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Abstract
Electrospinning regimes are normally reported as an applied voltage and a working distance,
and the surface tension of the spinning solution — the property those parameters must

overcome — is usually quoted without an uncertainty estimate or omitted altogether. This work
determines the surface tension of a silk fibroin / poly(vinyl alcohol) composite spinning
solution by the stalagmometric method with a propagated uncertainty estimate, and relates it to
the process regime through a physical analysis. The measured value is 6 = 62.39 = 1.22 mN
m! (relative uncertainty 1.96%), which is 14.8% below that of the reference liquid, a difference
nine times the expanded uncertainty and therefore significant. Three distinct failure modes of
the process were identified and traced to their physical causes: asymmetry of the Taylor cone,
incomplete solvent evaporation in flight, and insufficient field strength to overcome surface
tension. The stable regime corresponds to a mean field strength of 3.8 kV cm™, which is 3.4
times the mean of thirteen regimes reported in the tissue-engineering literature (1.12 £ 0.44 kV
cm') and is shown to follow from the exceptionally high viscosity of the solution. From the
balance of capillary and electrostatic pressures, the local field at the Taylor-cone apex is
estimated at approximately 2.4 x 10”7 V m™!, an enhancement factor of about 60 over the mean
field, which quantifies the contribution of emitter-tip geometry to the critical condition.
Because the local field scales as the square root of surface tension, the 14.8% reduction
achieved by the ethanol component lowers the field required for jet initiation by 7.7%.

Keywords: Surface tension; stalagmometric method; measurement uncertainty; Taylor cone;
field strength; local field enhancement; process stability; silk fibroin; electrospinning.
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Introduction

The electrospinning process comprises three stages. In the first, an electric field acts on a
droplet of polymer solution held at the tip of a capillary by surface-tension forces; mutual
repulsion of like charges deforms the droplet into a cone — the Taylor cone — from whose
apex a primary jet is ejected [1]. In the second, the jet undergoes bending instability, splits and
is stretched while the solvent evaporates [2, 3]. In the third, the resulting fibres are deposited
on the collecting electrode.

The stability of the first stage determines the outcome of the whole process. For a jet to form
and be sustained, the electrostatic forces must overcome the surface-tension forces of the
solution; at the same time the viscosity and surface tension must not be so low that the solution
flows freely from the capillary. Surface tension is therefore, together with viscosity, one of the
principal input parameters of the process [4].

As Taylor showed, when electrostatic and capillary forces are in equilibrium the semi-vertical
angle of the cone is 49.3°; this value is independent of the nature of the liquid and serves as a
criterion for visual monitoring of process stability [1]. In practice, asymmetry of the cone or its
complete failure to form indicates a mismatch between the properties of the solution and the
parameters of the regime.

In the existing literature the value of surface tension is usually quoted without stating the
measurement uncertainty, and the regime is described only in terms of voltage and distance,
which makes results obtained on different installations difficult to compare. A further
consequence of this reporting convention is that regimes lying far outside the usual range are
not recognised as such, because a voltage and a distance that are individually unremarkable can
combine into a field strength that is not.

The novelty of the present work lies in determining the surface tension of a silk fibroin
composite spinning solution together with its propagated measurement uncertainty, in
expressing the process regime in normalised form and comparing it quantitatively with the
range reported in the literature, and in estimating the local field enhancement at the Taylor-
cone apex from the capillary—electrostatic balance.

The aim of the work is to determine the surface tension of the final composite spinning solution
with its uncertainty, to analyse the factors that disrupt the stability of electrospinning, and to
justify physically the regime parameters that provide a stable process.

2. Materials and methods

2.1. Solution and equipment

The object of study was the final composite spinning solution consisting of 40% silk fibroin
solution (0.2 g of fibroin per 5.5 g of solvent) and 60% of a 16% solution of poly(vinyl alcohol),
Arkofil PPL grade; its dynamic viscosity is 2139.6 mPa-s and its total polymer content 11.0
wt%. The experiments were carried out on a Fluidnatek LE-50 laboratory electrospinning
system (Bionicia, Spain), shown in Fig. 1.
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Fig. 1. External view of the laboratory electrospinning system.

In this installation the solution is held in a syringe mounted on a pump and delivered through a
capillary to a spinning head supplied with positive voltage; the nanofibres are deposited on a
substrate fixed to a drum (the collecting electrode) supplied with negative voltage. The emitter
voltage is adjustable from 0 to 30 kV and the collector voltage from 0 to —10 kV; the flow rate
is adjustable from 0.1 to 1000 mL h™' and the collector rotation speed from 100 to 2000 min™".
The unit is equipped with a camera with an objective lens for observation of the Taylor cone
and with temperature and humidity sensors.

2.2. Surface tension measurement
The stalagmometric method was selected. It is based on determining the mass of a drop that
detaches under gravity from the flat cut surface of a capillary. At the moment of detachment
the weight of the drop equals the surface-tension force acting around the circumference of the
drop neck:

q=2-mm-10-0, (1)

where 10 is the capillary radius (m) and ¢ the surface tension (N m™). If the volume V of the
expanded portion of the stalagmometer and the liquid density p are known, the weight of a
single drop for n drops is

q=V-p-g/n, (2)

whence
c=V:p-g/2-mw-10-n) (3

In practice the determination is made relative to a standard liquid of known surface tension, in
which case V, ro and g cancel:

Ox = Oo * (px . l‘lo) / (po . nx)- (4)

The schematic of the measuring device is shown in Fig. 2.
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Fig. 2. Schematic of the stalagmometric device for determining surface tension: 1,3 —
marks; 2 — bulb; 4 — clamp; 5 — rubber bulb.
The expanded uncertainty of the result was estimated from Eq. (4) by the propagation rule for

indirect measurements:

u(6)/o = [ (u(n)/ny)? + (u(no)/no)? + (u(px)/ps)? + (u(po)/po)? 1. (5)
The discretisation uncertainty in drop counting was taken as +1 drop and that of the density
determination as £0.001 g cm™.
The procedure was as follows. The stalagmometer was mounted on a stand so that the lower
edge of the capillary was horizontal, and immersed in a thermostat. The liquid under test was
poured into a beaker raised so that the tip of the capillary was immersed. Using a rubber bulb
the liquid was drawn above the upper mark (3), avoiding the entry of air bubbles, and the clamp
was closed. The beaker was then placed on the bench, the clamp opened carefully so that the
liquid began to drip, and the drops were counted from the moment the level reached the upper
mark until it reached the lower mark (1).

2.3. Normalisation of the regime
To express the regime in a form comparable between installations, the mean field strength
between emitter and collector was computed as

E=Ue+|Uc|)/H, (6)
where Ue is the emitter voltage (kV), Uc the collector voltage (kV) and H the emitter-to-
collector distance (cm).

3. Results

3.1. Surface tension and its uncertainty

Table 1 gives the measurements and the results computed from Egs. (4) and (5).
Table 1. Determination of the surface tension of the final solution.

Parameter Standard liquid Final solution
Density p, gcm™ 0.998 1.235
Number of drops n 62 90
Surface tension o, mN m™! 73.19 62.39
Relative uncertainty u(c)/c, % - 1.96
Expanded uncertainty, mN m™! - +1.22

4|Page




European Journal of Emerging Technology and Discoveries

ISSN (E): 2938-3617

Volume 4, Issue 9 September - 2026

The surface tension of the final composite solution is therefore 6 = 62.39 + 1.22 mN m™'. The
density of the solution exceeds that of the standard liquid by 23.7% and the number of detached
drops by 45.2%, while the surface tension is lower by 10.80 mN m™', that is 14.8%. This
difference is almost nine times the expanded uncertainty and is therefore statistically

significant.

3.2. Failure modes of the process and their causes

Preliminary electrospinning trials were carried out with spinning solutions 1.3, 2.3 and 3.3,
which had the highest viscosities of the series. For these solutions three characteristic
manifestations of instability were recorded; their physical causes and the corrective measures
adopted are systematised in Table 2.

Table 2. Failure modes of the electrospinning process and corrective measures.

Manifestation Physical cause Corrective measure
Asymmetry of the Taylor unstable meniscus shape at the polymer concentration raised to
cone capillary tip; insufficient viscosity | 11.0 wt%, viscosity > 2000 mPa-s
Incomplete evaporation of insufficient flight time; high H maintained at 10 cm; humidity
the solvent ambient humidity controlled at 40%
Insufficient field strength electrostatic pr?ssure does not | opposite-polarity suppli.es: +29 kV

overcome capillary pressure and —9 kV, 38 kV in total

For the regime selected, Eq. (6) gives
E=(29+9)/10=3.8kVcm™.

The complete set of regime parameters providing a stable process is given in Table 3.

Table 3. Parameters of the stable electrospinning regime.

Parameter Value
Emitter-to-collector distance H 10 cm
Emitter voltage Ue +29 kV
Collector voltage Uc —-9kV
Mean field strength E 3.8kVem™
Spinning-solution feed rate SmLh™
Collector rotation speed 200 min™"
Laboratory temperature 2022 °C
Relative humidity 40%
Substrate polyester lining fabric, 34 x 19 cm
Deposition time per layer 30 min
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Under these parameters the Taylor cone formed stably, no jet interruption or droplet formation
was observed, the solvent evaporated completely over the flight distance, and homogeneous
nanofibrous material samples were obtained.

4. Discussion

4.1. Origin of the measured surface tension

The surface tension of the composite solution is lower than that of water because of the ethanol
component of the solvent: at 20 °C the surface tension of pure water is 72.8 mN m™ and that
of ethanol only 22.3 mN m™, so ethanol acts as a strong surface-active component in aqueous
systems. Calcium chloride acts in the opposite direction, since electrolytes slightly increase the
surface tension of water. The measured value of 62.39 mN m™ is the resultant of these two
effects and is qualitatively consistent with the composition of the mixture.

4.2. Capillary—electrostatic balance and local field enhancement

The balance of capillary and electrostatic pressures permits the physical limit of the process to
be estimated. In a parallel-electrode approximation the electrostatic pressure is pe = €0E?/2; for
E=38kVcecm'=3.8x10°V m this gives pe = 0.64 Pa. The capillary pressure of a meniscus
with apex radius of curvature r is pc = 2o/r; for r = 50 um, pc = 2.5 kPa. Equating the two
pressures gives the local field strength required:

Eloc =V(4o /(g0 " 1)) =24 x 10’ Vm'=237kVem™, (7)

that is, approximately sixty times the mean field. This result quantifies the established physical
picture of electrospinning: jet formation occurs not through the mean field between the
electrodes but through strong local concentration of the field at the capillary tip [1, 3]. The
practical consequence is that the geometry of the emitter tip — needle diameter and tip shape
— affects the critical voltage of the process on a par with the voltage itself and the working
distance, and should therefore be reported alongside them.

Eq. (7) also shows that Eloc scales as the square root of 6. The reduction in surface tension
from 73.19 to 62.39 mN m' therefore reduces the field required for jet initiation by a factor
(62.39/73.19) = 0.92, that is by 7.7%. The ethanol component thus not only accelerates solvent
evaporation but also lowers the energetic threshold of the process.

4.3. Dimensionless characterisation of the solution

Surface tension governs jet stability only in combination with viscosity and inertia, and the
appropriate combination is the Ohnesorge number, which compares viscous forces with the
geometric mean of inertial and capillary forces:

Oh=n/V(p-o-d), (8

where d is the characteristic dimension, here the internal diameter of the capillary. With n =
2.1396 Pa's, p=1235 kg m™> and 6 = 0.06239 N m', Eq. (8) gives Oh = 14.1, 10.9 and 8.6 for
internal diameters of 0.3, 0.5 and 0.8 mm respectively. For comparison, a dilute polyester
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solution of the kind used in most tissue-engineering studies (n = 0.2 Pa's, p~ 1000 kg m>3, c =
0.040 N m™) gives Oh = 1.4 at the same capillary diameter.

The interpretation is direct. Oh > 1 means that viscous dissipation dominates capillary forces,
so that the Rayleigh—Plateau instability which would otherwise break the jet into droplets is

strongly damped; continuous fibre formation rather than electrospraying is then the expected
outcome. The timescale argument gives the same conclusion: the capillary breakup time
\(pd/o) is 1.6 ms for a 0.5 mm capillary, whereas the viscous relaxation time nd/c is 17.2 ms,
an order of magnitude longer. The jet is therefore stretched and solidified long before capillary
instability can sever it.

This places the present solution in a distinct regime from most of the reported literature, with
Oh roughly eight times higher, and it explains the two observations that would otherwise appear
contradictory: the solution requires an unusually high field strength to initiate a jet, yet once
initiated the jet is unusually stable. Both follow from the same high viscosity, acting against jet
initiation at the meniscus and in favour of jet survival in flight.

The same framework accounts for the failure of the pure fibroin solution and of samples 1.3,
2.3 and 3.3. Their viscosities of 125-1336 mPa's give Oh between 0.6 and 6.8 at a 0.5 mm
capillary; the lowest of these lie near or below the threshold at which capillary breakup
competes with stretching, which is consistent with the droplet deposits observed rather than
fibres.

4.3. The regime in the context of reported practice

Comparison of the selected mean field strength with reported practice is instructive. A synthesis
of thirteen electrospinning regimes reported for tissue-engineering scaffolds gives normalised
field strengths in the range 0.56-2.00 kV cm™ with amean of 1.12 +£0.44 kV cm™ and a median
of 1.09 kV cm™ [5-8]. The value used here, 3.8 kV cm™, is 3.4 times that mean and lies more
than six standard deviations above it.

This departure has a straightforward cause. The solutions in the reported studies are dilute
polyester or protein solutions with viscosities typically one to two orders of magnitude below
the 2139.6 mPa-s of the present composite; extracting a jet from a solution of such high
viscosity requires a correspondingly larger electrostatic force. Expressed as voltage and
distance — 29 kV at 10 cm — the regime appears unremarkable, and it is only when normalised
by Eq. (6) that it is recognisable as an outlier requiring explanation. This is a direct argument
for reporting the normalised field strength as a matter of course.

4.4. Critical voltage predicted from Taylor's criterion

The measured surface tension permits the critical voltage for jet initiation to be predicted rather
than merely bounded. In Taylor's formulation, for a capillary of radius R and length L held at
a distance H from the counter-electrode, the critical potential in the CGS system (V in kV,
lengths in cm, 6 in dyn cm™) is

Ve? = (4HY/L?) - [In2L/R) — 1.5] - (0.117 - R - ). (9)
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Table 4 evaluates Eq. (9) for the range of capillary geometries available on the installation used
(external diameters 0.15-3.2 mm, internal diameters 0.08—2.6 mm), at the working distance H
= 10 cm employed here.

Table 4. Critical voltage predicted by Eq. (9) for the measured surface tension, and the effect
of the ethanol-induced reduction in c.

Capillary ID, | Capillary length L,| Ve at6=62.39 mN | Vcato=73.19 mN |Reduction,
mm cm m', kV m, kV %
0.30 2.0 11.9 12.8 7.7
0.50 2.0 14.3 15.5 7.7
0.80 2.0 16.9 18.3 7.7
0.50 1.0 25.7 27.8 7.7
0.50 3.0 10.1 10.9 7.7

Three conclusions follow. First, for the mid-range geometry (0.5 mm internal diameter, 2 cm
capillary length) the predicted critical voltage is 14.3 kV, so that the applied emitter potential
of 29 kV corresponds to an over-voltage factor of 2.03. Operating at roughly twice the critical
voltage is consistent with established practice, in which a margin is required to sustain the jet
against the viscous resistance of the solution rather than merely to initiate it — and the margin
needed here is larger than usual precisely because of the high Ohnesorge number established
in Section 4.3.

Second, the predicted critical voltage varies by a factor of 2.5 across the capillary geometries
available on the same machine — from 10.1 to 25.7 kV — whereas the surface tension of the
solution is fixed. Capillary geometry is therefore a stronger determinant of the critical condition
than the interfacial property it is meant to overcome, which reinforces the argument of Section
4.2 that emitter geometry must be reported alongside voltage and distance.

Third, because Eq. (9) makes V¢ proportional to Vo, the reduction in surface tension achieved
by the ethanol component lowers the critical voltage by 7.7% for every geometry, exactly as
the local-field argument of Eq. (7) predicted. The agreement between two independent routes
to the same figure — a pressure balance at the cone apex and Taylor's integral criterion —
supports the internal consistency of the analysis.

4.4. The role of bipolar electrode supply

Applying voltages of opposite sign to the emitter and the collector has two advantages. It allows
the potential difference to be raised beyond the rating of a single supply — here to 38 kV using
a 30 kV emitter source — and it simultaneously increases the efficiency with which fibres are
collected, because the deposited fibres arrive at an electrode of opposite polarity rather than at
a merely grounded one. This approach becomes particularly important when multi-emitter
heads are used, since the emitter supply is then shared and its rating becomes the binding
constraint on the achievable field.
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4.5. Limitations
Three limitations should be stated. First, the stalagmometric method measures the equilibrium

(static) surface tension, whereas the Taylor cone and the jet form on a timescale of milliseconds;
over such intervals the diffusion of surface-active components to the interface may be
incomplete, so the dynamic surface tension may exceed the measured value. Verification by a
dynamic method such as maximum bubble pressure is recommended. Second, the estimate in
Eq. (7) depends on the assumed apex radius of curvature (r = 50 pm) and should be regarded
as an order-of-magnitude figure. Third, the specific electrical conductivity of the solution was
not measured, although it is expected to be appreciable because of the high calcium chloride
concentration and to affect the charge density carried by the jet; conductivity measurement
would allow the electrostatic analysis to be extended from a pressure balance to a charge
balance.

5. Conclusions

The surface tension of the final composite spinning solution was determined by the
stalagmometric method together with its propagated measurement uncertainty: 6 =62.39 + 1.22
mN m™' (relative uncertainty 1.96%), the solution density being 1.235 g cm™.

The surface tension is 14.8% lower than that of the standard liquid, a difference almost nine
times the expanded uncertainty; the reduction is attributed to the surface-active effect of the
ethanol component of the solvent.

Three failure modes of the electrospinning process — Taylor-cone asymmetry, incomplete
solvent evaporation and insufficient field strength — were identified and traced to their physical
causes, and a corrective measure was justified for each.

The mean field strength of the stable regime is 3.8 kV cm™, which is 3.4 times the mean of
thirteen regimes reported in the tissue-engineering literature; the departure follows from the
exceptionally high viscosity of the solution and is recognisable only when the regime is
reported in normalised form.

From the capillary—electrostatic balance the local field at the Taylor-cone apex was estimated
at approximately 2.4 x 10”7 V. m™, an enhancement factor of about sixty over the mean field,
which quantifies the influence of emitter-tip geometry on the critical condition; since the local
field scales as Vo, the measured reduction in surface tension lowers the field required for jet
initiation by 7.7%.

The regime parameters providing stable operation were established as Ue = +29 kV, Uc = -9
kV, H = 10 cm, feed rate 5 mL h™', collector speed 200 min?, 20-22 °C and 40% relative
humidity.
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