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R �ESUM �E

Notre recherche est construite autour de la volont�e de d�evelopper et d'�elargir l'utilisation

des laboratoires sur puce (LsP), d'y int�egrer de nouvelles fonctions et de proposer des ap-

proches de mod�elisation plus rigoureuses. En e�et, les travaux de pointe montrent que pour

r�ealiser des mod�eles mimant le plus �d�element possible les syst�emes vivants, les LsP doivent

�evoluer des simples supports fonctionnalis�es que sont les puces d'analyse et de s�eparation de

l'ADN vers des syst�emes int�egrant davantage de fonctions.

Pour ce faire, nous proposons tout d'abord un premier prototype d'un LsP comprenant

des modules micro�electroniques, micro
uidiques, de communication radio fr�equence et d'ali-

mentation int�egr�ee, pour la s�eparation des particules avec des validations in-vitro. Cette

plateforme a pour objectif d'observer le comportement des particules face �a une variation de

la fr�equence, de la phase ou de l'amplitude du champ �electrique avec di��erentes architectures

d'�electrodes. De plus, �etant programmable et recon�gurable, elle nous a permis de valider

plusieurs concepts, notamment l'identi�cation fr�equentielle des micro et nanoparticules. Cette

derni�ere repr�esente notre principale contribution qui pourrait, �eventuellement, ouvrir la porte

�a plusieurs recherches notamment celles portant sur l'identi�cation des maladies neurod�eg�e-

n�eratives.

Notre but �etant d'o�rir une grande 
exibilit�e dans la mod�elisation, nous pr�esentons une

nouvelle approche pour mod�eliser les LsP dans laquelle le comportement des particules est

mod�elis�e en tenant compte de l'architecture des �electrodes, des signaux appliqu�es et des pro-

pri�et�es biologiques du milieu. Cette premi�ere mod�elisation en son genre est une approche

hybride combinant une mod�elisation par �el�ements �nis �a l'aide d'ANSYS et une impl�emen-

tation d'un algorithme sur Matlab. Elle permet de calculer la position d'une particule dans

un microcanal en se basant sur les r�esultats fournis par ANSYS. Cette mod�elisation pr�esente

de nombreux avantages dont notamment, la possibilit�e d'identi�er l'emplacement d'une par-

ticule avec pr�ecision en 3D, en plus de valider la s�eparation des particules �a travers toute la

profondeur du microcanal, ce qui n'est pas possible en se basant uniquement sur les r�esultats

exp�erimentaux.

De plus, nous avons fabriqu�e le syst�eme complet avec une architecture 3D de 5 PCB,

une plateforme micro
uidique, un contrôle sans �l par Bluetooth et un bloc d'alimentation

programmable et int�egr�e dans un même microsyst�eme. Toute la partie micro�electronique du

LsP a �et�e impl�ement�ee sur une puce micro�electronique fabriqu�ee avec la technologie CMOS

0.18� m de TSMC. Quant �a l'architecture micro
uidique, elle a �et�e fabriqu�ee avec les proc�ed�e

Sensonit et Lionix.
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A BSTRACT

Our research project is devoted to develop and extend the use of laboratories on chip

(LoC), and to add to them new functions and more rigorous modeling techniques. Without

a doubt, the state of art shows that, in order to create models that re
ect living organisms

best, LoCs need be more evolved systems that serve more functions than simple and limited-

function DNA chips.

To do so, we propose a �rst prototype of a Lab on Chip with microelectronic and micro
u-

idic modules, and integrated radio-frequency communication and power supply to separate

the di�erent particles in the cerebrospinal 
uid with validations done in vitro. The purpose

of this platform is to observe the particles' behaviour when facing a change in the electric

�eld's, frequency, phase, or amplitude, all this using di�erent architectures of electrodes.

Moreover, the platform is programmable and recon�gurable, which is important as it allows

the validation of many concepts, such as the frequency separation of micro and nanoparti-

cles. This platform actually represents our main focus in this research. We believe that it

will eventually lead to many other research and medical advancements, such as identifying

the source of many degenerative neurological disorders.

We also came up with an innovative approach to give a greater 
exibility to the mod-

eling of LoCs. This approach consists of modeling the behaviour of particles based on the

architectural design of the electrodes, the applied signals, and the biological properties of

the medium. This �rst type of modeling is based on a hybrid approach between a Finete

element modeling using ANSYS, and an algorithmic implementation on Matlab that makes

it possible to calculate each particle's position in a micro canal based on the results provided

by ANSYS. Such modeling has many advantages; for example, it can precisely identify the

location of a particle in 3D, as well as separate the particles throughout the whole micro

canal, all of which is not possible based on experimental results.

Also, we built this system entirely with a 3D architecture of PCB, a micro
uidic platform,

a Bluetooth wireless controller, and a source of power supply integrated all in one microsys-

tem. The whole microelectronic part of the LoC is put on a microelectronic chip made with

the CMOS 0.18�m TSMC technology. As for the micro
uidic architecture, it was fabricated

using both the Sensonit and Lionix processes.
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I NTRODUCTION

Objectifs de la recherche

La manipulation des cellules biologiques �a tr�es petite �echelle suscite beaucoup d'int�erêt

de recherche (Zhanget al., 2010; Burgarellaet al., 2013; Fritzschet al., 2013; Kodamaet al.,

2013). En e�et, les analyses du comportement des cellules, de leur morphologie ainsi que de

leur concentration permettent de pr�evenir ou d�eceler des maladies, des empoisonnements et

sont d'une grande utilit�e dans de nombreuses applications comme le s�equen�cage de l'ADN,

la caract�erisation des neurotransmetteurs, la mesure du pH et du taux de glucose. Dans

une approche conventionnelle, ces analyses n�ecessitent d'abord un pr�el�evement puis l'extrac-

tion de di��erents liquides, la puri�cation des �echantillons et �nalement la quanti�cation des

di��erents �el�ements s'y trouvant. Par cons�equent, la moindre erreur de quanti�cation peut

engendrer un mauvais ou faux diagnostic avec les cons�equences n�efastes qui peuvent en d�e-

couler, notamment pour le patient, le biologiste ou le m�edecin. C'est pour cette raison que la

quanti�cation est une �etape critique qui n�ecessite des protocoles exp�erimentaux souvent tr�es

�elabor�es. Par exemple, a�n de quanti�er les cellules dans des laboratoires d�edi�es, la premi�ere

�etape consiste �a s�eparer les di��erents liquides pr�esents par une centrifugeuse. Pour y parve-

nir, il faut absolument disposer d'un volume signi�catif de l'�echantillon �a analyser (quelques

millilitres). Or, cette approche s'av�ere inappropri�ee pour des mesures avec des �echantillons

de quelques picolitres ou moins. C'est ainsi que le besoin d'�etudier des volumes aux �echelles

microscopiques et nanom�etriques a suscit�e l'int�erêt d'avoir des m�ethodes de s�eparation qui

o�rent une grande r�esolution, un temps d'analyse plus court et qui sont capables de s�eparer

des m�elanges comportant de tr�es faibles concentrations de mol�ecules.

De ce point de vue, les laboratoires sur puce (LsP) constituent une solution de choix. Un

LsP ou Laboratory-on-Chip (LoC) en anglais, est un ensemble de microsyst�emes micro�elec-

troniques, chimiques, biologiques et micro
uidiques interconnect�es pour proc�eder �a l'analyse

biologique d'un �echantillon, formant ainsi un dispositif m�edical intelligent (DMI).

Un LsP est �a la base compos�e de deux fonctions principales : l'�echantillonnage qui inclut

le compartiment de manipulation et la d�etection qui est compos�ee des modules d'acquisition

et d'analyse. Ces proc�ed�es peuvent �egalement être r�ealis�es �a l'int�erieur de microcanaux isol�es

et de micros chambres.

Dans la pr�esente th�ese, nous nous int�eressons, particuli�erement, �a la transmission nerveuse

dans le but d'implanter dans le cortex un DMI pour d�eceler tout dysfonctionnement dans

la transmission du 
ux nerveux. Cette transmission nerveuse est g�er�ee par des mol�ecules
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appel�ees neurotransmetteurs.

L'objectif de nos travaux de recherche est de pouvoir d�evelopper un dispositif capable de

s�eparer des micro ou nanoparticules sans aucune incidence sur son environnement qui est le

tissu c�er�ebral dans notre cas.

En e�et, nous nous int�eressons �a la manipulation et la d�etection des neurotransmetteurs

pr�esents dans le cortex �a l'interface entre les neurones a�n d'analyser l'activit�e chimique.

Ainsi, plusieurs aspects importants sont �a consid�erer lors de la conception d'un LsP d�edi�e �a

cette �n.

Tout d'abord, comme il existe plusieurs types de neurotransmetteurs dans le cortex, tels

que la dopamine et le GABA parmi d'autres, il est d'abord n�ecessaire de disposer d'une

m�ethode appropri�ee pour les s�eparer. Pour ce faire, les biocapteurs sont largement utilis�es.

Le principe de base d'un biocapteur est de transformer une propri�et�e biochimique d'un ph�e-

nom�ene biologique en un signal �electrique qui peut être trait�e pour extraire les r�esultats

d'analyse. Toutefois, les dispositifs existants ne permettent de d�etecter qu'un type de neuro-

transmetteur particulier. Alors que le besoin r�eel est de pouvoir identi�er plusieurs types de

neurotransmetteurs.

Aussi, la majorit�e des dispositifs de contrôle et d'observation du fonctionnement c�er�ebral

existants se basent sur la d�etection des signaux �electriques ou sur la stimulation par des �elec-

trodes ins�er�ees dans le tissu c�er�ebral. Ces �electrodes sont souvent assez profondes (> 5 mm),

ce qui peut malheureusement g�en�erer une in
ammation localis�ee (Filyet al., 2011; Farris

et al., 2008). De plus, le corps humain a tendance �a consid�erer les �electrodes comme un corps

�etranger et d�eveloppe des m�ecanismes de protection �a travers des cellules appel�ees<Giant

cell> en anglais, qui ont pour e�et de bloquer la propagation du signal �electrique en augmen-

tant l'imp�edance de l'�electrode. En cons�equence, le rendement des �electrodes d�ecrô�t au fur

et �a mesure que le corps s'y adapte. Par ailleurs, des travaux de recherche ont montr�e que

le corps humain a tendance �a g�en�erer des liaisons neuronales ou cellulaires dans le dispositif

lui même, ce qui contribue �a la d�egradation de la qualit�e du signal d�etect�e et transmis (Bosi

et al., 2013; Tienet al., 2013).

De plus, dans les dispositifs d�ej�a d�evelopp�es, les �electrodes sont implant�ees directement

dans le corps pour d�etecter des signaux �electriques ou pour en envoyer. Dans les deux cas,

il s'agit soit d'une interpr�etation indirecte des ph�enom�enes chimiques ou biologiques ayant

lieu ou bien d'une stimulation pour induire des r�eactions biologiques. La limite principale,

dans le cas de la mesure de l'activit�e �electrique, est qu'il est impossible de d�eduire si les

signaux d�etect�es sont in
uenc�es par les in
ammations dues �a l'insertion des �electrodes ou �a

l'application des stimulations.

Aussi, pour proc�eder �a la d�etection, un syst�eme d'�echantillonnage et de m�elange de r�eactifs
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doit être int�egr�e dans la structure micro
uidique et contrôl�e par une puce micro�electronique.

Par ailleurs, le LsP doit être capable d'analyser les substances dans un intervalle de temps

tr�es court. Cette contrainte exige l'�echantillonnage d'une quantit�e de liquide de l'ordre des

nano litres pour acc�el�erer l'analyse. Le traitement d'une faible quantit�e de liquide implique

l'utilisation de tensions de faible amplitude pour la s�eparation des particules, ce qui r�eduit la

consommation d'�energie d'un tel syst�eme facilitant ainsi son implantation dans des organismes

biologiques et en particulier dans le cortex c�er�ebral.

Un d�e� est de pouvoir int�egrer tout le proc�ed�e de manipulation et de d�etection dans un

LsP de quelques millim�etres a�n de permettre �a ces dispositifs d'̂etre plac�es dans des zones

du corps humain ne causant aucun dommage au patient et sans introduire une perturbation

majeure �a la circulation des liquides corporels ou �echanges mol�eculaires.

M�ethodologie de la recherche

La technologie des biocapteurs est le noyau central du microsyst�eme que nous comptons

d�evelopper. Elle permet de s�electionner les mol�ecules ou les substances chimiques que nous

voulons analyser et �etudier dans un �echantillon de quelques picolitres. De tels dispositifs

miniatures et implantables n'existent pas encore. En e�et, toutes les approches d'analyse

des substances chimiques se r�ealisent actuellement par des appareillages d'envergure ou des

robots qui n�ecessitent un temps de traitement tr�es long.

Nous nous int�eressons aussi �a la di�electrophor�ese (DEP) comme m�ethode de manipulation

des micro et nanoparticules (500 nm �a 4µm). La DEP consiste en la manipulation de cellules

(particules ou mol�ecules) par le champ �electrique. Sous l'e�et d'un champ �electrique, ces

cellules se polarisent et selon leurs propri�et�es �electriques et du milieu de culture dans lequel

elles baignent, elles sont attir�ees vers les zones de champ minimal ou maximal.

De plus, nous proposons une approche compl�etement di��erente de ce qui existe d�ej�a. Plus

pr�ecis�ement, au lieu d'aller chercher l'information dans le tissu ou le liquide biologique, nous

proposons d'�echantillonner le liquide biologique et de l'injecter dans des microcanaux dans

lesquels des �electrodes sont impl�ement�ees dans un LsP. Ainsi, les �electrodes ne sont plus en

contact direct avec le tissu, alors que le LsP l'est. L'avantage d'un LsP est le fait qu'il est

un dispositif pouvant regrouper des m�ecanismes lui permettant de contrecarrer les moyens

de protection du corps. Ces m�ecanismes peuvent être un r�eservoir contenant des substances

permettant d'�eliminer le tissu cr�e�e autour du LsP.

Nous proposons aussi d'analyser directement la composition chimique ou biologique des

liquides �echantillonn�es dans des microcanaux fabriqu�es dans des LsP. Ainsi, nous �eliminons

toute perturbation due au dispositif, plus particuli�erement dans le cas des neurotransmetteurs
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dont la concentration peut changer suite �a n'importe quelle intrusion non biocompatible.

Contributions

Les travaux pr�esent�es dans cette th�ese o�rent plusieurs aspects novateurs. L'innovation

s'inscrit, en particulier, dans le cadre de l'introduction d'un syst�eme de d�etection de la varia-

tion de la concentration des mol�ecules en temps r�eel avec un temps de d�etection tr�es court,

une sensibilit�e accrue et une meilleure pr�ecision en se basant sur l'identit�e fr�equentielle des

particules. Ainsi, nos principales contributions sont :

{ La conception d'un LsP capable d'e�ectuer une s�eparation de particules par identi�-

cation fr�equentielle pour une plage de fr�equence allant jusqu'�a 1.2 MHz. Cette identi-

�cation se fait par l'entremise de la di�electrophor�ese. Nous avons, en e�et, r�ealis�e une

s�eparation des microparticules de carboxyl-modi��e ayant des diam�etres de 0.22µm,

0.97µm et 2.04µm en utilisant la di�electrophor�ese (DEP) avec une tension inf�erieure �a

1.7 V et des �electrodes de dimensions inf�erieures �a 10µm (del Carmen Jaramilloet al.,

2013; Nakano et Ros, 2013; Invitrogen, 2013)En e�et, la manipulation di�electrophor�e-

tique conventionnelle n�ecessite des tensions dans l'ordre des kV et est principalement

utilis�ee dans la s�eparation de l'ADN (del Carmen Jaramilloet al., 2013; Nakano et Ros,

2013). De notre part, nous sommes parvenus �a r�eduire cette tension par rapport �a la

majorit�e des travaux de recherches dans ce domaine. Il nous �etait possible d'attribuer �a

chaque particule une fr�equence propre qui permet de l'identi�er selon l'architecture des

�electrodes. Nous proposons un prototype bas�e sur un contrôle en temps r�eel de la fr�e-

quence et du d�ephasage des tensions appliqu�ees, et ce dans le but d'avoir une meilleure

s�electivit�e des particules d�ependamment de leurs dimensions et la conductivit�e du mi-

lieu.

{ Le d�eveloppement d'un syst�eme complet capable de r�ealiser le fonctionnement pr�ec�e-

demment d�ecrit dans l'objectif de l'implanter dans le corps humain.

Ce syst�eme complet a �et�e fabriqu�e avec une architecture 3D de 5 PCB incluant une

plateforme micro
uidique, un contrôle sans �l par Bluetooth et un bloc d'alimentation

programmable et int�egr�e dans ce même LsP.

Nous proposons aussi une approche qui se base sur la biod�etection �a base de LsP int�e-

grant des dispositifs de technologie hybride (micro�electronique, micro
uidique, encapsu-

lation, MEMS), qui peuvent r�ealiser toutes les tâches requises comme l'�echantillonnage,

la s�eparation, la manipulation, la d�etection, les analyses et la classi�cation de donn�ees

pour parvenir �a la d�etection d'une anomalie li�ee �a la concentration des mol�ecules dans
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le liquide �echantillonn�e.

Les microsph�eres ont �et�e test�ees avec trois di��erentes architectures d'�electrodes (U, L

et carr�ee) pour le m�elange et la s�eparation des particules. La d�etection capacitive se

fait par l'interm�ediaire d'�electrodes interdigit�ees qui ont �et�e test�ees avec de l'�ethanol,

des solutions salines avec des algues et de l'eau non-ionis�ee. Les dimensions de la puce

permettant ces op�erations sont de 1.2 mm x 1.2 mm avec une tension de 1.7 Vpp et un

d�ephasage contrôl�e des signaux appliqu�es de 0� et 180� .

{ La proposition d'une approche de mod�elisation d'un LsP nous permettant d'anticiper

le comportement du dispositif, ainsi qu'une plateforme de prototypage pour valider

le concept d'un LsP int�egr�e. En e�et, nous pr�esentons une nouvelle m�ethode de mo-

d�elisation versatile et multidisciplinaire d'un LsP dans laquelle le comportement des

particules peut être mod�elis�e en tenant compte de l'architecture des �electrodes, des

signaux appliqu�es et des propri�et�es biologiques du milieu. Cette premi�ere mod�elisa-

tion en son genre se base sur une approche hybride combinant une mod�elisation par

�el�ements �nis �a l'aide d'ANSYS et une impl�ementation d'un algorithme sur Matlab

permettant de calculer la position de la particule dans un microcanal en se basant sur

les r�esultats fournis par ANSYS. Cette mod�elisation pr�esente de nombreux avantages,

dont notamment la possibilit�e d'identi�er l'emplacement de la particule avec pr�ecision

en 3D, en plus de valider la s�eparation des particules �a travers toute la profondeur du

microcanal, ce qui n'est pas possible en se basant uniquement sur les r�esultats exp�eri-

mentaux. Au �nal, toute la partie micro�electronique du LsP a �et�e impl�ement�ee sur une

puce micro�electronique fabriqu�ee avec la technologie CMOS 0.18µm de TSMC. Quant

�a l'architecture micro
uidique, elle a �et�e fabriqu�ee avec le proc�ed�e Sensonit et un autre

proc�ed�e de microfabrication de haute densit�e d'�electrodes que nous avons d�evelopp�e et

brevet�e.

Plan de la th�ese

Les chapitres 1 et 2 introduisent respectivement les notions fondamentales utilis�ees dans

cette th�ese et une revue de litt�erature d�etaill�ee. Le chapitre 3 expose la m�ethodologie de

recherche adopt�ee.

Dans le chapitre 4, nous pr�esentons la plateforme de prototypage qui a pour objectif d'ana-

lyser le comportement des particules suite �a une variation de la fr�equence, de la phase ou de

l'amplitude du champ �electrique avec di��erentes architectures d'�electrodes. Cette plateforme

est programmable et recon�gurable, ce qui est important pour nous permettre de valider

plusieurs concepts, notamment l'identi�cation fr�equentielle des micro et nanoparticules. Ce
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chapitre a fait l'objet d'un article de revue intitul�e "New Versatile and Recon�gurable Fast

Prototyping Micro
uidic System Design for Dielectrophoretic Manipulations and Capacitive

Detections" soumis �a la revue "Sensors and Actuators B" d'Elsevier.

Le chapitre 5 pr�esente l'architecture d�etaill�ee de la puce micro�electronique qui a �et�e fa-

briqu�ee pour contrôler le LsP. La fabrication a �et�e r�ealis�ee suite aux r�esultats obtenus par

la plateforme de prototypage qui ont valid�e la mod�elisation accomplie. Ces travaux ont �et�e

publi�es dans la revue "IEEE Transactions on Biomedical Circuits and Systems". L'article

est intitul�e "Dielectrophoresis-Based Integrated Lab-on-Chip for Nano and Micro-Particles

Manipulation and Capacitive Detection".

Le chapitre 6 pr�esente les r�esultats exp�erimentaux portant sur la s�eparation des micro et

nanoparticules en utilisant la plateforme de prototypage et le syst�eme int�egr�e sur puce. Ce

chapitre a fait l'objet d'un article de revue publi�e dans la revue "Analog Integrated Circuits

and Signal Processing" de Springer. L'article s'intitule "Low-Voltage Lab-on-Chip for Micro

and Nanoparticles Manipulation and Detection : Experimental Results".

Dans le chapitre 7, nous pr�esentons une nouvelle mod�elisation pour les LsP dans laquelle

la mod�elisation de la DEP a �et�e int�egr�ee pour la premi�ere fois dans une simulation �a �el�ements

�nis pouvant être appliqu�ee �a n'importe quelle architecture d'�electrodes et de microcanaux.

Cette contribution a fait l'objet d'un article de revue intitul�e "Hybrid Modeling Method

For a DEP Based Particle Manipulation" accept�e pour publication dans la revue MDPI

(Multidisciplinary Digital Publishing Institute) Sensors.

Le chapitre 8 pr�esente une discussion g�en�erale concernant les travaux �elabor�es. Finale-

ment, la conclusion est une synth�ese de notre recherche et expose les futures perspectives qui

en d�ecoulent.
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CHAPITRE 1

Notions fondamentales sur la neurotransmission et les techniques de

biod�etection

1.1 Mise en contexte

La neurotransmission est au centre de recherches intensives pour mieux comprendre les

interactions chimiques qui se produisent dans le cerveau et qui conditionnent nos compor-

tements, humeurs et �emotions. �A la base de la neurotransmission, on retrouve de petites

mol�ecules de quelques nanom�etres de dimension appel�ees neurotransmetteurs qui sont res-

ponsables de toute la chimie c�er�ebrale. Chez un patient en bonne sant�e, la concentration

des neurotransmetteurs dans le cerveau est �a des proportions �equilibr�ees permettant l'inhi-

bition et l'activation de plusieurs canaux de sorte que les signaux �electriques se propagent

correctement �a travers un r�eseau de neurones.

Le neurone est une cellule nerveuse qui est principalement constitu�ee d'un axone, des

dendrites, du corps de la cellule et de son noyau, tel qu'indiqu�e �a la Figure 1.1.

Dentrite
s 

Corps de 
la cellule 

Noyau de 
la cellule 

Axone 

Figure 1.1 Structure d'une cellule nerveuse

Le rôle des dendrites est de collecter l'information, alors que l'axone la transmet. Les

axones peuvent avoir une longueur de quelques microm�etres jusqu'�a quelques m�etres chez

certains animaux. Les informations �emises par le neurone sont achemin�ees au niveau des

terminaisons nerveuses (i.e. la �n de l'axone). Quant au noyau de la cellule, il constitue la

partie centrale du traitement de l'information.
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D'un point de vue �electrique, le potentiel de repos d'une cellule correspond �a une inactivit�e

du neurone. L'amplitude et la direction de propagation du potentiel d'action dans un neurone

sont conditionn�ees par les concentrations des ions �a l'int�erieur et �a l'ext�erieur de la membrane

cellulaire. En g�en�eral, le potentiel d'action varie entre -15 mV et 100 mV. Par exemple, dans

les membranes du plasma, les principaux ions en question sont les Na+ et les K+ .

La di��erence de potentiel peut être mesur�ee par l'insertion de micro�electrodes de sorte

qu'il soit possible de d�eceler un exc�es d'ions correspondant �a un exc�es de charges positives

ou n�egatives. L'�electrode est ins�er�ee �a l'int�erieur d'une cellule ou au niveau du cytoplasme et

dans le milieu extracellulaire. Une fois qu'une cellule nerveuse est stimul�ee (i.e. d�epolaris�ee) au

dessus de son seuil, une propagation est d�eclench�ee sans la n�ecessit�e d'une autre stimulation.

C'est ce qui est d�e�ni par la loi du tout ou rien. Cette propagation correspond, en r�ealit�e, �a un

mouvement d'ions ou ce que l'on d�esigne aussi par le potentiel d'action (PA). Le mouvement

des ions se fait �a travers des canaux qui sont activ�es par des portes caract�eristiques des

cellules. La g�en�eration du potentiel d'action ou le mouvement d'ions cr�ee une di��erence de

charge entre l'int�erieur et l'ext�erieur de la membrane, ce qui conduit �a une d�epolarisation

locale de la membrane, tel que montr�e �a la Figure 1.2.
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Figure 1.2 Principe de propagation du potentiel d'action

Le potentiel d'action est g�en�er�e d�es qu'une stimulation atteint le seuil minimal de conduc-

tion d'une cellule pour le d�eclenchement du PA. Ainsi, peu importe la puissance de la sti-

mulation, le PA est le même une fois que le seuil est d�epass�e. La vitesse de propagation du

PA dans un axone my�elinis�e est de 120 m/s, ce qui est 20 fois sup�erieur �a la vitesse dans un

axone non my�elinis�e. De plus, le PA ne peut être g�en�er�e qu'au niveau du n�ud de Ranvier,

ce qui correspond �a l'endroit o�u l'axone n'est pas couvert par une couche de lipide appel�ee

my�eline. Le rôle de cette couche de my�eline est d'augmenter la vitesse de propagation du PA.

Son absence peut aboutir �a une d�efaillance du syst�eme immunitaire de sorte que le PA ne

peut plus se propager dans le syst�eme nerveux, ce qui provoque la scl�erose en plaque.

Cependant, pour di��erencier la puissance du stimuli, d'autres m�ethodes peuvent être
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utilis�ees comme :

{ Le nombre de cellules nerveuses activ�ees par la stimulation.

{ La fr�equence du PA : en e�et plus le stimulus est puissant, plus la fr�equence du PA est

�elev�ee. Par fr�equence, nous faisons r�ef�erence �a la vitesse de g�en�eration du PA.

1.2 Motivations

Les cellules neuronales sont connect�ees avec leurs cellules cibles �a travers les synapses. Ces

connexions ne sont pas directes. L'espace s�eparant les neurones de leurs cibles est de l'ordre

de deux dizaines de nanom�etres. Cet espace d�elimite en fait deux r�egions qui repr�esentent

l'�emetteur et le r�ecepteur. Du côt�e �emetteur, le neurone est appel�e cellule pr�e-synaptique,

alors que du côt�e r�ecepteur, il est appel�e cellule post-synaptique. Pour assurer la propagation

du signal �electrique entre le neurone et sa cellule cible, des neurotransmetteurs permettent

d'assurer la jonction entre les cellules pr�e et post-synaptiques. Cette transmission se passe

�a travers des canaux qui lib�erent ces mol�ecules du côt�e de la cellule pr�e-synaptique.�A titre

d'exemple, l'un des neurotransmetteurs responsables de cette transmission pour l'activation

musculaire est l'ac�etylcholine ou la nor�epinephrine.

Prenons un exemple d'une terminaison neuronale au niveau du plasma. Supposons qu'une

impulsion se propage dans un neurone. Arriv�ee au niveau de la cellule pr�e-synaptique, l'im-

pulsion provoque la di�usion des ions Ca2+ �a l'int�erieur de cette cellule. L'augmentation

de la concentration des Ca2+ provoque la lib�eration des neurotransmetteurs. Ces derniers

traversent l'espace inter-cellulaire pour se placer au niveau des r�ecepteurs de la cellule post-

synaptique. Les neurotransmetteurs peuvent avoir deux e�ets sur la cellule post-synaptique :

Un e�et excitateur et un e�et inhibiteur. Dans le cas d'une excitation, les neurotransmetteurs

activent l'ouverture des canaux permettant le passage des cations et ainsi une augmentation

du potentiel qui facilite la propagation d'un PA dans la cellule post-synaptique. Dans le

cas d'une inhibition, les neurotransmetteurs activent l'ouverture des canaux permettant le

passage des anions, ce qui provoque une hyperpolarisation de la cellule et rend ainsi la pro-

pagation du PA plus di�cile. Les neurotransmetteurs gamma-aminobutyric (GABA) sont un

exemple d'inhibiteurs.

Dans le cas de la membrane du plasma, la propagation du PA est contrôl�ee par la dif-

fusion des cations Na+ �a l'int�erieur de la cellule. Ainsi, une hyperpolarisation implique un

potentiel plus n�egatif qui n�ecessitera une compensation plus �elev�ee par les Na+ . La Figure

1.3 montre une connexion neuronale et le principe de communication par l'interm�ediaire de

neurotransmetteurs.

La plupart des neurones re�coivent, en même temps, des neurotransmetteurs inhibiteurs
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rŽcepteur

neurotransmetteurs

Ca2+

Na+

Neurone
pre synaptique

Cellule
post synaptique

Figure 1.3 Transmission des neurotransmetteurs

et excitateurs. Les neurotransmetteurs sont caract�eris�es par une dur�ee de vie tr�es courte. Le

recyclage des neurotransmetteurs se fait par l'interm�ediaires des prot�eines. En e�et, ils sont

d'abord collect�es par des prot�eines dans le milieu inter-neuronal puis ils sont ramen�es �a la

terminaison pr�e-synaptique apr�es avoir �et�e d�etruits par des enzymes. C'est pour cela que l'e�et

d'une impulsion ne dure que quelques millisecondes. Un dysfonctionnement de l'�elimination

des neurotransmetteurs peut avoir un e�et n�efaste. En e�et, ceci induit une impulsion de

longue dur�ee. Imaginons que l'ac�etylcholine n'est pas d�etruit et sachant que l'ac�etylcholine

provoque une contraction musculaire, par cons�equent, il s'ensuivra de violentes contractions

du muscle. Un autre exemple consiste en la dopamine qui est un neurotransmetteur qui

conditionne l'humeur de la personne et qui se trouve localis�e au niveau du syst�eme limbique.

Certaines drogues peuvent agir sur ce neurotransmetteur en rendant son e�et plus permanent.

1.3 D�etection des neurotransmetteurs

La principale di�cult�e technique consiste en la coexistence de plusieurs types de neuro-

transmetteurs dans le cortex. Observation qui contredit le principe de Dale qui stipule que

chaque neurone ne transmet qu'un seul neurotransmetteur et qui aurait, s'il s'�etait av�er�e cor-

rect, facilit�e �enorm�ement les techniques de d�etection (Brownsteinet al., 1974). Chacun des

neurotransmetteurs assure une fonction particuli�ere, mais ils peuvent intervenir dans diverses

maladies et fonctions c�er�ebrales. Ainsi, il est important de di��erencier entre la fonction du
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neurotransmetteur et son action. En r�ealit�e, la transmission nerveuse r�esulte d'une combinai-

son entre neurotransmetteurs inhibiteurs et excitateurs, tel que repr�esent�e �a la Figure 1.4, ce

qui rend leur d�etection encore plus di�cile.
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Figure 1.4 Principe d'action de neurotransmetteurs

Parmi les m�ethodes de d�etection de la dopamine, nous citons par exemple la spectropho-

tom�etrie, les m�ethodes bas�ees sur la 
uorescence, la luminescence chimique, la polarographie

et l'�electrophor�ese capillaire (Ghallab et Badawy, 2004). Cependant, la dopamine qui est un

neurotransmetteur monoamine ne �gure pas dans la zone de couverture de la spectrom�etrie

et donc l'utilisation des techniques bas�ees sur l'e�et 
uorescent se trouvent compromise. Par

contre, l'une des m�ethodes les plus utilis�ees consiste en l'utilisation des �electrodes de �bres

de carbone dont le sch�ema est pr�esent�e �a la Figure 1.6 (Zhanget al., 2003).

Cette technique utilise un �ltre perm�eable aux neurotransmetteurs dopamine ainsi que

des �electrodes permettant de d�etecter la pr�esence ou l'absence de ces neurotransmetteurs. Le

�ltre est utilis�e pour bloquer le passage du glucose qui coexiste souvent avec la dopamine.

L'un des avantages de cette technique est d'augmenter la s�electivit�e. Son inconv�enient est que

le �ltre reste perm�eable �a plusieurs substances dont la dopamine. Nous pouvons remarquer

�a la Figure 1.5 que le courant est extrêmement faible, de l'ordre de 10 nA (au niveau du pic

de la DOPAC) et de presque 5 nA au niveau de la DA.

Quant aux neurotransmetteurs GABA, ils sont plus di�ciles �a d�etecter, bien que plu-

sieurs m�ethodes ont �et�e d�evelopp�ees pour cette �n. Cependant, la d�etection ne se fait pas

directement pour les raisons suivantes :
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Figure 1.5 Chromatogramme de (a) NE ; (b) E ; (c) DA ; (d) DOPAC ; (e)5-HT ; (g) glucose
(Zhang et al., 2003), reproduction autoris�ee

{ Ils ne sont pas 
uorescents ;

{ Ils ne sont pas �electroactifs.

Pour rem�edier �a ce probl�eme, il s'av�ere n�ecessaire de traiter les neurotransmetteurs GABA

pour les rendre r�eactifs.

En conclusion, pour d�etecter les neurotransmetteurs, il n'existe pas �a date une m�ethode

universelle. Ainsi, dans la section suivante, nous explorerons plusieurs autres techniques de

d�etection qui peuvent être utilis�ees pour cette �n. Nous aborderons �egalement les avantages

et les inconv�enients de chaque technique.

1.4 Mise en contexte

Les neurotransmetteurs sont lib�er�es �a partir de v�esicules synaptiques. Le diam�etre ap-

proximatif d'un v�esicule est de 50 nm et il contient approximativement 10000 neurotrans-

metteurs (Purveset al., 2001). D'autre part le diam�etre d'un neurotransmetteur est de l'ordre

de quelques nanom�etres probablement. Autrement, pour pouvoir quanti�er les neurotrans-

metteurs avec une pr�ecision tr�es �elev�ee, il faut que l'espace entre les �electrodes soit du même

ordre de grandeur qu'un neurotransmetteur. Une telle approche est irr�ealisable avec les tech-

niques de conception des microsyst�emes actuels parce que cela implique un contrôle d'un

grand r�eseau de structures nano-m�etriques adress�ees individuellement. Par ailleurs la DEP

qui consiste en la manipulation des particules par champs �electrique est principalement d�e�ni
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Dopamine (DA), norepinephrine (NE), 5-hydroxy-
tryptamine (5-HT), epinephrine (E), 3,4-dihydroxy-
henylacetic acid (DOPAC), ascorbic acid (AA),
glucose oxidase (GOD) (EC 1.1.3.4, type VII-S from

, 229.2 U/mg), glucose, 1% NaÞon
(methanol solution) and bovine serum album (BSA)
were analytical grade (Sigma Company, St. Louis,
MO, USA). Pyrrole was analytical grade (Fluka
Chemie AG, Switzerland) and puriÞed by distilla-
tion, stored in a refrigerator and protected from light.
HAuCl sodium citrate (Shanghai Chemical Re- Fig. 1. Schematic diagram of a thin-layer ßow cell with the
agents Institute, Shanghai, China). All buffer com-Figure 1.6 �Electrodes de �bres de carbone pour la d�etection de la dopamine (DA) (Zhang

et al., 2003), reproduction autoris�ee

par le facteur Clausius-Mossotti. Ce dernier est �a son tour d�e�ni par deux principaux para-

m�etres qui sont la permittivit�e de la particule �a manipuler et du milieu. Ainsi deux approches

sont envisageables en utilisant la DEP :

1.4.1 Manipulation des neurotransmetteurs

Si on suppose que la particule en question est le neurotransmetteur, cela implique une

connaissance de la permittivit�e d'une seule mol�ecule en plus de l'homog�en�eit�e du milieu. Or

la permittivit�e des neurotransmetteurs n'est pas facilement identi�able et le milieu n'est pas

homog�ene puisque plusieurs neurotransmetteurs coexistent ensemble. Ainsi la possibilit�e de

manipuler un seul neurotransmetteur parmi d'autres demeure irr�ealisable pour le moment

�etant donn�e les limitations technologiques.

1.4.2 Manipulation des microsph�eres arti�cielles

Une deuxi�eme approche consiste �a utiliser des microsph�eres arti�cielles de dimensions

su�samment importantes par rapport aux neurotransmetteurs de sorte qu'on peut supposer

que le milieu dans lequel beigne les microsph�eres est homog�ene. Rappelons que ce milieu est

compos�e de LCS. Nous avons ainsi restreint cette recherche aux microsph�eres observables

au microscope optique sans la n�ecessit�e de la 
uorescence pour faciliter les manipulations.

La dimension approximative des plus petites microsph�eres utilis�ees est de 500 nm, qui est
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environ 50 fois plus grande que les plus grands neurotransmetteurs. Dans ce cas, on peut

supposer que l'e�et des neurotransmetteurs se limitera �a la permittivit�e et la conductivit�e

du milieu uniquement et qu'elle aura tr�es peu d'impact sur les microsph�eres. Nos travaux de

recherche consistent donc �a pouvoir identi�er le centre de masse d'un nuage de microsph�eres

arti�cielles de dimensions variant entre 500 nm et 4� m d�ependamment de la conductivit�e

du milieu dans un dispositif miniaturis�e n�ecessitant quelques pico-litres de liquide op�erant

avec des tensions les plus petites possibles en vue de l'implanter dans le cerveau dans une

prochaine �etape. Cela suppose que les microsph�eres arti�cielles auront une identit�e fr�equen-

tielle propre d�ependamment de la conductivit�e et permittivit�e du milieu. Ainsi, cette m�ethode

propos�ee m�enera �a une mesure indirecte de la conductivit�e et permittivit�e de la solution �a

travers l'identi�cation fr�equentielle des microsph�eres. L'identit�e fr�equentielle est d�e�nie par

la fr�equence de passage de la di�electrophor�ese n�egative �a positive ou inversement. Cette fr�e-

quence est li�ee au facteur Clausius-Mossotti. La mesure de la conductivit�e de la solution est

�a son tour li�ee �a la concentration des neurotransmetteurs.

1.5 Techniques de d�etection et de manipulation

1.5.1 Magn�etophor�ese

Avec le d�eveloppement des techniques de microfabrication avanc�ees pour la micro
ui-

dique, la magn�etophor�ese demeure une approche int�eressante. La magn�etophor�ese consiste �a

introduire des nanoparticules dans les cellules �a �etudier pour les marquer (Pamme et Wil-

helm, 2006; Tanaseet al., 2005). Par la suite, les cellules sont inject�ees dans une architecture

micro
uidique dans laquelle un �ltre est incorpor�e. Un champ magn�etique est appliqu�e dans

ou sur le LsP pour faire d�evier uniquement les cellules marqu�ees par les nanoparticules. Mal-

gr�e des r�esultats prometteurs, cette technique pr�esente des inconv�enients pour des dispositifs

implantables :

{ Le coût de l'�equipement n�ecessaire pour r�ealiser tout le dispositif est �elev�e.

{ Le temps de l'analyse cellulaire se trouve allong�e �a quelques heures, ce qui va �a l'encontre

des LsP, o�u l'on cherche �a r�eduire le temps de d�etection et de la manipulation cellulaire.

{ Le risque d'endommager les cellules est �elev�e �a cause de l'introduction des nanoparti-

cules.

{ La n�ecessit�e d'un pr�etraitement avec des marqueurs 
uorescents.

Ces inconv�enients rendent cette technique di�cilement int�egrable dans un LsP.�A titre

d'exemple dans (Pamme et Wilhelm, 2006), les auteurs proposent une nouvelle technique

bas�ee sur la magn�etophor�ese. Les dispositifs qu'ils ont d�evelopp�es, ont n�ecessit�e la g�en�eration

d'un champ magn�etique avec du NdFeB ayant une �epaisseur de 10 mm et un diam�etre de
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20 mm, ce qui demeure �elev�e. Le principe �etant de pouvoir s�eparer des particules par champ

magn�etique d�ependamment de leurs propri�et�es magn�etiques.

La manipulation magn�etique des cellules peut aussi se faire indirectement en utilisant

des nanotubes (Tanaseet al., 2005). En e�et, au lieu de manipuler les cellules, on injecte

des nanotubes dans des microcanaux et on contrôle leur orientation. Ainsi, les nanotubes

jouent le rôle de portes qui laissent passer ou bloquent les cellules magn�etis�ees. Toutefois,

cette technique n�ecessite des �equipements trop volumineux pour être implantable.

1.5.2 M�ethode optique

Plusieurs techniques ont recours �a la m�ethode optique pour la manipulation cellulaire ou

l'utilisent comme un compl�ement �a une autre m�ethode comme la magn�etophor�ese. Dans cette

section, nous pr�esentons l'approche optique bas�ee sur la 
uorescence.

L'une des m�ethodes les plus r�epandues est la FACS (Fluorescence-Activated Cell Sor-

ter), repr�esent�ee �a la Figure 1.7 (Ghallab et Badawy, 2004). Pour assurer la d�etection et la

manipulation, cette m�ethode consiste �a injecter des marqueurs 
uorescents dans les cellules

cibles. Ces derni�eres passent dans une chambre expos�ee �a un rayon laser. Suite �a ce passage,

les cellules marqu�ees �emettent des rayons lumineux qui sont d�etect�es par des composants

opto�electroniques. Par la suite, un signal est envoy�e �a un syst�eme de d�eviation par champ

�electrique qui ne fait d�evier que les cellules marqu�ees. Pour atteindre une tr�es bonne pr�eci-

sion, la FACS proc�ede �a un �echantillonnage par vibration. En e�et, un cycle de vibration avec

une vitesse de 40000 cycles permet d'�echantillonner le liquide en des gouttes extrêmement

petites, ce qui r�eduit le facteur d'erreur de la machine.

L'int�egration de cette technique dans un LsP a donn�e naissance �a la micro FACS (� FACS)

(Tanaseet al., 2005). Les avantages de la� FACS sont sa pr�ecision et sa s�electivit�e �elev�ees.

Cependant, son principal inconv�enient est la n�ecessit�e d'injecter des marqueurs 
uorescents,

son coût �elev�e ainsi que la complexit�e du mode op�eratoire, ce qui n'est pas tr�es souhaitable

pour un LsP.

1.5.3 Di�electrophor�ese (DEP)

La DEP est dûe principalement �a la polarisation �electrique di��erentielle des cellules et du

milieu dans lequel elles se trouvent (Masudaet al., 1987; Pohl et Kaler, 1979; Li et Kaler,

2002). Ces cellules peuvent être soit attir�ees (pDEP) soit repouss�ees (nDEP) par le champ

�electrique E d�ependamment de leurs polarit�es, tel que montr�e �a la Figure 1.8.

Il est primordial de di��erencier entre deux ph�enom�enes importants :

{ L'�electrophor�ese qui fait suite �a l'application d'un champ �electrique uniforme.
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Figure 1.7 Repr�esentation sch�ematique de la FACS (Ghallab et Badawy, 2004), reproduction
autoris�ee

{ La di�electrophor�ese qui fait suite �a l'application d'un champ �electrique non uniforme.

Dans le cas de la di�electrophor�ese, il y a une interd�ependance entre le champ �electrique

appliqu�e, la forme des �electrodes, l'architecture micro
uidique, les dimensions de la particule

�a manipuler et la tension appliqu�ee. De plus, cette technique s'applique pour n'importe quelle

particule, qu'elle soit charg�ee ou neutre. Aussi, la di�electrophor�ese est d�ependante de :

{ La masse.

{ La charge.

{ L'uniformit�e du champ �electrique surtout lors de l'utilisation des �electrodes planaires.

Cependant, la DEP conventionnelle n�ecessite l'utilisation de tensions tr�es �elev�ees de l'ordre

du kV ce qui n'est pas adapt�e �a des dispositifs miniaturis�es et implantables. Ainsi, des archi-

tectures d'�electrodes planaires permettent de r�eduire l'amplitude des tensions �a appliquer sur

les �electrodes pour g�en�erer le champ �electrique ad�equat d�ependamment de la distance entre

les �electrodes. En th�eorie, la di�electrophor�ese g�en�ere un spectre fr�equentiel caract�eristique

de chaque cellule �etudi�ee, permettant ainsi d'e�ectuer les s�eparations ad�equates et l'identi-

�cation des cellules. Ainsi, la di�electrophor�ese a suscit�e beaucoup d'int�erêt et a �et�e souvent

associ�ee �a d'autres techniques utilis�ees avec di��erents mat�eriaux.
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Figure 1.8 Principe de s�eparation des particules par DEP, E �etant unchamp �electrique non
uniforme

1.5.4 Autres m�ethodes de d�etection

L'utilisation des transistors "ISFET" demeure parmi les techniques de d�etection les plus

anciennes (Ghallabet al., 2003; Wong et White, 1989). Le principe de cette technique consiste

�a capturer les mol�ecules pr�esentes dans une solution selon leur pH. Elle est e�cace pour des

solutions homog�enes, mais s'av�ere inappropri�ee pour des solutions h�et�erog�enes. La technologie

des ISFETs a, initialement, �et�e d�evelopp�ee pour connecter la micro�electronique �a la biologie.

Ceci dit, int�egrer un ISFET dans un LsP est r�ealisable, mais exige un traitement de surface

pr�ealable et une circuiterie complexe.

Quant �a la d�etection capacitive, elle se base sur la technique de charge et d�echarge com-

mun�ement connue sous le nom de CBCM (Charge Based Capacitive Measurement). Cette

technique permet de mesurer la variation de la capacit�e entre les �electrodes, cependant sa

s�electivit�e demeure limit�ee. En e�et, �a date, il n'y a pas de r�esultats concluants dans la lit-

t�erature quand �a l'e�cacit�e de cette technique d'un point de vue s�electivit�e (Ghafar-Zadeh

et al., 2008b).

D'autres m�ethodes existent pour la d�etection biologique comme les nanoprobes, les MEMS

(Micro Electro Mechanical System) et NEMS (Nano Electro Mechanical System). Le pro-

bl�eme majeur de ces m�ethodes est qu'elles sont souvent associ�ees �a un autre syst�eme de

commande et de contrôle encombrant pour un LsP (Zhou et Muthuswamy, 2004; Janget al.,

2007; Kakushimaet al., 2001).
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1.6 Conclusion

Parmi toutes les techniques de manipulation que nous avons pr�esent�ees, la di�electrophor�ese

est la m�ethode la plus appropri�ee pour être int�egr�ee dans un LsP. En e�et, la validit�e th�eorique

de la DEP est d�ej�a d�emontr�ee. Elle ne n�ecessite pas une circuiterie encombrante et est peu

coûteuse. Concernant la d�etection, notre choix s'est port�e sur la d�etection capacitive vu sa

sensibilit�e et sa pr�ecision tr�es �elev�ees. En plus, cette technique est hautement int�egrable

dans les LsP. En�n, il importe de mentionner que dans ce chapitre nous avons pr�esent�e les

approches de manipulation et d�etection les plus r�epandues.
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CHAPITRE 2

Revue de litt�erature

Les microsyst�emes �electrom�ecaniques (MEMS) ont d�ej�a une certaine maturit�e en tant que

technologie. Ils ont �emerg�e dans les ann�ees soixante et se sont r�epandus dans une vari�et�e de

produits couramment utilis�es tels que les t�el�eviseurs haute-d�e�nition ou les coussins gon
ables

de s�ecurit�e, ainsi que dans un grand nombre d'applications telles que les t�el�ephones intelligents

actuels ou les contrôleurs de jeux vid�eo. En raison de leur taille et de la facilit�e de les fabriquer

�a faible coût et �a faible consommation d'�energie, les MEMS ont r�evolutionn�e de nombreux

aspects de l'�electronique grand public.

Plus r�ecemment, une nouvelle branche de MEMS a �emerg�e. Il s'agit des syst�emes Biomi-

cro�electrom�ecaniques (BioMEMS) (Ghallab et Badawy, 2005; Leeet al., 2007b; Beckeret al.,

1995) qui sont des dispositifs plus orient�es vers les applications m�edicales et biom�edicales,

telles que le d�epistage des maladies, le s�equen�cage de l'ADN ainsi que la s�eparation et l'ana-

lyse d'�echantillons biologiques. En e�et, les BioMEMS sont, en partie, destin�es au contrôle

et �a la manipulation de tr�es petites quantit�es de 
uides ou d'entit�es biologiques �a l'�echelle

microm�etrique, �eliminant par le fait même, la n�ecessit�e d'�equipements m�edicaux coûteux et

encombrants (Ghallab et Badawy, 2010; Burlesonet al., 2012; Strambini et al., 2012). Le

glucom�etre pour les patients diab�etiques est un bon exemple de l'utilisation des BioMEMS

(?).

Cependant, la part du march�e global des BioMEMS est encore faible par rapport �a d'autres

dispositifs m�edicaux, et ce, malgr�e le nombre de leurs applications possibles. Toutefois, des

�etudes pr�edisent une forte expansion industrielle des BioMEMS dans les ann�ees �a venir. En

e�et, selon le rapport de Yole (Breussin, 2010), le march�e des BioMEMS devrait crô�tre de

18,6 %, 24,6 % et 32,5 % dans la recherche pharmaceutique et biologique, les diagnostics in

vitro et les dispositifs m�edicaux, respectivement. Aussi, il y a d'importants march�es localis�ees

aux Etats-Unis et en Europe avec 40 % et 33 % de la part du march�e mondial, respectivement.

Ce march�e de dispositifs m�edicaux est estim�e �a 267 B$ alors que la part des BioMEMS dans

ce même march�e se limite �a 512 M$ (Roussel, 2013).

Dans ce contexte, le temps de mise sur le march�e est consid�er�e comme une contrainte

importante pour les BioMEMS. En e�et, la fabrication de tels dispositifs peut n�ecessiter

beaucoup de temps �etant donn�e qu'on ne dispose pas de m�ethodes de mod�elisation standards

comme dans le cas des puces micro�electroniques. C'est ainsi que plusieurs travaux de re-

cherche se sont consacr�es �a d�evelopper des m�ethodes de mod�elisation d�edi�ees aux BioMEMS
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(Teymoori et Abbaspour-Sani, 2005; Korsmeyeret al., 2004; Trebotichet al., 2002; White,

2004).

Dans ce chapitre, nous allons tout d'abord, pr�esenter un bref aper�cu sur l'�evolution des

dispositifs m�edicaux vers les laboratoires sur puce ainsi que la revue de litt�erature associ�ee.

Par la suite, nous allons d�ecouvrir davantage les di��erents travaux e�ectu�es dans le domaine

de la mod�elisation des BioMEMS, moyennant une recherche bibliographique plus d�etaill�ee.

2.1 �Evolution des dispositifs m�edicaux vers les LsP et les d�e�s de la miniaturi-

sation

Les dispositifs m�edicaux implantables n�ecessitent une attention particuli�ere vu l'impact

majeur qu'ils peuvent avoir sur la sant�e des patients, particuli�erement les dispositifs qui sont

plac�es au niveau du cortex c�er�ebral. Dans la majorit�e des cas, ces derniers sont compos�es

d'�electrodes de stimulation et de mesure de l'activit�e �electrique, tel que montr�e �a la �gure

2.1. Dans le cas de la stimulation, les �electrodes nous permettent d'avoir des r�esultats de plus

en plus �ables tel que mentionn�e dans (Co�ey, 2009). Par contre dans le cas de la mesure de

l'activit�e �electrique, les r�esultats obtenus par les �electrodes restent tout de même au niveau

de la recherche et ne peuvent pas être g�en�eralis�es.

Figure 2.1 Exemple d'implantation d'�electrodes de stimulation dans le cerveau (Co�ey, 2009),
reproduction autoris�ee

Ceci dit, les dispositifs implantables �a base d'�electrodes pr�esentent plusieurs limites. Dans

(Farris et al., 2008), les auteurs rapportent que des �electrodes implant�ees chez 922 patients

ont en moyenne 5% de d�efaillances dues �a un bris dans l'assemblage de l'implant. De plus,
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15% des 800 dispositifs implant�es dans le cerveau se sont d�eplac�es de leur zone d'implantation

et 4.8% montrent une d�efaillance mat�erielle �a plusieurs niveaux.

Par ailleurs, l'objectif de tout le dispositif m�edical implant�e est soit de d�etecter un dys-

fonctionnement ou de surveiller l'activit�e biologique. Or, les mesures obtenues avec des �elec-

trodes implant�ees dans le tissu sont assujetties �a plusieurs critiques, notamment la �abilit�e

de l'information obtenue par rapport au ph�enom�ene biologique observ�e. En e�et, les donn�ees

enregistr�ees au niveau du cortex d�ependent de ces �electrodes. Ainsi, les mesures obtenues

peuvent contenir deux informations : celles li�ees aux signaux �electriques qui se propagent

dans le cerveau et celles dues au d�eveloppement des tissus p�eriph�eriques �a l'implant.�A titre

d'exemple, dans le cas d'un dysfonctionnement du �a un d�es�equilibre de la concentration mol�e-

culaire (neurotransmetteurs) dans la zone de l'implant, les signaux d�etect�es par les �electrodes

r�esultent de deux ph�enom�enes : L'un est li�e �a un d�es�equilibre mol�eculaire due �a une maladie

ou �a un dysfonctionnement biologique et un autre li�e �a la perturbation engendr�ee par l'im-

plantation des �electrodes, ce qui ne permet pas de faire un lien directe entre la perturbation

de la concentration des neurotransmetteurs et des signaux d�etect�es.

Dans la litt�erature, plusieurs travaux de recherche ax�es sur l'interface cerveau-machine

ont �et�e entrepris pour la stimulation �electrique ou l'enregistrement de l'activit�e neuronale.

La plupart des dispositifs d�evelopp�es utilisent comme interface des �electrodes pour r�ecup�erer

des signaux �electriques dans les tissus biologiques, mais aucune information li�ee �a l'activit�e

chimique ou mol�eculaire n'est d�etect�ee directement. Bien que les signaux �electriques se pro-

pageant dans le cerveau sont �etroitement li�es �a la propagation des neurotransmetteurs, les

donn�ees recueillies ne permettent en aucun cas de con�rmer cette corr�elation. Ceci est du

au manque de connaissances concernant la variation de la concentration des neurotransmet-

teurs dans le cerveau. En e�et, le fait d'ins�erer des �electrodes dans le cerveau d�eclenche des

m�ecanismes de protection qui provoquent une microinfection localis�ee chez plusieurs patients

(Yousif et al., 2008; Nelson et Pouget, 2010) qui engendre �a son tour une perturbation de la

propagation des neurotransmetteurs.

Les LsP constituent ainsi une nouvelle voie �a explorer pour rem�edier aux limites des dispo-

sitifs actuels. En e�et, le LsP est une voie de recherche tr�es active. Des fonctions particuli�eres

ont d�ej�a �et�e r�ealis�ees avec succ�es. Cependant, l'int�egration compl�ete d'un dispositif de micro

analyse demeure encore dans sa phase de prototypage, car les d�e�s de la miniaturisation sont

nombreux.

Plusieurs travaux de recherche ont propos�e di��erentes architectures compactes d'un LsP.

Cependant, vue la diversit�e des composants du LsP, chaque �el�ement (micro
uidique, micro-

�electronique ou biologique) peut avoir un impact sur le comportement global du LsP.�A titre

d'exemple, (Xieet al., 2009) propose un LsP qui permet de mesurer l'imp�edance des bulles
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d'air, ce qui n�ecessite une architecture et une encapsulation particuli�ere pour �eviter toute

interf�erence m�ecanique ou �electrique (Xie et al., 2009). Un des probl�emes qui peut surgir

dans une telle con�guration est l'apparition des bulles d'air ind�esirables lorsqu'on fait des

mesures capacitives sachant que la distance entre les �electrodes est tr�es petite et qu'elles sont

en contact directe avec le liquide. Dans ce cas particulier, les �electrodes injectent un courant

qui provoque l'hydrolyse de l'eau et g�en�ere des bulles d'air secondaires.

D'un autre côt�e, l'encapsulation des di��erents composants d'un LsP repr�esente un d�e�

majeur. (Leeet al., 2006) introduit une nouvelle technique d'encapsulation, connue sous le

nom "Biolab sur circuit int�egr�e" pour des applications utilisant le champ magn�etique pour

la manipulation des particules magn�etis�ees. L'architecture micro
uidique est fabriqu�ee avec

du PDMS et plac�ee directement sur le circuit int�egr�e (Lee et al., 2006; Howladeret al.,

2006). Cependant, cette approche suscite encore beaucoup de questionnements d'un point de

vue biologique. La principale question r�eside dans l'utilit�e d'int�egrer la partie micro
uidique

directement sur la puce micro�electronique. Le fait est que d'un point de vue biologique, l'em-

phase est plutôt mise sur le côt�e application et donc la manipulation biologique et non sur

l'int�egration de tout le syst�eme en une seule pi�ece. L'inconv�enient majeur de cette technique

est la n�ecessit�e de post-traitement sur la puce micro�electronique pour pouvoir d�eposer l'ar-

chitecture micro
uidique et faire les manipulations biologiques. D'un autre côt�e, les auteurs

dans (Han et Frazier, 2005), ont soulev�e les aspects de �abilit�e de l'assemblage et l'int�egration

de syst�emes micro
uidiques, en tenant compte de la taille du syst�eme, la transparence et la

connectivit�e des microcanaux aux dispositifs de tests externes.

De plus, la miniaturisation des dispositifs et la diminution de la consommation d'�energie

qui en d�ecoule n�ecessite plusieurs nouvelles consid�erations d�ependamment de l'application.

Par exemple, dans le cas des LsP utilisant la di�electrophor�ese, diminuer la consommation

d'�energie revient �a diminuer la tension appliqu�ee pour g�en�erer les forces di�electrophor�etiques,

ce qui a engendr�e plusieurs travaux de recherche dans cette direction (Wake et Brooke, 2007;

Miled et al., 2010; Rohet al., 2010; Hu et Sawan, 2002; Tsanget al., 2007). Aussi, l'utilisation

des basses tensions dans le cas de la di�electrophor�ese a abouti �a l'int�egration de la circuiterie

�electronique sur des puces micro�electroniques. C'est ainsi que des auteurs (Wake et Brooke,

2007) ont propos�e une manipulation �electrophor�etique avec une tension de 5 V bas�ee sur une

puce CMOS en utilisant 100 �electrodes o�u chaque �electrode peut être utilis�ee �a la fois pour la

manipulation et la d�etection. D'un autre côt�e, Mod�ero et al. ont pr�esent�e une manipulation

di�electrophor�etique avec une tension de 6.6 V en utilisant une puce CMOS (Medoroet al.,

2007) . Ces deux derniers travaux de recherche se concentrent sur l'int�egration de tout le

concept LsP sur une même puce micro�electronique. Les deux syst�emes sont bas�es sur des

architectures recon�gurables pour traiter individuellement chaque �electrode. Bien que ces
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techniques pr�esentent plusieurs avantages, il est important de mentionner que la technologie

CMOS n'a pas �et�e initialement d�evelopp�ee pour les manipulations biologiques, ce qui implique

un processus post-fabrication pour l'encapsulation.

La fabrication des LsP a aussi amen�e des d�e�s pour r�eduire la dimension des �electrodes.

En e�et, plusieurs nouvelles techniques de microfabrication ont vu le jour. Par exemple, en

utilisant la photolithographie, la gravure �a sec ou la nano-impression, la fabrication des struc-

tures micro
uidiques complexes et des �electrodes est devenue plus abordable pour atteindre

des �electrodes de dimensions micro ou nanom�etriques. En fait, la diminution des dimensions

des �electrodes nous permet d'appliquer des tensions de faibles amplitudes pour g�en�erer un

champ �electrique �elev�e et par cons�equent, des forces �electrophor�etiques et di�electrophor�e-

tiques importantes pour la s�eparation et la manipulation des particules tel que mentionn�e

dans (Masudaet al., 1987; et al., 1998).

Tableau 2.1 Comparaison entre di��erentes techniques de manipulation cellulaire

Ref SsP ou SNI Dimensions
de la parti-
cule

Technique Limitations

(Talary et Pe-
thig, 1994)

SNI cellules de
levure

Technique
optique par
spectrom�e-
trie �a double
faisceaux

Beaucoup d'espace,
coûteuse, complexe,
non int�egrable directe-
ment

(Eyal et
Quake, 2002)

SsP et SNI 2.5�m Marquage 
uo-
rescent

Modi�cation des cel-
lules par le marquage,
couteuse, n�ecessite
beaucoup d'espace et
complexe �a manipuler

(Fuller et al.,
2000)

SNI 8.2�m Mesures d'im-
p�edance

Non int�egrable sur une
architecture micro
ui-
dique

(Medoro
et al., 2003)

SsP avec
PCB

3.4�m LsP �a base de
CMOS et PCB

LsP bas�e sur des PCB

(Ahmadi et
Jullien, 2009)

SsP ou SNI Glucose Biocapteur du
glucose

D�edi�e �a la d�etection du
glucose

(Pamme et
Wilhelm,
2006)

SsP ou SNI Cellules de
tumeurs

Magnetophor�ese N�ecessite beaucoup
d'espace et du mar-
quage
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2.2 Principaux travaux de recherche pour l'int�egration des LsP

Vu la grande diversit�e des architetures de LsP, nous d�ecrivons dans cette section les

principaux travaux de recherche des LsP ainsi que les di��erents modules constituant un LsP

et utilis�es dans le cadre des travaux de cette th�ese.

2.2.1 M�ethodes de manipulation des particules dans des LsP

Dans la litt�erature, plusieurs travaux (Heer et al., 15 Sept. 2004; Wake et Brooke, 2007,

2008; Ghafar-Zadehet al., 2010; Ahmadi et Jullien, 2009) ont abord�e la conception d'un

syst�eme hybride pour la manipulation des cellules et la d�etection capacitive �a travers des

LsP. Ces derniers contiennent des �electrodes dans des microcanaux dans un syst�eme micro-


uidique command�e par un circuit micro�electronique. L'objectif principal de ces travaux est

de manipuler des cellules en utilisant la di�electrophor�ese, par le biais d'une puce CMOS qui

g�en�ere un champ �electrique avec des tensions de faibles amplitudes. En e�et, en utilisant la

di�electrophor�ese, il est plus facile d'int�egrer tout le syst�eme sur puce. La partie contrôle et

commande d'un tel syst�eme peut être r�ealis�ee dans un circuit int�egr�e d�edi�e, ce qui implique

une int�egration plus facile pour le LsP contrairement �a d'autres techniques telles que la ma-

nipulation magn�etophor�etique (Pamme et Wilhelm, 2006; Tanaseet al., 2005) ou d'autres

manipulations optique (Blancoet al., 2006). le Tableau 2.1 pr�esente une comparaison entre

les principales techniques de manipulation des cellules. Les manipulations par magn�etopho-

r�ese ou optiques int�egr�ees sur une puce CMOS, n�ecessitent un syst�eme de conversion des

signaux �electriques en un champ magn�etique ou la conversion d'un e�et optique en un signal

�electrique. Ces conversions, bien que r�ealisables, n�ecessitent une �etude approfondie pour un

bon rendement.

De plus, la di�electrophor�ese est bas�ee sur des signaux �electriques qui sont appliqu�es di-

rectement sur les �electrodes, ce qui r�eduit la complexit�e du LsP (Wanget al., 1996) tout en

ayant une manipulation cellulaire e�cace tel que pr�esent�e par (Manaresi et al., 2003; Medoro

et al., 2007). En e�et, ces auteurs ont propos�e une technique de capture de particules par

di�electrophor�ese en cr�eant une cage di�electrophor�etique (Manaresi et al., 2003). Cette tech-

nique implique la g�en�eration d'un champ �electrique en appliquant deux signaux d�ephas�es de

180� avec une amplitude de 3.3 V et le tout distribu�e �a travers un r�eseau d'�electrodes carr�ees

sur une puce CMOS.

Une autre technique consiste �a appliquer trois signaux d�ephas�es de 90� sur des �electrodes

planaires pour d�eplacer des cellules dans une direction donn�ee (Li et Kaler, 2002; Kuaet al.,

2008). En outre, la DEP peut être appliqu�ee �a la s�eparation d'ADN (Mayeret al., 1994), ce qui

rend cette technique tr�es polyvalente. Les tableaux 2.2 et 2.3 mettent en �evidence l'utilisation
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de la di�electrophor�ese dans di��erentes applications d�ependamment des substances �etudi�ees.

2.2.2 Architecture des LsP

Un LsP contient principalement deux �el�ements importants qui sont la manipulation et la

d�etection. Bien que des recherches intensives sont entreprises pour d�evelopper des biocapteurs

tr�es �elabor�es avec une sensibilit�e �elev�ee, la partie manipulation n'a pas �et�e trait�ee avec autant

d'int�erêt. Cela est dû au fait qu'il est plus facile d'int�egrer un circuit de d�etection sur une

puce micro�electronique sans la n�ecessit�e de faire un traitement post-fabrication.

D'autre part, l'inconv�enient des biocapteurs est qu'ils d�ependent du syst�eme de manipu-

lation, des caract�eristiques des cellules et de la solution inject�ee. Par exemple, dans le cas

de capteurs capacitifs, une solution ayant une conductivit�e �elev�ee peut fausser la mesure de

l'�electrode capacitive. En plus, l'utilisation de PDMS peut a�ecter les mesures �a base de


uorescence. En outre, la concentration de cellules �a �etudier in
ue sur la performance de d�e-

tection. Dans ce sens, beaucoup de travaux ont �et�e faits pour am�eliorer la sensibilit�e du circuit

micro�electronique pour d�etecter quelque femtofarads de variation (Prakash et Abshire, 2008).

Par cons�equent, la d�etection capacitive reste l'une des meilleures m�ethodes de d�etection �a

condition que la solution inject�ee ne soit pas hautement conductrice ou bien que les �electrodes

ne soient pas en contact direct avec la solution. Un exemple de capteur capacitif est celui

qui se base sur la charge et d�echarge de capacit�e commun�ement connu sous le nom "charge

based capacitive measurement" (CBCM) (Sylvesteret al., 1997) qui a une sensibilit�e et une

pr�ecision �elev�ees. Cette technique a �et�e �etudi�ee par plusieurs chercheurs (Ghafar-Zadehet al.,

2008b; Ghafar-Zadeh et Sawan, 2007) qui ont con�cu un circuit CBCM avec une sensibilit�e

de 1mV=fF sur une puce CMOS. En outre, �etant donn�e le potentiel d'int�egration �elev�e de

la CBCM, une autre �etude que nous avons r�ealis�e a d�emontr�e que l'utilisation de la CBCM

avec des transistors fonctionnant sous la tension de seuil (subthreshold) permet d'am�eliorer

�a la fois la consommation d'�energie et la sensibilit�e (Miled et Sawan, 2008).

Dans le cas de la manipulation des particules par di�electrophor�ese, la solution que nous

utilisons est l'ACSF. La conductivit�e de cette derni�ere est �elev�ee (� = 1.65 S/m, � = 0.60


 :m) ce qui n�ecessite un �etage de sortie qui joue le rôle d'un tampon pour pouvoir d�elivrer

assez de courant pour une faible charge r�esistive (?). Ceci est l'unique m�ethode permettant

de garder l'amplitude des signaux de manipulation di�electrophor�etique �a un niveau accep-

table. Comme nous utilisons la technologie CMOS 0.18�m pour la fabrication de nos puces

micro�electroniques qui sont aliment�ees avec des tensions de 3.3V, il est important que l'�etage

de sortie puisse avoir une plage d'entr�ee la plus grande possible de 0 �a 3.3 V pour avoir des

signaux de manipulation avec une amplitude maximale crête �a crête de 3.3 V. C'est pour

cette raison que nous nous sommes int�eress�es au circuit tampon "Rail to Rail". Ces circuits
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Tableau 2.2 Sp�eci�cations techniques des di��erentes architectures utilisant le principe de la
di�electrophor�ese

R�ef Substrat Dimensions
de la parti-
cule

Mat�eriel
de l'�elec-
trode

Distance
entre les
�electrodes

Type de
manipula-
tion

(Suehiro et al., 2003) Verre 5�m Cr 5�m DEP
(Lu et al., 2005) Pyrex,

glass, SU-8
130�m Au 30�m PDF

(Lin et al., 2001) PMMA 200�m Au 200�m PDF
(Lau et al., 2005) PDMS 4x3.1�m Ag/AgCl tr�es large PDF
(Lin et al., 2001) Verre,

PDMS
100�m Au 100�m -

(Huang et Rubinsky,
2003)

Silicium 6�m Pt N.D PDF

(Fox et al., 2005) Verre 30�m Pt 70�m PDF

Tableau 2.3 Sp�eci�cation des di��erentes techniques de di�electrophor�ese d�ependamment de la
cellule �etudi�ee

R�ef Application Tension
appliqu�ee

Dimensions
de la cellule

M�ethode de
mesure

(Huang et Rubinsky, 1999) Analyse 0-60V 20� m YOYO-1
(Valero et al., 2004) Analyse 100V 10�m PI/FLICA
(Gao et al., 2003) Analyse 1400V 10�m CE
(McClain et al., 2003) Analyse 1125V N.D OG, CF
(Lee et Tai, 1999) Analyse 20V 5�m Imp�edance
(Lu et al., 2005) Analyse 6-8.5V 10�m AO/PI
(Lin et al., 2001) Transfection 1V 10�m Calcein AM

Trypan Blue
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tampons permettent d'avoir des tensions d'entr�ee couvrant toute la plage dynamique et ils

sont de plus en plus utilis�es dans la nouvelle g�en�eration des circuits int�egr�es analogiques

(Nosratinia et al., 1995; Ferri et Sansen, 1997; Carrilloet al., 2003; Khareet al., 2008; Ab-

delMoneim et Mahmoud, 2007). En fait, Carrillo et al, ont propos�e un circuit tampon pour

des applications avec des tensions �a faibles amplitudes (Carrilloet al., 2003). Le circuit pro-

pos�e fonctionne avec une tension de 3 V et il est fabriqu�e avec la technologie 0.8�m . Ce

circuit peut fonctionner avec des charges r�esistives et capacitives respectives de 560 
 et 33

pF. Dans un autre travail de recherche entrepris par Khare et al., un circuit tampon a �et�e

propos�e pour les applications fonctionnant avec des tension de l'ordre de 1 V. Cependant, les

circuits d�ecrits ne peuvent pas supporter des charges r�esistives aussi basses que 160 
. Ainsi,

un circuit se basant sur l'architecture propos�ee par Nosratinia et al. a �et�e r�ealis�e pour pouvoir

produire des signaux de manipulation di�electrophor�etique pour le LsP propos�e (Nosratinia

et al., 1995).

2.3 Plateforme de prototypage pour les dispositifs micro
uidiques

�Etant donn�e que notre principale application dans le syst�eme que nous proposons est

la manipulation di�electrophor�etique, l'avantage le plus important de cette technique est sa

th�eorie bien connue bas�ee sur la propagation du champ �electrique, ce qui peut aboutir �a une

architecture complexe de plus de 1000 �electrodes (Wanget al., 1996; Jones, 1995; Huanget al.,

2005). Des nouvelles techniques de microfabrication ont inspir�e de nombreux chercheurs pour

concevoir des syst�emes recon�gurables a�n de couvrir diverses applications au lieu d'avoir un

syst�eme d�edi�e (Miled et Sawan, 2009; Keilmanet al., 2004). En outre, avec des dimensions

r�eduites des �electrodes, de nouvelles techniques de manipulation cellulaire pour les LsP ont

r�ecemment vu le jour comme le m�elange, la s�eparation et le d�eplacement des particules �a

l'�echelle microm�etrique, voire nanom�etrique (Gielen et al., 2009; Markarianet al., 2003; Li

et Kaler, 2002; Wanget al., 2007). Ces nouvelles avanc�ees technologiques ont abouti �a la

conception de nouvelles plateformes de prototypage pour analyser et valider les di��erentes

technologies de LsP.

En plus, malgr�e les r�ecents progr�es technologiques pour concevoir des dispositifs minia-

turis�es de l'ordre de quelques millim�etres, la phase de prototypage d'un LsP n�ecessite des

installations de tests plus �elabor�ees et complexes que d'autres types de syst�emes �electro-

niques h�et�erog�enes (Leeet al., 2007a; Tanaseet al., 2005). En e�et, un microsyst�eme pour

la manipulation et la d�etection de particules inclut di��erents types de composants tels que

des architectures micro
uidiques, des puces micro�electroniques, des composants discrets, des

tubes, des interconnexions, des interfaces et des circuits de communication, en plus des ar-
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chitectures de tests qui di��erent en fonction de l'application (Leeet al., 2007b; Ghallab et

Badawy, 2004; Leeet al., 2006; Ghafar-Zadeh et Sawan, Dec. 2007; Medoroet al., 2007).

Ainsi, une plateforme de prototypage versatile est n�ecessaire, d'une part, pour observer

et comprendre les di��erents comportements des LsP en vue d'int�egrer le tout dans un sys-

t�eme miniaturis�e di�electrophor�etique et, d'autre part, pour concevoir un mod�ele le plus �d�ele

possible au LsP (Ghallab et Badawy, 2006; Harrisonet al., 2002; Ghallab et Badawy, 2005;

Ghafar-Zadehet al., 2008a; Linderet al., 2006). Par contre, une plateforme de prototypage

n�ecessite une connaissance approfondie des di��erents param�etres qui ont un impact sur la

manipulation di�electrophor�etique telles que la phase, la fr�equence et l'amplitude (Gascoyne

et Vykoukal, 2004; Parket al., 2009). Il est aussi important d'̂etre en mesure de recon�gurer

le syst�eme en fonction de l'application et l'environnement (Kaler et Dalton, 2007; Sawan

et al., 2010). Toutefois, dans une plateforme de prototypage, les dimensions du syst�eme ne

constituent pas une contrainte contrairement �a la connectivit�e. En�n, il est important de

noter que plusieurs travaux ont fourni des solutions de prototypage rapide en se concentrant

sur l'aspect micro
uidique tout en n�egligeant la connexion des tubes, du syst�eme de contrôle

et la connectivit�e (Steigert et al., 2007; Bhagatet al., 2007; Cyganet al., 2005).

Kaler et al, ont propos�e une plateforme de prototypage qui pr�esente une con�guration

int�eressante permettant de placer des architectures micro
uidiques r�eutilisables �a l'aide de

connecteurs ZIF. La plateforme est aussi recon�gurable de sorte que chaque �electrode peut

avoir son propre signal parmi 4 (Kaler et Dalton, 2007). Ces travaux constituent les quelques

rares r�ef�erences dans le domaine de prototypage pour la micro
uidique. La principale raison

est due au fait que le d�eveloppement de telles interfaces n�ecessitent des connaissances multi-

disciplinaires qui couvrent la microfabrication, la conception �electronique, l'assemblage ainsi

que le d�eveloppement d'interfaces.

2.4 Mod�elisation des LsP

Dans la pr�esente th�ese, nous nous int�eressons, particuli�erement aux BioMEMS pour la

manipulation des particules et l'analyse en temps r�eel. Par exemple, la surveillance en temps

r�eel des neurotransmetteurs est d'une grande importance pour comprendre le comportement

chimique du cerveau.

En e�et, le comportement des neurotransmetteurs dans le cerveau n'est pas encore clair et

la recherche dans ce domaine met en �evidence d'autres mol�ecules, qui peuvent être consid�er�es

comme des neurotransmetteurs (Reis et Regunathan, 2000). Jusqu'�a pr�esent, il n'existe pas

de technique polyvalente qui peut être utilis�ee pour d�etecter tous les types des neurotrans-

metteurs. Cependant, il existe de nombreuses m�ethodes d�edi�ees �a d�etecter sp�eci�quement les
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neurotransmetteurs suivants : glutamate, GABA et la dopamine. Les auteurs dans (Perry

et al., 2009) ont d�ecrit plusieurs m�ethodes pour la manipulation et la d�etection des neuro-

transmetteurs, notamment l'�electrophor�ese capillaire avec d�etection par 
uorescence induite

par laser, l'�electrophor�ese capillaire conjugu�ee �a des mesures �electrochimiques, l'�electropho-

r�ese capillaire conjugu�ee �a la spectrom�etrie de masse et l'�electrophor�ese capillaire avec une

d�etection par ultraviolet.

En outre, les architectures LsP varient en fonction de l'application. Par exemple, certains

LsP utilisent un champ �electrique, commun�ement appel�ee �electrophor�ese ou di�electrophor�ese

(DEP), d'autres sont bas�ees sur le champ magn�etique connu sous le nom magn�etophor�ese

parmi d'autres techniques (Leeet al., 2006; Medoroet al., 2007; Ghafar-Zadeh et Sawan, Dec.

2007; Miled et Sawan, 2010). Cependant, il est plus di�cile de mod�eliser un LsP �a base de

DEP �a cause de la complexit�e de la th�eorie de di�electrophor�ese et la diversit�e de l'application.

Ainsi, notre objectif est d'�elaborer une nouvelle approche de mod�elisation pour �etudier le

mouvement des cellules biologiques lorsqu'elles sont expos�ees �a un champ �electrique externe

par le biais d'�electrodes dans des microcanaux. Jusqu'�a pr�esent, il n'est pas possible de

mod�eliser ou de simuler un tel comportement avec un logiciel commercial et ce �a cause des

propri�et�es des particules qui �evoluent au �l du temps. Par exemple, lorsqu'un champ �electrique

est appliqu�e, les cellules biologiques �echangent les ions (Na+ , CI2� , K+ ) avec le milieu. Cet

�echange d'ions a pour e�et de changer la conductivit�e du milieu et les forces DEP dans le

voisinage de la cellule. Aussi, lorsqu'un substrat est li�e �a la surface de l'enzyme, la distribution

des �electrons dans celui-ci change et a�ecte les forces DEP. Toutefois, la r�epartition des

charges n'a�ecte pas les propri�et�es du milieu. Cependant, les enzymes contiennent plusieurs

acides amin�es avec des châ�nes lat�erales acide ou basiques qui a�ectent consid�erablement les

propri�et�es �electrostatiques des particules lorsqu'elles sont lib�er�ees dans le milieu liquide.

De plus, notre objectif est de mettre en �uvre une m�ethode de s�eparation bas�ee sur

l'identi�cation fr�equentielle des neurotransmetteurs. La m�ethode de s�eparation que nous pro-

posons ne cible pas les neurotransmetteurs mais plutôt les particules inject�ees dans le liquide

c�er�ebro-spinal ou liquide c�ephalo-rachidien (ACSF) qui contient des neurotransmetteurs qui

changent les propri�et�es �electriques du ACSF, et par cons�equent la fr�equence de s�eparation des

particules inject�ees selon la th�eorie de di�electrophor�ese. Par ailleurs, les logiciels COMSOL

et ANSYS ne sont pas con�cus pour �etudier le comportement biologique.

L'�elaboration d'une approche et d'un outil de mod�elisation e�cace pour les BioMEMS est

essentielle car cela permet de r�eduire les d�elais de commercialisation en catalysant les activit�es

de recherche. En e�et, la mod�elisation d'un BioMEMS permet de simuler son comportement

dans certaines conditions. Par exemple, la pr�esence d'�electrodes dans un microcanal micro-


uidique g�en�ere une propagation de potentiel qui induit un d�eplacement des particules en
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plus des forces g�en�er�ees par le d�eplacement des 
uides. L'objectif de la simulation est de

comprendre l'e�et de la propagation de ce potentiel sur les particules sans avoir �a fabriquer

les dispositifs.

Pour mod�eliser un BioMEMS, de nombreuses approches ont �et�e abord�ees (Crary et Zhang,

1990; Aluru et White, 1998; Gagneet al., 2011; Baronaset al., 2007, 2006, 2012). Tout

d'abord, il serait possible d'utiliser simplement la mod�elisation par �el�ements �nis (FEM) pour

cr�eer l'architecture du BioMEMS, puis d'utiliser les �equations di��erentielles non lin�eaires de

mani�ere it�erative pour caract�eriser le comportement en fonction du temps. Cette m�ethode

n�ecessite beaucoup de calculs et aboutit �eventuellement �a des r�esultats instables et erron�es.

Pour r�esoudre ce probl�eme, plusieurs simpli�cations peuvent être faites a�n de simpli�er le

probl�eme et d'obtenir des r�esultats plus stables.

Une premi�ere simpli�cation dans la mod�elisation des BioMEMS consiste �a consid�erer

l'architecture sans particules en mouvement et en consid�erant une simulation ind�ependante

du temps. Cette approche a �et�e utilis�ee par (Voldman, 2001) pour �etudier la capture des

particules dans un BioMEMS, le calcul des forces di�electrophor�etiques, gravitationnelles et

hydrodynamiques. Les r�esultats obtenus permettent de trouver la position de la particule

qui correspond aux points o�u la force r�esultante est nulle. Une autre m�ethode propos�ee par

(Phillips et White, 1997) consiste �a supprimer l'utilisation de la discr�etisation volum�etrique

en proposant de discr�etiser uniquement les fronti�eres des di��erents �el�ements. Normalement,

lorsque les particules sont en mouvement, le maillage doit être refait �a chaque d�eplacement.

Dans le cas de la m�ethode de (Phillips et White, 1997), seul le maillage des fronti�eres est refait,

ce qui permet de r�eduire consid�erablement les calculs (Coelhoet al., 2004). D'autres m�ethodes

de mod�elisation existent et o�rent aussi bien des avantages que des inconv�enients pour les

simulations multiphysiques des BioMEMS. Il est possible d'utiliser des mod�eles �a �el�ements

�nis pour caract�eriser le probl�eme d'ordre r�eduit (Hung et al., 1997). Une autre option est

d'utiliser une m�ethode Precorrig�ee-FFT (Precorrected-FFT) pour analyser la distribution

�electrostatique (Phillips et White, 1997). Aussi, une m�ethode multi-niveaux de Newton (Aluru

et White, 1999) et une m�ethode lagrangienne (De et Aluru, 2004) ont �et�e propos�ees. En outre,

plusieurs travaux pr�esentent des simulations de la di�electrophor�ese (Hsiunget al., 2011; Kang

et al., 2006; Wanget al., 1996) dans les BioMEMS.

Cependant, les approches propos�ees se limitent �a des architectures d'�electrodes sp�eci�ques

ou �a des con�gurations bien particuli�eres pour la propagation du champ �electrique et/ou

l'�ecoulement 
uidique, ce qui est la m�ethode standard pour �etudier le comportement des

particules avec la DEP. Malheureusement, ces techniques supposent que la conductivit�e du

milieu et celle des particules sont homog�enes et que la propagation du champ �electrique n'est

pas a�ect�ee par la charge ou la forme des particules. Cela est vrai lorsque le champ �electrique



31

est assez fort. Cependant, dans le pr�esent travail, nous consid�erons un DEP �a basse tension,

ce qui fait que le champ �electrique n'est pas propag�e �a travers toute la profondeur des micro-

canaux. Par cons�equent, dans le cas d'une architecture d'�electrodes avec DEP �a basse tension,

la forme et la charge des particules sont des param�etres critiques et il est impossible de simuler

le champ �electrique avec des outils conventionnels tels que Matlab, ANSYS ou COMSOL car

ils ne consid�erent pas l'aspect biologique de la mod�elisation du champ �electrique.

D'autre part, il est aussi important de mod�eliser la di�electrophor�ese. Certes, c'est une

m�ethode appropri�ee pour manipuler des cellules de quelques microm�etres. Toutefois, il n'est

pas prouv�e qu'elle est toujours fonctionnelle pour des mol�ecules et des neurotransmetteurs.

La raison principale est que, ces neurotransmetteurs ne sont pas visibles, même avec un

microscope de haute r�esolution. Ainsi, une mod�elisation avanc�ee de la DEP avec un environ-

nement enti�erement con�gurable s'av�ere n�ecessaire pour comprendre le comportement des

neurotransmetteurs dans un dispositif implantable.
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CHAPITRE 3

M�ethodologie de la recherche

Les LsP constituent une nouvelle voie int�eressante pour o�rir de nouveaux outils de diag-

nostic et d'analyse biom�edicales. Le LsP que nous proposons dans cette th�ese est parmi les

premiers syst�emes enti�erement int�egr�es et modulaires. En e�et, nos travaux ne pr�esentent

pas uniquement des proc�ed�es de fabrication, de manipulations di�electrophor�etiques ou des

syst�emes micro�electroniques pour les LsP, mais une nouvelle fa�con de concevoir un LsP bas�e

sur une approche modulaire. Chaque module de notre syst�eme constitue un bloc ind�ependant

qui peut être d�econnect�e sans aucun impact sur les autres modules. Le syst�eme se compose

de 4 modules qui sont : le module micro
uidique, micro�electronique, de communication et

d'alimentation. Le choix d'une telle architecture s'av�ere plus int�eressant qu'un syst�eme com-

pl�etement int�egr�e sur une seule puce parce qu'il o�re plus de versatilit�e.

Notre LsP est principalement destin�e �a des applications biologiques. Le principal contact

entre le liquide biologique et le LsP est le module micro
uidique. Ce dernier peut varier d'une

application �a une autre. Par contre, le module micro�electronique propos�e est principalement

destin�e �a des manipulations di�electrophor�etiques ind�ependamment de l'architecture micro-


uidique. Les modules de communication et d'alimentation quant �a eux, ont �et�e optimis�es

pour le LsP propos�e, mais peuvent être recon�gur�es pour d'autres applications. Ainsi, notre

architecture ressemble �a celle d'un ordinateur que nous pouvons recon�gurer selon notre uti-

lisation. Selon le concept de notre LsP, ces dispositifs ne peuvent être con�cus en un seul

module int�egr�e, mais plutôt en un syst�eme int�egr�e. En e�et, se diriger vers un module int�egr�e

rend les LsP tr�es sp�eci�ques �a une application, ce qui va �a l'encontre du principe même de

tels syst�emes qui doivent être d�edi�es �a des manipulations de tout genre.

Dans le pr�esent chapitre, nous pr�esentons les �etapes de r�ealisation de notre LsP. Nous ex-

pliquons �egalement les choix que nous avons faits en mati�ere de technologies et de proc�ed�es de

fabrication. Pour �nir, nous pr�esentons une nouvelle m�ethode de mod�elisation permettant de

con�rmer les r�esultats exp�erimentaux et d'avoir une analyse plus d�etaill�ee du comportement

du LsP.

3.1 Architecture du LsP

Nous avons proc�ed�e �a la r�ealisation de notre LsP en 2 phases principales :

1. Conception d'une architecture micro
uidique et d'une plateforme de prototypage. Le
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but de cette premi�ere phase est d'analyser les di��erents param�etres qui ont un impact

sur la pr�ecision et la s�electivit�e du LsP, ainsi que de valider in vitro le syst�eme propos�e.

2. Conception de la version int�egr�ee de la plateforme de prototypage. Le but de la deuxi�eme

phase est d'int�egrer dans un même syst�eme toutes les fonctions pr�ealablement valid�ees

par la plateforme de prototypage.

Le syst�eme propos�e est montr�e �a la Figure 3.1.

Puce CMOS

Silicium
SiO2
Em Ec

microcanal 
microfluidique

R

Liquide injectŽ
Liquide rŽcupŽrŽ

Figure 3.1 Sch�ema simpli��e de notre LsP : La zone rouge correspond�a la zone o�u des r�eactifs
chimiques sont inject�es pour augmenter la sensibilit�e du LsP, Em correspond �a la zone des
�electrodes de manipulation des particules et Ec aux �electrodes de d�etection.

La r�ealisation de chacune de ces phases a �et�e divis�ee en trois grandes �etapes que nous

d�etaillerons dans les sections qui suivent :

{ Conception de l'architecture micro
uidique.

{ Conception du syst�eme �electronique pour la manipulation et la d�etection des particules.

{ Assemblage des di��erents modules de notre syst�eme.

De plus, a�n de valider chacune des phases, nous avons propos�e une nouvelle approche

de mod�elisation des LsP qui sera pr�esent�ee ult�erieurement.

3.1.1 Architecture micro
uidique

Pour r�ealiser l'architecture micro
uidique, nous avons utilis�e trois proc�ed�es de fabrication :

les proc�ed�es de fabrication Lionix et Sensonit par l'interm�ediaire de la SCME, ainsi qu'un

proc�ed�e de fabrication que nous avons d�evelopp�e tout au long des travaux de recherche de

cette th�ese. Le but de ce dernier est de pouvoir fabriquer une matrice d'�electrodes carr�ees

pour un assemblage par< Flip-Chip > et pouvant se connecter �a un syst�eme �electronique

ou micro�electronique sans introduire des interf�erences. Ce proc�ed�e a fait l'objet d'un brevet

d�epos�e en 2011 intitul�e "Recon�gurable Modular Micro
uidic System and Method".
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Ainsi, nous avons fabriqu�e 4 architectures micro
uidiques di��erentes qui sont montr�ees �a

la Fig. 3.2 :

{ Une premi�ere architecture micro
uidique fabriqu�ee avec le proc�ed�e Lionix et destin�ee �a

la plateforme de prototypage. Cette architecture contient 12 con�gurations d'�electrodes

di��erentes. L'objectif est de tester di��erents param�etres s�epar�ement pour connâ�tre leur

impact sur la pr�ecision du LsP dans le cas des manipulations di�electrophor�etiques.

{ Une deuxi�eme architecture fabriqu�ee avec le proc�ed�e Sensonit pour la plateforme de

prototypage. Elle est une synth�ese de l'architecture de Lionix o�u toutes les op�erations

(a) (b)

(c) (d)

Figure 3.2 Di��erentes architectures micro
uidiques fabriqu�ees en utilisant le proc�ed�e (a)
Lionix (b) et (c) Sensonit et (d) un nouveau proc�ed�e de microfabrication d�evelopp�e dans le
cadre de cette th�ese et brevet�e
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de manipulation n�ecessaires sont int�egr�ees dans une même con�guration.

{ Une troisi�eme architecture utilisant le proc�ed�e Sensonit et destin�ee �a la version int�egr�ee

du LsP.

{ Une quatri�eme architecture fabriqu�ee avec notre proc�ed�e de fabrication et destin�ee �a la

version int�egr�ee du LsP.

3.1.2 Syst�eme �electronique pour la manipulation et la d�etection des particules

Dans cette section, nous pr�esentons la partie micro�electronique qui a pour fonction de

g�en�erer les signaux de commande, de contrôle, de manipulation et de d�etection, tel que

montr�e �a la Figure 3.3.

(a) (b)

Figure 3.3 (a) Diagramme du circuit de manipulation et d�etection et (b) matrice de propa-
gation des signaux de contrôle

Pour la fabrication du syst�eme �electronique, nous avons proc�ed�e en deux �etapes :

1. D�eveloppement d'une plateforme de prototypage sur un PCB.

2. Int�egration du syst�eme pr�ec�edemment valid�e dans un LsP.

3.1.2.1 Plateforme de prototypage

�A d�efaut d'avoir un outil de mod�elisation permettant de simuler le comportement des

particules dans un LsP en tenant compte des architectures d'�electrodes, des propri�et�es du li-
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quide et du champ �electrique appliqu�e, nous avons eu recours �a une plateforme de prototypage

montr�ee �a la Figure 3.4.

Dans un premier temps, nous avons d�evelopp�e cette plateforme sur un PCB a�n de pouvoir

analyser les di��erents param�etres qui entrent en jeu dans la manipulation et la d�etection

cellulaire, notamment la phase, la fr�equence et l'amplitude des signaux appliqu�es sur les

�electrodes.

En ce qui a trait �a la manipulation, id�ealement, une matrice d'�electrodes est divis�ee en

deux sous groupes tels que montr�es �a la �gure 3.3 : un groupe d'�electrodes positives (S2)

et un autre d'�electrodes n�egatives (S1). Les zones Z1, Z2 et Z3 sont des zones de test pour

explorer la sensibilit�e du syst�eme par rapport au nombre d'�electrodes positives et n�egatives

activ�ees. Toute manipulation des signaux que ce soit d'un point de vue fr�equence, amplitude

ou d�ephasage sera appliqu�ee sur les �electrodes n�egatives. Les autres �electrodes seront consi-

d�er�ees comme �electrodes de r�ef�erence pour le syst�eme. Nous estimons que la variation de la

fr�equence ne devrait pas d�epasser les 1.2 MHz. Au del�a de cette fr�equence les particules ont

le même comportement et ne peuvent plus être di��erenci�ees les unes des autres �a partir de

leur identit�e fr�equentielle. Cependant, une telle matrice n'est pas r�ealisable avec les proc�ed�es

de microfabrication standards. Par cons�equent, nous avons propos�e une architecture d'�elec-

trodes en L pour assurer le d�eplacement vertical et horizontal des particules et avoir une

propagation du champ �electrique la plus uniforme possible. De plus, nous avons choisi d'in-

clure un FPGA dans la plateforme de prototypage pour pouvoir contrôler la forme du signal

envoy�e dans la matrice des �electrodes. La forme du signal peut varier d�ependamment de la

con�guration de la matrice, des dimensions des �electrodes et de l'espace entre ces derni�eres.

Au �nal, nous avons besoin de 4 signaux �a d�ephasage di��erents pour contrôler la majorit�e

des manipulations di�electrophor�etiques soient le m�elange, le d�eplacement et la s�eparation des

particules.

Quant �a la d�etection, nous avons utilis�e deux techniques di��erentes : l'une optique et

l'autre capacitive. La d�etection capacitive est nettement plus facile �a int�egrer que l'optique

(Ghafar-Zadehet al., 2008b). Toutefois, il est important de tenir compte des interf�erences

surtout lorsqu'il s'agit d'une d�etection combin�ee �a une manipulation. En e�et, l'utilisation

de la di�electrophor�ese pour manipuler les particules induit une interf�erence importante au

niveau de la capacit�e de d�etection des particules en mouvement. Ainsi, pour �eliminer ces

interf�erences, nous avons introduit un dispositif d'isolement entre les deux phases (la ma-

nipulation et la d�etection) en d�esactivant les signaux de manipulation lors de la phase de

d�etection.

L'objectif d'utiliser un PCB au lieu d'une puce micro�electronique est, principalement,

motiv�e par la possibilit�e de tester di��erents cas de �gure.
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La plateforme de prototypage r�ealis�ee permet ainsi de contrôler 64 �electrodes di��erentes.

Elle est reprogrammable et recon�gurable. Chaque �electrode peut être con�gur�ee soit en mode

manipulation, d�etection ou bien elle est d�econnect�ee. La d�etection se fait par l'interm�ediaire

d'une carte de d�etection �a base de capteurs capacitifs. Cette même carte assure �egalement la

communication entre l'ordinateur et la plateforme �a travers un module Bluetooth.

La con�guration de la plateforme se fait �a travers le FPGA et des multiplexeurs connect�es

aux �electrodes. Les signaux g�en�er�es peuvent être unipolaires ou bipolaires selon la con�gura-

tion des convertisseurs num�eriques-analogiques dont la sortie est connect�ee �a un ampli�cateur

pour une conversion unipolaire ou �a deux ampli�cateurs en s�erie pour des signaux bipolaires.

Pour faciliter le routage du PCB et minimiser le contrôle des �electrodes, les 64 sorties ont

�et�e divis�ees en 4 blocs identiques. Chaque bloc re�coit un signal di��erent parmi les 4 signaux.

En outre, chaque �electrode peut être d�econnect�ee de la plateforme et branch�ee �a un signal

externe individuellement.

Une premi�ere version de la plateforme a �et�e faite de sorte que la con�guration soit com-

pl�etement manuelle. Alors que dans la deuxi�eme version, toute la partie de contrôle a �et�e

automatis�ee. Ainsi, la fr�equence, l'amplitude, le d�ephasage, le type de signal �a appliquer (DC

ou AC) et le mode (manipulation ou d�etection) se font �a travers l'interface LabVIEW.

Les plateformes r�ealis�ees sont montr�ees �a la Figure. 3.4. Le tableau 3.1 r�esume les princi-

pales perfomances de ces plateformes. Ainsi, cette plateforme o�re un outil performant pour

�etudier le comportement des microparticules avec di��erentes architectures d'�electrodes et

types de signaux.

Grâce �a cette plateforme, nous avons pu identi�er les particules qui peuvent être mani-

pul�ees par un circuit int�egr�e avec la technologie CMOS 0.18� m.

3.1.3 Conception du LsP

La version int�egr�ee du LsP se compose de 4 groupes de modules :

1. Modules micro�electroniques montr�es �a la Figure 3.5.

2. Module d'alimentation.

3. Module micro
uidique.

4. Module de communication.

3.1.4 Modules micro�electroniques

Ces modules sont form�es de deux puces micro�electroniques :

{ Puce micro�electronique pour le contrôle des 4 signaux di�electrophor�etiques.

{ Puce micro�electronique pour le contrôle des �electrodes.
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3.1.4.1 Puces micro�electroniques

Les puces micro�electroniques ont �et�e fabriqu�ees avec la technologie 0.18�m de la TSMC

et montr�ees �a la Figure. 3.5. Elles permettent de contrôler la fr�equence et le d�ephasage par un

module digitale int�egr�e. Le contrôle de la fr�equence se fait sur 16 bits, alors que le d�ephasage

est limit�e �a 6 bits. Un module de conversion des signaux du num�erique vers l'analogique a

�et�e �egalement int�egr�e dans ces puces. Ce module assure les fonctions suivantes :

Tableau 3.1 Principales caract�eristiques de la plateforme de prototypage

Param�etre Caract�eristique

Dimensions 12 cm x 12 cm

Nombre d'�electrodes 64

Nombre de signaux di�electrophor�etiques 4

Plage de sortie de l'amplitude des signaux di�electropho-
r�etiques

+/- 12V

D�ephasage maximale 360�

Fr�equence maximale 3.3 MHz

Horloge principale 50 MHz

Module programmable FPGA Xilinx Spartan 3A

Courant maximal par sortie d'�electrode 5 mA

Pr�ecision du d�ephasage 3.6�

Pr�ecision de l'amplitude 93 mV

Type de d�etection Capacitive

Horloge principale 8 MHz

Fr�equence de d�etection 5 MHz

Pr�ecision < 10 fF

Nombre de canaux 1

Module programmable Microcontrôleur ATMEL At-
mega 164p

Module de communication Sans �l (Bluetooth)

Type de contrôle Direct (Bluetooth) ou par in-
ternet

Interface de contrôle LabVIEW

Type de l'extension de la plateforme Connecteur FMI 32
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{ �Elimination du d�ecalage entre les 4 signaux g�en�er�es.

{ Conversion des signaux num�eriques par l'interm�ediaire d'un CNA dont la sortie est en

mode courant. Cette derni�ere est envoy�ee �a un miroir de courant simple qui permet

de recentrer le courant �a 0. Un premier centrage se fait d'abord, par le contrôle des

tensions d'alimentation du miroir de courant. Par la suite, le recentrage se fait par

l'interm�ediaire d'une r�esistance connect�ee �a la puce et qui permet d'ajuster la chute de

tension en cons�equence.

{ Ampli�cation et adaptation des signaux �a de tr�es faibles charges r�esitives (180 
). Le

rôle de l'ampli�cateur est de pouvoir g�en�erer des tensions d'amplitudes variables d�e-

pendamment du profondeur du canal. Cependant, toutes les r�esistances ont �et�e plac�ees

�a l'ext�erieur de la puce pour avoir plus de 
exibilit�e. Ainsi, le r�eseau d'ampli�cateurs

int�egr�es dans la puce a permis d'avoir une ampli�cation maximale des signaux pour

atteindre +/- 1.7 V, sachant que l'amplitude du signal d'entr�ee est de +/- 20 mV pour

une fr�equence maximale de 1.2 MHz. L'�etage de sortie se base sur une architecture pro-

pos�ee par (Nosratiniaet al., 1995) pour pouvoir être connect�e �a des charges r�esistives

minimales de 100 
 et des signaux de fr�equence de 1.2MHz. Les r�esultats exp�erimentaux

montrent que la charge minimale pouvant être connect�ee est de 500 
 pour fonctionner

correctement. Cependant, il nous est possible de compenser la chute de tension en am-

pli�ant encore plus la tension de sorte que la charge minimale pouvant être branch�ee

soit de 160 
. La capacit�e n'�etant pas un param�etre critique dans la manipulation des

particules, ce qui fait que le circuit peut être branch�e �a des capacit�es de 2 pF.

{ Contrôle des �electrodes sur puce. Une puce fabriqu�ee avec la technologie 0.18�m /3.3

V a �et�e utilis�ee pour le contrôle des �electrodes. Cette puce assure le fonctionnement

bidirectionnel des �electrodes permettant de les con�gurer soit en mode manipulation

ou en d�etection. La puce garde en m�emoire la con�guration des �electrodes et peut être

reprogramm�ee �a une fr�equence de 10 MHz. Chaque �electrode est connect�ee �a un registre

interne qui permet de garder l'�etat de l'�electrode en m�emoire.

Tableau 3.2 Principales caract�eristiques de la version int�egr�ee du LsP

Param�etre Caract�eristique

Dimensions 15 mm x 15 mm

Nombre d'�electrodes 64

Nombre de signaux di�electrophor�etiques 4
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Plage de sortie de l'amplitude des signaux di�elec-

trophor�etiques

+/- 2.4 V

D�ephasage maximale 360�

Fr�equence maximale 1.25 MHz

Horloge principale 25 MHz

Module programmable Contrôle digital int�egr�e

Courant maximal par signal 5 mA

Pr�ecision du d�ephasage 2.81�

Pr�ecision de l'amplitude 9.37 mV

Module de contrôle des �electrodes Bidirectionnel (D�etection / Mani-

pulation)

Type de d�etection Capacitive

Pr�ecision < 10 fF

Nombre de canaux 9

Module de communication Sans �l (Bluetooth)

Type de contrôle Direct (Bluetooth) ou par inter-

net

Type de l'extension de la plateforme PCB

Alimentation principale 5 V

Bloc d'alimentation programmable

Tension maximale/Minimale +3.3V / -3.3V

Pr�ecision 8.3 mV

Mode de programmation SPI

Nombre de canaux programmables 4

Architecture micro
uidique Sensonit / Polystim

Nombre d'�electrodes 64 (Sensonit) / > 100 (Polystim)
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Type d'�electrode Or (Sensonit) / Silicium (Poly-

stim)

Technologie de fabrication des �electrodes D�eposition (Sensonit) / Encapsu-

lation (Polystim)

Type du substrat Verre, Boro
oat

Assemblage Sensonit / Fusion du verre ou �lm

adh�esif (Polystim)

�Epaisseur du substrat 1.5 mm (Sensonit), < 200 � m

(Polystim)

Connexion Micro
uidique/Micro�electronique Wire bonding (sensonit) / Flip-

Chip (Polystim)

Connexion aux tubes PDMS, Epoxy

3.1.4.2 Module d'alimentation

Le module d'alimentation a �et�e con�cu pour pouvoir alimenter tout le LsP. Il peut g�en�erer

4 sorties programmables et fournir un maximum de 3.3 V et un minimum de -3.3 V. L'objectif

de ce module est de pouvoir calibrer tout le LsP en ajoutant un o�set dans les alimentations.

Le syst�eme d'alimentation est contrôl�e par une interface LabVIEW.

3.2 Assemblage et v�eri�cation

Une fois la puce micro�electronique et l'architecture micro
uidique �nalis�ees, l'�etape sui-

vante consiste �a les encapsuler ensemble sur le même substrat, c'est �a dire le verre ou le PDMS.

Pour cette �n, di��erentes techniques d'assemblage r�ealis�ees dans ce projet sont montr�ees �a la

Figure. 3.6 et que nous avons explor�ees pour trouver la meilleure technique d'encapsulation :

{ Le < wire bonding > tel que montr�e �a la Figure 3.7 qui est un sch�ema simpli��e du

syst�eme assembl�e en utilisant cette technique.

{ l'epoxy pour coller la puce micro�electronique sur le verre.

{ L'encapsulation en sandwich : une nouvelle technique que nous proposons pour faire la

connexion �electrique.

La derni�ere �etape du projet consiste �a tester le LsP avec des solutions biologiques ou

arti�cielles ayant des propri�et�es chimiques et biologiques semblables �a des solutions r�eelles.

Pour cela, nous avons utilis�e la solution c�er�ebrospinale arti�cielle ACSF dans laquelle nous

avons ajout�e des microsph�eres ayant des propri�et�es �electriques proches de celles des neuro-
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transmetteurs. Une micro pompe injecte le liquide dans les microcanaux pour des tests in

vitro.
�A des �ns de prototypage, il est important de penser �a une technique ad�equate pour assurer

la connexion des microcanaux �a des tubes permettant d'injecter les neurotransmetteurs �a

l'int�erieur du LsP. Pour r�ealiser cette connexion, nous avons utilis�e trois techniques :

{ Une technique de collage qui utilise une mati�ere adh�erente comme du PDMS pour

connecter les tubes aux trous dans le substrat en verre. Un chau�age au four peut

s'av�erer n�ecessaire.

{ Une autre technique qui utilise les rayons UV conjugu�es �a de l'�epoxy pour faire la

jonction entre les tubes et les trous.

{ Une technique qui utilise l'�epoxy qui cuit �a temp�erature ambiante.

En�n, nous pr�esentons notre LsP ainsi qu'une r�ecapitulation de ces principales caract�e-

ristiques dans les Figures. 3.8, 3.9 et et le tableau 3.2 respectivement.

3.3 Mod�elisation du LsP

�A l'�etat actuel de la recherche, les logiciels de simulation ne sont pas assez performants

pour mod�eliser un syst�eme aussi complexe qu'un LsP. Le probl�eme est que les logiciels doivent

tenir compte des propri�et�es physiques du mat�eriel utilis�e comme le verre ou le PDMS, des

propri�et�es chimiques et morphologiques des substances chimiques utilis�ees, de la conductivit�e

et la propagation du champ �electrique, de la dynamique des 
uides, de la propagation ther-

mique dans le 
uide, ainsi que des mat�eriaux composant les �electrodes et les microcanaux.

Une telle approche est d'une complexit�e extrêmement �elev�ee. Il faut ajouter �a cela, le fait que

nous ne connaissons pas tous les ph�enom�enes entrant en jeu lorsqu'il s'agit de manipuler des

particules �a l'�echelle nanom�etrique. Des logiciels de simulation �a �el�ements �nis o�rent une

approche multiphysique qui permet de tenir compte des propri�et�es physiques, thermiques et

m�ecaniques. L'inconv�enient d'une telle approche est le fait qu'elle superpose les r�esultats de

simulation et ne permet pas d'�etablir une relation entre les di��erents r�esultats pour �etudier le

d�eplacement des particules. En e�et, des chercheurs du MIT (Thompson et Thompson, 2004)

ont utilis�e le logiciel ANSYS pour mod�eliser le ph�enom�ene de la di�electrophor�ese. Toutefois,

leur approche reste conventionnelle puisque, pour des manipulations di�electrophor�etiques, ils

mod�elisent chaque param�etre individuellement.

Dans la mod�elisation que nous proposons et dont le principe est montr�e �a la Figure 3.10,

nous nous concentrons sur les param�etres les plus in
uents dans la di�electrophor�ese, soient

la vitesse des 
uides, la propagation du champ �electrique et les propri�et�es �electriques des

particules et du liquide.
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Nous �etudions, en premier lieu, deux architectures particuli�eres d'�electrodes : des �elec-

trodes en L et des �electrodes carr�ees tel que montr�e �a la Figure 3.11. En fait, les �electrodes

carr�ees repr�esentent le choix id�eal pour un contrôle pr�ecis de la propagation du champ �elec-

trique. Cependant, la connexion de ces �electrodes au circuit de contrôle est une grande pro-

bl�ematique �a cause du grand nombre d'�electrodes. C'est pour cette raison que l'�etude a �et�e

�elargie �a d'autres formes d'�electrodes.

Les �electrodes que nous utilisons sont int�egr�ees dans un microcanal de 25�m de profon-

deur pour pouvoir manipuler des particules de di��erentes dimensions. La matrice d'�electrodes

carr�ees mod�elis�ee est form�ee par 16x16 �electrodes planaires de dimensions (10�m x 10 �m )

et d'une �epaisseur de 200 nm. L'utilisation des �electrodes planaires au lieu d'une grande

�electrode a pour objectif de r�eduire la tension de manipulation di�electrophor�etique.�A titre

d'exemple, au lieu d'appliquer une tension de 100 V sur une �electrode de 100�m par 100

�m , on peut appliquer 10 V sur 100 �electrodes de dimensions (10�m par 10 �m ).

La nouvelle technique de mod�elisation que nous proposons nous permet de simuler le

comportement de la particule dans le microcanal en tenant compte de l'architecture des

�electrodes, de la m�ecanique des 
uides et des interactions entre les particules. Les r�esultats

exp�erimentaux obtenus �a la �n sont tout �a fait coh�erents avec les r�esultats de simulation en

utilisant notre mod�ele.
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Figure 3.4 Plateformes de prototypage r�ealis�ees incluant (a) la partie micro
uidique (b) avec
un contrôle manuel et (c) automatique des �electrodes et des signaux appliqu�es
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(a)

(b)

Figure 3.5 Puces micro�electroniques fabriqu�ees avec la technologie 0.18�m pour (a) le
contrôle des forces di�electrophor�etiques et (b) la con�guration des �electrodes
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(a)

(b)

Figure 3.6 Assemblage de la partie micro
uidique pour la plateforme de prototypage en
utilisant (a) le < wire bonding > et (b) l'adh�esif conducteur anisotropique
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Figure 3.7 Assemblage et encapsulation des �electrodes avec les di��erentes architectures :
micro
uidique et micro�electronique
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(a) (b)

(c) (d)

Figure 3.8 Assemblage des di��erents modules du LsP : (a) assemblage des composants discrets
pour le contrôle de la puce de g�en�eration des signaux de manipulation di�electrophor�etique ; (b)
et (c) assemblage des puces micro�electroniques sur leur support de PCB par< wire bonding
> ; (d) assemblage de l'architecture micro
uidique avec sin support de PCB
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Figure 3.9 Le LsP propos�e dans sa con�guration �nale.
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Figure 3.10 Principes de la mod�elisation propos�ee : (a) r�epartition des forces mod�elis�ees o�u
la 
�eche rouge (A), la 
�eche bleue (B) et la 
�eche noire (C) repr�esentent respectivement les
forces di�electrophor�etiques, 
uidiques et �electrophor�etiques ; (b) Principe d'�echantillonnage,
(c) propagation de la tension et (b) r�epartition du facteur Claussus-Mossotti
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(a) (b)

Figure 3.11 Architecture micro
uidique propos�ee :(a) �electrodes en L et (b) �electrodes carr�ees
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CHAPITRE 4

Plateforme de prototypage micro
uidique pour la manipulation des particules

et d�etection capacitive

Dans le pr�esent chapitre, nous pr�esentons une nouvelle plateforme de prototypage per-

mettant de valider les concepts th�eoriques utilis�es pour la manipulation des particules par

di�electrophor�ese. La plateforme propos�ee int�egre un circuit de d�etection capacitive, un circuit

de contrôle des forces di�electrophor�etiques et une interface micro
uidique permettant de tes-

ter une large gamme de dispositifs micro
uidiques dont les dimensions restent inf�erieures �a 90

mm x 45 mm. La plateforme a �et�e con�cue pour pouvoir contrôler 64 �electrodes et supporter un

courant de charge maximum de 5 mA par �electrode. La tension maximale qui peut être appli-

qu�ee varie entre +/-14 V. Un FPGA Xilinx Spartan 3 se charge de la partie de manipulation

alors qu'un microcontrôleur Atmega Atmel 164p joue le rôle de l'interface entre l'ordinateur

et le syst�eme �electronique et micro
uidique. Ce dernier contrôle aussi le circuit de d�etection

capacitive qui a une sensibilit�e inf�erieure �a 100 fF. Il s'agit en fait de la premi�ere plateforme

de prototypage qui pr�esente un syst�eme entier, incluant la partie micro
uidique, �electronique

et logicielle qui est d�edi�ee principalement �a la recherche et la validation exp�erimentale pour

les manipulations di�electrophor�etiques.

4.1 Article 1 - Recon�gurable Rapid Prototyping Micro
uidic Platform for Par-

ticle Manipulation and Capacitive Detection

A. Miled, A. Srasra, R. Vidaillac, M.Sawan,

submitted to Sensors and Actuators B : Chemical, Elsevier, 2012

4.1.1 Abstract

In this paper, we present a new rapid prototyping platform dedicated to dielectrophoretic

micro
uidic manipulation and capacitive sensing. The proposed platform has a recon�gurable

design. It provides a wide range of control signals depending on the type of manipulation

as sine, rectangular or square wave, with an extensible range of frequency up to 5 MHz, in



52

addition to a programmable phase shift circuit with a minimum phase step of 3.6� for each

signal. Furthermore, the platform provides up to 4 individually recon�gurable controlled

signals. The amplitude of control signals can be adjusted independently, and distributed to

64 electrodes, which are divided into 4 blocks of 16 electrodes each. Each electrode can be

enabled or disabled independently. Moreover, the platform has an advanced capacitive sensor

to allow the measurement of the capacitance variation between in-channel electrodes. The

data acquisition frequency of the proposed sensing system is up to 5 kHz, with a sensitivity of

50 fF. It can be extended to 4 parallel measurements with lower frequency. We also present a

new assembly technique for reusable micro
uidic design. This assembly technique is versatile

and suitable for optical observation using standard or inverted microscopes. This technique

is based on anisotropic adhesive conductive �lm, epoxy and PDMS.

4.1.2 Introduction

Despite recent technological advances (Leeet al., 2007a; Tanaseet al., 2005) to design

miniaturized devices in the range of few millimeters, the prototyping phase of a Laboratory-

on-Chip (LoC) device requires more advanced test benches than typical other heterogeneous

electronic systems. Indeed, a heterogeneous microsystem for particle manipulation and de-

tection includes di�erent types of components such as micro
uidic, microelectronics, discrete

devices, tubing, interconnections, computer interfaces and communication circuits among

others, in addition to testing set-up which are di�erent depending on the application (Lee

et al., 2007b; Ghallab et Badawy, 2004; Leeet al., 2006; Ghafar-Zadeh et Sawan, Dec. 2007;

Medoroet al., 2007). Furthermore, LoC architectures di�er depending on the application. For

example, some of them are based on electric �eld, commonly called electrophoresis or die-

lectrophoresis (DEP), others are based on magnetic �eld known as magnetophoresis among

other techniques (Leeet al., 2006; Medoroet al., 2007; Ghafar-Zadeh et Sawan, Dec. 2007;

Miled et Sawan, 2010). Consequently, up to now, there is no software that can simulate LoC

behavior for all applications and con�gurations. However, it is more di�cult to model a LoC

due to the complexity of dielectrophoresis theory and the application. In addition LoC co-

vers many research areas that are combined together leading to a multidisciplinary approach.

Despite the tremendous e�orts to design a very accurate multiphysics simulation software

such as ANSYS, and Comsol, the latters are still not mature enough to combine biological

e�ects with electrical, 
uidic and magnetic ones. In fact, it is not yet possible to include in

one software, all possible biological e�ects due. One reason is because it depends on studied

particles, injected liquid characteristics, membrane properties and other parameters.

Regarding the integration level, some LoC are a fully integrated systems with electrodes

covered by a membrane inside micro
uidic microchannels, while other electrodes are fabri-



53

Manipulation circuit

Detection circuit 

On-board manual control switches 
LabVIEW        
interface

Work station

Removable 
microfluidic deviceManipulation 

electrode connections

Detection 
electrode connections

Data 
acquisition 

Board 
configuration

Data acquisition from microscope Image acquisition system

Injection system: 
micropump

Recipient

Syringe
Liquid 
inlet

Liquid 
outlet

Figure 4.1 Proposed system con�guration and diagram

cated on a simple printed circuit board (PCB) (Janget al., 2009; Manaresiet al., 2003).

Obviously, it is practically impossible to have a versatile test-bench set-up that covers all

kinds of applications where LoC can be used, that is why a versatile prototyping platform

is needed to characterize and test the micro
uidic structure of the LoC before going toward

miniaturized device.

Moreover, in a prototyping platform, the device area is not more of a constraint than

the connectivity (i.e. making the electrical contact). However, it is important to be able to

recon�gure the system depending on the application, the environment and the research �eld

(Kaler et Dalton, 2007; Sawanet al., 2010). Thus, having a system that can be extended is

mandatory.

Several works provided rapid prototyping solutions focusing on the micro
uidic side while

neglecting tubing, controlling and connectivity. To bypass this problem, they often use a very

complex system (Steigertet al., 2007; Bhagatet al., 2007; Cyganet al., 2005).

Our main application in the presented system is the dielectrophoretic manipulation (A,

1978; Pohlet al., 1978; Kaler et Pohl, 1983; Pohl et Kaler, 1979; Chang et Yang, 2007; Huang

et al., 1993). One of the major advantages of this technique is its well known theory based

on the propagation of electric �elds, which can lead to an advanced architecture of elec-

trodes (et al., 1994; Jones, 1995; Huang et Pethig, 1991; Huanget al., 2005). When combined

with recent microfabrication techniques, new advanced architectures include more than 1000

electrodes. These new microfabrication techniques inspired many researchers to design re-

con�gurable systems in order to cover more applications instead of having a dedicated single

design (Miled et Sawan, 2009; Keilmanet al., 2004). In addition, with reduced dimensions

of electrodes, new cell manipulation techniques embedded on LoCs recently emerged such
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as mixing, separation and horizontal or vertical cell motion (Gielenet al., 2009; Markarian

et al., 2003; Li et Kaler, 2002; Wanget al., 2007).

To overcome these limitations, an advanced prototyping platform is mandatory to ob-

serve di�erent LoC behaviors while going toward an integrated dielectrophoretic system and

designing an e�cient model of the LoC. (Ghallab et Badawy, 2006; Harrisonet al., 2002;

Ghallab et Badawy, 2005; Ghafar-Zadehet al., 2008a; Linderet al., 2006). By cons, making

a prototyping platform requires deep knowledge of di�erent parameters that have an im-

pact on dielectrophoretic manipulation such as phase, frequency and amplitude (Gascoyne

et Vykoukal, 2004; Parket al., 2009).

In section 4.1.3, we introduce the LoC environment. Then, section 4.1.4 details the propo-

sed prototyping platform including its micro
uidic structure as well as the manipulation, data

acquisition and the capacitive sensor. Finally, section 7.1.8 shows the experimental set-up and

results.

4.1.3 LoC Prototyping System

The main advantage of the proposed system is its versatility and recon�gurability, in-

cluding user interface, electrode con�guration and particle manipulation. All parameters of

the platform can be changed at any stage of the system. Indeed, through a computer-based

interface, user can reprogram the FPGA and the microcontroller to con�gure the manipula-

tion and detection circuits and also to operate in di�erent modes. The manipulation circuit

is connected to a PCB interposer to be linked to the micro
uidic architecture through 64

pads. The micro
uidic architecture is placed on a transparent support to be connected to

both inverted and normal optical microscopes, as shown in Fig. 4.1.

There are two data acquisition systems : one of them is through a camera connected

to a microscope and the other one is based on the capacitive sensing circuit. The images

captured by the microscope are sent to a data processing system on MATLAB to determine

the number of particles on the image, while a LabVIEW interface shows and records the

change in capacitance at di�erent locations of the microchannel. The injection of liquids into

the microchannel is done through a micropump. This rapid prototyping environment can be

used for any dielectrophoretic manipulation and capacitive sensing.

4.1.4 Proposed Prototyping Platform

An ideal prototyping platform for a micro
uidic architecture should be able to handle

particle manipulation and detection in any area of microchannel with a recon�gurable ar-

chitecture as shown in Fig. 4.2. The proposed platform is dedicated for DEP manipulation ;



55

0;)&
.

0;)&
B

0$)E. 0$)EB

I(% !-&

I(% !-&

I(% !-&I(% I(%

!-& I(%

!-& I(%

!-& I(%

I(% !-&I(% I(%!-& I(%

!-&

!-&

!-&

!-&

!-&

!-&

!-&

!-&

8()#'$%D)2. 8()#'$%D)2B

0$)E. 0$)EB!-& !-& !-& !-&I(%I(%

8()#'$"#-(2E")(D 8()#'$"#-(2E")(D
!"#$%#<-&&)(

I(J"D2E(%>2D"$)#'"%&

!"#$%#<-&&)(

0$%;;2;)#'"%&2%E2+"#$%2#<-&&)(

0-1-#"'"=)2;)&;%$

Figure 4.2 Micro
uidic architecture for precise particle manipulation
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Figure 4.3 System block diagram

consequently, all particle manipulations are DEP based. Thus, architecture detailed in Fig.

4.2 shows an array of square electrode array, where each electrode can be set in three di�erent

modes which are 
oating (Flo), manipulation (Man) and detection. The detection mode is

based on a di�erential capacitive sensing where the capacitance value is obtained based on

a comparison between a reference capacitance (Cref) and the measured capacitance (Csen).

Cref1 and Csen1 are the active electrodes, which inject current in liquid while Cref2 and

Csen2 are connected to ground to collect current. Thus, measured capacitance (Cmes) detec-

ted by the sensor is equal to Csen� Cref where Csen and Cref are capacitances measured by

electrodes (Csen1, Csen2) and (Cref1, Cref2) respectively. Both manipulation and detection
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can be handled in 
owing or steady liquid. Manipulation electrodes are designed to generate

a controlled electrical �eld to control DEP forces.

4.1.4.1 Electronics Platform

The electronic circuit is designed to be used in any application for micro
uidic manipu-

lations involving the use of an electric �eld. The prototyping system has two units : a unit

for micro
uidic manipulation and another for capacitive sensing.

4.1.4.1.1 Manipulation Circuit Design As shown in Fig. 4.3, the blockUser control

in gray, is placed at several places in the circuit, which allows the user to control the frequency

and phase of all signals generated by the FPGA. The amplitude of each signal is controlled

through the amplifying unit by selecting one of four signalsS1, S2, S3 and S4 to send to a

block of the electrodes. Also, the platform allows the user to add another external signal,

which allows a second type of selection. Finally, I/O of the platform are divided into 4 blocks

of 16 outputs each. Each output can be connected or isolated from the PCB in addition to

be connected to another external signal. The con�guration of the Xilinx Spartan 3SE is done

with conventional JTAG connector on the PCB, which allows the card to be recon�gured. The

con�guration of the frequency and phase is done through a 16 and 8 bits bus, respectively.

Finite state machines (FSM) controls the reading operations of memory blocks in the FPGA

where the 4 manipulation signals are stored.

Fig. 4.4 shows how the FPGA manages each memory block. Indeed, the circuit has a

�rst-level FSM identi�ed by F SM L 1 in Fig. 4.4 that controls the operating frequency of

the 2nd level FSMF SM L 2. The latter manages the frequency of signals generated by the

FPGA while also controlling the phase shift by activating a pointer after a period de�ned

by the user. A counter controls this pointer that enables the "memory read operation" from

a particular memory cell to generate signals with di�erent phases. Since the FPGA can be

reprogrammed on the platform by JTAG, the PCB con�guration may be reviewed depending

on the needs of the application.

Digital signals generated by the FPGA are encoded on 8 bits each and connected to a DAC

with a current output. Control of the amplitude of signals is done through the monitoring of

the reference voltage of DACs. By varying the reference voltage of DACs between 0 and 12V,

the signal amplitude varies from -12V to +12 V through the �rst ampli�er that converts the

DAC current output to positive voltage, and through a second ampli�er that generates the

negative voltage. The platform provides access to both types of voltages depending on the
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desired particle manipulation. Once the 4 signals are generated, they are redistributed to the

64 electrodes through two levels of multiplexers. TheSwitch 4 : 1 allows a selection between

4 signals from the FPGA and theSwitch 3 : 1 allows a selection between an FPGA signal

and an external signal provided by the user. Finally, the platform connects 4 di�erent signals

to a block of 64 pins through 4� 1 : 16switch and through jumpers allowing users to isolate

each electrode and connect it to another external signal.

4.1.4.1.2 Detection Circuit Design The capacity variation on the microchannel is de-

tected using PS021 sensor. A reference capacitance is connected, together with the capacitive

sensor and discharge resistor. Both capacities are assumed to be at the same range to limit

the gain drift. The capacitance variation is in the range of few femto-farads to a few dozen

nanofarads. The PS021 enables communication with a microcontroller based on an SPI bus.

Reference and sensing capacitance are �rst charged to the power supply voltage and then

discharged through a resistor. Then the discharge time is measured up to threshold voltage.

Through the resistance R, the discharge time is set between 2 and 10 microseconds and

the resolution of the capacitive sensor is set to femto seconds.

For applications requiring high resolution, a compensated mode of PS021 can be used.

This mode achieves extremely small gain drift and o�set. For this mode, the capacity must

be connected between the ground and an analog switch to reduce the parasitic interferences

from components and wiring. Consequently, the gain drift is in the range of 10 ppm.

The use of microcontroller Atmega16 not only allows controlling the capacitive sensor

through the SPI bus, but also provides other features in the circuit such as the serial commu-

nication RS232 and an LCD screen to show the capacitance variation in addition to transfer

data from computer to FPGA.

The control of the whole system is achieved through a LabVIEW interface. This interface

uses the USART RS232 communication protocol and processes data transmitted by the

microcontroller with a frequency greater than 100 kHz.

4.1.4.2 Prototyping Micro
uidic Platform

The micro
uidic prototyping architecture includes several designs to perform various tests.

To make contact between the PCB and the micro
uidic electrodes, pads are added around

the glass substrate, as shown in Fig. 4.6. The whole substrate contains 247 pads to apply

and/or acquire signals from electrodes. The thickness of two glass plates assembled together

is 1mm. The fabrication process was made by Lionex, inc.
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Figure 4.5 Proposed sensing system diagram
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Figure 4.6 Fabricated micro
uidic substrate including 9 micro
uidic architectures with in-
channel electrodes (S1 to S9), one micro
uidic architecture for CMOS chip integration (M)
and 4 micro
uidic channels for packaging tests (F)

Thus, the micro
uidic prototyping platform allows testing particle separation and mani-

pulation by planar electrodes or by the newly introduced L-shaped electrodes. The latters

provide horizontal and vertical manipulations as shown in Fig. 4.7b. Other con�gurations of

electrodes are placed at 90� for particle mixing and other interdigitited electrodes are also

implemented to test various detection techniques and particularly capacitive sensing.
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Figure 4.7 Examples of designed architectures included in the micro
uidic substrate of (a)
S9 and (b) S8

Furthermore, other electrodes are fabricated on the bottom side of the bottom glass to test

other con�gurations as shown in Fig. 4.7b. Indeed, it is often necessary to add an insulation

layer on the top of the electrodes that are used for capacitive sensing to avoid creating short

circuit and generating osmosis if a large current is injected. Indeed, if the distance between the

electrodes is very short, the 
owing current generates a chemical reaction in water involving

bubbling. Thus, other electrodes are placed in the bottom of the micro
uidic architecture so

that they are separated from the liquid by the glass plate whose thickness is 500µm.

4.1.4.3 Prototyping Packaging Solution

The packaging is made so that the micro
uidic architecture can be manipulated or ob-

served on a standard, inverted or 
uorescence microscope. For this reason, a cut-o� area

in the center of PCB is needed. The micro
uidic substrate is placed on the latter for opti-

cal observations. To strengthen the structure, a plexyglass support was made on which the

micro
uidic structure and the PCB are put. To ensure electrical contact between the PCB

and micro
uidics PADS, a conductive tape is placed on the electrode surface. We tested

two types of tapes : Adhesive Conductive Film (ACF) 9703 from 3M and adhesive copper

tape. The advantage of the ACF consists of placing one layer through all the PCB, and by

pressure, an electric contact is established between top and bottom pads. The drawback of

the copper tape is that it must be cut in small pieces and placed on the electrodes and by

pressure, contact is established. Though, removing the copper tape to place the structure

remains easy. Obviously, there are other solutions to such assemblies such as deposing bumps
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on the PCB ; however, this solution can be expensive and requires more processing steps. The

detailed packaging process is presented in Fig. 4.8.

To connect tubes to microchannels, we propose two di�erent techniques. The �rst one

consists of the use of 741 epoxy from Epotek, which is a good solution if the micro
ui-

dic architecture is not reusable, if not, a second technique based on a polydimethylsiloxane

(PDMS) is used by adding a thin layer of PDMS (Sylgard 184 (10 :1)) containing the same

access hole as ones on the glass, but with a diameter slightly smaller than the micro tubes to

avoid liquid leakages. First, the glass is cleaned using ethanol. Subsequently, the glass plate is

heated to 80� C, while the PDMS is polymerized and heated to 80� C. Then, the access holes

are designed on the PDMS using biopsy punch and immediately stuck to the top glass. The

PDMS access holes are smaller than the micro-tubes to ensure good sealing by pressure as

shown in Fig. 4.9.

4.1.4.4 Proposed Communication Protocol

A �rst protocol manages communication between LabVIEW and detection circuit, a se-

cond is processing images acquired by the microscope, and the third one, set the con�guration

of particle manipulation module as shown in the diagram of Fig.4.10.

4.1.5 Results

4.1.5.1 Experimental set-up

The experimental Set-up is composed of all parts shown in Fig. 4.11. The used microscope

PM5 is from Karl Suss with "infusion-only"micropump from Cole-Parmer. The used tubes to

connect 10 ml syringe to micropump are from Cole-Parmer as well. Their inside and outside

diameter are 100µm and 1 mm respectively. Consequently, they can be inserted into the glass

access holes whose diameter is 1.5 mm. Then 741 epoxy from Epotek can be deposed around

tubes for permanent sealing since the micro
uidic structure is used in this system for testing

purpose only and not in a real application. The design of the proposed electronic platform is

shown in Fig. 4.12. The micro
uidic prototyping platform is shown in Fig. 4.13.

4.1.5.2 Experimental Results

The system was tested using carboxyl-modi�ed polystyrene beads (Bangs Laboratories

Inc.) of 500 nm and 2µm diameter after an application of phase shift of 180� . Depending on

the direction of the liquid 
ow in the microchannel, the cycle of manipulation of microspheres

may vary. In this presented work, microspheres �rst go through vertical and horizontal mani-

pulation, and then are mixed to be �nally placed in the detection area of the microchannel.
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Figure 4.8 New proposed packaging technique

This cycle aims to verify the operation of each electrode. Fig. 4.2 shows the movement of

particles in the case of manipulation with the horizontal L-shaped electrodes. The rotational

particle motion is due to the type of signals applied to the electrodes and which are shown in

Fig. 4.15. By applying an electric �eld generated by 180� phase shift signals on polynomial

electrodes shown in Fig. 4.15a, particles are pushed toward a rotary motion. Since the ma-
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nufacturing process of the electrodes in the microchannel is based on a single layer of metal,

it is impossible to connect each electrode independently. Consequently, every two adjacent

electrodes are connected together to the same signal as shown in Fig. 4.15. We have designed

di�erent mixing processes starting with large electrode 100µm � 50 µm, then 50 µm � 20

µm and �nally 30 µm � 10 µm.

When a ACF is used as shown in Fig. 4.16, the resistance between the PCB interposer pads

and the micro
uidic pads is 50 
. By cons, in the case of wire bonding it is 5 
. As the 
owing
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current between the in-channel electrodes is in the range of mA, the voltage attenuation is

varying between 5 mV and 500 mV. The proposed prototyping system has an output voltage

range between +/-1.8 Vpp and +/- 12 V pp , the output voltage range in the worst case will be

between +/-1.3 V and +/- 11.5 V which is acceptable and does not a�ect the dielectrophoretic

manipulation considerably. The performance of the prototyping platform is summarized in

table 6.1. It includes a Xilinx Spartan 3SE and a capacitive sensor PS021, which are major

components of the PCB. The PCBs are fabricated by Advanced Circuits (Aurora, CO, USA).

In addition, a high voltage analog switch ADG1209 from Analog Devices has been added to

allow selection of one signal among 4 signals provided by DACs and FPGA. The base clock

of the FPGA is 50 MHz, which generates sinusoidal signals with a maximum frequency of 3.4

MHz. The platform is designed to allow the user to modify each part of the circuit manually

via jumpers, the PCB dimensions are (12 cm� 12 cm). The micro
uidic platform has 247

input and output pins to dispatch electrical signals across the micro
uidic channels. This


exibility allows mounting approximately any micro
uidic architecture. Di�erent thicknesses

of the PDMS were tested such as 0.45 mm, 1 mm and 1.75 mm. The best adherence was

achieved, with PDMS thickness 0.45 mm. The liquid 
ow speed is monitored through a Cole-

Parmer micropump. Both the 0.45 mm and 1 mm PDMS layers were tested with 50µm

channel depth. The PDMS is removed from the glass at 0.5µl/min and 2.5 µl/min injection


ow rate for the 0.45 mm and 1 mm PDMS thickness, respectively. Finally capacitance

variation was observed between di�erent electrodes in microchannel using the prototyping

platform. It can be seen that the highest capacitance is obtained when electrode are close

to each others (E1-E2) and (E2-E3) as shown in Fig. 4.14 and Fig. 4.17. We notice also

a sudden change of capacitance when selecting di�erent electrodes. This variation happens

when selecting another position of the manual switch in the platform.

4.1.6 Discussion

Our work can mainly be compared to the prototyping platform designed by Dalton and

Kaler (Kaler et Dalton, 2007). Both platforms are designed for particle manipulation in or-

der to have a prototyping and reusable system for micro
uidic DEP manipulation. In both

cases, we used PDMS as e�cient tubing technique for low pressure application. However,

the PDMS layer we used is thinner (0.45mm) and can support a su�cient liquid injection

rate (3.33�l=min ). Our platform uses low coast ACF while Dalton's and Kaler's used ZIF

connection. Our choice of ACF is mainly motivated by the large number of I/O of the mi-

cro
uidic structure, irregular pad shape and misalignment problem as shown in Fig. 4.18. In

fact, ACF is a thin �lm which covers all connection area and where electrical connections are

established through the vertical direction only. In addition ACF can �t any shape of pads,
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Tableau 4.1 Prototyping platform comparison, improved or di�erent characteristics are high-
lighted in bold font where TWD and ROT refers to travelling wave dielectrophoresis and
electrorotation respectiveley

Parameter (Kaler et Dalton,
2007)

This work

Number of electrode inputs in the
micro
uidic chip

120 247

Micro
uidic-microelectronic
connection type

ZIF ACF

Micro
uidic viewing area (thick-
ness x width x length)

1 mm x 80 mm x 36
mm

1 mm x 80 mm x 35
mm

Glass type Boro
oat Boro
oat

Electrode architecture included in
the platform

TWD, ROT, Interdi-
gitited, castellated

TWD, ROT, Interdi-
gitated, L-shaped

Minimum inter electrode gaps for
ROT electrodes

100µm 40 µm

Minimum electrode width 4 µm 10 µm

Tubing PDMS PDMS or Epoxy

PDMS thickness 3 mm or 6 mm 0.45 mm or 3 mm

Maximum 
ow rate 5 µl/min 3.33µl/min

Particle manipulation technique DEP DEP

Maximum frequency with no de-
gradation of signals

4 MHz 3.4 MHz

Maximum voltage 10 Vpp 12 Vpp

Number of di�erent input signals 4 64

Signal phase control Extrenal device Embedded control
with a resolution of
3.6�

Sensing circuit Not Available Capacitive sensing
with a sensitivity of
50 fF
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being a simple �lm that can be deposed anywhere, especially when the number of I/O of the

micro
uidic structure is high (247 in our case). ACF can be easily removed by acetone. In ad-

dition, the assembly technique of micro
uidic structure that we proposed is independent from

the microscope and can be used in any place. Our proposed platform consists of a fully em-

bedded system where all electronic circuitry is integrated on the same board. Furthermore,

our proposed electronic platform o�ers a wide range of signals, including sine, triangle or

square waves for both standard and digital micro
uidic applications and a capacitive sensing

circuitry.

Besides the fact that the designed platform is a complete system and is designed for

DEP application, it is also extendable. In fact, a chain-connector is integrated into the main

board to connect to another electronic board. The proposed concept is similar to commercial

FPGA development kits where users can connect di�erent boards together. In our case,

an automated electrode controlling electronic circuit is being developed to connect to this

system. This way, we will have the �rst fully automated micro
uidic system. This feature is

necessary for a closed loop system controlled by the FPGA and to reduce the interferences

in the sensing system. This part will be part of up coming publications.

4.1.7 Conclusion

In this paper we presented a micro
uidic fast prototyping platform, which o�ers many

advantages. The main advantage of the proposed platform is to provide a versatile tool for

research purpose to study and analyze the LoC behavior when simulation using FEM software

cannot give convincing results and also to con�rm simulation results. Also, the modular aspect

of the system keeps it ready for any extension or upgrade for other applications. In addition,

the proposed platform provides a powerful tool to analyze a wide range of liquids and particles

with a programmable signal amplitude, phase shift and frequency, up to 12 V, 360� and 3.4

MHz. The phase shift sensitivity was 3.6� . The platform is dedicated for rapid prototyping.

Thus all parameters have to be recon�gurable to cover wide ranges of application.
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CHAPITRE 5

Laboratoire sur puce pour la manipulation des micros et nanoparticules par

di�electrophor�ese et d�etection capacitive

Dans ce chapitre, nous introduisons tout d'abord, le concept de laboratoire-sur-puce. En-

suite, nous abordons en d�etails la partie micro�electronique qui consiste en la premi�ere puce

fabriqu�ee avec la technologie 0.18�m et qui est compl�etement programmable. En e�et, cette

derni�ere permet de g�en�erer un champ �electrique �a partir de signaux �electriques ayant une

fr�equence, une phase et une amplitude programmable. La programmation du d�ephasage ainsi

que la fr�equence est digitale, alors que celle de l'amplitude est analogique. La plage de varia-

tion de la fr�equence peut atteindre 1.5 MHz, alors que le d�ephasage minimal qui peut être

con�gur�e est de 3.6� . L'amplitude peut varier de -1.3 V jusqu'�a 1.4 V et le tout contrôl�e par

deux ampli�cateurs pour un r�eglage �n et grossier. Les r�esultats obtenus montrent une s�epa-

ration di�electrophor�etique e�cace des micro et nanoparticules (PC05N, PA04N et PS03N) �a

travers une identi�cation fr�equentielle de chaque particule.

5.1 Article 2 - Dielectrophoresis-Based Integrated Lab-on-Chip for Nano and

Micro-Particles Manipulation and Capacitive Detection

Mohamed Amine Miled, and Mohamad Sawan

Published in IEEE Transactions on Biomedical Circuits and Systems,

Vol. 2, No. 2, pp. 120-132, 2012

5.1.1 Abstract

We present in this paper a new Lab-on-Chip (LoC) architecture for dielectrophoresis-based

cell manipulation, detection, and capacitive measurement. The proposed LoC is built around

a CMOS full-custom chip and a micro
uidic structure. The CMOS chip is used to deliver

all parameters required to control the dielectrophoresis (DEP) features such as frequency,

phase, and amplitude of signals spread on in-channel electrodes of the LoC. It is integrated

to the LoC and experimental results are related to micro and nano particles manipulation and
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detection in a micro
uidic platform. The proposed microsystem includes an on-chip 27-bit

frequency divider, a digital phase controller with a 3.6� phase shift resolution and a 2.5V

dynamic range. The sensing module is composed of a 3� 3 capacitive sensor array with 10 fF

per mV sensitivity, and a dynamic range of 1.5V. The obtained results show an e�cient nano

and micro-particles (PC05N, PA04N and PS03N) separation based on frequency segregation

with low voltages less than 1.7 V and a fully integrated and recon�gurable system.

5.1.2 Introduction

Recent research activities focusing on brain-machine interfaces intended for either stimu-

lation or recording have shown promising results. However, most of these devices are using

metallic electrode interface to exchange charges resulting on current and voltage information.

Thus, no much information is retrieved or exchanged about the brain activity in terms of

biological reaction. In fact, electrical signal in the brain are closely related to neurotrans-

mitters activity but it is not possible at the moment to con�rm a correlation between the

neurotransmitter activity and the recorded electrical signal because of the absence of coherent

data regarding their concentration, propagation or dysfunction. Interfacing electrodes with

the brain tissues even by using biocompatible material may imply a rejection or may provoke

an infection (Yousif et al., 2008; Nelson et Pouget, 2010). The proposed LoC has a di�erent

approach, which consists of in situ analyzing the brain liquid composition. The advantage of

later method is avoiding direct contact between the brain tissues and metallic electrodes by

sampling and injecting the brain liquid through the LoC microchannels. This LoC platform,

intended to prove the concept of particle separation based on the medium-particle characte-

ristics, is a part of an on-going project, where we are focusing on the microelectronics part

for nano and micro particles manipulation including the required micro
uidic structure. Pro-

ject covering other parts such as the sampling system, and the power supply circuitries are

undertaken and will not be covered in this paper.

Indeed, through the new microfabrication techniques using lithography, dry etching, and

nanoimprint solutions, manufacturing complex micro
uidic structures and electrodes is easier

but more challenges still exist in the range of micrometers and nanometers. Consequently,

the integration of microelectronics circuit on-chip opened a new era for LoC devices. In fact,

reducing the electrode size leads to applying small voltage signals to generate an e�cient EF

for cell separation and manipulation (Masudaet al., 1987; et al., 1998). Furthermore, the use

of miniature architectures involve manipulation of small liquid sample less than 2 picoliters

as the intra-neuronal space is less than 5 nm where all neurotransmitters are transmitted.

However, the LoC is not intended to analyse the neurotransmitters concentration in spaces

separating neurons, but in a larger area de�ned by the access holes of the LoC which is 1.5
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mm with the actual device.

Several research works have dealt with designing a hybrid system for cell manipulation

and capacitive detection with embedded electrodes called in-channel electrodes inside a mi-

cro
uidic system controlled by a microelectronics circuit (Heeret al., 15 Sept. 2004; Wake et

Brooke, 2007, 2008; Ghafar-Zadehet al., 2010; Ahmadi et Jullien, 2009). The main focus of

latter works is to manipulate cells using dielectrophoresis through a CMOS chip that gene-

rates an electric �eld (EF) with low voltages. Indeed, using dielectrophoresis leads to an easier

system integration as it can be controlled by a dedicated integrated circuit which implies an

easier microsystem set-up unlike other techniques such as magnethephoretic manipulation

that have more constraints (Pamme et Wilhelm, 2006; Tanaseet al., 2005) or other optical

manipulations (Blancoet al., 2006). Table 5.1 presents a comparison between the main cell

manipulation techniques. In fact, magnetophoresis or optical manipulation, when integrated

on a CMOS chip, needs a conversion of electrical signals into a magnetic �eld or conver-

ting an optical e�ect into an electrical signal. These conversions, however feasible, require an

intensive study on their good e�ciency.

On the other hand, dielectrophoresis is based on electrical signals that are applied directly

on the electrodes, which reduce the complexity of the LoC (et al., 1994; Wanget al., 1996)

while having an e�cient cell manipulation as explained by Manaresi et al. (Manaresi et al.,

2003; Medoroet al., 2007). Furthermore, DEP has a wide range of applications and several cell

separation techniques have been proposed. Among these techniques is cell trapping created

by a dielectrophoretic cage (Manaresi et al., 2003). This technique involves the generation of

an electrical �eld by applying two 180� phase-shifted signals with an amplitude of 3.3V and

distributed through a square electrodes array on a CMOS chip. Another technique consists of

applying three 90� phase-shifted signal voltages on planar electrodes to move cells in a given

direction (Hugheset al., 1996; Li et Kaler, 2002; Kuaet al., 2008). Furthermore, DEP can

be applied in DNA separation(Mayeret al., 1994) for example, which makes this technique

very versatile.

Basically, a LoC contains two important components among others, namely, the mani-

pulation and the sensing system. However, there is intensive research on the sensing system

instead of the manipulation circuit. This is due to the fact that it is easier to integrate

a sensing circuit on-chip without any advanced post processing. On the other hand, the

disadvantage of biosensors is that they depend on the manipulation system and the injec-

ted cells' characteristics, as well as the solution that contains cells. For example, a solution

with a high conductivity may distort the measurement of capacitive sensor, and the use of

poly-dimethylsiloxane (PDMS) can a�ect measurements of 
uorescence. Furthermore, the

concentration of target cells in
uences the sensing performance ; thus, a lot of work was done
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Tableau 5.1 Cells manipulation techniques comparison (Ghallab et Badawy, 2004)

Ref On-chip or
o�-chip

Particle
size

Technique
name

Limitations

(Talary et Pe-
thig, 1994)

O�-chip Yeast cells Optical tech-
nique based
on a dual
beam optical
spectrometer

Bulky, expensive, com-
plex sampling prepara-
tion, not suitable for mi-
niaturization

(Eyal et
Quake, 2002)

On-chip
and o�-
chip

2.5�m Fluorescent
Labeling

Cell modi�cation by
markers or antibody,
expensive, bulky and
complex to operate

(Fuller et al.,
2000)

O�-chip 8.2 �m Impedance
Sensing Tech-
nique

Lack of integration
actuation capabili-
ties with a separate
micro
uidic

(Medoro
et al., 2003)

On-chip
with a
PCB
support

3.4�m CMOS lab-
on-a-chip
microsystems

PCB based LoC

(Ahmadi et
Jullien, 2009)

On-chip or
o�-chip

Blood glu-
cose

Glucose bio-
sensor

Dedicated for glucose

(Pamme et
Wilhelm,
2006)

On-chip or
o�-chip

Macrophages
Tumor
cells

Magnetophoresis Bulky and requires cell
labelling with nanopar-
ticles
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to improve the sensitivity of the microelectronics circuit to detect a few femtofarads (Prakash

et Abshire, 2008). With the emergence of new microfabrication techniques, complex micro-

system designs can be made. Hence, capacitive sensing remains one of the best choices for

on-chip integration despite the aforementioned limitations. The reason is that in most cases

the solution used to mix cells is not highly conductive. An example of such capacitive sensor

is the charge-based capacitive measurement (CBCM) (Sylvesteret al., 1997), which has a

high sensitivity and accuracy. This technique was covered by several works including those

of Ghafar-Zadeh et al. (Ghafar-Zadehet al., 2008b; Ghafar-Zadeh et Sawan, 2007) who desi-

gned a CBCM circuit with a sensitivity of 1 fF=mV on a CMOS chip. In addition, given the

wide integration potential of CBCM, another work demonstrated that using CBCM in the

subthreshold region of transistors (Miled et Sawan, 2008) can improve both power consump-

tion and sensitivity. The features of the CMOS chip depend on the application, type of cell,

and solution among other parameters. Hence, DEP is an appropriate method controlling the

electrical �eld propagation based on the above stated parameters.

In the present work, a �rst step consists of designing the suitable electrode architecture for

cell manipulation using DEP and one metal layer technology, which is the available commer-

cial micro fabrication process. This steps was achieved and detailed in (Miledet al., 2011b).

The choice of electrode depends on the expected DEP e�ect, thus we designed L-shaped

electrode for horizontal manipulation and square and orthogonal electrode con�guration for

both mixing and separation. These two architectures can be done through the one-metal

layer technology without a�ecting the electrical �eld propagation in the micro-channel. At

the same time, capacitive sensor array architecture is designed to measure the variation of

liquid conductivity in di�erent area of the micro-channel which is a�ected by particle distri-

bution in the micro-channel. However, the project is targeting neurotransmitters, the system

is �rst tested with micro-spheres which have a close surface charge distribution to neuro-

transmitters with a minimum size available from "bangs laboratory".

We describe in this paper a new architecture of a recon�gurable CMOS chip that is

dedicated for low-voltage applications using DEP for nano and micro-particles manipula-

tion and CBCM-based sensing. This device represents a custom CMOS chip dedicated for a

dielectrophoresis-based micro
uidic LoC planned for in vitro tests as a �rst step before being

packaged for in vivo experiments. The proposed LoC is intended for a self-driven device with

di�erent particles DEP manipulation including mixing, separation and trapping depending

on the application in addition to an advanced sensing architecture. Thus, a fully automated

CMOS chip is designed to be controlled by an FPGA. Based on a variable dynamic range

sensing array, this chip integrates also an elaborated processing module enhancing the ana-

lysis time. The designed system is intended for neurotransmitters detection and separation
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after being validated by nano and micro-particles.

In section 5.1.3, the LoC system is described, which includes the background of cell

manipulation and introduces the capacitive sensing method. The proposed fabricated chip

is detailed in Section 5.1.4. Section 5.1.5 presents the implemented micro
uidic design and

packaging of the LoC. Finally, simulation results of voltage and electrical �eld propagation

in the microchannel are presented to investigate how particles will be separated and their

displacement. Finally, global system setup and experimental results are the subject of Section

7.1.8.

5.1.3 LoC System and Background Description

A LoC consists of two main components, namely, the micro
uidic and the microelec-

tronics parts. Furthermore, the types of signals to be applied depend on the architecture

and the con�guration of in-channel electrodes shape, size, and distance between them. Thus,

the design of a recon�gurable system can go through the previous constraints by using the

microelectronics system to generate needed signals to be applied for the target application.

However, LoC also has many other peripheral components that are as necessary as microelec-

tronics and micro
uidic structure such as packaging, tubing and control. Fig. 5.1 summarizes

the di�erent components of the proposed LoC. The discrete components to make the CMOS

are placed on the bottom side of the PCB to minimize the implant area. The micro
uidic

platform is stuck on the top of the PCB and connected by wire-bonding to the latter. Bio-

compatible package and liquid sampling are not covered in this paper but are undertaken

for further tests. The proposed LoC is dedicated for neurotransmitter manipulation and de-

tection ; however, the device can be used for bigger molecules less than 10�m . In fact, the

weight and size of the manipulated cells/particles/molecules is very important as force inten-

sity required for cell motion may vary. The detection system is activated immediately after

manipulation. Its main function is to detect the variation of the concentration of particles


owing through the microchannel of the LoC, which may indicate a possible malfunction in

the neural connections.

Thus, the mid term objective of the project consists of �nding a speci�c separation fre-

quency that can be associated to each neurotransmitter called the crossover frequency to

achieve a DEP separation. It will be considered as a neurotransmitter �ngerprint. Based on

DEP theory, the cross over-frequency depends on the Clausus-Mossotti factor (f CM ). f CM is

a relation between particle and medium complex conductivity which is frequency dependent

and it varies from -0.5 to 1.5. Depending on value of thef CM versus the frequency, two

dielectrophoresis phenomena are observed ; i.e. nDEP (particle attraction) or pDEP (particle

repulsion). Thus, an investigation on the separation of nanoparticles by using DEP andf CM
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Figure 5.1 DEP-based LoC microsystem architecture using planar electrodes

is presented in this paper based on experimental results. Asf CM and DEP forces depend on

frequency and electrical �eld generated by in-channel electrodes, the CMOS chip is monito-

ring all these parameters to �nd the exact cross-over frequency which can be associated with

each nanoparticles.

The dielectrophoresis theory is based on several assumptions. One of these is that the

radius a of the manipulated particle must be negligible compared to the dimensions of the

microchannel in which the EF spreads. The microchannel is assumed to have the same height

and width l and considering thata � l , then, the force exerted on an electric dipole can be

written using a Taylor expansion as follows(Bruus, 2008) :

The dielectrophoretic force can be expressed in terms of phase as follows, (Wanget al.,

1996).

h
���!
FDEP (t)i = 2 �"r 3[Re(f CM )r E

2
r ms

+ Im (f CM )(E 2
x0

r' (x)

+ E 2
y0

r' (y) + E 2
z0

r' (z)) (5.1)

whereE rms = E=
p

2, "1 and "2 are the medium and the particle permittivity, respectively.

Ex0 , Ey0 , Ez0 are the EF component on the x, y and z axisr' (:) and r E
2
r ms are the phase

(' (:) and the EF gradients respectively.Re(f CM ) and Re(f CM ) are the the real and imaginary

part of the complex value of The Clausus Mossotti factorf CM respectively. Thef CM is de�ned

as follows.

f CM ("1(! ); "2(! )) =
("2(! ) � "1(! ))
2"1(! ) + "2(! )

(5.2)
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Considering that the EF depends also on the applied voltageV, the dielectrophoretic

force also depends on the amplitude of applied voltages on the electrodes which leads to Eq.

(5.3).

FDEP = f (f; V; ' ) (5.3)

Capacitive sensing is widely used in the detection of movements, bacteria growth, and

variation of concentration. In the latter case, it is mainly based on the variation of the

permittivity of the medium. Such variation has a direct impact on capacitance depending on

the circuit design.

Because the two metal strips are deposited on a substrate, they are composed of 2 ca-

pacitances : one through the substrate and another through the liquid or air. A widely used

model of such a system consists of two coplanar plates on 2 substrates (Gevorgianet al.,

2003a,b; Vendiket al., 1999). The variation of the capacitance versus electrode shape and

space shows that the maximum capacitance is reached with a small electrodes space. However

by increasing the electrode shape, it is possible to amplify the detected capacitance value.

5.1.4 Fabricated CMOS Chip Architecture

Based on the theory presented in Section 5.1.3, the microelectronics circuit has a crucial

function in controlling the 
uidic 
ow in microchannels using DEP.

The CMOS chip includes digital and analog building blocks (Miled et Sawan, 2011b). The

digital module monitors the parameters of generated signals such as frequency and phase. The

analog part converts digital data into analog signals, while adapting them to the micro
uidic

architecture as shown in Fig. 5.2.

5.1.4.1 The Digital Module

The proposed digital module (DM) consists of 4 main units shown in Fig. 5.3a. First the

DM processes the input data to convert them into adequate format for the other units (a).

By sending a binary code to the frequency divider (a), an internal frequency is generated and

is used for all the other units (b). A memory monitoring system controls the memory outputs

and inputs (c) to provide 4 digital signals to the output processing unit (OSP) which will be

detailed in section 5.1.4.2.

5.1.4.1.1 Digital shift phase control The digital circuit consists mainly of a memory

divided into 4 blocks of 100� 8 bits. Each block contains a period of each signal with

100 8-bit samples. This memory is managed by a control unit that enables access to each
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Figure 5.2 Simpli�ed diagram of the LoC system including the output signal processing
(OSP) module and the Micro
uidic digital microcontroller (MDM) and shows the connection
between the microelectronics circuit and the micro
uidic structure by wire-bonding

block depending on the selected phase shift as the architecture of electrodes is divided into

4 di�erent blocks. Each block is associated with an independent signal. Block 0, containing

the signal 0, is considered as the reference block with no phase shift. On the other hand, a

phase shift is applied to other blocks. In fact, the phase shift results in a shift of the signals

1, 2, and 3 regarding signal 0 stored in blocks 1, 2, 3, respectively as shown in Fig. 5.3b.

Ideally the phase di�erence should be 1� . For a phase shift of 1� , the period of a signal

is divided into 360 di�erent values ; and consequently, the frequency of the signal will be

reduced considerably. Indeed, if the system operates at 10MHz for example, it would require

an operating frequency of 3.6GHz, which is di�cult to achieve with 0.18 �m technology.

As a trade-o�, we retained only 100 samples of each signal period, which corresponds to the

minimum phase 360� =100. The 3.6 degrees of phase shift is a compromise between precision

and frequency of the output signal and is coded on 7 bits.

5.1.4.1.2 Frequency control The frequency is controlled through a 16-bit binary code.

The choice of such a large code is due to the characteristics of the LoC. Indeed, the system

is dedicated to handle a wide range of particles, molecules or cells, and each one may have

di�erent behavior depending on the applied frequency and phase related to thef CM . The

signal frequency is generated from a �nite-state machine that consists of a frequency divider.

The frequency code de�nes the high and the low levels of the duty cycle of the system clock.
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Figure 5.3 Signal generation and processing system design : (a) Digital module (DM) con�-
guration, and (b) Memory con�guration

5.1.4.1.3 Data acquisition system Having 16 bits for the clock and 7 bits for the phase

shift is not practical for an integrated system. To overcome this problem, the code of the clock

and the phase shift are sent on a sequential manner through a one-bit line. Each code is sent

serially to a series-to-parallel converter that is connected to the main microcontroller. The

microcontroller cannot start generating signals unless the data have been validated to prevent

any dysfunction.

5.1.4.2 The Analog Part of the Dedicated Processor

The analog part of the system consists of modules that convert digital signals into analog

with an advanced control of the amplitude and a bu�er for a large load capacitance and low

resistance. Fig. 5.4 shows the architecture of the proposed analog module, which is connected

to 4 outputs of digital module (DM) that manages the frequency and the phase signals as

shown in Fig. 5.2. The digital module provides 8 bits for each manipulation signal, which are

connected to a current output DAC. Each bit passes through an inverter to provide enough

current to each DAC input. The current output from each DAC is connected to a current to

voltage converter (I/V) based on a simple current mirror with an o�set removal resistance

in its output branch. However, including a resistance is not the ideal case, it was used as an

o�-chip component which can be adjusted externally to have a better control. Another design

with an on-chip calibration system can be used but it is not practical at this level until, the

o�set range can be �xed experimentally. Then the I/V output goes through two ampli�ers
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to have �ne and coarse adjustment and then a low resistive load bu�er.

5.1.4.2.1 Digital-to-analog Conversion Circuit The designed digital-to-analog conver-

ter is a current-mirror-based circuit. The advantage of such a converter is the small space

needed for the circuit design because all current mirrors are based on transistors and not

capacitances to reduce circuit design area and to reduce the o�set error. In fact, all signals

must be set to the same o�set to have a controllable DEP e�ect. In case of uncontrolled

o�set, the propagation of the electrical �eld will not be homogeneous in the microchannel.

In addition, all digital outputs are connected to inverters to avoid current overload on the

outputs of the digital module due to current limitation in the digital design. Fig. 5.5a shows

the architecture of the designed DAC. As the current of each branch can be given by the

square law of a MOS transistor, for an e�cient 8-bit DAC, the transistors must be designed

such asWi = 2:Wi� 1, whereWi and Wi� 1 are the width of the transistor i and i � 1. i refers

to transistor M i , wherei goes from 0 to 7 as shown in Fig. 5.5a. Each branch of the DACi is

connected to the bitD i of the data bus provided by the digital module as shown in Fig.5.5b.

The DAC branch, containing transistor M7, maintains a minimum current in the DAC to

avoid a 
oating circuit. This branch provides the same current as the transistorM0.

The designed current-to-voltage converter is a current mirror circuit with active load as

shown in Fig. 5.5c. The transistors are sized to minimize the o�set of the circuit. The ratio

W10=W11 of the two transistors must be 1.

Thus, the current in the two branches is equal ; i.e.,I DAC = I c1 = I c2, where I c1 and I c2

are the drain current of transistorM c1 and M c2 and I DAC the output current of the DAC.

As transistor M c3 is in a diode con�guration, it can be considered as a resistance.

Rc3 =
1

gm3

==rds3 (5.4)

Rc3 is the resistance of transistorM c3. As M c3 is in a diode con�guration, its width

and length are adjusted to remove the output voltage o�set of I/V converter. The connection

between I/V converter and embedded ampli�ers are done externally, thusRc3 can be replaced

by o�-chip resistors Rcal to remove any additional o�set instead of transistorsM c3 for practical

reasons. By adjustingRcal and it power supplyVDD 2, the saturation voltageVD sat of transistor

M c2 and then the DC output voltage of the I/V converter can be adjusted to remove the

o�set.

To remove the o�set, a high resistance should be added following Eq. (5.5).

Rc3 =
1

gm3

==rds3 =
VDD

2I D AC
(5.5)
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Figure 5.5 Digital-to-analog conversion design : (a) DAC design, (b) DAC connection, and
(c) I/V converter where the length of all transistors is 0.18�m and their width in �m is
shown

In case of using an o�-chip resistor,Rcal is de�ned in Eq. (5.6).

Rcal =
VDD 2

I D AC
(5.6)

DEP cell manipulation is not very sensitive to device mismatch, however to reduce it, the

four designed DACs have the same layout and are placed symmetrically around the digital

module to reduce the mismatch. Furthermore, for practical reasons, two DACs were connected

to other circuit for debugging purpose, thus a mismatch cannot be avoided.

5.1.4.2.2 Ampli�cation Circuit The ampli�cation circuit consists of two levels of two-

stage ampli�ers. In fact, the CMOS chip is con�gured to monitor two types of amplitude

control, which are �ne and coarse tuning of the applied signal. Thus, the �rst ampli�er is

used for �ne ampli�cation of the signal, while the second one for a coarse adjustment of the

applied signal and the set-up of both ampli�er circuits are shown in Fig. 5.6.R1 and Radj are

external resistors that can be chosen depending on the required ampli�cation. UsuallyRadj is

an adjustable resistor to regulate the ampli�cation : however, when all adjustments are done,

it can be replaced by a permanent resistor to reduce silicon space. This is very important for

high-accuracy cell manipulation. Also, the ampli�er circuit is shown in Fig. 5.6. The positive
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Figure 5.6 Two-stages operational ampli�er circuit with o�-chip passive componentsRadj and
R1, the length of all transistors is 0.5�m and their width in �m is shown in the �gure

input is permanently grounded as all amplifying circuit is powered by +VDD 2 and � VDD 2.

5.1.4.3 Sensing Circuit

The detection circuit uses CBCM technique, which is advantageous for the on-chip in-

tegration as each sensing cell requires a very small silicon area. Thus, we propose in this

LoC microsystem a 3� 3 array architecture based on an SRAM model as shown in Figs.

5.7 and 5.8. Each cell of the capacitive sensor is controlled by a command lineEN 0 and

EN 1 to enable the sensing process. The 3� 3 array is activated line by line and each active

line enables 3 cells of capacitive sensors simultaneously and then taking measurement of 3

di�erent capacitances at di�erent microchannel locations at the same time. Each column of

the array is connected to a current sensing circuit to detect any variation of the current in

the two branches of the sensor cells as shown in Fig. 5.7. The current variation detected is

sent to an integration circuit to transform the current into voltage. Finally, a Sigma-Delta

converter generates a serial output of 1 bit related to the value of the detected capacitance.

The same electrodes are used for both manipulation and detection, however the detection

phase is done after disabling all electrical �eld propagation in all the microchannel due to

interferences induced by the later.

The same L-shaped electrodes used for manipulation are also selected for sensing purpose.

Sensing and manipulation cannot be done at the same time. Thus, signals for DEP purpose

are �rst disabled and sensors are then activated.

Due to the limitation in the pad number that can be designed on the chip, only one

CBCM sensor cell was connected to conventional chip pad. Others sensors will be connected

through 
ip-chip packaging process which is not detailed in this paper.
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Figure 5.7 3� 3 sensor array con�guration
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Figure 5.8 Capacitive array circuit design

5.1.5 Fabricated Micro
uidic Architecture

The proposed micro
uidic architecture includes 64 electrodes to perform various manipu-

lation operations such as cell motion, separation, and rotation. Because the manufacturing

process used is based on a one-metal layer in-channel electrode, a new architecture of L-

shaped electrodes is proposed. The advantage of this architecture consists of the generation
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of a controlled and uniform distribution of the EF across the microchannel, which is not the

case with square electrode array. In fact, Ideally, to have controllable electrical �eld propa-

gation through all the microchannel, square electrode array architecture is needed. However,

with a single metal layer, it is impossible to have a uniform spread of the EF. In fact, by

connecting the square electrodes to external pads, the routing will introduce a lot of interfe-

rences. The 64 in-channel electrodes are implemented as follows : 32 L-shaped electrodes to

control the spread of the horizontal EF and 32 electrodes to control the vertical one spread

for horizontal cell manipulation (HCM) and vertical cell manipulation (VCM) respectively.

In addition, a 3-level mixing architecture is proposed for an e�cient mixing cell manipulation

(MCM). In fact, the micro
uidic design includes one large, 6 medium and 16 small mixing

area whose sizes are 600�m � 600�m , 100�m � 100�m , and 50�m � 50 �m respectively

which represent the 1st , 2nd and 3rd mixing level, respectively. In addition, an interdigitated

electrode (Sens) is added to detect the variation of capacitance in the microchannel shown

in Fig. 5.9 (Ghafar-Zadehet al., 2008b). However, in this paper the sensing phase is done

through the L-shaped electrode after disabling the manipulation phase to test the sensitivity

of the system with the same electrodes used for both manipulation and sensing. Also, Fig.

5.10 presents a simpli�ed diagram of the micro
uidic design with di�erent regions, MCM,

VCM, HCM and sens, which are described earlier. Although L-shaped electrodes are used for

cell manipulation, they are also connected to the detection circuit to sense the capacitance

variation.

5.1.6 Simulation and Experimental Results

The presented results are divided into two parts : the �rst one is simulation using ANSYS,

which was used to compare the EF in the proposed and conventional electrode architectures.

Then, experimental results obtained with the fabricated chip are reported below.

5.1.6.1 Simulation Results

The simulation results cover the micro
uidic structure of the project. Fig. 5.11 shows

the EF propagation in the case of L-shaped and square electrodes. This point of the system

is the most unpredictable one as both the EF propagation and the potential propagation

depend on the liquid permittivity and conductivity, the injected cells, molecules, or particle

characteristics. However, in the simulated model, the liquid 
owing through the microchannel

is supposed to be homogeneous. The volume element of meshing is tetrahedral shaped using

SOLID123 element type to have an overview about the EF propagation in the microchannel,

as it is the element type speci�cally programmed by ANSYS for EF analysis. In other works,
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(a) (b)

(c)

Figure 5.9 Manipulation electrodes : (a) Horizontal and vertical motion and separation elec-
trode and (b) Mixing electrodes ; and (c) sensing interdigitiated electrodes

Figure 5.10 Microchannel con�guration for a LoC dielectrophoretic manipulations and capa-
citive sensing

we proposed another approach based on ANSYS to study the dielectrophoretic forces in the

microchannel taking into account the 
owing liquid in the microchannel (Gang�e-Turcotte

et al., accepted). The drawback with the square array electrodes using the one-metal layer

in-channel fabrication process is the electrode connection, which introduces interferences. In

fact, in Fig. 5.11, in the case of square electrodes, it is noticed that the propagation of the

EF is not uniform, which is due to the routing path to connect each electrode to external

pads. On the other hand, using L-shaped electrodes, the voltage propagation is uniform as

expected. To reduce the boundary e�ect due to the L-shaped format, the main parts of the

electrode are designed, longer than the small L segment. Using this technique, the EF is

horizontally controlled. Vertical propagation of both EF and voltage is not a concern as the

electrodes are designed vertically to the microchannel and then are connected to external
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Figure 5.11 Simulation results of potential distribution ((a) and (b)) where blue and red
colors show the lowest and the highest voltage respectively and ((c) and (d)) EF propagation
using ANSYS where the blue and red colors show the lowest and the highest EF respectively.
L-shaped electrodes are used in (a) and (c), and square electrode array are used in (b) and
(d) (Miled et al., 2010)

pads as shown in Fig. 5.9.

DEP was considered positive (pDEP) when the particles were attracted at the electrode

surface, the maximum EF region, while negative DEP (nDEP) was identi�ed when particles

were found at the spacing between electrode pairs, considered the minimum EF region (A,

1978). Thus, in the case of L-shaped electrodes and simulation results, particles are expected

to be concentrated on the top of the L-shaped electrodes or in the space intra-electrodes

depending on the place of the strongest and the weakest EFs, which are related to the nDEP

and the pDEP, respectively. However, in the case of square electrode array it can be noticed

that strongest and weakest EFs do not depend on the electrode only but also to the routing

path, which a�ects particles manipulation by inducing interferences.

5.1.6.2 Experimental Set-up

The system set-up requires advanced connections, control and acquisition system for the

prototyping version. In order to facilitate the assembly of proposed hybrid LoC, the CMOS

chip and the micro
uidic structure are packaged on separated boards as shown in Fig. 5.12

where the whole experimental set-up is presented. The proposed CMOS chip for DEP mani-
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Figure 5.12 Prototyping experimental set-up

Figure 5.13 Experimental set-up diagram

pulation and capacitive sensing is designed with the Taiwan Semiconductor Manufacturing

Company (TSMC) 0.18-�m technology. This technology is the most suitable as it o�ers wide

transistors operating voltage 3.3V with 6 metal layers.

For preliminary tests, the fabricated CMOS chip is placed on a PCB integrating all o�-

chip components. The PCB is designed for prototyping purpose only ; a much compact version

will be built and connected to the micro
uidic platform. It includes only the o�-chip resistors

and capacitors that make the chip work. As the dimensions of the micro
uidic platform are

bigger than those of the CMOS chip, there is no real need to integrate them on chip for the

moment as there are already extremely small-sized resistors in the market, e.g., 4-resistor

array dimensions can be 0:5mm � 1mm, which is small enough to be integrated on the

backside of the CMOS chip. Eight potentiometers are used to calibrate manipulation signals

independently ; however, when the chip is calibrated for a speci�c application, conventional

resistors can replace the potentiometers. In fact resistor values are adjusted through LabView

interface by using programmable ones to remove the mismatch between signals for a better

control of cell manipulation signals and for testing purpose. The proposed chip is used with an
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FPGA Igloo from Actel (3mm � 3mm) with programmable resistors to control the o�set. Fig.

5.13 shows the set-up diagram of the complete prototyping system. The chip is controlled

through an Actel Fusion AFS600 FPGA (a) generating the frequency and the phase shift

code, while sending the control signals to the DM as explained in Section 5.1.4.1.

The CMOS chip is powered by a multipower supply set-up (c) to provide di�erent voltages

such as -1.2V, -0.9V, 0.9V, 1.2V, and 1.8V. It is designed using 0.18-�m technology with 1.8V

power-supply transistors for I/V converter and 0.18-�m with 3.3V power-supply transistors

for ampli�ers and bu�ers. Thus, the I/V converter is powered by -0.9V and 0.9V, the digital

module with 1.8V and ampli�ers and bu�ers with -1.2V and 1.2V. The power supply of

ampli�ers is limited to -1.2V and 1.2V instead of -1.65V to 1.65V because an e�cient particle

separation with low voltage (1.7V) was observed, then, there is no real need for such a high

voltage. In addition when exceeding -1.2V and 1.2V, the temperature of the chip notably

increases and the chip behavior is not constant. This is due to ground substrate isolation

between -1.2V, -0.9V and the ground. Island architecture was used to separate each block.

However the post-layout simulation results are showing good performances, the resistance

between these di�erent grounds are small, which induce a high-current 
ow and important

heating e�ect a�ecting the chip behavior.To solve this problem, ideally is better to design

each system using di�erent ground in a separate chip. However due to cost constraints, all

modules were designed in the same chip.

The micro
uidic processor is connected to a micro
uidic platform (b) through 64 pads

that are connected to 64 in-channel electrodes (Fig. 5.9). The same pads are used for mixing

electrodes. However, 4 other pads are connected to two interdigitated-electrode sensors. L-

shaped electrodes are used also for sensing purpose.

A micropump is used to inject the liquid inside the micro
uidic substrate (d). To connect

this micropump to the microchannel, an epoxy, EPO-TEK 731, was used to seal microtubes

to the micro
uidic glass and the syringe, which is connected to the micropump. A microscope

is used for observation (e). Finally a LabVIEW interface is used for data acquisition from

both the CMOS chip and the microscope camera (f).

5.1.6.3 Experimental Results

The FPGA provides to the CMOS chip the data acquisition and the DM clocks, load and

start control signal and the clock and phase shift binary code. In addition to the frequency

divider in the micro
uidic processor, the clock frequency provided by the FPGA can be also

controlled by the FPGA itself.

Fig. 5.14 is a screen shot of the output signals generated from the OSP module as explained

in Section 5.1.4.1. As it can be seen in Fig. 5.15, the lowest phase shift is 3:44� , and it is close
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(a) (b)

Figure 5.14 Dielectrophoretic manipulation signals generated from the fabricated CMOS
chip : (a) OSP signals generation and (b) output phase-shifted signals where blue/yellow
signals phase is 3.44� and yellow/red signals phase is -14.24�

(a) (b)

Figure 5.15 DM shifting operations from the fabricated CMOS chip : (a) mixing operation
disabled ; (b) mixing operation enabled with 120� -phase shift signals

(a) (b)

Figure 5.16 LoC main components : (a) Micro
uidic architecture and (b) CMOS chip

to the theoretical phase shift at 3:6� . The o�set is mainly due to a known measurement tool

calibration problem. The circuit is designed to provide sinusoidal signals up to a frequency of

10 MHz . As an example of chip con�guration and as the operating frequency of the digital

module is 100kHz, then the sine frequency is 1kHz as each sine wave is composed of 100

samples that are loaded by the digital module using the 100-kHz clock. As the frequency
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code word is 11111, then the CMOS chip frequency is 100kHz � 25, which is equal to 3.2

MHz , which is the frequency of the CMOS chip input clock.

Fig. 5.16 presents photomicrograph of both the micro
uidic and CMOS chips that are

used in the proposed LoC.

The L-shaped electrode-based sensor is sensitive to the electrode space and medium per-

mittivity change as shown in Fig. 5.17a and Fig. 5.17b respectively. The best accuracy is

related to the higher variation between the empty (E) channel and liquid 
ow (F) phase.

Thus, the highest variation which corresponds to 1pF, was obtained for the 90-�m elec-

trodes space and when only the detection phase is activated. The lowest variation, 100fF ,

corresponds however to the 10�m electrodes space. Indeed, when the electrodes are closer,

the capacitive sensor becomes less sensitive to the medium change but is more a�ected by

the liquid change between the electrode plates. Thus, in the case of 10-�m cells, it is more

suitable to have at least 30-�m electrode space. This is because the electrode shape is of a

planar con�guration and then the liquid does not pass between the plates but rather on the

top of plates. On the other hand, when the studied cells are smaller than 10�m (i.e., 500

nm), a smaller electrode space o�ers a better accuracy as shown in Fig. 5.20c where 2�m

are mixed only in the corner of the 1st mixing stage electrode instead of the central area.

Furthermore, the sensing operation is never done at the same time as manipulation to avoid

interferences induced by the EF. Thus, it is achieved after manipulation and disabling all

applied signals on L-shaped electrodes. The sensor array is designed to �t the application

sensitivity, improvements can be achieved to reach higher sensitivity if needed (Prakash et

Abshire, 2008).

Furthermore, the LoC is designed to handle mixing operation to attach markers to neu-

rotransmitters. Thus, two 120� phase shift signals are applied to the square con�guration

architecture, which corresponds to 11111 phase shift code word, i.e., 3:6� � 25. For the smal-

lest square that corresponds to the 3rd level mixing stage, the mixing operation can be well

observed as shown in Fig. 5.18. The later �gure is obtained with diluted concentration of

PC05N. The same experiment is repeated with highly concentrated solution of PC05N and

particles can be seen being mixed between the square electrodes as shown in Fig. 5.19.

The only di�erence between 1st , 2nd and 3rd mixing level is the mixing area where it is

600�m � 600�m , 100�m � 100�m and 50�m � 50 �m respectively. This mixing circuit

architecture is used to improve the mixing operation depending on the particles dimensions.

However, when the same signals are applied to the 1st and the 2nd mixing levels as shown in

Fig. 5.20, particles are mainly concentrated on the boundary of electrodes which is not the

case in the 3rd level where the particles are concentrated in the center of the square. Biggest

electrode architectures are intended for biggest particles, larger than 4�m , however smaller
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!

(a)

(b)

Figure 5.17 Experimental results : LoC sensing curve with L-shaped electrodes : (a) electrode
space sensitivity and (b) medium sensitivity

(a) (b) (c)

(d) (e) (f) (g) (h)

Figure 5.18 LoC 3rd -level mixing operation device where 8, 9, 20, 42 particles are mixed in
(a), (b), (c), and (d), respectively. (e), (f), (g), (h) are the post processed images of (a), (b),
(c) and (d) respectively.



92

electrodes which are the second and the third level electrodes are dedicated for particles less

than 2 �m . This will be used to add markers and antibodies to mark the neurotransmitters,

whose individual size is around 10�m .

A second design of mixing electrodes was designed and tested at a frequency of 100kHz

using PC05N, the results were much better than those obtained by the square electrodes as

all particles are concentrated in the central area of the electrodes. As shown in Fig. 5.21 by

applying a 90� dephased signal, electrodes push PC05N to the central part of the architecture

at 100 kHz and keep them attached to the electrodes for frequency higher than 1MHz .

A major advantage of DEP is that the frequency-dependent dielectric properties of par-

ticles can be used to manipulate one particle among others. In order to con�rm the validity of

our prototyping device, the DEP behaviour of three types of polymer microspheres all made

from polystyrene 10 % water/volume suspension from "Bangs laboratories Inc." were exami-

ned and characterized : PS03N, PC05N and PA40N, the latter two microspheres feature a

functionalized component. The di�erent properties of these beads, including their diameter,

charge and the nature of their surface functionalization are presented in Table 5.4. Micros-

pheres were further diluted in deionized water to a �nal concentration between 0.8mg=ml

and 2 mg=ml facilitating their visualisation under the microscope.

All experiments where performed using sinusoidal signal of a frequency ranging from

900 Hz to 1.25 MHz . Signal frequency does not go below 900Hz in order to prevent the

formation of chemical reactions leading to unwanted bubbles. A phase shift alternating from

0� to 180� was applied to each pair of electrode. Motion of polymer microspheres was observed

using a microscope "Karl Suss" and recorded with a digital camera to video/computer system.

Two electrode structures were used to investigate separation of particles : a 10�m width 32

L-shaped interdigitated electrodes, with 10�m inter-electrode gaps and eight 10�m squared

electrodes.

As predicted by the DEP theory, a particular crossover-frequency, which describes the

transition from positive to negative DEP (or vice versa) was observed for each one. This

e�ect, due to the frequency-dependent dielectric properties of particles, was determined by

�lling the chip's microchannel with a syringe pump "Harvard apparatus, Phd Ultra". Once

the liquid 
ow stopped, the frequency of the �eld was varied from 900Hz to 1.25MHz and

the range of positive and negative DEP was identi�ed as shown in Fig. 5.22.

The DEP response at di�erent frequency ranges and the crossover frequency were charac-

terized for all three types of particles studied, both summarized in Table 5.5. The crossover

frequency refers to the change from nDEP to pDEP. Although the microspheres analyzed

were all made primarily of polystyrene, each type was found to possess a di�erent crosso-

ver frequency. This can be explained by the fact that DEP behaviour is largely dictated by
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(a) (b)

(c)

(d)

Figure 5.19 Mixing operation of the LoC : (a) Trapped microspheres in the Polynomial
electrodes, (b) Mixing starting operation, (c) and (d) Increased microspheres concentration
while an EF is applied

(a) (b) (c)

Figure 5.20 Mixing operation with (a) 1st and (b) 2nd level mixing stage using 2mg=ml
PC05N 2 �m at a frequency of 1MHz ; (c) 1st stage with high concentration of PC05N 2
�m

surface properties, as shown by Green and Morgan (Green et Morgan, 1999).

It is also possible to notice from these results that PC05N and P404N spheres showed
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(a) (b)

Figure 5.21 Next mixing structure generation based on eight 90� dephased signals : (a) elec-
trode dimensions and (a) particle manipulation

Tableau 5.2 Micro
uidic fabricated CMOS chip main characteristics based on experimental
results

Parameter Characteristics

Voltage range � -1.2V and � 1.3V

Frequency range 0-1MHz

Phase shift range 0� -360�

Minimum phase shift 3:6�

Capacitive sensor sen-
sitivity

1 fF

Minimum phase shift 3:6�

Area 1:5mm � 1:2mm

the same DEP response but with a di�erent crossover frequency, while PS03N spheres de-

monstrated an opposite DEP response and a lower crossover frequency. Indeed, at mid-low

frequencies from 9kHz to 1 MHz PS03N microspheres are attracted to the surface of the

electrodes (pDEP response), while PC05N and PA40N spheres are repelled in the electrode

inter-space (nDEP response), forming particles aggregations. At high frequencies higher than

1 MHz , the opposite behavior was observed, while at very low frequencies (900Hz to 9

kHz), each type of particles showed a di�erent DEP behavior : PS03N particles adopted a

pDEP response, PC05N particles oscillates from the inter-electrode space and the electrode

surface, while PA04N particles forms aggregation moving with a certain speed along the

electrode plane. Note that the same results were obtained for both type of used electrode

con�guration.



95

Tableau 5.3 Micro
uidic platform main characteristics

Parameter Characteristics

L-shaped in-channel electrodes number 64

Interdigitated sensor in-channel electrodes
number

5

Mixing in-channel electrodes number 15

Mixing stages number 3

Micro
uidic platform size 15mm � 30mm

Minimum phase shift 3:6�

Area 1:5mm � 1:2mm

Tableau 5.4 Properties of the di�erent used polymer microspheres

Polymer type Diameter (� m) Charge Surface functionalization

PS03N 0.5 Negative -

PC05N 2.04 Negative COOH (carboxyl)

PA04N 2.19 Mixed -NH2 (amine)

Analysis of the results in Table 5.5 allows us to state that several manipulations could be

performed to separate, isolate or trap a certain type of micro-particles from others. In order

to assure that our system could do so, an equal mixture of PC05N and PS03N at the same

concentration was injected in the microchannel. An AC signal of 5kHz was applied to the

electrodes, attracting the PS03N particles at the electrode surface and repelling the PC05N

particles in the inter-electrode space, as expected and predicted by the individual behaviour

of both types of micro particles.

The main characteristics of the proposed LoC are depicted in Tables 5.2 and 5.3, respec-

tively.

5.1.7 Discussion

Through these experimental results, we showed the proof of di�erent aspects for the

integration of a Lab-on-chip for neurotransmitter detection and manipulation as follows :

{ Proof of concept of fully integration of di�erent necessary operations for neurotransmitter

detection and manipulation on one microsystem

{ Validation of LoC operation based on 
owing micro and nano particles (PC05N, PA04N
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(a) (b) (c)

(d)

Figure 5.22 Horizontal manipulation in the proposed LoC using L-shaped electrodes : (a), (c)
particles are attracted by electrodes ; (b), (d) particles are pushed toward the space between
electrodes where in a and b electrodes are applied non-dephased signals and 180� -dephased
signals respectively

Tableau 5.5 DEP response of polymer microspheres at di�erent frequency range using L-
shaped electrodes (E.) and corresponding crossover frequency (Cross. Freq.)

Pol. type Cross. freq. (� m) 900 Hz -9 kHz 9 kHz - 1 MHz > 1 MHz

PS03N 9 kHz unstable state E. spacing E. spacing

PC05N 627 kHz E. surface E. spacing E. surface

PA04N 859 kHz Agglomeration E. spacing E. surface

and PS03N)

{ Validation of micro and nano particles separation based on frequency and Clausus-Mossotti

factor

{ Integration of capacitive sensor with the manipulation architecture based on time multi-

plexing of L-shaped electrode

{ Design of reprogrammable CMOS chip to achieve particle manipulation such as mixing

and separation depending on frequency, phase and voltage
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Compared to other works (Manaresi et al., 2003), the proposed microsystem improved

several aspects

{ Handling particle manipulation with a low voltage of 1.7 Vpp amplitude

{ Variable phase shift and frequency

{ Manipulation of nanoparticles as small as 500 nm

{ Integrating a fully recon�gurable manipulation circuit

{ The sensing array is based on an SRAM architecture to achieve a sequential detection

operation

{ The micro
uidic architecture is independent from the CMOS chip. This criteria is mainly

useful to improve the electrode architecture without altering the CMOS chip and then

reducing packaging breaking

As mentioned earlier, this on-going project targets an implantable device for neurotrans-

mitters detection and manipulation at the cortical level. Another more compact version of

the micro
uidic architecture and corresponding CMOS chip with associated microelectronic

components are undertaken. The latter includes an advanced programmable power supply

module to improve the performance of the chip and specially to solve the heating issue such

as the use of a common ground and adding o�-chip resistor to replace some transistors,

among di�erent solutions. Also, next tests will be done with arti�cial cortical liquid from

Cedraline to �nd the suitable chemical protocol to integrate to the LoC in order to test it

with neurotransmitters instead of micro and nanoparticles.

5.1.8 Conclusion

We presented in this paper a new fully integrated circuit implemented in a CMOS fabri-

cation technology for dielectrophoretic manipulation and capacitive detection. A new micro-


uidic design and validation were also described. These two main parts constitute a new LoC

environment to replace conventional laboratory analysis tools. Hence, this paper covers only

the engineering aspect of the LoC. Biological aspects should be considered for the �nal LoC

device as electrode surface treatment and biocompatibility. At the �rst step, a complete bio-

logical analyzing chain was designed to emulate all medical laboratory basic operations such

as liquid separation, mixing, and detection. This proposed CMOS chip that is integrated to

the LoC, can o�er a highly controllable system to monitor several parameters of DEP such as

frequency, phase, and amplitude. At the next step, a new packaging technique is undertaken

to assemble all components together. The CMOS chip is assembled on a 12mm � 12mm PCB

with its o�-chip components. Described micro
uidic architecture and results are integrated

into a 15mm � 15mm substrate for a �rst micro-assembled device version to start real in vi-

tro tests with arti�cial brain solution �rst. In fact, the use of DEP to analyse the brain liquid
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is relatively new. We are interested to see the behavior of neurotransmitters when a DEP

is applied. The �rst step of our research strategy consists of designing a system using DEP

to manipulate nano and microparticles. Right now we are testing the system with arti�cial

brain liquid and nanoparticles. The preliminarily results are showing the same behavior as

presented in this paper and will be published in another work
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CHAPITRE 6

Manipulation di�electrophor�etique �a basse tension et d�etection des micros et

nanoparticules : R�esultats exp�erimentaux

Dans ce chapitre, nous pr�esentons les r�esultats exp�erimentaux obtenus suite �a la ma-

nipulation di�electrophor�etique par la puce micro�electronique fabriqu�ee et pr�esent�ee dans le

chapitre 5. Ces r�esultats exp�erimentaux montrent pour la premi�ere fois une s�eparation r�eussie

des particules microm�etriques avec une tension ayant une amplitude crête �a crête de 1.7 V.

Cette s�eparation a �et�e valid�ee avec des microsph�eres arti�cielles faites avec du polystyr�ene

et du carboxyl-modi��e ayant des diam�etres de 0.22�m , 0.97 �m et 2.04 �m . Elles ont �et�e

test�ees avec trois di��erentes architectures d'�electrodes pour le m�elange et la s�eparation des

particules. Des �electrodes en U et en L ont �et�e utilis�ees pour la s�eparation et le m�elange. La

d�etection capacitive se fait par l'interm�ediaire d'�electrodes interdigit�ees. Ces derni�eres ont

�et�e test�ees avec de l'�ethanol, des solutions salines avec des algues et de l'eau non-ionis�ee. Les

dimensions de la puce permettant ses op�erations sont de 1.2 mm x 1.2 mm avec une tension

de 1.7 Vpp et un d�ephase contrôl�e des signaux appliqu�es de 0� et 180� .

6.1 Article 3 - Low-Voltage Lab-on-Chip for Micro and Nanoparticles Manipu-

lation and Detection : Experimental Results

Mohamed Amine Miled, Genevi�eve Massicotte and Mohamad Sawan

Published in Analog Integrated Circuits and Signal Processing,

Springer, Vol. 73 No. 3, pp. 707-717, 2012

6.1.1 Abstract

In this paper, a low voltage fully integrated Laboratory-on-Chip (LoC) for dielectrophore-

tic manipulation and capacitive sensing of nano and micro particles is presented. The propo-

sed system is intended to design an implantable LoC. The lowest static power consumption

of the implemented Integrated circuit is 650�A with a voltage supply of -1.10 V and +1.8

V. Three di�erent sizes of carboxyl-modi�ed polystyrene particles (diameters of 0.22�m ,
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0.97 �m and 2.04�m ) where tested experimentally with three di�erent electrode architec-

tures to achieve dielectrophoretic mixing and separation. U-shaped, L-shaped and octagonal

electrodes are used to perform the separation and mixing operations. The biosensing part is

designed with a charge based capacitive sensor with an integrated sigma-delta modulator at

its output stage. It was tested experimentally with algae and ethanol. The chip size is 1.2 mm

by 1.2 mm and it is connected to a 15 cm� 30 cm micro
uidic design. An e�cient particle

manipulation was achieved by applying a voltage of 1.7 V peak to peak in the microchannel

with 90� and 180� dephased signals.

6.1.2 Introduction

Placing small medical device in human body requires special care about the used voltage

and current to avoid any risk and damage. In the special case where the device is located at

the brain level, maximum voltage must be as low as possible (Conget al., 2008; Rueet al.,

2006).

Then, System-on-Chip (SoC) integration is a mandatory approach to build miniaturized

implantable devices (Heeret al., 2004). In the case of medical application, where an implan-

table Lab-on-chip (LoC) represents an SoC intended to reduce the size of implant and its

power consumption. Thus, in the case of dielectrophoresis-based LoC, decreasing the power

consumption results on low voltage particle manipulations. Several research activities are

focusing on such a system. (Wake et Brooke, 2007; Miledet al., 2010; Rohet al., 2010; Hu et

Sawan, 2002; Tsanget al., 2007). In fact, to design an implantable LoC, it is mandatory to

include the electronic circuit within the device. Consequently, the use of CMOS technology is

the best choice, which leads to low-voltage application. Then, Heather and Martin proposed

a 5 V electrophoresis manipulation based on a CMOS chip with 100 addressable electrodes

where each electrode can be used both for manipulation and sensing (Wake et Brooke, 2007).

Modero et al., presented DEP manipulation which was achieved with 6.6V on a CMOS chip

(Medoro et al., 2007). These two previously cited works, are focusing on integrating a whole

LoC on a one CMOS chip. In addition, these two systems are based on recon�gurable ar-

chitectures to address individually each electrode. However, these techniques have several

advantages, CMOS technology is not initially developed for mentioned applications, because

it requires an advanced post-processing for packaging.

Furthermore, implantable devices require reducing the static power consumption of the

chip. However the dynamic consumption depends on the manipulation of particles and corres-

ponding resistances. Unfortunately it is not possible to control this resistance as it is related

to the injected biological sample and it varies from one sample to another. The static power

consumption depends only on the circuits integrated in the SoC.
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Recently, rail to rail input and high-swing output bu�ers are widely used in the new

analog integrated circuit design (Nosratiniaet al., 1995; Ferri et Sansen, 1997; Carrilloet al.,

2003; Khareet al., 2008; AbdelMoneim et Mahmoud, 2007). In fact, Carrillo et al, proposed

a low-voltage rail-to-rail CMOS Input Stage for general purpose applications (Carrilloet al.,

2003). Their proposed design is dedicated for 3V-application with 0.8�m technology and

the presented circuits were validated for 560 
 and 33 pF. In another work proposed by

Khare et al., a rail to rail bu�er was proposed for low voltage applications in the range of 1

V. The design was dedicated for battery and mixed analog device application. However, the

described circuits can not achieve as low resistive load as 160 
. Thus, based on the design of

Nosratina et al., a recon�gurable DEP signal generator is designed for the de�ned load and

to drive the generated manipulation signals.

We propose in this paper a low-voltage LoC for low resistive load. In section 6.1.3, die-

lectrophoresis background was brie
y introduced. Then in section 6.1.4, the circuit design

was described. Section 6.1.5 presents di�erent used electrode models and �nally section 6.1.6

shows simulation and experimental results.

6.1.3 Dielectrophoresis Background

As predicted by dielectrophoresis theory, the relative strength of the time-averaged die-

lectric force acting upon spherical particles determines whether or not a particle penetrates

the dielectrophoretic barrier (A, 1978; Pethig, 1979; Kuaet al., 2008). This force is given by

the following equation :

FDEP = 2�r 3"mRe[K (w)]rj E 2j (6.1)

where r is the particle radius, "m the real part of the medium permittivity, Re[K (w)] the

real part of the Clausius-Mossotti factor, andE the electric �eld intensity. The factor rj E 2j

depends on the electrode geometry and mainly determines the impact that has the amplitude

V of the signal on particle manipulation and the resultingFDEP . Furthermore, the move-

ment of particles towards high electric �eld region which corresponds to (Re[K (w)] > 0) is

called positive dielectrophoresis (pDEP) and the movement of particles towards low electric

�eld ( Re[K (w)] < 0) is called negative dielectrophoresis (nDEP). The separation between

pDEP and nDEP is �xed by the switch frequencyf s, which depends on the permittivity and

conductivity properties of the particles and the medium. Also,FDEP acting on particles can

be found equal to zero at a frequency where (Re[K (w)] = 0), known as the crossover frequen-

cy.

The proposed SoC for low voltage dielectrophoretic manipulation and capacitive sensing

has two main features ; the recon�gurability and loading of very low resistance and high
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capacitance. In fact, the device is designed to support di�erent types of micro and nano

particles. However, the resistivity of particles and cells can drastically vary (Ho�man et Britt,

1979; Jang et Wang, 2007), the device must be able to handle di�erent types of particles,

thus, the circuit is reprogrammable. The recon�gurability of the design can be done on signal

phases, amplitude and frequency.

6.1.4 Proposed Low Resistive and High Capacitive Load Circuit

To generate low voltage dielectrophoresis with a reprogrammable pattern, a digital module

is integrated into the chip. The main task of the digital module is to control the frequency

and the phase of the applied signal in the micro-channel. It is composed of a 4 memory blocks

of 8x100 bits each, in which the signal pattern is saved. Three memory management module

sets the starting reading point in each block depending on the user phase. A clock signal

generator is also integrated to set the user frequency. A digital-to-analog converter (DAC) is

then designed to convert the 8-bits output signal of the digital module to an analog output.

As the output of the DAC is a current, a current mirror was added to convert it to a voltage

with a reprogrammable o�set by adding a trimming resistorRCal . Then an ampli�cation

stage was integrated with a reprogrammable gain to change the output voltage. At the ouput

stage, a high performance bu�er was added and is described in the following section. The

general circuit diagram is shown in Fig. 6.1.

In order to maximize the voltage range of the output signal, it is necessary to use a rail

to rail architecture for the system bu�er . Thus, based on Nosratina et al. (AbdelMoneim

et Mahmoud, 2007; Baker, 2008) the topology of implemented high-swing bu�er is shown in

Fig. 6.2 and the dimensions of used transistors are shown in Table 6.1.

In order to design a high swing output stage, a common source architecture is used.

Although the common drain con�guration has better frequency response (Nosratiniaet al.,

1995), the output voltage swing is reduced due to the gate-source voltage of such con�guration

and its gain usually smaller than 1. This limitation is not convenient in our application. As

shown in Fig. 6.2, the output stage is composed of two large common source transistorsM24

and M25 forming a push-pull class AB bu�er.

In the input stage, two complementary di�erential pairs were usedM1/ M2 and M14/ M15

to improve the Common Mode Input Range (CMIR) and can reach the power supply limits

but the common mode rejection will be low in the limits. In addition, the value of the input

stage transconductancegm is not constant and varies when the two pairs are o�. Speci�cally,

when the input voltage is greater than (Vdd � j Vtp j), M1/ M2 are o� and this transconductance

will be equal togmn which is the nMOS di�erential pair transconductance. For an input value

less than (Vss + jVtn j), the two nMOS M14/ M15 are o� and then gm is equal togmp which is
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(a) (b) (c)

Figure 6.1 Output signal processing module with (a) DAC,(b) current mirror and (c) ampli-
�cation and bu�ering stage

Figure 6.2 Bu�er circuit schematic

the pMOS di�erential pair transconductance. When the input voltage is between (Vdd � j Vtp j)

and (Vss + jVtp j), the two pairs are active andgm is equal to the sum ofgmn and gmp .

The nMOS part of the bu�er input stage is composed of transistorsM9, M11, M16, M18 and

M20 forming an operational transconductance ampli�er (OTA). The pMOS part is composed

of transistorsM1-M5, M10 and M17. The sum of the currents of nMOS and pMOS di�erential

pair is done throughM12 and M13 from M10 and M17, so that all transistors form an OTA

with a rail to rail input swing. The output of the input stage is connected to the "push-pull"

output stage at points A and B as shown in Fig. 6.2. The bias circuit of the OTA is formed by

M6-M8. Given that M14 and M15 have a threshold voltageVtn of 1 V and these two transistors

must be biased by a voltageVG = Vdd=2 = 1:65 V whereVdd = 3:3 V, then the biasing circuit

is designed in a way thatVDS 16 is smaller than (1.65-1=0.65 V). This con�guration ensures

that M14 and M15 are still active.

The current sourceM19 is used to improve the stability of the design and reduce the
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Tableau 6.1 Transistor dimensions in�m ; Cc=2 pF

Transitors W/L Transitors W/L

M1, M2, M14, M15 7/0.35 M11 0.8/0.35

M3, M4 5/0.35 M9 2.4/0.35

M5 6.83/0.35 M18 3.37/0.35

M6 0.5/0.35 M19, M22 7/0.35

M7 0.4/7 M21 2.8/0.5

M8 2/2.5 M23 0.5/10

M12, M13, M20 1.2/0.35 M24 100/0.35

M10, M16, M17 6/0.35 M25 50/0.35

quiscient current I q (Baker, 2008). Furthermore,M19 is used to reduce the output quiscient

current I qo 
owing in the output stage M24 and M25. However, reducingI qo a�ects the slew

rate (SR) of the design and the minimum load resistance that can be connected to the bu�er.

In fact, considering the case whereM24 and M25 are behaving as an ideal inverter which

means (VA = VB ), thus, the DC voltage at the output is Vdd=2 = 1:65 V if (VA = VB ) = 1 :65

V. Simulation results show that for such a con�guration, the maximumI qo current is equal

to 5.4 mA.

By using M19, VA tends to (Vdd � j Vtp24 j) and VB tends to (Vss � j Vtn 25 j). Thus, I qo is

reduced while keepingM24 and M25 in the active region. However, for small resistive loads,

the voltage drop atVB can pushM25 out of its active region.

In addition, the implemented topology includes an advanced capacitive sensor detailed in

(Miled et Sawan, 2011a) and is not covered in this paper.

6.1.5 Electrode Models

Two electrode architectures were modelled in this paper in addition to other architectures

previously modelled and described by Miled et al.(Miledet al., 2010, 2011a). Thus, this

section focus only on the L-shaped and the octagonal electrode geometries. For each electrode

geometry, the variation of the electric �eld around the electrodes was simulated by ANSYS.

In addition, a harmonic analysis was used to apply sinusoidal signals with various phase

shifts. 3D elements, PLANE231, were used to simulate the electric �eld propagation.

Each electrode of the octagonal architecture has an area of 40�m � 10 �m , separated by

a distance of 10�m . A phase shift of 90� was applied to subsequent four electrodes, creating

a phase shift of 0� , 90� , 180� and 270� .
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From this analysis and by observing the direction of the electric �eld at high and low

frequencies, without calculating the entire DEP force, the particles tend to move to the

electrode surface at low frequencies and toward the center at high frequencies as shown at

Fig. 6.3a and Fig. 6.3b, respectively.

Twelve L-shaped electrodes whose dimensions are 200�m � 10 �m , separated by a

distance of 10�m were also simulated with a phase shift of 0� /180� /0 � /180� for four electrodes

as shown in Fig. 6.4a. It can be seen that there is an alternation between a high and low

electrical potential between each electrode. A di�erence of phase shift of 90� was also applied

to the electrodes of the same dimensions (200�m � 10 �m , separated by 10�m ) which

leads to a phase shift 0� /90 � /180� /270� applied on four successive electrodes to move the

particles by a translation e�ect as shown in Fig. 6.4b. Then, L-shaped electrodes whose width

(200 �m � 30 �m ) is three times larger than the inter-electrode space 10�m , with a phase

shift of 0� /180� /0 � /180� applied on four successive electrodes were simulated. The voltage

propagation in the inter-electrode space covers a smaller area.

6.1.6 Simulation and Experimental Results

6.1.6.1 Microelectronics Circuit Results

The integrated circuit of the high swing bu�er, shown in Fig. 6.5, was fabricated using

3.3V TSMC 0.18 �m technology. The value of the threshold voltage of these components

varies from 733 mV to 1055 mV for nMOS and from 665 to 700 mV for pMOS which a�ects

the circuit performances as explained in section. 6.1.4. Simulation results show that the static

current consumption of the circuit is Iq = 549�A . In addition, the output voltage o�set is 4

mV and the open loop DC gain is 71 dB.

Changes inVA and VB as well asI qo versusRL are shown in Fig. 6.6. Knowing thatVtn 25

= 791.7 mV, the proposed design is able to drive small resistive loads such as 145 
. Fig.

6.7 shows the impact ofRL on the CMIR of the circuit. For each value ofRL , the lower

and upper bounds are provided. Rail to rail operation (Vdd-10 % andVss+10%) was obtained

when RL > 431:3 
. When RL is less than 431.3 
, a voltage drop is observed. This is due

to the output resistance ofM24 that is not be able to drive enough current.

Table 7.1 describes the frequency unity gain (f GBW ) and the phase margin (PM ) of the

designed bu�er for capacitive load values ranging from 1pF to 10nF. In the same table,

positive values of SR (SR+) and negative one (SR-) are shown. It can be noted fromPM

the di�culty associated to the compensation capacitorCc, to get a stable design. Indeed,

the value of Cc used is 2 pF. However,PM is low for the average values ofCL . For CL = 10

nF, PM is in the order of 81.9� . However, the SR is limited to 0.26V=�s, which limits the
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(a) (b)

Figure 6.3 Electrical �eld propagation at (a) 2 kHz, and (b) 1 MHz with octagonal electrode
architecture

(a) (b) (c)

Figure 6.4 Voltage propagation in the case of L-shaped electrodes with (a) 0� /180� , (b)
0� /90 � /180� /270� phase shift in the case of 200�m � 10 �m electrode architecture, and (c)
200�m � 30 �m L-shaped electrode architecture.

operating frequency of the bu�er to less than 25 kHz whenCL is 10 nF.

Fig. 6.8 illustrates the large signal response of the bu�er when a 200 pF capacitive load

is connected with an input pulse of 3.3�sec and 6 Vpp. We note that the circuit operation

is rail to rail. However, the SR- limits signi�cantly the response time which is in the order of

0.72�s .

6.1.6.2 Particle Manipulation Results

Dielectrophoresis experiments were made to investigate the capacity of the LoC to allow

the manipulation of micro and nanoparticles on top side of electrodes, with sinusoidal signals

of a maximum magnitude of 2.5 Vpp are applied. Three di�erent electrode architectures

shown in Fig. 6.9, generating three speci�c DEP manipulations are used to investigate the

variation of amplitude on DEP behaviour with the proposed LoC. It includes an array of 32

U-shaped electrodes, an architecture of 8 adjacent electrodes forming an octagonal shape and

�nally, a square-shaped electrode con�guration. These electrodes are introduced in section

6.1.5 in addition to those described in previous papers (Miledet al., 2010, 2011a).
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Figure 6.5 Fabricated chip of the proposed circuit using TSMC 0.18� m technology

Figure 6.6 changes ofVA , VB and I qo versusRL when W19 = 7 �m

Figure 6.7 Lower and upper CMIR according to a resistive loadRL
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Figure 6.8 Pulse response whenCL is 200 pF

Experiments with three di�erent sizes of polystyrene carboxylate-modi�ed microspheres

with a high negative charge at neutral pH were performed. Spherical particles with diameters

of 2.04 �m (10 w/v suspension), 0.97�m (green dyed, 2.5 w/v suspension) and 0.21�m

(red dyed, 4.85 w/v suspension) were obtained from Bangs laboratories Inc. The motion of

particles was observed using a microscope (Karl Suss) and recorded with a digital camera to

computer system. Manufacturer's solutions of beads were further diluted with deionised water

(5x10� 4S=m) in order to achieve a �nal concentration of particles ranging from 0.8 mg/ml to

2 mg/ml, facilitating the observations. The beads solutions were injected at a constant rate of

1 �l=min in the chip's micro-channel using a syringe pump (Harvard apparatus, Phd Ultra).

The frequency, phasing and voltage of AC signals supplied to the electrodes were set through

a Bluetooth link via a home{made control interface based on Labview (National Instruments).

These signals were also monitored with an oscilloscope to assure that the correct values were

supplied to the system.

{ U-shaped electrode architecture

Each U-shaped electrode of the array (Fig. 6.9a) has a height of 650�m , a width of 10

�m , and electrodes are spaced by 10�m . Signals with a phase shift alternating from 0� to

180� were applied to each pairs of \U" electrodes. A trapping e�ect, similar to well-known

parallel f inger paired electrodes is expected (?).

{ Octagonal electrode con�guration

This con�guration consists of 8 electrodes of 40�m by 10 �m placed 10�m apart in a

circle, forming an octagonal shape (Fig. 6.9b). Signals with a phase shift di�erence of 90�

were applied to each electrode, creating an electro-rotational e�ect, suitable for a rotational

mixing operation.

{ Square-shaped mixing electrodes
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Tableau 6.2 Unity gain frequencyf , phase marginPM and the positive and negative slew
rate SR variation versus the capacitive loadCL

CL (pF) f (MHz ) PM (� ) SR+( V=�s) SR-(V=�s)

1 233.4 93.7 435 160

10 164 38.7 322 103

50 72 26.6 225 37

100 51.7 22.1 149 21

500 23.3 30.2 44.5 4.9

1000 15.6 42.9 23.6 2.5

2500 7.9 62.9 9.3 1

5000 4.3 74.6 1.9 0.3

10000 2.2 81.9 1.3 0.26

(a) (b) (c)

Figure 6.9 Dimensions and speci�c phase shift applied to each studied electrode architecture :
(a) U-shaped electrodes, (b) Octagonal con�guration electrodes, (c) Square-shaped mixing
electrodes.

A small square-shaped mixed (SSM) electrode con�guration (Fig. 6.9c) with a mixing zone

of 29 �m by 29 �m at the center of the electrodes, intended to create a diagonal direction

mixing operation was used. Square electrodes are 15�m � 10 �m . Signals with a phase shift

di�erence of 180� were applied to each electrode pair.

For each electrode architecture, the DEP behaviour of particles was �rst characterised

experimentally, by generating sinusoidal signals and varying the frequency from 1 kHz to 4

MHz. The frequencies producing obvious positive DEP and negative DEP behaviours were

identi�ed and the cross-over frequency (f c) was found by reducing step by step the frequency

gap between them. To determine the e�ect of amplitude, the electrode stimuli signals were

�rst set at a speci�c frequency to produce a clear nDEP or PDEP e�ect for the speci�c particle

studied. The amplitude was then lowered gradually with a 1 V step from the maximal value
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Figure 6.10f c range as a function of particle diameter for each implemented electrode archi-
tecture.

of 14.8 Vpp to a �nal value of 1.8 Vpp. For each voltage step, qualitative comparison of

the particle's behaviour to its behaviour at maximum amplitude (14.8 Vpp) was made. The

minimal threshold voltage needed to maintain an e�ective and stable manipulation operation,

which is dependent of the electrode architecture studied, was quanti�ed for each particle size.

Also, a home-made image processing program produced on Matlab was used to count

automatically the number of particles for each voltage step.

The f c range determined experimentally for polysty- rene carboxyl-modi�ed particles is

given as a function of the 3 diameter sizes (0.22�m , 0.97 �m and 2.04�m ) used and for

each of the 3 electrode architectures in Fig. 6.10. As previously reported by Durr et al. (D•urr

et al., 2003), we also found that the crossover frequency determined experimentally is higher

for a decreasing diameter size of same-nature particles, regardless of the electrode architecture

under study. Thus, the results showed that for a speci�c electrode con�guration, frequencies

associated with nDEP and pDEP behaviour are simply transposed to higher values with a

decreasing size of particles. Only the general DEP behaviour followed by particles according

to the electrode tested will be detailed in the following paragraphs.

For each performed experiment, a minimum voltage threshold is needed to maintain an

e�ective manipulation. The latter is dependent of the electrode architecture used as explained

in the following section and was determined experimentally. Fig. 6.11 shows an example of the

proposed approach to determine this threshold, with captured images of 0.22�m diameter

polystyrene spheres for di�erent applied voltage AC signals.

{ U-shaped electrodes

At low frequencies (< f c), the particles settle in the inter-space of two U-shaped electrodes,

experiencing pDEP. The transition phase consists of particle aggregates that move in the y-
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(a) (b) (c)

Figure 6.11 Captured images of 0.22�m diameter polystyrene spheres (dyed green) showing
their frequency-dependent DEP behaviour under AC signals in the U-shaped electrode con�-
guration. (a) pDEP : particles collect at the electrode surfaces at frequencies higher than
1.4 MHz (b) pDEP-nDEP transition : particles settle at the electrode surfaced and in the
inter-electrodes space at frequencies ranging from 1.2 MHz to 1.4 MHz (c) nDEP : particles
are trapped in the inter-electrodes space at frequencies lower than 1.2 MHz.

axis direction. At high frequencies (> f c), the particles are attracted to the electrode surface

and exposed to a nDEP. Fig. 6.11 shows the general pattern observed under the nDEP,

pDEP-nDEP transition and pDEP frequency conditions, for every size of particles used. No

particle was ever observed in the empty space of the \U" electrode, due to the application

of only one phase shift. This design o�ers a large trapping area within its inter-electrode

space and could be used in the future has a particle trapping component, useful for sensing

functions.

The variation of amplitude was studied with an AC signal frequency of 200 kHz, corres-

ponding to an e�ective trapping of particles in electrodes inter-spaces at high amplitude (14.8

Vpp), for all dimensions of particles studied. For every particles sizes, a valid trapping e�ect

was found until the minimum voltage of 1.7 Vpp. However, a small loss of particles was seen

at 4V for 0.97 �m particles, and at 6 V for 0.22�m particles.

{ Octagonal electrode con�guration

At low frequencies (< f c), particles are attracted to the electrode surfaces (nDEP) and

starts rotating while still being bounded to the surfaces when the frequency is increased. An

instability state where particles are both attracted and repelled from the electrode surfaces

is observed for a large range of frequencies, associated to the pDEP-nDEP transition phase.

At high frequencies (> f c), the particles are repelled from the electrode surfaces (pDEP) and

creates a rotating sphere in the center space of the electrode con�guration and the speed of

the sphere increases with frequency. Fig. 6.10 shows the general frequency-dependent DEP

behaviour pattern adopted by all particles examined.
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(a) (b) (c)

Figure 6.12 Captured images of 0.97�m diameter polystyrene spheres (dyed red) showing
their frequency-dependent DEP behaviour under AC signals in the octagonal electrode con�-
guration. (a) pDEP : particles are repelled from the electrodes and form a rotating sphere at
frequencies higher than 575 kHz, (b) pDEP-nDEP transition : particles settle at the electrode
surfaced and in the inter-electrodes space at frequency 575 kHz (c) nDEP : particles collect
at the electrode surfaces at frequencies lower than 575 kHz

(a) (b) (c)

Figure 6.13 Captured images of 0.97�m diameter polystyrene spheres (dyed red) showing
their frequency-dependent DEP behaviour under AC signals in the square-shaped mixing
electrodes (a) pDEP : particles are repelled from the electrodes and collected in the electrode
inter-space at frequencies higher than 100 kHz. A diagonal direction mixing operation occurs
in the mixing area, represented by the �ne line arrows. (b) pDEP-nDEP transition : particles
settle at the electrode surfaced (1) and in the inter-electrodes space (2) at frequencies ranging
from 50 kHz to 100 kHz (c) NDEP : particles collect at the electrode surfaces at frequencies
lower than 50 kHz.

An AC signal frequency set at 1.3 MHz was used to quantify the voltage under the

octagonal electrode con�guration. This frequency enables the formation of a rotating sphere

made of particles in the center of the electrodes, as described previously, for every size of

studied particles. Observations showed that a total loss of the rotational e�ect was seen at 6

V, 12 V and 13 V, respectively for 2.04�m , 0.97�m and 0.22�m diameter beads. In all cases,

the decrease in voltage caused a decrease in the rotation speed of the spherical aggregation

of particles and in its compactness.

{ Square-shaped mixing electrodes

At low frequencies (< f c), particles settle on the electrode surface (nDEP). At high fre-
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quencies (> f c), they concentrate in spaces between the electrodes (pDEP), especially in the

mixing area, creating a mixing operation heading towards diagonal direction, due to the phase

shift di�erence applied to the opposite set of electrodes. This frequency-dependent behavior

can be seen in Fig. 6.13.

The e�ects of voltage variation were analyzed under an AC signal frequency of 200 kHz,

associated with a diagonal direction mixing operation, for every particle size analysed. For

2.04�m diameter-sized polystyrene beads, the mixing e�ect is still viable at 1.7 V, although

a large number of particles in the mixing region dissipated. Mixing operations of 0.97�m and

0.22�m diameter beads have been quali�ed ine�ective at respective voltages of 3 V and 6 V.

In both cases, particles attached to the mixing region were still present, although no mixing

movement was detected. Fig. 6.10 shows the general frequency-dependent DEP behaviour

pattern adopted by all particles examined.

The results, summarized in Table 6.3, show that an e�ective manipulation e�ect can be

achieved for particles experiencing DEP in a U-shaped electrodes architecture, regardless of

the particle size. For the octagonal electrode con�guration, the voltage needed to achieve a

rotational e�ect must be at least higher than 6 V for 2.04�m particles, and increases as

a function of a decreasing particle dimension. The square-shaped mixing electrodes enables

an e�ective diagonal mixing operation for which the voltage required also depends on the

particle size, with the same relationship as for the octagonal electrode con�guration.

The results presented show that it is possible to obtain an e�ective manipulation with AC

signals having minimum amplitudes of 2.5 V, depending on the architecture of electrode and

the size of particles used. This is consistent with DEP theory (A, 1978), (Pethig, 1979), as

the applied voltage is not directly connected to theFDEP , but is taken into account through

the electric �eld intensity gradient (rE 2) which depends on the geometry of used electrode

architecture. In all cases, we noticed that smaller voltages cause the bead to experience

Tableau 6.3 Minimum e�ective operation voltage threshold (MEOVT) determined experi-
mentally for carboxyl-modi�ed polystyrene beads (Bangs laboratories Inc.) of three di�erent
diameter sizes (2.04�m , 0.97 �m and 0.22�m ) in function of electrode (E.) architecture
(Arch.) and for a speci�c AC signal frequency (Freq.).

MEOVT

E. Arch. Freq. 2:04�m 0:97�m 0:22�m

U-shaped E. 200 kHz 1.7V 1.7V 1.7V

Octagonal E. 1.3 MHz 6V 12V 13V

SSM E. 200 kHz 1.7V 2.5V 6V
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(a) (b) (c)

Figure 6.14 Captured video images of 2.04�m diameter polystyrene spheres for di�erent
applied voltage AC signals at a frequency of 1 MHz, enabling the formation of a rotating
particle sphere at the center of the electrodes. (a) 14.8 Vpp /1 MHz : the sphere formed of
particles is rotating at a high speed and the degree of compactness is strong (b) 6 Vpp / 1
MHz : the sphere formed of particles is rotating at a low speed and the degree of compactness
is weak (c) 5 Vpp / 1 MHz : the sphere formed of particles is no more rotating and slowly
disintegrates, making the rotational mixing operation ine�ective.

smaller DEP. This can be explained by the fact that DEP force also increases in proportion

to the cube of the diameter of the particle. As a consequence, the smaller the diameter of the

particle, the higher the voltage needed to be in order to provide an adequate desired DEP

manipulation.

Finally, L and U-shaped electrodes are used for separation. Octagonal electrodes are used

for mixing. This is due to the fact that octagonal electrode force particles to rotate around

the electrodes in a way de�ned by the applied frequency (fc). However the U-shaped and L-

shaped electrodes can be used only for DEP frequency-based separation, as they cannot move

particles on a well-de�ned direction. Square-shaped electrodes are mainly used for separation

in our case as de�ned in Fig. 6.13. They can be used for mixing if they have a larger dimension

in a close way to octagonal electrodes.

Figure 6.15 LoC sensitivity when a liquid is 
owing in the microchannel for di�erent electrode
con�gurations and spaces (E=Empty, F=Full) (Miled et Sawan, 2012b)
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6.1.6.3 Capacitive Sensor Experimental Results

The sensor is sensitive to medium permittivity change as shown on Fig. 6.15, where

the best accuracy which is 1.23 pF with 90�m electrodes space, is related to the higher

variation between empty (E) channel and liquid 
ow (F) phase. The lowest sensitivity, 353.3

fF, corresponds to the 10�m electrode space. Indeed, when the electrodes are closer, the

capacitive sensor is more a�ected by the liquid change between the electrode plates and

not by the medium change. This is because the electrode shape is planar and the liquid is

passing on the top of plates (Miled et Sawan, 2012b). Thus, when the cells are smaller than

1 �m , a smaller electrode space o�ers a better accuracy. To test the system, we �rst injected

an ethanol (Eth) and then mixed distilled water with algae's (A) as shown on Fig. 6.16.

A variation of 219.4 fF was noticed in the capacitive sensor. Moreover, when the sensing

phase is active at the same time as the manipulation phase, interferences are introduced into

the system due to the spread of electric �eld induced by an AC voltage. This disturbance

has a signi�cant e�ect on the capacity, which consequently causes oscillations with variable

amplitude depending on the frequency of the applied AC signal. Fig. 6.16 shows the e�ect

of the AC �eld on the capacitive sensor. As can be observed on this �gure, the interference

amplitude varies from 1 pF for low frequencies below 8 kHz up to 30 pF for high frequencies

in the range of 250 kHz. Consequently the LoC is working only in manipulation or sensing

phase to avoid any interference but not both at the same time.

6.1.7 Conclusion

Through this paper, a low voltage LoC is presented to drive micro and nanoparticles with

a voltage less than 2.5V. The device was able also to sense a permittivity change in the range

of 50 fF. In this paper we focused on the proof of concept of integration of di�erent kind

manipulation and detection in the same device in a few millimetres. However other issues must

be �xed to achieve a fully functional system such as packaging, control and communication

between the device and user. As it is an ongoing project, some of these issues have already

been solved while others are still under development.
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Figure 6.16 Interference e�ect (in red) when both manipulation and detection phases are
enabled (Miled et Sawan, 2012b)
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CHAPITRE 7

M�ethode de mod�elisation hybride pour les manipulations di�electrophor�etiques

des particules

La mod�elisation des LsP est l'un des plus grands d�e�s dans la recherche biom�edicale.

La principale raison est la grande diversit�e des manipulations pouvant être faites avec les

LsP mais aussi �a cause de l'approche multiphysique pour cette mod�elisation. Ainsi dans ce

chapitre nous pr�esentons la premi�ere mod�elisation d'un LsP qui est versatile et d�edi�ee pour

les manipulations di�electrophor�etiques. Cette premi�ere mod�elisation en son genre se base sur

une approche hybride entre une mod�elisation par �el�ement �nie �a l'aide d'ANSYS en parall�ele

avec une impl�ementation d'un algorithme sur Matlab permettant de calculer la position de la

particule dans un microcanal en se basant sur les r�esultats fournis par ANSYS. Cette premi�ere

mod�elisation peut être g�en�eralis�ee �a di��erents types de manipulations de particules comme

par champs magn�etique ou bien ultrasonique. Son avantage est le fait qu'elle se base les

grandes capacit�es de calcule d'ANSYS pour pouvoir les adapter aux application biologiques

�a travers Matlab. Les r�esultats obtenus sont coh�erents avec les r�esultats exp�erimentaux pour

une architecture d'�electrodes carr�ee et octogonale. Grâce �a cette mod�elisation il nous �etait

possible d'identi�er l'emplacement des particules avec pr�ecision dans le microcanal ce qui

n'�etait pas possible avec les r�esultats exp�erimentaux.

7.1 Article 4 - Hybrid Modeling Method for a DEP Based Particle Manipulation

Mohamed Amine Miled, Antoine Gagn�e-Turcotte, and Mohamad Sawan

Accepted for publication in Sensors, MDPI, 2012

7.1.1 Abstract

In this paper, a new modeling approach for Dielectrophoresis (DEP) based particle mani-

pulation is presented. The proposed method ful�lls missing links in �nite element modeling

between the multiphysic simulation and the biological behavior. This technique is amongst

the �rst steps to develop a more complex platform covering several types of manipulations
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such as magnetophoresis and optics. The modeling approach is based on a hybrid interface

using both ANSYS and Matlab to link the propagation of the electrical �eld in the micro

channel to the particle motion. ANSYS is used to simulate the electrical propagation while

Matlab interprets the results to calculate cell displacement and send the new information

to ANSYS for another turn. The beta version of the proposed technique takes into account,

particle shape, weight and its electrical properties. First obtained results are coherent with

experimental results.

7.1.2 Introduction

Microelectromechanical systems (MEMS) have already certain maturity as a technology.

They emerged in the seventies and they are widespread amongst a variety of products and

being used in many home and entertainment applications. Current smartphones and video-

game controllers are two excellent examples of such products. They are also present in most

recent cars and printers. Because of their size, ease to manufacture, low cost and low power

consumption ; MEMS revolutionized many aspects of consumer electronics.

More recently, a new branch of MEMS emerged : BioMicroelectromechanical systems

(BioMEMS) Ghallab et Badawy (2005); Leeet al. (2007b); Beckeret al. (1995). These devices

are more oriented towards medical and biomedical applications, such as disease screening,

DNA sequencing and separation and biological sample analysis. Because of their size and

low cost, they can be used in patient monitoring for everyday life, such as in glucose-meters

for diabetic patients, as they eradicate the necessity of costly and space-consuming medical

equipment Ghallab et Badawy (2010); Burlesonet al. (2012); Strambini et al. (2012).

Currently, BioMEMS are not yet as mature as MEMS ; Much development is still under-

going. However, the BioMEMS market is huge and promising such that a lot of e�ort is done

to produce e�ective and low-cost designs. Based on Yole report, MEMS market forecast and

its various applications are expected to increase from 10199M$ in 2011 to 21148M$ in 2017

Breussin (2010). In addition, BioMEMS market is expected to grow by 18.6%, 24.6% and

32.5% in pharmaceutical and biological research, in vitro diagnostics and medical devices,

respectively. Moreover, important markets are geographically localized in USA and Europe

with 40% and 33% of world share respectively. This market is estimated to be 176.33B$.

Consequently, developing an e�cient modeling tool and approach for BioMEMS is critical as

it reduces time to market and stimulate research activities.

On the other hand, time to market is considered an important constraint for BioMEMS.

Manufacturing such devices can take several months. Consequently, it is much more e�cient

to model the device before starting the manufacturing process in order to reduce the fabri-

cation failure Teymoori et Abbaspour-Sani (2005); Korsmeyeret al. (2004); Trebotich et al.
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(2002); White (2004). Simulating a device prior to manufacture means to design it virtually

and to simulate its behavior under certain circumstances. For example, the presence of elec-

trodes in a micro
uidic channel will generate a certain potential distribution when a voltage

is applied. The simulation goal is to allow the researcher to know this potential distribution

without actually manufacturing the device.

To model BioMEMS, many approaches have been explored Crary et Zhang (1990); Aluru

et White (1998); Gagneet al. (2011); Baronaset al. (2007, 2006, 2012). First, it would be pos-

sible to simply use �nite element modeling (FEM) to completely discretize a given BioMEMS

geometry, then use complex non-linear di�erential equations to iteratively characterize the

time-dependent behavior. Unfortunately, this method would require a lot of computations

and possibly with unstable results, leading to erroneous data. As such, many simpli�cations

can be made in order to simplify the problem and make it manageable and stable.

A �rst step to analyze a BioMEMS consists of considering the architecture without moving

particles and using a time-independent simulation. A presented method by Voldman is used

to determine the particle trapping e�ciency of BioMEMS, computes the dielectrophoretic,

gravitational and hydrodynamic forces using mostly analytical results and �nding the points

where the force was zero to locate particles Voldman (2001). Another method proposed

by Phillips consists of removing the use of volumetric discretization by using a boundary-

element method Phillips et White (1997). Normally, in a moving-particle situation, the 
uid

volume should be remeshed when particles move, but by using boundary-elements, only the

boundaries have to be remeshed, allowing much more computational e�ciency Coelhoet al.

(2004). Many other methods present advantages and disadvantages towards simulations of

multiphasic present in BioMEMS. It is possible to use �nite-element models to characterize

the reduced-order problem Hunget al. (1997). Another option is using a Precorrected-FFT

method to analyze the electrostatic distribution Phillips et White (1997). Also a Multilevel

Newton Method Aluru et White (1999) or Full Lagrangian Schemes De et Aluru (2004) have

been explored.

However, commercial solutions such as ABAQUS, ANSYS and COMSOL provide conve-

nient end-user functionalities to model and simulate virtually any geometry, with one or more

physics domain, using �nite element modeling. Since �nite-element modeling is used, a lot of

computations are necessary and the processing time is often larger than in the approaches

previously introduced. Still, since it is more convenient, many researchers use this method to

predict the behavior of their MEMS/BioMEMS devices.

We describe in this paper a new modeling approach based on FEM technique to model

particle motion in a 
owing liquid with an applied electrical �eld for DEP applications. Seve-

ral published papers present simulation related to DEP e�ect Hsiunget al. (2011); Kanget al.
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(2006); Chuanget al. (2012); Wanget al. (1996). However, their proposed approaches are limi-

ted to speci�c electrode architectures or electrical �eld propagation conditions and/or 
uidic

conditions, which is the standard approach to study particle behaviors within DEP. Unfortu-

nately, these techniques assume that medium and particle conductivity are homogeneous and

the propagation of the electrical �eld is not a�ected by particle charge or shape. This is true

when the electrical �eld is strong enough, but in the case of this work, a low-voltage DEP is

used and consequently the electrical �eld is not propagated through all micro channel depth.

Consequently, in case of low voltage DEP electrode architecture, particle shape and charge

are critical and it is impossible to simulate the electrical �eld with conventional tools such as

Matlab, ANSYS or COMSOL as they do not consider the biological aspect in electrical �eld

modeling.

Consequently in this work, we demonstrate the �rst complete modeling approach of DEP-

based particle motion in a micro channel considering particle size and charge, electrode ar-

chitecture, medium and particle conductivity and permittivity and liquid 
ow conditions.

The proposed technique is not limited to any electrode architecture, particle size or 
uidic

conditions. In fact, ANSYS is used to build micro channel and electrode geometry. Matlab

is used to insert particle in the ANSYS model and then ANSYS applies electric and 
uidic

loads. Unlike other techniques which propose a simulation of DEP parameters, such as elec-

trical �eld or 
uidic forces and then DEP forces are deduced, our modeling approach takes

into consideration particle properties in the electrical �eld propagation and liquid 
ow to

calculate DEP forces and apply it to calculate particle motion.

In this paper, a simpli�ed modeling environment in Matlab and linked to ANSYS is

presented. All physics domains are considered uncoupled. The calculated force resulting from

each iteration for each particle is used to determine its position during the next iteration in

order to track particle displacement during simulation.

In the next section, we present relevant background on dielectrophoresis and BioMEMS

Modeling. In section 7.1.6, a theoretical description of the proposed model is detailed. Then in

section 7.1.7, the implementation procedure is introduced, and section 7.1.8 shows obtained

results and presents a comparison with experimental data.

7.1.3 DEP-based BioMEMS Modeling Theory

7.1.4 Dielectrophoresis Background

Dielectrophoresis is an electrical phenomena that controls neutral-charge particle motion

in a 
uid induced by an inhomogeneous electrical �eld as shown in Fig. 7.1.

The dielectrophorectic forces~FDEP governing particle motion are de�ned by equation
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Figure 7.1 Dielectrophoretic e�ect using a particle with a permittivity of � 1 and medium
permettivity � 2

(7.1).

< ~FDEP > = 2�� 1a3Re[K (! )]rj ~Ej (7.1)

where Re[:] refers to the real part of the complex numberK (! ) and electrical �eld ~E is

de�ned by

~E = �r� global (7.2)

wherea, � 1 and � global are the radius of the particle, particle permittivity and global potential

distribution in the micro channel, respectively.! is equal to 2�f wheref is the frequency of

the electric �eld.

The Claussius-Mossotti factorK (! ) de�nes the frequency range of positive DEP and

negative DEP which corresponds to attractive or repulsive e�ect, respectively. The latter

frequency range is de�ned by the crossover frequency as shown in Fig. 7.2.K (! ) is given by

equation (7.3).

K (! ) =
� 2 � � 1 � j (� 2 � � 1)=!

� 2 + 2� 1 � j (� 2 + 2� 1)=!
(7.3)

where� 2 refers to medium permittivity and � 1 and � 2 are particles and medium conductivities,

respectively. The Claussius-Mossotti factor refers to the particle polarization. It is related to

the phase lag that results from the dipoles formation in dielectric particles in a medium with

an electric �eld.
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Figure 7.2 Variation of real part of the Claussius-Mossotti factor versus frequency showing
the crossover frequency e�ect

7.1.5 Modeling Bakckground

Modeling BioMEMS requires characterization of the electric, mechanical and hydro dy-

namical behavior of the analyzed geometry with initial loads. The proposed way to simulate

BioMEMS is separated in three di�erent models : the electric model, the 
uidic model and

particles.

The main goal of this simulation is to track particle displacement based on its charge,

weight and applied electrical �eld. The liquid 
ow and the electric �eld propagation monitor

particles motion in micro channel. Thus, the 
uid and electric �eld contribution to particle

displacement are detailed as follows.

First, the full hydrodynamic model requires solving the Navier-Stokes equation for the


uid that includes an electric �eld component, as shown in equation (7.4) which is a complex

nonlinear equation.

�
�~v
�t

+ � (~v � ~r) = �~g + � e
~E � ~rp + � r 2~v (7.4)

wherep, � , ~v, ~g, � are pressure distribution in liquid, liquid density, liquid velocity, gravity

vector and viscosity, respectively. If particles are presents in micro channel, their displacement

must be considered. Consequently no steady state or harmonic behavior is considered to

simplify the analysis. The electric model, in addition to contribute to the 
uidic solution, is

important for its electrophoretic and dielectrophoretic contribution and then on forces applied

on particles. The electrophoretic force~FEP is computed from equation (7.5) A (1978); Kua

et al. (2008); Masuda et Kamimura (1975).
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~FE P = � qp
~E (7.5)

whereqp is the particle electric charge and~E the electric �eld.

Particles with their polarization, also contribute to the resulting electric �eld. The po-

tential induced from the dipoles is given by the approximation of a point-source dipole, as

shown in equation (7.6).

� dipolesx;y;z =
� ef f � cos�

4� � 2a2
(7.6)

where x; y; z refer to particle coordinates,� the angle between the dipole direction and a

point in the micro channel,� 2 the medium permittivity and a the particle radius. � ef f is the

point-dipole and it is given by equation (7.7).

� ef f = 4�� 1K a3 ~E (7.7)

The Claussius-Mossotti factor introduces a phase lag' in ~E in the point-dipole equation,

which is computed from equation (7.8).

' = arctg

 
Im (K (w))

Re(K (w))

!

(7.8)

where Im (K (w)) and Re(K (w)) are the imaginary and real part of the Claussius-Mossotti

factor K (w).

If a particle has a �xed chargeqp , then the electrical potential � part x;y;z at the position

(x,y,z) is given by equation (7.9).

� part x;y;z =
X (qp) i

4� � 1r
(7.9)

Computing the electric component of the resulting force on particles, present in the Bio-

MEMS, is straightforward using equation (7.9). But the hydrodynamic force~FHydrodynamic

requires the computation of the pressureP over the surfaceS of each particle based on

equation (7.10).

~FHydrodynamic =
I

P dS (7.10)

Theoretically, the hydrodynamic, electrophoretic and dielectrophoretic forces previously

introduced, make it possible to �nd the position of the particle after a given time-step since

the main goal of the simulation is to predict the position of the particle in a time-dependent

simulation.
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7.1.6 Proposed Modeling Method

The theory upon which the model is developed, allows �nding di�erent parameters a�ec-

ting particle displacement in a micro channel. It can also be simpli�ed as to quicken compu-

tations while giving an accurate prediction. This section presents the di�erent assumptions,

simpli�cations and details related to the implementation method.

The �rst assumption is that in the 
uidic solution, particles can be dissociated from the

observed geometry. This means that the computations in the 
uidic regimen are done without

taking into account particles. The main advantage of this assumption is the fact that solving

the Navier-Stokes equations in �nite-elements requires a meshing of the geometry, which is

a computationally intensive operation.

Another problem associated with the meshing is that it can become unstable because

of the stretching of the elements induced by the movement of particles. Since particles are

moving in the 
uid, the mesh must be recomputed for each iteration. If particles are removed

from the simulation and the loads applied on the 
uid are the same, the 
uidic solution can

be considered time-independent. If the electric contribution of the electric �eld to the 
uid

movement is considered negligible, the Navier-Stokes equation can then be computed only

once. The result is considered steady state, if the 
ow is in laminar regimen.

Next, the di�erent electric forces can be computed from the potential distribution on the

electrodes. Equation (7.11) shows the electric �eld distribution from the potential distribu-

tion.

� r � ([� ]rV ) +
j
!

r � ([� ]rV ) = 0 (7.11)

where � and � are the permittivity and conductivity of the environment respectively.V is

the applied voltage and! is equal to 2�f where f is the frequency of applied voltages.

The dipoles induced from the presence of particles can be computed using equation (7.11).

Once the electric �eld distribution is known, the dielectrophoretic force is calculated using

equation (7.1). However, the dielectrophoretic force requires using the gradient of the electric

�eld. Since this value is not needed for anything else, the gradient is simply computed at the

current position of each particle. Equation (7.12) is an estimate of the x gradient at position

x, y and z.

� 2�
�x 2

=
� x+ � x;y;z � 2� x;y;z + � x� � x;y;z

� x2
(7.12)

where � refers to the particle radius in the given direction and� is the electrical potential

of particle at di�erent positions.

The next parameter needed to compute the dielectrophoretic force is the Claussius-



125

Mossotti factor based on equation (7.3).

Using these equations, the di�erent forces applied on the particle can be computed using

also equations (7.1) and (7.2), though further simpli�cation is possible. By solving the dif-

ferential equations for the velocity versus the 
uid velocity, for a given force value, the �nal

velocity of a particle in a 
uid can be calculated based on equation (7.13).

v = ae� bt + c (7.13)

where b= � k=m, k being the drag force andm the mass of particle. Assuming spherical

human cell,m = 1e-12 kg andk = 6��r wherer is the particle radius. Considering� = 9e� 4,

the water viscosity at 25� C, r = 10e� 6m and k = 1:6965e� 007. Consequently,b is equal to

1.7e5. Thus, the exponential term fades rapidly, so that the particle reaches its �nal velocity

c rapidly. c is the ratio of the total exerted force over the drag force. Based on experimental

data, it has been shown that the force applied from a moving 
uid on a spherical particle is

depicted from equation (7.14).

~Ff luid = 6��a (v � v0) (7.14)

where 6��a is a constant de�ned by the 
uid viscosity, v is the 
uid velocity and v0 is

particle velocity. Because of the 
uid velocity component, the other forces do not contribute

to an in�nite velocity component, as they are linearly opposed to the 
uid velocity. The

electrophoretic velocity component is then computed based on equation (7.15).

velectro =
~FEP

6� �a
(7.15)

And the dielectrophoretic component using equation (7.16).

vdielectro =
~FDEP

6� �a
(7.16)

Based on equation (7.14), computing the hydrodynamic component of the particle be-

comes trivial. Assuming that only forces induced by moving 
uid are considered, the particle

follows the 
uid and falls according to gravity. If electrophoretic and dielectrophoretic forces

are present, equation (7.1) prevails.

7.1.7 Implementation of the Proposed Modeling Technique

Through ANSYS, it is possible to model a wide range of mechanical structures such as

micro channels and electrodes. It can also model electrical or magnetic �eld propagation, in
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(a)

(b)

Figure 7.3 (a) ANSYS/Matlab global and (b) detailed modeling of a particle motion

addition to liquid 
ow. But it is not designed to model biological behavior of particles and

cells. However COMSOL with particle tracing toolbox and ANSYS with 
uent toolbox o�er

an interesting way to observe particle behavior but it assumes that particle have a steady

state and do not consider particle electrical properties variation.

Consequently, the �nite-element modeling software ANSYS is used, in conjunction with

Matlab as shown in Fig. 7.3. The �rst step is the geometry production through ANSYS's

geometry building functions. Thus, geometries are created in ANSYS and then exported

to Matlab. This format contains the list of all points, lines and areas used to produce the
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geometry. Using a custom graphical user interface, particle models are de�ned through Matlab

at the desired position with speci�ed parameters such as mass, charge and radius as shown

in Fig. 7.4.

Then load sets are created within Matlab interface. Di�erent surfaces on which load will be

applied are selected and grouped together. This is used to apply the same load to all surfaces

contained in any electrode subset, or to apply a zero-velocity constraint on the micro channel

walls, as shown in Fig. 7.4 and Fig. 7.5.

After setting di�erent loads, the latters can be applied to each set of surfaces using Matlab

interface as shown in Fig. 7.5. Pressure, velocity and electric loads are applied on each set of

the geometry. These loads are saved in separate �les and are used by both Matlab and ANSYS.

For each �le, a list of the areas upon loads are applied is created. Then, the FLOTRAN's

analysis properties, along with the simulation parameters are set.

At this stage, global model analysis is started. First, Matlab interface launches a while

loop until data are received from ANSYS. The analysis is also started in ANSYS. After each

iteration, the results are transferred to Matlab. The simulation steps are as follow. First,

the 
uidic solution is generated. The 
uidic solution is generated only once and it is reused

throughout the simulation. To solve this part of the problem, ANSYS fetches the di�erent

loads written for pressure and velocity on the areas and applies them to the corresponding

areas in the geometry. The solution is then generated using the default ANSYS solver for

FLOTRAN elements. A while loop is then triggered, where ANSYS solves the electric si-

mulation. Electrical �eld propagation results and in-channel pressure distribution are used

in equations 7.14-7.16 to compute the di�erent velocity contributions of the hydrodynamic

and electric forces. These contributions are sent to Matlab, which computes and stores the

incremented particle position. Upon termination, the data is saved and ready for analysis.

Example of implementation of these algorithms are presented in Algorithm 1 and 2.

*del,V OLT LOAD
*del,SizeAreas
*DIM,SizeAreas,Array,1,1
*VREAD,SizeAreas(1,1),SizeAreas,txt

"
JIK,1,1

(1F14.10)
*DIM,V OLT LOAD ,ARRAY,SizeAreas(1,1),5 ! ! !
*GET,ParX,PARM,V OLT LOAD ,DIM,X
*GET,ParY,PARM,V OLT LOAD ,DIM,Y
*VREAD,V OLT LOAD (1,1),V OLT LOAD ,txt

"
JIK,ParY,ParX

(5F41.20) ! ! !
Algorithm 1: Implementation example of particle detection algorithm on ANSYS

Fig. 7.8 and 7.13 show an approximation of particle trajectory based on Fig. 7.7a and
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if A == 0 then
for i = 1 :size(LINES1,1) do

KP1=LINES1(i);
KP2=LINES2(i);
if KP1 =0 then

POSX = [KPS1(KP1) KPS1(KP2)];
POSY = [KPS2(KP1) KPS2(KP2)];
POSZ = [KPS3(KP1) KPS3(KP2)];
line(POSX,POSY,POSZ);

else
line(POSX,POSY,POSZ) ;

end
end

else
for k = 1 :size(A,1) do

h lines = [AREAS1(A(k)) AREAS2(A(k)) ... ;h lines = h lines(h lines = 0) ;
end
for i = 1 :size(LINES1,1) do

if (�nd( h lines= =i)) then
KP1=LINES1(i) ;;
KP2=LINES2(i) ;;
if KP1 =0 then

POSX = [KPS1(KP1) KPS1(KP2)] ;;
POSY = [KPS2(KP1) KPS2(KP2)] ;;
POSZ = [KPS3(KP1) KPS3(KP2)] ;;
line(POSX,POSY,POSZ,'color','r','linewidth',3) ;

else
line(POSX,POSY,POSZ,'color','r','linewidth',3) ;

end
else

KP1=LINES1(i) ;;
KP2=LINES2(i) ;;
for KP1 =0 do

POSX = [KPS1(KP1) KPS1(KP2)] ;;
POSY = [KPS2(KP1) KPS2(KP2)] ;;
POSZ = [KPS3(KP1) KPS3(KP2)] ;;
line(POSX,POSY,POSZ) ;;

end
end

end
KP1=LINES1(i) ;

end
Algorithm 2: Implementation example of data acquisition algorithm from ANSYS to
Matlab
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!

Save geometry Add Particle Update Geometry Sim 

Matlab model set-up 

ANSYS model set-up 

Model surfaces setting 

Surface Load setting 

Particle parameters and position 

Global environment configuration 

Transfer data to ANSYS 

ANSYS model configuration 

Figure 7.4 Modeling approach set-up steps using implemented Matlab and ANSYS algorithms

7.12a, respectively. It can be seen from these �gures that particle has a helical trajectory

that can not be observed experimentally, the diameter of the helical trajectory is 150nm and

particles are repulsed to the top of the channel. The latter results are critical as it can be used

as a method for z-separation of particles. Indeed Fig. 7.12d and 7.7d both show that particle

are suspended at 10�m and 18�m depth respectively. These data can not be obtained from

experimental results based on Fig. 7.17 as they are 2D images. Fig. 7.12d and 7.7d are related

to two di�erent electrode architectures. It can be seen that 8-electrode architecture is not

optimized for z-separation in this case as particle are pushed until the top of channel, unlike

4-electrode architecture where particles are suspended in the middle of the channel depth (10

�m ). The main objective of the following modeling approach is to provide information for

a most e�cient particle separation technique based not only on electrical �eld or particle or

medium properties, but also on electrode architecture.
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7.1.8 Simulation and Experimental Results

7.1.9 Simulation Results

Fig. 7.14 shows the proposed model behavior to achieve the simulations. First the model,

sample the channel into di�erent section depending on required steps as shown in Fig. 7.14b.

Then, voltage propagation imported from ANSYS and presented in Fig. 7.14c is used to

calculate electrical �eld propagation based on equation 7.2. The latter is used to calculate

the electrophoretic forces~FEP . The model also calculates the Claussius-Mossoti factor to �nd

the dielectrophoretic forces~FDEP as shown in Fig. 7.14b. All calculated forces, in addition

to the 
uidic forces ~Ff luid , are applied on particle as shown in Fig. 7.14a.

Simulations have been performed to compare two di�erent geometries. A 
uid initial

velocity was imposed to the micro
uidic channels. Sine wave voltage loads are applied on

the di�erent electrodes with di�erent phase shift. Tests have been carried out in the same

conditions as in a real BioMEMS in order to compare the simulated and experimental results.

The �rst experiment has been carried out in a 4-electrode architecture, where a phase o�set

of �= 2 was applied for each electrode regarding the previous one as shown in Fig. 7.6.

The proposed modeling method provides accurate information regarding particle displa-

cement in the micro channel, as presented in Fig. 7.7 and 7.12 at a frequency of 1 MHz and

applied voltage amplitude of 5 V. These results are obtained based on Voltage and Pressure

distribution from ANSYS, as shown in Fig. 7.9. The latter is then transferred to Matlab in

order to compile results and update particle position before sending back the new position

to ANSYS.

The second experiment has been carried out on an 8-electrode array, within an octagonal

pattern. The electrodes are o�setted by� /4 regarding the previous one. The geometry is

shown in Fig. 7.10 and ANSYS results are presented in Fig. 7.11.

Following the presented simulation results, the main advantage of such method consists

of giving more accurate results regarding particle displacement in addition to electrical �eld

propagation Miled et al. (2010). Fig. 7.15 shows the system set-up to test the BioMEMS.

7.1.10 Experimental Set-up

The fabricated micro
uidic substrate is made with two Boro
oat glass with a thickness of

500�m each one. In-channel electrode thickness is 200 nm, access holes diameter is 1.5 mm

and micro channel depth is 40�m . The micro
uidic platform contains 9 di�erent architec-

tures, as shown in Fig. 7.16. Only architectures S3 and S9 are used for experimental results.

Other architectures are implemented for validation purpose only. Micro-tubes are sealed to

access holes with epoxy Epotek-731 and connected to Cole-Parmer micropump.
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Injected microspheres are 0.97�m diameter polystyrene microspheres (dyed red) from

Bangs Laboratories. 40�l of microsphere solution is mixed with 1.8ml of dionized water to

reduce particle concentration. 4 sine wave voltages are applied on electrodes with 0� , 90� ,

180� and 270� phase respectively. The speed of 
owing liquid is controlled by a micropump

and is set to 100nl/min. Sine wave voltages are generated by a FPGA Spartan3A from Xilinx

and digital to analog converters.

7.1.11 Experimental Results

Fig. 7.17 highlights main experimental results of the simulated model with the same num-

ber of electrodes (E) ; i.e, 4 and 8 electrodes for the �rst and second presented architectures

respectively Miled et Sawan (2012a); Miledet al. (2012). The latter can not provide the exact

3D position of particles in the micro channel. However, Fig. 7.7 and 7.12 show that particle

displacement in the z-axis di�ers depending on the used electrode. In the case of Fig. 7.7,

particles are not steady in the z-axis, however in the case of 8-electrode architecture, particles

are pushed toward the top side of the micro channel.

Particle observation was made with Olympus BX51 microscope to track particles with

QImaging software and shown in Fig. 7.17. Particle tracking can be experimentally achieved if

particles can be easily identi�ed and their concentration is low. In the actual experiment, the

concentration is very high for observation purpose. Also, all particles are exactly the same,

so any software can not track them as they can not be distinguished individually because

actual acquisition speed of the camera is 5 frames per second compared to the electrical

�eld frequency which is higher than 10 kHz. Consequently the software can not proceed with

particle tracking with reliable results.

The objective of the actual modeling approach is to study the particle motion when an

electrical �eld is applied within 
owing liquid. Experimental results cannot provide enough

data regarding particle motion except a limited 2D motion when the concentration of particles

is low. In fact, when particle concentration is high with a cloudy dispersion, even with an

advanced algorithm is not possible to track particles because the software can not identify

them. However, we tried to track particles with both QImaging software and an advanced

developed algorithm on Matlab. Both approaches failed to track particles as shown in Fig.

7.18. Through Matlab, the only useful information that can be acquired in this case, is the

particle number and concentration which is 61 particles with a concentration of 43.95% and

768 particles with a concentration of 63.7% in case of Fig. 7.18a and Fig. 7.18b, respectively

in the area of interest.

Indeed, electrical �eld frequency is varying between 10 kHz and 1 MHz, which keeps

particle tracking impossible with QImaging software. Applying lower frequency signal for ob-
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servation purpose (under 5 kHz) leads to electro osmosis with air bubble generation, conse-

quently electrode oxidation is observed and DEP forces are stopped.

Consequently, to validate the model results experimentally, we used the recently released

ImagePro Premier software from MediaCybernetics. The software can do a 2D tracking of

particles by making an average of global motion of a selected area by area centroid tracking

as shown in Fig. 7.19. This approach is coherent with this paper's particle motion example

in the way that it starts from the center of each electrode architecture and is limited to 2D

tracking only. Thus experimental and modeling comparison is limited to X and Y axes only.

Graphs in Fig. 7.20 show the variation of X and Y displacement of particles (in case of

4- and 8-electrode architectures. It can be seen that both modeling and experimental curves

are close to each other. In addition, we observe a similar motion pattern for all curves in

major cases. However, it is important to note that modeling results are related directly to

the particle's motion, while experimental ones are an approximation of the particle's motion

based on the motion of area centroid.

In the case of DEP manipulation, based on simulation results provided in Figs. 7.7 and

7.12, particle separation can be processed in z-axis in addition to x and y axes which helps to

design 3D electrode structure. By using the proposed modeling method, it is easier to predict

particle behavior before BioMEMS fabrication.

7.1.12 Discussion

The main advantage of the proposed model compared to other softwares consists of its high

versatility. Indeed, unlike ANSYS and COMSOL, the proposed model takes into consideration

not only the architecture of the micro
uidic structure, but also applied voltages on electrodes,

type of signals (AC or DC), and particle properties, especially the charge of the particles.

In the latter case, ANSYS and COMSOL are limited to ions and electrons to consider the

charge of particles. This is mainly due to meshing problem in all FEM software as Navier-

Stokes equations in �nite-elements requires an intensive calculation, which can lead to non-

convergence problem. With our proposed method, particles are not moving when the meshing

is done. Obtained results from ANSYS are exported to Matlab, then forces are applied on

particles based on calculation done by ANSYS to calculate particle motion. Following this

step a remeshing is used for another step.

ANSYS was selected due to the high programming 
exibility o�ered by the software ;

however, we are currently studying another solution to test the model with COMSOL to

compare obtained results with ANSYS and to consider wall e�ects.

Tables 7.1 and 7.2 summarize the features of the proposed model regarding most major

FEM softwares such as ANSYS and COMSOL.
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Tableau 7.1 Comparison of di�erent modeling techniques

ANSYS COMSOL This work

Multiphysic
toolbox

Does not include
biological aspect

Does not include bio-
logical aspect

Particle shape and
charges considered

Simulation tech-
nique

Superposition Simulation results can
be linked by equations

Simulation results are
dependent to each
others

Particle tracking Computational

uid dynamics
(CFD) module

Particle tracing mo-
dule

Does not need for any
additional module

Charged particle
simulation

Charged particle
limited to ions

Charged particle limi-
ted to ions and elec-
trons

No limitation

In the present work, we are particularly interested in BioMEMS for particle manipulation

and analysis in real-time. In fact, real-time monitoring of neurotransmitters is of great im-

portance for understanding the chemical behavior of the brain. Neurotransmitters are very

small molecules and have di�erent electrical and physical properties. On the other side, DEP

is well established for few micrometer particles. However, it is not proven that DEP is still

functional with nano particles such as neurotransmitters. Thus, an advanced modeling of

DEP with a fully con�gurable environment is mandatory to understand neurotransmitter's

behavior in an implantable device.

More precisely, our purpose is to elaborate a new modeling approach to study biological

particle motion when exposed to external electrical �eld through in-channel electrodes. Up

to now, it is not possible with any commercial software to model or simulate such behavior

because particle properties are changing over the time. For example, when an electrical �eld

Tableau 7.2 Main proposed model features

Feature Used equation Input parameter

Particle charge ~FE P = � qp
~E qp

Particle shape < ~FDEP > = 2�� 1a3Re[K (! )]rj ~Ej a

Particle permettivity K (! ) = � 2 � � 1 � j (� 2 � � 1 )=!
� 2+ 2� 1 � j (� 2+2 � 1 )=! � 1; � 1

Medium permettivity K (! ) = � 2 � � 1 � j (� 2 � � 1 )=!
� 2+ 2� 1 � j (� 2+2 � 1 )=! � 2; � 2

Fluid velocity ~Ff luid = 6��a (v � v0) v
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is applied, biological cells exchange ions (Na+ , Cl2� , K+ ) with medium. This ion exchange

changes medium conductivity and a�ects DEP forces. Furthermore, the objective is to im-

plement a separation method based on frequency identi�cation of neurotransmitters. Also,

COMSOL and ANSYS are not initially designed to study the biological behavior.

Finally, results presented in this paper correspond to a steady charge and conductivity

of both medium and particles. However, it is easy to add a non-steady state medium and

particle as these parameters are set in Matlab and can be rede�ned for each simulation step.

Furthermore, the proposed model is limited to DEP manipulation, though it can be extended

to other manipulations if they are implemented on Matlab. The concept of this model consists

of using ANSYS as a platform to get results from applied loads for di�erent external �elds,

such as electrical or magnetic �elds. Matlab used these results in combination with particle

properties to calculate particle displacement in a loop process (Matlab-ANSYS). Ultimately,

this proposed approach can be integrated directly to FEM software.

7.1.13 Conclusion

This work highlights an important issue in the BioMEMS �eld, which is the Bio-multiphysics

simulation. It is not trivial to �nd a commercial tool that can handle both the engineering

and the biological aspects of a device by taking into account the fabrication and electrical

features in addition to the biological behavior. The proposed method is based on ANSYS

as it o�ers advanced programming interface. However, the proposed approach requires a lot

of CPU resources and is limited to the DEP manipulation. A further work is undertaken

to enlarge it to the biological manipulation, as well as to add magnetophoresis method and

corresponding sensing operations. As it is the �rst modeling approach, we are still working

on several improvements on biological aspects. The next step, which is undertaken, consists

of considering the particle and its close medium as one entity.
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Figure 7.5 Detailed algorithm of proposed modeling approach for DEP based BioMEMS
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(a) (b)

Figure 7.6 (a) Electrode modeling using ANSYS and (b) particle insertion with Matlab in
the micro channel within a 4-electrode architecture.
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Figure 7.7 (a) Particle 3D-displacement in a 4-electrode architecture, where (b), (c), (d) show
X, Y and Z displacement respectively. X, Y and Z axis are de�ned in Fig.7.6a

Figure 7.8 Particle motion approximation based on Fig. 7.7a with a 4-electrode architecture
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(a) (b)

Figure 7.9 ANSYS results in the case a 4-electrode architecture : (a) pressure and (b) voltage
distribution in the micro channel. Voltage distribution is multiplied by 10 in ANSYS due to
simulation constraints.

(a) (b)

Figure 7.10 (a) ANSYS electrode modeling and (b) Matlab particle insertion in the micro
channel within an 8-electrode architecture
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Figure 7.11 Voltage distribution in the case of 8-electrode architecture using ANSYS. Voltage
distribution is multiplied by 10 in ANSYS due to simulation constraints.
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Figure 7.12 (a) Particle 3D-displacement in an 8-electrode architecture, where (b), (c), (d)
show X, Y and Z displacements respectively. X, Y and Z axis are de�ned in Fig.7.10a
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Figure 7.13 Particle motion approximation based on Fig. 7.12a with 8-electrode architecture
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Figure 7.14 (a) The red arrow (A) represents the dielectrophoretic force, the blue arrow
(B) represents the 
uid force and the black (C) one represents the electrophoretic force,
(b) Sampling procedure of the proposed model, (c) Voltage propagation and (b) Claussius-
Mossotti factor calculation
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Figure 7.15 System set-up to test DEP e�ect on microspheres injected in a custom design of
electrode architecture Miled et Sawan (2012a)
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Figure 7.16 Micro
uidic fabricated device using LioniX process
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Figure 7.17 Experimental results of 0.97�m diameter polystyrene microspheres (dyed red)
from Bangs Laboratories exposed to DEP forces within (a) a 4-electrode architecture and (b)
an 8-electrode architecture

(a) (b)

Figure 7.18 Image processing with Matlab of captured image from Suss microscope using
0.97 �m diameter polystyrene microspheres (dyed red) from Bangs Laboratories exposed to
DEP forces within (a) a 4-electrode architecture and (b) an 8-electrode architecture



145

!
!

!
!

E1 

E2 

E3 

E4 

Detected 
moving area 

Area centroid 
tracking 

(a)
!

!

Detected 
moving area 

Area centroid 
tracking 

E1 

E2 

E3 

E4 

E5 
E6 

E7 

E8 

(b)

Figure 7.19 2D experimental tracking in the case of (a) 4 and (a) 8 electrode architectures
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Figure 7.20 2D experimental result comparison for (a) X and (b) Y axes in the case of
4-electrode architecture and (c) X and (d) Y axes in the case of 8-electrode architecture
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CHAPITRE 8

Discussion g�en�erale

Cette th�ese a pour objectif �a long terme une meilleure compr�ehension des �echanges chi-

miques ayant lieu entre les neurones. Pour ce faire, le seul moyen est d'implanter un dispositif

en entier dans le cerveau pour �echantillonner, manipuler et analyser le liquide c�er�ebral. Ce-

pendant, ce type de dispositif n'existe pas encore puisque la technologie actuelle, que ce soit

CMOS ou micro
uidique, pr�esente plusieurs limitations. Dans le cas de la technologie CMOS,

la dissipation de puissance et l'alimentation du syst�eme constituent une contrainte majeure

pour un dispositif implantable tel que les LsP. Dans le cas des technologies micro
uidiques,

l'interface micro
uidique / micro�electronique demeure un point critique qui impose beaucoup

de limitations. En outre, aucune mod�elisation n'existe �a date pour pouvoir pr�edire le com-

portement d'un LsP. La principale raison est li�ee �a la grande diversit�e des applications des

LsP. Ce qui rend la mod�elisation tributaire de cette derni�ere.

L'objectif �etant de comprendre le fonctionnement chimique du cerveau, nous avons ainsi

propos�e, pour la premi�ere fois un syst�eme complet qui permet d'analyser des micro et nano

particules Sawanet al. (2010). En e�et, plusieurs travaux ont d�ecrit la s�eparation des par-

ticules par des architectures micro
uidiques diverses. Cependant, rares sont ceux qui ont

propos�e un syst�eme entier capable de g�erer le 
ux des donn�ees, que ce soit pour la mani-

pulation ou la d�etection. La raison principale est que la conception d'un vrai LsP n�ecessite

une connaissance multidisciplinaire, ce qui n'est pas trivial. C'est ainsi que le syst�eme que

nous avons propos�e, int�egre la partie micro
uidique, micro�electronique, contrôle global par

composants discrets, alimentations, protocole de communication sans �l et �echantillonnage.

La di�cult�e de la conception d'un tel syst�eme r�eside en plus dans la non connaissance des

ph�enom�enes biologiques pouvant se produire une fois le syst�eme est mis en contact avec le

liquide c�er�ebrospinal. D'un autre côt�e, la th�eorie de la DEP est valide pour des particules

dont les dimensions sont n�egligeables par rapport �a la distance entre les �electrodes. Dans

le cas de ce projet, on est �a la limite de la th�eorie. En e�et, pour pouvoir g�en�erer la DEP

avec des tensions faibles, il est important de diminuer consid�erablement l'espace entre les

�electrodes pour pouvoir g�en�erer un champ �electrique su�samment puissant pour manipuler

les particules. En contre partie, l'espace entre les �electrodes devient tr�es critique puisqu'il

s'approche des dimensions des particules �etudi�ees. Cependant, nous avons d�emontr�e exp�eri-

mentalement que la DEP reste tout de même valide pour des particules de 550 nm. En plus,

nous avons montr�e que l'ACSF ne peut être inject�e directement dans le LsP si les �electrodes
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sont fabriqu�ees par d�eposition sur le verre et sans aucune isolation car cela engendrera leur

d�esint�egration.

Par cons�equent, notre LsP est capable de :

(a) Contrôler la propagation du champ �electrique dans le microcanal.

(b) S�eparer les particules cibles.

(c) D�etecter la variation de la capacit�e dans le microcanal.

(d) Contrôler la vitesse d'�echantillonnage de l'ACSF.

La r�ealisation d'un LsP pour d�etecter la variation de la concentration des neurotransmet-

teurs ne peut se faire qu'en plusieurs �etapes :

(a) Conception d'un LsP fonctionnel permettant des contrôles vari�es par DEP

(b) Validation de la fonctionnalit�e du LsP dans une solution d'ACSF �etant donn�e que les

neurotransmetteurs se trouvent dans cette solution

(c) D�eveloppement du protocole biologique permettant d'�etudier les neurotransmetteurs.

�Etant donn�e que les neurotransmetteurs sont des mol�ecules de dimensions en dessous

du nanom�etre, le protocole biologique pour les �etudier n�ecessite des travaux de recherche

avanc�es. Par cons�equent, il est impossible de pouvoir les voir. C'est la raison pour laquelle la

d�etection des neurotransmetteurs peut se faire de deux fa�cons di��erentes :

{ L'utilisation des passerelles biologiques : autrement dit, la cr�eation de cellules arti�-

cielles fonctionnalis�ee pour capturer les neurotransmetteurs.

{ La d�etection de la variation de leur concentration uniquement. En e�et, en s�eparant

les neurotransmetteurs, on modi�e, en r�ealit�e, les propri�et�es chimiques de la solution.

Ainsi, la permittivit�e de la solution change localement, ce qui induit une variation de

la capacit�e de la solution.

Nous avons pu d�emontrer exp�erimentalement que le syst�eme r�ealis�e est en mesure de d�etecter

une variation de 100 fF, par contre la d�etection ne peut se faire en même temps que la

manipulation �a cause du champ �electrique qui g�en�ere des interf�erences tr�es importantes.

Dans ce chapitre, nous allons pr�esenter les points les plus important abord�es dans cette

th�ese ainsi que quelques am�eliorations futures pour le syst�eme d�evelopp�e.

8.1 Nouvelle technique de prototypage rapide pour les LsP

�A d�efaut d'avoir un outil de mod�elisation rapide d'un LsP, nous avons d�evelopp�e une

plateforme de prototypage rapide pour pouvoir �etudier l'e�et d'un champ �electrique sur des

microparticules dans une architecture micro
uidique. Nous avons pris soin de proposer une

plateforme �electronique recon�gurable �a plusieurs �echelles. En e�et, la carte peut contrôler
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64 �electrodes di��erentes. Chaque �electrode est capable de d�elivrer un courant et une tension

maximum de 5 mA et 14 V respectivement. La fr�equence maximale des signaux g�en�er�es est

de 3.2 MHz. Les signaux pouvant être g�en�er�es sont soit sinuso•�daux, carr�es ou triangulaires.

La plateforme micro
uidique a �et�e fabriqu�ee par un proc�ed�e de microfabrication de LioniX.

Elle est form�ee d'�electrodes d�epos�ees sur une plaque de verre. Les �electrodes et la plaque de

verre ont une �epaisseur de 200 nm et 500�m respectivement. Le microcanal a �et�e fabriqu�e

sur une autre plaque de verre de 500�m d'�epaisseur aussi. Ensuite, les deux plaques ont �et�e

scell�ees ensembles. Cette structure micro
uidique renferme 12 architectures di��erentes pour

tester les manipulations di�electrophor�etiques. En ce qui a trait au pr�esent projet, nous avons

proc�ed�e �a deux types de manipulations di��erentes :

A. La s�eparation des particules : en se basant sur l'empreinte fr�equentielle de la particule,

nous avons pu d�emontrer que dans un m�elange compos�e de particules di��erentes, il est pos-

sible de s�eparer un type de particules par rapport �a d'autres avec une tension de 1.7 Vpp.

B. Le d�eplacement des particules : en appliquant un champ �electrique non uniforme dans

un microcanal, nous avons pu provoquer un d�eplacement contrôl�e des particules. Notons

que cette deuxi�eme manipulation est d�ej�a connue en utilisant la di�electrophor�ese. Ainsi,

nous nous sommes concentr�es sur la premi�ere manipulation. Notre objectif �etant de pouvoir

trouver une m�ethode permettant de s�eparer plusieurs neurotransmetteurs en se basant sur

leurs propri�et�es morphologiques et �electriques. L'objectif de la plateforme est aussi d'�etudier

les ph�enom�enes pouvant a�ecter les manipulations cellulaires par le champ �electrique, plus

particuli�erement, les e�ets sur le proc�ed�e de fabrication. Nous avons ainsi pu observer qu'en

injectant directement une solution c�er�ebro-spinale arti�cielle (Na 150 mM ; K 3.0 mM ; Ca

1.4 mM ; Mg 0.8 mM ; P 1.0 mM ; Cl 155 mM) de Tocris Bioscience, toutes les �electrodes sur

lesquelles on applique un champ �electrique, se d�esint�egrent presque instantan�ement. Ainsi,

nous avons d�evelopp�e un protocole de manipulation qui nous a permis d'augmenter la dur�ee

de vie des �electrodes en injectant une solution avec les proportions suivantes : 1.8 ml d'eau

dioniz�ee (ED) et 25 �l d'ACSF. Ce qui fait un rapport ED/ACFS=72.

8.2 Interface Micro
uidique/ �Electronique

L'interface micro
uidique / micro�electronique a �et�e con�cue de deux fa�cons di��erentes :

A Plateforme de prototypage a�n de trouver une m�ethode d'assemblage r�eutilisable : Les

m�ethodes classiques d'assemblage sont les< wire bonding > et le < Flip-Chip > pour les

boules d'or ou d'�etains. Or, ces deux techniques sont d�edi�ees �a des assemblages permanents,

ce qui rend le dispositif �a usage unique. Ainsi, nous avons propos�e une interface qui se
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base sur une couche d'adh�esif doublement conducteur de 3M (AJOUTER r�ef�erence).

B Dispositif implantable bas�e sur une architecture modulaire : L'architecture micro
uidique

a �et�e connect�ee �a un PCB qui d�eborde de 1 mm de chaque côt�e de l'architecture micro
ui-

dique dont les dimensions sont de 15 mm x 15 mm. Par la suite, ce module a �et�e connect�e

au reste du dispositif par des connecteurs FMP de Samtec (Miled et Sawan, 2011a, 2012a;

Miled et al., 2012).

Bien que l'adh�esif conducteur demeure une solution pratique pour des assemblages r�eutili-

sables, nous avons observ�e que son utilisation, dans notre cas, impose beaucoup de contraintes :

{ L'architecture micro
uidique ne doit pas avoir de grandes dimensions comme dans le

cas de la plateforme de prototypage introduite dans ce projet (45mm x 90mm). En

e�et, plus l'architecture est grande, plus il est di�cile de d�ecoller l'adh�esif, ce qui peut

engendrer un bris dans l'architecture.

{ Le substrat sur lequel repose l'architecture micro
uidique doit être su�samment �epais

pour maintenir une pression uniforme sur toutes les connexions micro
uidiques / mi-

cro�electroniques.

{ L'ajout d'un support m�etallique rigide par dessus l'architecture micro
uidique permet

une meilleure r�epartition uniforme de la pression. La r�esistance mesur�ee d'une inter-

connexion est de 6 
 dans le cas d'un conducteur adhesif, alors qu'elle est de 4 
 pour

une connexion par< wirebonding >.

8.3 Identi�cation fr�equentielle des particules

En se basant sur la th�eorie de la di�electrophor�ese, il est clair que, th�eoriquement selon

l'�equation du facteur de Claussus-Mossoti (fcm), chaque particule dans un environnement

donn�e peut être identi��ee par une fr�equence propre. Mais, �etant donn�e que l'air est un isolant,

avec une permittivit�e extrêmement faible, ceci fait que le fcm est environ �egal �a -1/2 pour

presque toutes les particules, alors que dans un milieu tr�es conducteur, comme l'ACSF, le

fcm est presque �egal �a 1. Ces deux cas de �gures sont en fait, une protection naturelle

contre les champs �electriques. Cependant, lors d'un d�es�equilibre chimique dans le cerveau,

il est important de pouvoir rompre cette protection pour pouvoir analyser les particules

responsables de ce dysfonctionnement, notamment les neurotransmetteurs. On a ainsi montr�e

que même en modi�ant la concentration de l'ACSF, l'e�et escompt�e demeure le même et que

la s�eparation cellulaire reste e�cace. Ceci a �et�e observ�e en utilisant des particules de 550 nm

de diam�etre soumises �a un champ �electrique g�en�er�e par des tensions sinuso•�dales variant de 1.7

V jusqu'�a 12 V (Miled et al., 2010, 2012). Le but de ces exp�eriences est de pouvoir d�eterminer

la fr�equence caract�eristique de la particule qui permet de passer de la DEP n�egative vers la
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DEP positive. Il est �a noter qu'il n'y a pas une fr�equence �xe, mais on observe une plage de

variation de cette fr�equence de 50kHz. Ceci est un r�esultat tr�es important qui nous permet de

nous distinguer par rapport �a d'autres travaux dont la plage de variation est de 300 kHz, et

seulement pour la d�etection de la bact�erie E-Colis. Le but ultime �etant d'atteindre une plage

de variation de fr�equence la plus petite possible qui permet de distinguer plusieurs particules.

Par exemple, lors de l'utilisation des �electrodes avec une con�guration octogonale, nous avons

observ�e que le passage nDEP �a pDEP se faisait �a 575 kHz +/- 25 kHz (Miledet al., 2011a,

2012). Cette plage de variation peut s'accentuer pour atteindre 100 kHz. Plusieurs facteurs

peuvent avoir une in
uence sur cette fr�equence tels que la d�egradation des �electrodes, la

variation de la conductivit�e du liquide, l'accumulation des particules sur les �electrodes ou la

concentration des particules dans le milieu liquide.

8.4 Nouvelle technique d'assemblage des LsP

Les techniques conventionnelles de fabrication d'un LsP en utilisant la technologie CMOS

consistent �a impl�ementer l'architecture micro
uidique directement sur la puce CMOS. Bien

que d'un point de vue ing�enierie, l'id�ee est bien int�eressante, du côt�e biologique cela n'attire

pas l'attention des chercheurs. La principale raison est le fait qu'en biologie, on essaye de

minimiser la complexit�e du dispositif au maximum pour garder l'environnement biologique le

plus naturel et propre possible. C'est ainsi que beaucoup de travaux de recherche ont propos�e

d'impl�ementer des �electrodes directement sur la puce CMOS ou bien de d�eposer l'architecture

micro
uidique directement �a la surface des puces CMOS. L'inconv�enient d'une telle approche

est que tout est tributaire de la puce CMOS et une d�efaillance micro�electronique engendre

automatiquement un arrêt de tout le syst�eme. L'approche que nous proposons est compl�ete-

ment di��erente puisqu'elle est modulaire. La partie micro
uidique est plac�ee sur un PCB de

dimensions 15 mm x 15 mm qui peut se connecter �a un syst�eme de contrôle micro�electronique

sur un autre PCB de même dimensions ou bien �a la plateforme de prototypage d�evelopp�e. Les

puces micro�electroniques en soient, se connectent �a leur tour �a un autre �etage d'alimentation

et de calibration. Un autre �etage est d�edi�e �a la communication sans �ls par Bluetooth pour

le contrôle du LsP. L'avantage d'une telle approche est qu'elle nous permet de contrôler le

dispositif �a plusieurs �echelles, notamment le contrôle des �electrodes, la g�en�eration des signaux

de contrôle et d�etection, le syst�eme de communication et d'�echantillonnage micro
uidique.

8.5 Mod�elisation des LsP

Dans ces travaux de recherche, nous proposons aussi une nouvelle m�ethode de mod�elisation

pour �etudier le comportement des particules dans un LsP (Gagneet al., 2011). Cette m�ethode
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se base sur une mod�elisation hybride utilisant Matlab et ANSYS (logiciel de simulation �a

�el�ements �nis). Nous avons ainsi propos�e la premi�ere technique permettant de mod�eliser un

LsP dans le cas particulier de la DEP. Nous avons pu tester cette mod�elisation dans deux

cas di��erents. Un premier test avec une architecture de 4 �electrodes (A1) avec une particule

de 1 um de diam�etre qui montre que cette derni�ere suit une trajectoire h�elico•�dale tout en

tournant autour des �electrodes. Quand �a l'architecture octogonale contenant 8 �electrodes

(A2), on note �egalement que la particule suit un mouvement h�elico•�dal �a partir du centre du

microcanal.

Grâce �a cette mod�elisation, il nous a �et�e possible de positionner la particule exactement

dans le microcanal selon la profondeur de ce dernier. Ainsi, on note que dans le cas A1, la

particule a �et�e pouss�ee jusqu'�a la hauteur maximale du microcanal, soit 18 um, alors que dans

A2, elle s'est retrouv�ee coinc�ee �a une hauteur de 10 um. Si on se base uniquement sur les

r�esultats exp�erimentaux, il nous est impossible de pouvoir estimer le positionnement vertical

de la particule, ce qui nous limite �a une s�eparation cart�esienne des particules, ce qui a �et�e

montr�e dans cette th�ese.

8.6 Critiques

Nous avons pr�esent�e un syst�eme LsP compl�etement fonctionnel que nous avons test�e

avec une solution arti�cielle d'ACSF. Nous l'avons �egalement mod�elis�e et les r�esultats de

simulations concordent avec les r�esultats exp�erimentaux. Cependant, la version test�ee a des

dimensions de 15 mm x 15 mm, ce qui fait qu'il est impossible de pouvoir l'implanter dans

le cortex. Par contre, il est possible d'ins�erer les microtubes dans le cortex et �echantillonner

le liquide c�er�ebral jusqu'�a l'ext�erieur pour l'analyser dans l'architecture micro
uidique. Une

deuxi�eme approche consiste �a implanter tout le LsP dans le cortex dans une version plus

compacte. Actuellement, la plus petite puce fabriqu�ee a les dimensions de 1.2 mm x 1.2 mm.

Avec les nouvelles techniques de microfabrication que nous avons d�evelopp�ees et dont le brevet

est soumis aux�Etats-unis, il nous est d�esormais possible d'impl�ementer toute l'architecture

micro
uidique directement sur la puce. Par ailleurs, par< Flip-Chip >, il est aussi possible

d'assembler toutes les puces ensembles. Par contre, cela n�ecessite l'�elaboration d'une nouvelle

technique de calibrage des signaux. Actuellement, le calibrage des signaux de contrôle se fait

en utilisant des r�esistances et capacit�es externes. Ceci dit, il est possible de les int�egrer sur

la puce puisqu'on estime que la variation totale de la r�esistance de calibrage est de +/-5 k
.
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CONCLUSION

Dans la pr�esente th�ese, nous avons propos�e une nouvelle approche qui consiste �a �echan-

tillonner le liquide c�er�ebral et l'injecter dans un LsP pour proc�eder aux di��erentes analyses.

Dans ce cas, les �electrodes sont int�egr�ees dans le LsP et ne sont pas en contact avec le tissu

c�er�ebral. De plus, �etant donn�e que le LsP est un dispositif actif, il peut donc lib�erer des sub-

stances pour empêcher les cellules< g�eantes > de bloquer le bioimplant, et ce, contrairement

aux �electrodes qui peuvent être consid�er�ees comme un dispositif passif par rapport un LsP.

Nos travaux de recherches nous ont permis de proposer une nouvelle architecture de LsP

en vu de d�etecter la variation de la conductivit�e du LCR sous l'e�et des neurotransmetteurs.

Cette d�etection se fait par la d�etermination de l'identit�e fr�equentielle de particules arti�cielles

d�ependamment des propri�et�es de leur milieu. Cependant, en utilisant les PS03N, l'e�et de la

variation de la conductivit�e se limite �a la concentration ionique de la LCR sans intervention

des neurotransmetteurs.

Ainsi, nos principales contributions dans le cadre de cette th�ese de doctorat sont :

1. Une nouvelle architecture micro�electronique sur une puce CMOS 0.18�m pour contrô-

ler de fa�con autonome le LsP en utilisant la DEP. Cette contribution a �et�e publi�ee dans

le journal <IEEE Transactions on Biomedical Circuits and Systems>, 2012. Le syst�eme

propos�e pr�esente une premi�ere solution int�egr�ee d'un LsP permettant de contrôler 64

�electrodes avec un courant maximal de 9 mA par �electrode. Le syst�eme propos�e est

�evolutif, ce qui o�re une grande 
exibilit�e pour les manipulations biologiques di�eletro-

phor�etiques. En e�et la puce micro�electronique permet de contrôler la fr�equence, le

d�ephasage ainsi que l'amplitude des signaux appliqu�es sur les �electrodes. Les travaux

publi�es d�emontrent la capacit�e d'avoir une grande plage de variation des di��erents

param�etres des forces di�electrophor�etiques pour une meilleure s�electivit�e du LsP.

2. Une validation exp�erimentale de la s�eparation des particules par DEP dans une solution

c�er�ebrale arti�cielle avec une DEP basse tension (< 1.7 V). Ces travaux ont fait l'objet

d'une publication dans le journal<Analog Integrated Circuits and Signal Processing

>, 2012. En e�et, ces travaux de recherche ont permis d'identi�er fr�equentiellement 3

di��erentes microsph�eres arti�cielles de 500 nm, 1� m et 2 � m de diam�etre en suspension

dans de l'eau d�e-ionis�ee ainsi que dans des solutions de LCS. Cette contribution a montr�e

qu'il est possible d'attribuer une identit�e fr�equentielle aux particules dans le LCS. Cette

contribution a mis en �evidence que les �electrodes planaires lin�eaires permettent une

meilleure di��erentiation entre les particules.
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3. Une nouvelle mod�elisation du LsP qui permet d'�etudier le comportement des particules

dans un LsP. Cette contribution constitue une avanc�ee majeure dans ce domaine puis-

qu'elle introduit une mod�elisation versatile d'un LsP. Ces travaux ont �et�e publi�es dans

le journal Sensors, MDPI 2012. Cette nouvelle m�ethode de mod�elisation a pour objec-

tif d'o�rir un outil performant, versatile et �evolutif permettant de mod�eliser des LsP

avec di��erentes con�gurations d'�electrodes. Cette contribution propose une nouvelle

approche de mod�elisation se basant sur les performances des outils de mod�elisation �a

�el�ements �nis. Bien qu'ANSYS a �et�e utilis�e dans cette m�ethode, cela n'empêche pas

de proc�eder avec d'autres logiciels comme COMSOL. Le principal avantage d'ANSYS

est l'int�egration d'un langage de programmation permettant d'automatiser toute la

mod�elisation.

4. Une nouvelle plateforme de prototypage versatile et �evolutive, sp�ecialement d�edi�ee aux

architectures micro
uidiques. Cette interface est automatis�ee de sorte qu'elle g�en�ere

les signaux automatiquement �a partir d'une interface faite sur LabVIEW. Elle permet

aussi une d�etection capacitive avec une sensibilit�e de 100 fF. Cette contribution a �et�e

soumise au journal Elsevier, Sensors and Actuators : Chemical B. La plateforme a �et�e

con�cue de sorte qu'elle permette l'int�egration d'autres modules pour am�eliorer les per-

formances de la plateforme. Cette derni�ere a �et�e con�cue pour o�rir un outil de validation

exp�erimentale pour les applications micro
uidiques utilisant la di�electrophor�ese.

5. Un nouvel assemblage complet d'un LsP tenant compte de la partie micro�electronique

et micro
uidique dans un même substrat de verre. Cette contribution constitue une

premi�ere �etape vers le LsP bioimplantable. En e�et, nous avons propos�e une approche

de conception modulaire qui permet de changer n'importe quel module du LsP d�e-

pendamment de l'application. Cet avantage o�re une grande 
exibilit�e pour am�eliorer

l'interface biologique du LsP. Une conception d'un LsP tout en un bien qu'elle pa-

rait optimis�ee, elle pr�esente plusieurs inconv�enients donc une biocompatibilit�e et une


exibilit�e tr�es limit�ees.

Rappelons que notre motivation �etait l'�etude des neurotransmetteurs. Leur pr�esence dans

du LCS en module la conductivit�e induite par la dopamine entre 10� 6 et 10� 5 S/m pour

une concentration de dopamine variant entre 0.005 M et 0.1 M. Si on consid�ere le cas des

particules PS03N de 500 nm de diam�etre, leur r�eponse fr�equentielle varie pour un changement

de conductivit�e du milieu de 1 S/m �a 3.103 �a partir d'une solution contenant 0.15 M de NaCl

S/m et de l'eau d�e-ionis�ee respectivement. Sachant que la concentration 0.15 M du NaCl est

proche de celle du LCS, une variation de conductivit�e de 10� 5 S/m due �a la pr�esence de la

dopamine aura probablement tr�es peu d'e�et sur l'identit�e fr�equentielle des PS03N.

Si on suppose que la variation de la conductivit�e est lin�eaire avec la variation de la
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concentration de la dopamine, cela implique une concentration de dopamine de 104 M pour

observer un changement dans la r�eponse fr�equentielle de PS03N or la concentration maximale

de la dopamine dans le cerveau est inf�erieure �a 0.1 M !

Pour que les microsph�eres aient une r�eponse fr�equentielle qui d�epend de la concentration

des neurotransmetteurs il faut tout d'abord que leur permittivit�e soit proche de celle des

neurotransmetteurs, en plus leurs dimensions doivent être petites (< 50 nm) pour pouvoir les

manipuler avec la plus basse tension possible.

Ainsi, bien que les PS03N aient une r�eponse fr�equentielle di��erente dans l'eau d�e-ionis�ee

et le LCS, cela demeure insu�sant pour pouvoir observer l'e�et de la variation de la concen-

tration des neurotransmetteurs.

En d�e�nitif, nous avons pr�esent�e une nouvelle architecture d'un LsP qui a �et�e test�e avec

une solution arti�cielle de LCS. Nous l'avons �egalement mod�elis�e et les r�esultats de simulation

concordent avec les r�esultats exp�erimentaux. Cependant, la version test�ee a des dimensions de

15 mm x 15 mm, ce qui fait de sorte qu'il est impossible avec les moyens �a notre disposition

de pouvoir l'implanter dans le cortex. Par contre, il est possible d'ins�erer des microtubes

dans le cortex et d'�echantillonner le liquide c�er�ebral jusqu'�a l'ext�erieur pour l'analyser dans

l'architecture micro
uidique. Une deuxi�eme approche consiste �a impl�ementer tout le LsP

dans le cortex dans une version plus compacte. De plus, la manipulation di�electrophor�etique

directe des neurotransmetteurs s'av�ere impossible avec les proc�ed�es de fabrication des LsP

actuel �a cause des dimensions extrêmement petites de ces mol�ecules.

Cette recherche nous a permis de mieux comprendre la tr�es grande di�cult�e de ce qui

motivait nos travaux �a l'origine, �a savoir la d�etection directe des neurotransmetteurs. Elle

n'en diminue pas d'autant l'importance des contributions rapport�ees dans cette th�ese

Travaux futurs

Compte tenu de grands progr�es r�ealis�es mais aussi du tr�es grand �ecart entre ce qui nous

motivait �a l'origine et l'�etat d'avancement des travaux r�ealis�es dans le cadre de cette th�ese

nous proposons quelques travaux futurs

Nous sugg�erons donc comme pistes de recherches futures :

1. d'adopter une identi�cation fr�equentielle indirecte des neurotransmetteurs. En e�et,

initialement, on consid�erait les neurotransmetteurs comme les particules cibles alors

que le LCS est l'environnement ext�erieur, cette approche ne pouvait pas amener �a des

r�esultats concluants parce qu'il nous �etait impossible de s�eparer les neurotransmetteurs

du LCS. Pour cette �n, il serait plus judicieux d'utiliser des microsph�eres arti�cielles

comme �etant l'�el�ement constant de la solution et le LCS �etant le liquide aux propri�et�es
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variables d�ependamment de la concentration des neurotransmetteurs.

2. de concevoir un LsP avec plusieurs types de capteurs serait certainement plus per-

formant vue la faible concentration des neurotransmetteurs dans le LCS, . En e�et, la

variation de la concentration des neurotransmetteurs dans la solution a pour e�et la va-

riation de la conductivit�e et l'imp�edance du LCS en fonction de la fr�equence. Ainsi, une

mesure amp�erom�etrique en plus de la di�electrophor�ese pourrait probablement mener �a

des r�esultats plus pr�ecis.

3. d'associer la DEP avec d'autres m�ethodes de d�etection comme les m�ethodes optiques ou

amp�erom�etriques peut am�eliorer consid�erablement les performances du LsP. En e�et,

bien que la DEP est une des m�ethodes les plus perfomantes pour une int�egration dans

un LsP sans alt�erer les particules manipul�ees, l'attribution de l'identit�e fr�equentielle des

particules demeure impr�ecise �a cause de la di��erence entre la fr�equence de passage de

nDEP �a pDEP et la fr�equence de pDEP �a nDEP. Cette limitation introduit une erreur

de l'identit�e fr�equentielle pouvant atteindre 50 kHz, ce qui peut être une contrainte si

on dispose de plusieurs particuls ayant des identit�es fr�equentielles proches.

4. de proposer d'autres proc�ed�es de fabrication des �electrodes. Les �electrodes planaires

propos�ees ont �et�e fabriqu�ees par photolithographie et elles sont en contact direct avec

le LCS. Elles sont constitu�ees de 5 nm d'adh�esif et 180 nm d'or. Cette m�ethode de

conception est li�ee au proc�ed�e de fabrication commercial utilis�e (Sensonit). Cependant,

avoir des �electrodes en contact direct avec le LCS provoque une r�eaction d'oxydor�educ-

tion intense aussitôt qu'une tension �elev�ee est appliqu�ee. Pour r�esoudre ce probl�eme

trois approches peuvent être envisag�ees. Une premi�ere solution consiste �a ajouter une

couche mince d'isolant par dessus les �electrodes. Une seconde solution serait d'appli-

quer une tension plus faible en diminuant l'espace entre les �electrodes. En�n utiliser

des �electrodes de silicium.

5. d'�elaborer un protocole exp�erimental permettant de manipuler les neurotransmetteurs

dans un LsP plus e�cacement. En e�et, la manipulation et la d�etection des neurotrans-

metteurs demeure un probl�eme ouvert, notre objectif dans cette recherche �etait d'o�rir

un outil permettant de mieux comprendre le fonctionnement des neurotransmetteurs.

Cependant, la conception d'un tel outil n�ecessite plusieurs validation biologiques pas

�evidentes �a r�ealiser.

6. de r�eduire les dimensions du LsP �a celles de la puce micro�electronique c'est �a dire 1.2

mm x 1.2 mm.
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A NNEXE A

R�esultats d'impl�ementation

A.1 Niveau micro
uidique

La fabrication de l'architecture micro
uidique a �et�e r�ealis�ee en utilisant le proc�ed�e de

fabrication de Lionix avec le support de la CMC (Soci�et�e Canadienne de Micro�electronique).

Ci-apr�es �a la Figure A.1 le dessin de masque de l'architecture d�evelopp�ee. Nous avons impl�e-

ment�e 12 architectures di��erentes dont le syst�eme de manipulation et de d�etection globale

tel que repr�esent�e �a la �gure A.2. 7 autres architectures de tests ont �et�e ajout�ees. L'objectif

des ces derni�eres est de :

{ Tester les dispositifs de connexion des microcanaux de 25�m �a des tubes en t�e
ons de

3 mm2.

{ Tester les di��erents dispositifs d'assemblage ainsi que l'�ecoulement micro
uidique �a

travers les microcanaux.

La �gure A.3 est une photo des trous d'acc�es de l'architecture micro
uidique pr�ec�edem-

ment introduite ainsi que des microcanaux. Notre objectif est de faire la jonction entre des

tubes qui se connectent aux seringues et les microcanaux pour tester les di��erentes con�gu-

rations.

Une inspection au microscope �electronique de la surface des traces d'entr�ees/sorties qui

sont les prolongements des �electrodes impl�ement�ees �a l'int�erieur des microcanaux et qui sont

pr�esent�ees �a la Figure A.4 montre que la surface pr�esente quelques imperfections de l'ordre

des nanom�etres.

Les r�esultats des simulations obtenus nous ont montr�e qu'en utilisant une matrice d'�elec-

trodes recon�gurable, il est possible d'augmenter la profondeur du champ �electrique dans le

micro canal de 3 fois en augmentant le nombre d'�electrodes sur lesquelles on applique un

sinus d�ephas�e de 180� de 3 fois aussi.

Aussi, les �electrodes sur lesquelles on applique un sinus d�ephas�e sont encercl�ees par

d'autres �electrodes sur lesquelles on applique un sinus avec une phase nulle. Les r�esultats

des simulations de la �gure A.5 montrent que le champ �electrique est pass�e de 22�m �a 63

�m , en utilisant respectivement une �electrode et 4 �electrodes (Miled et Sawan, 2009). Cette

m�ethode nous a permis de pouvoir contrôler le 
ux d'un maximum de mol�ecules en utilisant

la di�electrophor�ese tel que pr�esent�e �a la �gure A.6 et en utilisant l'architecture des �electrodes

en L.
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Figure A.1 Dessin de masque de l'architecture micro
uidique en utilisant latechnologie Sen-
sonit

Figure A.2 Microsyst�eme propos�e pour son int�egration dans un LsP

(a) (b)

Figure A.3 (a)Trous d'acc�es micro
uidique et (b) microcanaux de 25�m
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(a) (b) (c)

Figure A.4 (a) Traces de connexion de l'architecture micro
uidique au circuit �electrique, (b)
�electrodes de manipulation et d�etection d'�epaisseur de 200 nm et (c) surface des �electrodes

(a) (b)

Figure A.5 Contrôle de la propagation du champ �electrique d�ependamment du nombre d'�elec-
trodes : (a) 1 �electrode et (b) 4 �electrodes utilis�ees pour propager le champ �electrique

(a) (b)

Figure A.6 (a) Propagation du champ �electrique en utilisant (b) l'architecture des �electrodes
en L


