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Résumé de la thèse 
 

Introduction, contexte 

L'electrospinning est un procédé permettant l’élaboration de matériaux nanofibreux sous 

l’action d’un champ électrostatique intense. Lors du procédé, une solution de polymère en 

régime semi-dilué enchevêtrée est acheminée vers une aiguille métallique soumise à un 

potentiel électrique élevé. Lorsque le champ électrique entre l’aiguille et une contre-électrode 

métallique reliée à la masse électrique, appelée collecteur, est suffisamment intense (i.e. de 

l’ordre de 1 kV/cm), un jet de la solution est éjecté violement en direction du collecteur. Lors 

du trajet entre l’aiguille et le collecteur, le jet est soumis à des instabilités électro-hydro-

dynamiques résultant à des mouvements de fouets qui favorisent l’évaporation du solvant et 

la réduction du diamètre. Après un temps de vol de quelques ms, il se dépose ainsi sur le 

collecteur une nanofibre de polymère solide sous la forme d’une membrane non tissée. Par 

ailleurs, en baissant la concentration du polymère dans la solution mise en œuvre, le jet est 

assujetti à des ruptures conduisant finalement à un dépôt de microparticules : le procédé est 

alors appelé electrospraying. Au moment de la mise en contact avec le collecteur, la 

nanofibre chargée électriquement, se décharge graduellement. La cinétique de décharge 

électrique mais aussi la façon dont sont réparties les charges à la surface du matériau au cours 

du procédé conditionnent l’organisation et la structuration 3D finale de la membrane. 

Le travail de cette thèse a consisté à mesurer les charges électriques portées par la 

nanofibre dans le cas de l’electrospinning et par les microparticules dans le cas de 

l’electrospraying. Puis, nous nous sommes intéressés à la répartition des charges électriques 

sur la membrane au cours de sa fabrication par electrospinning mais aussi à la cinétique de 

décharge une fois la nanofibre déposée. Cette étude a ensuite été appliquée pour élaborer, par 

electrospinning/electrospraying, des scaffolds nanofibreux avec une structure 3D contrôlée. 

 

1. Mesure de la densité de charges électriques sur une nanofibre déposée par 

electrospinning et sur des particules produites par electrospraying 

L’electrospinning est une méthode simple et rapide de production de nanofibres sous 

champ électrique qui a été largement utilisée dans divers domaines. Il a été rapporté que les 

charges sur les fibres jouent un rôle important pour contrôler la morphologie des fibres ainsi 
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produites. Les charges électriques jouent aussi un rôle important lorsque l’on souhaite 

fabriquer des membranes avec une structure 3D contrôlée comme par exemple des 

membranes poreuses avec une taille de pores contrôlée. Enfin, la fabrication d’une membrane 

chargée électriquement forme un électret poreux qui trouve des applications dans le domaine 

de la filtration. C'est pourquoi, la mesure précise de la densité de charges portées par une 

nanofibre est une question importante. Traditionnellement, la densité de charge est obtenue 

par la mesure du courant électrique induit lors du dépôt de la nanofibre chargée. Toutefois, 

cette méthode ne permet pas d’évaluer la part des charges électriques qui restent à la surface 

de la nanofibre après son dépôt. Seules les charges évacuées vers la masse électriques sont 

quantifiée. Nous avons donc proposé une nouvelle méthode consistant à mesurer l’ensemble 

des charges portées par la nanofibre juste avant sa mise en contact avec le collecteur. Pour ce 

faire, un condensateur a été fixé entre un collecteur rotatif et la masse électrique afin de 

bloquer la dissipation des charges portées par la nanofibre vers la masse. Le potentiel de 

surface induit par les fibres déposées a été mesuré à l’aide d’un voltmètre électrostatique sans 

contact. Après avoir évalué la longueur de nanofibre déposée par unité de temps (cad la 

vitesse de formation des fibres Vf) par imagerie MEB d’échantillons prélevés à différents 

instants de production, la densité de charge linéique a pu finalement être déterminée. La 

méthode a également été appliquée pour obtenir la densité de charges de surface des 

microparticules pulvérisées par electrospraying.        

L’effet des paramètres de procédés sur la densité de charge linéique a été étudié tout 

particulièrement dans le cas de l’élaboration d’une nanofibre de poly(acide lactique) (PLA). 

Les résultats ont montré que la densité de charge diminue lorsque l’on augmente la 

concentration de PLA dans la solution mise en œuvre. L'augmentation de la conductivité de 

la solution, quant à elle, augmente considérablement la densité de charge. L’augmentation de 

la tension appliquée à l’aiguille d’electrospinning entraîne une augmentation de la vitesse de 

formation Vf et par conséquent induit une diminution de la densité de charge linéique. Enfin, 

une augmentation de l’humidité relative de l’air ambiant conduit à l'augmentation de la 

densité de charge linéique. En ce qui concerne les microparticules produites par 

electrospraying, le polymère choisi a été le poly(ε-caprolactone) (PCL). Deux PCL ont été 

étudiés : l’un, ayant une masse molaire de 14 kg/mol permettant la production à haut débit de 

particules de petit diamètre (entre 1 et 3 μm) et l’autre, ayant une masse molaire de 80 kg/mol 

permettant de produire à plus faible débit des particules de gros diamètre (entre 10 et 25 μm). 

Ainsi, la densité de charge de surface a pu être mesurée en fonction du diamètre des 
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particules. Il a été montré que la densité de charges de surface est plus élevée pour les 

particules produites avec le PCL de 80 kg/mol ce qui s’explique par un ratio surface/volume 

des particules plus faible que pour celles produites avec le PCL de 14 kg/mol. 

 

2. Accumulation et dissipation des charges résiduelles portées par un scaffold 

fibreux pendant et après sa fabrication par electrospinning 

Comme mentionné précédemment, la densité de charges portée par la nanofibre dépend du 

procédé et du diamètre de cette dernière. Au cours de la fabrication d’un scaffold fibreux, une 

partie des charges sont évacuées vers la masse du collecteur alors qu’une autre partie reste 

accumulée dans la membrane. La manière dont sont libérées et accumulées les charges 

électriques au sein de la membrane influence la structure de la membrane (porosité et taille 

des pores principalement) mais aussi l’efficacité de production. Enfin, la capacité qu’a un 

scaffold fibreux à maintenir dans le temps les charges électriques est une propriété importante 

lorsqu’on souhaite l’utiliser comme filtre à électret. Ainsi, nous avons étudié l'accumulation 

et la cinétique de dissipation du potentiel de surface induit par les charges lors du procédé 

d’electrospinning simple (i.e. avec un collecteur cylindrique lisse) pour deux types de 

polymères : le PLA et le poly(oxyde d’éthylène) (PEO). 

Un montage expérimental original a été développé. Il a consisté à mesurer, en continu 

pendant l’electrospinning, le courant électrique induit par les charges électriques se dissipant 

vers la masse, d’une part, et le potentiel à la surface de la membrane résultant de 

l’accumulation des charges, d’autre part. Les résultats montrent que les fibres de PEO 

dissipent très rapidement leurs charges électriques : toutes les charges portées par le jet 

d’electrospinning sont évacuées quasi-instantanément. En ce qui concerne les fibres de PLA, 

des portions de fibres restent chargées, provoquant une augmentation continue du potentiel de 

surface dont la cinétique a été étudiée en fonction des paramètres de procédé. 

Un modèle a été proposé dans le cadre de cette thèse afin de caractériser la cinétique de 

formation du potentiel de surface. Grâce au modèle, il a été montré que la mesure du potentiel 

de surface pendant l’electrospinning est caractérisée par un temps caractéristique τ qui peut 

être mis en relation avec les caractéristiques électriques aux différentes échelles : (i) le pore, 

(ii) la couche élémentaire ayant la surface de la membrane et l'épaisseur d'un pore et (iii) 

l'ensemble de la membrane en cours de construction. Il a été démontré qu'une loi d'échelle 

permet de prédire l’évolution du diamètre de la fibre en fonction de τ. L'étude de la 
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décroissance du potentiel de surface après l'arrêt de l'électrospinning a montré l’existence de 

trois mécanismes de dissipation des charges. Une dissipation aux temps courts de l’ordre de 

quelques secondes se produit sur la surface supérieure de la membrane, puis une dissipation 

des charges aux temps moyens de l’ordre de plusieurs dizaines de secondes a été attribuée  à 

la dissipation des au sein des pores de la membrane. Enfin, un mécanisme de dissipation aux 

temps longs de plusieurs centaines ou milliers de secondes a été attribué à la dissipation des 

charges piégées au cœur des fibres. La persistance des charges résiduelles, grâce en 

particulier, au ralentissement des mécanismes  de dissipation aux temps moyens et longs les 

deuxième et troisième étapes, est importante pour la construction de membranes à structure 

contrôlée. Enfin, dans cette partie, il a été montré pour la première fois que la mesure du 

potentiel de surface, grâce à l'utilisation d'un voltmètre électrostatique, est une méthode 

simple donnant des informations précises sur la membrane à l'échelle locale du diamètre des 

pores et des fibres. Une telle méthode devrait permettre de détecter les variations de la 

morphologie poreuse des membranes au moment même de leur fabrication. De plus, en 

combinaison avec la mesure du courant, c'est une méthode efficace et complémentaire pour 

obtenir un suivi en ligne du procédé d’electrospinning. 

a) b)  

Figure 1: Loi d’échelle établie grâce à la corrélation des mesures expérimentales avec le 

modèle proposé. a) loi d’échelle entre la capacité moyenne des pores et le diamètre moyen 

des fibres. b) Loi d’échelle entre le diamètre moyen des fibres et le ratio entre le temps 

caractéristique τ et la dérivée temporelle du potentiel de surface. 

 

3. Potentiel de surface de fibres suspendues: application à la construction de 

scaffolds 3D structurés par electrospinning/electrospinning 

Le procédé d’electrospinning conduit naturellement à la fabrication de scaffolds 3D avec une 

organisation pseudo-aléatoire des nanofibres. Bien que ce type de scaffolds montrent un très 
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grand intérêt pour les applications biomédicales telle que l’ingénierie tissulaire, il serait très 

intéressant de pouvoir contrôler l’organisation fibreuse afin de mimer la structuration 3D de 

certains tissus comme par exemple le myocarde qui présente une structure hiérarchique avec 

des cellules fibreuses alignées noyées dans des structures 3D en nid d'abeilles formés par des 

fibres de collagène ondulés. Par ailleurs, l’electrospinning résulte à la fabrication de scaffolds 

fibreux avec une faible taille moyenne des pores de l’ordre de quelques microns qui ne 

permet pas d’assurer une colonisation cellulaire efficace. 

Des travaux antérieurs effectués à l’ICPEES ont pourtant montré qu'en utilisant de manière 

synergique les procédés d’electrospinning et d’electrospraying avec un collecteur formé de 

protubérances dont la topographie est contrôlée, il est possible de construire des composites 

dont la structure peut être contrôlée en 2D et même en 3D. Il a été démontré que 

l’organisation 2D et 3D des nanofibres est régie par la distribution des charges électriques 

accumulées à la surface du matériau lors de sa fabrication par dépôt alterné de nanofibres par 

electrospinning et de microparticules par electrospraying. Cette distribution contrôlée de 

charges électriques, appelée « template électrostatique », est composée d’une part, de zones 

répulsives dues aux portions de fibres suspendues chargées entre les protubérances du 

collecteur et, d’autre part, de zones attractives dues aux segments de fibres en contact direct 

avec les protubérances. Lorsque le « template électrostatique » est bien formé, les 

microparticules chargées se déposent sélectivement et uniquement sur les zones attractives 

maintenant ainsi le contact électrique avec les protubérances du collecteur et permettant 

même lorsque la quantité de microparticules est suffisante de construire de nouvelles 

protubérances localisées juste au-dessus de celles du collecteur permettant ainsi de redessiner 

sa topographie. La fabrication de scaffolds structurés en 3D peut alors être assurée par des 

dépôts successifs et alternés de nanofibres et de microparticules. 
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a) b)  

Figure 2 : a) Montage permettant la mesure du potentiel de surface au-dessus des segments 

de fibres suspendus au-dessus d’un de largeur ajustable. b) Evolution du potentiel de surface 

et de longueur de segments de nanofibre de PLA suspendus au-dessus du gap. 

 

a. Analyse du potentiel de surface et cinétique de décharge de fibres suspendues  

Les charges portées par les portions de fibres suspendues jouent le rôle principal pour 

l’élaboration des scaffolds 3D structurés. L’étude de la formation du « template 

électrostatique » et de la cinétique de sa décharge est donc primordiale pour mieux 

comprendre les phénomènes mis en jeu et de pouvoir in fine assurer un meilleur contrôle de 

la structuration 3D des scaffolds et ce, sur des épaisseurs encore plus importantes. Nous 

avons donc étudié le « template électrostatique » pour l’electrospinning du PLA en solution 

dans un système diméthyle formamide/dichlorométhane (DMF/DCM), d’une part,  et du PEO 

en solution dans l’eau. Un collecteur cylindrique a été spécialement fabriqué pour l’étude 

(Fig. 1a), il a permis la mesure en continu de l’évolution du potentiel à la surface de fibres 

suspendues au-dessus d’un gap simple localisé sur une circonférence du collecteur et de 

largeur ajustable entre 0 et 10 mm. 

Nous avons montré que l’évolution du potentiel de surface au cours du dépôt par 

electrospinning se décompose en trois phases (Fig. 1b). Dans les premiers instants, pendant 

environ une dizaine de secondes, le potentiel augmente quasi-proportionnellement avec le 

temps. Ce comportement s’explique par l’augmentation proportionnelle du nombre de 

segments de fibres suspendus, mesuré par observations MEB, au-dessus du gap (Fig. 1b). Il 

est à noter aussi que les segments sont parallèles entre eux et perpendiculaire au gap ce qui 

est dû aux forces d’interactions électrostatiques. La quantité de charges étant proportionnelle 

à la densité de charge linéique le long de la nanofibre, il s’en suit une augmentation du 

potentiel de surface. Dans une deuxième phase, on observe de manière étonnante une 

diminution du potentiel de surface. Les images MEB montrent des défauts de parallélisme 
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des segments de fibres et résultent à la formation de « circuits fibreux fermés » (Fig. 2a) 

interconnectés aux points de contact fibre-fibre. Ces circuits présentent une distribution de 

charges hétérogène et peuvent être caractérisé par un circuit RloopCloop formé d’une résistance 

et d’un condensateur en parallèle. L’association des circuits RloopCloop forme une membrane 

fine suspendue uniformément chargée au-dessus du gap et qui elle aussi peut être modélisée 

par un circuit électrique équivalent caractérisé par un temps caractéristique de décharge τ = 

R(t)Cgap (Fig. 2a). Le temps τ diminue probablement avec la taille du « circuit fibreux 

fermé ».  Il apparaît que le temps caractéristique τ résulte d’une part des propriétés 

d’interconnexion et de résistivité des nanofibres caractérisées par la résistance R(t) et de la 

capacité Cgap qui elle, est fonction de la géométrie du gap. Alors que Cgap est constant, la 

résistance R(t), quant à elle, diminue au cours du temps à cause de la densification des 

réseaux fibreux améliorant ainsi l’interconnexion des fibres et donc la décharge de la 

membrane suspendue. Ainsi, la diminution du potentiel de surface pendant la deuxième phase 

est expliquée par la décharge des segments suspendus attribués à la décharge des « circuits 

fibreux fermés » par la circulation des charges localisée à la surface des fibres. Lors de la 

troisième phase, l’apport des charges par la fibre en cours de dépôt est parfaitement 

compensé par la dissipation des charges. Dans cette troisième et dernière phase, des charges 

sont à la fois apportées par de nouveaux segments de fibre alors que d’autres charges sont 

dissipées d’autant plus efficacement que la taille des « circuits fibreux fermés » diminue 

jusqu’à une valeur limite de l’ordre de quelques μm expliquant ainsi la quasi-stabilité du 

potentiel de surface. L’évolution du potentiel de surface généré au-dessus des fibres 

suspendues a ensuite été étudiée en fonction de la taille du gap et de différents paramètres de 

procédé. Par ailleurs, le potentiel de surface généré dans le cas des fibres de PEO est bien 

plus faible que pour les fibres de PLA. Ceci est probablement dû à une conductivité plus 

élevée des fibres de PEO à cause de la présence probable d’eau résiduelle favorisant la 

dissipation des charges. 

La cinétique de décharge du tapis fibreux suspendus au-dessus du gap a ensuite été étudiée à 

partir de l’instant tspin pour lequel le potentiel à l’aiguille d’electrospinning est mis à la masse 

correspondant ainsi à l’arrêt de production de fibres (Fig. 2b). A partir de l’instant tspin, 

aucune nouvelle charge électrique n’est apportée et la morphologie du tapis fibreux ne 

change plus. Dans les deux cas, pour le PLA et pour le PEO, une cinétique de décharge du 

potentiel ω à la surface du tapis fibreux a pu être modélisée par deux temps de relaxation, un 

temps court τs et un temps long τl environ 10 fois plus élevé que le temps court : 
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Il a été observé qu’une augmentation de la durée de production tspin se traduit par une 

augmentation du temps court τs et une diminution du temps long τl (Fig. 2c). Ce 

comportement opposé pourrait s’expliquer par l’origine physique des deux phénomènes de 

relaxation : le temps court τs, pourrait être attribué à la recombinaison de charges avec des 

ions présents dans l’air alors que le temps long τl pourrait être attribué à la décharge des « 

circuits fibreux fermés». En effet, aux temps de production tspin court, le nombre de segments 

de fibres du tapis fibreux localisés au-dessus du gap est faible, réduisant ainsi le nombre de 

charges en contact avec les ions libres de l’air. Par ailleurs, lorsque tspin augmente, la taille 

des « circuits fibreux fermés» (Fig. 2a) diminue conduisant alors à la diminution de leur 

temps caractéristique  RC dont la valeur moyenne pourrait correspondre au temps de 

relaxation τl. En conclusion, le « template électrostatique » induit par les segments suspendus 

de nanofibres est beaucoup plus stable pour des dépôts faiblement denses en fibres et donc 

pour des temps de production tspin courts. 

a) b) c)  

Figure 3 : a) Image MEB de segments de nanofibres suspendus. En blanc un « circuits 

fibreux fermés » et dessous le circuit électrique équivalent. b) Evolution du potentiel de 

surface en fonction du temps avant et après tspin et pour différentes valeurs de tspin dans le cas 

de l’electrospinning de PEO. c) Evolution des temps de relaxation court τs et long τl et du 

rapport As/Al en fonction de tspin dans le cas de l’electrospinning de PEO. 

 

b. Electrospraying de particules par « dépôt assisté par template électrostatique » DATE  

L’effet de «template électrostatique » a ensuite été appliqué pour guider le dépôt de 

microparticules par electrospraying. Pour ce faire, un collecteur cylindrique présentant des 

stries parallèles en circonférence et espacées de 500 microns a été spécialement fabriqué. 

Cette géométrie a permis d’extrapoler les analyses effectuées avec le collecteur cylindrique à 

simple gap ajustable. Dans une première étape, des nanofibres de PLA ou de PEO ont été 

déposées sur le collecteur pour différents temps de production tspin. Puis, dans une deuxième 
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étape, le « dépôt assisté par template électrostatique » (DATE) de microparticules de PCL a 

été effectué pour différentes durées tspray. Les expériences ont montré l’amélioration de la 

qualité du contrôle du DATE avec la diminution du temps d’electrospinning tspin. En effet, il 

s’agit de la situation pour laquelle le « template électrostatique » est plus stable pendant la 

production de microparticules par electrospraying. 

 

c. Structures 3D élaborées par DATE. 

Des scaffolds composites ont été élaborés par electrospinning de PLA et electrospraying de 

PCL en utilisant des collecteurs structurés afin d’obtenir des structures 3D multicouches via 

la stratégie DATE par dépôt successif de bicouches nanofibres-microparticules. 

L’organisation de chaque bicouche ainsi que le potentiel de surface ont été étudiés et discutés 

tout au long du procédé d’élaboration et en fonction de la durée et de l’arrangement des 

séquences des dépôts (Fig. 4 and 5).  

 

Figure 4 : Principe de l’expérience permettant de produire des membranes par le procédé 

DATE et de mesure online du potentiel de surface. 
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Figure 5 : Bicouches formés par une couche de nanofibres recouverte d’une couche de 

microparticules obtenus pour différents temps d’electrospinning tspin = 15s (a1, a2, a3), 3min 

(b1, b2, b3) et 5min (c1, c2, c3). a1, b1 et c1 montrent des images MEB des nanofibres et 

microparticules localisés au-dessus d’un gap et d’un mur d’une strie. a2, b2 et c2 montrent le 

bicouche au-dessus d’un gap et a3, b3 et c3 au-dessus d’un mur d’une strie. Les dessins 

dessous schématisent l’organisation des particules.  
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General context:  

After two decades of development, electrospinning, as a powerful technique to 

produce nanofibers with a diameter in the range from tens of nanometer to micrometers, has 

gained a great attention to produce fibrous membranes applied in wound healing, drug 

delivery, tissue engineering, air filtration, sensor, etc [1]–[5]. Now, some products have been 

developed at industrial scale in several fields. Although electrospinning is well-known to 

produce non-woven mats, it has been discovered that the deposition of the nanofiber can be 

controlled in order to obtain structured scaffolds with specific patterns paving the way for 

novel applications and specifically in tissue engineering in order to mimic the structures and 

biological functions of the extracellular matrix and enhance the cell immigration and 

proliferation providing a route for researchers to develop new products for the treatment of 

patients and for the society to save a huge economic burden. For example, for only 

cardiovascular patients, the total health care was estimated at $108 billion in 2012 [6]. 

Besides the high value in tissue engineering, fibrous mats with high specific surface area and 

small pores can filtrate the impurities efficiently, it was reported that PM 2.5 causes around 

3.2 million deaths in 2010 which becomes the major threaten to the survival of human beings 

[7], thus electropsun scaffolds facilitates modern people to manage the challenges from the 

air pollution. 

During the production of fibrous mats, fibers can be transformed into particles by 

simply decreasing polymer chain entanglements, the process is called electrospraying and 

already widely used in drug delivery. Moreover, former researches developed in our group 

demonstrated that by combining the processes of electrospraying and electrospinning, 3D 

structured composite mats can be obtained and furthermore with enhanced thickness. It was 

shown that the successfull fabrication of a structured nanofibrous mat relies on the control of 

the charges carried by the nanofibers during their deposition. 

Thus, the main goal of this PhD is to understand the effect of electric charges on the 

morphology of the resulting material and on the building of structured scaffolds generated by 

coupling fibers and particles. A precisely selective deposition of particles is obtained 

resulting from falling particles undergoing an efficient electrostatic template effect controlled 

by the surface potential remaining on the fibers. Hence, studying the surface potential of 

electrospun fibers to understand the formation mechanism of electrostatic template effect is 

necessary for better controlling the building of thick composite scaffolds with spatial 

structures.  
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Methodology:  

In this study, PLA and PEO are chosen as the basic polymer materials to generate 

electrospun fibers. For electrospraying, PCL having either a molar mass of 14 kg/mol or 80 

kg/mol are used to prepare particles in different sizes. When nanofibers are electrospun on a 

patterned collector made of protuberances, a surface potential can be generated by the fiber 

strands suspended between the protuberances. The resulting electrostatic template is thus able 

to modify the trajectory of particles allowing their deposition on selective areas. In order to 

study the interaction between fibers and particles, the amount of charges brought by jets, the 

accumulation and dissipation of charges remaining on fibrous mats and suspended fibers are 

deeply studied. Finally, 3D structured scaffolds are generated by the alternate deposition of 

electrospun PLA fibers and electrosprayed PCL particles on patterned collectors. 

 
Fig. 1 The different steps of the PhD: A) Charges induced by a single electrospun jet: 

measurement and impact of processing parameters. B) Charge accumulation and dissipation 

in a fibrous mat produced on a flat collector: characterization and relationship with the porous 

morphology of the mat. C)  Surface potential formation and decay on suspended fibers: a 

model experiment. D) Preparation of structured scaffolds by coupling electrospun fibers and 

electrosprayed particles on patterned collectors (D) 
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The goals of this PhD were to investigate, at both nanofiber and mat length scales, the 

relationships between the charges carried by the deposited nanofibers and the morphology of 

the produced mat. The several stages of this PhD are presented in Fig. 1.  

Chapter 1 presents a state of the art in the topic of the PhD. Electrospinning and 

electrospraying will be introduced briefly then, the latest studies dealing with the 

measurement and the characterization of the electrical charges carried by the nanofibers and 

the resulting surface potential of the produced mat will be presented. In chapter 2, we 

focused at the nanofiber lengthscale. The charge density of PLA fibers is precisely studied by 

a novel approach which also provides more details on the effects of various processing 

conditions (polymer concentration, applied voltage, conductivity, ambient humidity and flow 

rate) on the rate of charge accumulation and the formation velocity of fibers. The amount of 

charges carried by PEO, PEO/Alginate fibers and PCL particles is measured as well. 

Chapter 3deals with the measurement of charges and surface potential during 

electrospinning of PLA fibers deposited on a flat and grounded collector. The effect of 

polymer concentrations, applied voltages and ambient humidity on the mat surface potential 

is studied. Furthermore, a model is proposed to get more insight into the formation and the 

decay kinetic of the surface potential and its relationship with the porous structure of the 

produced mat.        

In order to understand how the surface potential is generated on suspended fibers, a 

specific collector with an adjustable gap in size was designed (the 1st section of chapter 4). 

Here, PLA and PEO are electrospun onto the single gap to examine the effect of of the type 

of the processed polymer on the storage of surface potential. Additionally, the intensity of the 

surface potential on suspended fibers is studied as a function of the gap size and the 

processing time. A model is also developed in order to understand the mechanisms of the 

formation kinetic of the surface potential generated by suspended fibers. 

Finally, the combination of electrospun fibers and electrosprayed particles deposited 

on patterned collectors is studied in the 2nd section of chapter 4. First, PCL particles are 

electrosprayed on either PLA or PEO electrospun fibers deposited on a striated collector. 

Such regular collector geometry allows to extend the results obtained in the previous section. 

Then, a grid collector with smaller gaps and grooves than the striated collector is used to 

improve the efficiency to produce 3D multilayer samples. The results indicate that the 

selective deposition of PCL particles is constant after preparing few layers of PLA fibers and 
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PCL particles alternately. Thus, multilayer samples with spatial structures, combining PLA 

fibers and PCL particles, are eventually obtained. 

 

 

 

 

 

[1] A. Podgórski, A. Bałazy, and L. Gradoń, “Application of nanofibers to improve the 

filtration efficiency of the most penetrating aerosol particles in fibrous filters,” Chemical 

Engineering Science, vol. 61, no. 20, pp. 6804–6815, Oct. 2006, doi: 

10.1016/j.ces.2006.07.022. 

[2] H. Liu, J. Kameoka, D. A. Czaplewski, and H. G. Craighead, “Polymeric Nanowire 

Chemical Sensor,” Nano Letters, vol. 4, no. 4, pp. 671–675, Apr. 2004, doi: 

10.1021/nl049826f. 

[3] A. Melaiye et al., “Silver(I)−Imidazole Cyclophane gem -Diol Complexes 

Encapsulated by Electrospun Tecophilic Nanofibers: Formation of Nanosilver Particles and 

Antimicrobial Activity,” Journal of the American Chemical Society, vol. 127, no. 7, pp. 

2285–2291, Feb. 2005, doi: 10.1021/ja040226s. 

[4] H. Yoshimoto, Y. M. Shin, H. Terai, and J. P. Vacanti, “A biodegradable nanofiber 

scaffold by electrospinning and its potential for bone tissue engineering,” Biomaterials, vol. 

24, no. 12, pp. 2077–2082, May 2003, doi: 10.1016/S0142-9612(02)00635-X. 

[5] L. Chen, L. Bromberg, T. A. Hatton, and G. C. Rutledge, “Catalytic hydrolysis of p-

nitrophenyl acetate by electrospun polyacrylamidoxime nanofibers,” Polymer, vol. 48, no. 16, 

pp. 4675–4682, Jul. 2007, doi: 10.1016/j.polymer.2007.05.084. 

[6] C. Cook, G. Cole, P. Asaria, R. Jabbour, and D. P. Francis, “The annual global 

economic burden of heart failure,” International Journal of Cardiology, vol. 171, no. 3, pp. 

368–376, Feb. 2014, doi: 10.1016/j.ijcard.2013.12.028. 

[7] J. S. Apte, J. D. Marshall, A. J. Cohen, and M. Brauer, “Addressing Global Mortality 

from Ambient PM 2.5,” Environ. Sci. Technol., vol. 49, no. 13, pp. 8057–8066, Jul. 2015, doi: 

10.1021/acs.est.5b01236. 

 

  

26 

 



 
 
 
 
 
 
 
 
 

Chapter 1 State of the art: accumulation and 
dissipation of electric charges during 
electrospinning - application to the 

fabrication of 3D structured nanofibrous 
scaffolds 

  

27 

 



 
  

28 

 



This chapter presents a state of the art. First, the processes of electrospinning and 

electrospraying, allowing the fabrication of nanofibrous scaffolds and microparticles 

respectively, will be presented. Then, we will study more deeply how the surface potential 

develops on the top surface of the scaffolds during its production by electrospinning. In the 

third part, we will show how the surface potential decreases with time. Such property is of 

prime importance for electret applications and also for the fabrication of 3D structured 

fibrous constructs thanks to the help of electrostatic interactions which will be studied in the 

final part. 

 
 

1.1 The processes of electrospinning and electrospraying  

 
1.1.1 Electrospinning 

  
Electrospinning is a process allowing the fabrication of nanofibers by subjecting a 

polymer solution to a high electric field. The original idea of electrospinning dates back to 

early twenty century [1]–[4]. Based on its simplicity, versatility and low cost, electrospinning 

already becomes one of the most representative and efficient approach generating nano-

structured materials in the past decades [5]. Until now, it is not only available to prepare 

nanofibers with a wide range of raw materials in terms of natural polymers [6], synthetic 

polymers [7], polymer blends [8] as well as organic and inorganic complexes [9].  The 

controllability of the morphology and the diameter of fibers can be tuned to control the 

mechanical properties, the porosity and the surface-to-volume ratio of the resulting 

electrospun nanofibrous mats. Due to its numerous advantages, electrospinning has been 

applied in various fields including filters [10]–[12], sensors [13], [14], drug delivery [15]–

[17], tissue engineering [18]–[20], catalysts [21]–[23], and energy conversion [24], [25].  

 

29 

 



 
 

Fig. 1.1 (A) Illustration of the setup of electrospinning. (B) Scanning electron micrograph 

displaying the nanofiber morphology of an electrospun non-woven mat 

Reprinted with the permission from [26] 

 

Electrospinning uses a high electric field to form nanofibers from a polymer solution 

[27], [28]. As shown in Fig. 1.1, the typical setup is made of three main parts: (i) a voltage 

power supply, (ii) an emitter electrode connected to a high voltage from which the polymer 

solution is ejected and (iii) a collector connected to the ground. In the process of 

electrospinning, a syringe delivering the polymer solution is pushed by a syringe pump to 

dispense the liquid to the emitter, generally a stainless needle. When the voltage is applied at 

the needle, electrical charges accumulate at the surface of the droplets exiting the needle. If 

the voltage is enough high, it deforms in the shape of a cone called the Taylor cone. When the 

electric force overcomes the surface tension of the droplet, a jet of the polymer solution is 

propelled from the apex of the Taylor cone towards the collector. Before hitting the collector, 

the charged jet experiences whipping movements favoring the decrease of the fiber diameter 

and the solvent evaporation. In the end, a solidified fiber is randomly deposited on the 

collector in the form of a non-woven mat also called scaffold or membrane. 

The polymer chain entanglements in the processed solution play an important role to 

form a continuous jet under the action of the electric field. The density of chain 

entanglements is a function of the polymer molar mass and its concentration in the solution, it 

can be characterized by the viscosity of the solution[29]. The viscoelastic force increases as 

well to counterbalance the stretching force allowing to the jet to not split into offspring 

particles [30].  If the viscosity decreases to a certain level, the jet breaks into particles and the 

process is called electrospraying [31]. As shown in Fig. 1.2, Lavielle et al. studied the 

relationship between the fiber diameter and the product of the polymer concentration C in the 
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solution with the molar mass, represented by the intrinsic viscosity [ƞ] [32]. Similarly, to 

[ƞ]C, the ratio C/C* can be used, where C* represents the critical chain-overlap concentration 

[33]. When [ƞ]C is located in the domain 4, the viscosity of the solution is too high and the 

jet cannot be efficiently stretched avoiding the formation of the Taylor cone and thus, 

avoiding electrospinning. When decreasing the concentration to domain 3, an ideal balance 

between the electric force and the surface tension of the droplet allows the efficient 

production of an electrospun jet resulting in the production of uniform fibers (Fig. 1.2c). It is 

shown that the diameter of fibers decreases with the decrease of the polymer concentration. If 

the concentration is decreased in the domain 2, beaded fibers are formed (Fig. 1.2b) due to 

hydrodynamic instabilities caused by the forces acting at the surface of the jet which favor 

the decease the jet surface area. Finally, when the concentration is still decreased in domain 1, 

only electrosprayed particles are collected (Fig. 1.2a). Because of the low polymer 

concentration in the solution, chain entanglements are not sufficient to avoid the breaking of 

the jet resulting in the deposition of microparticles [34]. The process of electrospraying [35] 

will be presented more precisely later.  
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Fig. 1.2 SEM images of electrosprayed PCL particles (a), beaded PCL fibers (b), electrospun 

PCL fibers (c) and variation of fibers average diameter with [ƞ]C (d): 1: electrospraying, 2: 

beaded electrospun fibers, 3: bead-free electrospun fibers and zone 4: no electrospinning  

Reprinted with the permission from [32] 

 

Besides the intrinsic viscosity and surface tension, the main factors affecting the 

morphology of the fibers include the conductivity of the solution, the applied voltage, the 

polymer solution flow rate, the needle-to-collector distance and the ambient humidity and 

temperature.  

Regarding the study of the effect of the parameters on the fiber morphology, studies 

have shown that the conductivity affects significantly the fibers diameter. When, thanks to 

high conductivity, the electrospun jet has the capability to transport a large amount of charges, 

the jet undergoes a stronger stretching force under the electric field resulting in the decrease 

of the fiber diameter. However, some articles reported the inverse situation showing that the 
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fiber diameter can increase with the amount of salt added within the solution [36], [37]. 

Supaphol et al. analyzed that the jet containing more salts experienced simultaneously an 

increasing strength in the electrostatic and Coulombic repulsion forces. Whereas the former 

factor speeds up the flowing rate enlarging the diameter, the latter force enhances the 

repulsive power stretching the jets [38]. Additionally, changing the type of salt (in terms of 

compositions and molar mass) in the solution induces different effects on the fiber diameter 

which might be attributed to various physical-chemical interactions [37].  

The applied voltage has to reach a critical value to overcome the surface tension of the 

droplet in order to eject the jet from the tip of the Taylor cone, leading to the deposition of a 

continuous fiber. In most cases, the increase of the voltage, inducing the amount of charge 

density carried by the jet, leads to the decrease of the fiber diameter [39]. However, some 

articles reported the inverse tendency. Indeed, the enlargement of charge density due to a 

higher applied voltage results in larger whipping movements experienced by the electrospun 

jet. Thus, in the same time, the jet is subjected to an increase of the elongation force (favoring 

the decrease of the diameter) as well as an increase of the rate of solvent evaporation 

(favoring the increase of the diameter). Thus, some reports found that by increasing the 

voltage, the faster evaporation avoids the efficient stretching resulting in fibers with larger 

diameter [40], [41]. 

For a given set of parameters, a polymer solution system has its own lowest critical 

flow rate to maintain the generation of continuous jets. Actually, a flow rate which is too low 

contributes to a rapid solvent evaporation resulting in less fusion formed in the fiber-fiber 

contact domains and furthermore few beads can appear on the fibrous mesh [42]. The 

increase of flow rate leads to the increase of the diameter of fibers. Furthermore, when the 

flow rate is high, the insufficient evaporation of solvents happens resulting in the fusion of 

the fiber-fiber contact domains in the mat, flat ribbons instead of cylindrical fibers might be 

produced [42], [43]. Such morphology has an important impact on the final mechanical 

properties of the mat.  

The influence of ambient humidity on the morphology of fibers depends mainly on 

the polymer-solvent hydrophily or hydrophobicity and the solvent volatility. In the process of 

electrospinning, a hydrophilic jet can absorb the water molecules of air causing a plasticizing 

effect. Thus, a slow solidification occurs leading to the efficient jet stretching for a longer 

time resulting in the generation of thinner fibers. Pelipenko et al. investigated the effect of 

relative humidity on the morphology of fibers prepared from hydrophilic polymers, such as 
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PEO and PVA fibers, showing the decrease of the fiber diameter with the increase of the 

ambient humidity [44]. Other studies reported the same phenomenon [45]–[47]. In the case of 

hydrophobic polymers, an opposite trend is observed. Indeed, in the case of high humidity, a 

growing number of water molecules around the jets facilitate the electrostatic discharge and 

also the precipitation of the polymer resulting in weaker whipping movements and a less 

deformable jet. Therefore, thick fibers are fabricated after increasing the relative humidity 

[48]–[52].      

The temperature experienced during the process of electrospinning plays also an 

important role on the final fibrous morphology. Indeed, the viscosity of the polymer solution 

decreases with increasing the temperature due to higher polymer chain mobility. Thus, a jet 

of lower viscosity is more deformable and consequently more stretched under the Columbic 

force: thinner fibers are produced [40], [46], [53]–[55]. De Vrieze et al. found that there are 

two opposing effects when the temperature is modified. Indeed, although increasing the 

temperature reduces the viscosity, it also favors the solvent evaporation which has an 

opposite effect on the final fiber diameter. Such phenomenon was shown for the 

electrospinning of poly(vinylpyrrolidone) (PVP) for which smaller diameters were measured 

for the lowest air temperatures. This effect was attributed to the weak volatilization rate 

extending the period for jet to solidify. The jet is consequently elongated in a longer length 

leading to thinner produced fibers [46].  Bipul et al. also observed that for non-hydrosoluble 

polymers low temperatures, as also high air humidity, facilitate the appearance of surface 

irregularities due to phase separation [51].  

The emitter-to-collector distance affects the average electric field between the emitter 

and the collector. However, such effect is negligible. The main property which is mainly 

affects by the emitter-to-collector distance is the time of jet flight allowing more or less time 

for the solvent to evaporate. Indeed, the morphology of fibers can change remarkably as a 

function of the emitter-to-collector distance. Ki et al. proved that there is a minimum distance 

allowing enough time for the solvent to evaporate efficiently otherwise a liquid film is 

formed at the surface of the collector. At intermediate emitter-to-collector distance the 

presence of residual solvent leads to the fusion of fibers at their contact points modifying the 

overall mechanical properties of the mat. [56]. Doshi et al. observed that the amount of fibers 

generated on the collector drops down remarkably when the needle-to-collector are too large 

[57].     
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1.1.2 Electrospraying  

 
As mentioned previously, the morphology can be varied from regular nanofibers to 

microparticles by simply decreasing the density of polymer chain entanglements in the 

processed solution. In this case, the process is named electrospraying. Nowadays, a wide 

range of polymers can be used for the fabrication of electroprayed particles, including PLA, 

PCL, PGA, PLGA, PS,…[58]–[62]. Such fabricated microparticles are of great interest for 

various biomedical and drug encapsulation applications [63], [64].  

Bock et al. shows the effect of the polymer concentration and viscosity on the 

morphology of the produced electrosprayed particles (see also Fig. 1.2) [33], [65]. They 

found that there is a critical chain overlap concentration Cov for which the particles can be 

produced by electrospraying and that the particle morphology is related to Cov [33]. Figure 

1.3 shows that no overlap occurs among the polymer chains when the concentration C is 

smaller than Cov, it is called the dilute regime, the droplets are deposited into the form of film 

or flat particles. By increasing the concentration to the semi-dilute unentangled regime, some 

portions of polymer chains are entangled leading to the deposition of irregular and fused 

particles on the collector as shown in Fig. 1.3b. By increasing even more the concentration 

over the critical value Cent, the state of the polymer solution system enters from semi-dilute 

unentangled regime to semi-dilute entangled regime, for which isolated and solid particles 

with spherical morphology are obtained. When the concentration is larger than 3Cov, the 

chain entanglement is too high and beaded fibers are obtained: particles are interconnected by 

a network of thin nanofibers as shown in Fig. 1.3d.      
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Fig. 1.3 Left side: physical representation of entanglement regimes achieved in different 

polymer concentrations. Right side: SEM images of corresponding PCL particles Reprinted 

with the permission from [33]  
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The morphology of the particles is mostly affected by the rate of solvent evaporation. 

An efficient and homogeneous evaporation leads to the fabrication of isolated round 

microparticles. When evaporation is incomplete, particles are flat. Furthermore, when the 

solidification occurs very rapidly at the surface of the particle during its flight, the solid 

surface shrinks leading to the deposition of rough particles [66]–[68].   

 

 
 

Fig. 1.4 Variation of particle morphology with increasing Pe  

Reprinted with the permission from [69] 

 

Yao et al. [69] correlated the morphology of electrosprayed particles with a modified 

Peclet number (Pe). As shown below, Pe reflects the relation between the shrinking rate of the 

droplet surface and the polymer diffusion coefficient in the droplets, which represents the 

solvent volatilization rate and polymer diffusion rate, respectively.     

 

𝑃𝑒 =
𝑟𝑑.

𝑑𝑟𝑑
𝑑𝑡

𝐷𝐴𝐵
                                                                                                                        (1.1) 

 

𝑑𝑟𝑑 𝑑𝑡⁄  is the shrinking rate of droplets, rd is the diameter of the droplet and DAB represents 

the diffusion rate of the polymer in the droplets.  
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When Pe has a large value meaning that the diffusion rate is slow, the generation of a 

solidified surface can happen quickly resulting from the rapid solvent evaporation on the 

surface of droplets. The hysteretic evaporation of solvent inside the droplets leads to a 

solvent-rich domain which causes a hollow structure in the particles after the complete 

solvent evaporation. Depending on the thickness and the mechanical strength of the shell of 

particles, portions of particles may perform a concave or fragmented morphology. 

By increasing the diffusion rate, polymers can move rapidly from the core region to 

the surface where fast solvent evaporation occurs, thus no hollow sphere is generated. 

However, the rate of diffusion is still large enough to remove all solvent-rich domains in the 

droplets, as a result, porous and corrugated topography appears on the surface of particles.  

By increasing even more the diffusion rate to reach a critical value, the polymer fills 

homogeneously all the volume of the electrosprayed droplets evenly and instantly before the 

evaporation of solvent happening from the surface, thus dry particles with smooth surface are 

formed in the end. 

 

 
Fig. 1.5 Diverse morphologies of PLGA particles 

Reprinted with the permission from [70] 

 

Besides the effects of solvent volatilization and polymer diffusion, Almeria et al. 

analyzed the effects of chain entanglements and Coulomb fission during the process of 

electrospraying on the morphology of PLGA particles [70]. When the charge density of 

particles reaches the Rayleigh limit [71], the electric force induced by Coulomb fission 

overcomes the surface tension of droplets resulting to the disintegration of the droplets into 

small offsprings. As shown in Fig. 1.5, particles interconnected with very thin nanofibers are 

generated when entanglements between the polymer chains occur before reaching the 

Rayleigh limit (Fig. 1.5c). In contrast, the disruption of droplets occurs when the intensity of 
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Coulomb fission was enough large. Depending on the solvent evaporation rate, spherical 

morphology are obtained (Fig. 1.5a) whereas for rapid solvent evaporation, if the 

solidification and the fission progresses simultaneously, it results in particles with irregular 

morphologies, such as elongated particles (Fig. 1.5b). 

Other researchers used a water bath to collect the generated electrosprayed particles 

with controlled porous structures. Such process allowed also to functionalize and encapsulate 

a drug for drug delivery and release applications [72], [73]. When non-water soluble 

polymers are electrosprayed in a water bath, it was shown that the presence of water around 

the particles leads to phase separation and solvents exchange, resulting in the formation of 

pores at the particle surface which affects the drug release properties.  
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1.2 Electric current produced during electrospinning 

 

After applying the voltage on the electrospinning emitter, charges of same sign than 

the emitter’s polarity move to the surface of the droplet exiting the emitter resulting to a high 

surface charge density. If the surface charge density is high enough, the hemispherical droplet 

deforms into the Taylor cone. Once the electric force overcomes the surface tension, the 

ejection of a jet occurs at the apex of the cone, removing the excess of charges on the drop. 

Thus, the resulting electrospun jet carried a high amount of charges and after its flight and 

solvent evaporation, a charged solid nanofiber is deposited on the collector. When the 

collector is a conducting metal, the charges can be released in an efficient manner towards the 

ground [74]. 

As mentioned previously, the initial charges in the droplet of the polymer solution are 

distributed on the surface of the droplet resulting in the formation of the Taylor cone by a 

stretching force. The droplet is undergoing a capillary pressure originated from the surface 

tension, ∆𝑃𝑐 = 2𝜎/(𝐷/2), as well as a pressure originated from the Coulombic electrical 

pressure, ∆𝑃𝑒 = −𝑒2/(32𝜋2𝜀0(𝐷/2)4. The electric pressure dominates the capillary pressure 

for a small droplet. Thus, taking into account both equation, a droplet of a given diameter D 

can withstand a maximum charge per unit mass which is given by ∆𝑃𝑐 + ∆𝑃𝑒 = 0 [75] :  

 

𝑒
𝑀

= �288𝜀0𝜎
𝜌2𝐷3

                                                                                                                    (1.2) 

 

Where σ is the surface tension, ε0 is the vacuum permittivity, e is the total charge 

carried by the droplet and M is the mass of the droplet and 𝜌 its density. In this condition, 

there is no consideration about any external interference. Eq. 1.2, called the Rayleigh 

criterion, shows that the maximum charge amount decreases with the increase of the size of 

the droplet [75]. Here, Eq. 1.2 does not take into account the evaporation which occurs at the 

saturation pressure. Moreover, the conductivity and the viscosity of the solution play also a 

role in the shape of the Taylor cone but with a less significant manner. 

The amount of charges carried by the electrospun jet can be estimated by the 

measurement of the current during the process. By installing a resistor between the collector 

and the ground, the measurement of the difference of potential through the resistor allows to 
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calculate the electrospinning current thanks to the Ohm’s law (Fig. 1.6 a). The volume charge 

density ρ and surface charge density q are calculated by the following equations: 

 

𝜌 = 𝐼
𝑄

                                                                                                                                (1.3) 

 

𝑞 = 𝜌𝑑
4

                                                                                                                              (1.4) 

 

Where I represent the current, Q is the flow rate, d is the diameter of the jet at the tip of 

Taylor cone, q is the surface charge density.  

 

 
Fig. 1.6 (a) Measurable process parameters; (b) Effect of applied voltage on jet current. The 

curve shows the power-law fitting the experimental data. The fitted equation and R2 value 

are shown 

Reprinted with the permission from [76], [77] 

 

Fig. 1.6 b presents, during the process of electrospinning a polyacrylonitrile solution, 

a power-law dependence between the electric current and the voltage with an exponent of 

2.62. This behavior was attributed to a growing amount of charges injected into the solution 

or melt from the increasing voltage. Thus, the jets formed under the highest voltage transports 

an increased amount of charges. A similar exponents of 2.7 to 3 was measured in other 

reports [78], [79]. However, Shin et al. obtained a linear relation between the current and the 

applied voltage in the condition of lower flow rates [80]. 
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Fig. 1.7 (a) Schematic of the modified setup for the measurement of the currents passing R1 

and R2, respectively. The collector plate is divided into two parts A1 and A2, which are 

separated from each other by a thin insulator film. Current on the plates is determined using 

the voltage drops across 1 MΩ resistors (R1 and R2) measured by multimeters (M1 and M2); 

(b) fluorescent clusters of electrosprayed traces of solvent seen on the glass slide 

Reprinted with the permission from [81]  

 

Some reports have shown in some cases that there might be two types of currents 

composing the total current during electrospinning. As shown in Fig. 1.7a, the main current is 

formed by the flowing jets deposited on A1, which varies with the electric field. Another type 

of current recorded on A2 is due to the generation of electrosprayed solvent droplets from the 

surface of the jet (Fig. 1.7 b), which is independent of the electric field, but related with the 

flow rate and the conductivity of the polymer solution. The origin of a current due to 

electrosprayed droplets might be attributed to the uneven distribution of polymers in the 

solution. Thus solvent-rich domains lead to the emission of droplets out of the jet during the 

whipping movements [81]. Yarin et al. found that the stability of the surface of the jet can 

change with the modification of the electric field, resulting in secondary jets emitted from the 

surface of the main jet [82]. Furthermore, the redistribution of charges on the jet resulting 

from the whipping movements is a factor to account for the formation of secondary jets [83].       
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Fig. 1.8 SEM images of eletrospun 0.75% (w/v) HA nanofibers at different volume ratio of 

DMF to deionized water (DW): (a) DMF/DW= 0:1, (b) DMF/DW= 0.25:1, (c) DMF/DW= 

0.5:1, (d) DMF/DW= 1:1; Conductivity and surface tension of 0.75% (w/v) HA solutions 

with different solvent. 0:1, 0.25:1, 0.5:1, and 1:1 represent the volume ratio of DMF to DW 

Reprinted with the permission from [84] 

 

It has been widely accepted that the solvent properties affect the electrospinnability of 

the polymer solution and control the morphology of the deposited fiber. Among these 

properties, the nature of the solvent affects the amounts of charges carried by the jet. As 

shown in Fig. 1.8, the increase of the amount of DMF in the DMF/DW solvent mixture leads 

to the decrease of the surface tension as well as the solution conductivity which balance both 

forces responsible to the formation of the Taylor and thus the generation of the electrospun 

jet. When the conductivity of the polymer solution decreases gradually it results in fewer 

charges carried by the jet. Thus, the intensity of the electric force imposed on the jet is 

weaker favoring the enlargement of the diameter of the jet. Therefore, the diameter of fibers 

increases with the increasing DMF content [84]. Other researchers report similar results about 

the modification of the mixing ratio of solvents on the electrospinnability of the polymer 

solution and thus, on the morphology of the fibers [85], [86].   
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Fig. 1.9 Impact of RH on measurable parameters for 12 wt% PVP/ ethanol solutions. (a) Jet 

diameter and current versus RH. Diamonds: current (I), squares: jet diameter (djet) 

Reprinted with the permission from [76]  

 

Fig. 1.9 shows the correlation of the electric current and the jet diameter with the 

ambient humidity during electrospinning of PVP in solution in ethanol, a hygroscopic 

polymer mixture. It is shown that, in this case, the electric current decreases gradually with 

the increase of the ambient humidity, while the humidity increases the jet diameter. At high 

humidity, the high amount of water molecules leads to the significant weakening of the 

surface charge density carried by the jet which was attributed to the polarization of water 

molecules: the charges located at the jet surface are neutralized by the surrounded water 

molecules resulting in the decrease of the current. Furthermore, at high humidity, the 

electrospun jet is thus subjected to low whipping movements (which are favored by the 

repulsive charges carried by the jet) resulting in the increase of the fiber diameter [87], [88]. 

For hydrophobic polymer-solvent mixtures the situation may be different. 

In conclusion, the high electric field allows the production of charges at the surface of 

the droplet exiting the emitter and leading to the formation of the jet. The charges are 

transported by the flying jet. Depending on the processing conditions, a fraction of the total 

amount of charges produced at the emitter are lost along the jet by various phenomena 

(corona discharge, charge removal by humidity, solvent evaporation and secondary solvent 

electrospraying) while the rest of charges is deposited when the fiber enters in contact with 

the collector resulting in the electrospinning current flowing towards the ground (Fig. 1.10) 

[29]. 

 

44 

 



 
Fig. 1.10 Schematic diagram of a typical electrospinning experiment showing all the 

mechanisms of charge transports. Reprinted with the permission from [29] 

 

 

1.3 Surface potential on a fibrous mat: in-situ charging during 
electrospinning and charge release 

 
 

1.3.1 In-situ charging by electrospinning - development of the surface potential 

As discussed in the former section, the charges are produced thanks to the high 

imposed electric field. The charges are then transported by the electrospun jet and in the end, 

when the solidified fiber hits the metallic collector, the charges are released towards the 

ground. The resulting continuous transfer of charges to the ground is thus responsible of an 

electrical current. Actually, the deposited fibers, which are in most cases dielectric materials, 

can maintain residual charges over a long period of time that can produce an external electric 

field oppositely to the electric field imposed by the power supply. For long times of 

deposition, charges accumulate in the deposited fibrous mat leading to the formation of a 

surface potential limiting the deposition of the incoming electrospun fiber. 

The capacity of the charge storage of the fibrous mat is related with the nature and the 

structure of the fibers and the mat. The inner structure, such as impurities, crystallinities and 

polymer defects, plays also an important role by offering traps which can remain the charges 

on the surface or the core of the fibers and the mat. Former studies reported that surface traps 

might result from additives, impurities and broken polymer chains [29], [89]. The traps are 
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located at the interface of different phases or crystalline regions. In fact, the existence of traps 

in the fibers decreases the charge release resulting in a growing number of charges stored on 

fibrous mats during electrospinning [90]. 

   

 
 

Fig. 1.11 (a) Schemes of the far-field electrospinning process. (b) Poly (vinylidene fluoride–

co–trifluoroethylene) (PVDF–TrFE) is oriented with the direction of the electric field and the 

local electric field is generated by residual charges. (c) Simulation results of the local electric 

field by residual charge with or without electrospun mat 

Reprinted with the permission from [91] 

 

Regarding the accumulated residual charges on the fibrous mat during electrospinning, 

Choi et al. [91] have shown that a local electric field between the nanofibers and the electrode 

develops during the processing time. This effect is due to the fact that dielectric fibers are 

deposited on the collector and form an insulating porous layer limiting the charge release 

towards the ground (Fig. 1.11). The residual charges generate thus a local electric field 

related with the intensity of the volume charge density and the thickness of the fibrous mesh. 

The equation is presented as followed:    

 

𝐸 = 𝜌𝑡
𝜀𝑟𝜀0

                                                                                                                             (1.5) 

Where 𝜌 is the volume charge density, t is the thickness of fibrous mesh, 𝜀𝑟  is the 

relative permittivity of the studied PVDF–TrFE polymer and 𝜀0 is the permittivity of vacuum. 

It indicates that the strength of the local electric field enhances with the increase of the 

thickness of the fibrous mat. However, such too simplistic model does not take into account 

the fact that the mat is a composite porous material made of polymer and air. Furthermore, 
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the authors calculated an electric field higher than 11 MV/m which is much greater than 

electric discharge induced by the corona effect. 

 

 
Fig. 1.12 Thermally stimulated relaxation spectra of PBT near melting 

Reprinted with the permission from [90] 

 

It is expected that during electrospinning dipole orientation and space charge 

separation occur in the fibrous mat and that injection of charges into the fibers is also 

possible[92]. Trapped charges in a dielectric can be measured thanks to the thermally 

stimulated current (TSC) technique. By increasing the temperature over the glass transition 

(Tg) for amorphous phase or over the melting point (Tm) for semi-crystalline polymers, 

charges trapped in the amorphous bulk or the amorphous-crystalline interface can be released 

and the intensity of this measured current is related to the amount of charges. In the case of 

PET mat [93] as well as poly(butylene terephthalate) (PBT),[90] it was shown by TSC that 

also for nanofibers charges are trapped inside the mats after electrospinning (Fig. 1.12). The 

charge storage was attributed to dipole orientation and space charge separation in the mat and 

charge injection into the fibers. In the case of PBT, a continuous charge release was observed 

from the Tg of PBT below its Tm indicating a dipole relaxation process which was not 

observed for PBT films prepared either by melt pressed or solvent casting processes. Around 

the Tm, a peak is observed being the signature of the release of charges trapped at amorphous-

crystalline interfaces. [94], [95].  
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A mat having residual charges forms thus an electret which can be used in 

applications. Indeed, it was shown that the residual charges can enhance the filtration 

efficiency [96] [97] or improve cell spreading and proliferation on the nanofibrous scaffolds 

for biomedical applications [98]. Furthermore, measuring the surface potential continuously 

could be an interesting way to have an online control of the process of electrospinning during 

the time of production. 

 

1.3.2 Charge release and surface potential decay of charged fibrous mats 

Although the fundamental understanding is currently not completely achieved, it is 

well-known that different mechanisms are responsible for the decrease of the surface 

potential of a charged dielectric. First, the charges trapped on the surface of the material can 

be neutralized by opposite ions present in the atmosphere giving rise to a quick decline in the 

initial stage of the charge release. The charges trapped in the volume hold a much slower 

dissipation rate than surface decay. Indeed, the charges in the volume of the fibers must first 

diffuse from the core of the fibers to the surface of fibers before being released from the 

surface. 

 

 
 

Fig. 1.13 Figurative representation of “trapped” changes (A, C…) and empty sites (B, D …) 

in an amorphous linear polymer. Reprinted with the permission from [92]  

 

Furthermore, when a polymer material is subjected to a constant electric field, a 

current is produced, originated from two main mechanisms: an “absorption” current due to a 
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gradual change in the polarization of the polymer and a “conducting” current attributed to 

charges hopping from trap to trap (Fig. 1.13) [92]. Furthermore, as an RC circuit in series, the 

total current decreases with time but without a simple exponential decay due to a wide 

distribution of relaxation times. It is worth noting that the charge transport is favored in loose 

network of amorphous polymer phase [92].  

 

 

1.3.3 Surface potential decay of fibrous mat charged by corona effect 

 

          
    

Fig. 1.14 A) Example of a triode-type electrode arrangement for the charging by corona 

effect of a dielectric material deposited on the grounded electrode adapted from [99]. B) 

Dependences of the surface potential normalized to unit mass on storage time at 25 ℃ and 

RH = (38–40) %[93] 

 

Tabti et al. studied the charge storage and release of PP non-woven mats for electret 

applications [99]. The mats were initially charged by corona effect. Such technique consists 

in applying a high voltage to a thin needle or wire corona electrode inducing a high local 

electric field leading to the production of ions in the air. The ions travel then towards the 

dielectric material which is deposited on a grounded electrode. In a triode-type arrangement 

(Fig. 1.14), a supplementary grid electrode is placed over the material to be charged. In this 

case, the grid is connected to the ground through a resistor R whereas the corona electrode is 

connected to a power supply delivering an imposed current I. This configuration is interesting 

because the production of ions is controlled thanks to the fact that the grid is subjected to a 
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controlled potential Vg = RI driving the charge carriers through the grid and towards the 

dielectric sample. The potential generated at the surface of the sample is limited by either the 

potential of the grid or by the partial discharge voltage of the sample [99]. Furthermore, the 

authors observed that the charge release was faster at higher applied voltage. Ignatova et al. 

studied the charge release of PET materials in the forms of films and electrospun mats for 

electret applications [93]. The materials were also initially charged by corona effect. It was 

shown that the initial surface potential per unit mass was higher for the mats than for the 

films thanks to their high specific area subjected to the corona effect. Furthermore, a surface 

potential decay was observed in the case of the mat whereas low constant voltage was 

measured in the case of films. The discharge observed in the case of the mats was attributed 

to several effects such as relaxation of the separated space charges and dipole disorientation 

or injected charges within the bulk of the fibers[93], [100]. Thakur et al [101] studied the 

charge decay of electrets formed by fibrous mesh obtained from the meltblown process. The 

meshes were charged by corona effect. It was shown that the surface potential decay follows 

a double exponential decay [101] (Fig. 1.15): 

 

𝜉(𝑡) = 𝑎𝑠𝑒
−𝑡 𝜏𝑠� + 𝑎𝑙𝑒

−𝑡 𝜏𝑙�                                                                                               (1.6) 

 

Where ξ(t) represents the normalized surface potential, 𝜏𝑠and 𝜏𝑙  the two relaxation 

times characteristic of a short time and a long time decay respectively. Compared with the 

poor fitting by the single exponential function, the double exponential function allowed an 

accurate fitting with the experimental data proving the presence of two mechanisms of charge 

release. The short time decay was attributed to charges located onto the surface of the fibers 

whereas long time decay was allotted to the release of bulk charges produced by polarization 

during corona charging. Each parameters of the double exponential decay were studied as a 

function of the parameters (applied voltage, electrode distance and charging time) used 

during corona charging process. In all cases, the double exponential model allows a perfect 

fitting of the experimental data. Nevertheless, the characteristic data obtained from the model 

were not related to the structure of the mat complicating the analysis of the results. 
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Fig. 1.15 Comparison between single and double exponential functions of charge decay in 

fibrous electrets 

Reprinted with the permission from [101] 

 

 

1.3.4 Surface potential decay of fibrous mat charged by in-situ electrospinning 

The process of electrospinning can be seen as an in-situ charging process during the 

elaboration of the fibrous material. Thus, the distribution and the amount of every kinds of 

charges should be different between a mat prepared from electrospinning and the same 

fibrous structure charged by corona effect. Indeed, it is expected higher charge injection in 

the bulk of the fibers and higher surface charge density in the case of electrospinning. After 

stopping the process of electrospinning, no more charges are brought from the jet. However, 

starting from this point, the mat releases its charges. The kinetic of charge release, which is 

directly related with the mat surface potential decay, depends on the morphological and the 

material properties of the mat as shown for mats charged by corona effect. Furthermore, 

parameters such as ambient temperature and humidity may also influence the surface 

potential decay. Indeed, high temperature could offer more energy for the trapped charges to 

bring enough mobility for a fast dissipation. The moisture in the surrounding air could induce 

a water-adsorption layer increasing the charge distribution on the surface of polymer 

materials and thus favoring the surface conductivity [102]. Furthermore, it is expected that in 
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the case of electrospinning, fibers made of amorphous polymer with moreover, residual 

solvent, should favor the charge release. 

Ignatova et al [93] compared both in-situ charging by electrospinning and corona 

charging method, unfortunately they didn’t comment how the electrospun mats were stored 

and no information was given concerning the duration between the elaboration of the mats 

and the characterization of the surface potential decay. Thus, no conclusion can be drawn. 

Tong et al. studied the effect of the charges stored in PLA electrospun mats for biomedical 

applications [98]. The mats were produced by applying a positive or a negative voltage on the 

emitter. They observed that negatively charged mats retained the charges for a longer period 

but such mechanism was not explained. 

 

 

1.4 The role of surface potential on the building of structured scaffolds 
and applications of 3D structured scaffolds 

 
Former sections have shown that electrospinning leads to the production of fibrous 

materials with embedding charges located both at the surface and in the bulk. The charge 

release towards the grounded collector is favored by the fact the collector is generally a 

perfect conducting metal plate or cylinder. However, if an insulating electrode is used as a 

collector instead of a conducting one, charges cannot be efficiently released leading to a high 

amount of stored charges leading to the formation of an electric field which is opposed to the 

deposition of the incoming electrospun fiber. If a patterned collector formed by conducting as 

well as dielectric areas is used, the way the charges are released is much more complex. It is 

expected that the dielectric patterns of the collector avoid the efficient charge release of the 

portion of the mat directly deposited on it. Thus, such mat portions should be subjected to a 

high repulsive surface potential compared to the mat portions directly deposited on the 

conducting patterns. In the next sections it will be shown the different kinds of structures (1D, 

2D, 3D, with electrospun fibers only or with electrospun fibers and electrosprayed particles) 

which can be obtained by playing with the geometry of the patterned collector. Then, the 

mechanism of structuration favored by an electrostatic template will be explained. 
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1.4.1 1D aligned fibers  

When a patterned collector with conducting and insulating areas is used, it was shown 

that it affects the way the electrospun fiber is deposited by modifying the electric field at the 

vicinity of the top surface of the mat under fabrication. For example, it was found that aligned 

fibers can be obtained using a collector with parallel rectangular conducting electrodes 

separated by a dielectric material or more simply by an air gap [103]–[105]. As shown in Fig 

1.16, when landing on the collector, the fiber is subjected to two kinds of electrostatic forces: 

a force F1 induced by the external electric field and a coulombic repulsive force F2 between 

the landing jet and the collector or the already deposited nanofibres[106], [103]. The fiber 

follows first the direction of the electric field lines towards the parallel electrodes and then 

lands across the gap. The suspended fiber strand can retain its charges inducing a positively 

charged electrostatic template and image charges created at the surface of the grounded 

electrode. Thus, the conducting patterns generate a coulombic attractive force stretching the 

fiber across the gap with perpendicular orientation. Furthermore, because the electrostatic 

template remains highly positively charged, it induces repulsive coulombic forces with the 

incoming electrospun jet enhancing the fiber alignment. Thus, such configuration leads to the 

production of poorly dense aligned fibers crossing the gap and a highly dense non-woven 

fibrous structure covering the conducting parallel electrodes. Furthermore, Liu et al. found 

that alignments of suspended fibers improved substantially with increasing the gap size [107]. 

This can be probably explained by the fact that the repulsive resultant force induced by the 

electrostatic template is higher for the largest gap. 
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Fig. 1.16 (A) Schematic illustration of the electrospinning setup to generate uniaxially 

aligned nanofibers. The collector contained two pieces of conductive silicon stripes separated 

by a gap. (B) Calculated electric field strength vectors in the region between the needle and 

the collector. The arrows denote the direction of the electrostatic field lines. (C) Electrostatic 

force analysis of a charged nanofiber spanning across the gap. The electrostatic force (F1) 

resulted from the electric field and the Coulomb interactions (F2) between the positive 

charges on the nanofiber and the negative image charges on the two grounded electrodes. 

Reprinted with the permission from [103]. D) Principle of fiber alignment. Stage 1: 

electrospun fiber with residual positive charges is attracted to the negatively charged steel 

blade. Stage 2: electrostatic force pulls the fiber towards the tip of the steel blades under the 

direction of electric field lines. Stage 3: fiber is fully stretched across the gap between the 

steel blades. Reprinted with the permission from [106] 

 

 
Fig. 1.17 (A) Plexiglas disk with copper wires. Electrospun nylon nanofibers are collected on 

the copper wires. The nanofiber mat shows stratified layering in the magnified image. (B) 

Apparatus for rotating the copper wire drum during electrospinning 

Reprinted with the permission from [108] 
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A wire drum collector was used by Katta et al [108] in order to prepare a high amount 

of aligned nylon-6 nanofibers. It is shown (Fig. 1.17) that such configuration allows an 

efficient fiber alignment perpendicularly to the axis of the wires. By fabricating electrospun 

fibers with different times of production (from 5min to 2.5h), the authors found that the fiber 

alignment disappears gradually with time. A good alignment was obtained for time of 

production lower than 15 min whereas highly random mats were obtained over all the surface 

of the collector for the largest times of production. This result is of prime importance, 

because it seems that the electrostatic template effect disappears after a certain time of 

production. To the best of our knowledge, this mechanism was not studied. 

 

  

1.4.2 An electrostatic template for the fabrication of 2D fibrous structures 

The electrostatic template effect used for the 1D fiber alignment was expended for the 

building of various 2D structures. Instead of parallel conducting electrodes, it is possible to 

use different kinds of collector geometries leading to the fabrication of various fibrous 2D 

structures. 

For example, it was proposed a collector using two pairs of electrodes which were 

grounded alternately during electrospinning (Fig. 1.18). In such a way, aligned fibers were 

only deposited between the grounded electrodes allowing the fabrication aligned multi-layer 

structures with several principal directions perpendicular to the grounded electrodes [109]. 

However, this method is limited. First, the fiber alignment is lost very rapidly leading to 

random deposition. Second, there was a limitation in the area of the resulted assembly: an 

increasing number of fibers lost the parallel alignment with overlapping fibers in the case of 

large intersecting areas. 
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Fig. 1.18 Gold electrodes patterned on a quartz substrate. (a) The opposite electrodes were 

grounded sequentially every 5s to achieve aligned fibers distributing in 2 directions with an 

intersection angle of 90°; (b) The opposite electrodes were grounded sequentially every 5s to 

achieve aligned fibers distributing in 3 directions with an intersection angle of 60° 

Reprinted with the permission from [109] 

    

Several authors studied deposition of electrospun nanofibers on complex 

micropatterned collectors in order to achieve various kinds of structures [110], [111]. For 

example, Lavielle, et al [112] used different micro-patterned collectors made of conducting or 

dielectric protrusions as shown in Fig 1.19. The controlled deposition was both influenced by 

the geometry and the electrical properties of the patterns. Multiple "micro spider-webs" or 

perpendicularly interconnected microgrids were obtained using a collector made of a matrix 

of conducting protrusions. When dielectric protrusions where used aligned fibers were 

observed between the dielectric blocks along the thin conducting paths formed at the bottom 

of the collector (Fig 1.19 Bc). In the case of patterns made of dielectric micro-holes having a 

conductive bottom can be filled by the nanofiber. 

 

a 

b 

56 

 



A) B)  

 

Fig. 1.19 A) Electrospinning on micropatterned collectors with different characteristic sizes 

and electrical properties. B) Nanofibrous membranes obtained with  

Blocks of D=180μm, H=60μm and L=3H=360μm. BC collector: (a) Topside view and (b) 

downside view. BD collector: (c) topside view and 

(d) downside view. Reprinted with the permission from [112] 

 

Similarly, Zhao et al [113] electrospun nanofibers on a metal grid and a gauze 

collector to generate nanofibrous patterns with different topographies. Numerical simulation 

allowed the estimation of the electric field over the patterns in these cases. The authors found 

that the electric field lines were concentrated on the convex parts of the metal collector grid. 

The authors explained the favorable deposition on these areas instead over the holes of the 

grid. However, it is worth noting that such numerical simulation did not take into account the 

repulsive charges which should play an important role. Indeed, the specific observed fibrous 

structure may not be due only by the electric field induced by the geometry of the collector: it 

should be a combined effect between the electric field imposed by the electrode geometry and 

the one induced by the charges carried by the suspended fibers. In the same manner, 

electrospinning was carried out on knit patterns obtained from a fabric mesh coated with a 

conducting gold layer [114]. In agreement with the previous results, most of the fibers are 

deposited on the conducting mesh whereas aligned fibers were observed in between.  

 The charges remaining on the surface of fiber portion suspended in the air or 

deposited on the dielectric portions of patterned collectors should play an important role on 

the way the fibers are deposited in the form of 2D fibrous structure. Such effect was clarified 

by Nedjari et al [115]. Indeed, the authors proposed to fabricate 2D fibrous composite 

structures made of a thin layer of electrospun PLA nanofibers coated by a layer of 

electrosprayed calcium phosphate microparticles as shown in Fig. 1.20 a and b. In this 

manner, a highly selective deposition of the particles over the wall of the collector was 
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observed. Patterns of characteristic sizes as small as 40 µm were reproduced by the particles 

when only a very thin layer of fibers was previously deposited. When electrosprayed particles 

were deposited without the presence of the layer of electrospun fibers, it was shown that 

particles covered the pattern walls but also covered the bottom of the pattern holes (Fig. 1.20 

g). Thus, the electric field generated by the geometry of the collector alone doesn’t allow 

guiding the controlled deposition of particles. The presence of the suspended fiber strands 

forming an electrostatic template being the replication of the geometry of the pattern holes is 

thus a necessary condition to drive the deposition of the particles. The force induced by this 

repulsive electric field is high enough to guide the particles and should also impact the way 

the fibers are deposited during electrospinning explaining that more fibers are deposited on 

the pattern walls instead over the pattern holes. 
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Fig. 1.20 Principle of the Electrostatic Template-Assisted Deposition of electrosprayed 

microparticles on electrospun nanofibers. a) Step 1 of the process: electrospinning on a 

micropatterned collector. b) SEM picture showing electrospun PCL fibers deposited on a 

honeycomb pattern, the suspended fiber portions are positively charged. c) Cross-section A-A 

of a pattern wall showing the repulsive suspended electrospun fibers and the attractive area 

located above the wall. d) Step 2 of the process: electrospraying on the electrostatic template 

formed by the thin layer of fibers. e) HA electrosprayed particles on a thin layer of PCL 

fibers obtained after only te = 45s of electrospinning, a highly selective deposition is 

observed over honeycomb patterns with a wall width of Ltop = 20 µm an internal diameter 

ranging from Lbot = 40 to 360 µm. f) Detail of the previous picture for honeycomb patterns 

of internal diameter of 160 µm. g) HA electrosprayed particles on a patterned collector 

without the presence of the layer of electrospun fibers: no selective deposition is observed. 

Reprinted with the permission from [115] 
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1.4.3 3D fibrous structures  

The 2D electrospinning/electrospraying process was expended in 3D. It was reported 

that the simultaneous electrospinning of PLA fibers and  electrospraying PEO particles on a 

honeycomb patterned collector (Fig. 1.21 a) leads to the generation of 3D structured scaffolds 

with pores having the diameter of the honeycomb patterns of the collector [116]. The build-

up process was studied by observing the construction after the first 3min of deposition (Fig. 

1.21 b) by electrospinning and electrospraying and for longer time of production (Fig. 1.2 c). 

It is shown that after 3 min of deposition that most of electrospun fibers and particles are 

deposited on the wall of the patterned collector in the form of bundles with aligned fibers 

interconnected with the particles. Over the hole of the honeycomb patterns, only few 

stretched fibers are suspending and no particles were detected proving that the electrostatic 

template effect was very efficient. The suspended fibers form the honeycomb electrostatic 

template leading to the selective deposition of particles. Moreover, numerical simulations 

were carried out taking into account the external field imposed by the emitter-collector 

electrodes as well as by the suspended fibers (Fig. 1.21 e). The calculation of the vertical 

component of the electric field shows that (i) highly repulsive areas are formed over the 

honeycomb walls (in red) and (ii) a highly attractive areas are formed over the walls (in blue). 

Finally, the particles play a pivotal role in the 3D structuration. Indeed, the particles insure 

the electric interconnection of the fibrous bundles located over the walls of the patterns 

maintaining the honeycomb shape of the electrostatic template during long time of production. 

This was evidenced when electrospinning was carried out without electrospraying: in such 

situation no 3D structuration was achieved as shown in Fig. 1.21 d. A similar process was 

used to fabricate 3D constructs made of PLA fibers and phosphate calcium particles by 

alternating the deposition of fibers and particles layers (Fig.1.22) proving that the process can 

be expended for a wide range of materials for various applications. 
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Fig. 1.21 (a) Schematic of the process to produce composite scaffolds by coupling fibers and 

particles. The diameter D of the honeycombs was 160 µm. The width and the height of 

honeycombwalls were respectively 20 µm and 60 µm; (b) SEM picture obtained after 3 min 

of electrospinning and electrospraying on a honeycomb collector with D = 160 µm; (c) 3D 

columnar structures obtained for D = 160 µm after 1 h of production; (d) Fibrous structure 

obtained with the same operating conditions and time of production than for (b) but without 

electrospraying; (e) Simulation of the vertical component of the electric field 5 µm above a 

charged fibrous layer deposited on the top of a honeycomb pattern of D = 160 µm. 

Reprinted with the permission from [116] 
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Fig. 1.22 (a) Design of the honeycomb-like scaffolds. (A) Odd steps: electrospinning process. 

Even steps: electrospraying process; (B) Geometry of the honeycomb collector; (C) Both 

steps were repeated to achieve the production of a 3D multilayer scaffold with HA 

microparticles mainly located over the wall of the honeycomb collector thanks to the 

electrostatic template effect; (D) Top view of a PCL-HA 3D scaffolds obtained from deposits 

of four bilayers of PCL fibers and HA particles. The inset shows a schematic view of the 

cross section of this type of scaffold. The black arrows represent the conductive paths formed 

by the aggregated fibers and particles in contact with the walls of the collector patterns. The 

red arrows represent the repulsive areas due to the suspended charged fiber segments; (E) 

Cross-section of a PCL-HA 3D scaffold showing the 3D microcavities sparsely filled by PCL 

fibers. Reprinted with the permission from [117] 

 

 

In agreement with what is was observed for electrospinning/electrospraying on 

patterned collectors, if 3D structures are expected with only electrospun fibers (i.e. without 

electrosprayed particles), only fibers showing a bimodal distribution of the fiber diameter can 

achieve good results. Indeed, as shown in Fig. 1.21 d and Fig. 1.23 b, only flat fibrous mats 

are obtained   when PLA fibers having a narrow distribution of the fiber diameter are 

electrospun with patterned collectors. In this case, the fiber structuration was only achieved at 

the very first time of electrospinning. For longer times of deposition, the structuration rapidly 

disappeared and no 3D structuration is obtained. When PCL fibers are electrospun with 

patterned collectors, the situation is very different and a 3D structuration is achieved (Fig. 

1.23 c and d [118]). Indeed, in this case, the fibers present a bimodal distribution of the 
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diameter and in such situation, the thick portions of the electrospun fiber played the same role 

as the particles in the electrospinning/electrospraying technique. As shown in Fig. 1.23 e and 

f the thick fiber portions are more charged, because less elongated, than the thin portions. 

Thus, they are more influenced by the electrostatic template formed by the thin fiber portions. 

Furthermore, the thick fiber portions insure a good electric contact between the fibrous 

bundles covering the pattern walls maintaining the electrostatic template over long time of 

production necessary for a 3D structuration. 

 

 
 

Fig. 1.23 (a) SEM image of a PCL honeycomb scaffold obtained with Dp = 360µm; (b) SEM 

image of a PLA honeycomb scaffold obtained with Dp = 360µm; (c) SEM image of a porous 

column with controlled pore size (D =160 µm) in a PCL scaffold; (d) Proposed mechanism 

for the construction of porous columns with controlled pores size; (e)Proposed mechanism 

for the merging of two columns; (f) SEM image of the cross-section of a PCL scaffold (1h, D 

= 160 µm). Reprinted with the permission from [118], [119] 

 

1.4.4 The case of nanofiber self-assembling during electrospinning  

In the previous sections it was shown how 2D and 3D structuration can be obtained 

when patterned collectors are used. In fact, simple electrospinning using a simple flat 

collector can also lead to the fabrication of 3D fibrous structures thanks to a self-assembling 

approach. Such technique could be interesting because of its low-cost. Deitzel et al [120] 
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found that mats produced from PEO fibers having a wide distribution in diameter have a 3D 

honeycomb-like structure. It has also been reported that beaded fibers obtained from low 

polymer concentration solutions led to the formation of honeycomb-like structures [104], 

[121]. Ahirwal et al  [122] studied the electrospinning of bimodal PCL fibers on flat 

collectors. At the very first times of electrospinning, a pseudo-random deposition of the fiber 

is achieved. However, due to the bimodal distribution of the diameter, only the thick portions 

are touching the flat collector whereas the thin ones are suspended (Fig 1.24 c). Monte Carlo 

simulations demonstrated that a random deposition of bimodal fibers leads to the formation 

of a heterogeneous fibrous surface with bundles formed by the aggregation of the thick fiber 

portions linked by a network of thin suspended fiber portions. The thin suspended membrane 

suspended in the air remains charged: an electrostatic template is thus formed engaging the 

3D structuration. Furthermore, the repulsive initial areas formed by the suspended fibers are 

not uniform in size. Thus, a heterogeneous surface charge density is achieved explaining that 

non-regular 3D structures are generally obtained by fiber self-assembling [122], [123]. In few 

cases, regular 3D structures can however be obtained as demonstrated by Yan et al (Fig. 1.24 

f-i)  [121].  Finally, the self-assembling process can also be achieved in a similar manner by 

simultaneous electrospinning / electrospraying on flat collectors as observed by Lavielle et al 

[32]. 
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Fig. 1.24 (a) SEM image showing the very first moments (10 s) of the deposition of irregular 

beaded electrospun nanofibers. Region 1 shows the aggregation of thick fiber domains, 

whereas only thin fibers cover region 2; (b) Monte Carlo simulations of the previous image 

showing the aggregation of thick fiber domains after a random deposition of 150 fibers with 

characteristic length Lthick = 15 µm and Lthin = 100 µm.; (c) Schematic section of a 

heterogeneous fiber deposited on the collector; (d) Thick scaffolds obtained by focusing the 

electrospun jet through a PMMA mask; (e) Cross-section of a 15mm thick scaffold; SEM 

images showing the surface morphology and wall structure of the HNFSs of PVA and PEO 

electrospun at different conditions: (f, g) PVA, concentration 6%, 22kV, on plastic film; (h, i) 

PEO, concentration 16%, 22kV, on Al substrates 

Reprinted with the permission from [121] and [122] 
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1.4.5 Recent applications of structured fibrous structures  

Besides the remarkable features of electrospun fibers mimicking the extracellular 

matrix (ECM) of tissues such as skin, bone or muscles. The high porosity and large specific 

surface area endow such fibrous mats for great potential of applications in filtration, tissue 

engineering or drug delivery. [124]–[126]. The 3D fibrous structures obtained when using 

patterned collectors render electrospinning more attractive for targeted applications. Some 

recent applications of such 3D structures are shown in this section.   

 

 
 

Fig. 1.25 (A) mechanism of the light passing through the isotropous mat; (B) mechanism of 

the light passing through the anisotropous mat; (C) visually monitoring the wound healing 

(red circle on the student’s aim was to mimic the wound); (D) the black dust was filtered on 

the mat with flowing time at 3min.    

Reprinted with the permission from [127] 

 

According to previous reports on electrospinning, the high transparency of the 

nanofibrous scaffolds is a key parameter for various specific applications. Fig. 1.25 a and b 

present the difference in the mechanisms of light penetrating between the isotropic and 

anisotropic mats. Whereas strong light scattering occurred when isotropic random mats are 

used leading to a low light transmittance. In the case of mats having an anisotropic fiber 
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orientation, an improved light transmittance was observed. This property might be interesting 

for wound dressing applications for which anisotropic transparent dressings allow the doctors 

to detect the wound status visually [127], [128]. Anisotropic mats can also found applications 

for air quality control allowing the detection of the dust blocked on the fibrous mesh filter 

decreasing the overall transparency [129]–[133]. In the case of solar cells application, 

patterned fibrous scaffolds exhibited improved optical properties enhancing the electrical 

conversion efficiency [134], [135].     

 

 
 

Fig. 1.26 (A) Photographs of a typical transparent electrospun nanofiber membranes with 

optical transmittance; (B) Comparison of filtration efficiency of the three samples for various 

PM particle sizes. The insets are the corresponding pictures for the membranes. 

Reprinted with the permission from [136] 

 

Similar research was developed by Cheng et al [136]. In Fig. 1.26, the scenery spot 

was clearly observed through the freestanding nanofiber membrane with high transparency. 

Regarding the filtration efficiency, Polyamide 66 transparent nano-pattern window screen can 

filter almost 100% of the particles in the size ranging from 0.3μm to 5μm which was much 

higher than those tested with the randomly orientated mats. The high filtration efficiency of 

the tailored membrane offers a new route for people to conquer the threat of PM2.5 in 

modern time. 

Former studies already demonstrated that mimicking the micro/nanostructure of 

tissues plays an important role for applications using bioengineered scaffolds [26], [137], 

[138]. Aiming to promote the cell ingrowth and differentiation in the structured scaffolds, the 

optimal pore size should be located between 100μm and 400μm by providing guidance cues 
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to supply oxygen and nutrient for cell migration and tissue regeneration [139]. 3D structured 

scaffolds fabricated with patterned collector exhibit a stimulatory impact on the cell 

attachment, growth and differentiation, favoring thus the re-epithelialization of wound 

healing [140]–[143]. Combined with the addition of active inorganic ions, such as Ca, Si, Mg, 

etc, structured scaffolds can have positive effects by accelerating the skin wound healing in a 

short time [144]–[148] or bone regeneration [117].  

Fig. 1.27 shows the comparison of the morphologies of a traditional fibrous mat, a 

self-assembled nanofiber/microparticles scaffold and a patterned nanofiber/microparticles 3D 

scaffold. For the traditional fibrous mat, the pores formed by the intersection of fibers were 

not large enough for cell ingrowth resulting in cell only adhering on the surface of the mesh. 

The self-assembled nanofiber/microparticles scaffold contained spherical pores in micro size 

in favor of the migration of cell within the scaffold. However, most of pores were isolated 

inhibiting the application in the cell culture. Due to the controllable deposition of fibers and 

particles on the metal grid, sufficiently large and regular pores were generated in the 

patterned nanofiber/microparticles 3D scaffolds facilitating the cell proliferation more 

efficiently. These scaffolds are good candidates to support cell proliferation for bone tissue 

regeneration [149]. Zaiss et al. and Liu et al. achieved the similar result regarding the 

application of structured scaffolds on bone tissue engineering [150], [151].        
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Fig. 1.27 SEM images of (a) conventional nanofiber PCL mat, (b) nanofiber/microparticle 

quasi-3D scaffold, (c) Schematic illustration of different regions in the conductive metal 

mesh, (d) Patterned nanofiber/microparticle 3D scaffold, (e) MG-63 cell proliferation on the 

prepared 2D & 3D scaffolds at different time points. Significant difference of investigated 

groups is denoted as (*P＜0.05). Error bars represent the standard deviation of three 

independent measurements 

Reprinted with the permission from [149] 
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1.5 Conclusion 

In this chapter, the principles of electrospinning and electrospraying were presented 

briefly in the beginning. Then, the generation of charges by electrospinning and the 

mechanism of charge release and time dependence of surface potential on fibrous mats were 

introduced. Finally, it was presented the important role of the surface potential generated by 

suspended fibers deposited on patterned collectors for the building of 2D and 3D structured 

scaffolds. It was shown that suspended charged fibers form an electrostatic template which 

plays the pivotal role in the controlled deposition of the jet allowing the fabrication of 2D and 

3D structured fibrous mats. 

Electrospinning can thus be treated as an in-situ charging process. In order to get more 

insight into the process, it is important to measure the charges carried by the jet as a function 

of the processing conditions: this will be the subject of chapter 2 in which a new method is 

proposed. 

The process of electrospinning is thus an interesting way for the direct fabrication of 

electret filters. It is worth noting that, compared to the corona charging process, in-situ 

charging by electrospinning should be more efficient to inject charges in the bulk of the fibers. 

This feature is important for electret applications knowing that the bulk charges are released 

for the longest times. Indeed, the charge release of such electrets is expected to follow a 

double exponential decay having one short time mainly allotted to the surface charge release 

and a long characteristic time devoted to the release of bulk charges. The few articles dealing 

with this subject studied only polymer materials dedicated for electret filtering applications. 

The link between the internal porous structure of mats produced by simple electrospinning 

and the in-situ charging kinetic by electrospinning as well as the charge release kinetic will 

be studied deeply in chapter 3. 

Furthermore, it will be shown in chapter 4 that charges remaining during the process 

of electrospinning may be used for the elaboration of 3D structured mats thanks to favorable 

electrostatic interactions and with various polymers. Thus, the understanding of the kinetic of 

formation of the surface potential by in-situ electrospinning charging and the kinetic of 

surface potential decay are important to control the overall structuration of electrospun mats. 
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Chapter 2 Direct measurement of the surface 

charge density on an electrospun fiber and on 
an individual electrosprayed particle: effects 

of processing parameters 
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2.1 Introduction  

As mentioned in the first chapter, electrospinning is a simple method allowing the 

fabrication mats with a fiber diameter in the range of tens of nanometer to few micrometers. 

The process is used in various fields such as filtration, drug delivery, tissue engineering, 

batteries and sensors, etc.[1]–[7]. In certain applications, it is reported that the charges carried 

on the fibers play an important role for example by the enhancement of the filtration 

efficiency [5], for the building of structured scaffolds with suitable pore size[8] and to 

improve cell attachment and proliferation on fibrous scaffolds for tissue repair[9]. 

Furthermore, the amount of charges carried by the jet influences the fiber diameter [10]. 

Hence, measuring precisely the charge density carried by the electrospun fiber becomes a 

valuable issue. 

The charge density of the fiber can be related with the intensity of the electrospun jet 

current and can be expressed as [11]: 

𝐼 = 𝜆𝑣 + 𝜋𝑟2𝐾𝐸      (2.1) 

Where 𝜆 is the linear charge density, 𝑣 the jet velocity, E the electric field and K the 

electrical conductivity. In fact, in electrospinning the advection 𝜆𝑣 dominates the conductive 

component because due to the small jet radius [11]. Thus, the current should have a linear 

behavior with the flow rate as following: 

𝐼 = 𝜆𝑣 = 2𝜎𝑄𝑄/𝑟     (2.2) 

Where 𝜎 is the surface charge density and Q the jet flow rate [12]. It is worth noting 

that the linear behavior of the electrospinning current with the flow rate differs with the 

electrospraying process for which the current scales with Q0.5 [11].  It was shown that the jet 

current is significantly by solution parameters (concentration, conductivity, surface tension...) 

[13]–[15] and processing factors (voltage, processing distance, feeding rate...) [16]–[18].  

Theron et al. highlighted that, even for the process of electrospinning, the current does not 

scale linearly with Q [19]. Indeed, the current is not measured at the emitter but rather at the 

fiber landing area, i.e. at the collector, by applying the Ohm’s law after measuring the 

difference of potential across a resistor located in series between the collector and the ground 

[20]. Thus, the measured current reflects the amount of charges carried by the solid fiber 

during its deposition and does not take into account charge release which can happen during 

the flying of the jet in the air. The velocity which must then be taken into account in Eqs. 2.1 

and 2.2 is the velocity of the fiber 𝑣𝑓. Collins et al. reported that before the landing of the jet 

on the collector, charges release may occur by corona discharge near the emitter, charge 
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removal by humidity, charge removal by electrospraying solvent-rich droplets from the 

surface of the electrospun jet and finally charge removal due to solvent evaporation [21]. For 

example, in the case when charge removal by secondary electrospraying of solvent-rich 

droplets occurs, it was shown that the current scales as [11]: 

 𝐼 = 𝐸𝑄𝑄0.5𝐾0.4      (2.3) 

The corona discharge, which is the local breakdown of the air surrounding the Taylor 

cone, generally happens under high humidity and voltage and renders the process of 

electrospinning unstable; when possible, it can thus be avoided by decreasing the electric 

field and humidity. Siavash et al. discussed the situations when splitting and swinging of jets 

occurs reflecting an unstable character of the process [22]. They showed that in such cases, 

the current is also unstable and has an intermittent status. Ravikant et al. observed four types 

of jets which were (1) fluctuating jet, (2) stable jet, (3) stable jet with drops dripping down 

intermittently, (4) multiple jets. They correlated these jets types with the current and proved 

that only stable jet induces a stable current which varies in a narrow range, other three types 

induce a current fluctuation [23]. 

Our attempt was to have a direct measure of all the charges carried by the fiber 

landing on the collector. However, the measurement of the current reflects only the amount of 

charges flowing towards the collector[24], [25]. Thus, the calculation of the surface charge 

density from the measurement of the current underestimates the total charges carried by the 

fiber at its landing. Here, we propose an original method allowing the measurement of all 

charge carriers. A capacitor was placed in series between a collector and the ground. Once 

electrospinning has reached a steady state regime, the fiber is deposited for few seconds on a 

rotating collector connected to a capacitor in series with the ground. At the same time, the 

voltage is measured at the top surface of the collector. In this case, the voltage, which results 

from the charging of the known capacitor, is due to the total amount of charges carried by the 

fiber. When the capacitor is short-circuited, the resulting voltage is then an image of the 

residual charges. For all these experiments we measured the fiber average diameter. Because 

only few fibers are deposited during the short time of electrospinning on the rotating collector, 

it was also possible to estimate the average length of fiber deposited on the collector. Thus, 

the linear as well as the surface charge density were also obtained. To show the potential of 

this method, we studied the effects of various parameters (polymer concentration in the 

solution, voltage applied on the electrospinning emitter, feeding rate, ambient humidity and 

presence of salt in the solution) on the resulting charge density either for PLA or PEO 
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electrospinning. We also applied this method to measure the charges carried by an individual 

electrosprayed particle which was never done before. Here, two kinds of PCL particles were 

prepared and studied in terms of morphology, formation mechanism and charge density. 

 

 

2.2 Materials and methods 

 
Materials  

PLA (Mw=180k, Natureworks), PEO (Mw=400k), TEBAC, alginate (4-12 cP, 1 % in 

H2O at 25 °C) and deionized water were used as received. PCL (Mw=14k and 80k), DMAC, 

chloroform, Dichloromethane (DCM) and N, N-Dimethylformamide (DMF) were purchased 

from Sigma-Aldrich. 

 

Preparation of the solutions 

Pure PLA solutions for electrospinning were prepared by dissolving different amounts 

of PLA in DMF/DCM (50:50 v/v) to get the polymer weight concentration at 7%, 9% 11% 

and 13% (w/w). TEBAC (0.5% w/w) was added to 9% PLA solution for PLA/TEBAC 

solution. For the fabrication of the solution, PLA or PLA+TEBAC were added in DMF/DCM 

in a glass bottle with stirring magnetically overnight at room temperature.  

With the same method, 5% w/w PEO in deionized water was stirred 24h prior to 

electrospinning. PEO/alginate solution was produced by adding 1% w/w alginate in PEO 

solution.    

For the solutions dedicated to electrospraying, PCL14k solution of 5% in DMAC 

(w/w) was prepared by heating the solution at 60 °C during agitation 5 h before 

electrospraying. PCL80k solution was achieved through dissolving PCL80k in chloroform at 

2% w/w concentration and stirred overnight. 

 

Electrospinning process  

The governing parameters of electrospinning PLA fibers were shown in Tab. 2.1. Fig. 

2.1 presents the experimental setup of electrospinning. The solution in the syringe was 

pushed by a pump (Fischer scientific) and passed through the plastic tube connecting the 

syringe to a stainless steel needle with an inner diameter of 0.5 mm. The needle was 

connected to a high voltage DC power supply (Spellman SL10). An aluminum cylinder, 
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called the collector, (external diameter De = 110 mm, Width = 30 mm) was mounted around 

a rotor (diameter Dr = 60 mm) connected to the ground. The collector was mechanically 

linked to the rotor by a thick insulating ring of Teflon. A capacitor (C = 1 nF) was electrically 

connected between the collector and the rotor. The distance from the nozzle and the top 

surface of the collector was set at 15 cm. The rotation rate was set at 120 rpm. 

 

Table 2.1 Parameters for electrospinning 

Sample 

name 

Parameters 

Concentration  Voltage  TEBAC  Feeding rate  Humidity  

PLA-1 7% 25kV - 1ml/h 38%±2% 

PLA-2 9% 25kV - 1ml/h 38%±2% 

PLA-3 11% 25kV - 1ml/h 38%±2% 

PLA-4 13% 25kV - 1ml/h 38%±2% 

PLA-5 9% 15kV - 1ml/h 38%±2% 

PLA-6 9% 20kV - 1ml/h 38%±2% 

PLA-7 9% 30kV - 1ml/h 38%±2% 

PLA-8 9% 25kV 0.1% 1ml/h 38%±2% 

PLA-9 9% 25kV 0.5% 1ml/h 38%±2% 

PLA-10 9% 25kV - 1ml/h 28%±2% 

PLA-11 9% 25kV - 1ml/h 48%±2% 

PLA-12 9% 25kV - 1ml/h 58%±2% 

PLA-13 9% 25kV - 2ml/h 38%±2% 

PLA-14 9% 25kV - 3ml/h 38%±2% 

PLA-15 9% 25kV - 4ml/h 38%±2% 

PEO 5% 25kV - 1ml/h 38%±2% 

PEO-ALG 
5% PEO 

+ 1% Alginate 
25kV - 1ml/h 38%±2% 

 

For the electrospinning of PEO and PEO/Alginate the same setup was used. The 

distance between the needle and the collector was 15cm and the experiment was operated at 

the room temperature. 

 

Electrospraying process  
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For the electrospraying of PCL14k particles, the solution was delivered with a feeding 

rate of 0.6 ml/h. Experiments were performed with a potential at 30 kV and a needle-collector 

distance of 15cm. The value of capacitor was 1nF. 

For the electrospraying of PCL80k particles, the solution was delivered at a feeding 

rate of 0.8 ml/h. The distance was 15 cm from the needle to the collector and the voltage was 

at 12kV. In order to get accurate measurements, the capacitor used for electospraying 

PCL80k particles was C = 100 pF. 

 

SEM measurements 

The morphology of fibers and particles was studied by scanning electron microscope 

(SEM) (Vega-3, Tescan). The samples were gold coated (sputter Quorum Q 150 RS, Quorum 

Technologies) for 2 min before SEM characterization.  

 

Voltage acquisition, calculation of length of fiber and charge density of fibers and 

particles  

First, electrospinning (or electrospraying) was carried out on a shutter connected to 

the ground and which was placed just over the top surface of the collector below the emitter. 

When, stable process was observed, at least 2 min after starting electrospinning (or 

electrospraying), the shutter was rapidly removed offering the free surface of the collector 

available for the deposition of the fiber (or the particles). When reaching a surface voltage of 

∼ 2500 V, the shutter was rapidly placed over the collector in order to stop the deposition of 

fiber and thus stop the increase of voltage. For each given electrospinning (or electrospraying) 

set of parameters, at least 5 measurements were carried out. 

To measure the surface potential, a non-contacting electrostatic voltmeter ESVM 

(Trek Model 347-3-H-CE) connected to a computer for data acquisition was used. The 

measurement is based on a field-nulling technique for non-contacting voltage measurement 

achieving direct current stability and high accuracy, with no need for fixed probe-to-surface 

spacing. The technique allows an accurate measurement of the surface potential of stationary 

or moving surfaces. The measurement range is 0 to ± 3 kV with accuracy of 0.1% of the full 

range. The probe of the voltmeter (end-view probe model 6000B-7C with a speed of response 

of 4.5 ms for 1 kV step) having a disc surface of 11.2 mm diameter was placed 2 mm below 

the surface of the collector as shown in Fig 2.1. An acquisition rate of 30 measurements/s was 

chosen.  
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The time 𝑡𝑠𝑝𝑖𝑛 , corresponding to the time the fiber is deposited on the rotating 

collector, can be easily obtained from the voltage acquired during the measurement. Indeed, 

during the time of collection on the rotating collector, the voltage rises sharply until the 

shutter is manually placed between the emitter and the collector, at which point the voltage 

remains constant. Thus, from the acquisition file giving the voltage as a function of time, it 

was possible to get 𝑡𝑠𝑝𝑖𝑛. 

 

Characterization of electrospun fibers: 

In order to get the average length of fiber 𝐿𝑓 deposited on the whole surface 𝑆𝑐 of the 

collector during the time of electrospinning 𝑡𝑠𝑝𝑖𝑛 , SEM images were taken from the 

aluminium foil which covered the collector. For a given electrospinning experiment, at least 

10 SEM images were taken from the center and the border of the collector. From the SEM 

images having a surface 𝑆𝑆𝐸𝑀, the average fiber diameter 𝜙𝑓 and the length 𝐿𝑆𝐸𝑀 of the fiber 

were determined using ImageJ software. 𝐿𝑓 was then calculated by: 

𝐿𝑓 = 𝐿𝑆𝐸𝑀
𝑆𝑐

𝑆𝑆𝐸𝑀
      (2.4) 

It was then also possible to estimate the fiber velocity as well as the fiber flow rate: 

𝑣𝑓 = 𝐿𝑓
𝑡𝑠𝑝𝑖𝑛

       (2.5)  

𝑄𝑄𝑓 = 𝜋𝜙𝑓2𝑣𝑓       (2.6) 

 

Characterization of electrosprayed particles: 

In the case of PCL80k, the voltage increased very slowly, thus the electrospraying 

was stopped when the surface potential reached around 1400 V instead of 2500 V for all 

other experiments. In order to get the average number of particles 𝑁𝑝 deposited on the whole 

surface 𝑆𝑐 of the collector during the time of electrospraying 𝑡𝑠𝑝𝑟𝑎𝑦, SEM images were taken 

from the aluminium foil which covered the collector. For a given electrospraying experiment, 

at least 10 SEM images were taken from the center and the border of the collector. For each 

SEM image of given surface 𝑆𝑆𝐸𝑀, the average particle diameter 𝜙𝑝 and the number 𝑁𝑆𝐸𝑀 of 

particles were determined. 𝑁𝑝 was then calculated by: 

𝑁𝑝 = 𝑁𝑆𝐸𝑀
𝑆𝑐

𝑆𝑆𝐸𝑀
       (2.7)   

It was then also possible to estimate the production rate and the flow rate of particles 

respectively: 
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𝜉𝑝 = 𝑁𝑝
𝑡𝑠𝑝𝑟𝑎𝑦

       (2.8) 

𝑄𝑄𝑝 = 𝜋
6
𝜙𝑝3𝜉𝑝       (2.9) 

Measuring the initial slope 𝑘 = �𝑑𝑉
𝑑𝑡
�
𝑡=0

 of the surface potential, the number of charges 

per particle and the surface charge density are respectively given by: 

𝑞𝑝 = 𝐶𝑘
𝜉𝑝

      (2.10) 

 

𝜎𝑝 = 4𝑞𝑝
𝜋𝜙𝑝2

      (2.11) 

Where 𝐶 is the capacitance value of the capacitor placed between the collector and the 

ground (1 nF for PCL14k particles and 100 pF for PCL80k particles). 

 

 

2.3 A method allowing the measurement of the charges carried by the jet  

An original method allowing the measurement of all charges carried by the deposited 

fiber is proposed (see Fig. 2.1). Once electrospinning has reached a steady state regime on a 

grounded shutter, it is removed offering thus the surface of a rotating collector placed just 

below and connected to a capacitor 𝐶  in series with the ground. During this time 𝑡𝑠𝑝𝑖𝑛of 

electrospinning, the voltage is measured at the top surface of the rotating collector. This 

surface potential results from the charging of the capacitor due to the incoming fiber. Fig. 2.2 

shows an example of such curves in the cases of PLA (experimental parameters of PLA-2 as 

seen in Table 2.1) and PEO electrospinning. It is shown that in the case of PLA, the voltage 

increases linearly with the time, proving that the charge flow rate and thus the fiber flow rate 

was constant during 𝑡𝑠𝑝𝑖𝑛. This was always the case for all experiments carried out with pure 

PLA (i.e. without any addition of salt). In the case of PEO, it can be seen that the slope  

𝑑𝑉/𝑑𝑡 decreases with t meaning that the rate of deposited fiber decreases at little bit during 

the acquisition. 

When the shutter was placed below the emitter and the power supply was switched-

off, a slow voltage decay was observed which was attributed to weak charge release from the 

surface of collector to the atmosphere. Then, when the capacitor was short-circuited, the 

surface potential decreases very rapidly to a value resulting from residual charges remaining 

on the top surface of the fiber. It is shown that in the case of PEO no significant voltage was 
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recorded: all charges were transferred from the fiber to the collector. However, in the case of 

PLA, a residual voltage of 10 V remained without transferring in the ground or in the air. 

 

 
Fig. 2.1 Sketch of the experimental setup for the measurement of the surface potential 
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Fig. 2.2 Example of the evolution of the surface potential as a function of time in the case of 

PLA-2 parameters (see Table 1). 1st stage: accumulation of surface potential during 

electrospinning; 2nd stage: slow dissipation of surface potential after stopping the power; 3rd 

stage: sharp decline of surface potential by discharging the charges accumulated on the 

collector to the ground; 4th stage: stable stage of surface potential induced by residual charges 

remaining the on the fiber)  

 

The fact that charges remain after having short-circuited the capacitor demonstrate 

that during the deposition of the fiber a fraction 𝛼 of charges remain on the fiber and that 

only a fraction (1 − 𝛼)  are transferred on  the surface of the collector resulting in the 

distribution of the charges as shown in Fig. 2.3a. Thus, during electrospinning, if a total 

amount of charge 𝑄𝑄 is deposited, the probe of the electrostatic voltmeter (ESVM) measures a 

voltage 𝑈𝐸𝑆𝑉𝑀  induced by the voltage 𝑈𝐶  on the capacitor 𝐶  with a charge (1 − 𝛼)𝑄𝑄 

uniformly distributed on the collector, on one hand, and a voltage originated from the charge 

𝛼𝑄𝑄 through the thickness of the fiber, on the other hand. If 𝑠𝑓 is the fraction of the surface of 

the collector which is covered by the fiber, at first approximation, the voltage recorded by the 

probe can be seen as the following average: 

𝑈𝐸𝑆𝑉𝑀 = 𝑠𝑓𝑈𝑓 + 𝑈𝐶     (2.12) 

Where 𝑈𝐶 is given by: 

𝑈𝐶 =  (1−𝛼)𝑄
𝐶

      (2.13) 

𝑈𝑓 is the difference of potential between the top surface of the deposited fiber and its 

bottom in perfect contact with the collector (see Fig. 2.3a). Considering that the charges are 
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located on the fiber surface and that the deposited fiber behaves as a capacitor of surface 

𝜙𝑓𝐿𝑓 and thickness 𝜙𝑓, the corresponding capacitance of the deposited fiber can be given by: 

𝐶𝑓 = 𝜀0𝜀𝑟
𝜙𝑓

𝜙𝑓𝐿𝑓 = 𝜀0𝜀𝑟𝐿𝑓    (2.14) 

Where 𝜀0 is the permittivity of vacuum and 𝜀𝑟 is the relative permittivity of the fiber. 

Thus, 𝑈𝑓 can be estimated assuming a difference of charges between the upper and the lower 

surfaces of the fiber (see Fig. 2.3a): 

𝐶𝑓𝑈𝑓 = �𝛼 − (1 − 𝛼)𝑠𝑓�𝑄𝑄    (2.15) 

Knowing that 𝑄𝑄 can be calculated from the total linear charge density 𝜆 carried by the 

fiber just before landing on the collector:  

𝑄𝑄 = 𝜆𝐿𝑓      (2.16) 

 𝑈𝑓 can thus be estimated by: 

𝑈𝑓 = �𝛼−(1−𝛼)𝑠𝑓�𝑄
𝜀0𝜀𝑟𝐿𝑓

= �𝛼−(1−𝛼)𝑠𝑓�𝜆
𝜀0𝜀𝑟

   (2.17) 

 Using Eqns. 2.12, 2.13, 2.16 and 2.17, the voltage seen by the ESVM can be 

approximated by: 

𝑈𝐸𝑆𝑉𝑀 = 𝑠𝑓
�𝛼−(1−𝛼)𝑠𝑓�𝜆

𝜀0𝜀𝑟
+

(1−𝛼)𝜆𝐿𝑓
𝐶

   (2.18) 

 

However, the first term in Eqn. 2.18 can be neglected compared to the second. Indeed, 

from the experiment with the conditions PLA-2 taken in Table 2.1 and Fig. 2.2, 𝐿𝑓 = 5400 𝑚 

at 𝑡𝑠𝑝𝑖𝑛 = 27 𝑠  𝜀0 = 8,8 × 10−12  and for PLA 𝜀𝑟 = 2,7 [26] and 𝐶 = 10−9 𝐹 , it can thus 

easily seen that: 

�𝛼 − (1 − 𝛼)𝑠𝑓�
𝜀0𝜀𝑟

≪
(1 − 𝛼)𝐿𝑓

𝐶
 

 

Simplifying the notation 𝑉 = 𝑈𝐸𝑆𝑉𝑀, the ESVM see the following voltage: 

𝑉 = 𝑈𝐸𝑆𝑉𝑀 ≈
(1−𝛼)𝜆𝐿𝑓

𝐶
    (2.19) 

Measuring the slope 𝑑𝑉
𝑑𝑡

 of the surface potential, the fraction of the linear and the 

surface charge densities which are deposited on the collector are respectively given by:  

(1 − 𝛼)𝜆 = 𝑘𝐶
𝑣𝑓

      (2.20)  

(1 − 𝛼)𝜎 = (1−𝛼)𝜆
𝜋𝜙𝑓

                (2.21) 
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With: 

 𝑘 = 𝑑𝑉
𝑑𝑡

      (2.22) 

SEM allows the measurement of 𝜙𝑓, the fiber diameter and 𝑣𝑓, the fiber velocity as 

proposed in the experimental part:  

𝑣𝑓 = 𝑑𝐿𝑓
𝑑𝑡

= 𝐿𝑓
𝑡𝑠𝑝𝑖𝑛

     (2.23) 

Furthermore, the accumulation rate of charges 𝐽 which are deposited on the collector 

can be seen as a current: 

𝐽 = 𝑘𝐶 = (1 − 𝛼)𝜆𝑣𝑓     (2.24) 

 

Fig. 2.3b shows a scheme of what it is measured by the ESVM probe once the 

collector is connected to the ground, i.e. when the capacitor is short-circuited. Under this 

condition: 

𝑈𝐸𝑆𝑉𝑀 ≈ 𝑠𝑓𝑈𝑓𝑠𝑐 = 𝛼𝜆
𝜀0𝜀𝑟

     (2.25) 

𝑠𝑓 ≈
𝜙𝑓𝐿𝑓

𝑆𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑜𝑟
       (2.26) 

The experimental conditions of experiment PLA-2 shows that 𝑠𝑓 ≈ 0,2 after a time of 

electrospinning of 27 s. Using 2.20 and 2.25 it is possible to estimate the total linear charge 

carried by the fiber just before its landing: 

𝜆 = (1 − 𝛼)𝜆 + 𝛼𝜆 = 𝑘𝐶
𝑣𝑓

+ 𝑠𝑓𝑈𝑓𝑠𝑐𝜀0𝜀𝑟  (2.27) 

 

The fraction of charges remaining on the fiber can then be estimated as follows:  

𝛼 = 𝑠𝑓𝑈𝑓𝑠𝑐𝜀0𝜀𝑟
𝑘𝐶
𝑣𝑓
+𝑠𝑓𝑈𝑓𝑠𝑐𝜀0𝜀𝑟

= 1

1+ 𝑘𝐶
𝑣𝑓𝑠𝑓𝑈𝑓𝑠𝑐𝜀0𝜀𝑟

    (2.28) 

 

Using the average data taken from the PLA-2 set of experiments, one obtains a 

fraction of charges 𝛼𝑃𝐿𝐴−2 = 0,7. Although we did several assumptions for this estimation, 

for example we assumed that all charges remaining on the fiber are located on its surface, it is 

shown that more charges remain on the fiber than charges being released on the collector 

surface! Nevertheless, the capacitor was not always short-circuited and, in the following, only 

the released fraction of charges has been calculated from eqn. 2.20: (1 − 𝛼)𝜆 = 𝑘𝐶
𝑣𝑓

. In the 
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next section, the effects of different parameters and the nature of polymer on the charge 

density of fibers and the accumulation rate in electrospinning is discussed deeply. 

 

a)  

b)   

 

Fig. 2.3 Scheme highlighting the difference in scales between the collector, the ESVM probe 

and the collector and showing also the voltage measured by the ESVM probe a) during 

electrospinning and b) after having short circuited the capacitor  
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2.4 Effect of processing parameters on the linear and surface charge 
densities in the case of PLA electrospinning 

 
2.4.1 Effect of the polymer concentration in the solution  

a)   

b)  

Fig. 2.4 a) morphology and b) diameter and fiber flow rate 𝑄𝑄𝑓 of PLA fibers prepared from 

the polymer solution at the concentration of 7%, 9%, 11% and 13% 
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Fig. 2.4 presents SEM images of fibers and the graph of PLA fiber diameter and fiber 

flow rate as a function of PLA concentration. Keeping all other parameters constant, fibers 

generated at a concentration of 7% have the lowest average diameter (i.e. 322nm). It is shown 

that in the studied range of concentration the average diameter increases linearly with 

concentration with a maximum value of 659 nm at a weight concentration of 13%. This well-

known effect is attributed to the increase of the solution viscosity with the concentration due 

to enhanced polymer chains entanglement. Indeed, a high viscosity reduces the deformations 

(i.e. the whipping movements) of the flying jet which are responsible for the increasing jet 

diameter [27], [28]. 
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a)  

b)  

Fig. 2.5 a) Example of acquired curves giving the surface potential of PLA fibers as a 

function of time for the concentrations of 7%, 9%, 11% and 13%. b) Accumulation rate of 

charges 𝐽 and fiber velocity 𝑣𝑓 

 

Fig. 2.5 presents the effect of polymer concentration on the accumulation rate of 

charges 𝐽 and the fiber velocity 𝑣𝑓. It clearly appears that both accumulation rate and fiber 

velocity decreases with increasing PLA concentration. The decrease of 𝑣𝑓  is due to the 
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increase of the solution viscosity with the increasing concentration. Thus, for a given 

production time 𝑡𝑠𝑝𝑖𝑛 a longer fiber length is produced at lower concentration as depicted in 

Fig. 2.6.  

The effect of the concentration on 𝐽 is more complex. It is worth noting that in these 

experiments, solution feed rate was fixed at 1 mL/h. Thus, in a first assumption, regarding the 

polymer alone when the dry fiber lands the collector, increasing the concentration should lead 

to the increase of the polymer flow rate and thus also the total amount of accumulated 

charges represented by 𝐽. Nevertheless, as shown in Fig. 2.4, the fiber flow rate 𝑄𝑄𝑓 is almost 

constant. In fact, the fiber flow rate is a complex function resulting from the feeding rate of 

the pump and from the electrostatic ejection force at the Taylor cone. Regarding the feeding 

rate, because the solution rate was fixed at 1 mL/h, an increase of the concentration would 

lead to an increase of the polymer fiber flow rate. However, regarding the effect of coulombic 

forces responsible of the production of fiber, an increase of the concentration should lead to a 

decrease of the fiber flow rate due to the enhancement of the solution viscosity. Nevertheless, 

it must be mentioned that the estimation of 𝑄𝑄𝑓  from Eqn 2.6 leads to wide error bars. 

Furthermore, the modification of the polymer concentration has also an effect on the amount 

of solvents which is a 50/50 mixture of DCM and DMF as seen in Fig. 2.6. Thus, an increase 

of the polymer concentration leads also to a decrease of the amount of DMF which is known 

to have beneficial effect on the fiber electrospinninability due to its high dielectric constant 

and high conductivity compared to DCM[29]–[31]. Thus, in conclusion, it appears that 

increasing the concentration may have a predominant effect on (i) the viscosity decreasing 

the fiber production and (ii) on the decrease of the amount of DMF lowering the 

electrospinninability explaining the evolution of the accumulation rate 𝐽 as a function of the 

concentration.  

 

 
Fig. 2.6 illustration of the charged status of the droplets of PLA solution at the concentration 

of 7%, 9%, 11% and 13%  
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Fig. 2.7 linear and surface charge densities of PLA fibers as a function of the polymer 

concentration 

Fig. 2.7 shows that the linear charge density 𝜆 increases with the concentration. As 

shown in Eqn. 2.12, 𝜆  is proportional with 𝐽  and inversely with 𝑣𝑓 . Although 𝐽  and 𝑣𝑓 

decrease with the concentration, it appears that the decrease of 𝑣𝑓 dominates and explains the 

increase of the linear charge density. The evolution of the surface charge density is more 

complex due to its dependence on the fiber diameter and no significant trend can be drawn. 
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2.4.2 Effect of the solution conductivity: addition of a salt TEBAC 

a)  

b)   

Fig. 2.8 a) Morphology and b) diameter and fiber flow rate 𝑄𝑄𝑓 of PLA fibers prepared from 

the polymer solutions mixed with TEBAC salt at various contents 

 

Fig. 2.8 shows no significant effect of the salt content on the fiber flow rate. When 

adding a small amount of TEBAC salt (0.1%) in the solution, a decrease of the fiber diameter 

can be observed in Fig. 2.8. Indeed, it is generally admitted that adding a salt can increases 

sharply the solution conductivity leading to stronger elongating force provided during the 

stretching of the jet [32]–[34]. However, for a much higher salt content no significant 

evolution of the fiber diameter is observed which might be explained by the reaching of a 

critical value as mentioned in several other reports [35]–[37]. 
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a)  

b)  

Fig. 2.9 a) Examples of curves of surface potential as a function time for PLA fibers prepared 

from various TEBAC salt contents. b) Accumulation rate of charges 𝐽 and fiber velocity 𝑣𝑓 as 

a function of the salt content 

 

Tab. 2.2 Conductivity of the solutions as a function of TEBAC salt content 
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Fig. 2.9b showed that the accumulation rate of charge 𝐽 increases very significantly 

with the salt content even at the highest values. The increase of the salt content induces 

obviously a sharp increase of the solution conductivity as shown in Table 2.2 explaining that 

increasing the amount of TEBAC ions in the solutions enhances directly the accumulation 

rate of charges on the collector. Moreover, as shown in Fig. 2.9a, when electrospinning the 

PLA solutions with salt, the slope 𝑑𝑉/𝑑𝑡 decreases with time. This effect is probably due to 

the fact that a small amount of fiber is deposited outside the collector surface due to repulsion 

effect. Indeed, the high amount of charges located on the collector surface, characterized by 

the high 𝐽 value, induces a repulsive electric field which may prevent the efficient deposition 

of the incoming fiber on the collector surface. Surprisingly, the high level of charges 

measured in the cases of salted solutions has a poor effect on the jet velocity and on the 

average fiber diameter. However, it is seen that the polydispersity of the fiber velocity 

increases significantly with the addition of salt proving that the introduction of TEBAC 

changes the stability of jet remarkably. In this case, during the whipping movement of the jet, 

the highly charged jet produces repulsive forces causing the fiber to swing more violently and 

fall in a larger beyond the collector surface. Thus, the measured fiber velocity may also be 

underestimated in these cases. In agreement with these observations, both the linear and the 

surface charge densities increase sharply with the addition of TEBAC salt (see Fig. 2.10).  

 

 
Fig. 2.10 Linear and surface charge densities of PLA fibers prepared with various TEBAC 

salt contents  
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2.4.3 Effect of the applied voltage 

a)  

b)  

Fig. 2.11 a) Morphology and b) diameter and fiber flow rate 𝑄𝑄𝑓 of PLA fibers prepared under 

various applied voltages 
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Fig. 2.11 shows the SEM images of PLA fibers generated from electrospinning at 

different voltages and the corresponded values of fiber diameter and fiber flow rate. Although 

the wide error bars, a small decrease of the fiber diameter happens from voltage higher than 

20 kV. In the process of electrospinning, a sufficient applied voltage is required to form an 

electric field which overcomes the surface tension allowing the jet ejection from the apex of 

the Taylor cone. A more intense electric field at the surface of the Taylor cone provides thus 

more charges to the jet resulting to stronger whipping movements and jet stretching. 

Consequently, the fibers formed under the highest voltage have the smallest fiber diameter as 

observed by many authors [38], [39]. However, in our case, this effect was not pronounced. 

Fig. 2.11 shows also that the error bars decrease gradually with enlarging the voltage, 

inducing that the distribution of fiber diameters is narrower for the highest voltage. During 

electrospinning under high voltage, the resulting strong electric field leads to a coulombic 

strength allowing efficiently overcoming the surface tension at the Taylor cone and stretching 

the jet, resulting in a fiber with a narrow diameter distribution. 

  

110 

 



a)  

b)  

Fig. 2.12 a) Examples of curves of surface potential versus time for the electrospinning of 

PLA under various applied voltages. b) Accumulation rate of charges 𝐽 and fiber velocity 𝑣𝑓 

as a function of the applied voltage 

 

As expected, Fig. 2.12 shows that the accumulation rate of charges increases linearly 

with the applied voltage which appears as an intuitive result. Thus, it is clearly proven that 

the total amount of charges brought by the deposited fiber is directly linked with the applied 
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voltage. Similarly, the fiber velocity evolves with the same trend: increasing the voltage, 

ensures higher jet stretching and thus a higher fiber velocity. 

 

 
Fig. 2.13 Linear and surface charge densities of PLA fibers generated under various applied 

voltages 

 

The evolution of the linear as well as the surface charge density with the applied 

voltage is not obvious due to their dependence with several factors. Because 𝑣𝑓  increases 

more rapidly than 𝐽, it results from Eqn. 2.14 a decrease of the linear charge density with the 

applied voltage. The fact that the surface charge density depends also on the fiber diameter, a 

minimum 𝜎𝑓 is observed for an intermediate voltage ranging between 20 kV and 25 kV. 
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2.4.4 Effect of ambient humidity 

a)  

 

b)  

Fig. 2.14 a) SEM pictures showing the morphology and b) diameter and fiber flow rate 𝑄𝑄𝑓 of 

PLA fibers produced under various conditions of ambient humidity 
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a)  

b)  

Fig. 2.15 a) Illustration of the absorption of water molecules on the surface of the PLA jet 

with increasing relative humidity. b) Comparison of the morphology of PLA fibers obtained 

at RH = 28% and RH = 58% 

 

Fig. 2.14 shows SEM images of PLA fibers prepared under different ambient 

humidity and the corresponding fiber diameters. It clearly appears a strong linear increase of 

𝜙𝑓 with the relative humidity (RH) which was already reported [40], [41]. This trend may be 

explained by two effects: (i) charge release by molecular polarization and (ii) fast PLA 

precipitation. Indeed, due to the large dielectric constant of water molecules, it could be 

expected that at high RH, the jet may be subjected to a high level of charge release by 

molecular polarization explaining thus less efficient whipping movements leading to larger 

diameters. At low RH, thin fibers are observed which could be attributed to more electrostatic 

charges kept on the jet due to less charge release by molecular polarization. Thus, a high 

density of electrostatic charges is expected at low RH increasing the jet stretching and 

thinning [42]–[44]. Furthermore, SEM pictures show that fibers elaborated at high RH held 

pores on their surface. The appearance of such porous structure is attributed to the 

condensation of water vapor at the jet surface resulting in phase separation in the 

PLA/DCM/DMF system (Fig. 2.15). Indeed, DMF is miscible in water which allows the 

water molecules to flow into the jet. However, as a hydrophobic polymer, PLA moves out of 

the solution as water molecules are absorbed by DMF resulting in two phases: one PLA-rich 
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phase and one solvent-rich phase containing water molecules. Hence, the solvent-rich 

portions of the jet induce the formation of pores after the final evaporation [41], [43], [45]. 

Furthermore, the presence of absorbed water in the jet at high RH may lead to rapid 

precipitation of PLA when the jet is thick explaining also the increase of 𝜙𝑓 with RH. 

 

a)  

b)  

Fig. 2.16 a) Examples of curves of the surface potential as a function of time for various RH. 

b) Accumulation rate of charges 𝐽 and fiber velocity 𝑣𝑓 as a function of RH 
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Fig. 2.16b shows surprisingly that the accumulation rate of charges 𝐽 increases with 

RH whereas the fiber velocity 𝑣𝑓 decreases sharply. Pure electrostatic effects would explain 

an increase of 𝑣𝑓 with 𝐽, however the opposite trend is observed. Thus, another phenomenon 

must account for the decrease of the fiber velocity with RH. As discussed before, the increase 

of the fiber diameter might be explained by two phenomena: (i) charge release by molecular 

polarization and (ii) PLA precipitation. Because 𝐽  increases with RH, charge release by 

molecular polarization cannot be responsible for the decrease of the fiber velocity. Thus, the 

predominant phenomenon explaining both the decrease of  𝑣𝑓 and the increase of 𝜙𝑓 with RH 

is the fast PLA precipitation induced by absorption of water molecules. Indeed, a fast 

precipitation induces the solidification of the jet when it is thick. Meanwhile, the whipping 

movements have poor stretching effects on a jet which is thick and solid. Consequently, it is 

observed a huge increase of the linear and the surface charge densities, especially from RH = 

28 % to 48 % as shown in Fig. 2.17. 

 

 
Fig. 2.17 Linear and surface charge densities of PLA fibers produced under various RH 
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2.4.5 Effect of the feeding rate 

a)  

b)  

Fig. 2.18 a) SEM pictures of PLA fibers and b) diameter and fiber flow rate 𝑄𝑄𝑓 as a function 

of the solution feeding rate 
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In the whole process of electrospinning, an optimal intensity of the electric field 

around the emitter is required for the stable formation of the jet for a given solution feeding 

rate. Similarly, some reports mention that an optimal solution feeding rate is necessary to 

insure a steady cone-jet [45], [46]. In the previous sections, we have seen that a steady 

process was achieved for a solution feeding rate of 1mL/h. Starting from this condition, the 

flow rate was increased gradually to prepare PLA fibers for flow rate rising to 4 mL/h.  

Fig. 2.18 shows that the solution feeding rate has no significant effect on the average 

fiber diameter although a small increase may be seen. In fact, the increase of the feeding rate 

enlarges the distribution of the fiber diameter remarkably. This phenomenon is shown on 

SEM images where large and thick fiber portions can be observed in the case of the highest 

feeding rate. Moreover, fusion at the fiber-fiber contact points is also observed for the highest 

feeding rate, which phenomenon is attributed to insufficient evaporation. 
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a)  

b)  

Fig. 2.19 a) Examples of curves showing the evolution of the surface potential as function of 

time for various solution feeding rates. b) Accumulation rate of charges 𝐽 and fiber velocity 

𝑣𝑓 as a function of the solution feeding rate 

 

Fig. 2.19 shows the variation of the accumulation rate of charges 𝐽  and the fiber 

velocity with the solution feeding rate. Increasing the feeding rate has a direct consequence 

on 𝐽 as the charges are transported more rapidly. The same trend is observed for the fiber 

velocity which increases very significantly with the solution feeding rate. 
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Fig. 2.20 Linear and surface charge densities of PLA fibers fabricated from various feeding 

rates 

 

Because the increase of the fiber velocity with the feeding rate is much more 

pronounced than the increase of 𝐽, a sharp decrease of the linear and the surface charge 

densities is consequently observed (Fig. 2.20). 
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2.5 Effect of the nature of the processed polymer on the linear and surface 
charge densities  

 
 

 
Fig. 2.21 SEM images of PEO fibers and PEO/Alginate fibers and corresponding curves of 

surface potential 

 

Tab. 2.3 Diameter, velocity and accumulation rate of charges for PEO/Alginate and PEO 

fibers. Values are given as mean ± standard deviation 

 
PEO/Alginate PEO 

Diameter (nm) 151.75 ± 25.40 169.10 ± 22.06 

Fiber velocity (m/s) 162.05 ± 14.99 162.15 ± 50.22 

Accumulation rate of charge (µC/s) 1.64 ± 0.05 1.02 ± 0.03 

Linear charge density (nC/m) 4.8 2.7 

Surface charge density (mC/m2) 10 5 
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Compared to the previous sections, here aqueous polymer solutions having a much 

higher conductivity were electrospun. Fig. 2.21 shows the morphologies of PEO and 

PEO/Alginate fibers. Tab. 2.3 shows that the diameter as well as the fiber velocity do not 

evolve significantly with the addition of alginate. However, the addition of alginate leads to 

the increase of the accumulation rate of charges which is attributed to the polyelectrolyte 

nature of alginate enhancing the number of ions in the solution. Such effect on 𝐽 and 𝜙𝑓 

clearly explains the increase of the linear and the surface charge densities with the 

incorporation of alginate.  

 

 

Tab. 2.4 conductivity of PEO/Alginate, PEO, PLA/TEBAC and PLA solutions and the 

fibers produced in corresponding solutions, values were given as means ± standard 

error of the mean 

 conductivity (µs/cm) linear charge density (nC/m) 

PEO/Alginate 12150 4.76 ± 0.10 

PEO  17.26 2.68 ± 0.19 

PLA/TEBAC 1049 3.09 ± 1.05 

PLA 3.08 0.45 ± 0.05 
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2.6 Charge density carried by individual electrosprayed particles 

 

 
 

 
Fig. 2.22 SEM images of PCL 14k particles and PCL 80k particles and corresponding 

curves of surface potential  

As shown in Fig. 2.22, flattened morphology was achieved when the PCL14k of low 

molar mass (Mw=14k) was electrosprayed. The flattened morphology is due to the fact that 

the solvent did not volatilize fully when the particles hit the collector, which is attributed to 

the high boiling point of DMAC (166.1 ℃). Thus, when the emitter-to-collector distance is 

insufficient for a full evaporation, semi-solid particles containing residual solvent are 

deformed during their deposition. In the case of PCL 80k particles, a spherical morphology is 

obtained. The boiling point of chloroform (61.3 ℃), used in this case,     ensure 

a full volatilization, favoring the deposition of non-deformable dry particles. In the case of 

PCL80k, the particles are much larger and show a rough surface. The rough surface can be 
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explained by the rapid evaporation of chloroform from the surface of the particles. This rapid 

evaporation leads to the formation of a solid polymer shell embedding a solvent-rich core. 

During the evaporation of the solvent contained in the core, a rough surface is obtained 

through the shrinking of the solid shell [47]–[50]. 

 

Tab. 2.4 Diameter, production rate, charge density of per particle and surface charge density 

of PCL 14k and 80k particles, values were given as means ± standard error of the mean  

 
PCL 14k PCL 80k 

Diameter (µm) 1.9 ± 0.6 8.8 ± 1.0 

Production rate (Number of particles/s) 5.1×106 ± 42×104 1.2×104 ± 5×103 

Charge density per particle (pC) 0.01 ± 0.001 0.70 ± 0.03 

Surface charge density (mC/m2) 4.8 ± 0.4 2.90 ± 0.2 

 

As shown in Table 2.4, PCL80k particles are much larger than those produced from 

PCL14k. In the process of electrospraying, the voltage is set at 30kV for electrospraying 

PCL14k particles which was much higher than 15kV for PCL80k particles. Indeed, larger 

voltage induces a stronger force allowing the enhanced breaking and pulverization of 

electrosprayed droplets. In addition, the difference in diameter is also related to the dielectric 

constant of solvents. Dielectric constants of DMAC and chloroform are 37.8 and 4.8, 

respectively. Thus, a solvent, such as DMAC, having a high dielectric constant allows an 

efficient polarization favoring the breaking and pulverization of electrosprayed droplets in 

small particles. In contrast, the use of chloroform, having a low dielectric constant, induces a 

bad pulverization and thus larger particles. 

From Tab. 2.4, it is obvious that the production rate of PCL14k particles is 

significantly higher than the one measured for PCL80k particles. Besides the small size 

causes the increasing number of PCL14k particles, high voltage and fast feeding rate are two 

other crucial factors enlarging the number of produced particles. Due to the low size and the 

high production rate of PCL14k, the amount of charges is much lower than in the case of 

PCL80k. However, the surface charge densities are in the same range although a little bit 

higher for the smallest PCL14k particles.  
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2.7 Conclusion 

 

The electrostatic template, which is affected by the intensity of charges carried by 

fibers and particles, is the main responsible for the construction of structured scaffolds. Thus, 

the accurate measurement of the charge density carried by a single electrospun nanofiber and 

an individual electrosprayed microparticle is of prime importance. In this chapter, we 

developed a new approach for the direct measurement of all charges carried either by the 

fibers or the particles landing on the collector, in order to get complementary information 

than what it is generally obtained through the measurement of the current. Here, in the setup, 

a capacitor is connected between the collector and the ground to keep all the charges of the 

deposited nanofiber on the surface of the collector. Knowing the value of the capacitor, the 

measurement of the potential detected at the top surface of the collector allows the estimation 

of the of the charges carried by the deposited fibers. Additionally, the length of fibers and the 

number of particles deposited on the collector is measured by SEM. Thus, the charge density 

of fibers and particles are also obtained. After having short-circuited the capacitor, the 

remained potential can give an estimation on the ratio between the charges instantaneously 

transferred to the ground and the charges remaining in the bulk or on the top surface of the 

fiber or particle. 

For electrospinning, PLA fibers was chosen as an example. It was shown that a 

significant amount of charges remains in or on the fiber after having short-circuited the 

capacitor. It proves that PLA is a good candidate for the production of structured mat as a 

significant amount of residual charges may be used to form an efficient electrostatic template. 

In addition, it is shown that the linear charge density of a single PLA fiber is enhanced by 

increasing the polymer concentration, the solution conductivity and the ambient relative 

humidity and by decreasing the applied voltage and the solution feeding rate. Thus, the 

electrostatic template might be more effective in these conditions for a better building of 

structured scaffolds. Unlike PLA fibers, although a high linear charge density is measured on 

PEO fibers, almost no residual charges can be stored after their deposition. This discharging 

might lead to form a poor electrostatic template which might negatively affect the use of PEO 

fibers for the building of structured scaffolds. This part will be studied in next chapter. 

For electrospraying, due to the difference in the processing and solution parameters, 

PCL14k particles hold a flattened morphology with a diameter around 2 µm, while PCL80k 

particles show a spherical morphology with a large average diameter of 9 µm. Furthermore, 
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the low molar mass of PCL14k combined with the high applied voltage necessary for an 

efficient electrospraying led to a high production rate (in number of produced particles per 

unit time) and a relatively large surface charge density. These two features are advantageous 

for particles that have to be subjected to an electrostatic template for the efficient building of 

structured 3D scaffolds. This aspect will be discussed in Chapter 4.   
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Chapter 3 In-situ charging during simple 
electrospinning and surface potential decay: 

modeling and experimental study 
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3.1 Introduction   

Electrospinning is a widespread technology enabling the fabrication of nanofibrous 

scaffolds with most of the polymers available on the market and for a wide range of 

applications such as filtration [1], tissue engineering [2], and biomedical applications [3]–[5]. 

The principle of the process consists in subjecting a polymer solution droplet to a high 

electric field in the order of 1 kV/cm which induces the emission of a liquid jet toward a 

grounded counter-electrode, the so-called collector, located about 10-20 cm away from the jet 

emission. During its flight in the air, the electrified and charged jet is experiencing whipping 

movements allowing an efficient stretching and the solvent evaporation. A continuous fiber 

having a diameter in the range of 100-1000 nm is pseudo-randomly deposited in the form of a 

non-woven mat. By playing with the material properties (polymer molar mass, concentration, 

nature of the solvents…) as well as the processing parameters (applied voltage, solution flow 

rate, jet emission-to-collector distance, collector geometry, air temperature and humidity…), 

scaffolds with various morphological and physical properties (fiber diameter, scaffold pore 

size, polymer crystallinity, mechanical properties…) can be elaborated rendering the process 

of electrospinning successful and versatile for a wide range of applications. 

Several articles deals with the effect of parameters such as the solution and processing 

parameters on the current reflecting the amount of charges carried by the electrospun jet[6]–

[8]. Such a method is easy to implement, indeed by installing a resistor between the collector 

and the ground, the measurement of the difference of potential through the resistor allows 

calculating the electrospinning current thanks to the Ohm’s law. Nevertheless, the current is 

not related to the amount of charges remaining in the mat during and after electrospinning 

and it don’t give any information about the internal structure of the fibrous mat. Researchers 

also highlighted that residual charges remaining on the deposited fiber may represent an 

important amount of the total charges carried by the fiber just before its landing on the 

collector [9]. In electrospinning charges are present due to dipole orientation, space charge 

separation and direct injection of charges into the fibers [10]–[12]. 

Understanding, how charges accumulate on the mat during its fabrication and how 

charges dissipate through its thickness are of prime importance for various reasons. Indeed, 

we have seen that the current and the amount of charges are directly linked with the 

processing conditions. Thus, a measure of the charge accumulation can be an efficient way to 

control the process of fabrication. Such control could help (i) to fine tune the processing 

conditions which can fluctuate during the time of production and (ii) to have an immediate 
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action on the process when these fluctuations occur. Because electrospinning is currently 

emerging in the industry: simple and efficient quality controls are needed online the process. 

Another application for which residual charges can play an important role is filtration for air 

cleaning in a variety of industries [1]. Indeed, in addition to the well-known specific 

properties of nanofibrous masts (i.e. small diameter, high specific surface area and tortuous 

porous structures) adapted for filtration applications, electrostatic forces may also play an 

important role on the air filtration performance thanks to the presence of charged fibers 

enhancing the efficiency to adsorb or repel the dust [1], [13]–[16]. For biomedical 

applications, electrets may also be interesting as they improve cell spreading and proliferation 

[17]. Moreover, it was reported that charge transfer and accumulation through the mat as well 

as charge dissipation occur in the process of electrospinning may impact the morphology of 

fibers and the inner structure of the mat [18]–[23]. More precisely, it was shown that residual 

charges carried by the fibers may form an electrostatic template [24] guiding the deposition 

of the incoming electrospun jet allowing the fabrication of mats with various morphologies 

through self-assembling processes [25], [26] or with the help of patterned collectors [27], 

[28].  

In this chapter, in-situ charging during electrospinning and the kinetic of the mat 

surface potential during electrospinning and after stopping electrospinning are studied as a 

function of various parameters (polymer concentration, applied voltage and ambient relative 

humidity). An original model of the in-situ charging is proposed and shows the correlation 

between the characteristic features surface potential kinetic with the porous morphology of 

the fabricated mat. The study of the surface potential decay measured after stopping 

electrospinning is also discussed with the help of a double exponential model. The results 

demonstrate that the online measurement of the surface potential could be an efficient way to 

monitor the process of electrospinning regarding the final morphology of the nanofibrous mat 

and its building during processing. 
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3.2 Materials and methods   

 
Materials and solution preparation   

PLA (Mw=180k, Natureworks) was used as received, Dichloromethane (DCM), N, N-

Dimethylformamide (DMF) and polyethylene oxide (PEO Mw=400k, 600k, 900k) were 

purchased from Sigma-Aldrich. PLA/DCM/DMF solution was prepared by dissolving PLA 

in DMF/DCM (50:50 v/v) with stirring 24h prior to electrospinning. In the same way, 5% 

w/w PEO in different polymer weights was dissolved in deionized water, respectively, 

overnight to obtain the spinning solution. The governing parameters to electrospinning PLA 

and PEO fibers were shown in Tab. 3.1 and Tab. 3.2.   

 

Tab. 3.1 preparation parameters of PLA fibers 

Samples 

 Parameters 

Concentration 

(w/w) 
Voltage 

Processing 

time 

Processing 

distance 

Decay 

time 

Flow 

rate 
Humidity 

PLA-S1 7% 25kV 300 s 15cm 150s 1ml/h 38%±2% 

PLA-S2 9% 25kV 300 s 15cm 150s 1ml/h 38%±2% 

PLA-S3 11% 25kV 300 s 15cm 150s 1ml/h 38%±2% 

PLA-S4 13% 25kV 300 s 15cm 150s 1ml/h 38%±2% 

PLA-S5 9% 15kV 300 s 15cm 150s 1ml/h 38%±2% 

PLA-S6 9% 20kV 300 s 15cm 150s 1ml/h 38%±2% 

PLA-S7 9% 30kV 300 s 15cm 150s 1ml/h 38%±2% 

PLA-S8 9% 25kV 300 s 15cm 150s 1ml/h 28%±2% 

PLA-S9 9% 25kV 300 s 15cm 150s 1ml/h 48%±2% 

PLA-S10 9% 25kV 300 s 15cm 150s 1ml/h 58%±2% 
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Tab. 3.2 preparation parameters of PEO fibers 

Samples 

Parameters 

Molar 

mass 

Concentration 

(w/w) 
Voltage 

Processing 

time 

Processing 

distance 

Flow 

rate 
Humidity 

PEO-S1 400k 5% 25kV 300 s 15cm 1ml/h 38%±2% 

PEO-S2 400k 5% 25kV 300 s 20cm 1ml/h 38%±2% 

PEO-S3 400k 5% 25kV 300 s 25cm 1ml/h 38%±2% 

PEO-S4 600k 5% 25kV 300 s 15cm 1ml/h 38%±2% 

PEO-S5 600k 5% 25kV 300 s 20cm 1ml/h 38%±2% 

PEO-S6 600k 5% 25kV 300 s 25cm 1ml/h 38%±2% 

PEO-S7 900k 5% 25kV 300 s 15cm 1ml/h 38%±2% 

PEO-S8 900k 5% 25kV 300 s 20cm 1ml/h 28%±2% 

PEO-S9 900k 5% 25kV 300 s 25cm 1ml/h 38%±2% 

 

 

Electrospinning process  

 

 
 

Fig. 3.1 sketch of the experimental setup allowing the measurement of the mat surface 

potential (Probe 1) and the potential at the bottom of the mat (Probe 2). 
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Fig. 3.1 presents the sketch of the experimental setup of electrospinning. The polymer 

solutions were fed by a syringe pump (Fischer scientific) with a stainless steel needle in an 

inner diameter of 0.5 mm. The needle was electrically connected to the positive terminal of a 

high voltage DC power supply (Spellman SL10). The cylindrical collector (Diameter = 110 

mm and Width = 30 mm) was mounted around the rotor connected to the ground, an 

insulating Teflon ring was fixed between the collector and the rotor to avoid any charge 

transfer directly from the collector to the rotor. The collector was electrically connected to a 

metallic ring at a distance of 20cm from the collector to avoid any fibers deposition on this 

ring. The metallic ring was mechanically linked to the rotor by a thick insulating ring of 

Teflon. A resistor was installed between the ring and the rotor connected to the ground 

allowing the measurement of the potential at the bottom of the electrospun mat and allowing 

also the calculation of the electrospinning current thanks to the Ohm’s law. The resistor value 

was 500 MΩ for PLA fibers and 10 MΩ for PEO fibers. The velocity of rotation of the rotor 

was set at 120 rpm.  

To measure the surface potential at the top surface of the mat, a non-contacting 

electrostatic voltmeter ESVM (Trek Model 347-3-H-CE) connected to a computer for data 

acquisition was used. The measurement is based on a field-nulling technique for non-

contacting voltage measurement achieving direct current stability and high accuracy, with no 

need for fixed probe-to-surface spacing. The technique allows an accurate measurement of 

the surface potential of stationary or moving surfaces. The measurement range is 0 to ± 3 kV 

with an accuracy of 0.1% of the full range. The probe (Probe 1) of the voltmeter (probe 

model 6000B-7C with a speed of response of 4.5 ms for 1 kV step) having a disc surface of 

11.2 mm diameter was placed 2 mm below the surface of the collector as shown in Fig 3.1. 

An acquisition rate of 30 measurements/s was chosen.  

To measure the potential at the bottom of the mat, a non-contacting electrostatic 

voltmeter ESVM (Trek Model 323-H-CE) connected to a computer for data acquisition was 

used. The measurement is based on a field-nulling technique for non-contacting voltage 

measurement achieving direct current stability and high accuracy, with no need for fixed 

probe-to-surface spacing. The technique allows an accurate measurement of the surface 

potential of stationary or moving surfaces. The measurement range is 0 to ± 100 V with an 

accuracy of 0.05% of the full range. The probe (Probe 2) of the voltmeter (probe model 

6000B-16 with a speed of response of 300 ms for 100 V step) having a square surface of 
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9.5×9.5 mm2 mm was placed 2 mm below the surface of the supplementary ring as shown in 

Fig 3.1. An acquisition rate of 30 measurements/s was chosen. 

 

SEM measurements  

The morphology of fibers and particles was studied by scanning electron microscope 

(SEM) (Vega-3, Tescan). The samples were gold coated (sputter Quorum Q 150 RS, Quorum 

Technologies) for 2 min before SEM characterization.  
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3.3 In-situ charging during electrospinning  

 
3.3.1 Evolution of the mat surface potential during electrospinning: a model 

Fig. 3.2 shows the potential of the collector and the surface potential over the mat 

recorded during 300 s of electrospinning PLA in the case of PLA-S2 conditions (see Table 

3.1) and after stopping electrospinning (time > 300 s). The measurement of the potential of 

the collector, i.e. the potential below the mat, corresponds to the difference of potential 

through the resistor and allows the calculation of the current due to the flow of charges 

through the mat thanks to the Ohm’s law. It is shown that the current is constant during the 

time of electrospinning due to the electrospun jet bringing a constant amount of charges per 

unit time. However, it is shown that the surface potential increases along the time of 

production due to residual charges accumulating in the mat. During the first time of 

electrospinning, t ≤ 15 s, the surface potential is almost constant. It is only after a certain 

time that the surface potential starts to increase significantly and linearly as a function of time. 

In order to get more insight into the experimental results, a model allowing the prediction of 

the evolution of the surface potential of a scaffold during electrospinning is proposed. 

  
Fig. 3.2 Example of the evolution of the potential on the collector (probe 2 in blue) and the 

surface potential on the mat (probe 1 in red) during electrospinning of PLA in case of PLA-

S2 conditions. 

3.3.1.1 Behavior of a single pore of the scaffold 
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Electrospinning can be treated as a process allowing the layer by layer building of a 

porous scaffold. The electric behavior is depicted in Fig. 3.3. At time 𝑡, when the jet, having a 

linear charge density λ, enters in contact with the top surface of the scaffold, it starts to 

release its charges towards the ground along the electrical circuit formed by the 

interconnected fibers. The elementary domain of this interconnected circuit is the pore which 

is a small volume of air 𝑑𝑉𝑝  surrounded by fiber segments which are heterogeneously 

charged. Consequently, one pore can be treated as a parallel resistor-capacitor circuit having 

a characteristic time 𝜏 = 𝑅𝑝𝐶𝑝. The capacitance 𝐶𝑝 may be linked with the pore size whereas 

the resistance 𝑅𝑝 may be linked with the intrinsic resistivity of the fiber, the quality of the 

fiber-fiber contact points and the number of contact points per unit volume of mat. During the 

deposition process, the electrospun jet brings a constant amount of charges per unit time, thus 

the elementary current 𝑖𝑝 flowing through the 𝑅𝑝𝐶𝑝 circuit is constant during time 𝑡. If the 

𝑅𝑝𝐶𝑝 circuit is formed at time 𝑡′, it is subjected to the following difference of potential du(t): 

𝑑𝑢(𝑡) = �1 − 𝑒−�𝑡−𝑡′� 𝜏⁄ �𝑖𝑝𝑅𝑝     (3.1) 

 

 
Fig. 3.3 Charge accumulation during electrospinning. The detail shows that charges are 

heterogeneously distributed on the fibers due to the fiber strands were not deposited on the 

same time 

 

 

 

3.3.1.2 Evolution of the surface potential of the scaffold during electrospinning 
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Assuming that the scaffold have an electrical resistance 𝑅𝑚  and a surface 𝑆𝑚 , an 

average of 𝑃 = 𝑆𝑚 𝐷𝑝2⁄  pores of diameter 𝐷𝑝 forms an elementary porous layer of scaffold 

made of P 𝑅𝑝𝐶𝑝  circuits in parallel. The equivalent resistance of such elementary porous 

layer is thus 𝑑𝑅𝑚 = 𝑅𝑝/𝑃 and the equivalent capacitance is 𝑑𝐶𝑚 = 𝑃𝐶𝑝 . The elementary 

layer of pores has the same difference of potential 𝑑𝑢(𝑡) as a single pore as well as the same 

characteristic time 𝜏 = 𝑑𝑅𝑚𝑑𝐶𝑚 = 𝑅𝑝𝐶𝑝. Furthermore, the current flowing the elementary 

layer of pores corresponds to the total electrospinning current 𝑖 . Thus, a porous layer of 

thickness 𝑑𝑦 at position 𝑦 and formed at time 𝑡′, is subjected to the following difference of 

potential at time t: 

𝑑𝑢(𝑡) = �1 − 𝑒−�𝑡−𝑡′� 𝜏⁄ �𝑖𝑑𝑅𝑚      (3.2) 

The surface potential at time 𝑡 of the scaffolds having a thickness ℎ(𝑡) is the sum of 

the potential 𝑑𝑢(𝑡) of all elementary layers and the difference of potential through the resistor 

𝑅 used for the measurement of the current: 

𝑉(𝑡) = 𝑅𝑖 + ∫ 𝑑𝑢(𝑡)
ℎ(𝑡)
0 = 𝑅𝑖 + ∫ �1 − 𝑒−�𝑡−𝑡′� 𝜏⁄ �𝑖 𝑑𝑅𝑚

𝑑𝑡′
𝑑𝑡′𝑡

0   (3.3) 

It is assumed that the rate of resistance �̇�𝑚 = 𝑑𝑅𝑚
𝑑𝑡′

 and the characteristic time 𝜏 are 

constant. Thus, the surface potential can be expressed as: 

 𝑉(𝑡) = 𝑅𝑖 + �𝑡 − 𝜏�1 − 𝑒−𝑡 𝜏⁄ ��𝑖�̇�𝑚     (3.4) 

Fig. 3.4 shows the trend of 𝑉 as a function of 𝑡 and how the parameters 𝑖, 𝜏 and �̇�𝑚 

can be graphically obtained.  It is seen that: 

𝑉(𝑡 = 0) = 𝑉(𝑦 = 0) = 𝑉0 = 𝑅𝑖     (3.5) 

𝑉0 corresponds to the potential at the collector-scaffold interface (i.e. at the position y 

= 0) and can be easily measured in order to get the current 𝑖. 

When 𝑡 < 𝜏, the surface potential is almost constant. Indeed, the characteristic time 

can be treated as the time it takes to completely charge a layer of characteristic thickness ℎ𝜏.  

When 𝑡 ≫ 𝜏, all the layers located below the upper layer of fibers of characteristic thickness 

ℎ𝜏  are completely charged and are equivalent to a resistive layer of interconnected fibers 

having a thickness of ℎ(𝑡) − ℎ𝜏. Under this condition, the surface potential evolves linearly 

with time: 

𝑉(𝑡 ≫ 𝜏) ~ 𝑅𝑖 + [𝑡 − 𝜏]𝑖�̇�𝑚      (3.6) 
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Fig. 3.4 Theoretical evolution of the scaffold surface potential as a function of the time and 

the characteristic parameters 𝑉0, 𝑖, 𝜏 and �̇�𝑚 of the curve. 
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3.3.2 Effect of processing parameters on the current and surface potential 

3.3.2.1  Effect of applied voltage 

a)  

b)  

Fig. 3.5 a) SEM images of PLA fibers obtained under various voltages. b) Evolution of the 

current as a function of applied voltage 

 

Fig. 3.5 shows that currents increases significantly with the enlargement of applied 

voltage. This result can be compared with the accumulation rate of charges discussed in the 
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previous chapter (see also Fig. 2.12).  It is shown that similar results are obtained with the 

same trend. Thus, the current, corresponding to the amount of charges brought by the jet per 

unit time, increases with the applied voltage. 

 

a)  

 

b) c)  

Fig. 3.6 a) Examples of experimental curves of the surface potential as a function of time for 

various applied voltages. b) Characteristic time 𝜏 and slope 𝑑𝑉
𝑑𝑡

= 𝑖�̇�𝑚 and c) 𝜏/ �𝑑𝑉
𝑑𝑡
�  ratio as 

a function of the applied voltage. 

 

From Fig. 3.6, it is shown that 𝜏 decreases gradually with the increase of the voltage, 

the value changed from 79s to 21s when increasing the applied voltage at the emitter from 

15kV to 30kV. The final slope of the surface potential corresponding to 𝑖�̇�𝑚  is almost 

constant from 15 kV to 25 kV. An increase of 𝑖�̇�𝑚 is observed for the highest voltage of 30 

kV which means that for this condition the resistance of the mat increases faster than in the 
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other cases. It was observed by SEM that when the voltage increases continuously, higher 

electrostatic force acted on the jet resulting in thinner fibers as well as more efficient solvent 

evaporation as shown in Fig. 3.7. Indeed, for the lowest applied voltage, fusion among fibers 

was observed resulting in lower mat electrical resistance. As shown in the previous section, 

the characteristic time relies on the average behavior of one pore having a capacitance 

directly correlated with the pore size. It is well known that thicker fibers results in larger 

pores [29], increasing thus enough the capacitance 𝐶𝑝 leading to a higher characteristic time. 

 

 

 
Fig. 3.7 SEM images and schemes of corresponding deposited fibers electrospun at 15kV 

(A1 and A2) and 30kV (B1 and B2) 

 

3.3.2.2 Effect of polymer concentration  

As shown in Fig. 3.8, the polymer concentration in the solution dose not impact the 

current significantly with a distribution from 0.09 µA to 0.13 µA when changing the 

concentration from 7% to 13%. This result is not in agreement with the previous chapter in 

which a slow decrease of the production rate of charge was observed with the increase of 

concentration, although the measured currents are in the same range. However, the current is 

the consequence of complex mechanisms. Indeed, regarding the polymer alone, at constant 

solution feeding rate (i.e. 1 mL/h), an increase of the polymer concentration results in the 

increase of the fiber flow rate enhancing thus the rate of charges landing the collector leading 

to the increase of the current. Concurrently, increasing the concentration induces the 
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enlargement of the solution viscosity decreasing thus the fiber production and consequently, 

the current. In our case, these two phenomena being in competition resulted in a current 

which is almost constant with the concentration. 

 

a)  

b)  

Fig. 3.8 a) SEM images of PLA fibers fabricated from polymer solutions at various 

concentrations. b) Evolution of the current as a function of the polymer concentration. 
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a)  

 

b) c)  

Fig. 3.9 a) Examples of experimental curves of the surface potential as a function of the 

polymer concentration. b) Characteristic time 𝜏 and slope 𝑑𝑉
𝑑𝑡

= 𝑖�̇�𝑚 and c) 𝜏/ �𝑑𝑉
𝑑𝑡
�  ratio as a 

function of the polymer concentration. 

 

As shown in Fig. 3.9, 𝜏 increases gradually from 8 s to 200 s when the concentration 

increases from 7% to 13% whereas the slope 𝑖�̇�𝑚 is almost constant with, however, a small 

increase observed for the highest studied concentration. Once again, the characteristic time 

seems to be in good correlation with the size of the pores being proportional with the fiber 

diameter (see Fig. 3.10). Thus, increasing the polymer concentration induces the enlargement 

of the fiber diameter due to high solution viscosities and thus leads to remarkable increase of 

τ. It is also worth noting that for the highest concentration C = 13%, a lag time was used to fit 

adequately the experimental curve of the surface potential. The presence of this lag time 

could be explained that at high concentration solvent can remain in the fiber when it lands on 
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the collector. This residual solvent could enhance the electrical contact between the first layer 

of fibers and the collector. Thus, this first fibrous layer could have a very low resistance 

inducing no rise of the surface potential during this lag time.  

 

 
Fig. 3.10 SEM images of PLA fibers fabricated from polymer solutions at a concentration of 

7% (A) and 13% (B) after a short time of electrospinning. 

 

3.3.2.3 Effect of ambient relative humidity     

No significant effect of the ambient relative humidity (𝑅𝐻 ) on the current was 

observed (Fig. 3.11) as opposed to the slow increase of the accumulation rate of charges 

observed in the previous chapter. The current being influenced by many parameters, it is 

complex to draw any conclusion. In contrary, the two main parameters, 𝜏 and 𝑖�̇�𝑚, describing 

the surface potential model evolve significantly with 𝑅𝐻 (see Fig. 3.12). First, a gradual 

increase of 𝜏 was observed. Once more, it can be noticed that 𝜏 increases with the pore size of 

the mat. Indeed, as observed on SEM (Fig. 3.13), the fiber diameter increases sharply with 

𝑅𝐻 resulting in the formation of larger pores [29]. It was also observed an effect of 𝑅𝐻 on 

the slope 𝑖�̇�𝑚  of the curves representing the surface potential as a function of time. A 

significant decrease of 𝑖�̇�𝑚 is firstly observed a relative humidity increasing from 28% to 

48%. Then, the slope is rising sharply when increasing 𝑅𝐻 from 48% to 58%. The slope is 

mainly related to the rate of the mat electrical resistance �̇�𝑚, the current being indeed almost 

constant with 𝑅𝐻. The resistance should be linked with the resistivity of the polymer, here 

PLA, the quality of the fiber-fiber contact points and the number of contact points per unit 

volume of mat. As shown in Fig. 3.13, all these features seem to change as a function of 𝑅𝐻 

explaining thus the complex trend of 𝑖�̇�𝑚.  
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a)  

b)  

Fig. 3.11 a) SEM images of PLA fibers fabricated from various ambient relative humidity. b) 

Evolution of the current as a function of the relative humidity 
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a)  

b) c)  

Fig. 3.12 a) Examples of experimental curves of the surface potential as a function of the 

ambient relative humidity. b) Characteristic time 𝜏 and slope 𝑑𝑉
𝑑𝑡

= 𝑖�̇�𝑚 and c) 𝜏/ �𝑑𝑉
𝑑𝑡
�  ratio 

as a function of the relative humidity. 

 

 
Fig. 3.13 SEM images of PLA fibers fabricated from different ambient relative humidities 

(A-D: 28%; B: 48%; C: 58%)    
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3.4 Decay of the surface potential of the mat after stopping the fiber 
production – mechanism of residual charges dissipation 

 
3.4.1 Surface potential decay: a model 

In this section, we will study how the stored charges release during time after stopping 

electrospinning. When the power supply connected to the emitter is switched-off, the jet is no 

more produced, the current is thus zero and no more charges are deposited. Since the current 

is zero, no charges are released to the ground. However, it is observed a decrease of the 

surface potential over time as shown in Fig. 3.14. Several mechanisms of charge release can 

explain the surface potential decay. First, charges located at the topmost surface of the mat 

are subjected to ion neutralization with air. This charge release phenomenon may occur at 

short times, characterized by a time denoted 𝜏𝑠. Second, charges mostly located at the surface 

of the fibers, but inside the porosity of the mat, should release their charges within each pore 

having already participated to the kinetic of in-situ charging by electrospinning. It is thus 

expected that this second characteristic time of decay, denoted 𝜏𝑚, is in the same order than 

the characteristic time 𝜏 measured during in-situ charging. This medium characteristic time 

𝜏𝑚 is expected to be higher than 𝜏𝑠. Third, in-situ electrospinning may lead the production of 

charges efficiently trapped in the bulk of the fibers. Indeed, although electrospinning of PLA 

leads to the fabrication of fibers with low crystallinity [27], charges may be trapped inside the 

fibers between amorphous and crystalline domains. This charge release phenomenon may 

occur at long times characterized by a time denoted 𝜏𝑙. Thus, although a double exponential 

fitting was proposed in the literature for fibrous mats charged by corona effect [30], it is 

expected that the normalized surface potential decay may be modeled by the sum of three 

exponential functions as follows: 

𝑉(𝑡) = 𝐴𝑠𝑒
−�

𝑡−𝑡𝑠𝑝𝑖𝑛
𝜏𝑠

� + 𝐴𝑚𝑒
−�

𝑡−𝑡𝑠𝑝𝑖𝑛
𝜏𝑚

� + 𝐴𝑙𝑒
−�

𝑡−𝑡𝑠𝑝𝑖𝑛
𝜏𝑙

�
   (3.7) 

Fig. 3.14 shows the surface potential decay obtained after stopping electrospinning 

carried out under the conditions of PLA-S2 with a long time of acquisition of 2000 s. It is 

shown that the model described by Eqn 3.7 fits perfectly the experimental data. After fitting 

by a least square method, the obtained times were respectively 𝜏𝑠 =11 s, 𝜏𝑚 =104 s and 

𝜏𝑙 =2183 s. A double exponential model was tested in order to compare the fitting quality: 

𝑉(𝑡) = 𝐴1𝑒
−�

𝑡−𝑡𝑠𝑝𝑖𝑛
𝜏1

� + 𝐴2𝑒
−�

𝑡−𝑡𝑠𝑝𝑖𝑛
𝜏2

�     (3.8) 
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Fig. 3.14 Surface potential decay after stopping electrospinning carried out under the 

conditions of PLA-S2 (see Table 3.1). Experimental data (grey line), model with two 

characteristic times only (short dashed blue line), model with 2 characteristic times and one 

asymptote (dashed green line), model with three characteristic times only (dashed-point red 

line). 

 

Using Eqn. 3.8, one characteristic time is obviously lost, leading to bad fitting as 

shown in Fig. 3.14. In this case, the obtained characteristic times were 𝜏1 = 51 s and 

𝜏2 = 1187 s. Another model can be proposed, using also two characteristic times but 

introducing an asymptote 𝑉∞ instead of the long time as introduced in the model described by 

Eqn 3.7. The model is the following: 

𝑉(𝑡) = 𝑉∞ + 𝐴𝑠𝑒
−�

𝑡−𝑡𝑠𝑝𝑖𝑛
𝜏𝑠

� + 𝐴𝑚𝑒
−�

𝑡−𝑡𝑠𝑝𝑖𝑛
𝜏𝑚

�    (3.9) 

 

It is shown that Eqn. 3.9 allows also a good fitting of the experimental data as 𝑉∞ can 

better take into account the behavior at long times whereas 𝜏𝑠 and 𝜏𝑚 play the same role as in 

the model using three characteristic times. Using Eqn. 3.9, the least square method gave the 

corresponding characteristic times: 𝜏𝑠 =17 s and 𝜏𝑚 =166 s. Because in the next part, all 

measurements of the surface potential decay were carried out during a time of 150 s, the three 

exponential model didn’t allow a good estimation of the long time 𝜏𝑙. Thus, the model using 
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two characteristic times with an asymptote 𝑉∞ (Eqn. 3.9) was chosen to fit the experimental 

data and only the behavior at short and medium times was studied. Furthermore, the 

following normalized weight factors were also studied as a function of the processing 

conditions: 

 

𝐴𝑠% = 100 𝐴𝑠
𝑉∞+𝐴𝑠+𝐴𝑚

      (3.10) 

𝐴𝑚% = 100 𝐴𝑚
𝑉∞+𝐴𝑠+𝐴𝑚

      (3.11) 

𝑉∞% = 100 𝑉∞
𝑉∞+𝐴𝑠+𝐴𝑚

      (3.12) 

 

 

3.4.2 Effect of processing parameters on the surface potential 

3.4.2.1 Effect of applied voltage 

Fig. 3.15 presents both 𝜏𝑠 and 𝜏𝑚 obtained from eqn. 3.9 to fit the surface potential 

decay measured for various applied voltage on the emitter. It should be mentioned that the 

two exponentials are needed to fit all experimental data. The normalized weight factors are 

not influenced by applied voltage whereas the medium decay process is preponderant 

compared to the short one. The discharged of the top surface, characterized by the short time  

𝜏𝑠 being in the order of 10 s, is a little bit faster for the mats produced for the highest voltage. 

Indeed, the highest applied voltage led to the production of mats with the thinnest fibers and 

consequently having the largest surface area offered to the ions of the air for a quick decay. It 

is also shown that the short time decay is around ten times faster than the medium one. A 

slow decrease of the medium time with applied voltage is observed. Moreover, 𝜏𝑚 is of the 

same order of magnitude than the characteristic time 𝜏 determined for the modeling of the 

surface potential during in-situ charging by electrospinning. These features seem to show that 

𝜏𝑚 and  𝜏 have the same physical originating from the effect of the pores of the mat on the 

kinetic of the surface potential. However, the effect of applied voltage on  𝜏𝑚 is weaker than 

what it was observed for 𝜏  during electrospinning. Although efficient charge injection is 

expected in the bulk of the fibers produced for the highest applied voltage, 𝑉∞% , 

characterizing the amount of bulk charges, is surprisingly constant with applied voltage. 

However, such result must be taken with caution because the measurements were carried out 

along short period, i.e.150 s that don’t allow a precise description of the kinetic at long times. 
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a)  

b)  c)  

Fig. 3.15 a) Examples of curves giving the surface potential decay as a function of time for 

various applied voltage. b) Short and medium times and c) normalized weight factors as a 

function of applied voltage on the emitter. 

 

 

 

3.4.2.2 Effect of polymer concentration   

Fig. 3.16 shows 𝜏𝑠  and 𝜏𝑚  in the case of mats produced at various polymer 

concentration. The normalized weight factors are not significantly influenced by the polymer 

concentration. As observed for 𝜏  for the in-situ charging, 𝜏𝑚  increases with the polymer 

concentration. However, this trend is much less pronounced for 𝜏𝑚 than for 𝜏. No tendency 

can be draw for the short time decay. 
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a)  

b) c)  

Fig. 3.16 a) Examples of curves giving the surface potential decay as a function of time for 

various polymer concentration. b) Short and medium times and c) normalized weight factors 

as a function of polymer concentration. 

 

 

3.4.2.3 Effect of ambient relative humidity     

Fig. 3.17 shows 𝜏𝑠  and 𝜏𝑚 obtained to fit the surface potential decay measured for 

various ambient relative humidity (𝑅𝐻 ). Compared with the effect of the two previous 

parameters (applied voltage and polymer concentration) on the characteristic times, the effect 

of 𝑅𝐻 is more pronounced. This should be explained by the fact that 𝑅𝐻 is imposed not only 

during in-situ charging by electrospinning but also after stopping electrospinning. As 

observed for 𝜏 , 𝜏𝑚  increases with 𝑅𝐻 , 𝜏𝑚  being in the same order of magnitude than 𝜏 . 

Furthermore, it is worth noting that the fact that 𝑅𝐻  influences almost only the charges 

located on the surface of the fibers confirms that the mechanism leading to the surface 
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potential decay at medium time 𝜏𝑚 is due to the release of surface charges and not to bulk 

charges inside the fibers. Finally, a significant increase of 𝑉∞% is observed for the highest 

𝑅𝐻 showing that a high amount of bulk charges, having the longest characteristic times, are 

stored in the matrix of the fibers. 

a)  

b) c)  

Fig. 3.17 a) Examples of curves giving the surface potential decay as a function of time for 

various relative humidity. b) Short and medium times and c) normalized weight factors as a 

function of relative humidity 
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3.5 Study during electrospinning of PEO 

 
Fig. 3.18 Example of the evolution of the potential on the collector (probe 2 in blue) and the 

surface potential on the mat (probe 1 in red) during electrospinning of PEO in case of PEO-

S2 conditions. 

 

As shown in Fig. 3.18, there is no difference in potential between the top surface and 

the downside of the PEO fibrous mat. Especially, the curve achieved on the top surface 

presents no significant in-situ charging during the process of PEO electrospinning, indicating 

that no residual charges remain on PEO fibers. All charges released towards the ground 

immediately when PEO fibers hit the collector. From Eqn. 3.4, it indicates that �̇�𝑚 is almost 

0 in the process of electrospinning. Indeed, as a hydrosoluble polymer, PEO is dissolved in 

water holding a high permittivity and conductivity favoring the charges to transfer from the 

PEO fibrous mat to the ground.  

After stopping electrospinning, both potential declined immediately to 0 showing that 

PEO fibers have no capability in charge storage. In addition, due to the sharp decline, the 

surface potential decay cannot be modeled by the exponential function discussed in the 

section of PLA fibers.  
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Fig. 3.19 comparison of the current formed by electrospinning PEO fibers with different 

molar masses in different distances 

 

As shown in Fig. 3.19, in each condition of the processing distance, an increase of 

almost 10% of the current is shown with the enlargement of PEO molar mass from 400 

kg/mol to 900 kg/mol, indicating that PEO fibers prepared in different molar masses held 

variable capabilities in charge transfer. The larger molar mass induces more entanglements 

among polymer chains increasing thus the viscosity of the solution resulting in thick fibers 

embedding more residual solvent leading to the increase of the conductivity of the fibrous 

mat. Therefore, fibers obtained from high molar mass PEO accelerate the charges transfer 

towards the ground resulting in the increment of the current.     

The result in Fig. 3.19 also shows that decreasing the working distance induces a 

significant increase of the current. The short distance from the needle to the collector causes a 

strong electric force accelerating the jet, leading charges to transfer into the ground more 

quickly resulting to the increase of the current. In addition, a jet which experiences a shorter 

transporting time in the air has insufficient time for solvent evaporation. Thus, fibers with 

more residual solvents should have a higher conductivity increasing the overall current. In 

contrast, dry fibers formed under large distance have a poor ability to transfer charges thanks 

to complete solvent evaporation [31], [32].  
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In this part, we applied PEO fibers to detect the in-situ charging during the traditional 

electrospinning, presenting PEO fibrous mats had no ability to store residual charges. 

Combining with the phenomenon obtained in PLA fibers, it proved excepted the physical 

property of polymers, the permittivity of the solvents used in electrospinning played an 

important role in the behavior of in-situ charging. Solvents that with a low permittivity could 

maintain more charges in jets resulting in relatively low rate of charge transfer from fibers to 

the ground, thus facilitating charges to accumulate gradually with the extend of 

electrospinning.      
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3.6 Discussion and conclusion 

Here, we showed that the measurement of the surface potential of the mat can be 

easily carried out online during the process using an electrostatic voltmeter. Moreover, the 

simultaneous measurement of the current as well as the mat surface potential is an efficient 

way which allows getting more insight into the overall process of electrospinning. Whereas 

the current is mostly related to the electrospun jet state, the surface potential is more sensitive 

to the behavior of the mat and especially its internal porous structure. The kinetic of the 

surface potential decay after stopping electrospinning is well described by three characteristic 

times. The short time 𝜏𝑠, having a value of about ten seconds, characterizes the rapid charge 

release occurring on the topmost surface of the mat. The medium time 𝜏𝑚, having a value of 

several tens of seconds up to more than one hundred of seconds, relies on the charge release 

inside each pore of the mat. Finally, the long time 𝜏𝑙, being at least one order of magnitude 

higher than the medium time, characterizes the release of the charges trapped inside the fibers. 

This latter was not deeply studied in the present work. 

Although the measurement of the surface potential decay allows to finally dissociate 

the kinetic in three fundamental mechanisms of charge release, it only gives an average 

behavior over the entire thickness of the mat. In contrary, the measurement of the surface 

potential during in-situ charging by electrospinning is mainly sensitive to the kinetic of 

charge release at medium times but with a much higher accuracy. Indeed, the medium time 

𝜏𝑚 , obtained from the fitting of the surface potential decay measured after stopping 

electrospinning, is of the same order of magnitude than the time 𝜏  measured during 

electrospinning. Both 𝜏𝑚  and 𝜏  follow the same behavior as a function of the studied 

processing parameters: a decrease with increasing voltage and the opposite when increasing 

either the polymer concentration or the ambient relative humidity. However, the 

characteristic time 𝜏 revealed to be much more sensitive than 𝜏𝑚 . Such difference can be 

explained by the fact that the surface potential measured during electrospinning takes into 

account a continuously fresh deposited top surface which immediately starts to release its 

charges. Thus, 𝜏 may be more related to the combination of the release at short times (∼ 10 s) 

of charges located on the top surface and the release at medium times (∼ 100 s) of the charges 

located in the pores just below the top surface under construction. In fact, in the proposed 

model of in-situ charging by electrospinning (Eqn. 3.4), the 𝜏 value can be related to the 

electrical characteristics at the different length scales: (i) the pore, (ii) the elementary layer 
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having the surface of the membrane and the thickness of one pore and (iii) the whole 

membrane under building. Each of them is related to the pore structure of the mat: 

𝜏 = 𝑑𝑅𝑚𝑑𝐶𝑚 = 𝑅𝑝𝐶𝑝 = 𝑅𝑚𝐶𝑚    (3.13) 

Assuming the membrane electrical resistance 𝑅𝑚 evolves linearly with time: 

𝑅𝑚 = �̇�𝑚𝑡       (3.14) 

Using 3.13 and 3.14, it is possible to give an estimation of the membrane capacitance 

𝐶𝑚: 

𝐶𝑚 = 𝜏
�̇�𝑚𝑡

       (3.15) 

Because the number of elementary layers in the thickness of the membrane is 

proportional to the time of deposition and that the current is constant during time, 𝑑𝑅𝑚 and 

𝑑𝐶𝑚 scale as: 

𝑑𝑅𝑚 ∝ �̇�𝑚 ∝ 𝑑𝑉/𝑑𝑡      (3.16) 

𝑑𝐶𝑚 ∝ 𝜏
�̇�𝑚

∝ 𝜏
𝑑𝑉/𝑑𝑡

      (3.17) 

Thus, knowing that the average number of pores 𝑃  for one elementary layer of 

membrane of surface 𝑆𝑚  is 𝑃 = 𝑆𝑚 𝐷𝑝2⁄  and that the characteristic size of a pore 𝐷𝑝  is 

proportional to the fiber diameter 𝐷𝑝~𝜙𝑓 [29], the resistance and the capacitance of a pore 

scale respectively as: 

𝑅𝑝  ∝  𝑑𝑉/𝑑𝑡
𝜙𝑓
2        (3.18) 

𝐶𝑝  ∝   
𝜙𝑓
2 𝜏

𝑑𝑉/𝑑𝑡
       (3.19) 

In order to verify that the proposed scaling law, all data points obtained in the various 

operating conditions (applied voltage, polymer concentration and ambient relative humidity) 

were represented in graphs. The first one, gives 
𝜙𝑓
2 𝜏

𝑑𝑉/𝑑𝑡
 as a function of the measured fiber 

diameter 𝜙𝑓 (Fig. 3.20a). Because of Eqn. 3.19, this graph is proportional to the graph of the 

pore capacitance 𝐶𝑝  versus 𝜙𝑓 . It is shown that whatever the processing condition 

(highlighted by the different symbols in the graph), 𝐶𝑝  is well correlated with the fiber 

diameter. The following scaling law can thus be obtained for electrospinning of PLA on a flat 

collector: 

𝐶𝑝  ∝   𝜙𝑓
4,87      (3.20) 
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Consequently, the fiber diameter can be plotted as a function of 𝜏
𝑑𝑉/𝑑𝑡

 a good 

correlation can also be obtained giving thus 𝜙𝑓 as a function of only the physical quantities 

obtained from the measurement of the surface potential: 

𝜙𝑓  ∝   � 𝜏
𝑑𝑉/𝑑𝑡

�
0,21

     (3.21) 

In conclusion, it was shown for the first time that the measurement of the surface 

potential, thanks to the use of an electrostatic voltmeter, is a simple method giving accurate 

information at the local scale of the nanofiber diameter of an electrospun mat. Such a method 

should allow the detection of variations in the porous morphology of a mat during its 

fabrication. Furthermore, in combination with the measurement of the current, it is an 

efficient and complementary method to get an online monitoring of the process of 

electrospinning. 

 

a) b)  

Fig. 3.20 a) Correlation between 𝐶𝑝 and the fiber diameter 𝜙𝑓. b) Correlation between the 

fiber diameter 𝜙𝑓 and 𝜏 (𝑑𝑉/𝑑𝑡)⁄ . Green triangles correspond to the experimental points 

obtained from polymer concentrations C = 7 %, 9 %, 11 % and 13 %, blue squares from 

relative humidity RH = 28 %, 38 %, 48 % and 58 % and red discus from applied voltages = 

15 kV, 20 kV, 25 kV and 30 kV. 
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Chapter 4 Surface potential of suspended 
electrospun fibers: application for the 
building of 3D structured scaffolds by 

coupling electrospinning and electrospraying 
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4.1 Introduction  

Electrospinning is a powerful technique that enables the production of nanofibers having 

a diameter in the range of tens of nanometer to micrometers in the form of a non-woven mat 

[1]–[3]. However, it is demonstrated by several authors that the deposition of the electrospun 

nanofibers can be controlled thanks to the use of patterned collector instead of a flat plate. In 

this context, 2D and even 3D structured nanofibrous mats can be obtained paving the way for 

various practical applications such as the elaboration of biomimetic scaffolds mimicking 

bone osteons [4], [5], increasing the alignment and porosity of the mats for better cell 

colonization in tissue engineering [6], improving the efficiency and reepithelialization of 

wound healing [7], inducing the filter highly transparent to improve light transmittance and 

pollutant filtration [8]–[10], enhancing photocatalysts with favorable recycling characteristics 

[11], etc. 

Among these articles, it has been mentioned that the charges carried by the suspended 

fibers hanging between the protuberances of patterned collectors play the most important role 

as they build an electrostatic template necessary for the controlled deposition of fibers. Li et 

al. demonstrated that suspended fibers deposited across the gap of a collector, consisting of 

two electrically paralleled conductive substrates, can keep charges efficiently to induce an 

electric force acting on the incoming electrospun fiber experiencing thus an electrostatic 

repulsion which enhances the fiber alignment [12]. Other researches proved that the intensity 

of the electric field resulting from the charges carried on the suspended fibers can be 

manipulated by modifying the geometry of the collector as well as the processing parameters 

such as the voltage, the humidity and the electrical properties of solvents. [13]–[18]. Based 

on this principle, 2D structured nanofibrous mats were achieved thanks to the use of various 

patterned collectors [19]–[21]. In addition to 2D nanofibrous mats elaborated from static 

patterned collectors, Kuo et al.  developed a novel method which controls the direction of the 

electric force acting on the deposition of the electrospun jet by grounding alternately 

electrodes in order to modify the orientation of aligned fibers [22]. However, such a method 

is complex especially when micropatterning is targeted. Moreover, all these techniques lead 

to the fabrication of structured scaffolds which are thin because the structuration generally 

disappears rapidly in the thickness of the mat with extending the processing time of 

electrospinning. 

Therefore, aiming to generate 3D scaffolds with a thickness in the order of hundreds of 

microns containing spatial structures is of prime importance for many applications. Deitzel, et 
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al. observed that 3D honeycomb-like fibrous scaffolds can be obtained through a self-

assembling process occurring when fabricating fibers with a wide distribution in diameter 

[23]. Ahirwal et al. obtained cm-thick honeycomb-like foams by such dynamic self-

assembling process. They demonstrated the pivotal hole of the bimodal distribution in fiber 

diameter on the formation of an electrostatic template leading to the building of 3D 

honeycomb-like fibrous structures [24]. Nedjari et al. studied in detail the electrostatic 

mechanism allowing such 3D structuration. It was shown that the thick part of the jet is more 

charged than the thin ones. Thus, thick fiber portions are more influenced by the electrostatic 

forces. Moreover, during electrospinning, when the fiber is deposited, the thick fiber portions 

allows a good electric contact with the collector allowing an efficient charge release whereas 

thin fiber strands which cannot touch the collector surface remain their charges forming the 

electrostatic template guiding the incoming electrospun jet. [25]. Using such strategy, Yan et 

al. achieve very regular honeycomb-like structures by forming beaded nanofibers from the 

polymer solution system in low concentration and poor volatile solvents [26]. 

Inspired by the principle of self-assembling of bimodal electrospun nanofibers, our 

group developed a strategy based on the simultaneous or alternate use of electrospun 

nanofibers and electrosprayed microparticles [27]. This strategy relies on the difference in 

diameter of the produced nanofiber (few hundreds of nm) and microparticles (few microns). 

Indeed, at the beginning, when electrosprayed microparticles enter in contact on the flat 

collector, they form protuberances avoiding the incoming fiber to touch the grounded 

collector. The microparticles being in good contact with the collector, they can efficiently 

release their charges towards the ground. However, the fiber strands suspended in the air 

between the particles remain charged. While the discharged domains made of bundles of 

microparticle and fiber portions in direct contact with the collector form attractive areas, the 

suspended charged nanofiber strands form repulsive areas. This electrostatic template made 

of attractive and repulsive areas is self-sustained during the production allowing the self-

organization of nanofibers and microparticles. When a flat collector is used, self-assembling 

does not allow the control of the electrostatic template geometry. However, if a patterned 

collector with regular protuberances is used, the first deposited layer of electrospun 

nanofibers leads to the formation of an electrostatic template which replicates the patterns of 

the collector. Indeed, fiber segments suspended between neighboring patterns cannot release 

efficiently their electric charges forming thus repulsive areas. On the other hand, the fiber 

segments in contact with the top surface of the protuberances can dissipate their charges 
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forming thus attractive areas. When electrospraying is carried out onto this electrostatic 

template, a selective deposition of the microparticles on the attractive areas is observed, 

allowing maintaining the shape of the patterns and leading to the formation of an organized 

3D fibrous structure after successive steps of electrospinning and electrospraying [28], [29].  

The electrostatic template plays the key hole in the 2D/3D structuration of mats 

produced by the combination of electrospinning and electrospraying processes. Thus, in order 

to control the structuration over the thickness of the scaffold and also to have the best fibrous 

structure matching with the patterns of the collector, it is necessary to study the kinetic of the 

formation of the electrostatic template as well as how long time the electrostatic template can 

be kept after stopping electrospinning when a step of electrospraying is carried out. 

In part 4.2, a model experiment was developed in order to have a deep understanding 

on how charges are carried and released from suspended fiber strands hanging between the 

protuberances of patterned collectors. To this end, electrospinning is carried out with a 

cylindrical rotating collector having a single adjustable gap allowing a continuous 

measurement of the surface potential during the process and even after stopping 

electrospinning. The surface potential is studied as a function of time (i.e. the surface 

potential during electrospinning and its decay after stopping electrospinning) as well as a 

function of the gap size and the kind of polymer solution system. Furthermore, a model was 

developed in order to get more insight into the kinetic of the surface potential generated from 

suspended fibers over a single gap. 

In part 4.3, more complex patterned collectors are investigated for the fabrication of 

various kinds of structured fibrous mats dedicated to biomedical applications: (i) a striated 

collector with parallel grooves and gaps and (ii) grids of various sizes. In the beginning, the 

deposition of fibers and particles were performed on the striated collector. The objective was 

to investigate the generation mechanism of electrospun/electrosprayed bilayer samples by 

modifying the processing time of electrospinning and changing polymer solution systems to 

better control the distribution of particles on the fibrous layer. Then, 3D structured fibrous 

mats were fabricated by alternate electrospinning and electrospraying. 
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4.2 Charges accumulation and dissipation on electrospun 
fibers suspended over a single gap: experiments and 

modeling 
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4.2.1  Materials and methods  

 
Materials and solution preparation   

PLA (Mw=180k, Natureworks), PEO (Mw=400k), TEBAC, alginate (4-12 cP, 1 % in 

H2O at 25 °C) and deionized water were used as received. PCL (Mw=14k and 80k), DMAC, 

chloroform, Dichloromethane (DCM) and N, N-Dimethylformamide (DMF) were purchased 

from Sigma-Aldrich. 

Pure PLA solutions for electrospinning were prepared by dissolving different amounts 

of PLA in DMF/DCM (50:50 v/v) to get the polymer weight concentration at 9% (w/w). 

TEBAC (0.5% w/w) was added to PLA solution for PLA/TEBAC solution. For the 

fabrication of the solution, PLA or PLA+TEBAC were added in DMF/DCM in a glass bottle 

with stirring magnetically overnight at room temperature.  

With the same method, 5% w/w PEO in deionized water was stirred 24h prior to 

electrospinning. PEO/alginate solution was produced by adding 1% w/w alginate in PEO 

solution.    

For the solutions dedicated to electrospraying, PCL14k solution of 5% in DMAC 

(w/w) was prepared by heating the solution at 60 °C during agitation 5 h before 

electrospraying. PCL80k solution was achieved through dissolving PCL80k in chloroform at 

2% w/w concentration and stirred overnight. 

  

Electrospinning process  

A sketch of the experimental setup is shown in Fig. 4.1. The solutions are fed using a 

syringe pump (Fischer scientific) with a stainless steel needle in an inner diameter of 0.5 mm. 

The needle was electrically connected to the positive terminal of a high voltage DC power 

supply (Spellman SL10). The electrospun fibers are deposited on the conducting surface of a 

rotating collector having a diameter D = 12 cm, connected to the ground and rotating at 120 

RPM. The distance between the needle and the surface of collector is maintained constant at 

15 cm. The electrospinning voltage is kept constant at 25 kV and the flow rate at 1 ml/h. The 

single gap collector is made of two aluminum cylinders separated by an air gap centered 

below the needle emitter. The gap g can be continuously adjusted from 0 to 10mm. 

To measure the surface potential, a non-contacting electrostatic voltmeter ESVM (Trek 

Model 347-3-H-CE) connected to a computer for data acquisition was used. The 

measurement is based on a field-nulling technique for non-contacting voltage measurement 
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achieving direct current stability and high accuracy, with no need for fixed probe-to-surface 

spacing. The technique allows an accurate measurement of the surface potential of stationary 

or moving surfaces. The measurement range is 0 to ± 3 kV with accuracy of 0.1% of the full 

range. The probe of the voltmeter (end-view probe model 6000B-7C with a speed of response 

of 4.5 ms for 1 kV step) having a disc surface of 11.2 mm diameter was placed 2 mm below 

the surface of the collector as shown in Fig 4.1. An acquisition rate of 30 measurements/s was 

chosen. 

 

 
Fig. 4.1 sketch of the experimental setup for measuring the electrical voltage in electrospun 

jets 

 

Calibration 

Because the diameter of the sensor is larger than the gap, the voltage measured by the 

ESVM probe 𝑉𝑝𝑟𝑜𝑏𝑒 and the actual average voltage over the gap covered by suspended fibers 

𝑉𝑔𝑎𝑝 are not identical. For this purpose, a model experiment was designed as shown in Fig. 

4.2. A potential 𝑉𝑐 was applied on two external aluminum plates having a width of 50 mm. In 

the central part, an aluminum plate having a width = gap was set to an imposed potential 𝑉𝑔𝑎𝑝. 

The external plates were insulated from the central one by placing an insulating paper having 

a thickness of 70 µm. The voltage 𝑉𝑝𝑟𝑜𝑏𝑒 was measured as a function of various gap, 𝑉𝑐 and 

𝑉𝑔𝑎𝑝 values (see Table 4.1). And the following gap factor was calculated (see also Fig. 4.3): 

𝑓𝑔 = 𝑉𝑝𝑟𝑜𝑏𝑒−𝑉𝑐
𝑉𝑔𝑎𝑝−𝑉𝑐

        (4.1) 
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Fig. 4.2 Setup in order to find the relationship between the voltage measured by the ESVM 

probe 𝑽𝒑𝒓𝒐𝒃𝒆 and imposed voltages 𝑽𝒄 and 𝑽𝒈𝒂𝒑 for various gap sizes. 

 

 
Fig. 4.3 Gap factor 𝑓𝑔 as a function of the gap. 
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Tab. 4.1 all data of sensor test and the results of gap factor  

L (mm) Vc (V) Vgap (V) Vc (V) Vprobe (V) Gap factor 

0.5 0 20.2 0.02 4.53 0.22 

0.5 0 15.2 0.03 3.25 0.21 

0.5 0 10.5 -0.04 2.17 0.21 

0.5 10.1 20.2 10.11 12.23 0.21 

1 0 20.4 0.04 10.63 0.52 

1 0 15.3 0.00 7.96 0.52 

1 0 10.4 0.01 5.00 0.48 

1 10.1 20.2 9.91 14.52 0.47 

1.5 0 20.5 0.07 13.12 0.64 

1.5 0 15.2 0.04 9.95 0.65 

1.5 0 10.1 -0.04 6.54 0.65 

2 0 20.3 -0.01 15.67 0.77 

2 0 15.1 -0.05 11.86 0.79 

2 0 10.4 0.05 7.94 0.76 

3 0 20.3 0.01 17.69 0.87 

3 0 15.3 0.02 13.31 0.87 

3 0 10.5 0.01 9.13 0.87 

3 10.2 20.6 10.02 18.98 0.86 

3 5.0 10.1 4.97 9.31 0.85 

3 12.2 24.5 11.94 22.56 0.86 

5 0 20.3 0.09 19.49 0.96 

5 0 15.0 -0.01 14.31 0.95 

5 0 10.2 -0.04 9.60 0.95 

8 0 20.1 0.01 18.91 0.94 

8 0 15.3 -0.12 14.31 0.94 

8 0 10.2 -0.12 9.26 0.92 

 

Using eqn. 4.1, during an experiment of electrospinning (see Fig. 4.4), it is possible to 

calculate the local surface potential 𝑉𝑔𝑎𝑝 on suspended fibers over a gap:  

𝑉𝑔𝑎𝑝 = 𝑉𝑝1−𝑉𝑝2
𝑓𝑔

+ 𝑉𝑝2                          (4.2) 
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Where 𝑉𝑝1  is the surface potential measured over the gap, 𝑉𝑝2  is surface potential 

measured over the fibers deposited on the flat part of the collector and 𝑉𝑔𝑎𝑝 is the estimated 

average surface potential over the suspended fibers and 𝑓𝑔 is the gap factor taken from Fig. 

4.3. 

 
Fig. 4.4 Sketch of the experimental setup allowing the estimation of the average potential 

over the suspended fibers located over the gap. The scheme shows also that the surface 

potential is due to the presence of trapped air located between the grounded walls of the 

collector and the charged suspended fibrous layer. The trapped air can be seen as a capacitor 

𝑪𝒈𝒂𝒑. 

  

Characterization  

Aiming to get the sample for SEM, an aluminum sheet (40mm × 25mm) with a 

rectangle hole (gap × 20mm) is used for collecting suspended fibers. Each side of the 

aluminum sheet is stick on the metal part of the collector and the rectangle hole is just placed 

above the gap with the longer edge of hole along the edge of gap. After finishing 

electrospinning, the aluminum sheet with suspended fibers over the rectangle hole is taken off 

from the collector. The samples are gold coated (sputter Quorum Q 150 RS, Quorum 

Technologies) for 2 min before SEM characterization (Vega-3, Tescan). In each sample, 5 

points are chosen randomly on the suspended fibers during electrospinning for calculating the 

fibers density.    
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4.2.2  Evolution of the surface potential over PLA and PEO suspended 
fibers over a single gap during electrospinning 

 
 

 
 

c)  
 

Fig. 4.5 a) SEM pictures of a) PLA and b) PEO fibers suspended over a gap of 3 mm. 

c) Surface potential obtained during electrospinning over a gap of 0 mm or 3 mm in the case 

of PLA in solution in DCM/DMF and PEO in solution in H2O. The color dashed lines 

represent the average of the surface potential and the grey curves represent the envelop 

curves highlighting the maximum and minimum values measured during one experiment. 

 
Fig. 4.5 shows the evolution of the surface potential of electrospun fibers either form 

PLA/DCM/DMF solution or PEO/H2O solution for gaps of 0 mm and 3 mm as well as SEM 

pictures of suspended PLA and PEO fibers over a gap of 3 mm. As expected, it is shown that 
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fibers are mainly aligned perpendicularly to the gap [30] with a better alignment in the case 

of PLA fibers. 

In the case of PLA fibers, a dramatic increase of the surface potential is observed 

immediately after switching on the power supply of the emitter. In less than 15 s the average 

surface potential reaches a peak at 2160 V. Then, the voltage decreases during around 20 s 

before reaching a plateau at 1500 V. From the peak it is shown that the surface potential 

fluctuates a lot with a disparity of around 400 V between the maximum and minimum. These 

fluctuations may be caused by uneven suspended fibers deposited over the gap inducing a 

nonuniform electric field. When the gap is set to 0 mm it corresponds to a simple 

electrospinning on a flat collector. In this case, as studied in the previous chapter, the voltage 

increases slowly reaching only 250 V after 300 s of electrospinning. Moreover, the 

fluctuations of the surface potential are very limited compared to what it is observed in the 

case of suspended fibers. Hence it proves that electrospun PLA fibers suspending over the 

gap hold electrical charges efficiently. 

In the case of PEO fibers, the evolution of the surface potential can also be divided in 

three stages: (i) a sharp increase followed by (ii) a decrease and then (iii) a plateau regime. 

However, the kinetic is less sharp than what it is observed for PLA. Moreover, the surface 

potential values are around 7 times lower than for PLA. Such results show that suspended 

PEO fibers hold a much lower charge amount than PLA fibers formed in the same processing 

parameters. In addition, when the gap is set to 0 mm, the surface potential remains equal to 0 

V indicating that charges transfer into the ground immediately when fibers fall on the 

collector, hence no significant charge accumulation occurs during the process of 

electrospinning. These results showing that PEO fibers cannot stored the charges efficiently 

which might be due to residual water remaining in the fibers. 
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4.2.3  Surface potential generated by suspended fibers over a single gap: a 
model 

 

In order to get more insight into the kinetic of the surface potential generated during 

electrospinning over a gap is developed. A first model is proposed, it deals with the case of 

the deposition of non-interacting fiber strands. This model is adapted for the very first 

moment of electrospinning. Then, a second model is proposed allowing to take into account 

that the fiber strands interact with each other. 

 

4.2.3.1 Non-interacting suspended fibers 

Fig. 4.6a shows a sketch at time 𝑡 when the 𝑁𝑡ℎ fiber strand is deposited. Furthermore, 

once a fiber strand is deposited, it immediately starts to release its charges. Indeed, a portion 

of fiber suspending over the gap has remained charges inducing a local surface potential, as 

shown in Fig. 4.6b. The distribution of potential along the strand allows the release of the 

charges from the central part to the edge of the collector. Because the fiber strands are not 

deposited at the same time, their charge amount is not the same. The air surrounded by the 

vertical walls of the collector and the charged fiber strand can be seen as a charged capacitor 

whereas the fiber strand allows the flowing of the charges as a bad conducting wire having its 

own resistance. Thus, a charged fiber strand located over an air gap can be considered as an 

𝑅𝐶 circuit having a characteristic time 𝜏 = 𝑅𝐶. 
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a)  

b)  

Fig. 4.6 a) Scheme showing the heterogeneous charge distribution during electrospinning on 

a cylindrical collector with a single gap. At time 𝑡, the last deposited fiber strand has the 

highest linear charge density corresponding to the linear charge of the jet just before its 

landing. b) Local surface potential induced by a charged suspended fiber strand. 

 

Once deposited, the fiber strand immediately starts to release the charges as: 

𝑞𝑖(𝑡) = 𝑞0𝑒
−(𝑡−𝑡𝑖) 𝜏�      (4.3) 

Where 𝑡𝑖  is time when the 𝑖𝑡ℎ  fiber strand is deposited on the collector and 𝑞0 is the 

initial charge carried by the fiber strand: 

𝑞0 = 𝜆𝑔        (4.4) 

Where 𝜆  is the linear charge density of the electrospun jet just before hitting the 

collector and 𝑔 is the gap size. If one strand is deposited each 𝛥𝑡, then: 

𝑞𝑖(𝑡) = 𝑞0𝑒
−(𝑁−𝑖)𝛥𝑡

𝜏�        (4.5) 

Therefore, the total amount of charges 𝑄𝑄(𝑡) induced by N strands is: 

 

𝑄𝑄(𝑡) = ∑ 𝑞𝑖𝑁
𝑖=1 = ∑ 𝜆𝑔𝑒

−(𝑁−𝑖)𝛥𝑡
𝜏�𝑁

𝑖=1 = 𝜆𝑔∑ 𝑒
−𝑗𝛥𝑡

𝜏�𝑁−1
𝑗=0   (4.7) 

The average surface charge density 𝜎�(𝑡) = 𝑄𝑄(𝑡)/𝜋𝐷𝑔 is then: 
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𝜎�(𝑡) = 𝜆
𝜋𝐷
∑ 𝑒

−𝑗𝛥𝑡
𝜏�𝑁−1

𝑗=0 = 𝜆
𝜋𝐷

1−𝑒−𝑁𝛥𝑡 𝜏�

1−𝑒−𝛥𝑡 𝜏�
    (4.8) 

Because 𝑡 = 𝑁Δ𝑡  and that Δ𝑡 ≪ 𝜏, one obtains the average surface charge density as a 

function of time: 

𝜎�(𝑡) = 𝜆
𝜋𝐷

𝜏
𝛥𝑡
�1 − 𝑒−𝑡 𝜏� �      (4.9) 

The air trapped between the walls of the collector and the charged fibrous surface 

behaves as a capacitor of permittivity 𝜀0 (see Fig. 4.4). By numerical simulation using the 

finite element methods it was possible to get the relationship between the average surface 

potential 𝑉�𝑔𝑎𝑝(𝑡) over the fibrous surface of suspended fibers and 𝜎�(𝑡): 

𝑉�𝑔𝑎𝑝(𝑡) = 𝑘 𝑔
𝜀0
𝜎�(𝑡)       (4.10) 

 Where 𝑘 is a form factor which was determined by the finite element method using 

COMSOL software: 𝑘 ≈ 0,15. The trapped air can thus be seen as a capacitor 𝐶𝑔𝑎𝑝 having a 

capacitance such as 𝑄𝑄 = 𝜋𝐷𝑔𝜎�(𝑡) = 𝐶𝑔𝑎𝑝𝑉�𝑔𝑎𝑝 : 

𝐶𝑔𝑎𝑝 = 𝜋𝐷𝜀0
𝑘

        (4.11) 

 

If one introduces the density of deposited fiber strands 𝜌𝐿(𝑡) as the ratio between the 

total length of deposited fiber strands 𝐿(𝑡) and the surface of the gap 𝜋𝐷𝑔 : 

𝜌𝐿(𝑡) = 𝐿(𝑡)
𝜋𝐷𝑔

        (4.12) 

Knowing that the number 𝑁 of fiber strands at time 𝑡 is: 

𝑁 = 𝐿(𝑡)
𝑔

= 𝜌𝐿(𝑡)𝜋𝐷       (4.13) 

It leads:  
1
∆𝑡

= 𝑑𝜌𝐿
𝑑𝑡
𝜋𝐷 = �̇�𝐿𝜋𝐷       (4.14) 

𝜌𝐿(𝑡) can be estimated by SEM measurements stopping the process at various times and 

measuring the length of fiber on a SEM picture of surface 𝑆𝑆𝐸𝑀. Such experiment was done 

for PLA and PEO as well (see Fig. 4.7), they showed that �̇�𝐿 can be considered as constant. It 

should be noticed that from eqn. 4.12: 

�̇�𝐿 = 𝑑𝜌𝐿
𝑑𝑡

= 1
𝜋𝐷𝑔

𝑑𝐿(𝑡)
𝑑𝑡

= 𝛼𝑣𝑓
𝜋𝐷𝑔

      (4.15) 

 Where 𝑣𝑓  is the electrospun fiber velocity and 𝛼 < 1 is the fraction of fiber length 

which is deposited on the gap. Using eqn. 4.14 and 4.15, one can verify that the time 

increment ∆𝑡 is: 
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∆𝑡 = 1
�̇�𝐿𝜋𝐷

= 𝑔
𝛼𝑣𝑓

       (4.16) 

 The second expression of ∆𝑡 in eqn. 4.16 is less convenient because it seems that ∆𝑡 

depends on 𝑔. However, it is not the case. Indeed, it is worth noting that ∆𝑡 is not the time it 

takes to deposit the fibrous strand but it is the time it takes to deposit two successive fiber 

strands. In fact, 𝛼 is proportional to 𝑔. 

 

a) b)  

Fig. 4.7 Surface potential and density of deposited fiber strands 𝜌𝐿(𝑡) as a function of 

time for a) PLA with a gap 𝑔 = 3 mm and b) PEO with a gap 𝑔 = 7 mm. 

 

Thus, using eqn. 4.9, 4.10 and 4.14, one obtains the average surface potential over the 

gap: 

𝑉�𝑔𝑎𝑝(𝑡) = 𝜆�̇�𝐿𝑘
𝑔
𝜀0
𝜏 �1 − 𝑒−𝑡 𝜏� �     (4.17) 

Using eqn. 4.15, the surface potential over the suspended fibers can also be written as: 

𝑉�𝑔𝑎𝑝(𝑡) = 𝜆𝛼𝑣𝑓
𝑘

𝜋𝐷𝜀0
𝜏 �1 − 𝑒−𝑡 𝜏� �     (4.18) 

When 𝑡 ≪ 𝜏 : 

𝑉�𝑔𝑎𝑝(𝑡 ≪ 𝜏) ≈ 𝜆�̇�𝐿𝑘
𝑔
𝜀0
𝑡      (4.19) 

Equation 4.19 shows that, at the beginning of electrospinning, the surface potential 

evolves linearly with time which is obvious because each deposited fiber strand brings its 

own charges which does not have the time to release the charges when 𝑡 ≪ 𝜏 .  

When 𝑡 ≫ 𝜏 : 

𝑉�𝑔𝑎𝑝(𝑡 ≫ 𝜏) ≈ 𝑉�∞ = 𝜆�̇�𝐿𝑘
𝑔
𝜀0
𝜏     (4.20) 

Using eqn. 4.19, an estimation of the linear charge density 𝜆  can be done: 

With: 

𝑔 = 3 mm, 𝜀0 = 8,85 10-12 m-3kg-1s4A2, 𝑘 = 0,15 

187 

 



�̇�𝐿 = 4166 m-1s-1 and 𝑑𝑉
�𝑔𝑎𝑝
𝑑𝑡

 = 250 Vs-1 

One obtains: 

𝜆 = 𝜀0
�̇�𝐿𝑘𝑔

𝑑𝑉�𝑔𝑎𝑝
𝑑𝑡

≈ 1,2 10-9 Cm-1 

Using eqn. 4.20, an estimation of the characteristic time is then possible by taking 𝑉�∞ = 

1422 V: 

𝜏 = 𝑉�∞𝜀0
𝜆�̇�𝐿𝑘𝑔

≈ 5,6 s 

 

 
Fig. 4.8 Surface potential of suspended PLA fiber strands with a gap of 3 mm. 

Experimental points (red squares), model from eqn 4.17 with 𝜏 = 80 s (solid black line) 

model from eqn 4.17 with 𝜏 = 5,6 s (dashed black line). 

 

From Fig. 4.8 it is shown that with τ = 5,6 s the model cannot fit the first and the second 

stage of the experimental curve. If we try to fit the first stage, a much greater 𝜏 value must be 

considered (τ = 80 s), but in this case 𝑉�∞ ≈ 20 kV! Thus, it appears that τ must be high at the 

first time of the deposition and must decrease. For this purpose, another model is proposed. 
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4.2.3.2 Interacting suspended fibers 

A close view shows that the suspended fiber strands are touching together forming thus 

closed loops equivalent to resistor-capacitor circuits of resistance 𝑅𝑙𝑜𝑜𝑝 and capacitance 𝐶𝑙𝑜𝑜𝑝. 

The thin deposited layer of fiber strands can be seen as the association of a large number of 

RC circuits having an equivalent resistance 𝑅(𝑡)  and a capacitance 𝐶𝑔𝑎𝑝 . Because 𝑅(𝑡) 

characterizes the fibrous layer, it varies during electrospinning due to the fiber densification. 

However, as already mentioned, 𝐶𝑔𝑎𝑝 characterizes the capacitance of the trapped air between 

the walls of the collector and the suspended fibrous layer (see Fig. 4.4), it is thus a constant 

during the time of electrospinning. The characteristic time of the charged suspended fibrous 

layer is: 

 𝜏(𝑡) = 𝑅(𝑡)𝐶𝑔𝑎𝑝      (4.21) 

Using eqn. 4.11, the characteristic time can be written as: 

𝜏(𝑡) = 𝜋𝐷𝜀0
𝑘

𝑅(𝑡)      (4.22) 

 

The amount of charges deposited over the gap per unit time is the fraction 𝛼 of total 

current 𝑖𝑗𝑒𝑡 coming from the jet, 𝛼 being the same as introduced for eqn. 4.16: 

𝑖 = 𝛼𝑖𝑗𝑒𝑡 = 𝛼𝜆𝑣𝑓      (4.23) 

 

 

a)   

Fig. 4.9 a) Sketch at time when fiber strand is deposited over the gap. b) SEM 

showing crossing fibers forming loops. c) Each loop can be seen as a short RC circuit. d) 

Equivalent circuit of the thin suspended fibrous layer. 

 

Thus, the differential equation characterizing the behavior of the equivalent RC circuit 

of suspended fibrous layer is obviously the following: 
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𝑑
𝑑𝑡
�𝑉�𝑔𝑎𝑝� + 1

𝜏(𝑡)
𝑉�𝑔𝑎𝑝 = 𝑖

𝐶𝑔𝑎𝑝
      (4.24) 

Eqn. 4.24 cannot be solved directly due to the characteristic time is not a constant. The 

form of the function 𝜏(𝑡) must be proposed in order to solve eqn. 4.24. First, we will discuss 

the case for which 𝜏(𝑡) is a constant 𝜏. In this case, the solution of eqn. 4.24 is obvious: 

𝑉�𝑔𝑎𝑝(𝑡) = 𝑖
𝐶𝑔𝑎𝑝

𝜏�1 − 𝑒−𝑡/𝜏�      (4.25) 

In this simple case, using eqn. 4.11 and 4.23, it can be seen that the average surface 

potential was already given by eqn. 4.18. In fact, this result is consistent. Indeed, in the 

previous section dealing with non-interacting fiber strands we calculated the average surface 

charge density 𝜎�(𝑡)  in eqn. 4.8. Such average means that in fact one assumes that the 

suspended fibrous layer is homogeneous. 

𝑉�𝑔𝑎𝑝(𝑡) = 𝑖𝑘
𝜋𝐷𝜀0

𝜏�1 − 𝑒−𝑡/𝜏�                                (4.26) 

 It was thus shown that eqn. 4.25 is not able to model the kinetic of 𝑉�𝑔𝑎𝑝(𝑡), the 

characteristic time must vary during time. Thus, we propose the following empiric equation: 

𝜏(𝑡) = 𝜏∞ + (𝜏0−𝜏∞)2

|𝜏0′ |𝑡+𝜏0−𝜏∞
      (4.27) 

 Where 𝜏0 = 𝜏(𝑡 = 0), 𝜏∞ is the asymptote of 𝜏(𝑡) and |𝜏0′ | is the absolute value of the 

initial slope (see also Fig. 4.10). 

 

 
Fig. 4.10 Proposed behavior of the characteristic time versus time. 

 

Using eqn. 4.27, it is possible to solve the differential equation 4.24. After integration 

and imposing the initial condition, the complete solution is: 

𝑉�𝑔𝑎𝑝(𝑡) = 𝐾(𝑡)𝐺(𝑡)       (4.28) 

 

𝐺(𝑡) = [𝜏∞|𝜏0′ |𝑡 + 𝜏0(𝜏0 − 𝜏∞)]𝛾𝑒−𝑡/𝜏∞    (4.29) 
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𝐾(𝑡) = 𝑖
𝐶𝑔𝑎𝑝

∫ [𝜏∞|𝜏0′ |𝑡 + 𝜏0(𝜏0 − 𝜏∞)]−𝛾𝑒𝑡/𝜏∞𝑑𝑡𝑡
0    (4.30) 

 

𝛾 = (𝜏0−𝜏∞)2

𝜏∞2 �𝜏0′ �
        (4.31) 

The integration of 4.30 must be evaluated numerically using for example a Simpson 

method. In order to avoid any numerical divergence when exponent 𝛾 is high, 𝐺(𝑡) is put 

inside the integral of 𝐾(𝑡). 

 

 

4.2.4  Surface potential of suspended fibers made of various polymers 

 

a) b)  

c) d)  
 

Fig. 4.11 Surface potential (black solid lines: experimental result, red dashed lines: model 
from eqn. 4.28) and the characteristic time 𝜏(𝑡) (blue dashed line) as a function of time. a and 

b) PLA gap = 3 mm. c) PEO, gap = 10 mm. d) PEO-alginate gap = 10 mm. 
 
 

Table 4.2: Parameters of 𝝉(𝒕) obtained for the fitting 

 
PLA PEO PEO-Alginate 

𝜏0 (s) 520 180 5,9 
𝜏∞ (s) 3 11 3 

 |𝜏0′ | (s/s) 20000 5 0,06 
 

191 

 



Fig. 4.11 shows the evolution of the surface potential measured for various polymer 

systems and the model curves obtained after adjusting the parameters τ0 , τ∞  and |τ0′ | 

allowing the best matching (see also Table 4.2). It is shown that each polymer has its own 

specific behavior. Fig. 4.11 shows that all three curves are modeled precisely by eqn. 4.28. In 

Table 4.2, τ0 holds a dramatically high value of 520s in the condition of PLA fibers which is 

remarkably larger than those of PEO fibers (τ0 = 180s) and PEO/Alginate (τ0 = 5.9s). As 

mentioned in eqn. 4.21, the characteristic time is related to the intensity of the capacitance of 

the trapped air Cgap  and the equivalent resistance R(t). Because Cgap  is no related to the 

polymer properties, the variation of τ0 is due to the change of R(t) which is related with the 

kind of polymer, the possible content of residual solvents used in electrospinning and the 

quality of the fiber-fiber contact points. In the case of PEO/Alginate fibers, besides water 

used for the solvent, because alginate is a polyanion, it improves the conductivity of the 

fibers efficiently. Thus R(t) is remarkably low resulting in a very small τ0 of 5.9s. Compared 

with PEO/Alginate fibers, pure PEO system has a higher R(t) resulting in an increase of τ0 to 

180s. In the case of PLA, the used solvents (DCM and DMF) have very lower conductivities 

than water. Thus R(t) increases significantly to enhance τ0 to 520s for PLA fibers.  

All three cases hold a low τ∞  attributed to more intersections occurring among 

suspended fibers with the extend of electrospinning duration. Thus, the size of loops formed 

by crosslinked fibers decreases gradually resulting in the decline of R(t). However, for long 

time of electrospinning, the size of the loops reaches a critical value related to the fiber 

diameter [31] leading to a constant R(t). Therefore, τ∞ reaches a low and stable value. 

Regarding |τ0′ |, it reflects the decrease of τ at the beginning of electrospinning. Taking 

PEO/Alginate fibers as the example, the low R(t)  induces almost no change in τ(t) . 

Meanwhile, highly conducting fibers can transfer charges from suspended fibers to the 

grounded collector instantaneously. Moreover, the deposited fiber having a high conductivity 

can remove the uneven electric field above the patterned collector fleetly. Thus, 

PEO/Alginate fibers can fall over the gap randomly meaning that the change of size of loops 

formed by crosslinked fibers hold poor impact on R(t). Hence, there is almost no change of 

|τ0′ | for PEO/Alginate fibers. Regarding PEO fibers, |τ0′ | is higher than for PEO/Alginate but 

still low, which is attributed to water as the solvent holding a high conductivity which 

deceases R(t). However, PLA fibers presents a dramatically high |τ0′ |. Due to PLA fibers 

having a relatively high resistivity, the local resistance value of the loop induced by 

crosslinked fibers can decrease significantly regarding the charge release mechanism 
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impacting the suspended fibers. Thus, R(t)  may decline dramatically and very rapidly 

characterized by a high |τ0′ | value.  

 

 

4.2.5  Effect of the gap size on the surface potential 

 
4.2.5.1 Effect of the gap in the case of PLA 

 

a)  

b)  c)  

Fig. 4.12 a) Surface potential in the case of PLA for various gaps. b) 𝜏0 (red squares) and 𝜏∞ 

(blue triangles) as a function of the gap. c) Current 𝐼 (red squares) and potential 𝑉∞ (blue 

triangles) as a function of the gap. 

 

Fig. 4.12a shows the evolution of the surface potential as a function of the gap size for 

PLA fibers. The gap size was set at 0mm, 0.5mm, 1mm and 2mm and 3mm respectively. For 
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larger gaps, the surface potential was too high to be measured by the voltmeter. Whatever the 

gap value, the surface potential can be divided in three distinct stages. 

Regarding the first stage, the slope increases sharply with the size of gap. From the 

model it is seen that at the very beginning of the electrospinning, when 𝑡 ≪ 𝜏, the surface 

potential should scales as 𝜆�̇�𝐿𝑘
𝑔
𝜀0
𝑡 = 𝑖

𝐶𝑔𝑎𝑝
𝑡 (see eqn. 4.19). However, surprisingly as shown 

in Fig. 4.12c, this behavior is not verified as the current 𝑖 is almost constant with the gap. A 

decrease was only observed in the case of the smallest gap of 0.5mm.  

In the second stage, the surface potential decreases sharply. The decrease of the surface 

potential is explained by the f act that the characteristic time decreases as a function of time. 

However, it is observed that the gap has no significant effect on 𝜏0 and 𝜏∞ (see Fig. 4.12b) 

meaning that the kinetic of the surface potential is not affected in the second stage and the 

third stage. 

The third stage is reached very rapidly after only 30s. Larger the gap, larger the time it 

takes to reach the surface potential plateau. However, the prediction of the model is not 

verified as 𝑉�∞ = 𝜆�̇�𝐿𝑘
𝑔
𝜀0
𝜏∞ should increases linearly with the gap (see Fig. 4.12c) while the 

increase is lowered for the largest gap sizes. This effect may be due to rapid charge release in 

the air from the charges located at the topmost surface of the suspended fibrous layer. 

In general, the fact that PLA does not behaves perfectly as predicted by the model 

suggests that charge release or neutralization may occur significantly with the fibers located 

at the topmost surface. 

 

 

 

 

 

 

 

 

 

 

 

 

194 

 



 

4.2.5.2 Effect of the gap in the case of PEO 

 

a)  

b)  c)  

Fig. 4.13 a) Surface potential in the case of PEO for various gaps. b) 𝜏0 (red squares) and 𝜏∞ 

(blue triangles) as a function of the gap. c) Current 𝐼 (red squares) and potential 𝑉∞ (blue 

triangles) as a function of the gap. 

 

Fig. 4.13a shows the evolution of the surface potential as a function of the gap size for 

PEO fibers. The gap size was set at 1mm, 3mm and 5mm, 7mm and 10mm respectively. 

Whatever the gap value, the surface potential can be divided in three stages but with 

smoother variations as what it is observed for PLA. 

Regarding the first stage, the slope increases with the size of gap. From the model it is 

seen that at the very beginning of the electrospinning, when 𝑡 ≪ 𝜏, the surface potential 

scales as 𝜆�̇�𝐿𝑘
𝑔
𝜀0
𝑡 = 𝑖

𝐶𝑔𝑎𝑝
𝑡 (see eqn. 4.19). This behavior is well verified as the current 𝑖 
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increases linearly with the gap as shown in Fig. 4.13c. Thus, larger the gap, larger the current, 

assuming that in the studied range of gaps �̇�𝐿 is constant. This may be explained by the fact 

that larger gap provides a larger surface and thus more charges affecting the capacitor 𝐶𝑔𝑎𝑝 

formed by the air trapped between the collector walls and the suspended charged fibrous 

layer. 

The second stage is very smooth compared to what it is observed for PLA. The decrease 

of the surface potential is explained by the fact that the characteristic time decreases as a 

function of time. However, it is observed that the gap has no significant effect on 𝜏0 and 𝜏∞ 

(see Fig. 4.13b) meaning that the kinetic of the surface potential is not affected in the second 

stage and the third stage. It should be noticed that the characteristic times 𝜏0 and 𝜏∞ obtained 

in this case are much shorter than the ones obtained for the experiment carried out in the 

previous section (reported values in Table 4.2). In this series of experiments, the current was 

more than 7 times larger than in the previous section due to probably different conditions in 

relative humidity. 

The third stage is reached at very long times. Larger the gap, larger the time it takes to 

reach the surface potential plateau. The prediction of the model is well verified as 𝑉�∞ =

𝜆�̇�𝐿𝑘
𝑔
𝜀0
𝜏∞ increases linearly with the gap (see Fig. 4.13c). 

As opposed to PLA, the model can predict the behavior of PEO fibers with a very good 

accuracy. Thus, the main charge exchanges occur inside the fibrous mesh formed by the 

suspended fibers. Charge transfer in the air seems to be negligible in this case. 
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4.2.6  Effect of the duration of electrospinning on the kinetic of the surface 
potential decay of suspended PLA and PEO fibers 

 

The kinetic of the surface potential decay is of prime importance when the process needs 

to keep the electrostatic template effect for long times. Thus, we studied this kinetic and how 

it is affected by duration of electrospinning that precedes the surface potential decay. This 

study was carried out for PLA and PEO fibers as well. 

 

4.2.6.1 PLA fibers 
 

 

 
Fig. 4.14 Voltage curves and morphologies of suspended PLA fibers for a gap g = 3 mm and 

different duration tspin of electrospinning. a) tspin = 5 s. b) tspin = 300 s. c) tspin = 900 s 
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Fig. 4.14 presents the relationship between the number of suspended PLA fibers and the 

surface potential decay when the process of electrospinning is shut down after a time tspin. We 

can see that the initial surface potentials are almost the same at moment of shutting down the 

power supply of the electrospinning emitter. As previously discussed, a sharp increase of the 

surface potential is observed during the first stage of electrospinning. In the case of tspin = 5s, 

the electrospinning is stopped at the very beginning of the process, when only few suspended 

fibers cover the gap of the collector. In this case, the voltage stays constant over the gap and 

no charge dissipation is thus observed after tspin. For longer time of electrospinning tspin (ie. 

300 and 900 s), a decrease of the voltage is observed with a more rapid decrease for the 

largest tspin. It proves that the kinetic of charge dissipation has a direct correlation with the 

duration of electrospinning preceding the free charge release. As discussed in the previous 

chapter, several mechanisms of charge release can explain the surface potential decay. First, 

charges located at the topmost surface of the mat are subjected to ion neutralization with air. 

This charge release phenomenon may occur at short times. Second, charges mostly located at 

the surface of the fibers, but inside the porosity of the mat, should release their charges within 

each pore having already participated to the kinetic of in-situ charging by electrospinning. It 

is thus expected that this second characteristic time of decay is in the same order than the 

characteristic time 𝜏 estimated during electrospinning. Third, in-situ electrospinning may lead 

the production of charges efficiently trapped in the bulk of the fibers. This charge release 

phenomenon may occur at long times. 

To characterize the difference in the charge dissipation rate obtained in the three 

conditions, a double exponential function is introduced to fit the results:  

𝑉(𝑡) = 𝑉∞ + 𝐴𝑠𝑒
−�

𝑡−𝑡𝑠𝑝𝑖𝑛
𝜏𝑠

� + 𝐴𝑙𝑒
−�

𝑡−𝑡𝑠𝑝𝑖𝑛
𝜏𝑙

�
    (4.32) 
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Fig. 4.15 Short 𝜏𝑠 and long 𝜏𝑙 characteristic times of the surface potential decay of suspended 

PLA fibers for a gap g = 3 mm and for different electrospinning times tspin  

 

Fig. 4.15 shows that the kinetic of the surface potential decay follows a double 

exponential decay with distinct times, i.e. 𝜏𝑠 and 𝜏𝑙 are significantly different (𝜏𝑙 being 10 to 

100 times larger than 𝜏𝑠 ). Furthermore, it is worth noting that the characteristic time 

determined during electrospinning corresponds approximatively to the values of 𝜏𝑠 . The 

mechanism of charge release characterized by 𝜏𝑙  at long times does not occur during 

electrospinning or only at the very first time of electrospinning as a high 𝜏0 (see Table 4.2 

and Fig. 4.12b) was necessary to fit the experimental data. In the process of surface potential 

decay,  𝜏𝑠  holds an increasing trend with extending the process time of electrospinning, 

implying that the surface charges dissipate much faster on fibers fabricated in a shorter time, 

which may be caused by more contact area between fibers and air to accelerate the release of 

charges. Due to more suspended fibers formed over the gap when electrospinning was carried 

out during 300s and 900s, up-layer fibers cover down-layer fibers may restrict the dissipation 

of surface charges from down-layer fibers resulting in the low release rate of surface charges. 

In addition, more suspended fibers in the condition of longer electrospinning time means 

higher density of charges around fibers in air which restrict surface charges to release to the 

around efficiently. Hence fibers prepared in 5s take an extremely short time to dissipate 

surface charges. 
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Regarding the long-time decay kinetic characterized by 𝜏𝑙, a decrease with the duration 

of electrospinning time is observed which proves that the dissipation rate of charges is 

directly linked with the amounts of suspended fibers. Indeed, suspended fibers in a larger 

density induce more overlaps among fibers which is the decisive factor affecting the 

dissipation rate. Because for longer time of electrospinning more fibers are produced and thus 

also more bulk charges are produced, it is expected that bulk charge release should increases 

with 𝑡𝑠𝑝𝑖𝑛. The fact that 𝜏𝑙 decreases with increasing 𝑡𝑠𝑝𝑖𝑛 proves that the surface potential 

decay is not due to the release of bulk charges. The kinetic characterized by 𝜏𝑙 is more linked 

with the fibrous structure of the suspended layer characterized by its resistance 𝑅(𝑡)  as 

previously introduced in the model. As also mentioned before, the capacitance 𝐶𝑔𝑎𝑝 is linked 

with the geometry of the collector and especially the gap size. Nevertheless, the difference 

between 𝜏𝑙 and the characteristic time 𝜏 = 𝑅(𝑡)𝐶𝑔𝑎𝑝 determined during electrospinning just 

before shutting down the power supply remains an open question. The effect of the presence 

of the electrospun jet during electrospinning may also change the air property and could 

create ions favoring the discharge during electrospinning. When stopping electrospinning, the 

air is no longer affected by the electrospun jet resulting in a different kinetic. 
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4.2.6.2 PEO fibers    

 

a)  

b) c)  

Fig. 4.16 a) Surface potential measured in the case of PEO for a gap 𝑔 = 10 𝑚𝑚 for various 

duration of electrospinning 𝑡𝑠𝑝𝑖𝑛. 𝜏𝑠 (red squares), 𝜏𝑙 (red cross) and 𝐴𝑠/𝐴𝑙 (blue discus) for 

various duration of electrospinning 𝑡𝑠𝑝𝑖𝑛 in the case of b) 𝑔 = 10 𝑚𝑚 and c) 𝑔 = 7 𝑚𝑚 

 

The duration of electrospinning on the surface potential decay after shutting down the 

power supply was also studied in the case of PEO fibers (Fig. 4.16). Here, two series of 

experiments were carried out: with a gap of 10 mm and with a gap of 7 mm. The conditions 

of electrospinning were similar with that used in section 4.2.4 (Fig. 4.11 and Table 4.2). 

Furthermore, it should be noticed that the series of experiments at gap = 7mm were carried 

out several months after series carried out at gap = 10 mm.  Both experiments show the same 

trend (Fig. 4.16b-c). Compared with the surface potential decay of PLA fibers, PEO fibers 
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present a much faster kinetic. In the case of PEO, the following equation was used to fit the 

experimental data: 

𝑉(𝑡) = 𝐴𝑠𝑒
−�

𝑡−𝑡𝑠𝑝𝑖𝑛
𝜏𝑠

� + 𝐴𝑙𝑒
−�

𝑡−𝑡𝑠𝑝𝑖𝑛
𝜏𝑙

�
    (4.33) 

As opposed to PLA, the short time decreases with the duration of electrospinning 𝑡𝑠𝑝𝑖𝑛. 

Furthermore, the long characteristic time 𝜏𝑙 is in the same order of magnitude than 𝜏0=180s 

measured during electrospinning for gap =10mm. The decay kinetic is faster for larger 𝑡𝑠𝑝𝑖𝑛 

as the ratio of 𝐴𝑠/𝐴𝑙, characterizing the impact of the short time kinetic, increases with 𝑡𝑠𝑝𝑖𝑛. 

This result is in agreement with the fact that 𝜏 = 𝑅(𝑡)𝐶𝑔𝑎𝑝 estimated during electrospinning 

decreases with 𝑡𝑠𝑝𝑖𝑛. For the shortest times of electrospinning, before reaching the maximum 

of the surface potential (𝑡𝑠𝑝𝑖𝑛 < 100 𝑠), the surface potential is retained for much longer 

times. This can be explained by the fact that before 100 s of electrospinning there is a low 

number of crossing suspended fibers allowing keeping the resistance of the fibrous suspended 

layer 𝑅(𝑡) at a high level leading to larger characteristic time 𝜏 = 𝑅(𝑡)𝐶𝑔𝑎𝑝. For the longest 

times of electrospinning a good agreement is also observed between 𝜏∞ and 𝜏𝑠 proving the 

fast kinetic during surface potential decay as well as during electrospinning. 

 

    

4.2.7 Conclusion  

This section presents a novel strategy to analyze the variation of charges and surface 

potential on suspended fibers. The results show that the geometry of the collector has an 

obvious influence on the surface potential of suspended fibers. The surface potential induced 

by suspended PLA fibers has a sharp rise at moment of starting electrospinning before 

entering in a regime of constant potential. However, suspended PEO fibers fabricated under 

the same processing parameters hold much lower ability in charge storage. The size of the 

gap can modify the length of suspended fibers affecting the amount of stored charges. This 

result implies that the surface potential increases with the gap size. Regarding the charge 

release happening from the moment of stopping electrospinning, the dissipation rate is 

enhanced with extending the processing time. This effect is attributed to the high density of 

the contact among suspended fibers favoring the surface potential decay, this phenomenon 

happens in both PLA fibers and PEO fibers. 
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4.3 Application for the building of 3D structured 
scaffolds by electrospinning/electrospraying on patterned 

collectors  
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4.3.1  Introduction 

The former part of this chapter discussed how the surface potential of suspended 

fibers changed over a single gap. In order to analyze the effect of suspended fibers on the 

particle trajectories when electrospraying over a layer of electrospun fibers, 

electrospinning/electrospraying experiments were operated using patterned collectors of 

various geometries. We studied how the interactions between the suspended fibers and the 

electrosprayed particles influence their precise deposit on selective areas.     

In this section, two kinds of patterned collectors were tested: a striated collector and 

grids. In the beginning, the formation of fibers and particles were performed on the striated 

collector which only contained paralleled grooves and gaps, the objective was to investigate 

the generation mechanism of bilayer samples by modifying the processing time of 

electrospinning and changing the polymer solution systems to better control the distribution 

of particles on the fibrous mats. Eventually, the result proved that the strategy was feasible by 

alternately generating fibers and particles on grids to construct multilayer scaffolds.  

 

 

4.3.2   Fabrication of bilayer samples on a striated collector 

 

 
 

Fig. 4.17 Picture showing the geometry of gaps and grooves of the striated collector 

 
In the previous chapter, the variation of surface potential induced by suspended fibers 

was analyzed deeply in the case of a simple gap geometry. For potential applications, a new 

striated collector with 20 gaps and 20 grooves of 0.5mm was fabricated as shown in Fig. 4.17, 

which is used for studying the surface potential of suspended fibers on the construction of 3D 
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scaffolds by coupling electrospinning and electrospraying, In this section, fibers and particles 

are prepared at each side of the striated collector for the generation of bilayer scaffolds with 

patterned structures. Aiming to study the effect of polymer solution system on the 

morphology of bilayer samples, PLA fibers and PEO fibers were used with PCL 14k particles. 

The goal is to find and understand the best conditions allowing the controlled deposition of 

particles only on the grooves of the collector. 

As mentioned previously, suspended fibers played the important role in the 

construction of structured scaffolds. Due to charge dissipation happening concurrently during 

electrospinning, the variation of surface potential induced by fibers on the striated collector 

was measured as well.  

 

 

4.3.2.1 Materials and methods  
 

Materials and solution preparation  

PLA (Mw=180k, Natureworks) and PEO are used as received. Dichloromethane (DCM) 

and N, N-Dimethylformamide (DMF) are all reagent grades. PLA polymer (9% by weight) is 

dissolved in DMF/DCM (50:50 v/v) at room temperature with magnetic stirrer for 24h to 

obtain the spinning solution. With the same method, 5% PEO in deionized water is prepared 

24h prior to electrospinning. PCL (14kDa) is purchased from Sigma-Aldrich. 

Dimethylacetamide (DMAC) is used as received. PCL solution of 5% in DMAC (w/w) is 

prepared and heated at 60 °C during the agitation 5 h prior to electrospraying.  

 

Electrospinning process  

The solution in the syringe is pushed by a pump (Fischer scientific) and passes 

through the plastic tube that connected from the nozzle of syringe to a stainless steel needle in 

an inner diameter of 0.5 mm. The needle is connected to a high voltage DC power supply 

(Spellman SL10). All polymer solutions are operated in the same parameter during 

electrospinning. The distance from the nozzle to the plane for collecting fibers is set at 15 cm. 

The rotation rate is 120 rpm. The voltage is controlled at 25kv and the feed rate of solution is 

1ml/h. The experiment is carried out at room temperature and humidity.  
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Electrospraying process  

As to electrospraying PCL 14k particles, PCL 14k solution is delivered with a flow 

rate of 0.6 ml/h. Positive potential is performed at 30 kV and the distance is 15cm. The 

experiment is operated at room temperature and humidity. 

 

Combination of electrospinning and electrospraying 

 
Fig. 4.18 Sketch showing the coupling of electrospun fibers and electrosprayed particles on 

the striated collector  

 

The operation sketch is shown in Fig. 4.18, aiming to observe the change of morphology 

of scaffolds after modifying the parameters of electrospinning and electrospraying, fibers and 

particles are fabricated alternately in this section. In the beginning, fibers are prepared on the 

striated collector with the parameters mentioned in the former part. The time to start 

electrospraying is the moment of shutting down electrospinning. As shown in Fig. 4.18, the 

intensity of surface potential is also measured during the process.  

      

Characterization  

The morphology of fibers suspending over the gap is studied by using scanning electron 

microscope (SEM) (Vega-3, Tescan) after gold coating (Quorum Q 150 RS, Quorum 

Technologies).  
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4.3.2.2 Effect of processing time on the variation of surface potential of suspended 
PLA and PEO fibers 

Electrospraying over a layer of PLA electrospun fibers on the striated collector 

 

 

Fig. 4.19 Bilayer samples obtained from the deposition of a first layer of PLA fibers 

electrospun during a time 𝑡𝑠𝑝𝑖𝑛 covered by a layer of electrosprayed PCL 14k particles on the 

striated collector (a: 𝑡𝑠𝑝𝑖𝑛 = 15s, b: 𝑡𝑠𝑝𝑖𝑛 = 3min and c: 𝑡𝑠𝑝𝑖𝑛 = 5min). a1, b1, c1 show 

grooves and gaps; a2, b2, c2 are pictures taken over the suspended fibers; a3, b3, c3 are 

pictures taken over the grooves. 
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Fig. 4.20 Surface potential curves achieved when preparing PLA fibers in three 

electrospinning times on the striated collector: Electrospinning from 0 to 𝑡𝑠𝑝𝑖𝑛 then surface 

potential decay for 𝑡 > 𝑡𝑠𝑝𝑖𝑛. Blue: 𝑡𝑠𝑝𝑖𝑛 = 15 s, red: 𝑡𝑠𝑝𝑖𝑛 = 3 min, green: 𝑡𝑠𝑝𝑖𝑛 = 5 min. 

 

Fig. 4.19 shows bilayer samples obtained from the deposition of electrospun PLA fibers 

on a striated collector with different times of electrospinning covered by a layer of 

electrosprayed PCL 14k particles. Furthermore, the variation of surface potential of fibers 

formed on the striated collector in each condition is also measured (Fig. 4.20). In the cases of 

𝑡𝑠𝑝𝑖𝑛 > 1 min, comparing the surface potentials in Fig. 4.20 and Fig. 4.12a, a similar trend is 

obtained. First a sharp increase is observed due to charge accumulation, then in the second 

stage it is observed a surface potential decrease due to crossing fibers leading to the decrease 

of the overall suspended fiber resistance 𝑅(𝑡). In the third stage a slow increase of the surface 

potential is shown for the striated collector instead of a plateau value as observed in the case 

of the single gap collector. This slow increase can be explained by the fact that after 3 min of 

electrospinning a dense fibrous mat is already formed over the gaps of the striated collector. 

Thus, the behavior looks like more the behavior of charge accumulation during 

electrospinning on flat collector. 

Then, when stopping electrospinning, a significant surface potential decay is shown. The 

gap size of 0.5mm in the striated collector shortens the length of suspended fibers with fewer 

charges increasing also the contact probability and crossing of suspended fibers which 
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decreases the fibrous layer resistance 𝑅(𝑡) and shorten the characteristic time 𝜏 = 𝑅(𝑡)𝐶𝑔𝑎𝑝𝑠 

of the surface potential decay, where 𝐶𝑔𝑎𝑝𝑠 is the capacitance generated by the gaps of the 

collector. Finally, faster charge release is observed for longer duration of electrospinning 

𝑡𝑠𝑝𝑖𝑛. The coulombic force resulting from a lower surface potential is weaker and decreases 

with increasing 𝑡𝑠𝑝𝑖𝑛 . Thus, particles which are electrosprayed after a long time of 

electrospinning are subjected to weak repulsive force and poor electrostatic template effect 

leading to bad control of their deposition on the grooves of the collector. However, when 

electrospinning is carried out during a short time, such as 𝑡𝑠𝑝𝑖𝑛 = 15 𝑠, a perfect electrostatic 

template is formed. In this case, as shown in Fig. 4.19 a1, a2 and a3, no particles fell on the 

suspended fibers and all particles were deposited on the grooves. More precisely, the particles 

are deposited on the central part of the grooves without covering their whole surface. This 

effect is attributed to the strong repulsive force induced by the suspended fibers and also the 

strong attractive force generated from the central part of the grooves. When electrospraying is 

carried out after 3min of electrospinning, the charges release faster leading to the weakening 

of the electrostatic template forces (i.e. the attractive force on the grooves and the repulsive 

one on the suspended fibers). In this condition, the weaker electrostatic template forces cause 

the enlargement of the distributing area of PCL 14k particles covering the whole surface of 

the grooves, but no particles are deposited on the suspended fibers over the gaps (Fig. 4.19 b2) 

proving that the repulsive strength is still strong enough to push all particles on the grooves. 

When extending the electrospinning time to 5 min, the electrostatic template effect is no 

longer acting on the electrosprayed particles which are deposited on the whole surface of the 

collector (4.19d): repulsive and attractive forces disappear dramatically in such condition.  
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Electrospraying over a layer of PEO electrospun fibers on the striated collector 
 

 

 

Fig. 4.21 Bilayer samples obtained from the deposition of a first layer of PEO fibers 

electrospun during a time 𝑡𝑠𝑝𝑖𝑛 covered by a layer of electrosprayed PCL 14k particles on the 

striated collector (a: 𝑡𝑠𝑝𝑖𝑛 = 15s, b: 𝑡𝑠𝑝𝑖𝑛 = 3min and c: 𝑡𝑠𝑝𝑖𝑛 = 5min). a1, b1, c1 show 

grooves and gaps; a2, b2, c2 are pictures taken over the suspended fibers; a3, b3, c3 are 

pictures taken over the grooves. 
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Fig. 4.22 Surface potential curves achieved when preparing PEO fibers in three 

electrospinning times on the striated collector: Electrospinning from 0 to 𝑡𝑠𝑝𝑖𝑛 then surface 

potential decay for 𝑡 > 𝑡𝑠𝑝𝑖𝑛. Blue: 𝑡𝑠𝑝𝑖𝑛 = 15 s, red: 𝑡𝑠𝑝𝑖𝑛 = 3 min, green: 𝑡𝑠𝑝𝑖𝑛 = 5 min.  

 

Fig. 4.21 shows the bilayer samples obtained after electrospraying PCL14k particles on 

PEO fibers deposited on the striated collector with an electrospinning duration of 15s, 3min 

and 5min, respectively. Fig. 4.22 shows that the surface potential induced by the suspended 

PEO fibers is extremely low and is not strong enough to repel the PCL14k particles on the 

grooves of the collector. No efficient electrostatic template effect is induced in these cases. 

This phenomenon is proved by the morphologies of the three bilayer samples in Fig. 4.21 

showing that PCL14k particles appear on suspended PEO fibers in all three samples. Taking 

the condition of electrospinning during 15s as an example (Fig. 4.21 a1-a3), due to the low 

repulsive force formed by suspended PEO fibers, PCL14k particles cover the whole surface 

of the grooves as well as the suspended PEO fibers. Extending the electrospinning duration 

does not lead to any change of the particles deposition (Fig. 4.16 b1-b3, c1-c3). Therefore, 

PEO fibers are not suitable for building structured 3D scaffolds with patterned collectors.  
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4.3.2.3 Conclusion  
 

In summary, bilayer samples were generated by combining electrospun fibers and 

electrosprayed particles using the striated collector. It was proven that PEO fibers cannot 

modify the trajectory of PCL14k particles due to low residual charges resulting to poor 

electrostatic template effect. However, the situation is completely different when PLA is used 

instead of PEO. Indeed, the charges of suspended PLA fibers play a necessary role in the 

selective deposition of PCL14k particles. The controlled deposition of electrosprayed 

PCL14k particles on the grooves of the striated collector covered by PLA fibers is enhanced 

when a thin layer (instead of a thick one) of fibers is deposited, ensuring thus an efficient 

electrostatic template effect. Bilayer samples produced on the striated collector shows a great 

value in the future fabrication of the structured scaffolds.  
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4.3.3  Fabrication of multilayer 3D samples on grid collectors  

 

 
 

Fig. 4.23 SEM image of the grid collector 

 

The former section discussed the feasibility of the formation of bilayer samples on a 

striated collector. In order to build another kind of fibrous structure, grid collectors were used. 

As shown in Fig. 4.23, the walls and valleys of the grid held smaller sizes than those in the 

striated collector. In addition, except PLA fibers and PEO fibers, PLA/TEBAC fibers and 

PEO/Alginate fibers were also investigated for the fabrication of structured scaffolds. 

Regarding the electrosprayed particles, both PCL14k and PCL80k were processed to enrich 

the types of composite scaffolds.  

 

 

4.3.3.1 Materials and methods  

 
Materials  

PLA (Mw=180k, Natureworks), PEO (Mw=400k), TEBAC, alginate and deionized 

water were used as received. PCL (Mw=14k and 80k), DMAC, chloroform, Dichloromethane 

(DCM) and N, N-Dimethylformamide (DMF) were purchased from Sigma-Aldrich.  
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Preparation of solution 

Pure PLA solutions for electrospinning were prepared by dissolving PLA in 

DMF/DCM (50:50 v/v) to get a 9% w/w polymer concentration. TEBAC (0.5% w/w) was 

added to PLA solution for PLA/TEBAC solution. For the fabrication of the solution, PLA or 

with TEBAC were added in DMF/DCM in a glass bottle with stirring magnetically overnight 

at the room temperature. With the same method, 5% w/w PEO in deionized water was stirred 

24h prior to electrospinning. PEO/alginate solution was produced by adding 1% w/w alginate 

in PEO solution.    

For electrospraying, PCL14k solution of 5% in DMAC (w/w) was prepared by 

heating the solution at 60 °C during agitation 5 h before electrospraying. PCL80k solution 

was achieved through dissolving PCL80k in chloroform with 2% w/w concentration to stir 

overnight.   

   

Electrospinning process  

The solution in the syringe was pushed by a pump (Fischer scientific) and passed 

through the plastic tube connected from the nozzle of a syringe to a stainless steel needle with 

an inner diameter of 0.5 mm. The needle was connected to a high voltage DC power supply 

(Spellman SL10). The distance from the nozzle and the plane for collecting fibers was set at 

15 cm. The rotation rate was 120 rpm. The voltage was controlled at 25kv and the feed rate of 

solution was 1ml/h. The experiment was carried out at room temperature and humidity. All 

polymer solutions were operated with the same parameters during electrospinning.  

 

Electrospraying process  

In the case of electrospraying PCL14k particles, PCL 14k solution was delivered with 

a flow rate of 0.6 ml/h. Experiment were performed with positive potential at 30 kV and the 

distance of 15cm. For the electrospraying of PCL80k particles, the solution was delivered at a 

flow rate of 0.8 ml/h. The distance was 15 cm from the needle to the collector and the 

positive voltage was set at 12kV. The experiment was operated at room temperature and 

humidity. 
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Combination of electrospinning and electrospraying  

 
Fig. 4.24 the sketch of the operation to prepare bilayer samples by coupling electrospinning 

and electrospraying on the grid 
 

As shown in Fig. 4.24, a grid with patterned structure is covering a metallic rotor for 

the collection of fibers and particles. During the experiment, electrospinning and 

electrospraying were operated at each side of the collector to form fibers and particles 

alternately. Fibers were produced on the grid at first. Then, electrospraying is starting 

immediately at moment of shutting down electrospinning. In order to compare the intensity of 

surface potential induced by four types of suspended fibers clearly, the experiment setup of 

Fig. 3.1 was used with the gap size at 3mm.   

 

Characterization 

The morphology of fibers and particles was characterized by scanning electron 

microscope (SEM) (Vega-3, Tescan) using an accelerating voltage at 5KV, the samples were 

taken sputter coating (Quorum Q 150 RS, Quorum Technologies) for 2min prior to take 

microscope.  
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4.3.3.2 Bilayer samples obtained from various polymer fibers covered by PCL14k 
particles 

 

In the 2nd chapter, we compared the amount of charges carried by an electrospun jet of 

PLA, PLA/TEBAC, PEO and PEO/Alginate. It was proven that the current is related with the 

conductivity of the corresponded solutions. Due to the presence of more ionic charge carriers, 

increasing the conductivity of a polymer solution, the electrospun jet could be highly charged 

under the electric field enhancing the intensity of the current. However, as discussed 

previously, the charge dissipation occurs immediately when the jet hits the collector. So, it is 

essential to measure the surface potential of the four types of fibers deposited on the grid to 

get more insight into the electrostatic template effect.   

 
Fig. 4.25 Curves of surface potential of four types of fibers generated on the grid collector. 
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Fig. 4.26 Curves of surface potential of four types of fibers generated on a single gap 

collector with a gap of 3mm. The dotted line indicates the end of electrospinning. 

 

Fig. 4.25 presents the variation of the surface potential for four kinds of fibers 

electrospun on the grid. It is shown that when a solution having a high conductivity is 

electrospun, the high amount of charges is released very rapidly. The electrical resistance 

𝑅(𝑡)  of the fibrous mat obtained from conducting systems is low resulting in short 

characteristic times leading to low surface potential as shown in the previous chapter. 

Consequently, the surface potential decay after stopping electrospinning is fast for conducting 

systems. 

For example, the addition of alginate, a polyanion, increases the conductivity of the 

PEO solution, thus almost no increase of the surface potential occurred on suspended 

PEO/Alginate fibers during electrospinning. 

Compared with PEO/Alginate fibers, because of the decrease of the conductivity, 

PEO fibers held an increasing surface potential with a peak at around 72V. In the 3rd chapter, 

it was proven that PEO fibers cannot remain the charges during simple electrospinning. 

Additionally, the increasing density of suspended fibers accelerates the dissipation rate of 

residual charges. Both factors led to fewer charges maintaining on PEO mats resulting in the 

decay of surface potential with extending electrospinning.  
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PLA fibers showed a significant rise in the initial stage of electrospinning resulting 

from the low conductivity allowing the charges to maintain on the suspended fibers, 

explaining the increasing amount of charges accumulating on the suspended fibers. Then, 

after reaching a shoulder (350 V, 80 s), a second increase is observed. As discussed 

previously, the density of suspended fibers enhanced the charge dissipation, and even more 

rapidly due to the small size of the grid patterns. Furthermore, due to the small size of the 

grid patterns, the repulsive force from the suspended fibers would disappear quickly as time 

went on. Hence, the new coming fibers started to deposit on the grid randomly without any 

interaction between the falling fibers and the suspended potions on the grid. This situation is 

similar with the deposition of an electrospun jet on a randomly deposited mat on flat collector. 

As a result, the surface potential increases due to charge accumulation as discussed in chapter 

3. 

Electrospinning of PLA/TEBAC fibers leads to a surface potential following the same 

trend as what it is observed in the case of PLA but with much lower intensity. Indeed, the 

shoulder characteristic to the end of the first stage appears after 20 s for a potential of only 35 

V. This behavior is attributed to the enlargement of the conductivity due to the addition of 

TEBAC salt improving the charge release [32], [33].  

These behaviors were also confirmed when the four kind of polymer are electrospun 

over a single gap collector (Fig. 4.26). Fig. 4.26 presents the evolution of the surface potential 

for the four types of fibers prepared on the single gap collector with a gap of 3 mm. The 

behavior of PLA, PEO and PEO/alginate were already discussed. For PLA/TEBAC, it is 

worth noting that after stopping electrospinning, the fibers can remain the charges for long 

time even though the initial potential is low. 

Next step was to prepare fibers and particles alternately on the grid to understand the 

dramatic role of the surface charges carried by the suspended fibers on the construction of 

bilayer electrospun/electrosprayed samples. In addition, the effect of fibers fabricated from 

different polymer solutions on the morphology of the bilayer samples was also considered.   
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4.3.3.2.1  PLA fibers & PCL14k particles 

 

 
 

 
Fig. 4.27 Comparison of morphology of bilayer samples generated by coupling PLA fibers 

with PCL 14k particles on the grid and the intensity of surface potential induced by PLA 

fibers on a single gap collector with a gap = 3 mm. Electrospinning stopped at 300 s. 

 

SEM images showed that only PLA fibers affected PCL 14k particles to land on 

specific areas of fibrous mats remarkably. This was attributed to the capability of suspended 
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PLA fibers to store the charges. As discussed in the aforementioned result, patterned 

geometry caused a lensing electric field above the collector with a strong attractive force over 

the surface of protrusions. In addition, fibers discharged efficiently when touch the collector 

without forming significant repulsive force to the new coming fibers, thus most of falling 

fibers converged randomly on the convex part of collector. At the same time, portions of 

fibers crossing over the concaves domains remain charged inducing an electrostatic repulsion 

among the suspended fibers which results in the generation of aligned fibers suspending the 

cavities of the collector. Due to the different dissipating rates of charges between fibers 

landed on protrusions of collector and suspended portions, uneven electric field occurred near 

the surface of fibrous mat which impacted the distribution of electroprayed PCL 14k particles. 

During the process of electrospraying, weak domains of electric field above the discharged 

fibers at the protrusions attract the deposited particles. However, highly charged fibers 

suspended over the gap cause strong domains that repels particles to fall on weak domains, 

resulting in the specific deposition of PCL 14k particles on PLA fibers. The high intensity of 

repulsive force induced by suspended PLA fibers was proven by the high value of the surface 

potential over the suspended PLA fibers (Fig. 4.27). Therefore, PLA fibers were a suitable 

candidate for the building of structured scaffolds by coupling electrospinning and 

electrospraying. 
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4.3.3.2.2  PLA/TEBAC fibers & PCL 14k particles 

 

 
 
 

 
Fig. 4.28 comparison of morphology of bilayer samples generated by coupling PLA/TEBAC 

fibers with PCL 14k particles on the grid and the intensity of surface potential induced by 

PLA/TEBAC fibers on a single gap collector with a gap = 3 mm. Electrospinning stopped at 

300 s.  

0 

500 

1000 

1500 

2000 

0 100 200 300 400 500 

su
rf

ac
e 

po
te

nt
ia

l (
V)

 

time (s) 

222 

 



 
Fig. 4.29 morphology of fibers produced from PLA/TEBAC solution 

 

In the case of PLA/TEBAC fibrous mat, the major fibers also converged on the 

protrusions of collector. Unlike the condition of pure PLA fibers, PLA fibers containing 

TEBAC salt assembled over the gaps, this strange phenomenon might be attributed to the 

non-uniform surface potential of suspended PLA fibers after introducing TEBAC. The 

morphology of PLA/TEBAC fibers is shown in Fig. 4.29. It is clearly shown that TEBAC salt 

is heterogeneously distributed along the fibers with TEBAC-rich and poor domains. The 

introduction of TEBAC increases the ionic charge carriers leading to highly charged fibers 

during their deposition. The TEBAC-rich domains contain a high amount of charges that 

cannot be efficiently released due to the presence of TEBAC-poor domains. So repulsive and 

attractive forces may happen along the suspended fiber strands resulting in the formation of 

fibrous clusters. The obvious discharge of suspended PLA/TEBAC fibers was observed in 

Fig. 4.28, the curve of surface potential dropped down sharply after reaching the peak with 

the value varying from around 1900V to 470V, which results from the high conductivity of 

fibers accelerating the charge migration when they start to interact through their contact 

points. After the quick decay, the curve entered in a slow decay stage before shutting down 

the power supply at 300 s. This might be caused by the increasing aggregation of suspended 

fibers during electrospinning. After stopping the power, surface potential decreases to less 

than 70V after 3min. Therefore, the deposition area of PCL 14k particles increases 

significantly due to low surface potential maintained on PLA/TEBAC fibers. As shown in Fig. 

4.28, except on fibers fabricated on the protrusions of the grid, PCL 14k particles also 

appeared on the aggregated fibers suspended over the gaps. 
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4.3.3.2.3  PEO fibers & PCL 14k particles and PEO/alginate & PCL 14k particles 

 

 
Fig. 4.30 comparison of morphology of bilayer samples generated by coupling PEO fibers 

with PCL 14k particles on the grid and the intensity of surface potential induced by PEO 

fibers on a single gap collector with a gap = 3 mm. Electrospinning stopped at 300 s.  
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Fig. 4.31 comparison of morphology of bilayer samples generated by coupling PEO/Alginate 

fibers with PCL 14k particles on the grid and the intensity of surface potential induced by 

PEO/alginate fibers on a single gap collector with a gap = 3 mm. Electrospinning stopped at 

300s.  

 
The case of PEO fibers & PCL and the particles case of PEO/alginate fibers & PCL 

are similar shown as shown in Fig. 4.30 and 4.31. In the two cases, a mass of PCL 14k 

particles fell on suspended fibers, indicating that fibers crossed the concaves without offering 

sufficient electric force to affect the trajectory of PCL 14k particles. The poor capability of 
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these fibers in remaining charges during electrospinning was proven by the curves of surface 

potential of suspended fibers in Fig. 4.30 and 4.31 showing that the surface potential 

decreases very quickly after stopping electrospinning in the case of PEO fibers and even 

before in the case of PEO/alginate for which the conductivity is higher. Therefore, no 

repulsive force came from suspended PEO fibers and PEO/alginate as well when PCL 14k 

particles are produced, resulting in the formation of uniform distribution of PCL 14 particles 

on PEO and PEO/alginate fibrous mats. 

 

 

4.3.3.3 The effect of the density of suspended PLA fibers on the distribution of PCL 
particles 

 
 

Fig. 4.32 morphologies of bilayer samples that PLA fibrous mats formed in three processing 

times on the grid covered by PCL 14k particles 
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Fig. 4.33 morphologies of bilayer samples that PLA fibrous mats formed in three processing 

times on the grid covered by PCL 80k particles 

 
Fig. 4.34 the graph of variation of surface potential observed in electrospinning PLA fibers in 

three processing times 
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Fig. 4.32 and Fig. 4.33 showed the effect of the density of suspended PLA fibers on 

the distribution of PCL 14k and PCL 80k particles, respectively. The time of electrospinning 

was set at 5s, 5min and 10min to achieve suspended fibers in different densities. The time of 

electrospraying PCL 14k and 80k particles was 5min. The two kinds of bilayer samples 

prepared after tspin = 5s from the two types of PCL particles present the same morphology 

showing aggregated particles which were deposited on specific small areas where the fibers 

touch the collector. With extending the processing time of electrospinning to produce more 

fibers on the grid, the deposition areas of particles enlarged gradually. For example, in the 

condition of electrospinning PLA fibers for 5min, the aggregation of particles disappeared 

which was attributed to the extension of deposition area of particles on PLA fibers. For 

prolonged electrospinning time at 10min, the area of particles deposition enlarged 

continuously, especially in the case of bilayer sample formed with PCL 80k particles. Indeed, 

these samples show PCL 80k particles homogenously deposited on PLA fibers without 

locating on specific areas. The phenomenon explaining the effect of the processing time on 

the distribution of particles is related with the decay rate of surface potential of suspended 

fibers. Indeed, it was shown in the previous part that the characteristic decay time decreases 

with the time of production due to the increase of crossing fibers leading to the enhancement 

of the suspended fibers conductivity. Fig. 4.34 presents the difference in charge release when 

electrospinning fibers in different processing times. In the case of 5s, at the very beginning of 

the process, only few suspended fibers were formed over the gap of the grid when shut down 

the power. Surface potential of suspended fibers stayed stable for a relatively long period to 

offer repulsive force intensely and constantly to the falling PCL particles. At the same time, 

the portion of PLA fibers deposited on the convex parts of the grid attracted PCL particles, 

resulting in the aggregation of PCL particle in small areas on PLA fibers. After extending the 

processing time, a decay of the surface potential occurs with a more rapid decrease for more 

suspended PLA fibers generated on the grid. It indicates that the kinetic of charge release has 

a positive correlation with the processing time of electrospinning. Therefore, weaker 

repulsive power appeared with more fibers suspended over the gap after prolonging the 

processing time, resulting in the enlargement of deposition area of PCL particles on PLA 

fibers, even portions of PCL particles fell on suspended PLA fibers. As discussed previously, 

the intersections between suspended fibers induced the formation of the loops among the 

suspended fibers behaving electrically as an RC circuit. R being the crucial factor impacting 

the kinetic of charge release. After extending the processing time, R decreased gradually due 
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to the increase of crossing fibers over the gaps accelerating the charge dissipation. As a result, 

a fast charge release occurs in the condition of high density of suspended PLA fibers 

resulting in the weakening of the repulsive force induced by suspended fibers. Thus, PCL 

particles are distributed in larger areas on PLA fibers. 

 

4.3.3.4 Electrostatic template effect for long times of electrospraying 

 

 
Fig. 4.35 morphologies of bilayer samples that PLA fibrous mats formed on the grid covered 

by PCL 14k and 80k particles generated in 20min, respectively and the graph of the 

dissipation of surface potential on suspended PLA fibers in 20min 

 

The previous section explained the effect of density of suspended PLA fibers on the 

distribution of PCL particles, and proved that suspended PLA fibers in fewer amounts are 
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able to control efficiently the deposition of PCL particles on specific areas. Here, we focus on 

the effect of the electrospraying time on the distribution of PCL particles. In this section, the 

processing time of electrospraying was increased to 20min. Fig. 4.35 presents the 

morphologies of bilayer samples generated by electrosparying PCL 14k and 80k particles in 

20min on PLA fibers. Similar results are obtained for both kind of particles: PCL particles 

fall on the “attractive” areas of PLA fibers persistently after electrospraying 20min. It is 

shown that no PCL 14k particles are deposited on the suspended fibers after electrospraying 

20min. In the case of PCL 80k particles, few of them are deposited on suspended PLA fibers. 

The controlled structure of bilayer samples generated in this section implied that electrostatic 

template effect induced by the surface potential on suspended PLA fibers can be maintained 

during 20min which was also proven by the graph showing the decay of the surface potential 

of PLA fibers in Fig. 4.35, the value still kept around 800V after decreasing from 1500V in 

20min. Compared with the bilayer samples in Fig. 4.32 and Fig. 4.33, it is obvious from Fig. 

4.35 that more PCL particles stacked on the targeted attractive areas. Such feature is of 

importance for the preparation of 3D structured scaffolds with a certain thickness. 

 

 

4.3.3.5 Fabrication of multilayer samples by alternate PLA fibers and PCL particles 
deposition 

In the previous section, the results proved that suspended PLA fibers in few amounts 

store efficiently the charges controlling the deposition of PCL particles on PLA fibers 

remarkably. Herein, in order to get 3D structured scaffolds with a certain thickness for 

potential biological applications, electrospinning and electrospraying was carried out 

alternately. 

 
Fig. 4.36 SEM images of multilayer samples formed by coupling different layers of PLA 

fibers and PCL 14k particles (a: bilayer samples by coupling one layer of PLA fibers and one 

layer of PCL 14k particles; b: two layers of PLA fibers and one layer of PCL particles 

alternately; c: two layers of PLA fibers and two layers of PCL particles alternately) 

a b c 
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Fig. 4.36 presented the morphologies of multilayer samples generated by two 

successive bilayers of PLA fibers and PCL 14k particles. The time for electrospinning and 

electrospraying were both 5min. Obviously, it was show in Fig. 4.36 b that the second layer 

of PLA fibers covered the first layer of PCL 14k particles fully after the second time of 

electrospinning on the first bilayer sample. The major portion of the second layer of PLA 

fibers still landed on the convex parts of the grid with suspended fibers appearing over the 

concave parts of the grid proving that PCL 14k particles “prolong” the effects of the 

protuberances of the grids. fibers. In addition, the alignment of fibers over the gap indicates 

that the electric field at the vicinity of grid is enough high to control the deposition of the 

second layer of PLA fibers, resulting in suspended PLA fibers keeping the surface potential. 

This latter offers a repulsive force to the falling PCL 14k particles which induce the 

formation of a novel stage of protuberances. The succeed in the fabrication of multilayer 

samples in this section indicates the feasibility to build 3D structured scaffold with a certain 

thickness by alternate deposition of PLA fibers and PCL 14k particles.  

 

 
Fig. 4.37 SEM images of multilayer samples formed by coupling different layers of PLA 

fibers and PCL 80k particles (a: bilayer samples by coupling one layer of PLA fibers and one 

layer of PCL 80k particles; b: two layers of PLA fibers and two layers of PCL particles 

alternately; c: three layers of PLA fibers and three layers of PCL particles alternately; d: four 

layers of PLA fibers and four layers of PCL particles alternately) 
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In order to increase the efficiency of 3D structured scaffolds formation, the time for 

electrospinning and electrospraying were set to 150s and 300s, respectively. Fig. 4.37 shows 

the samples after the several steps of the process. It is revealed that all samples held a good 

morphology with spatial structures which implied efficient interactions between PCL 80k 

particles and suspended PLA fibers still existed after repeating electrospinning and 

electrospraying few times alternately.  

Overall, the morphology of multilayer samples was well controlled after fabricating 

few layers of PLA fibers and PCL particles alternately on the grid. Thus, 3D scaffolds with 

specific spatial structures and thickness were achieved by controlling the accumulation and 

dissipation of surface charges during electrospinning and electrospraying.  

 

4.3.3.6 Conclusion 

After comparing the intensity of surface potential of suspended fibers generated from 

four types of polymer solutions, it is shown that high conductivity of polymer solution 

weakened the charge storage of fibers over the valley of the grid, resulting in poor repulsive 

force avoiding the controlled deposition of PCL particles. For example, compared with other 

three samples, alginate increases the ionic nature of PEO solution generating a highly charged 

jet under the electric field. However, due to the addition of alginate, the fast transfer of 

charges from suspended PEO/Alginate fibers to the ground occurs, resulting in the weak 

interactions between the falling PCL particles and the suspended PEO/Alginate fibers. As a 

result, the PCL particles deposited uniformly on the PEO/Alginate fibrous mats. The best 

controllability on the deposition of PCL particles came out on PLA fibers: the poor 

conductivity allows remaining efficiently the charges on suspended PLA fibers. Thus, the 

new coming PCL particles underwent a strong repulsive force from the suspended PLA fibers 

to be repelled to the “attractive” areas. Therefore, the selective distribution of PCL particles 

on PLA fibrous mats was achieved as a result. In addition, the strength of surface potential 

could be modified by changing the density of suspended fibers, the large density enhanced 

the charge release on suspended fibers leading to a poor control on the distribution of PCL 

particles. The interaction between the falling PCL particles and PLA fibers could be 

controlled during 20min. In the end, multilayered structured 3D scaffolds were prepared 

successfully by combining PLA fibers and PCL particles alternately on a grid collector, 

proving that the electrostatic template effect can be maintained along all the process of 

deposition of each layer.    
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4.4 Conclusion  
 

In this chapter we designed a collector with one central adjustable gap in order to 

analyze the surface potential of suspended fibers. The results showed that the geometry of the 

collector had an obvious influence on the surface potential of suspended PLA. However, 

suspended PEO fibers fabricated under the same processing parameters held a much lower 

ability in charge storage. The intensity of surface potential held a positive correlation with the 

gap size. Regarding the charge release from the moment of stopping electrospinning, the 

dissipation rate was enhanced with extending the processing time which was attributed to the 

high density of the contact among suspended fibers stimulating the charge decay, this 

phenomenon happened in both suspended PLA fibers and suspended PEO fibers.  

When bilayer samples are prepared by combining electrospun fibers and 

electrosprayed particles on a striated collector, it is proved that PEO fibers had no effect on 

the deposition of PCL14k particles due to from the low electric force of suspended PEO 

fibers avoiding repelling PCL14k particles. While suspended PLA fibers had a positive effect 

on the selective deposition of PCL particles. 

Then, a grid collector with small size in the valleys and walls was used for the 

fabrication of structured composite scaffolds. Here, PLA fibers and PEO fibers as well as two 

other types of fibers made either of PLA/TEBAC or and PEO/Alginate were applied in this 

section to examine the effect of the conductivity on the controlled deposition of PCL particles. 

It indicates that high conductivity of polymer solution weakened the charge storage of fibers 

over the valley of the grid, resulting in poor repulsive force allowing an efficient controlled 

deposition of the PCL particles. Thanks to the low conductivity of the PLA solution, an 

optimum controllability on the deposition of PCL particles was observed. This effect was 

attributed to the fact that charges remain efficiently and for long times on suspended PLA 

fibers. Thus, the in-coming PCL particles underwent a strong repulsive force induced by the 

suspended PLA fibers repelling them to the attractive walls of the collectors. Such 

interactions between the falling PCL particles and the deposited PLA fibers can be 

maintained during 20min. In the end, multilayer samples were prepared successfully by the 

alternate deposition of PLA fibers and PCL particles on the grid collector.      
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The objective of this thesis was to study the electric charges carried by fibers during 

and after their processing by electrospinning and how these charges may affect the surface 

potential and furthermore, the resulting morphology of the produced fibrous mat. In this 

perspective, two cases were deeply studied: (i) the surface potential formation kinetic and 

decay of non-woven mat produced on a flat collector and (ii) the formation kinetic of the 

electrostatic template generated on electrospun fibers deposited on patterned collectors.  

In a first part, we investigated the charge density carried by the single PLA 

electrospun fiber thanks to a novel approach providing details on the effects of various 

processing conditions (polymer concentration, applied voltage, conductivity, ambient 

humidity and flow rate) on the rate of charge accumulation and the formation velocity of 

fibers. The amount of charges carried by PEO, PEO/Alginate fibers and PCL particles were 

measured as well. By the new approach consisting in the connection of a capacitor between 

the collector and the ground, it allowed to keep and measure all charges on the surface of the 

collector. The total amount of charges carried by a single fiber or an individual particle was 

thus calculated precisely. In addition, the length of fibers and the number of particles 

deposited on the collector were measured by SEM allowing an accurate estimation of the 

charge density of fibers and particles. It was proven that the charge density of fibers held a 

positive correlation with the permittivity of solvent used in polymer solution. Fibers 

fabricated from a PEO/H2O solution presented a higher charge density than those prepared 

from a PLA/DCM/DMF solution, the addition of alginate and TEBAC increased the amount 

of charge carriers leading to a dramatic increase of the charge density of PEO/Alginate and 

PLA/TEBAC respectively. Although the increased conductivity of the solution enhanced the 

charge density on fibers, high conductivity also induced efficient charge transfer from fibers 

to the grounded collector. In addition, the linear charge density of a single PLA fiber was 

enhanced with high polymer concentration, large solution conductivity, low applied voltage, 

high ambient humidity and low solution feeding rate. The results obtained in this part are of 

prime importance to better anticipate the building of structured fibrous membranes by 

alternate electrospinning and electrospraying on patterned collectors for which the formation 

of an electrostatic template is the necessary condition. 

In-situ charging of fibrous mats during their fabrication by electrospinning is an 

efficient way which prolong remarkably the release time of bulk charges. Thus, the in-situ 

charging kinetic by electrospinning as well as the charge release kinetic were studied deeply 

by the online measurement of the mat surface potential in the case of simple electrospinning 
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on flat collector. In the same time, the electric current was measured as well during the 

process of electrospinning. The result proved that the intensity of the current was affected by 

the electrospun jet state, the surface potential was more related to the internal porous 

structure of fibrous mats. Regarding the accumulation of surface potential during 

electrospinning, fibers generated in different conditions held different morphologies in terms 

of fiber diameter, quality of the fiber-fiber contact points, etc. A model was proposed in order 

to get more insight into the electrostatic behavior of the mat during its fabrication and after 

stopping electrospinning. Thanks to the model, it is shown that the measurement of the 

surface potential during in-situ charging by electrospinning is characterized by a 

characteristic time 𝜏  which can be related to the electrical characteristics at the different 

length scales: (i) the pore, (ii) the elementary layer having the surface of the membrane and 

the thickness of one pore and (iii) the whole membrane under building. It was shown that a 

scaling law is able to predict the variation in fiber diameter as a function of the measured 

characteristic time. The study of the surface potential decay after stopping electrospinning 

allows the fine dissociation of the kinetic in three fundamental mechanisms of charge release. 

The rapid charge release with only few seconds occurring on the topmost surface of the mat 

caused the initial stage, then a relative slow decay arranging from tens of seconds up to more 

than one hundred of seconds results from the charge dissipation of the pores of the mats. And 

the dissipation of charges which are trapped in the bulk of the fibers form the third stage 

which was at least one order of magnitude higher than the medium time. The persistence of 

charge decay, especially the second and third stages, are of importance for the building of a 

constant electrostatic template improving the construction of composite scaffolds with a 

controlled structure. Finally, in this part, it was shown for the first time that the measurement 

of the surface potential, thanks to the use of an electrostatic voltmeter, is a simple method 

which gives an accurate information at the local scale of the pore and fiber diameter of an 

electrospun mat. Such a method should allow the detection of variations in the porous 

morphology of a mat during its fabrication. Furthermore, in combination with the 

measurement of the current, it is an efficient and complementary method to get an online 

monitoring of the process of electrospinning. 

In the last part of the thesis, we focused on the surface potential generated by 

suspended fibers. Such study is of prime importance for the controlled elaboration of 

structured fibrous membranes. We designed an experiment allowing a deep understanding of 

the formation kinetic of the surface potential of suspended fibers. This experiment consisted 
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in the electrospinning on a rotating collector with a single gap continuously adjustable from 0 

to 10 mm. Furthermore, a model was proposed to explain the formation kinetic of the surface 

potential during electrospinning on a single gap. The results show that the deposition of 

suspended electrospun fibers is characterized by a characteristic time which sharply decreases 

at the first times of production before reaching a plateau value. It was also shown that this 

characteristic time is attributed to the density of contacts between the suspended fibers. After 

a sharp increase of the surface potential controlled by the rate of incoming fibers, a decrease 

of the surface potential was always observed due to the increasing number of crossing fibers 

formed over the gap. Then, a plateau regime is observed. These results were used in the 

second section of this part to get more insight into the controlled fabrication of structured 

composites by electrospinning and electrospraying on patterned collectors. A strong 

electrostatic template could be formed when suspended fibers having a low density of 

crossing fibers is achieved. This was proven by the fact that PCL particles are selectively 

deposited on PLA fibrous mats formed on patterned collector. Suspended PLA fibers could 

generate repulsive force leading to change the trajectory and thus drive the deposition of PCL 

particles. This effect became gradually worse with the enlargement of the density of 

suspended fibers resulting from faster charge release. By modifying the processing time of 

electrospinning to control the density of suspended PLA fibers, the results showed that the 

electrostatic template effect experienced by the falling PCL particles could be kept during 

20min. Moreover, the selective deposition could be repeated after producing few layers of 

PLA fibers and PCL particles alternately. Hence, 3D composite scaffolds with controlled 

spatial structures were successfully obtained by the alternate deposition of PLA fibers and 

PCL particles on a patterned collector. 

Actually, the work is not end. As mentioned in the beginning, linear charge density of 

PLA fibers showed a high value in the condition of high polymer concentration, low applied 

voltage, high ambient humidity and low solution feeding rate. Applying these parameters in 

preparing patterned scaffolds might induce better electrostatic template to facilitate the 

construction of 3D composite scaffolds with controlled special structures. In order to enhance 

the spatial structure, the deposition time of fibers and particles should be studied further. 

Additionally, various raw materials can be applied by this approach to enlarge the category of 

products, making it more prospective in targeted fields such as tissue engineering, filtration, 

wound healing, etc.   
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 Meng LIANG 
Spatial organization of electric charges and 
discharge kinetics during electrospinning: 

application to the elaboration of 3D structured 
nanofibrous materials 

 

Résumé 
L’electrospinning est un procédé permettant la production de matériaux nanofibreux sous 
l'action d'un champ électrostatique intense. Au cours du procédé, une solution de polymère 
en régime semi-dilué enchevêtré est introduite dans une aiguille métallique soumise à un 
potentiel électrique élevé. Lorsque le champ électrique entre l'aiguille et une contre-
électrode métallique reliée à la terre électrique, appelée collecteur, est suffisamment fort (de 
l’ordre de 1 kV/cm), un jet de la solution est violemment éjecté vers le collecteur. Pendant le 
vol entre l'aiguille et le collecteur, le jet est soumis à des instabilités électro-
hydrodynamiques qui provoquent des mouvements de fouet favorisant l'évaporation du 
solvant et la réduction du diamètre. Après un temps de vol de quelques ms, une nanofibre 
polymère solide est déposée sur le collecteur sous la forme d’un scaffold non-tissé. Lorsque 
la nanofibre chargée électriquement est mise en contact avec le collecteur, elle se décharge 
progressivement. La cinétique de la décharge électrique mais aussi la façon dont les 
charges sont réparties à la surface du matériau pendant le procédé déterminent 
l'organisation et la structuration 3D finale du scaffold. 
Les travaux de cette thèse ont consisté à mesurer les charges électriques portées par la 
nanofibre lors de son dépôt mais aussi à étudier comment ces charges se dissipent dans la 
membrane et dans le temps, une fois la nanofibre déposée. Cette étude a ensuite été 
appliquée au développement de scaffolds nanofibreux de structure contrôlée en 3D. 
 
Mots-clés : electrospinning, electrospraying, densité de charge, potentiel de surface, 
scaffolds structurés 3D 

 

Abstract  
Electrospinning is a process allowing the production of nanofibrous materials under the 
action of an intense electrostatic field. During the process, a polymer solution in a semi-
diluted entangled regime is fed to a metal needle submitted to a high electrical potential. 
When the electric field between the needle and a metal counter electrode connected to the 
electrical ground, called a collector, is strong enough (i.e. about 1 kV/cm), a jet of the 
solution is violently ejected towards the collector. During the flight between the needle and 
the collector, the jet is subjected to electro-hydro-dynamic instabilities resulting in whipping 
movements that promote solvent evaporation and diameter reduction. After a flight time of a 
few ms, a solid polymer nanofiber in the form of a non-woven membrane is deposited on the 
collector. When the electrically charged nanofibre is brought into contact with the collector, it 
gradually discharges. The kinetics of electrical discharge but also the way in which the 
charges are distributed on the surface of the material during the process determine the 
organization and the final 3D structuring of the membrane. 
The work of this thesis consisted in measuring the electrical charges carried by the nanofibre 
during its deposition but also in studying how these charges dissipate in the membrane and 
over time once the nanofibre has been deposited. This study was then applied to develop 
nanofiber membranes with a controlled 3D structure. 
 
Keywords: electrospinning, electrospraying, charge density, surface potential, 3D structured 
scaffold 
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