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Abstract 
Electrospinning allows the fabrication of microstructured mats when the nanofiber is deposited 
on a patterned collector made of regularly distributed protuberances. Such directed self-
assembling strategy results from the building of an electrostatic template induced by the 
charged deposited fiber strands suspended between the protuberances which in turns induces a 
field of attractive and repulsive forces that guide the deposition of the fiber during its landing. 
However, after a certain time of electrospinning the microstructuration of the mat is generally 
subjected to modification and is eventually lost. Here, it is shown that the measurement of the 
surface potential above the deposited nanofibers is a powerful tool to track the evolution of the 
fibrous microstructuration during the fabrication. First, the electrospinning above a single and 
adjustable gap is deeply investigated and a model is proposed to explain the surface potential 
kinetics as a function of the gap size and the processed polymer solution. Then, the surface 
potential kinetics is correlated with the evolution of the 3D microstructuration in the case of 
electrospinning on a micropatterned collector. This original strategy paves the way for the 
controlled fabrication of 3D microstructured mats dedicated to a wide range of applications. 
 
 
1. Introduction 

Electrospinning,[1,2]  as other techniques such as centrifugal spinning,[3] forcespinning,[4] 
or blowspinning,[5,6] allows the production of 3D nanofibrous membranes for a large number of 
applications ranging from energy, environment and health. Advantages and disadvantages of 
these spinning methods have been recently presented and discussed.[7] The conventional setups 
of all these spinning methods result in 3D non-structured mats consisting of randomly deposited 
nanofibers. Some of these spinning methods, such as electrospinning or solution blowspinning, 
can moreover produce nanofiber yarns and mats with aligned fibers when the deposition is 
carried out on a high-speed rotating drum.[8] However, one of the advantages of electrospinning 
over its competitors is its ability to guide the deposition of the nanofiber on micropatterned 
collectors by appropriately exploiting the Coulomb's electrostatic forces allowing thus the 
building of mats with a wider diversity of fibrous structures.[9–11] In this context, 1D aligned,[12] 
2D[9] and even 3D[13,14] microstructured nanofibrous mats can be obtained paving the way for 
various practical applications such as the elaboration of biomimetic scaffolds mimicking bone 
osteons,[15–17] increasing the alignment and porosity of the mats for better cell colonization in 
tissue engineering,[18] improving the efficiency and reepithelialization of wound healing,[19] 
inducing anisotropic mechanical properties enhancing the biomimicry[20] and even improving 
the light transmittance and pollutant filtration of membranes.[21–23] It has been shown that the 
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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 the electrospun fibers.[14,24] Experiments and numerical simulations 
demonstrated that this electrostatic template induces (i) a repulsive force above the suspended 
fibers and (ii) an attractive force above the fibers stacked on the collector protuberances. These 
attractive and repulsive forces act on the approaching electrospun fiber which is guided just 
before its landing on the collector. Other studies proved that the intensity of the electric field 
resulting from the charges carried on the suspended fibers can be manipulated by modifying 
the geometry and the electrical properties of the patterned collector[11,25] as well as the 
processing parameters such as the voltage, the electrical properties of solvents[26–30] and ambient 
conditions such as the temperature and humidity.[31] 

Nevertheless, because the charged nanofibers deposited during the first times modify the 
electric field at the vicinity of the collector top surface, the manner the nanofibers are deposited 
after longer time of production can be subjected to modification. As a consequence, a high level 
of control of the membrane 3D structuration during the time of its fabrication is difficult. On 
one hand, such phenomenon can be advantageously exploited as for example when the 
fabrication of membranes with gradient of pore size is targeted.[13] On the other hand, the well-
controlled 3D structuration of membranes can be lost after only a short time of fiber 
deposition.[14] Such phenomena are due to the fact that the electrostatic template evolves, 
progressively or suddenly, during the membrane fabrication. Thus, the on-line measurement of 
the electrostatic template during electrospinning could be very interesting in order to track the 
deposition of the nanofiber and monitor the 3D structuration of the membrane. In a recent 
article, we demonstrated that, by simply using an electrostatic voltmeter, the on-line 
measurement of the surface potential located at the top surface of the deposited fibers gives 
useful information on the local morphology of the membrane during its fabrication such as the 
nanofiber diameter as well as the inter-fibers pore size.[32] 

In the present article, we focus on the on-line measurement of the surface potential 
resulting from the electrostatic template induced by the deposition of electrospun nanofibers on 
patterned collectors. First, the case of the nanofiber deposited above a single gap is deeply 
investigated. To this end, electrospinning is carried out onto a cylindrical rotating collector 
having a single adjustable gap, while continuously measuring the surface potential during the 
process of electrospinning. Furthermore, a model is developed in order to get more insight into 
the kinetics of the surface potential generated from the suspended fibers as a function of the gap 
size and the polymer-solvent formulation. To this end, three polymer have been studied: 
poly(lactic acid) (PLA), poly(ethylene oxide) (PEO) and a blend of PEO and alginate (PEO-
Alginate). A fourth system was also studied: PLA plus the addition of a salt. These polymers 
have been chosen because (i) they are used for many applications[33,34] and furthermore, (ii) 
their electric properties as well as those of their solutions are very different resulting to different 
kinds of surface potential behaviors. Finally, electrospinning using a complex micropatterned 
collector is studied. The surface potential kinetics is thus analyzed in correlation with the 
evolution of the 3D microstructuration of the mat during its fabrication. 
 
 
2. Materials and methods   

2.1 Materials and solution preparation   

Poly(D,L-lactide) (PLA) (Ingeo 7000D, Natureworks, Mw = 180 kg/mol), PEO (Mw = 
400 kg/mol, Sigma-Aldrich), benzyltriethylammonium chloride (TEBAC), sodium alginate 
(low viscosity of 4 to 12 mPa.s (cP) at 1% (w/w) in H2O at 25 °C, Ref A1112, Sigma-Aldrich) 
and deionized water were used as received. Dichloromethane (DCM) and N, N-
Dimethylformamide (DMF) were purchased from Sigma-Aldrich. 
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PLA solutions for electrospinning were prepared by dissolving PLA in DMF/DCM 
(50:50 v/v) to get a polymer weight concentration of 9% (w/w). TEBAC (0.5% w/w) was added 
to the PLA solution to get a PLA/TEBAC solution. Each solution was stirred magnetically 
overnight at room temperature in a glass bottle. With the same method, 5% w/w PEO in 
deionized water was stirred 24h prior to electrospinning. PEO-Alginate system was produced 
by adding 1% w/w alginate in the PEO solution. 
 
2.2 Electrospinning process 

A sketch of the experimental setup is shown in Figure 1. The single gap collector is made 
of two aluminum cylinders having each a width of 70 mm, a diameter D = 12 cm and separated 
by an air gap centered below the needle emitter. The gap g can be continuously adjusted from 
0 to 10mm. The electrospun fibers were deposited on the grounded collector rotating at 120 
RPM. It is worth noting that at this rotation speed, there is no fiber alignment induced by the 
collector rotation. Mechanical fiber alignment occurs at much higher rotation speed (and in fact 
at a much higher tangential velocity at the collector surface V = RΩ, with R being the collector 
radius and Ω the rotation speed in rad.s-1).It was shown that below 1000 RPM (at a tangential 
velocity of V = 0.06 × 1000 π / 30 ⁓ 6.3 m.s-1), there is no effect of the collector rotation speed. 
Thus, below 1000 RPM, the random whipping movements of the electrospun jet are much faster 
than the tangential velocity of the collector. Efficient mechanical fiber alignment was observed 
at tangential velocities greater than 10 m.s-1.[35] In conclusion, the fiber alignment observed in 
all experiments of the present article was only induced by the Coulomb force resulting from the 
electric field between the patterned collector (gap or grid) and the charged electrospun jet. 

The solutions were fed using a syringe pump (Fischer scientific) with a 24G stainless steel 
needle having 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 distance between 
the tip of the needle and the surface of the collector was maintained constant at 15 cm. The 
electrospinning voltage was kept constant at 25 kV and the solution flow rate at 1 ml/h. The air 
in the electrospinning chamber was set to a temperature of 21 ± 1°C with a relative humidity of 
38 ± 2 %. 

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 an 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 Figure 1. An acquisition rate of 30 measurements per second was 
chosen. 

All experiments have been carried out with gaps smaller than 10 mm so as not to exceed 
the maximum value measurable by the sensor (i.e. 3 kV). Thus, for such configurations, the 
diameter of the sensor is larger than the gap and consequently the voltage 𝑉௣௥௢௕௘ measured by 
the ESVM probe and the actual average voltage above the gap covered by the suspended fibers 
𝑉ത௚௔௣ are not identical. For this purpose, a model experiment was designed allowing to find the 
relationship between 𝑉௣௥௢௕௘ and 𝑉ത௚௔௣ (see section 1 of Supp. Info. for this purpose). 

Experiments (see Figure S3 of Supp. Info) have been carried out to measure the total 
electric current 𝑖௝௘௧ corresponding to the flow of charges through the electrospun jet. For this 
purpose, the collector was connected to a secondary aluminum ring and the gap was set to g = 
0 mm. A resistor R (R = 500 MΩ for PLA and 10 MΩ for PEO) was connected to one end to 
the secondary aluminum ring and its other end to the ground. The voltage UR was measured on 
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the surface of the secondary aluminium ring using the ESVM probe. The current flowing 
through the resistor corresponds to the electrospun jet current 𝑖௝௘௧  = UR/R. The current was 
constant during the time of electrospinning. 

Finally, electrospinning of PLA on a micropatterned grid has been carried out. In this case, 
a rotating grounded cylindrical collector having a diameter of 60 mm and a width of 300 mm 
was used. A stainless steel grid with regular square patterns with a pitch of 250 µm has been 
placed against the cylindrical collector.  The grid is a woven mesh and was purchased from 
Gantois industries, https://www.gantois.com/en/home.php. It is obtained by intertwining 
parallel tighten wrap wires and perpendicular weft wires. The mesh of the grid is a square with 
a nominal opening (relative distance between two wires) of 150 µm and the wires have a 
diameter of 100 µm. The rotation speed of the collector was set to 120 RPM. For the on-line 
measurement during electrospinning of the surface potential above the deposited fibers, the 
probe of the ESVM was placed 2 mm below the surface of the grid opposite to the needle 
emitter. An acquisition rate of 30 measurements per second was also chosen. All other 
parameters (formulation, process…) were kept the same as for the electrospinning of PLA on 
the collector with the adjustable single gap. The surface potential was also measured under the 
same conditions but without the grid. 
 
2.3 SEM measurements  

 All samples were gold coated (sputter Quorum Q 150 RS, Quorum Technologies) for 2 min 
before SEM observation (Vega-3, Tescan). To study the aligned fibers, an aluminum sheet 
(40mm × 25mm) with a rectangular hole having a width corresponding to the studied gap of 
the collector is used to collect the suspended fibers. Each side of the aluminum sheet on both 
side of the rectangular hole is stuck on the metal part of the collector. The rectangle hole is 
centered on the collector gap, with the longer edge of the hole along the edge of the gap. Once 
the electrospinning process is completed, the aluminum sheet presenting suspended fibers over 
the rectangular hole is taken off from the collector. The fiber density was calculated from SEM 
images taken at 5 randomly chosen locations of the suspended fibers area. 

a) b)   

Figure 1. a) 3D view and cross-section of the experimental setup for the measurement of the 
surface potential above the suspended fibers. b) Detail of the collector highlighted in a) 
allowing the calculation by the finite elements method of the electric field induced by the 

suspended fibers and the gap capacitance 𝐶௚௔௣ due to the trapped air below the suspended 
fibers. The surface charge density 𝜎 was set to 0 along all dotted lines and to 𝜎ത above the 

suspended fibers. 
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2.4 Numerical simulations  

 Numerical simulations using Comsol® software were carried out in order to calculate (i) the 
electric field located above the charged suspended fibers and (ii) the capacitance 𝐶௚௔௣ resulting 
from the trapped air between the vertical walls of the collector and the charged fiber strands. 
The numerical simulations were carried out on the geometry depicted in Figure 1b. 
 
 
3. Results and discussion 

First, electrospinning was carried out using a cylindrical collector without gap (i.e. 𝑔 set 
at 0 mm) to measure the total electric current 𝑖௝௘௧ flowing towards the ground. A current 𝑖௝௘௧ of 
142 ± 15 nA was measured in the case of PLA electrospun from DCM/DMF solutions whereas 
a value of 1900 ± 70 nA was obtained for PEO dissolved in water. Thus, much more charges 
are brought from the PEO jet compared to the PLA one. Figure 2a shows the evolution of the 
surface potential above the deposited fibers as a function of time for 𝑔 = 0. Two regimes are 
observed in the case of PLA. Indeed, after a lag time of few tens of seconds during which the 
surface potential is almost equal to 0 V, a linear increase of the voltage is measured with a value 
reaching 250 V after 300 s of electrospinning. At the very beginning of production, the 
deposited fibers are in perfect contact with the collector allowing an efficient release of the 
charges towards the ground. However, after the lag time, the surface potential increases due to 
the increasing thickness of the deposited fibrous mesh providing electrical resistance with the 
production time.[32] This behavior is explained by the morphology of the porous mat. Indeed, 
each pore of the fibrous mat can be modeled by a fully charged RpCp circuit where the capacitor 
Cp is formed by the air trapped in the pore (the dielectric medium of the capacitor) surrounded 
by the charged fiber strands (the electrodes of the capacitor) and the resistance Rp is related to 
the fiber-fiber electric contact quality and the resistivity of the polymer.[32] Because, the 
capacitor is fully charged during electrospinning, the RpCp circuit behaves as a simple ohmic 
circuit of resistance Rp. Thus, increasing the resistance value leads to the raise of the surface 
potential in the same proportion. However, in the case of PEO, it is shown that the surface 
potential remains equal to 0 V, even though the measured current is much higher than for PLA. 
Such a result demonstrates that PEO fibers release their charges very quickly. In this case, the 
Rp value of each pore behaves as a short-circuit avoiding the increase of the surface potential.  

The evolution of the surface potential generated by suspended fibers above a gap 𝑔 of 3 
mm is also shown in Figure 2a. SEM pictures of suspended PLA and PEO fibers can also be 
seen in Figure 2c-d. As expected, it is shown that after a short time of electrospinning (i.e. t = 
30 s) fibers are mostly aligned perpendicularly to the gap[26] with a better alignment in the case 
of PLA fibers. For longer time of electrospinning, the fibers alignment is eventually lost. In the 
case of PLA, a dramatic increase of the surface potential is observed immediately after 
switching on the power supply connected to the emitter (i.e. the needle). In less than 15 s, the 
average surface potential reaches a peak of 2200 V. Then, the voltage decreases during around 
20 s before reaching a plateau at 1500 V. It is also shown that the surface potential fluctuates a 
lot with a disparity of ± 200 V around the average value. These fluctuations, which are much 
greater than what was measured when the gap was set to 0 mm, may be caused by uneven 
suspended fibers deposited above the gap inducing a non-uniform electric field. In the case of 
PEO fibers, the evolution of the surface potential can also be divided in three stages: (i) a rapid 
increase followed by (ii) a decrease and then (iii) a plateau regime. However, the kinetics is 
slower than what it is observed for PLA. Indeed, although a much higher amount of charges is 
carried by the PEO jet, the surface potential reaches only a maximum value of 300 V which is 
7 times lower than what was measured for PLA. Thus, the charges brought by the electrospun 
jet are dissipated much faster in the case of PEO than for PLA. This behavior might be due to 
residual water remaining in the fibers leading to a low electric resistance of the PEO fibrous 
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mesh favoring the charge dissipation and consequently the decrease of the surface potential. As 
the evolution of the surface potential should be linked to the amount of charges and thus the 
amount of deposited suspended fibers, the density of deposited suspended fiber strands 
𝜌௚ሺ𝑡ሻwas calculated. This density 𝜌௚ሺ𝑡ሻ, obtained from SEM measurements, is defined as the 
ratio between the total length of deposited suspended fiber strands 𝐿௚ሺ𝑡ሻ and the surface of the 
gap 𝑆௚௔௣ ൌ 𝜋𝐷𝑔 : 

𝜌௚ሺ𝑡ሻ ൌ
௅೒ሺ௧ሻ

గ஽௚
       (1) 

The time evolution of the surface potential and the density 𝜌௚ is shown in Figure 2b for 
PLA with a gap of 3 mm and for PEO with a gap of 7 mm. In both cases, a regular increase of 
𝜌௚ሺ𝑡ሻ is observed during the production time. Thus, although the fibers are uniformly deposited 
over the gap, the surface potential is subjected to a complex non-linear behavior which cannot 
only be explained by the amount of charges brought by the deposited fibers. The way the 
deposited fiber strands release their charges seems to play an important role. Thus, in order to 
get more insight into such phenomena, a model was built to interpret the surface potential 
kinetics. 
 

a) b)  

c)  d)  

Figure 2. a) Surface potential during electrospinning of PLA (black) and PEO (red) for gaps 
of 3 mm and 0 mm. The bold lines represent the average of the surface potential and the thin 

dashed lines represent the envelop curves highlighting the maximum and minimum values 
measured during the experiments. b) Surface potential and density of deposited fiber strands 
𝜌௚ as a function of time for PLA with a gap 𝑔 = 3 mm (black) and PEO with a gap 𝑔 = 7 mm 
(red). c) SEM picture of suspended PLA fibers and of d) suspended PEO fibers after 30 s of 

electrospinning. 
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3.1. Surface potential kinetics above a single gap during electrospinning: a model  

3.1.1. The case of suspended parallel and non-interacting fiber strands 

A first model is proposed assuming that the suspended fiber strands are perfectly 
perpendicular to the gap and consequently do not interact with each other. Once deposited, the 
𝑁௧௛ fiber strand immediately starts to release its charges from its central part where the potential 
reaches a maximum value towards its grounded ends. Indeed, the charges located along the 
strand induce a local potential being maximum around the central part of the gap and equal to 
0 V at the fiber-collector contact point (Figure 3a). The resulting potential difference generated 
along the suspended fiber strand induces a charge release towards the collector. Furthermore, 
the air pocket trapped between the vertical walls of the collector and the fiber strands can be 
seen as the dielectric material of a charged capacitor 𝐶௚௔௣ whereas the fiber strand behaves as 
a wire of resistance 𝑅 allowing the flowing of the charges towards the metallic walls of the 
collector. Thus, a charged fiber strand i located over an air gap with its ends connected to the 
ground can be considered as an 𝑅𝐶 circuit having a characteristic time 𝜏 ൌ 𝑅𝐶. Once deposited, 
it immediately starts to release its charges. Thus, for a given time t, the amount of charges 
carried by the 𝑖௧௛ fiber strand 𝑞௜ሺ𝑡ሻ is: 

𝑞௜ሺ𝑡ሻ ൌ 𝑞଴𝑒
ିሺ௧ି௧೔ሻ

ఛൗ        (2) 

Where 𝑡௜  is the time corresponding to the deposition of the 𝑖௧௛  fiber strand on the gap 
collector and 𝑞଴ is its amount of initial charges: 

𝑞଴ ൌ 𝜆𝑔        (3) 

Where 𝜆 is the linear charge density of the electrospun jet just before it comes into contact 
with the surface of the collector and 𝑔 is the gap size. If one considers that a fiber strand i is 
deposited over the gap every 𝛥𝑡, then its amount of charges at time t is given by: 

𝑞௜ሺ𝑡ሻ ൌ 𝑞଴𝑒
ିሺேି௜ሻ௱௧

ఛൗ        (4) 

Therefore, the total amount of charges 𝑄ሺ𝑡ሻ induced by N strands is: 

𝑄ሺ𝑡ሻ ൌ ∑ 𝑞௜
ே
௜ୀଵ ൌ ∑ 𝜆𝑔𝑒

ିሺேି௜ሻ௱௧
ఛൗே

௜ୀଵ ൌ 𝜆𝑔 ∑ 𝑒
ି௝௱௧

ఛൗேିଵ
௝ୀ଴   (5) 

The average surface charge density 𝜎തሺ𝑡ሻ ൌ 𝑄ሺ𝑡ሻ/𝜋𝐷𝑔 is then: 

𝜎തሺ𝑡ሻ ൌ ఒ

గ஽
∑ 𝑒

ି௝௱௧
ఛൗேିଵ

௝ୀ଴ ൌ ఒ

గ஽

ଵି௘
షಿ೩೟ ഓൗ

ଵି௘
ష೩೟ ഓൗ

    (6) 

Because 𝑡 ൌ 𝑁Δ𝑡   and assuming that Δ𝑡 ≪ 𝜏 , one obtains the average surface charge 
density as a function of time: 

𝜎തሺ𝑡ሻ ൌ ఒ

గ஽

ఛ

௱௧
ቀ1 െ 𝑒

ି௧ ఛൗ ቁ      (7) 

Numerical simulations based on the finite elements method (see section 4 and Figures S6 
and S7 of Supp. Info. for more details) have made it possible to obtain the relationship between 
the average surface potential 𝑉ത௚௔௣ሺ𝑡ሻ above the fibrous surface of the suspended fibers and 
𝜎തሺ𝑡ሻ: 

𝑉ത௚௔௣ሺ𝑡ሻ ൌ 𝑘 ௚

ఌబ
𝜎തሺ𝑡ሻ       (8) 

 Where 𝜀଴is the permittivity of air and  𝑘 is a form factor depending on the collector 
diameter. The trapped air below the suspended fiber strands can be seen as a capacitor 𝐶௚௔௣ 
having a capacitance such as 𝐶௚௔௣ ൌ 𝑄/𝑉ത௚௔௣ ൌ 𝜋𝐷𝑔𝜎തሺ𝑡ሻ/𝑉ത௚௔௣ . Thus, by identification one 
obtains: 
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𝐶௚௔௣ ൌ గ஽ఌబ

௞
        (9) 

The numerical simulations show that 𝑉ത௚௔௣ does not depend on the collector diameter (see 
Figure S7a in Supp. Info.) and mostly corresponds to the asymptote value when 𝐷 → ∞ (i.e. 
plane situation). Thus, a value of 𝑘 ≅  0.16 was obtained (see Figure S7b in Supp. Info.) 
whatever the gap value and a capacitance 𝐶௚௔௣ ≅ 2.1 10-11 F is calculated for a collector 
diameter 𝐷 ൌ 120 mm. If one introduces 𝑖௚, the rate of deposited charges over the gap, as the 
amount of charges deposited over the gap per unit time and corresponding to a fraction 𝛽 of the 
total current 𝑖௝௘௧ coming from the jet, it leads to: 

𝑖௚ ൌ ఒ௚

௱௧
ൌ 𝛽𝑖௝௘௧       (10) 

Finally, from equations 7-10, the average potential located above the suspended fiber 
strands is given by: 

𝑉ത௚௔௣ሺ𝑡ሻ ൌ
௜೒

஼೒ೌ೛
𝜏൫1 െ 𝑒ି௧/ఛ൯      (11) 

 

a) b)  

Figure 3. a) Local surface potential induced by a charged suspended fiber strand connected 
at its extremities to the grounded collector. b) Surface potential of suspended PLA fiber 

strands with a gap of 3 mm. Experimental points (black squares), model from equation 11 
with 𝜏 = 20 s (solid blue line) model from equation 11 with 𝜏 = 5.7 s (dashed red line). 

 
When 𝑡 ≪ 𝜏 , equation 11 shows that, at the beginning of electrospinning, the surface 

potential evolves linearly with time which can be easily explained by the fact that each 
deposited fiber strand brings its own charges which do not have the time to be released. Thus, 
at short times (i.e. 𝑡 ≪ 𝜏), the initial slope of the surface potential gives the rate of deposited 
charges 𝑖௚ : 

ௗ௏ഥ೒ೌ೛

ௗ௧
ሺ𝑡 ≪ 𝜏ሻ ൎ

௜೒

஼೒ೌ೛
       (12) 

 When 𝑡 ≫ 𝜏 , equation 11 shows that the surface potential tends to an asymptote: 

𝑉ത௚௔௣ሺ𝑡 ≫ 𝜏ሻ ൎ 𝑉തஶ ൌ
௜೒

஼೒ೌ೛
𝜏      (13) 

Using equations 12 and 13, an estimation of 𝑖௚ and 𝜏 can be done with: 

𝑔 = 3 mm, 
ௗ௏ഥ೒ೌ೛

ௗ௧
 = 250 Vs-1, 𝐶௚௔௣ = 2.1 10-11 F and 𝑉തஶ = 1422 V 

One obtains: 
𝑖௚ = 5.25 nA and 𝜏 = 5.7 s 
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From Figure 3b, it is shown that taking τ = 5.7 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 = 20 s), but in this case 𝑉തஶ ൎ  6350 V! Thus, it appears that the 
characteristic time τ related to the kinetics of charge release along the suspended fiber strands 
should decrease during the first times of deposition. For this purpose, another model is 
proposed. 
 
 
3.1.2. The case of interacting suspended fiber strands 

Figure 4a shows a sketch of the collector during electrospinning with suspended fiber 
strands crossing each other over the gap. Indeed, a close view shows that the suspended fiber 
strands interact with each other forming closed loops (highlighted in white in Figure 4b) 
equivalent to resistor-capacitor circuits of resistance 𝑅௟௢௢௣ and capacitance 𝐶௟௢௢௣ (Figure 4c). 
The thin deposited layer of fiber strands can be seen as the association of a large number of RC 
circuits having an equivalent resistance 𝑅ሺ𝑡ሻ and a capacitance 𝐶௚௔௣(Figure 4d). Because the 
size of the loops decreases during electrospinning (Figure 4e-g), it is expected that 𝑅ሺ𝑡ሻ follows 
the same tendency. However, as already mentioned, 𝐶௚௔௣ characterizes the capacitance of the 
trapped air pocket between the walls of the collector and the suspended fibrous layer (Figure 
1b), it is thus a constant during the time of electrospinning. The characteristic time of the 
charged suspended fibrous layer can thus be written as follows: 

 𝜏ሺ𝑡ሻ ൌ 𝑅ሺ𝑡ሻ𝐶௚௔௣      (14) 

Using equation 9, the characteristic time can also be written as: 

𝜏ሺ𝑡ሻ ൌ గ஽ఌబ

௞
𝑅ሺ𝑡ሻ      (15) 

a)   

 

Figure 4. Model taking into account interacting fiber strands. a) Sketch of the set-up with a 
fiber being deposited above the gap. b) SEM showing PLA crossing fibers forming a closed 

loop highlighted in white. c) Each loop can be seen as a short RC circuit. d) Equivalent 
circuit of the thin suspended fibrous layer. PLA fiber strands suspended over a gap of 3 mm 

after e) 5 s, f) 40 s and g) 300 s. h) Graph of the proposed behavior of the characteristic time 
versus time. 
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Thus, the suspended fibrous layer is equivalent to an RC circuit through which a current 
𝑖௚ flows as shown in Figure 4d. The behavior of such circuit is characterized by the following 
differential equation: 

ௗ௏ഥ೒ೌ೛

ௗ௧
൅

௏ഥ೒ೌ೛

ఛሺ௧ሻ
ൌ

௜೒

஼೒ೌ೛
      (16) 

Equation 16 cannot be solved directly due to the fact that the characteristic time is not a 
constant. It can be noticed that if 𝜏ሺ𝑡ሻ was a constant, then the solution would be equivalent to 
equation 11 corresponding to non-interacting fiber strands. The form of the function 𝜏ሺ𝑡ሻ must 
be proposed in order to solve equation 16. As previously hypothesized, the characteristic time 
𝜏ሺ𝑡ሻ, and consequently the resistance 𝑅ሺ𝑡ሻ, must decrease during electrospinning due to the 
decrease of the size of the loops (Figure 4e-g). The following empiric equation is thus proposed: 

𝜏ሺ𝑡ሻ ൌ 𝜏ஶ ൅
ሺఛబିఛಮሻమ

|ఛబ
ᇲ |௧ାఛబିఛಮ

      (17) 

Where 𝜏଴ ൌ 𝜏ሺ𝑡 ൌ 0ሻ, 𝜏ஶ is the asymptote of 𝜏ሺ𝑡ሻ and |𝜏଴
ᇱ | is the absolute value of the 

initial slope (see Figure 4h). Using equation 17, it is possible to solve the differential equation 
16. After integration and imposing the initial conditions, the complete solution is: 

𝑉ത௚௔௣ሺ𝑡ሻ ൌ 𝐾ሺ𝑡ሻ𝐺ሺ𝑡ሻ       (18) 

𝐺ሺ𝑡ሻ ൌ ሾ𝜏ஶ|𝜏଴
ᇱ |𝑡 ൅ 𝜏଴ሺ𝜏଴ െ 𝜏ஶሻሿఊ𝑒ି௧/ఛಮ    (19) 

𝐾ሺ𝑡ሻ ൌ
௜೒

஼೒ೌ೛
׬ ሾ𝜏ஶ|𝜏଴

ᇱ |𝑡ᇱ ൅ 𝜏଴ሺ𝜏଴ െ 𝜏ஶሻሿିఊ𝑒௧ᇲ/ఛಮ𝑑𝑡ᇱ௧
଴   (20) 

𝛾 ൌ
ሺఛబିఛಮሻమ

ఛಮ
మ หఛబ

ᇲ ห
        (21) 

The integral in equation 20 can be numerically estimated using a Simpson method. In order 
to avoid any numerical divergence when calculating 𝑉ത௚௔௣ሺ𝑡ሻ in the case of large values of 𝛾 
exponent, 𝐺ሺ𝑡ሻ is placed inside the integral of 𝐾ሺ𝑡ሻ. In the following, equation 18-21 are used 
to model the surface potential in various situations. 

 
3.2. Evolution of the surface potential as a function of the gap and the polymer 
solution 

Figure 5a-b show experiments and their modeling of the time evolution of the surface 
potential 𝑉ത௚௔௣ሺ𝑡ሻ as a function of the gap size for PLA and PEO suspended fibers respectively. 
Due to the range of the electrostatic voltmeter, the tested gap size was set between 0.5 mm and 
3 mm in the case of PLA and between 1 mm and 10 mm for PEO. Whatever the gap value, the 
kinetics of the surface potential can be divided in three distinct stages: a sharp increase at the 
first moments followed by a decrease before reaching a plateau. However, smoother variations 
can be observed for PEO than for PLA. 

Regarding the first stage of 𝑉ത௚௔௣ሺ𝑡ሻ, the surface potential increases sharply and almost 
linearly as a function of time. Knowing that the density of deposited suspended fiber strands 
𝜌௚ሺ𝑡ሻ can be obtained experimentally at the beginning of electrospinning (see equation 1 and 
Figure 2b), it is possible to calculate the rate of deposited suspended fiber strands 𝜌ሶ௚ as follows: 

𝜌ሶ௚ ൌ
ௗఘ೒

ௗ௧
ൌ ଵ

గ஽௚

ௗ௅೒ሺ௧ሻ

ௗ௧
      (22) 

Thus, from the model it can be seen that at the very beginning of the electrospinning (i.e. 
when very few interactions occur between the deposited fiber strands over the gap), the surface 
potential scales as: 
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𝑉ത௚௔௣ሺ𝑡 → 0ሻ ~
௜೒

஼೒ೌ೛
𝑡 ൌ 𝜆𝜌ሶ௚𝑘 ௚

ఌబ
𝑡    (23) 

Equation 23 is well verified as the current 𝑖௚ increases almost linearly with the gap as 
shown in Figure 5c-d. It is recalled that the capacitance 𝐶௚௔௣ does not depend on the gap size 
(see equation 9). Thus, at the very first moments, the larger the gap, the larger the current 𝑖௚, 
which shows that in the studied range of gaps, the rate 𝜌ሶ௚ is constant. 

a) b)   

c) d)  

e) f)  

Figure 5. Experimental results (points) and model (solid lines) of the surface potential as a 
function of time for various gaps in the case of a) PLA and b) PEO. Current 𝑖௚ (red squares) 

and potential 𝑉ஶ (blue triangles) as a function of the gap for c) PLA and d) PEO. 𝜏଴ (red 
squares), 𝜏ஶ (red triangles) and |𝜏଴

ᇱ | (blue discus) as a function of the gap for e) PLA and f) 
PEO. 

 
During the second stage, the surface potential 𝑉ത௚௔௣ሺ𝑡ሻ decreases sharply with time. The 

decrease of the surface potential is explained by the fact that the characteristic time decreases 
as a function of time (i.e. |𝜏଴

ᇱ | has a significant effect on the kinetics of the surface potential) 
due to the interactions between the fiber strands decreasing the overall resistance 𝑅ሺ𝑡ሻ of the 
suspended fibrous layer. Moreover, in the case of PEO, it is seen that |𝜏଴

ᇱ | decreases with the 
gap which means that the second stage of 𝑉ത௚௔௣ሺ𝑡ሻ gets smoother when increasing the gap. 
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Whereas the third stage is reached very rapidly (i.e. after only 30s) in the case of PLA, the 
plateau value 𝑉തஶ is only reached after 240 s for 𝑔 = 7 mm and hardly ever reached after 300 s 
for 𝑔 = 10 mm in the case of PEO. Moreover, it is observed that the time to reach the surface 
potential plateau increases with the gap, as predicted by the model showing that 𝑉തஶ scales as: 

𝑉ത௚௔௣ሺ𝑡 → ∞ሻ ൌ  𝑉തஶ ൌ 𝜆𝜌ሶ௚𝑘 ௚

ఌబ
𝜏ஶ ൌ

௜೒

஼೒ೌ೛
𝜏ஶ    (24) 

Finally, it is observed that the gap has no significant effect on 𝜏଴ and 𝜏ஶ (see Figure 5e-
f). Such behavior shows that the initial and final behavior of 𝑉ത௚௔௣ሺ𝑡ሻ is mostly governed by the 
initial and final fibrous morphology of the suspended fiber strands. Indeed, whatever the gap 
value (except in the case of 𝑔 = 0.5 mm for PLA), the fiber strands are mostly parallel to each 
other at the very first moments of electrospinning. For the longest studied times, when the 
plateau is reached, the size of the fibrous loops (see Figure 4b) reaches a minimum value 
corresponding to a minimum value of the average resistance 𝑅ሺ𝑡ሻ  of the fibrous layer 
suspended above the gap. 

 

a) b)  

c) d)  

Figure 6. Behavior of various systems with a gap = 3 mm. Surface potential (black squares: 
experimental result, red lines: model from equation 18-21) and the characteristic time 𝜏ሺ𝑡ሻ 
(blue dashed line) as a function of time. a) PLA. b) PLA-TEBAC. c) PEO. d) PEO-Alginate. 

 
Figure 6 (see also Figure S4 in the Supp. Info. to compare the curves on a single graph) 

shows experiments and their modeling of the time evolution of the surface potential measured 
for various polymer systems electrospun under the same conditions and with a gap of 3 mm. It 
is seen that the model taking into account the interactions between the fiber strands allows an 
excellent fitting of experimental curves. As for PLA and PEO, it is shown that the surface 
potential 𝑉ത௚௔௣  of PLA-TEBAC and PEO-Alginate suspended fiber strands follow a similar 
trend with three successive steps. Indeed, both systems are firstly subjected to a sharp linear 
increase of 𝑉ത௚௔௣ before reaching a peak value and then decreasing to an asymptotic value 𝑉ஶ. 
For each electrospun polymer solution, table 1 gives the parameters 𝜏଴, 𝜏ஶ and |𝜏଴

ᇱ | allowing 
the best fitting. In all the cases, the characteristic time decreases during electrospinning before 
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reaching an asymptotic value 𝜏ஶ corresponding to a stabilized fibrous morphology over the 
gap. Indeed, the size of the loops formed by the crossing fiber strands decreases gradually 
during electrospinning resulting in the decline of 𝑅ሺ𝑡ሻ. After a long time of electrospinning, the 
size of the loops reaches a critical value related to the fiber diameter [36] leading to a constant 
𝑅ሺ𝑡ሻ and therefore a constant characteristic time  𝜏ሺ𝑡ሻ~𝜏ஶ. 

In the case of PLA-TEBAC fibers, it can be noticed that the kinetics of the surface potential 
is almost the same as for pure PLA fibers regarding the first step and the beginning of the second 
one as shown in Figure S4 and as characterized by the model parameters influencing the two 
first steps of the surface potential, i.e. 𝑖௚ , 𝜏଴  and |𝜏଴

ᇱ | . The low amount of TEBAC salt 
introduced in the formulation didn’t allow to enhance significantly the amount of charges 
characterized by 𝑖௚. Furthermore, TEBAC salt is not perfectly dispersed in the PLA matrix: 
domains of fibers are free of TEBAC.[32] Thus, at the beginning of electrospinning, the 
percolation threshold of TEBAC is not reached inside the large loops formed by the 
interconnected suspended fiber strands: the resistance 𝑅ሺ𝑡ሻ is similar to that of pure PLA fibers. 
However, after a longer time of electrospinning in the order of 25 s, as the size of the loops 
decreased, the percolation threshold of TEBAC may be suddenly reached explaining the low 
value of 𝜏ஶ (i.e. 0.61 s) compared to that of pure PLA fibers (i.e. 4 s). 

 
Table 1. Parameters obtained for the fitting for 𝑔 = 3 mm. 

 PLA PLA-TEBAC PEO PEO-Alginate 
𝑖௚ (nA)  8.5 9.5 1.2 0.5 

𝜏଴ (s) 690 1450 8.8 5 
𝜏ஶ (s) 4 0.61 1.2 0.089 

|𝜏଴
ᇱ | (s/s) 20000 50000 0.33 1.5 
𝑉ஶ (V) 1533 260 64.7 2 
 
As previously mentioned, electrospinning of PEO induced a similar evolution of 𝑉ത௚௔௣ as a 

function of time than PLA but with smoother transitions between the three stages as well as 
with lower surface potential values. The surface potential decrease is even more pronounced in 
the case of PEO-Alginate system. Whereas 𝜏଴ holds a high value of 690s in the case of PLA, 
the initial relaxation time reaches only a value of 𝜏଴ = 8.8 s for PEO fibers and 𝜏଴ = 5 s in the 
case of PEO-Alginate. As mentioned in equation 14, the relaxation time is the product of the 
capacitance 𝐶௚௔௣  induced by the trapped air below the suspended fibrous layer and the 
equivalent resistance 𝑅ሺ𝑡ሻ of the suspended fibrous layer. Because 𝐶௚௔௣, given by equation 9, 
is related to the gap geometry alone, the decrease of 𝜏ሺ𝑡ሻ can only be explained by the variation 
of 𝑅ሺ𝑡ሻ which itself depends on the nature of the polymer, the possible content of residual 
solvents used for electrospinning and the quality of the fiber-fiber contact points. Furthermore, 
it is shown that PEO and PEO-Alginate fibers are subjected to slow variations of 𝜏ሺ𝑡ሻ as 
demonstrated by the low |𝜏଴

ᇱ | values. Thus, the overall low resistance 𝑅ሺ𝑡ሻ estimated in the 
cases of PEO and PEO-Alginate systems is mainly explained by the higher fiber conductivity, 
as compared to PLA, allowing a faster charge release from the suspended fibers to the grounded 
collector. Indeed, whereas the conductivity of PLA is in the order of 2.10-18 S.cm-1,[37] the 
conductivity of pure PEO at room temperature is 10-9 S.cm-1,[38,39] a value which should be 
much more higher in the case of PEO-Alginate fibers due to the polyanionic character of 
alginate. 

In the cases of PEO and PEO-Alginate, it is worth noting that the model leads to very low 
charge deposition rates, characterized by the current 𝑖௚. Indeed, when compared to PLA for 
which 𝑖௚ = 8.5 nA, 𝑖௚ reaches respectively only 1.2 nA and 0.5 nA for PEO and PEO-Alginate. 
At first glance, this estimation seems to be in contradiction with the fact that the total current 
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𝑖௝௘௧, corresponding to all the charges carried by the electrospun jet, is 13 times higher for PEO 
(i.e. 1900 ± 70 nA) than for PLA (i.e. 142 ± 15 nA). From equation 22 it is possible to calculate 
the rate of deposited suspended fiber strands 𝜌ሶ௚ as follows: 

𝜌ሶ௚ ൌ
ఈ௩೑

గ஽௚
       (25) 

 Where 𝑣௙ is the electrospun fiber velocity and 𝛼 ൌ
௅೒ሺ௧ሻ

௅ሺ௧ሻ
 is the fraction of fiber length 

which is deposited above the gap compared to the total deposited fiber length. The velocity of 
the jet can be easily estimated from the mass balance: 

 𝑣௙ ൌ
ସொೞ೚೗ఘೞ೚೗஼೛೚೗

ఘ೛೚೗గథ೑
మ       (26) 

Where 𝑄௦௢௟  is the volume flow rate of the polymer solution, 𝐶௣௢௟  the weight polymer 
fraction in the solution, 𝜌௦௢௟ the density of the solution, 𝜌௣௢௟ the density of the polymer and 𝜙௙ 
the average fiber diameter. Thus, the fraction 𝛼 of fiber strands deposited over the gap relative 
to the total deposited fiber length can be experimentally obtained: 

𝛼 ൌ
ఘሶ ೒గమ஽௚ఘ೛೚೗థ೑

మ

ସொೞ೚೗ఘೞ೚೗஼೛೚೗
      (27) 

The fraction 𝛼 is expected to be of the same order of magnitude as the fraction 𝛽 obtained 
from the measurement of the currents 𝑖௚ and 𝑖௝௘௧ as defined in equation 10. As shown in Table 
2 for the case of PLA, 𝛽 𝛼⁄  = 1.2 showing that the fraction of fibers deposited over the gap 
relative to the total fiber production corresponds to the fraction of charges deposited per unit 
time relative to all the charges brought by the electrospun jet. However, a huge discrepancy 
between 𝛼 and 𝛽 is observed in the case of PEO where 𝛽 is 18 times lower than 𝛼. Such a 
discrepancy comes from the fact that the measured current 𝑖௚ appears to be underestimated 
while the total current 𝑖௝௘௧ is high, as water is used as solvent. The only explanation of such an 

effect is that a fraction of 1 െ ఉ

ఈ
ൎ 94% of the total charges brought by the suspended fiber 

strands at the time of their deposition is instantly dissipated and therefore, cannot be measured 
by the electrostatic voltmeter, which is only able to measure the surface potential after half a 
turn of the rotating collector. 

 
Table 2. Parameters used for the calculation of the fraction 𝛼  of suspended fiber strands 
relative to the total produced fibers and fraction 𝛽 being the ratio of the obtained 𝑖௚ current 
to the total electrospun current 𝑖௝௘௧.

 
𝑔 

(mm) 
𝜌ሶ௚ 

(m-1.s-1) 
𝜌௣௢௟ 

(kg.m-3) 
𝜙௙ 

(nm) 
𝑄௦௢௟ 

(mL.h-1) 
𝜌௦௢௟ 

(kg.m-3) 
𝐶௣௢௟ 

(%w/w) 
𝛼 

(%) 
𝑖௚ 

(nA) 
𝑖௝௘௧ 

(nA) 
𝛽 

(%) 
𝛽/𝛼 

PLA 3 4166 1300 545 1 1150 9 5.0 8.5 142 6.0 1.2 

PEO 7 10300 1125 169 1 1005 5 4.9 5.3 1900 0.3 0.06 
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Electrospinning over a gap is often expected to favor the fiber alignment perpendicular 
to the gap direction.[26] Indeed, in the case of PLA, an efficient fiber alignment was achieved as 
observed in Figure 4e-g. The degree of alignment was estimated from the analyses of SEM 
pictures giving the distribution of angle θ between the fiber directions and the direction 
perpendicular to the gap (Figure S8a). An angle θ = 0° corresponds to the expected and perfect 
fiber alignment. A standard deviation of 12° was obtained from SEM pictures taken in the case 
of fibers deposited after 50 s of electrospinning (Figure S8b). In the case of PEO electrospun 
during the same time (Figure S8c), a standard deviation of 23° was achieved which corresponds 
to lower fiber alignment than what was observed for PLA. When PEO-Alginate are electrospun 
a random fiber deposition is observed over the gap (Figure S8d). Such differences in the degree 
of fiber alignment can be explained from the different strength of the interactions between the 
surface potential and the charged upcoming jet in the three cases. Indeed, whereas a surface 
potential of ⁓ 1500 V was measured after 50 s of PLA electrospinning, the value reached 270 
V for PEO and is lower than 10 V in the case of PEO-Alginate. Because at the upper vicinity 
of the gap the electric field is mainly induced by the surface potential,[14] lower Coulomb force, 
and thus poor fiber alignment, is experienced for PEO and even no alignment for PEO-Alginate. 
In the case of PLA, the surface potential 𝑉ത௚௔௣  (Figure 7a) and the degree of alignment 
characterized by the standard deviation of angle θ (Figure 7b) were plotted as a function of time 
for a long duration of electrospinning. It can be shown that at the very first moment (i.e. stage 
1, when the surface potential increases rapidly and linearly with time) the fiber alignment is 
generally very poor (Figure 4e and S9a). This effect can be explained by the fact that during 
the first seconds of deposition, the electrospun jet is not subjected to a surface potential that 
could promote the electrostatic template effect responsible of the fiber alignment. Then, during 
several hundreds of seconds, a high degree of alignment characterized by a standard deviation 
of θ ⁓ 10 to 12°can be observed (Figure 7b and Figure 2c, 4f-g and S8b for SEM pictures). This 
stage is also characterized by a shoulder and a slight decrease of the surface potential up to 1900 
s of electrospinning (stage 2 in Figure 7a). Finally, for long times of electrospinning (i.e. 5400 
s), the degree of alignment is much less good (SEM in Figure S9b) with a standard deviation of 
θ ⁓ 31°. This loss of alignment may be related to the fact that as the thickness of the deposited 
fibers over the gap starts to be large compared to what it is deposited on the metallic edge which 
may hide the electrostatic template effect induced by the gap geometry. This result is in line 
with the slight increase of the surface potential observed between 1900 s and 5400 s (stage 3 in 
Figure 7a) which can be attributed to a higher accumulation rate of fibers over the gap (due to 
the loss of the electrostatic template effect) leading to charge accumulation as observed for 
standard non-woven electrospun mat.[32]  

 
Figure 7. Electrospinning of PLA over a gap of 3 mm. a) Evolution of the surface potential 
𝑉ത௚௔௣ during electrospinning. Here, the very first points corresponding to the sharp initial 

increase of 𝑉ത௚௔௣ are not shown in order to zoom between 1000 V and 2000 V and show the 
slight increase of 𝑉ത௚௔௣ during the stage between 1900 s and 5400 s. b) Standard deviation 
obtained from the SEM image analyses of angle θ between the fiber direction and the one 

perpendicular to the gap as a function of the time of electrospinning. 
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The on-line measurement of the surface potential throughout electrospinning is 
therefore a very valuable tool for the controlled fabrication of mats with aligned fibers which 
find a wide field of applications. Indeed, it has been shown that mats composed aligned fibers 
can be very attractive for various biomedical applications in order to mimic tissues such as 
tendon, heart or nerve.[40] In most of these applications, the mats must be only composed of 
aligned fibers for which the best fabrication technique is the mechanical alignment induced by 
depositing the fibers on a drum rotating at very high velocity. Indeed, the quality of the 
mechanical fiber alignment does not depend on the surface potential and thus the type of 
polymer-solvent which is electrospun. However, some applications require more complex 
aligned fibrous structures. This is for example the case of biomimetic scaffolds dedicated to the 
surgical reparation of tendon-to-bone area which need a gradation in terms of fibrous structure 
from aligned to random organization.[41] In this case, the use of a gap collector allows a one-
step fabrication of such graded scaffolds with aligned fibers (i.e. those deposited over the gap) 
and randomly deposited fibers (i.e. those deposited on the metal edges of the collector). Because 
a high level of alignment is a key parameter to mimic the tendon zone, it is important to maintain 
the electrostatic template induced by the surface potential over the gap during all the process of 
electrospinning. Consequently, polyesters such as PLA or their derivatives are good candidates 
as they can be generally electrospun in DMF/DCM solvent systems allowing to maintain the 
electrostatic template for long times of production. On the other hand, the fabrication of graded 
scaffolds with aligned and randomly deposited fibers cannot be obtained from polyelectrolyte 
solutions due to their high conductivity that prevents the formation of the electrostatic template. 
In conclusion, whatever the used polymer-solvent system, the on-line measurement of the 
surface potential allows to track the quality of the electrostatic template which is directly related 
to the degree of fiber alignment. 
 
3.3. Surface potential in the case of a micropatterned collector  

It has been shown that using patterned collectors with protuberances regularly distributed 
on their surface allows the fabrication of 2D and even 3D structured nanofibrous membranes. 
This fiber structuration is due to the electrostatic template formed by the suspended fiber strands 
between the protuberances. Thus, starting from the analysis carried out in the case of a collector 
having a single gap, the electrospinning of PLA fibers on a regular micro-patterned grid (see 
Figure 8 and S10) is discussed. Figure 8a shows the evolution of the potential 𝑉௣௥௢௕௘ measured 
by the probe of the electrostatic voltmeter (ESVM) during electrospinning. It is important to 
note that, as opposed to the previous results obtained for the single gap collector for which 
𝑉௣௥௢௕௘ was corrected in order to get the average surface potential 𝑉ത௚௔௣ over the suspended fiber 
strands, here the calibration cannot be performed since a unique 𝑉ത௚௔௣ value has no sense. Thus, 
due to the fact that the diameter of the probe is much larger than the pitch of the grid, 𝑉௣௥௢௕௘ 
corresponds to an average of the surface potential induced by the suspended fiber strands and 
the potential of the domains where the fibers are in direct contact with the grid (for which the 
potential is ~ 0V when the thickness of the deposited fibrous membrane is low). The surface 
potential was also measured on-line during electrospinning under the same conditions but on a 
smooth cylindrical collector (i.e. without the grid, see Figure 8a, black points). As already 
discussed, when electrospinning of PLA is carried out on a smooth cylinder, the kinetics of the 
surface potential follows two stages: (i) a plateau at 0V during a lag time of 10 s and then (ii) a 
linear increase of the potential being correlated with the amount of charges carried by the 
deposited nanofiber and the pore size of the fibrous membrane.[32] 
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Figure 8. a) Evolution of the potential 𝑉௣௥௢௕௘ measured by the electrostatic voltmeter as a 
function of time during electrospinning of PLA fibers on a grounded micro-patterned grid 
(red points) and on a smooth grounded cylinder (black points). SEM pictures of PLA fibers 

deposited on the grid after b) 18 s, c) 180 s and d) 500 s. Additional SEM pictures obtained at 
270 s and 360 s can also be shown in Figure S10 of supporting information. 

When the micro-patterned grid is used instead of the smooth collector, the surface potential 
follows a completely different trend. In this case, three stages can be observed. The first one, 
of approximatively 60 s, is subjected to a sharp increase of the surface potential. As opposed to 
the smooth collector situation for which the potential increases very slowly due to the efficient 
charge release towards the ground, in the case of the grid, the suspended fiber strands keep their 
charges with little possibility of dissipation. Figure 8b shows indeed that during this first stage, 
only few suspended fiber strands are crossing the patterns of the grid, resulting in poor 
interactions between them. As discussed for the single gap collector during the early period of 
electrospinning, because there are few interactions between the fiber strands charge dissipation 
cannot occur. Thus, during the first stage, almost all the charges brought by the deposited 
suspended strands are accumulated leading to a sharp linear increase of 𝑉௣௥௢௕௘ . During the 
second stage, between 60 s and 300 s, the surface potential increases also linearly but much 
more slowly than during the previous one. By analogy with the proposed model of charged 

fibers hanging above a single gap, the attenuation of the slope 
ௗ௏೛ೝ೚್೐

ௗ௧
  can be explained by the 

interactions occurring between the fiber strands forming closed circuits that reduce the overall 
electric resistance 𝑅ሺ𝑡ሻ of the suspended fibrous layer. Furthermore, the equivalent capacitance 
𝐶௖௢௟௟ of the patterned grid collector is a constant since it depends only on the geometry of the 
air pockets confined between the metal surfaces of the grid collector and the suspended fibrous 
layer. Thus, the average relaxation time 𝜏ሺ𝑡ሻ ൌ 𝑅ሺ𝑡ሻ𝐶௖௢௟௟  related to the surface potential 
kinetics during the second stage is lower than in the previous stage. However, as the two kinds 
of domains (one made of fiber strands suspended above the holes of the grids and the other one 
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made of fiber strands in direct contact with the grid) are well defined, a perfect electrostatic 
template is formed. The upcoming fiber being subjected to this electrostatic template, it is 
preferentially deposited in areas in direct contact with the grid, as these domains are electrically 
attractive. During this second stage a nice 3D fibrous structuration is obtained (see Figure 8c 
and S10a in the end of stage 2). However, after longer times of electrospinning (i.e. 𝑡 ൒ 300 s 
corresponding to stage 3) the electrostatic template is lost. In this third stage the morphology of 
the suspended fibrous layer and the one of the fibers in direct contact with the grid lose their 
structuration and merge into each other (Figure 8d). Indeed, the respective sizes of the closed 
circuits are of the same order of magnitude (see Figure S10b at the beginning of stage 3). 
Meanwhile, the deposited thickness increases, resulting in a behavior similar to that observed 
when electrospinning is performed on a smooth collector. Indeed, as it can be seen, the slope 
ௗ௏೛ೝ೚್೐

ௗ௧
  in the third stage is identical to the one measured during electrospinning on a smooth 

cylindrical collector. During this last stage, the 3D structuration of the fibers induced by the 
grid geometry is lost as shown in Figure 8d. 

The elaboration of mats with an organized arrangement of the nanofibers find a wide range 
of applications. Among them, one can cite biomimetic scaffolds for tissue engineering 
applications,[42] drug delivery devices,[43] smart scaffolds responding under external stimuli,[44] 
advanced nanofibrous materials for fuel cells and batteries[45] or even hierarchical structure for 
catalytic applications.[46] The on-line measurement of the surface potential during 
electrospinning is therefore an efficient tool allowing the control of 2D and even 3D fiber 
structuration when micropatterned collectors are used for such targeted applications. As the 
surface potential is linked with the evolution of the fiber organization, its on-line monitoring 
could help for the controlled fabrication of scaffolds with a gradient of structure throughout 
their thickness. Such scaffolds with a graded transition between organized fibrous layers and 
randomly deposited fibers (e.g. as observed in Figure 8b-d and S10) or scaffolds having a 
gradient in pore size[13] are of special  interest for the regeneration at interfaces of two tissues 
(e.g. bone to cartilage area).[47] Furthermore, as it was shown that the surface potential depends 
on the composition of the electrospun solution, it is expected that it could help for the 
fabrication by multiple-electrospinning (i.e. using multiple emitters simultaneously) of 
composite mats made of different kinds of fibers. In this case, a graded composition of the 
fibrous structure throughout the thickness of the mat could be obtained with a high level of 
control. The graded composition could also be characterized based on the position of the ESVM 
probe to verify the homogeneity of the graded composition across the width of the scaffold. 
Another topic being of great interest is the elaboration of composites made of nanofibers and 
microparticles obtained by simultaneous electrospinning and electrospraying. The 
microparticles can bring to these materials dedicated functionalities such as controlled drug 
delivery[48] or magnetic or photonic stimuli responsivity for advanced nanomedicine 
treatments.[44] As in the case of composites made of several types of nanofibers, the on-line 
measurement of the surface potential could allow the control of the mat’s composition 
throughout its thickness, a key parameter for the fine tuning of the drug release kinetic.[48,49] It 
has been also demonstrated that the simultaneous electrospraying of microparticles during 
electrospinning nanofibers allows the fabrication of 3D structured composite when a 
micropatterned collector made of regularly distributed protuberances is used. The mechanisms 
leading to the structuration of these composites involves the electrostatic template effect 
induced by the deposited nanofibers in a similar way as it was explained for electrospinning 
alone. The main advantage to electrospray microparticles simultaneously with the 
electrospinning of nanofibers is that (i) the microparticles enhance the electric contact between 
the fibers and with the protuberances of the collector maintaining thus the electrostatic template 
effect for longer time of production and (ii) it increases the overall volume of the composite 
mat.[14] The on-line measurement of the surface potential during such electrospinning/ 
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electrospraying process should allow getting more insight into the mechanism and kinetic of 
the 3D structuration as a function of the electric properties of the processed material-solvent 
systems. The control of the architecture of this type of composite is an important prerequisite 
when biomimetic materials are targeted.  As an example, hydroxyapatite microparticles were 
electrosprayed simultaneously with the electrospinning of PLA giving rise to biomimetic 
honeycomb-like materials for bone regeneration promoting in vitro and in vivo 
osteoconduction, and osteoinduction.[16,17] Hierarchical fibrous carbon catalysts can also be 
envisaged with such strategy.[46] The periodic deposition of catalytic active phases embedded 
in the electrosprayed particles allows the growth of carbon nanofibers (CNFs) by subsequent 
chemical vapor deposition in periodic areas of the carbon composite. While the CNFs increase 
the overall mechanical properties of the carbon composite, the high porosity of this latter 
ensures a low pressure drop across its overall thickness during its use as a catalyst.[46] 

In conclusion, the on-line measurement of the surface potential is an extremely relevant 
measurement tool for the characterization of the mat fibrous structure. In combination with 
other methods such as laser micrometry,[50,51] it could give precious and complementary 
information on the fibrous structure (e.g. pore size, local fiber alignment, variation in thickness, 
patterned fiber organization…) across all the mat volume which is an important need in a 
technological point of view. 
 
 
4. Conclusion  

The evolution of the surface potential 𝑉ത௚௔௣ induced by suspended fibers above a single gap 
during electrospinning was studied in the case of several polymer solutions and gap sizes. A 
model was proposed in order to get more insight into the involved mechanisms. It was shown 
that the kinetics of the surface potential is governed by a relaxation time 𝜏ሺ𝑡ሻ being the product 
of a time-dependent electric resistance 𝑅ሺ𝑡ሻ  and a constant capacitance 𝐶௚௔௣ . The latter 
depends solely on the dielectric properties and geometry of the air pocket trapped below the 
charged suspended fibrous layer and between the grounded metal walls of the gap collector. 
The resistance 𝑅ሺ𝑡ሻ, on the other hand, is correlated with the morphology of the interconnected 
suspended fiber strands: the denser the suspended fibrous layer (i.e. the smaller the loops made 
of interconnected fiber strands forming closed RC circuits), the lower the resistance 𝑅ሺ𝑡ሻ and 
consequently the shorter the relaxation time 𝜏ሺ𝑡ሻ. The proposed model was able to estimate the 
kinetics of the surface potential induced by fiber strands suspended above a single gap which 
follows three steps. During the first one, the deposited fiber strands do not interact with each 
other and a strong linear increase of the surface potential is observed. Then, as the density of 
deposited fibers increases, interactions between the suspended fiber strands induce a decrease 
of 𝜏ሺ𝑡ሻ  and consequently of 𝑉ത௚௔௣ . During the final step, the porous morphology of the 
suspended fibrous layer reaches a steady state corresponding to a 𝑉ത௚௔௣ plateau. Finally, the 
evolution of the surface potential was studied when a complex micro-patterned grid collector 
is used instead of a single gap. It was shown that the kinetics of the surface potential is directly 
linked with the evolution of the 3D structuration of the nanofibers during electrospinning. At 
first, well-controlled structures are observed, before structuration is gradually lost and the 
membrane finally shows a random fiber organization, each structure having its own surface 
potential signature. In conclusion, the geometry of the collector has a tremendous influence not 
only on the surface potential but also on its kinetics. Understanding and measuring the surface 
potential during electrospinning is thus a powerful tool allowing the control of complex 3D 
structured electrospun mats, finding a broad range of applications. 
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