipulation include op-
tical tweezers and atomic force microscopy (Busta-
mante et al., 2003). For example, optical trapping
has been used to sequence DNA by attaching a pro-
cessive enzyme to a polystyrene bead (Abbondanzieri
et al., 2005), (Greenleaf and Block, 2006). At present,
greater spatial and temporal resolution of single DNA
molecule polymerization has been achieved than with
nanopores. However, these methods generally require
more preparative steps, and far fewer molecules can
be analyzed over a common time period.

2 CONTROL LOGIC SETUP

The nanopore system is setup in a 0.3 M KCI so-
lution. A patch-clamp amplifier, Molecular Devices
AxoPatch 200B, regulates the applied voltage and
measures the ionic current through the channel. The
data are recorded using the Molecular Devices Digi-
data 1440A digitizer, sampled at 50 kHz and low-
pass filtered at 5 kHz with a four-pole Bessel filter.
The voltage control logic is programmed using a fi-
nite state machine (FSM) within LabVIEW 8 soft-
ware. The FSM logic is implemented on a field-
programmable gate array (FPGA) hardware, National
Instruments PCI-7831R. An FPGA is areconfigurable
hardware platform that permits fast measurement and
voltage reaction times (1 usec output sample time).
An FSM is a logic construct where program execution
is broken up into a series of individual states (Gill,
1962). Each state has a command associated with it,
and transitions between states are a function of system
measurements. Measurements of the pore current are
processed and passed to the FSM as inputs. Changes
in the FSM control logic are done as necessary, then
re-compiled and re-routed to run on the FPGA. This
achieves a balance between speed and flexibility, by
enabling the system to react to events on the order of a
microsecond, while also allowing for the control logic

to be reconfigured as necessary between experiments.

Blockade events, quantified by the blockage cur-
rent and dwell time, can be detected and monitored in
real time using the FSM/FPGA. A mean filter applied
to the incoming current signal on the FPGA removes a
large portion of the peak-to-peak noise. Specifically,
every 5.3 usec, the FPGA samples the ionic current
and computes a windowed mean amplitude based on
the previous 0.75 ms of signal. Every 0.2 ms, the
FPGA tests if the mean is within 20£2.8 pA (17.2 to
22.8 pA range). The basis for choosing this range is
that ~20 pA is the median amplitude for DNA 20 base
pair hairpin events at 180 mV, as shown in the exper-
imental results below. If the mean enters and remains
within this range for four consecutive tests, the FSM
logic diagnoses the blockade as a DNA hairpin event.
The nominal detection time, between DNA transloca-
tion event and diagnosis of the event, is 2.0 ms; 0.75
ms for the windowed mean to first enter the 17.2 to
22.8 pA range, and 0.6 ms for three more confirmed
tests, and 0.65 ms of delayl.

3 EXPERIMENTS AND RESULTS

In our first experiment, the objective was to efficiently
detect individual DNA hairpin events, and increase
the blockade dwell time by lowering the applied volt-
age from 180 mV to 150 mV upon detection. This
is referred to as dwell time extension control. Next,
we sought to aggregate the extended blockade dwell
times, by expelling the DNA using voltage reversal of
-50 mV after 10 ms at 150 mV. This is referred to as
dwell time aggregation control. The motivation was
to increase the nominal hairpin dwell time, and expel
the molecule before unzipping the hairpin. A typical
20 bphp event at constant 180 mV voltage is shown
in Figures 1 and 2al. The probability histogram of the
base 10 logarithm of dwell time (Figure 2alll, blue)
is unimodal, with median dwell time of 2.8 ms. The
median amplitude of the event plot in Figure 2all is
20.9 pA with an interquartile range (IQR) of 1.7 pA.
Only 6% of events are in the subset range of 13-18 pA
(2alll, yellow). For the same experiment at constant
150 mV voltage (data not shown), the events cluster
around a median amplitude of 15 pA and 87% of 150
events are in the 13-18 pA range. Thus, under exten-
sion and aggregation control for which the voltage is
reduced to 150 mV for all detected events, a larger

ICertain inefficiencies in FPGA signal routing into the
sampling loop caused the additional 0.65 ms of delay in the
reaction time. By bringing global signals inside the sam-
pling loop, the delay has recently been eliminated, reducing
detection time to 1.35 ms.
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Figure 2: Regulation of 20 bphp dwell time using FSM control. (I) The red current signals are low-pass filtered at SkHz, the
blue signal is a mean filtered current, and the red voltage signal is the commanded voltage. Typical events and corresponding
voltage signals under a) constant 180 mV voltage, b) dwell time extension control, and c) dwell time aggregation control. (II)
Event plot of DNA events, showing average amplitude vs. dwell time for each event (point). Equation (1) (line) fit to events in
blI), and amplitude histogram for events within 13-18 pA (dashed line) range in cII). (III) Probability histograms of the base
10 logarithm of dwell time for all events (blue), and for subset of events in 13-18 pA range (yellow).

percentage of blockades should have a mean ampli-
tude within the 13-18 pA range.

3.1 Dwell Time Extension (Figure 2b)

Upon diagnosis of a DNA hairpin event using the
mean filtered current, the command voltage is re-
duced to 150 mV until the hairpin unzips and the
DNA translocates through the pore. Using 180 mV
for capture results in more events than 150 mV, while
reducing to 150 mV extends the life of the hairpin.
Dwell time extension is useful for terminal base-pair
sequencing by machine learning methods (Vercoutere
et al., 2003). After each translocation, the FPGA re-

96

sets the voltage to 180 mV. A representative event is
shown in Figure 2bl. The event plot (Figure 2bll) pat-
tern shows that events faster than the nominal diagno-
sis time of 2.0 ms are unaffected by extension control,
and events with longer dwell times converge to the
~15 pA mean amplitude as expected. The concave
trend is also consistent with an equation for event’s
mean amplitude vs. dwell time. In particular, for an
event at 21 pA (median amplitude at 180 mV) for 2.4
ms 2, and at 15 pA (median amplitude at 150 mV) for

2Step changes in voltage induce a capacitive transient,
and the transient at the end of each event is ~0.4 ms for
changing from 150 mV to 180 mV. Thus, 2.4 ms at 21 pA is
2.0 ms of detection time and 0.4 ms of transient time. While
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x ms, an approximate mean amplitude 7 is

I_:2.4*21—|—15*X. 1
2.4+x

When x 2 24 ms, as in Figure 2bl, I = 16 pA. Equa-
tion (1) closely matches the mean amplitude vs. dwell
time data (Fig. 2bll). Also, the fraction of events
within the subset range 13-18 pA increased to 41%,
as shown in the yellow histogram overlaid on the blue
probability histogram (Fig. 2bIII).

3.2 Dwell Time Aggregation (Figure 2¢)

The objective was to aggregate the dwell times of the
extended events by applying 150 mV for 10 ms upon
diagnosis of a hairpin event, followed by voltage re-
versal of -50 mV for 5 ms. The reversal time of 5 ms
is known to be sufficient to clear the DNA from the
channel, prepping the pore for the next event. Aggre-
gation control would imply a measure of control over
the distribution of the events, in addition to temporal
control of individual molecular events. A representa-
tive event is shown in Figure 2¢cl. As before, the event
plot (Fig. 2cIl) pattern shows that events faster than
the nominal diagnosis time of 2.0 ms are unaffected
by aggregation control. Within the subset range of
13-18 pA, the median amplitude is 16 pA with 0.7 pA
IQR (amplitude histogram shown in Fig. 2cII). The 16
PA median is consistent with (1), since for x = 10.0
ms, I = 16 pA. Also in the subset range, and the me-
dian dwell time is 12.4 ms with 0.1 ms IQR. The low
IQR indicates a high degree of control over the distri-
bution of events that extend to at least 10 ms at 150
mV. The median dwell time of 12.4 ms is commensu-
rate with 2.0 ms of detection time, 10 ms at 150 mV,
and 0.4 ms due to a transient that is included at the
end of each event resulting from voltage reversal®.
Summary statistics for the histograms in Figure
2111 are reported in Table 1.
In (Mathe et al., 2004), the authors characterize hair-
pin unzipping at a set of constant voltages by fit-
ting a curve to an unzipping probability data profile.
Specifically, for an unzipping time ¢ at voltage V, the
unzipping probability is the fraction of events with
dwell time less than ¢, divided by the total number of
events*. For a set of ¢ values, the unzipping probabil-
ity data profile is shown in Fig. 3 for our experiments

the 0.4 ms transient varies in amplitude, assuming 21 pA is
sufficient for line fitting.

3The transient due to the 180 mV to 150 mV change is
included within the 10 ms waiting time under aggregation
control.

4The authors formulate an alternative but equivalent def-
inition for unzipping probability.

Table 1: Summary statistics for Figure 2I1II.

Figure | No. of | Median Dwell | IQR
No. Events Time (ms) (ms)
2alll” | 4720 2.8 4.2
2bIe | 764 31.6 62.0
2cIII¢ 256°¢ 124 0.1

“Blue histogram, for events within 10 to 30 pA range.

b6% (27 events) within subset 13-18 pA range.

“Yellow subset histogram, for events within 13-18 pA
range.

441% of the 187 events within 10 to 30 pA range.

¢55% of the 466 events within 10 to 30 pA range.

at 180 mV constant, under extension control, and at
150 mV constant. As in (Mathe et al., 2004), we fit

1

I o o
ES ) ©

Unzipping Probability

o
S

1 10 100
UnzippingTime (ms)

Figure 3: Unzipping probability data profile, defined as
fraction of events with dwell time less than each unzipping
time ¢, and line 1 — explt /1Y, ] fit to profile for constant volt-

ages V = 180 mV (red) and V = 150 mV (blue). Charac-

teristic unzipping time constant !, at constant voltage V is

generated by fit. Symbols: o for V = 180 mV, X for exten-
sion control (transitions from 180 mV to 150 mV), and *
for V =150 mV.

a line to the data, revealing a characteristic unzipping
time t! for constant voltage V. For amplitude range
10-30 pA and dwell time range 0.3-500 ms, it is re-
vealing to compare the median dwell times with the
fitted ’CL‘f constants. For V = 180 mV, the median is
2.6 ms and 1'% = 4.2 ms. For V = 150 mV, the me-
dian is 25.2 ms and 7}>° = 39.4 ms. We observe that
data trimming has a significant affect over the quality
of the fit to the data, and consequently over the value
for rl‘f . In contrast, the median does not vary as much,
suggesting a sensitivity of T to outliers, in addition to
the fitting method used. For example, for a dwell time
range of 0.3-4000 ms at V = 150 mV, the median is
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34.9 ms (+9.7) and t}%° = 55.7 ms (+ 16.3). Careful
selection and analysis of statistical models appropri-
ate for our data (with outliers always present) is part
of our ongoing work.

4 CONCLUSIONS

We have shown that single DNA hairpin molecules
captured in a biological nanopore can be detected and
reacted to using a finite state machine implemented
on a field-programmable gate array. The dwell time
of such translocation events can be extended to gain
more signal, which can in turn be analyzed offline
using machine learning methods to yield terminal
base-pair specific signatures. The signatures can then
be used for real-time identification of terminal base
pairs. Additionally, the finite state machine is ca-
pable of ejecting a molecule from the pore after it
has been detected but prior to unzipping the hair-
pin. Rapid DNA hairpin detection (< 2 msec) re-
lied on a mean filtered amplitude, which was required
to remain within a preset amplitude range (< 6 pA
in spread) for multiple consecutive threshold com-
parisons. The method will be tuned to differentiate
DNA-enzyme blockades from DNA alone blockades
in real time as part of our ongoing work. Ultimately,
nanopore-based characterization of enzyme dynamics
will require direct detection and control of multiple
DNA conformations relative to the enzyme, and direct
control of enzyme-free DNA is a prerequisite toward
developing this capability.
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In this position paper we propose a novel method for the realization of carbon nanotube field-effect sensors
(CNTFESs) which will most likely have a strong impact on the next-generation of sensors. CNTFESs are
ideally suitable for biomedical sensor applications due to their excellent inherent properties such as ultra
small size, high specific surface area and extremely high sensitivity. CNTFESs are based on carbon
nanotube field-effect transistors (CNTFETs) which are optimized for sensor applications. We have
succeeded to develop a simple, reproducible fabrication process to grow individual CNTs and CNT-
networks directly within the specified device area. No tedious manual manipulation and alignment of the
CNTs is necessary. Electrical results of the fabricated fully functional CNTFETS are presented and the use
of these devices as single-walled CNT-based field-effect controlled sensors for virus detection is discussed.

1 INTRODUCTION

Carbon nanotubes (CNTs) are hollow cylinders of
graphene with a diameter of approximately 1 nm and
lengths up to 100 pm. Multi-walled carbon
nanotubes (MWNTSs)  consist of  several
concentrically arranged cylinders of graphene and
were observed for the first time in 1991 (Iijima
1991). MWNTs are always metallic with very good
conductivity. Single-walled carbon nanotubes
(SWNTs), however, can be either metallic (m-
SWNTs) or semiconducting (s-SWNTs) depending
on the arrangement of the carbon atoms within the
hexagonal network, i.e. their chirality.

Since 1998 (Martel 1998; Bezryadin 1998) it is
known that s-SWNTs can be used to realize carbon
nanotube field-effect transistors (CNTFETs) which
are promising candidates for future nanoelectronic
applications to replace Si-CMOS. Furthermore, only
a change in the charge state is needed to alter the
device characteristics via the field effect (i.e. just by
the presence of the charge and not via current flow),
so that extremely sensitive sensors are feasible, i.e.
carbon nanotube field-effect sensors (CNTFESs).

In addition, the inner and outer surface of the
single-walled CNT is equal to the whole tube itself
and thus the CNTFES will be extremely sensitive to
the immediate environment, i.e. ideally suited for
biomedical sensor applications. In fact, excellent
electronic response properties of CNTFETSs to their
chemical (Someya 2003) and biological (Staii 2005)
environments have been demonstrated already. The
response times of CNT-sensors are at least one order
of magnitude faster than those based on solid-state
sensors. CNT-based nanosensors have the
advantages that they are thousands of times smaller
than even MEMS sensors and consume much less
power. Therefore, CNT-based nano-sensors are
highly suitable as implantable sensors. Apart from
their small size, semiconducting SWNTSs operate at
room temperature with a sensitivity as high as 10°
(Kong 2000). This enables them to perform better in
many of the biomedical sensing applications.

Currently CNTFETs and CNTFESs are
fabricated and investigated by several research
groups. However, the fabrication processes used are
often complicated, including both separate growth
(Barreiro 2006) and tedious manual manipulation of
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the CNTs (Kong 200; Someya 2003; Staii 2005).
Obviously, commercial large scale integration
remains a major challenge to the realization of CNT-
based nanoelectronics and nanosensor technology as
well.

At our institute we have developed a novel
process to overcome the limitations of manual
fabrication of CNTFETs and hence CNTFESs as
well (Rispal 2006; Rispal 2007; Schwalke 2007).
Our group has succeeded to develop a simple,
reproducible fabrication process to grow individual
SWNTs and SWNT networks as wells in order to
fabricate fully functional CNTFETs and single-
walled CNT-based field-effect controlled sensors.

In this position paper we will first present a brief
summary of our research results on CNTFETs and
subsequently discuss the use of this technology for
possible biomedical CNT-based sensor applications.

2 RESULTS AND DISCUSSION

2.1 CNTFET & CNTFES Fabrication

The process is based on chemical-vapor-deposition
(CVD) growth of CNTs using an aluminum/nickel
‘sacrificial’ catalyst which transforms itself after
CNT growth into a high-k dielectric (i.e. AlOy)
covered with dispersed Ni-nanoclusters (Rispal
2007). SWNTs are grown uniformly across the
wafer surface and subsequently contacted with
palladium for S/D contacts and the Si-substrate acts
as a gate electrode as illustrated in Fig. 1. The
process contains neither complicated manipulations
of the SWNTs nor multi-step lithography and is Si-
CMOS compatible. We choose the in-situ growth
method because it appears the most practical
approach for future use in high-volume fabrication
of advanced integrated nano-sensors at low cost.

For the development of this novel process we
have extensively used atomic force microscopy
(AFM) for process control and to optimize the
CNTFET fabrication technology as well. The role of
the AI/Ni films as “sacrificial” catalyst to stimulate
SWNT growth is evident from the AFM images of
Fig. 2 where the SWNTs always start to grow from a
Ni-cluster and extend on the SiO,. With topographic
AFM the SWNTs with a diameter of approximately
1 - 2 nm are clearly detectable on smooth thermally
grown Si0O,. Examples of simple CNT network
structures are shown in Fig. 3.
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Figure 1: Process flow of CNTFET and CNTFES
fabrication based on CVD with sacrificial catalyst.
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Figure 2: AFM scan of SWNTs with a diameter of
approximately 1 to 2 nm on test structure (left). Top view
of CNTFET/CNTFES with CNT connecting source and
drain electrodes (right).
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Figure 3: Example of CNT network structures with cross-
over points.

2.2 Electrical CNTFET Device
Characteristics

Once the electrical connection with the S/D contacts
is established, the electrical characteristics of the
CNTFETs can be obtained as shown in Fig. 4. In a
CNTFET the electric field applied via the gate
electrode modulates the charge carrier density in the
nanotube and thus the current between the source (S)
and drain (D) electrodes. Figure 4 shows the
measured drain-current (Ids) as a function of the
gate voltage (Vgs) which is swept between positive
and negative values. Our fabricated devices are fully
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functional and the drain-current is well controlled by
the gate voltage. Similar to conventional MOSFETs,
the CNTFET device can be properly turned on and
off. In fact, the on/off current ratio is in the 10° range
and exceeds the values of previously published
“hand made” CNTFETs (Martel 1998; Bezryadin
1998). The transistor characteristic is unipolar and
PMOS-like, i.e. a negative gate bias is required for
turn-on.

The gate controlled drain current shown in Fig. 4
exhibits a strong hysteresis effect which is well
reproducible. It has been found (Rispal 2007) that
the hysteresis is caused by trapped charges and the
related charge transfer at the interface between the
gate dielectric and s-SWNT. With respect to CNT-
sensor applications, the hysteresis effect confirms
that any attached charges will have clearly
detectable signatures on the device characteristics of

TR\ 300
i ‘\ mVidec

HEY

ABS (Ids) (A)

3.0 25 20 15 10 05 00 05 1.0 15 20 25 30
Vgs (V)

Figure 4: Measured transfer characteristics of fabricated
CNTFET device structure. In this example the CNTFET
contains just one s-SWNT. Device characteristics of
CNTFETs containing multiple SWNTs (CNT-network)
are similar, except for the increased drain current drive
(Ids) proportional to the number of SWNTSs in parallel.

CNTFETs. Since only the change in the charging
state will be needed to alter the device
characteristics via the field effect, extremely
sensitive sensors are feasible.

These CNTFET devices form the basis of the
technology platform of the proposed nano-sensors
for biomedical applications.

BIOMEDICAL SENSOR APPLICATIONS

Q
Vi

‘ e ‘ Receptor
e 00/

S

Figure 5: Illustration of proposed CNTFET-sensor for
virus detection. The semiconducting single-walled CNT
is functionalized with a suitable receptor to allow
selective bonding via its protein. Extremely sensitive
sensors for virus detection are feasible, since any change
in the charging state introduced by the virus will alter
the device characteristics via the field-effect.

3 PROPOSAL: BIOMEDICAL
CNTFES

Taking advantage of the above mentioned hysteresis
effect which we observe in our CNTFET devices,
extremely sensitive nano-sensors (i.e. CNTFES)
well suitable for biomedical applications can be
realized. For example, the detection and
identification of single wviral particles may be
possible using functionalized CNTFETs as sensors
as illustrated in Fig. 5: The binding of a virus to a
suitably functionalized s-SWNT will measurably
affect the gate-dependent electrical current-voltage
characteristics of the s-SWNT via charge transfer
between the CNT and the virus. The virus detection
is thus performed electronically via the CNTFET
(cf. Fig. 4) which will alter its electrical device
characteristics in presence of a virus. The sensitivity
can be enhanced further by using CNT-networks (cf.
Fig. 3) or array structures with multiple SWNTs.
Furthermore, complete electronic integrated sensor
circuits based on hybrid CNT-CMOS technology are
envisioned which will perform data analysis on-chip
(smart biosensors).

However, the main challenge for the realization
of this biomedical sensor will be the proper
functionalization of the CNT in order to be highly
selective to the desired type of virus. This
knowledge is outside of the scope of our own
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expertise (nanoelectronics). For a successful
realization of these biomedical nano-sensors
additional expertise from the biochemical and
biomedical area is needed through collaborations
with experts from the respective fields via research
projects (e.g. EU FP7). In these projects we will
provide the CNTFET-sensor devices and will be
able to perform all necessary electrical
characterization.

4 CONCLUSIONS

In this position paper we have proposed a novel
method for the fabrication of carbon nanotube field-
effect sensors (CNTFESs). These nano-sensors are
ideally suitable for biomedical sensor applications
due to their excellent inherent properties such as
ultra small size, high specific surface area and
extremely high sensitivity. Results have been
presented on the novel fabrication process to grow
individual CNTs and CNT-networks directly within
the specified device area. This is the most practical
approach for future use in high-volume fabrication
of advanced integrated nano-sensors at low cost
since tedious manual manipulations and alignment
procedures of CNTs are obsolete. As a proof of
concept electrical results on the fabricated fully
functional CNTFETs suitable for sensor applications
have been presented.

We are offering the biomedical device
community our CNT-sensor technology in order to
realize next-generation of nano-sensors within a
joint project and to evaluate their potential in
biomedical applications.
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One-use screen-printed sensor capable to generate sweat and measure the chloride concentration is
presented. Sweat is induced by iontophoresis, pilocarpine is forced to get into de skin and stimulate the
sweat glands. Chloride concentration is measured by potentiometry. The performance of the devices has
been tested by means of reproducibility studies. Finally, the application of these sensors in several
volunteers has been carried out. Errors less than 10% have been obtained in real samples.

1 INTRODUCTION

Cystic fibrosis (CF) is a inherited chronic disease
that affects the lungs and digestive system(Davis,
1993). Life expectancy of people with cystic fibrosis
is between 30 and 40 years (Doering et al., 2007).
Early diagnosis of CF is important, newborn
screening can lead to fewer hospitalizations;
minimized the symptoms, nutritional benefits
(Rosenstein, 1998) and potentially better lung
function throughout early childhood (Wang et al.,
2002).

There is a close correlation between increased
concentration of chloride and sodium in sweat and
the presences of the disease (Rockville, 1974).
Chloride concentration in sweat less than 40 mmol
dm-3 is defined as normal but over 60 mmol dm-3 is
indicative of CF. People showing values between 40
— 60 mmol dm-3 are considered as population in risk
of CF. The sweat test offers a rapid diagnosis and
permits a early CF determination (Warwick et al.,
1990, Warwick et al., 1986).

The Gibson-Cooke sweat test (Gibson and Cooke
1959) is accepted as the most discriminatory test for
diagnosis of CF. This method is based on
iontophoretic sweat test. Pilocarpine is a reagent
with the capacity to stimulate sweat glands (Katzung

2004). Sweat is collected either upon a gauze square
or filter paper, and then the chloride presents on the
sample is analyzed on a laboratory. This test
involves multiple steps for collection and analysis of
sweat sample, and requires prescribed procedures for
each step and high level of quality control.

In this work, the development and test of four
electrodes configuration sensor, fabricated by thick
film technology, with the capacity to generate sweat
and measure chloride ion is presented. Two
electrodes were used for sweat generation.
Pilocarpine is immobilised over the cathode
electrode using a hydrogel matrix, and applying a
small current (iontophoresis), this reagent is forced
to get into the skin in order to induce sweat (Davis,
Wilson et al. 2005; Ortuno, Rodenas et al. 2007).

The other electrodes, working as ISE format,
measure the chloride concentration in sweat by
potenciometry. Both electrodes were made of
Ag/AgCl ink. One acts as working electrode. The
other one was cover with KCl-containing membrane
in order to realise the miniaturized reference
electrode. The organic matrix consist of KCI-
containing poly(2-hydroxyethl methacrylate)
(PHEMA) membrane (Simonis, Dawgul et al. 2005).
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The performance of the reference electrode as well
as these sensors was checked by their reproducibility
and the response in different synthetic solutions of
chloride. Finally, these devices were tested in
several volunteers. The chloride concentrations
obtained were compared with the results achieved by
a common method used by the hospitals.

2 EXPERIMENTAL

2.1 Reagents, Equipment and Software

Analytical grade chemicals were used. All the
solutions were prepared from ultra pure deionised
water (DI) (18 MQ cm).

Polyvinyl alcohol (PVA) powder (Mowiol 28-99,
Flucka, Steinheim, = Germany),  pilocarpine
(Advanced instruments Inc., Norwood, USA) and
sodium nitrate (Advanced instruments Inc.,
Norwood, USA) solutions were used to develop the
hydrogel matrix for iontophoresis process.

To fabricate pHEMA solution the adequate amount
of 2-hydroxyethl methacrylate (Aldrich, Steinheim,
Germany), ethilenglicol  (Flucka, Steinheim,
Germany) Tripropylene glycol diacrylate (TPGDA)
(Aldrich, Steinheim, Germany) and Benzyldimethyl-
ketal (irgacure 651) (Ciba, Basel, Switzeland) were
mixed.

Potassium chloride (KCI) (Flucka, Steinheim,
Germany) solutions were used on the fabrication,
storage and test of the fabricated sensors.

Homemade equipment was developed in order to
integrate  current  application and  chloride
measurement. Sweat chloride analyzer (Advanced
instruments Inc., Norwood, USA) was used to
contrast the measurements achieve with the
homemade electrodes.

2.2 Electrode Preparation

2.2.1 Screen-printed Electrode Fabrication

A DEK 248 screen-printing system (DEK, UK),
screen polyester mesh and polyurethane squeegees
were used to fabricate the electrodes. Sequential
layer deposition has been performed on a polyester
substrate (0.15mm thickness). First, a layer of silver
ink (Electrodag 418 SS) was deposited to define the
conductive paths. Over these paths, a layer of
Ag/AgCl ink (Electrodag 6037SS) was deposited to
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form the electrodes. A drying cycle (80°30 min +
120°/5 min) was subsequently applied (Gonzalo-
Ruiz et al., 2007). Finally, a piece of polyester
substrate was used to prevent the conducting paths
form the solution.

These designs are made up of two parts, sweat
generator made up of the two external electrodes
(28.2 mm?®) and potentiometric sensor composes of
both internal electrodes (7.0 mm?) (Fig.1).

cathode

Reference
electrode

‘Working
electrode

anode

Figure 1: Picture of screen-printed sensor.
2.2.2 Electrode Modification Procedure

In order to fabricate the sweat generator, a hydrogel
formulation containing polyvinyl alcohol (PVA) and
pilocarpine was developed to entrap this drug over
the cathode surface.

Aqueous solution of 17% by weight of PVA was
prepared by adding a calculated amount of dry PVA
powder into a mixing vessel and slowly dissolving it
in water. The temperature of the solution was raised
to 98 — 100 °C during 15 minutes with continuous
stirring of the mixture. It was then transferred to
pattern and frozen at -10 °C during 24h. Each pattern
had a diameter of 6.2 mm, bit bigger than the
electrode, and a thickness of 2 mm. The cured
hydrogel samples were immersed, overnight, in a
solution of 0.5% by weight of pilocarpine. These
pieces were stuck on the cathode surface.

Hydrogel sample saturated with sodium nitrate
solution (1% by weight), fabricated in the same way
described above, was adhered onto the anode
surface.

Sensing part is composed by two electrodes
fabricated with Ag/AgCl ink. The surface of the
electrode which acts as working one were not
modified because of the high selectivity of this
material to chloride ion activity (Ives and Janz,
1961).

In the case of reference electrode, it is necessary
keep constant the chloride activity over the
electrode. In order to do this, the surface was
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modified with KCl containing matrix based on
photocurable hydrogel. 80% of HEMA, 1,4% of
ethilenglicol, 14,6% of TPGDA and 4% of irgacure
solution (0.11gr I'" in EtOH)were mixed. 25% of 1
mol dm-3 of KCl solution was added to the mixture.
Using an O ring seal, a drop of HEMA-containing
solution was deposited on top of AgCl layer, which
will act as reference electrode, and it was irradiated
with UV light for 4.30 min to polymerise HEMA to
pHEMA.

The electrode was stored over night and a glassy
pHEMA layer was obtained. Before measuring, the
sensor was immersed in 3 mol dm™ of KCI solution.

3 RESULTS AND DISCUSSION

3.1 Potentiometric Sensor Test

First, the performance of the potentiometric sensor
in synthetic samples was tested by its
reproducibility. The potentiometric response of six
different electrodes was checked. Calibration curves
in the concentration range 0.01-0.1 mol dm™ of KCI
were carried out (Fig. 2). The slopes of these
calibrations were used to evaluate the sensor
reproducibility. The residual standard deviation
(RSD) was 8.02 % (n=6 a= 0.05).

80
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R’ =0.9995

y=-65.447x - 66.53

E(mV)

30 y=-53.972x - 59.546 >

R’ =0.9982
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Y=-60243x- 67536 R = 0.9999

10 R’ =0.9918
o y=-57.926x - 60. 74T
R*=0.9999

-2.1 -1.9 -1.7 -1.5 -1.3 -1.1 -0.9 -0.7 -0.5
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Figure 2: Calibration curves recorded to estimate the
sensor reproducibility.

3.2 Application in Real Samples

These devices were used to chloride determination
in sweat.

First, the sensor was stuck over the skin (Fig. 3),
and then a current between 1 and 1.2 mA was
applied during 10 min between the cathode and the
anode to force the pilocarpine to get into the skin.
Current over 1.2 mV may cause burns. After 10 min
waiting, the skin started sweating. The sensing part

CYSTIC FIBROSIS

recorded potential values which can be related to
chloride concentration by a calibration curve.

Figure 3: Picture of a sensor during measurement.

Chloride concentration was measured in six
volunteers using 1-use screen-printed sensors (SPS).
The results were compared with the values achieved
by a common method (CM) used by the hospitals.

Table 1 shows the results obtained, as it can be seen,
good agreement with the common method was
obtained.

Table 1: Chloride concentrations obtained by two different
methods in 6 volunteers.

[C]] (SPS) [Cl1] (CM) Error
Volunteer (mmol dm'3) (mmol dm'3) (%)
1 55.5 58 43
2 52.7 50 -5.4
3 60.1 56 -7.4
4 60.2 58 -3.9
5 56.8 58 1.9
6 74.5 70 -6.4

4 CONCLUSIONS

We have demonstrated that it is possible to develop
a device capable to induce sweat and measure
chloride concentration. The potentiometric sensor
reaches acceptable values of reproducibility (8.02%)
These sensors were applied in 6 volunteers with
satisfactory results, using a rapid and low cost
methodology for cystic fibrosis detection.
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Development of bioanalytical assays for determination of glycated hemoglobin content in blood samples is
reported. First, a combined biosensor setup for determination of total and glycated hemoglobin content was
successfully developed and tested. The effect of various operating parameters, such as ionic strength, flow
rate and instrumental set-up was optimized. The total hemoglobin content was analyzed by measuring of
absorbance of the hemoglobin-cyanide derivative at 540 nm. Only one standard (calibrator), diluted in
various proportions, was necessary for the method calibration. The full range of HbA |, content (4 to 15 %)
presented in blood can be analyzed. Only 1 ul of blood was required for analysis. The developed method
was successfully evaluated for analysis of blood samples collected from diabetic patients. Next, the
heterogeneous affinity assay performed in a microtitre plate with an immobilized boronic acid is described.
This assay is based on ELISA (Enzyme-Linked Immunosorbent Assay) principle; however stable
chemiselective ligand is used in this case. The content of glycated hemoglobin is determined according to its
peroxidase activity after attachment to immobilized boronic acid derivative; the total hemoglobin

concentration is measured as an absorbance at 405 nm.

1 INTRODUCTION

Diabetes mellitus is a group of diseases
characterised by high levels of blood glucose
resulting from defects in insulin production, insulin
action, or both. Diabetes can be associated with
serious complications and premature death. Diabetes
was the sixth leading cause of death in USA in 2000.
(National Diabetes Information Clearinghouse,
http://diabetes.niddk.nih.gov). The steps to control
the disease and lower the risk of complications
should be taken. In this way, blood and urine
glucose analysis, cholesterol reduction and blood
pressure control should be mentioned. Analysis of
glycated hemoglobin (HbA,.) helps to monitor the
long-term progression of diabetes without influence
of the short-term fluctuations of blood glucose. The
fraction of HbA|. is usually indicated as percentage
of its presence in the total hemoglobin content. The
content of glycated hemoglobin in blood should
substitute the term “glycemia”; values lying under
7% indicate good health state of patient and
effective practicing of the proposed therapy
(Marshall and Barth, 2000).

Glycated hemoglobin (GHb) refers to a series of
minor hemoglobin components which are stable
adducts formed by reaction of hemoglobin primary
aminogroups with various sugars. Hemoglobin
HbA,. is a stable glucose adduct to the N-terminal
group of the B-chain of HbA,. In current opinion,
concentration of the hemoglobin variant HbA,. is
considered to be the only specific and stable
indicator of long-term diabetes progress. Neither the
whole glycated fraction of hemoglobin (HbA,) nor
fructosamine can be any longer used in the disease
diagnosis.

A wide range of methods for analysis of the
glycated hemoglobin (either HbA; or HbA,.) has
been reported recently. However, only few of them
were based on biosensor approach and mostly the
chromatographic approaches were employed. From
the area of biosensor development, especially two
concepts should be mentioned. The first one was
based on selection of ligands from the hexapeptide
combinatorial library for binding the glycated
terminus of hemoglobin (-chain; thus found
hexaptides exhibited high specifity and stability
(Chen et al., 1998). However, only the preliminary
study was performed, additional testing of this
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affinity molecules and integration to some analytical
method (e.g. affinity chromatography) is essential
for correct evaluation. A monolayer of boronic acid
conjugate  with  11-mercaptoundecaonic  acid
immobilised on the surface of gold nanoclusters was
used as recognition element in another study
(Valina-Saba et al., 1999). An easy approach was
reported, when the precipitation reaction between
boronic groups on the particle surface and glycated
protein (horse-radish peroxidase) was visible.
Unfortunately, the application for determination of
HbA,. content in whole blood, which is rather
complex mixture, was not tested.

Boronic acid shows ability to bind covalently to
either 1,2- or 1,3-diols and thus forms five- or six-
membered cyclic esters. 3-aminophenylboronic acid
(APBA) binds in this way to the cis-diols of
saccharides, glycated proteins or nucleic acids
(Pickup et al., 2005). The formation of a boronate
ester is usually described as a two step reaction; the
planar boron group initially reacts with hydroxyl
(pH>7.0 is essential) to form tetrahedral boronate
anion, which subsequently binds reversibly to the
positively charged carbon atoms in the diol-
containing structure (Ito et al., 2003). This kind of
ester formation designates boronic acid and its
derivatives to be used as the affinity recognition
elements in variety of applications, such as
construction of sensors for saccharides with
piezoelectric (Lau et al., 2000) and surface plasmon
resonance  (Kugimiya and Takeuchi, 2001)
transducers or fluorescent (Kataoka et al., 1995)
detection. Boronic acid derivatives immobilized in
the matrix of columns have formed the basis of a
new field of chromatographic techniques designated
for analysis and separation of sugars and glycated
proteins. This area is commonly known as boronate
affinity chromatography (Bongartz and Hesse,
1995).

The aim of presented study was to continue our
previous attempts with boronate-modified sensors
for sugars (Pfibyl and Skladal, 2005) in order to
develop an innovative, easy to handle and cost
effective but reliable biosensor set-up with high
stability and reproducibility for determination of
glycated hemoglobin in blood samples. The
designed system contains two parts, one performs
the analysis of HbA,. using a piezoelectric sensor
modified with phenylboronic acid, and the second
one is designed for a photometric determination of
total Hb. The absolute concentration of these blood
components differs in each sample. The percentage
of HbA,. presence will be determined as a ratio of
these two concentrations;
(concipa1c/CONCTom ) X 100%.
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Another interesting method for detection of
glycated hemoglobin is reported, too. This
bioanalytical method called AHA (Affinity
Heterogeneous Assay) employs microtitre plates
consisting of the wells covered with
aminophenylboronic acid. The AHA assay allows
determination of total hemoglobin as well as
glycated fraction of hemoglobin in blood samples,
similarly as the biosensor based method.

2 EXPERIMENTAL

2.1 Chemicals and Reagents

Chemicals were obtained from Sigma (St. Luis,
USA) and used as received without any further
purification. Microtitre plates with chemically
reactive surface (NUNC Immobilizer Amino) were
from Nunc (Copenhagen, Denmark).

The special solutions were prepared, stored and
used as officially recommended (International
Committee for Standardization in Haematology,
1978) for analysis of total hemoglobin content in
blood samples.

2.2 Instrumentation

Measurements with the piezoelectric biosensor were
performed using 10 MHz, AT-cut quartz crystals
(ICM, Oklahoma City, OK, USA) with gold-coated
smooth quartz discs (electrode area, 0.8 cm?).

In the center of the system, there was placed a
PMMA-made flow-trough cell (internal volume
10 pl) from NanoQ (Brno, Czech Rep.) with the
piezoelectric biosensor mounted between two silicon
rubber O-rings. The cell was supplied with flowing
liquid via two stainless steel tubes (i.d., 0.5 mm).
Sensor was connected to MultiLabPlus instrument
(MultiLab) combining oscillator with high resolution
frequency counter.

Handling of liquids and samples was performed
by the FIAlab 3500b instrument (Alitea, Seattle,
WA, USA).

Optical part for determination of total
hemoglobin content was located in front of the
biosensor cell. The detector consisted of a Z-type
flow-trough absorption cell (optical path, 10 mm)
supplied with flowing liquids trough the Teflon
tubing and standard visible light source and optical
fibre spectrophotometer from Ocean Optics
(Dunedin, FL, USA).
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2.3 Immobilization Procedure

2.3.1 Affinity Biosensor Fabrication

Matrix based layer was prepared when 2% solution
of polyethylene imine (PEI) in methanol (3 pl) was
used to activate the gold surface. The APBA layer
was attached through the glutaraldehyde linker (8%,
8 hours, 4 °C) In the last step, the recognition layer
was stabilised by the reduction of Schiff bonds with
10 mg/ml solution of sodium borohydride (2 hours).

The thiocompound-APBA conjugates were
prepared in order to modify the gold biosensor
surface with a monolayer of boronate groups. In the
first step, the carboxygroup of mercapto-terminated
(on the opposite side of chain) acids was activated
with carbodiimide (3 hours, 99 °C). Conjugation of
aminophenylboronic acid to bellow mwntioned
thiocompounds was performed during the next step:
DTSP, 11-MUA, 16-mercaptohexadecanoic acid and
lipoic acid (3 hours, 99 °C). Final products exhibited
light-yellow color and were stored at -20 °C prior
use.

A monolayer of boronic groups was prepared,
when the freshly cleaned gold electrodes were
incubated with 15 pl of the conjugate for 24 hours at
laboratory temperature in a closed chamber.

Gold surface modified with
11-mercaptoundecanoic acid and the freshly cleaned
gold electrode were used as reference surfaces. For
comparison of binding specifity to the matrix-
modified surfaces, the polyethylene imine layer was
attached to the piezosensor.

2.3.2 Specific Modification of Microtitre
Plate

The ‘Amino Immobilizer’ microtitre plate from
Nunc shows ability to bind covalently any molecule
containing primary aminogroup. 10 mg/mL solution
of aminophenylboronic acid (APBA) in 50 mM
carbonate buffer pH=9.5 was used to cover the
microtitre plate with boronic groups. The solution of
APBA was kept overnight under ambient
temperature in order to cover the wells of plate with
boronic groups. After 4-times repeated washing
(PBS pH=7.4), the unreacted surface group were
saturated with glycine (25 mg/mL in PBS buffer
pH=7.4) during 2 hours reaction performed under
ambient temperature. After thorough washing with
PBS, the plates were dried in the air stream of
ambient temperature (4 hours). Such modified plates
can be long-term stored in a well sealed box (4 °C)
without any significant loosing of their binding
activity.

2.3.3 Biosensor Setup - Measuring
Procedure

A similar protocol was used for all experiments:
E — o
ED,
A

]

n 5 minutes _'
37°C

A B Cc

Figure 1: I — Immobilization of the APBA molecule to the
activated surface of microtitre plate (A, activated surface;
B, APBA solution added; C, APBA-modified surface. II —
Procedure of total and glycated hemoglobin determination
in boronic acid modified plate (A, well filled with diluted
blood sample — total hemoglobin determination during
binding of GHb to the surface; B, peroxidase activity of
bound GHb is used to oxidase a substrate; C, reaction
stopped and the overall activity measured).

after 5 min of the base-line signal stabilisation with
the carrier buffer, the flow of sample - glycated
hemoglobin dissolved in the carrier buffer
(alternatively supplied by sorbitol solution) followed
for 7 min. For the next 7 min, the flow cell was
washed with the carrier buffer in order to equilibrate
the signal (non-specifically adsorbed molecules
dissociated from the biosensor surface). Injection of
200 mM aquatic solution of HCI for 120 seconds
disintegrated the complex formed between glycated
hemoglobin and monolayer of boronic acid groups;
complex [GHb-matrix  immobilized APBA]
dissociated spontaneously. Washing with working
buffer for a few minutes followed (new base-line
stabilization) prior performing the next measuring
cycle.

2.3.4 AHA Analysis

Another way of determination of total hemoglobin in
blood samples is, comparing to the previously
employed conversion to a cyanomethemoglobin, its
conversion to alcalic hematin. The carbonate buffer
pH=9.0 was used for this purpose, when the blood
samples were diluted 400-times in this medium, the
most of hemoglobin molecules was converted to the
hematin. This can be quantified by measuring of
absorbance at 405 nm. Moreover, the alcalic pH is
an optimal value to support the affinity interaction
between the boronic group and GHb in a solution.
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The blood solution (in a carbonate buffer) was left to
interact with the surface immobilized boronic groups
for 60 minutes, at ambient temperature, in a closed
box. The total hemoglobin content was quantified as
change of A4y during 20 minutes following the
reagent addition. Afterwards, the wells were washed
4-times with PBS buffer pH=7.4 and the peroxidase
substrate solution, containing 0.075% hydrogen
peroxide and 105 ug/mL of tetramethylbenzidine in
50 mM acetate buffer pH=4.5 (solution freshly
prepared before each experiment). The enzymatic
reaction releasing intensive blue color was left to
proceed for 5 minutes in a dark box heated to 37 °C.
The reaction was stopped by addition of 50 uL of 1
M H,SO, solution to each well. The color of solution
in wells turns yellow immediately. The amount of
the enzymatic reaction product was measured as
absorbance at 405 nm in a microtitre plate reader.

The absorbance of the whole blood solution
corresponds to a total hemoglobin in a sample, the
enzymatic activity of bound hemoglobin (measured
as Ays in a next step) is proportional to a glycated
hemoglobin content. The percentage of GHb
presence in the total hemoglobin can be easily
calculated by simple dividing of those two values.

3 RESULTS AND DISSCUSSION

3.1 Biosensor based Experiments

The amount of boronic groups deposited on the
surface of piezoelectric sensors was first monitored
during the immobilisation procedure. The deposited
mass was calculated according to Saurbray equation
from the difference of resonant frequency during
deposition. These results indicate that the highest
amount of boronic groups was coupled to the
biosensor surface via 3,3’-Dithiodipropionic acid
di(N-hydroxysuccinimide ester (DTSP),
11-mercaptoundecanoic acid (11-MUA) and mainly
inside the polyethylene imine structure.

However, the evidence of optimal affinity for
samples containing glycated hemoglobin provided
the comparative experiments. Within those, the eight
types of prepared biosensors with either specific or
reference surfaces were consequently mounted into
the flow-trough cell and the response to GHb sample
(410 pg/ml, constant concentration) was monitored.
The experiments were done in duplicate with each
sensor; the equal scheme of experiment was used in
all cases. The lowest response provided the Gold-
PEI-GA-APBA sensor (together with the appropriate
reference one). Therefore these were tested for their
ability to bind sorbitol (low molecular compound
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containing vicinal diol group) in concentration of
10 mg/ml (in phosphate buffer pH=9.0). Response of
the specific sensor (229.6 Hz) together with the
reference one (19.8 Hz) showed correctness of
theoretical predictions. Low density of boronate
groups presented on the top of PEIl-matrix (low
affinity to glycated hemoglobin) allowed only low
binding of glycated hemoglobin. Moreover, the
difference between specific and non-specific
response (66.5 vs. 44.6 Hz, respectively) was the
next, and probably main, reason to exclude the PEI-
GA-APBA recognition layer from further use in
GHb analysis.

As it was commonly considered the boronic
acid-diol interaction is not substantially affected by
ionic strength of environment. However, most recent
publications (Zhong et al.,, 2004) indicated a
substantial increase of boronate affinity to diol group
in low ionic strength solutions (co-solute
concentrations up to 0.25 M). Determination of the
ionic strength effect on glycated hemoglobin
interaction with immobilised boronic groups was not
the principal aim of our study. However, the
examination of influence of the used various
reagents on interaction were carried out prior to the
final analysis. The ionic strength of tested reagents
proceeded from 0.9 to 84.3 mM (Modified Drabkin
reagent and 50 mM phosphate buffer, respectively),
pH was in range 7.4 - 9.6. Low ionic strength, i.e.
use of Modified Drabkin Reagent, supports the
affinity interaction. This result well correlates with
findings of other authors.

The biosensor Gold-MUA-APBA and the
previously optimized conditions (peristaltic pump;
flow rate of 100 pl/min; Modified Drabkin reagent
as the working medium and the 2 min regeneration
of sensing surface with 200 mM HCl) were used in
all calibration experiments. The presented method
shows the advantage of calibration using only one
standard solution — blood sample with defined
content of glycated hemoglobin. After dilution in
various proportions, thus obtained standards were
used for calibration. The response of the
piezoelectric biosensor as well as photometric sensor
was increasing with increasing concentration of
glycated and total Hb, respectively. The percentage
of glycated hemoglobin was calculated as the
glycated hemoglobin / total Hb ratio (x 100%). Both
values (glycated and total hemoglobin concentration,
respectively) were taken from the calibration curves,
constructed as the response of biosensor and
photometric sensor to concentration of glycated and
total hemoglobin, respectively. The biosensor can
not be calibrated only using samples containing
various percentage of glycated hemoglobin, the
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amount of total hemoglobin should be considered,
too.

A blood sample of diabetic patient with high
content of glycated hemoglobin (14.3%; determined
by the ion-exchange HPLC) was used for calibration
of our setup. The set of six samples for calibration of
analyser was prepared by dilution of blood with the
Modified Drabkin reagent in the following
sequence: 300, 375, 500, 600, 1000 and 2875-times.
Thus prepared samples were placed to the
autosampler and after 15 min of preincubation
(including the base-line stabilisation) were
consequently measured. The combined calibration
graph was constructed using the responses of
photometric and piezoelectric sensors in the time
5 min (Fig. 2).

Figure 2: Calibration of a combined setup, upper curves
show absorbance changes due to the different hemoglobin
content in samples, the curves below were recorded as a
result of binding of various concentration of glycated
hemoglobin.

3.2 AHA Experiments

The AHA method was optimized according its
ability to bind glycated hemoglobin. Buffers of
various pH (7 and 9, respectively) were used to
maximize the surface affinity to GHb. Although
there was found higher adsorption of glycated
hemoglobin at pH=7, the next experiment showed
the low specifity of binding at this pH. On the other
hand, use of buffer of pH=9.0 provides quite a lower
capacity of the surface, however, the binding is
highly specific (Fig. 3). The reference surface,

covered only with glycine, was employed to
compare specifity of binding.

In the further experiments the assay was calibrated
by use of hemoglobin standard solution (total Hb
calibration) and blood sample (with known GHb
content, determined by a standard method), both
diluted in various ratio in order to get at least five
points in a calibration graph. The total hemoglobin
assay provided a linear response in range 10 — 1000
pg/mL; the GHb analysis can be performed in the
concentration range varying between 10 and 40 pg
GHb/mL.

0.6 = APBA
e Glycine

0.5

Agos

0.4

0.3

0.2+

0.1

GHb [pg/ml]

Figure 3: Measured enzymatic activity as result of binding
of glycated hemoglobin to reference (modified with
glycine) and specific surface (modified with
aminophenylboronic ~ acid, = APBA).  Experiments
performed at pH=9.0.

4 CONCLUSIONS

Two methods for analysis of hemoglobin A, are
presented. First, a combined biosensor for
determination of glycated and total hemoglobin in
blood is reported. The amount of total hemoglobin is
measured in flow-through photometric sensor,
concentration of the glycated fraction is
subsequently monitored by its binding to the
APBA-modified piezoelectric biosensor (higher
content cause higher damping of resonant
frequency).

The other method is based on ELISA principle
(AHA, Affinity Heterogeneous Assay) in either
direct or indirect arrangement. Boronic acid
derivative, capturing the glycated fraction of
hemoglobin, is immobilized on the surface of the
microtitre plate. Amount of glycated hemoglobin is
visualized by measuring of its peroxidase activity.
Total hemoglobin concentration is measured
photometrically at 405 nm.
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Both methods present promising approach in
diagnosis of glycohemoglobin. The first one presents
fully automatic, low-cost instrument, the other one
offers the possibility to monitor simultaneously
HbA,. content in 96 blood samples within a
relatively short time (2 hours).

Possible use of those methods in routine analysis
of blood samples and their comparison with
conventional methods (HPLC) was shown, too.
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A MINIMALLY INVASIVE MICROWAVE HYPERTHERMIC
APPLICATOR WITH AN INTEGRATED TEMPERATURE
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Abstract: In the field of microwave hyperthermia and thermo-ablation, the use of minimally invasive applicators is
recognized as a very promising means for the treatment of small, early stage, cancer lesions because a very
thin applicator can be easily introduced inside the body and precisely directed towards a deep seated tumour
using the most advanced 3D imaging techniques and surgical stereo-navigation. Minimally invasive
applicators have been successfully employed for the treatment of bladder carcinoma and brain tumours but
the accurate temperature monitoring of the heated tissue volume still remains an open problem. In this
paper we propose a new minimally invasive applicator, integrating a low-cost metallic wired temperature
sensor. The miniaturised endocavitary applicator consists of a asymmetric isolated dipole operating at 2.45
GHz. The very slim shape of the applicator allows to easily insert it into the lesion through a soft plastic
tube (catheter) while a temperature sensor, properly embedded in the applicator body, measures the tissue
temperature at the interface with the catheter surface. An electromagnetic analysis based on the Finite
Integration Technique (FIT) and experimental verifications over a tissue sample proved that a coaxial
choke, enclosing the temperature sensor wires, allows localize the heating pattern in a restrict volume while
drastically reducing measuring artefacts due to the perturbing effects induced by the probe leads.

radiometry, magnetic resonance imaging (MRI) and
also methods based on ultrasounds are very
attractive  non-invasive  temperature-monitoring
techniques. Despite these promising prospects, up

1 INTRODUCTION

Microwave endocavitary and interstitial
hyperthermia has been widely investigated in the

past decades as localised thermal therapy for cancer
treatment. Many thin applicators have been
developed and used in therapeutic applications with
valuable results. Most of them are essentially
constituted of an insulated monopole, dipole or helix
feed through a thin coaxial cables. However several
technical solutions (Turner, 1986; Tumeh and
Iskander, 1989; Camart et al., 1996; Lin and Wang,
1987; Cerri et al; 1993; Saito et al., 2000) have
been proposed in order to localize the heating in a
restrict area of tissue around the tumour and to avoid
accidental and unwanted hot spots in the healthy
tissue.

The effectiveness of a microwave thermal
therapy depends not only on the radiative properties
of the applicator used but also on the reliable and
accurate temperature control during the therapeutic
treatment. Impedance tomography, microwave

till now a very accurate measure of depth tumours
temperature can be obtained only by invasive
techniques, because only thermocouples, thermistors
or optical fibres sensors seem to give the required
measuring accuracy, spatial resolution and real-time
response. Temperature monitoring by invasive
sensors is common practice in the hyperthermic
treatments. Usually, very thin probes are separately
inserted in the tissue near the antenna and moved
ahead and back in order to better estimate the
effective heating pattern. In that case only optical
fibre sensors could be employed because metallic
wired probes located near the antenna strongly
interact with the radiating element, producing
uncontrollable electromagnetic fields distortion and
false temperature readings.

When the tumour is at its early stage a single
applicator can be employed to heat the small volume
of the lesion by inserting it as sketched in Figure 1.
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In this case it is advantageous to integrate the
temperature sensor directly in the applicator body in
order to avoid additional traumas in the patient and
to simplify the hyperthermic treatments itself.

TO POWER SOURCE

<

TISSUE

TUMOUR

Figure 1: Single applicator heating a small tumour.

When lesions are more extended in volume an array
of applicators could be required to uniformly heat
the tumor, as sketched in Figure 2.

TO POWER SOURCE

w ]I

Figure 2: Array of applicators heating a medium-sized
tumour.

Also in this case applicators with integrated
temperature sensors can be usefully employed
because the temperature distribution inside the
tumor volume can be numerically estimated starting
from the point measurements taken in
correspondence of each radiating element, by
combining tomography algorithms and bio-heat
equation.

From the mechanical and structural point of view
it is not difficult to integrate a very thin fiber-optic
probe inside the core of the applicator without
altering its original diameter. It is worth to note,
however, that fiber-optic sensors are very expensive
and delicate devices and thus not properly suited for
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the production of a rugged mono-use applicators, as
required for the routined clinical practice.

Another sensor that is practically unaffected by
the strong EM fields existing near the antenna is the
Bowman thermistors (Bowman, 1976) because its
high resistance leads can not carry significant RF
currents. Unfortunately also this sensor type is
delicate and expensive to be fabricated.

Ordinary low-cost and sturdy thermometric
sensors, as thermocouples and thermistors, use high
conductance metallic leads for the connection to the
measuring unit. Unfortunately, when they are placed
too close to the applicator body, metallic wires cause
unwonted electromagnetic (EM) interferences. In
these cases dangerous and uncontrolled hot spots in
the tissue can occur, as well erroneous (or very
noisy) temperature readings.

This work suggests a novel technique for
integrating a low-cost wired temperature sensor
inside the body of a minimally invasive Microwave
Hyperthermic Applicator (MHA) without perturbing
the radiated fields.

2 METHODS

2.1 Applicator Design

The proposed interstitial/endocavitary MHA,
depicted in Figure 3, essentially consists of a coaxial
asymmetric dipole type antenna, radiating in the
biological tissue through an insulating tube
(catheter).

Catheter

N

TISSUE

Coaxial Cable

Anchor Balloon Balun

Reinforced Conductor

Figure 3: Microwave Hyperthermic Applicator (MHA)
(length: 65 mm; thickness: 2 mm) working at 2.45 CHz.

In order to avoid unwanted heating of the healthy
tissue, a coaxial balun has been introduced to block
the back currents flowing on the surface of the
coaxial feeding line (Longo et al., 2003). The
diameter of the radiating upper arm of the dipole has
been properly increased to improve the matching of
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the MHA input impedance to the tissue (Jones et al.,
1988; Biffi Gentili ef al., 1995). Thank to its very
thin shape (65 mm in length and 2 mm in thickness)
the coaxial applicator can be easily introduced inside
a small catheter (3-4 mm in diameter) and
subsequently inserted into the lesion. The position of
the applicator can be fixed in loco using an anchor
balloon.

Starting from this basic applicator configuration,
a wired temperature probe (thermocouple or
thermistor) has been successively introduced into the
catheter inside the balun as depicted in Figure 4.

Catheter

Thermistor

(oW
9

Figure 4: MHA with a temperature probe embedded inside
the insulator of the coaxial choke.

The temperature sensitive tip of the probe is
embedded in the catheter body in order to measure
the temperature of the tissue at the interface with the
catheter itself, where higher temperatures are
expected. Miniature (SMT) chip inductors can be
also inserted close to the sensing tip of the probe to
isolate it from the radiating conductors of the coaxial
applicator.

2.2 Numerical Analysis

Electromagnetic full-wave analysis has been
employed to investigate the Specific Absorption
Rate (SAR) distribution produced by the applicator
and the perturbations due to the closeness of the
metallic wires of the temperature probe. EM fields
have been calculated with a time domain Finite
Integration Technique (FIT) (CST Studio Suite,
2006) in a three-dimensional spatial domain
constituted by a muscular tissue volume including
the MHA model.

Perfect Matched Layers (PML) boundaries condition
(Berenger, P. 1994) have been used in order to limit the
computational domain to 140 x 60 x 60 mm’ volume.
However the thin profile of the applicator and the high
permittivity of the human muscle tissue (¢, = 52 — j13 @
2.45 GHz) required a very little mesh size (< A/50 at 3

TEMPERATURE SENSOR

GHz) which made heavy the computation load. EM
simulations, performed in the 2 to 3 GHz frequency range,
run for 2 hour with an Intel Pentium III @1GHz with 1.5
GB RAM memory

2.3 Experimental Set-up

Different types of soft material phantoms with the
same dielectric properties of human tissue have been
experimented upon in the recent years to investigate
SAR and temperature distribution produced by
microwave applicators. An accurate phantom should
closely represent the electromagnetic properties of
the human body in the frequency range of interest
and it should be easy to prepare and to handle.

When small volume of tissue are involved in the
heating process, true biological tissue sample as a
suine liver or a chicken breast appear more suitable
to investigate power deposition near the applicator.

In our case the realized MHA prototype has been
tested by using chicken breast. The prototype,
ending with a SMA male connector, is connected to
a microwave source working at 2.45 GHz, capable
of a maximum power of 300 W continuous (CW) or
pulsed. The input and reflected power of the MHA
is monitored by a power meter connected to a
bidirectional coupler while the temperature,
measured by a thermocouple or a thermistor, is
acquired by an A/D converter, recorded in a data file
and simultaneously displayed on a PC monitor for
the real-time direct control of the heating process.

3 RESULTS AND DISCUSSION

In order to accurately define the heating pattern
volume and avoid unpredictable field distortion or
undesirable tissue overheating, back currents
flowing on the surface of the coaxial feeding line
and currents induced on the metallic wires of the
thermocouple was blocked by a common coaxial
balun. As a result, at the 2.45 GHz operative
frequency, the power deposition in the tissue is
confined within a small well defined ellipsoidal
volume wrapping the radiating section of the
applicator body as shown in Figure 5.

As expected, numerical simulations evidence a
focusing point of the EM fields near the sensing tip
of the sensor that could be responsible of a localised
hot spot and temperature overestimation. In order to
reduce this unwonted spot, miniaturised chip
inductors have been properly inserted in series to the
leads of the temperature sensor near the tip to block
any RF current flowing in the sensing element. In
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our EM model we used lumped inductive elements
with an inductance of 1 nH and we compared
numerically this solution (Figure 6c) with the
reference cases where the tip was kept floating
(Figure 6a) or short circuited to the external coaxial
conductor of the applicator (Figure 6b) that
schematizes the applicator shown in Figure 5.

————_ [FPE

Figure 5: Normalized SAR distribution of a MHA with a
temperature probe embedded inside the insulator of the
coaxial choke.

If a thermistor is used as temperature sensing
element instead of a thermocouple, the sensor tip is
constituted by a semiconductor with conductivity
ranging between 107 and 10 S/m. In both cases the
simulation result of Figure 6c¢ shows that the
insertion of the micro-chokes practically eliminates
the arising of hot spots near the sensing termination
and therefore drastically reduces temperature
measuring errors.
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Figure 6: Normalized SAR distribution of a MHA with the
integrated temperature probe: (a) floating tip (ideal case),
(b) tip short circuited to the coaxial conductor (worst
case), (c) tip RF isolated with inductors (actual case).
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At a radial distance of 5 mm from the applicator, in
the direction of maximum radiation, SAR is less
than 50 % of the maximum value calculated at the
surface of the catheter and reduces to 90 % at a
distance of 10 mm. This confirms that the applicator
can be used both for hyperthermic treatments of
small tumours ad also for thermo-ablation surgery,
depending on the maximum applied power and time.
It is worth to note that the device can tolerate 30 W
CW or average power and up 150 W pulsed power
without any damage or excessive self-heating.

The MHA input matching is also numerically
calculated in the frequency range from 2 to 3 GHz,
in absence of the thermocouple and in presence of a
temperature sensor with the probe close to the
applicator and the metallic leads embedded into the
coaxial balun. In both cases a reflection coefficient
less than -20 dB is assured at the 2.45 GHz working
frequency as shown in Figure 7.

0

S11 [dB]

-20

=25 %
2,

2.2 24 2.6 2.8 3

Frequency [GHz]

Figure 7: Input reflection parameter vs. frequency of the
MHA with (continuous line) and without the integrated
temperature probe (dotted line).

Power distribution in the tissue was experimentally
evaluated by applying 20 W continuous microwave
power to the MHA over a period of about 15
minutes (Figure 8) and a pulse power of 60 W for 10
seconds. The results are in good agreement with the
numerical predictions and proved that the induced
heating pattern in the biological medium assumes
the typical ellipsoidal shape around the applicator
radiating end. The overall dimension of the
ellipsoidal heating pattern clearly depends on the so
called thermal-dose, i.e. on the quantity of the EM
energy delivered to the medium. It is also evidenced
that the metallic sensor tip (thermocouple or
thermistor) do not produces a local hot spot,
authorizing us to state that an accurate temperature
monitoring can be obtained. This was afterward
confirmed through a measure made with an auxiliary
fiber-optic temperature sensor. Using the integrated
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sensor, the temperature at the interface between the
catheter and the tissue can be carefully monitored
during the microwave heating process because not
significant self-heating of the sensor has been
observed. Figure 9a shows the evolution of the
temperature vs. time when 20 W CW power is
applied for 15 minutes at the input of the applicator,
while Figure 9b depicts the thermal response of the
medium to a 10 second pulse of 60 W peak power.
It is worth note that the increase of the
temperature is very fast in both cases because the
chicken breast used as phantom for our heating
experiments is not perfused by the blood and
therefore the thermal response of the tissue is
determined only by its thermal conductivity.

(b

Figure 8: Thermal pattern in a splitted chicken tissue
obtained by applying 20 W CW power to the MHA for 15
minutes (a) and 20 minutes (b) respectively.
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(b)
Figure 9: Temperature evolution at the tissue/applicator
interface obtained by applying 20W CW input power to

the MHA for 15 minutes (a) and a 10 second pulse of 60W
peak power (b).

4 CONCLUSIONS

The proposed minimally invasive MHA integrates a
very cheap temperature sensor and therefore it is
very suited for the mass-production of mono-use
devices. The integration of the radiating element and
the temperature sensor inside the same applicator
case allows to heat a small tissue volume (target)
and to measure the temperature accurately at the
same time. Due to the use of a simple coaxial balun
the microwave energy is confined around the
applicator body reducing the risk of accidental
overheating of healthy tissue close to the tumour.
The thermistor (or the thermocouple junction) peeps
out from the catheter surface in the point where the
EM field, and hence the temperature, reaches the
maximum. Temperature in deeper zone of the tissue
surrounding the applicator can be extrapolated by
mathematical models based on the bio-heat equation
(Pennes, 1948) if the EM and thermal parameters of
the tissue are known.
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Multiple applicators (arrays) with integrated
temperature sensors could be used in order to treat
larger tissue volumes and more accurately estimate
the temperature distribution through the combined
application of bio-heat equation and tomography
algorithms.

The pliability of the miniaturized coaxial cable
and of the associated silicon catheter make easier the
insertion of the applicator using the natural way of
the body or minimally invasive surgical procedures.

Many coaxial applicators for hyperthermic
treatments show a heating pattern characterized by a
typical tear drop shape. The implementation of a
coaxial choke in the MHA investigated in this paper
reduces appreciably the drop tail and allows to
precisely localize the tissue volume involved during
the microwave treatment. Moreover the high degree
of miniaturization due to the availability of
miniaturized coaxial cable to use in medium-high
power applications (dimensions about 1-2 mm in
diameter are easily available), permits to extend the
clinical applications of this minimally invasive
applicator. Hyperthermic treatments of bile-ducts in
cancer therapy, impracticable in the past for the
restrict dimensions of the ducts, could be possible
nowadays as well other delicate surgical
interventions that require high precision and reduced
invasivity.

The originality of this MHA, from an
engineering point of view, lies in the peculiar
integration of the metallic wires of a low cost
temperature sensor inside of the choke body without
perturbing the SAR distribution.

The invasivity of the clinical hyperthermic or
thermo-ablation treatment is highly reduced using
this type of applicator because in fact no separated
insertions for temperature probes, no additional
external electrodes as for RF treatments or any other
kind of devices are required. Therefore many deep-
seated tumors (e.g. certain brain, liver,
gastrointestinal or gynaecological tumours), could
be effectively and easily treated with the proposed
MHA.

The integrated temperature sensing element
permits to accurately monitor the maximum
temperature reached into the tissue and it can be
used to close the control loop of a specific
microwave hyperthermic or ablative process by
defining the appropriate thermal-dose to be
administered to the lesion.

By monitoring the temperature in time domain,
very useful data on blood perfusion rate, thermal
conductivity and specific heat could be directly
extrapolated by the bio-heat transfer equation and
used to construct more complex and realistic
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biological tissue models. As well thermal properties
difference between healthy and pathological tissue
could be relieved in order to extrapolate diagnostic
information.
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This work presents a system based on a microcomputer to assess the performance of infant incubators in a

semi-automatic manner. It carries out the tests described by the section 8 of the NBR IEC 601- 2-19 (1999).
The developed electronic circuit acquires data from the sensors using a microcontroller. A set of sensors are
used: five for temperature, one for humidity and one for air flow. The sampled data is sent to the PC via
Bluetooth. The software running on the PC manages the data sampling, as well as guides the user through
the test procedure by means of messages and sound alerts at the end of each stage. The sampled data is
shown on the screen and also stored in a database that can be remotely accessed. The results are presented
on a graph where the measurements (temperature, humidity and air flow) performed during the whole test
can be seen. The procedure to calibrate the sensors and an infant incubator assessment carried out with the

developed system is presented.

1 INTRODUCTION

There is a high percentage of mortality associated to
low birth weight newborns (Ministério da Satde,
2002). These neonates have an immature thermal
control mechanism, preventing them to keep
constant their body temperature (Gonzéles, 2001).
The infant incubator (Inl) aims to provide a thermo-
neutral environment where the infant does not
exchange heat, consuming a minimum amount of
oxygen. This environment is obtained by controling
the temperature, humidity and air flow. Inside the
Inl, the infant has a reduced metabolism that helps
its healthier and faster growth (Ministério da Saude,
2002). Therefore, Inls shall be periodically checked
to assure that they offer a suitable environment to
the neonate.

This work describes a system developed to
assess the Inl performance according to the Section
8 of the NBR IEC 601-2-19 (1999).

To evaluate the Inl performance, the standard
demands measurements of the following parameters:
air temperature at five different points, relative
humidity and air velocity. The temperature sensors
are placed at five points 10 cm above the mattress
surface (A, B, C, D and E) as shown in Figure 1.

Incubator perimeter

y
B D
{ I% A W
\C E
Sensors Metallic I
structure

Figure 1: The NBR IEC 601-2-19 demands temperature
measurements at 5 different points (10 cm above the
mattress surface): A, B, C, D and E. A metallic structure is
used to hold the sensors at the required positions.

10cm
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2 MATERIALS AND METHODS

The performance testing required by the standard is
relatively difficult to be carried out manually, being
desirable to automate it. Thus, a microcontrolled
system was developed to automatically sample Inl
data that are sent to a microcomputer (Figure 2).

The developed system consists of 5 modules:
sensors, acquisition, communication, control
software and database.

The remote control software running on a PC
communicates with the acquisition module to
require samples from the sensors placed into the Inl.

Data Software (I_B_—I_F Acquisition
‘_’ (PC) [\ et module
Neonate Sensors
Incubator Module

Figure 2: The developed system has five modules: sensor,
acquisition, communication (Bluetooth), control software
and database.

2.1 Sensors Module

The sensors are placed into the Inl as shown by the
Figure 1.

The sensor SHT75 (Sensirion Inc) is used to
measure the Incubator Temperature (temperature at
the point A of Figure 1) and the relative humidity
(RH). It measures temperature in a range from -40 to
123.8°C and RH from 0 to 100%RH. For
temperature, the SHT75 has a typical accuracy of
+0.5°C and resolution of 0.01°C. For humidity,
typical accuracy of +1.8%RH and resolution of
0.03%RH.

The measurements executed by the SHT75 are
available in digital format via the 2-wire protocol.
This is a bi-directional protocol, allowing the sensor
to receive commands as well.

To measure the temperature at the other points
(B, C, D and E), 4 TMPOS5 (Analog Devices) sensors
are used. The TMPO5 measures temperature in a
range from -40 to 123.8°C with a typical accuracy of
+0.5°C and resolution of 0.01 °C.

The TMPO5 sensors can be connected in
cascade, establishing a net. Thus, only two
microcontroller pins are needed to acquire the
temperature measurements from the sensors: one
generates a start pulse and the other receives the
PWM signal.
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The sensor F900 (Degree Controls Inc.) is used
to measure the air velocity in the Inl. It has a linear
output voltage for a range from 0.15 to 2m/s with a
typical accuracy of +0.05m/s and resolution of
0.05m/s.

2.2 Acquisition Module

The acquisition module contains the microcontroller
ADuC841 (Analog Devices) that has the following
characteristics: 8052 core, 20 MIPS, 8 ADC
channels (12 bits), 2 DAC channels (12 bits), 3
timers/counters (16 bits) and serial communication
interfaces (UART, 12C and SPI).

The ADuC establishes serial communication
with the SHT75 and TMPOS to get the humidity and
temperature measurements. Its ADC samples the
F900 voltage output to figure the air velocity out.

These measurements are sent to the PC when
demanded by the control software.

2.3 Communication Module

The Bluetooth module implements wireless link
between the acquisition module and the PC. To
provide a communication range up to 100 meters, a
KC-11 unit (KCWirefree) is connected to the
acquisition module and a KC-210 is inserted into the
PC USB port.

A virtual serial port driver is used by the
control software to communicate with the KC-210.

2.4 Control Software Module

About 6 hours are necessary to carry out the
measurements required by the NBR IEC 601-2-19
(1999). To simplify the task, a control software was
developed for WindowsOS® in Borland C++
Builder.

At 20 second intervals, the software demands
a new set of measurements. For that, an ASCII
command is sent to the acquisition module. After
receiving the command, the microcontroller
communicates with the sensors to get the
measurements that are sent back to the PC. The
received data are presented on the PC screen and
stored into a database.

Besides managing the measurements, the
developed software guides the user through the
testing procedure by means of messages and sound
alerts at the end of each stage. The software displays
messages on the PC screen asking the user to change
the Inl settings or the mattress position. After doing
so, the user shall click the OK button of the message
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box. Then, the software keeps executing the
measurements.

2.5 Database

The database (DB) was developed with PostgreSQL
8.0, a free software object-relational database
management system (Matthew and Stones, 2005).
The implemented DB has two entry tables, one
registers the equipment identification key; the other
stores the measurements carried out during the Inl
testing.

3 SENSORS CALIBRATION

The F900 and SHT75 sensors are individually
calibrated. They both have calibration certificate.
The F900 is supplied with its calibration curve. The
SHT75 has calibration coefficients programmed into
its internal memory.

The TMPOS5 sensors were calibrated using the
SHT75 as reference since there was no other
traceable reference sensor with better accuracy and
resolution available in this laboratory.

To calibrate the four TMPOS5 sensors, they were
placed together with the reference sensor into a
container with low heat transmission walls. The air
inside the container was heated up to 60°C and then,
the heat source was turned off. During the air
cooling, 17 sets of temperature measurements were
obtained for each sensor within the range from 25 to
41°C. For each sensor, a third order polynomials was
fitted to the experimental data to correct the
systematic error observed with respect to the
reference sensor. These polynomials are used by the
software running on the PC to reduce the
measurement errors.

To evaluate the described calibration, 3
measurements were executed for 13 different
temperatures within the calibrated range to find out
the resultant errors. This procedure was repeated for
each sensor.

For each sensor, the systematic error (bias) and
the random error (repeatability) were surveyed.

As example of the result achieved with this
sensor calibration procedure, the Figure 3 shows the
curves obtained for the sensor to be placed at the
point E (Figure 1). This one presented the larger
errors (about + 0.5°C) within the Inl operating range
(32 to 36°C).

0.5

0.4H —%— Bias before the correction f
031 Bias after the correction
0.2 @ Repeatability ( Probability 95%)
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_ o % & ;a ______ Oe-iq N ){
£ 02 et Mgz
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Figure 3: Measured error curve versus temperature is
plotted for the sensor E. It is also shown the systematic
error (before and after the application of the polynomial
adjustment) and the random error.

4 RESULTS

To evaluate the performance of the developed
system, assessment of an Inl was carried out.

At the end of test, the results are stored in the
DB. The results can be consulted on text format or
graphically visualized. In text format, statements on
the standard conformance are presented as shown in
Figure 4.

For ethical reason, since the developed system
was not certificated by an accredited laboratory,
reference to the model and manufacturer of the Inl
as well as the health institution to which it belongs
are omitted.

In the graph, the behaviour of the measured
parameters (Incubator Temperature, RH and the air
velocity) during the whole test can be observed.
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Figure 4: Incubator temperature measured during the
assessment. Relative humidity and air flow curves are also
presented in the graphical report.
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ASSESSMENT REPORT FOBEM: INFANT INCUBAT ORS
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EQUIPMENT DATA
s St N
HOSPITAL: HOSPITAL DATE: 27/04/2007
MANUFACTURER: MANUFAC TURER START TIME: 11:44:25
MODEL: MODEL END TIME: 18:16:39
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ASSESSMENT

sk ok o o s shobs s o b sk oo b o]

oo b s o b o s sk b ok shob ok o o s shobs s of b s shob oo o ok shob ok ok of s sbok s o b b shob o ok b b shob o ok of s shok sh s o b shok o ok ok ok

STEP 1: LOCAL ENVIRONMENT TEMPERATURE

ADMISSIBLE RANGE: 21°C at 26°C,

MEASURED TEMPERATURE: 25 40 °C.
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STEP 2: TEMPERATURE RISING TIME TO ACHIEVE 11°C ABOVE THE LOCAL ENVIR.ONMENT ONE
MAINUIN ALLOWED WVALUE: + 20% OF THE VALUE INDICATED BY THE INCUBATOR DATASHEET.
MEASURED TIME: 31:10:01.
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STEP 3: CONTROL TEMPERATURE OF 32°C - MATTRESS IN THE HORIZONTAL POSITION

DIFFERENCE BETWEEN THE INCUBATOR TEMPERATURE AND ITS AVERAGE ONE.
WAXKIMUNM ALLOWED VALUE: = 05 °C.
RESULT: IN CONFORMANCE WITH THE STANDARD.

DIFERENCE BETWEEN THE INCUBATOR AVERAGE TEMPERATURE AND AVERAGE TEMPERATURE ATB, C,D AND E
NMAXKIMUM ALLOWED VALUE: + 0.8°C.
REESULT: NOT IN CONFORMANCE WITH THE STANDARD.
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STEP 4: CONTROL TEMPERATURE OF 32°C — INCLINED MATTEESS

DIFFERENCE BETWEEN THE INCUBATOR TEMPERATURE AND ITS AVERAGE TEMPERATURE.
NASIMUIM ALLOWED VALUE FOR. THEZE SETTINGE: =08 °C.
RESULT: IN CONFORMANCE WITH THE STANDARD.

DIFERENCE BETWEEN THE INCUBATOR AVERAGE TEMPERATURE AND AVERAGE TEMPERATURE AT B,C.DAND E
NAZINIUIN ALLOWED WALTUE: + 1°C.
RESULT: NOT IN CONFORMANCE WITH THE STANDARD
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Figure 5: Part of the report generated by the developed system.

It shall be noted that all the tests carried out with
an Inl are stored in a same DB, allowing a better
follow-up of its performance along its lifetime.

S CONCLUSION

The developed system does not comprise a sound

number of corrective

level meter. The sound measurements required by
the standard are relatively simple to be made.
Equipments available in the market can be employed
to this end, having a layout that allows their use in
other applications.

The maximum uncertainties in the temperature
measurements (taking into account the propagation
of the reference sensor uncertainty: +£0.3°C) obtained
with the sensors B, C, D and E are +0.4 °C, £0.5 °C,
+0.5 °C and + 0.61 °C, respectively.

Assessment of Inls according to the NBR IEC
601-2-19 standard can be performed by the
developed system in a semi-automatic manner, since
the user has to change the Inl operating settings
during the test. Throughout the procedure, the
control software beeps at the end of each stage and
shows messages on the PC screen. These messages
ask the operator to adjust the Inl settings before
performing the next set of measurements.

The control software and the wused
communication protocol have proven to be suitable
and robust during the Inl assessment.

The report generated at the end of the assessment
points out the Inl conformance with respect to the
NBR IEC 601-2-19 requirements.
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For instance, the
maintenance underwent by a given Inl model can be
very useful to the managers when considering the
purchasing of new equipments.
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The phenomenon of bio-contamination in a population of individuals being contaminated in a near by near
physical, viral or bacterial contact could be compared by analogy with a near by near exchange of "atomic"
data between mobile entities of an ad hoc network. Would the tools of wireless communication engineering
then make it possible to contribute in the modeling of a bio-contamination process? Does the use of
CSMA/CA in order to share the “contamination medium” make it possible to simulate this process of
contagion? To establish the limits of the analogy, we consider the most unfavorable case, the systematic
contamination of proximity. A susceptible mobile becomes contaminated if it passes near a contaminant
mobile at a distance lower than the contamination distance. Simulations under NS2 highlight the effect of
the overall radiation compared to the power used for emitting the atomic data representing the virus and
reveal an optimal frequency of atomic data diffusion in the case of a population with strong geographical

density moving in confined environment.

1 INTRODUCTION

The symbolic system and the vocabulary used in
part(a) of figure 1 give the impression that it is an
ad-hoc wireless communication system between
entities moving according to a certain trajectory and
a given speed. A mobile emits or receives
information by means of an antenna characterized
by the range of an electromagnetic radiation. This
exchange of data takes place only if the receiver is
within range from the transmitter, more precisely the
distance traveled by the signal, is lower than a given
threshold.

Let us suppose now that this range does not
concern the distance at which the mobiles can
exchange information but the distance of a
contamination by air following a cough, a sneeze, or
simply breathing, between individuals during an
ordinary day. Part (b) of figure 1 shows that the
entity A (the contaminant) contaminates the entities
B then C which become in their turn contaminators.

The question put here is the following one: can
the engineering of the wireless networking be usable
to include (represent) a process of bio-

contamination? More precisely, prototyping using
light wireless communicating equipments, or
simulating using simulators developed for the
wireless communications like OPNET and NS2, can
be of a certain utility to model a process of
contagion?

The most important criteria that affect a
contagion process identified by (Shane C. St. John,
1997) were:

- The probability of infection.

- The probability of recovery.

- The number of encounters between
individuals which depends on: the density of
the population and the dynamic degree of
that population.

- The initial number of infected individuals.

Each one of these parameters can be associated
with a step of the modulation process using
simulation tools like OPNET and NS2 (G.
Chalhoub, A. Freitas & M. Misson, 2007). Let us
consider the probability of infection: a susceptible
individual touched by a contaminant is considered
infected with a probability of infection P. In the
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T, Transmitter / Receiver
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Figure 1: Wireless Communications / Bio-contamination process.

context of a network modulation process, the
transition from susceptible to infected will not take
place unless the susceptible individual receives a
contaminant message with a certain probability of
success (figure 2). In this article we are considering
a systematic contamination (P=1).

Contaminant
message and P

Susceptible

Contaminant
message and (1-P)

Figure 2: Susceptible becomes infected.

2 ASSUMPTIONS

If we consider the cough or the sneeze as means of
contamination by air between individuals, the
analogy with a wireless networking will result in the
diffusion on the radio medium of a frame containing
atomic data. Nevertheless, we make the assumption
in this article that the contamination is regarded as
succeeded, if this information is received with no
errors by one or more other entities.

For an individual the support of wviral
transmission, the air, is always available. A cough or
a sneeze of an individual can be contaminant even if
other individuals have an activity which coincides in
time at the same place. In that sense the activities of
contamination are rather cumulative. Here we see a
limit with our analogy arising. In a WLAN several
simultaneous emissions cause a superposition of
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signals, a collision, which makes impossible the
deciphering of information (with the exception of
the capture effect). In this case, the contention-based
access methods implement an arbitration which will
try to order the access to the medium. Data to be
transmitted will then undergo a random delay. The
access method CSMA/CA is today the most
“popular” method in the field of the WLAN
(ANSI/IEEE Std 802.11, 1999), (IEEE Std
802.15.4™-2003)..., and will be detailed in part 3 of
this article.

In the case of a contamination caused by
coughing or sneezing, the recurrence of the events is
about a few seconds. This recurrence is not really
periodic but, nevertheless, we can consider it as a
"Burst" activity like it is illustrated in figure 3.
Although T, and T, are not periodic, the time t
separating 2 messages in a "Burst" transmission can
be considered as a pseudo periodic activity.

While transposing this activity in a wireless
networking domain with the CSMA/CA method, the
density of traffic representing the information of
contamination will be easily assured by the MAC
layer (G. Chalhoub, A. Freitas & M. Misson, 2007).
This approach differs from the stochastic model
based on the cellular automata used by (H.
Situngkir, 2004).

This leads us now to consider a contamination
only due to proximity. Any susceptible individual
who is near a contaminated person, at a distance
lower than the distance of contamination, becomes
contaminant himself. We will call this model of
contamination by proximity, the geometrical model.
In the context of wireless networking, the
contaminated entity must broadcast atomic
information of contamination. Our objective is thus
to answer the following question: compared to the
geometrical model, which is the optimal frequency
of broadcasting the contamination data, with
CSMA/CA as the access method, in a context of
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strong density of individuals and a contamination by
proximity?

T T,

»
»

%

t

&
<

I/ul_

Burst emission of
contaminant messages

Figure 3: Burst activity.

3 CSMA/CA AND THE SHARED
MEDIUM

The basic principle of CSMA consists in listening to
the medium before emitting when a station has a
pending (ready to be emitted) frame (Chen, 1994).
On the discharge of the medium the station applies a
method to manage the possible competition with
other stations. In the case of the CA (Collision
Avoidance) method the stations draw a back-off
period to desynchronize the potential candidates.

The detection of an activity on the network is
carried out by the measurement of the power of the
received  electromagnetic  radiation. If  this
measurement is higher than the fixed threshold for
the noise, the medium is regarded as being busy.

In the case of WiFi, the contention resolution
mechanism is governed by the 802.11 standard
specifications (ANSI/IEEE Std 802.11, 1999). For
the DCF (Distributed Coordination Function) mode
a station having a pending frame may begin to
access only when the radio channel is sensed Idle.
That is the case when the PHY layer performs a
“Clear Channel Assessment (CCA)” which returns
“IDLE” as the value of the CCA Indicator. This is
the case when the energy level received is lower
than a threshold very often estimated at - 95 dBm
(value given by the suppliers of WiFi interface). It is
this value which is passed in parameter (CSThresh:
Carrier Sense Threshold) for a simulation by NS2
(Wu Xiuchao, n.d.) and which creates a little
polemic for a simulation by OPNET (S. Roy, H. Ma,
R. Vijayakumar & J. Zhu, 2006). Let us consider a
signal received with a power Pr higher than the
Carrier Sense Threshold, it allows to identify the

fact that the channel is indeed busy but it is not a
sufficient condition so that the information
transported by the signal can be suitably interpreted.
For that it is necessary that the receiver has a Margin
of Decoding (MD) which depends on the
modulation used for the transmission (Intersil Data
Sheet HFA3861B, 2001). For example, it is admitted
that in the case of a WiFi network the decoding of a
frame with 11 Mbps requires that the energy of the
signal received be higher than - 82 dBm. It is the
value which is passed via the RXThresh parameter
in a NS2 simulation. This obviously implies that the
area in which the signal is perceived as higher than -
95 dBm is much larger than the zone of reception. If
we illustrate that by a mechanism of contamination
by cough simulated using an access method of the
type CSMA/CA, a person who coughs prevents from
coughing people whom it does not reach!

This is illustrated in the parts (a) and (b) of
figure 4. The most external disc represents the
surface in which the CCA indicator has the value
BUSY, the disc delimited by -82 dBm corresponds
to the surface in which the reception is done with an
acceptable error rate.

Regardless of the nature of the medium, at a
short distance from the transmitter, it is standard to
consider that the law of dispersion of energy is in
1/D2.

If we know the transmission power, it will
possible then to deduce the received power at the
security (or contamination) distance which we
introduced. Thus for a transmission power of 20
dBm the power hoped at 2 meters is - 26 dBm. It is
what corresponds to the smallest disc of part (b) of
figure 4.

In the same way by adjusting the power of
transmission to -36 dBm, the threshold of reception
of -82 dBm corresponds to the distance of
contamination. This is represented by the part (c) of
figure 4.

At this stage we can discuss the effect of the
Clear Channel Assessment (CCA). A transmission
with 11 Mbps and a power of - 36 dBm has an
impact which goes well beyond a disc of 2 meters
because of the CCA which covers a surface with a
power higher than - 95 dBm. By reducing the power
of emission we also reduced considerably the
surface of carrier sensing. Using NS2 we will
evaluate the effects of reducing the power of
transmission, on the simulation of the process of
contagion.
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Figure 4: CSMA and thresholds.

4 SIMULATIONS

The object of this paper is to study if the choice of
the access method CSMA/CA exploited to broadcast
atomic information at a given frequency is an
acceptable way to model a process of contamination
by contact.

4.1 The Reference Taken for a
Contamination by Contact

In our approach of simulation we considered that the
ideal case was given by a geometrical approach of
the problem, i.e. at any moment (in fact every 10
ms) we calculate for each contaminated station the
distance which separates it from its neighbors. So if
for a neighbor of a contaminant, this distance is
lower than the threshold of contamination, this
neighbor becomes also contaminated.

The choice of the frequency of this calculation
depends on the velocity of the mobiles: the latter
being at a maximum of 2 m/s this gives us a
maximum error of 4 cm on the calculation of the
distance between mobile if calculation is made every
10 ms. By this geometric calculation we obtain a
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number of mobiles contaminated throughout the
simulation time that we will indicate thereafter like
the result of the geometrical model. This result will
represent an asymptote for those which are obtained
by any other way.

4.2 The Simulation Assumptions

In this paper we chose to illustrate the results of a
contamination modeled by CSMA/CA and to
compare them with the results of the geometrical
model for two configurations of mobiles which
correspond to the same initial rate of contamination.
- The First simulation: 100 mobiles in a surface of
20 X 20m? with only one mobile contaminated at the
beginning of simulation

- The Second simulation: 400 mobiles in a surface of
40 X 20m? with 4 mobiles initially contaminated.

In these two cases two frequencies of
broadcasting (2 and 10 Hz) and two powers of
transmission (20 and - 36dBm) are studied.

All simulations were made for 20 scenarios of
nodes distribution and the curves displayed later on
represent the averages of the number of nodes
contaminated during these 20 simulations. Each
simulation represents an evolution of the contagion
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during 20 s, the number of contaminated mobiles is
calculated every 0,2 s. All nodes are randomly
moving within the simulated area with a maximum
speed of 2 m/s.

4.3 Analysis of the Effects of the
Transmission Power

In the case of the first simulation one can note that
the power of transmission does not have much
influence because the curves obtained for 20 dBm
and - 36 dBm are very close (Figure 5). The
frequency of broadcasting at 10 Hz makes it possible
to approach the geometrical model much more
clearly.

While multiplying by 2 the geographical density
of the nodes and by considering the same density of
contaminant (4 nodes initially contaminated), a
diffusion made with a limited power gives results
that approach more the geometrical model than
those done using the usual power of Wifi.

The simulation results:

With our assumptions everything takes place
during the first seconds of simulation. Figure 6
shows clearly how reducing the transmission power
improves the propagation by reducing the effect of

CSMA/CA on the delay of the diffusion in an area
with a dense population.

4.4 Examining the Effects of the
Frequency of Diffusion in Low
Power Transmission

Another factor which has also a big part in
determining the effect of CSMA/CA is the
frequency of diffusion. Our goal is to approach the
geometric model which gives us a representation of
an almost continuous contagion. Hence, one can
think of increasing the frequency of the broadcasting
of the contamination frames, that means increasing
the offered load on the network and reaching the
limits of the effectiveness of such an access method
(Chen, 1994). We can thus suppose that there exists,
for a given density of mobile stations, an optimum
frequency of transmission, and that's what we will
try to find by simulation.

—2m0.1 — — —wifi0.1

—+—2m0.5 — + —wifi0.5 —-—-geo

120

100 -

80

60
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40 |
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Figure 5: Low density contamination.
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Figure 6: High density contamination.

We tested several frequencies using the previous
model by using a low power transmission (- 36
dBm). For frequencies of broadcasting going from
0.5 to 200 Hz, we will consider the average of 20
simulations, to calculate the number of contaminated
nodes. Each simulation lasts 20 seconds and gives a
value every 0,2 second, we will thus have 100
values per frequency. These 100 values will be
compared with those corresponding to the same
moment, given by the geometrical model to identify
a difference: "an error" between the theoretical
contamination given by the geometrical model and
that approached by CSMA/CA.

Let M be the average of these 100 differences
between the two corresponding values for each
frequency of transmission, we thus obtain the
following curve (Figure 7):

We can notice that with a frequency of diffusion
between 10 and 20 Hz the average number of
contaminated nodes is 0.5 node less when compared
to the ideal number given by the geometric model.
We can clearly identify 3 different zones illustrated
by that curve. In the first zone we are under-loading
the network using frequencies between 0.5 and 4 Hz
for emitting contaminant messages and not being
able to produce the same result given by the
geometric model, which is easily explained by the
fact that we are missing some encounters due to the
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mobility of the individuals that cross into each other
without being able to exchange contaminant
messages. By increasing the frequency beyond 20
Hz we are overloading the network and the effect of
CSMA/CA causes a delay on the transmitted
messages which prohibit some individuals to emit
and therefore miss some encounters. We determined
effectively an optimal frequency of diffusing
contaminated messages in a continuous way which,
for our assumptions of simulation, varies between 10
and 20 Hz.

5 CONCLUSION AND
PERSPECTIVES

CSMA/CA and simulators for the wireless networks
are original assets to simulate processes like a
contamination by contact. We have just shown that
by adjusting the transmission power and the
frequency of the access to the medium, it is possible
to simulate with a simulator like NS2 the way in
which a virus is propagated in a mobile human being
community.
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Figure 7: Frequency effect.

To approach more the real nature of a
contamination by proximity, the action of the
contaminant radiation of a node must be limited to
the distance of contamination. It would be
interesting to study next the effect of the bandwidth
which finishes the surfaces dilemma between the
zone of carrier sensing and that of a good reception.
In the case of a 1 Mbps transmission these two
surfaces are overlapping which brings us even closer
to the geometrical model (part (d) of figure 4).

Following a meeting, that took place June 2007,
with a group of doctors who were interested in our
work, we will improve our simulation model by
defining individual profiles which define the
personal biological characteristic of each individual
(degree of vulnerability, being immunized or not,
and time needed to be recovered...), and by
applying the "burst" activity to emit the contaminant
messages instead of the continuous emission.
Having a virus profile with all its characteristics will
also help us build a specific transmission behavior
that will reproduce the virus' nature.
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This paper describes an electronic device, named SimPac I, developed to simulate auditory evoked

potentials of short, middle and long latencies, ECG and electronystagmography signals. It uses sampled
waveforms in order to better reproduce real physiologic AEPs. The simulator is based on the ADuC841
microconverter, a device with an 8052-like core, FLASH memory and two 12-bit DACs. SimPac I is
portable and easy to operate, and it is very useful for calibration of AEP, ECG, ENG and VENG systems
during manufacture and maintenance. The simulator can also be used to support development and testing of
DSP algorithms intended to filter and/or average the above mentioned signals. As a result, examples of
several waveforms generated by SimPac I are shown.

1 INTRODUCTION

The auditory evoked potentials (AEP) play a
fundamental role in the audiology practice. The
capacity of capturing electric potentials generated in
response to acoustic stimulations resulted in many
relevant applications to the oto-neurologist (Katz,
1999). AEPs are classified in agreement with its
latency. Potentials of short latency occur in up to 10
ms after the auditory stimulation. Middle latency
potentials occur between 10 ms and 100 ms after the
stimulus, and long latency potentials are registered
after 100 ms from the stimulus. Short latency AEPs
are known by the acronyms BAEP — Brainstem
Auditory Evoked Potentials, BERA — Brainstem
Electric Response Audiometry or ABR - Auditory
Brainstem Response (Chiappa, 1997). The
electrocochleography (EcochG), used for cochlear
evaluation, is also considered a short latency AEP.
ABR is used for evaluation of the brainstem
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integrity and also for objective audiometry. Middle
latency evoked potentials are identified with the
acronyms MLR or MLAEP (Middle Latency
Auditory Evoked Potential). MLAEP is indicated to
evaluate dysfunctions that could commit the hearing
pathways located between the brainstem and the
primary cortex.

P300 and MMN (Mismatch Negativity) are the
most used long latency AEPs in the clinical practice.
P300 presents a positive peal around the 300 ms
latency and using it makes it possible to obtain, in
only one test, information about the activity of the
transition thalamus-auditory cortex, the own
auditory cortex, about the hippocampus, hearing
attention and cognition. P300 is elicited through a
"rare paradigm", in which a few "rare" stimuli
happen randomly in a series of "frequent" stimuli.
The difference between both can be the intensity or
the frequency. The MMN test uses also rare and
frequent stimulus, but the result reflects the central
processing capacity (Caovilla, 2000).
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ECG is certainly the most known bioelectric signal
generated by the human body. That signal is
captured and analyzed for use in clinical diagnosis,
surgical accompaniment and rehabilitation. Several
types of ECG simulators exist, able to simulate
changes in amplitude, heart beat frequency and many
types of arrhythmias (Prutchi and Norris, 2005).
They find application in the project of new monitors
and in the preventive and corrective maintenance.

The perfect corporal balance is very important
for the living organism orientation in the
environment. That balance widely depends on the
vestibular system, which acts in cooperation with the
visual system to maintain the vision focus during
head movements. The cerebral system that makes it
possible is known as vestibulo-ocular reflex (VOR).
The electric evaluation of VOR is done through the
electronystagmography exam (ENG) or by its
variant, the vector-electronystagmography (VENG)
(Castagno et al., 1994). The evaluation of
ENG/VENG is based on the registration and analysis
of the nystagmus, that is, the reflex ocular
movements which happen when the labyrinth
receive caloric or rotational stimuli.

The proposed Patient's Simulator was called
SimPac 1 and incorporates the technological
solutions used in the previously developed prototype
SPEA (Freitas et al., 2006). SimPac I has the
purpose of serving as a tool for development,
validation, adjustment and maintenance of AEP,
ECG and ENG/VENG equipments.

2 MATHERIALS AND METHODS

SimPac I is able to generate in two channels all of
the short, middle and long latency AEP waveforms
mentioned in the introduction. The morphology of
those signals was shown in a previous paper (Freitas

ELECTRONYSTAGMOGRAPHY

et al., 2006). Real signals of AEP were scanned to
obtain 500 samples for each one, and after they were
digitally processed in order to ensure the use of
whole the dynamic range of the 12-bit D/A
converters present in the simulator. Figure 1
contains the blocks diagram of SimPac I. The main
hardware component is the microconverter (pC)
ADuC841 (Analog Devices, 2003), whose CPU is
compatible with Intel’s 8052, modified to execute
instructions to 20 MIPS peak. The simulator does
not require external memories, since it uses only the
uC internal program FLASH and internal RAM.
ADuC841 is responsible for waveforms generation
using DDS technique (Digital Direct Synthesis),
starting from the sample tables stored in FLASH
memory (Grover and Deller, 1999). Energy is
provided by four NiMH 1.2V batteries, or by 5 V
external source. The microconverter requires 5 V
supply while the analog circuits are supplied by a
symmetrical voltage of £5 V. Those voltages are
generated by a circuit which combines boosts with
switching capacitors and inverters. The complete
power circuit uses two chips LM2621 (National),
one ADM8660 (Analog Devices) and one ICL7662
(Maxim), including also a soft starter commanded
by pC. User's interface was remodeled regarding
SPEA. The rotary encoder and the push-buttons
were substituted by a membrane keyboard and a
graphic liquid crystal display (GLCD) with 8
kpixels. The GLCD driver is made by the uC itself,
through the ports PO and P2.

The effective AEP simulated signal generation
depends on an external request, since the averaging
operation demands synchronism between auditory
stimuli and electric signal acquisition. That external
event consists of applying a voltage border in the
"external trigger" input. The direction of the border,
rise or fall, can be programmed in the simulator.

Manual trigger /N usB
UART /| Interface :@
— ——{INTO Output 1
N
Optical Schimitt BLASH D Smoothing :>Q
S [ DACH flers P atlnuators
L \ ADuC841BS62-5
INT1 A
SPI
External trigger | * Output 2
P/
NiMH bateries GLCD
P2 128 x 64 pixels

‘ ‘ DVDD  AvVDD

+5V * * +5Vanalog Keyboard

External 5VDC[ ) Power supply

-

+5V, -12V

+5Vanalog, -5Vanalog

Figure 1: SimPac I blocks diagram.
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For test and continuous type signals generation,
a button named "manual trigger" was included. In
any trigger type, manual or external, the pulse passes
through a Schmitt trigger circuit that gives to the uC
an interrupt signal free from bouncing.

Manual trigger causes the INTO core interrupt,
while external trigger causes the INT1 core
interrupt.

The D/A conversion rate is set by an internal pC
timer, which is reprogrammed in agreement with the
selected signal to be generated. Each D/A output is
followed by a conditioning circuit that filter (low-
pass reconstruction) and reduce the signals to the
real voltage levels observed in the human body
signals. The amplitude adjustment is made by an
attenuator of 120 dB in range and 0.5 dB in
resolution, programmed through the uC SPI port.

2.1 Software

When the equipment is turned on, the software
exhibits a greeting message in GLCD, which is
followed by the main menu. Starting from that menu
the user can select the signal to be simulated. For
each signal, a specific sub-menu is exhibited
allowing adjustment of parameters as frequency,
amplitude, heart rate, angular velocity and others.
When the generation of a signal associated with the
external trigger is requested, the first task is to
program the reference timer with the corresponding
value for the signal’s sample rate. In the interrupt
INT1, the timer is trigged and its service routine is
responsible for the DDS signal generation. EcochG,
ABR, MLR and LLR are reproduced in the same
way: at each INT1 interrupt, a finite loop transfers
the samples stored in FLASH memory to the D/A
converters. The software routine which generates
P300 and MMN signals alternate the reproduction of
frequent and rare signals, stored in different tables,
to simulate the physiologic response to stimulation.
From each INT1 interrupt, the software establishes
which signal should be generated. The signals
generation sequence is established through an
oddball table also stored in FLASH. For generation
of the ECG signals, the start is given by the manual
trigger button. The timer defines the D/A conversion
rate and the different heart beat frequencies are
simulated varying the pause among two groups of
complex P-QRS-T and the T duration itself. For
ENG signals the technique is similar to that of ECG,
however the variations of angular velocity are
simulated changing the sweeping step of the tables
recorded in FLASH memory. The parameters used
on the SimPac [ software regarding signal
characteristics are presented in Table 1. The

132

different combinations of periods and D/A
conversion rates are obtained programming the
reference timers prior to starting the generation of
each signal.

The SimPac I embedded software was developed
in C language with aid of the pC/51 V1.20.04
programming tool (Wickenhaeuser, 2005). After the
code compilation, the software was downloaded to
the program FLASH memory using WSD 6.7
(Analog Devices), and tests were made, which are
showed in next section.

Table 1: Main characteristics of simulated signals.

Signal Amplitude Period/frequency D/A Rate
EcochG 0.5 pV typical Sms 100 ksps
ABR 1 nV typical 10 ms 50 ksps
MLR 3 puV typical 50 ms 10 ksps
LLR 5 uV typical 500 ms 1 ksps
P300 5 uV typical 500 ms 1 ksps
MMN 5V typical 500 ms 1 ksps
ECG 0.5-1-2mV 30-60-120-240 BPM 500 sps
ENG 0.1-0,5-1-2 mV 1-125 degrees/s 500 sps

Sine  0.5-1-2-10 mV  0.05-0.1-10-50-60-100 Hz 500 sps
Square  0,5-1-2-10 mV  0,05-0,1-10-50-60-100 Hz 500 sps

3 RESULTS

The ADuC841 was welded on the LQFP-to-DIL
adapting board showed in Figure 2, developed to
facilitate the access to the microconverter pins.
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Figure 2: Adapter board from LQFP to DIL used in the
prototype, evidencing the ADuC841 pC and the serial
download interface to internal FLASH.

The other prototype components were mounted on a
universal pre-drilled board, and the whole circuit
was conditioned in a plastic box (Phoenix
Mecano/BOPLA), as it can be observed in Figure 3.
SimPac 1 prototype was exhaustively tested with a
commercial AEP equipment (Contronic, 2007),
presenting all AEP signals with synchronism,
amplitude and timing as expected.
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Figure 3: SimPac I layout.

Some of these signals are presented through the
software ATC Plus version 2.1.59 (Contronic,
2007a), and they are shown in Figures 4 through 6.
It is possible to note the perfect repetition of the
AEP signals generated by SimPac I.
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Figure 6: Simulated MLR (with VEMP) signal.

In Figures 7 and 8 some ECG and ENG signals from
SimPac I can be seen, which were registered directly
from the DAC outputs with the aid of a Rigol
DS5102MA  oscilloscope. These simulated ENG
signals are being used in another project for
validation of automatic algorithms intended to
calculate the slow component of angular velocity of
positional, caloric and rotary nystagmus.

Figure 7: Simulated ECG signal at 60 and 120 BPM.

Figure 8: Simulated ENG at several angular velocities,
clockwise and counter clockwise.
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4 DISCUSSION

SimPac I carried out all the expected basic functions.
Several improvements were made regarding the
previous prototype (SPEA): ECG and ENG signals,
inclusion of performance signals intended to be used
on amplifiers and filters verification (sine and
square), inclusion of optical isolation in the external
trigger input, new user interface using GLCD,
function keyboard and soft starter. A circuit for USB
communication was added to make easy the future
inclusion of new signals to simulate.

For next version we intend to add a white noise
generator to simulate the EEG signal in which the
auditory evoked potential is immersed. That
characteristic will allow extension of the tests of
AEP equipments to the averaging quality.

Some simulators in the market generate
waveforms through complex mathematical formulas,
demanding digital signal processors for its
implementation. SimPac I generates the waveforms
from samples tables by DDS, and the execution can
be made through a simple microconverter. The
SimPac I main advantages are: the generation of
signals that resemble those observed on biological
systems, however with known amplitudes and
latencies; the generation of signals with excellent
repeatability; the substitution of the patient or
volunteer during the development of medical
equipments; and also in development, the
elimination of undesired factors of difficult control,
such as the electrode-skin impedance, other
bioelectric signals like spontaneous EEG or EMG,
and electromagnetic interference.

S CONCLUSIONS

In this work we demonstrated the viability of
creating an equipment intended to simulate AEPs of
several types, ECG, ENG and performance test
signals. SimPac I simulated signals were verified
through a commercial system for AEP acquisition
and a digital oscilloscope, showing reliability and
precision in the requirements of synchronism,
amplitude, timing and repetition. The use of this
simulator can facilitate the software development
and validation for processing AEP, ECG and ENG,
as well as the hardware adjustment in production,
and the preventive and corrective maintenance of
electro-medical equipments.
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Modern digital biomedical devices need a testing and calibrating equipment to asses its functional state with
the appropiate technology, so patient simulators have become an essential tool for maintenance and
biomedical engineers. An interactive virtual instrument was developed in Labview for simulation of healthy
and pathological conditions to test biomedical devices which acquire, register and store temporal evolution
of human physiological variables. In this article we present some details of the design and implementation
of a simple pc-based patient simulator using Labview, in order to obtain a low cost solution for teaching and

practical purposes.

1 INTRODUCTION

Medical science relay for decades on biomedical
devices that technology developed continuously,
such as ECG, EEG and others which had very
limited features at the beginning and were relatively
expensive. As the years went by, we found that these
devices were reducing their size, enhancing
capabilities, adding new features and changing the
visualization and registration ways (Neer, 2003).

On the last two decades, biomedical devices have
had a vertiginous evolution which brought a lot of
new features including non-invasive signal
acquisition, data-processing, automation and others;
but also brought the necessity of calibrating them
and verify its functional state with an appropriate
technology (Bronzino, 1995). Then, patient
simulators for biomedical devices broke into the
market and nowadays they have become an essential
tool for biomedical and maintenance engineers on
every health institutions worldwide.

With the constant advance of technology, not
only biomedical devices but also simulators
incorporated new capabilities and connectivity
improvements. In spite of these evident advantages,
simulators have a high cost, especially for hospitals

and health centres in developing countries, situation
that sometimes turns them into prohibitive and
makes impossible t