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ABSTRACT

In service, hydraulic flow is usually perpendicular to the plane of electrospun fiber mats for
water filtration, inducing an out-of-plane deformation. In this paper, we have investigated the
out-of-plane deformation response of wet electrospun polyacrylonitrile fiber mats with distinct
average constituent fiber diameters of 232 + 36 nm, 727 * 148 nm and 1017 * 80 nm, but with
nominally similar thicknesses and areal densities using the classical bulge testing technique.
The resultant pressure-deflection relationships are incompatible with constitutive models for

out-of-plane deformation of continuum materials. Rather, the fiber mats exhibited a one-half

1
dependence (p ~ hz) governed by fiber deflection, and pressure asymptote indicative of steady-

state fluid percolation, but influenced by the mats areal densities. In addition, the apparent
bending rigidity increased with increasing fiber diameter. In the range tested for fiber mats with
average fiber size of 232 nm, increases in mat thickness did not noticeably alter the measured
rigidities, although a slight increase in pressure asymptote is observed. Cyclic flow rate tests

provided evidence of good recoverability as well as minimal topological modifications.
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1. Introduction

Non-woven polymer network structures generated from the electrospinning process, consisting
of fibrous structures tracing microscopically intricate and tortuous paths, present unique
systems wherein derived functionalities are predicated on the consolidation of material
properties and performance at all levels of structural hierarchy, giving rise to novel, and in some
instances, nontraditional material solutions that have been deployed in a variety of applications
[1]. For instance, single fibers possess high aspect ratios that, in turn, confer high surface area-
to-volume ratios, providing robust miniature substrates that act as support for functional
nanomaterials for sensing, detection and modulation of physical or chemical phenomena [1, 2].
Macroscopically, the random, layered and serpentine configuration of manifold electrospun
fibers create considerably integrated web-like or network architectures that approximate open
cell foams with high porosity. Coupling of the high surface area and flexibility of constituent
fibers with the porous nature of the resulting non-woven structures has enabled the utility of
these materials to span staggeringly diverse fields: from biomimetic applications in scaffold

design for tissue engineering [3], to acting as barriers for size exclusion in filtration membranes
[4].

By definition, non-woven fibrous architectures are not monolithic materials in the classic sense,
and as such, they are subject to peculiar deformation mechanisms that distinguishes their
response to mechanical stressors, even when measures for structural consolidation are
imparted (via chemical, thermal or mechanical methods [5]). Expectedly, given the high density
of network entanglements, fiber flexibility, and the relatively unconstrained degrees of freedom
afforded to individual fibers with respect to mobility, the mechanical properties of non-woven
fibrous structures are dominated by a complex mix of topological, tribological, and material
factors. In terms of topology, fiber curvature, degree of alignment, fiber dimension, porosity,
aspect ratio as well as number of fiber-fiber contact points are important determinants of
overall mechanical properties of electrospun mats [6, 7]. Furthermore, through constitutive
continuum models, tribology effects like fiber slippage and inter-fiber friction have been
identified as playing a role in irrecoverable network texture evolution during deformation[8].
Elastic moduli of individual fibers, inter-fiber bonding and underlying polymer chemistry

represent contributing material factors [6, 9, 10].

In water filtration applications, electrospun fiber mats are typically utilized as part of a layered
composite structure of nonwovens [11] or as standalone unbonded/junction-bonded structures
[12, 13]. In most filtration characterization procedures as well as in actual service, the mats are

placed on multiply perforated supports, and hydraulic flow is channeled orthogonally to the
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plane of the mat, causing transverse compression. The compressibility of electrospun fiber mats
induced by water flow is well documented [12, 14]. Another structural modification occurring in
parallel, with or without a porous support, is the out-of-plane flow-induced deformation or
bending that reconfigures the fibrous architecture, altering their size exclusion properties. For
example, deformation induced by transmembrane pressure has been proposed to increase the
pore sizes of electrospun filters for microfiltration applications, reducing its removal efficiency
for bacterial cells [15]. Hence, alongside appraisal of filtration performance, understanding
mechanical properties in the context of structural rigidity for effective resistance against
hydraulic flow-induced deformation, against a backdrop of the aforementioned multiplicity of
influencing factors, will help in establishing more robust structure-performance relationships
for nonwoven fibers mats, and identifying parameters that ensure that material designs are
adapted for water filtration as well as functional filtration membranes e.g. fluorescent

chemosensory membranes [16].

An immediate presumption that figures prominently in the characterization of nonwoven mats
is the dependence of macroscopic mechanical behavior on the constitutive fibers. For example, a
predictive analytical model that expresses tensile strength of an electrospun nanofiber mat as a
function of the tensile strength of single fiber has been established [17]. Experimentally, for
single electrospun fibers, techniques based on atom force microscopy (AFM) and
microelectromechanical systems (MEMS) have been utilized for the extraction of mechanical
information [18-20]; and conventional macro-tensile tests are typically used in evaluating the
macroscopic tensile behavior of nonwoven mats. Specifically, uniaxial tensile deformation tests
reveal elastic-plastic stress-strain behaviors for electrospun fiber mats in general, irrespective
of underlying fiber chemistry or initial fiber configuration [21-23] (the elastic-plastic
nomenclature commonly used as descriptor for the deformation response of electrospun mats is
derived from the likeness of the graphical curve to that observed for continuum materials;
however, in a stricter sense, irreversible topological changes manifest instantaneously with
deformation [7], and this should preclude the macroscopic “elasticity” characterization). In the
same vein, mechanical assessment based on planar biaxial tensile tests have been carried out on
electrospun sheets [24, 25]. Unlike uniaxial tests where fibers inevitably reorient in the loading
direction, the random configuration of the fibers are largely preserved in this testing

configuration [26, 27].

One mechanical characterization method based on out-of-plane deformation that, in principle,
will preserve the random fiber assembly of electrospun mats, and at the same time, mimic flow-

induced deformation is the hydraulic bulge test [28]. Conventionally designed for the
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characterization of elastic continuums, the bulge test is based on application of uniform lateral
pressure to a free-standing film clamped over an orifice; and in response, the film undergoes a
commensurate out-of-plane deflection or “bulge”. The resulting pressure-deflection behavior is
representative of the mechanical properties of the film. Classically, this technique has been
adapted for the determination of biaxial modulus and residual stress in the thin films of
metallic, semi-conductor and dielectric materials [29], under the assumptions of perfectly
cylindrical or spherical bulge profiles (depending on sample geometry)[30]. However, the
versatility of the bulge testing instrumentation has expanded its utility to testing of biological
tissues [31], and materials for extreme environments [32]. More pertinently, the underlying
deformation mechanics are consistent with classical membrane and plate models for continuum
materials that can be accordingly adapted for the extraction of mechanical properties like elastic

moduli and bending rigidities.

In this current study, a “leaky” bulge testing instrumentation based on hydraulic pressurization
system is implemented for the mechanical characterization of wet electrospun PAN fiber mats.
The term “leaky” is consequent upon the fact that fiber mats, due to their porous nature,
invariably permit the percolation of the testing liquid medium, while also undergoing
proportionate deformation dictated by the peculiar material architecture. Electrospun
polyacrylonitrile (PAN) fiber mats are considered in this work. Due to easy spinnability,
chemical resistance, hydrophilicity, good mechanical performance and thermal stability, PAN is
commonly used in the fabrication of electrospun filters/membranes for water filtration
applications [33, 34]. The pressure-deflection plots for the electrospun fiber mats exhibit a sub-
linear dependence in contrast to typical continuum material response: a cubic dependence
indicative of membrane stresses, and a linear dependence indicative of pure bending. We
discuss the limitations of the application of classical continuum models to the deformation
mechanics of electrospun fiber mats. The effects of variations in fiber diameter, thickness and
flow rate on the pressure-deflection relationships are investigated. While we have selected
electrospinning in this study for the ability to easily control fiber diameter, the basic behavior

should extend to other non-woven systems with similar fiber-fiber contacts.

2. Experimental Section

2.1.  Electrospinning: Mat Production

PAN powders (Sigma-Aldrich, M,=150000 g/mol, p = 1.18 g/cm3) were dissolved in
dimethylformamide, DMF, to make solutions with 9wt%, 11wt%, and 13wt% PAN

concentration. Subsequently, 1 wt% Acetone was added to the resulting solutions. Acetone has
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been shown to mitigate or eliminate bead formation [35]. The solution was stirred continuously
for 24 hrs at room temperature. The electrospinning solution was loaded into a 3 mL syringe
with a 19 ga (ID = 0.8126 mm) needle. A 13 x 13 cm2? Aluminum foil situated at a distance of 15
cm from the syringe tip, was the designated collector plate. A voltage generator (Model SL300,
Spellman NY) supplied a constant DC voltage of 15 kV maintained between the collector plate
and needle tip, creating an electric field strength of 100 kV/m. A Flow rate of 0.34 mL/hr was
supplied by a syringe pump (Advance infusion pump series 1200). Table 1 summarizes the
physical characteristics of the PAN fiber mats. Total collection time varied from 6 - 8 hours, to
ensure uniformity in thickness across the different mat fiber diameters. 4 x 4 cm2 coupons were
cut from the aluminum foil, and fiber mats were subsequently peeled off. Mat thickness
measurements were taken at 5 different spots with a B.C. Ames Dial gage with a 1 pm
resolution. For microstructural characterization, the electrospun mats were coated with a thin
layer of platinum in a Cressington (208HR) sputter coater at plasma current of 40 mA for 1
minute, and imaged in the FEI Nova Nano scanning electron microscope. Fiber orientation was
determined using the Gaussian gradient structure tensor function in Orientation] (Image],

National Institute of Health, MD, USA).

Table1: Properties of the electrospun PAN fiber mats

PAN Average
Concentration Fiber Diameter Mat Sample Areal Density
(wt.%) (nm) Thickness No (g/m2)
(nm)

1 8.1

9 232 +£36 2 10.7
3 11.3
1 6.5

11 727 + 148 29-31 2 8.0
3 10.6
1 9.3

13 1017 +80 2 109

The areal densities are similar; and on a fiber diameter group level, they are statistically equal (based on single factor
ANOVA, F (2,5) = 0.51, p = 0.63). It is important to note that each sample was obtained from different electrospinning
sessions. This will inevitably accommodate more topological variation. Mat porosities ranged from 75% to 81%,
calculated through the gravimetric method.

2.2.  Bulge Testing Hardware Design and Operation

A schematic of the bulge testing hardware is shown in figure 1. The devices are structured for
the real-time acquisition of pressure and center-point displacement or deflection data of the
fiber mats during testing. Broadly, the main components are syringe pump, pressure transducer,
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laser displacement sensor and data acquisition board. Hydraulic pressure is supplied and
controlled by a programmable syringe pump (Advance infusion system series 1200) with a
linear force of 22 lbs., and an adjustable flow rate ranging from 0.01 pl/min to 8.87 ml/min
(accuracy of 3%). A 60 ml syringe containing deionized water as the testing liquid is installed in
the syringe pump. Unless stated otherwise, the testing flow rate is 10 ml/hr. The pressurization
protocol was optimized to mitigate the occurrence of trapped air bubbles in the conduit system
and pressure chamber. To that end, the conduit hose material was made of translucent vinyl
that aided the visual inspection of advancing water front as well as bubbles. For sample loading,
the freestanding mats were anchored over an O-ring that encircles the orifice and subsequently
clamped; placement is done when the chamber is fully filled with deionized water, and a slight
surface tension-modulated bulge is observed in the advancing water front. To ensure mat
tautness and an initial planar configuration, carbon adhesive tapes were used to secure and fix
the edges of the mats prior to clamping. A valve is manually operated to zero out the slight
pressure build-up that occurs during the clamping process. Pressure measurements were made
with a pressure transducer (PX 309 - 50GV, Omega Engineering, Inc) with a range of 50 psi (344
kPa), a ratiometric output of 10 mV/V, + 2% full scale accuracy. Signals from the transducer are
proportionately amplified with a bridge input signal conditioner (DRG-SC-BG, Omega

engineering, Inc.)
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Figure 1: Schematic of “Leaky” bulge testing apparatus

Mat deflection is measured by 1D class II type triangulation laser (LK-G32, Keyence

Corporation) with a wavelength of 655 nm, output of 0.95 mW and a spot size of 30 pm. The

Laser spot was trained on the center of the mats at a working distance of 30 mm. Due to surface

roughness of the fiber mats, the laser sensor was operated in diffuse mode for displacement

data acquisition. Tests were terminated when the testing fluid had fully percolated through

fiber mats and encroached on the laser spot. Synchronous collection of signals from the

transducer and displacement sensor is made with an 8 channel data acquisition board (OM-

USB-1608FS-PLUS, Omega engineering, Inc.). All analogue voltage signals were processed and

pre-cleaned in the application development environment of LabView (National instruments).
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The system was verified for its ability to measure continuum membrane behavior by testing
polyethylene and aluminum thin films, and was able to extract biaxial modulus, and by

extension a young’s modulus within 2 - 7% of the respective bulk materials.

3. Results and Discussion

Since electrospun mats are derived from continuous accumulation of unsystematically
deposited single fibers strands, macroscopic mat behavior will be influenced by the resulting
topology and properties of constituent fibers. Figure 2 shows rows containing the resultant
microstructures, fiber diameter histograms and orientation distribution for the electrospun
fiber mats produced from polymer solutions containing 9wt%, 11wt% and 13wt% PAN

concentration.
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Figure 2: Micrograph, fiber diameter histogram and orientation distribution for electrospun solution
formulations of (a) 9 wt% PAN (b) 11 wt% PAN (c) 13 wt% PAN (with 1wt% Acetone)

For these formulations, average fiber diameters were 232 + 36 nm, 727 * 148 nm and 1017 * 80
nm respectively. Previous studies have established strong power law dependencies of the final
diameters of electrospun PAN fibers on the polymer concentration, with scaling exponents
ranging from 0.88 to 7.5 depending on PAN molecular weight [36, 37], indicating a strong
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correlation. In terms of topography, the fibers were relatively smooth with the unfavorable
bead-on-string morphology effectively suppressed. Furthermore, from the micrographs, first
image in each row of figure 2a, b and ¢, fiber tortuosity i.e. twists and turns, as well as overlap
are observed to decrease with increasing fiber size. These may be ascribed to the countervailing
effects of a progressively increasing fiber cross-section on in-flight bending and whipping
instabilities during electrospinning. A lack of dominant directionality, as evidenced by the
multiple peaks in the orientation distribution curves, third image in each row of figure 2a, b and

¢, underscores the random nature of fiber configuration.
3.1. General deformation response of fiber mats

Representative pressure-deflection plots for the electrospun fiber mats are shown in figure 3.
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Figure 3: Representative pressure-deflection plots for the electrospun fiber mats. (a) Plot for mats with
average fiber size of 232 nm and thickness of 29 pm (b) Plot for mats with average fiber size of 727 nm
and thickness of 29.4 pum (c) Plot for mats with average fiber size of 1017 nm and thickness of 31um (d)
Plot showing the sub-linear relationship between the applied pressure and deflection for representative
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fiber mats. The dashed lines in (a), (b) and (c) are guides to show the average pressure - deflection
response of the mat samples prior to percolation.

Due to uncertainties at the initial stages of the testing protocol (e.g. from sample clamping,
pressure zeroing process, variations in mat wicking etc.) slight unsystematic variations were
encountered at the beginning of each experiment. As a result, the pressure axes were offset by a
small, finite value for consistency. In a broad sense, the bulge testing protocol is based on the
application of uniform lateral pressure loading to edge-clamped planar geometries e.g. circular,
rectangular and square plates. For the specific case of a circular geometry that’s an elastic
continuum, and under the assumptions of a linear elastic deformation and isotropic material
properties, the classical constitutive model for the resultant pressure-deflection relationships is

expressed as [38, 39]:

p= 2 h + Zh3 (1)

a? 3a*

Where p, a, o, are the applied pressure, membrane half-length of the side, and residual stress, t

is the thickness of the membrane, h is the out-of-plane deflection and B is the biaxial modulus
which can be determined knowing the Young’s modulus and Poisson’s ratio, E/(1 — v). The
pressure-deflection data is fitted to the model to extract a modulus and/or residual stress. The
first term of eq.1 is related to the residual stress in the membrane. Neglecting effects of residual

stresses reduces this to

8Bt ; 3

p=nh )

3a*

and the cubic dependence between deflection and pressure (p ~ h3) typifies membrane
behavior dominated by mid-plane stretching in the membrane [40]. The validity of this model is
contingent on the following conditions: the deflection is large compared to film thickness i.e.
h > t; and the characteristic membrane dimension is much larger than the deflection i.e. h < a
[30, 38]. Implicit in the large deflection criterion is the presence of in-plane shear stresses which
dominate the membrane response to the applied pressure, and consequently the contribution
from the bending resistance, in effect, is negligible [41]. While the effective deflection of the
electrospun fiber mats well exceeds their thickness as can be seen in figure 3a, b and c, their

unique fiber assemblies exhibit a distinctive response to hydraulic flow-induced deformation
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wherein, system-scale shear stresses, and attendant stiffening effects [42], is expected to be
minimal. This behavior is reflected in figure 3d where the data does not converge along the
slope of 3 at large deflections. This is primarily due to a combination of factors based on: (1) the
peculiar mat architecture, where membrane stresses may be relaxed through possible uncurling
and translational motion of individual fibers and, (2) the orthogonal direction of fluid flow with
respect to the plane of the freestanding mat may constrain the fibers to an initial out-of-plane
bending deformation. Consequently, the pressure-induced transverse forces in the fiber mats
may principally give rise to a bending-dominated response with possible attendant fiber sliding
effects. It is well documented that small deformation of random cross-linked fibrous structures
with relatively low densities (that are approximate to those in this study), wherein dramatic
fiber reorientation and spatial reconfiguration is precluded, typically predict a non-affine
network deformation with an attendant strain energy that is majorly accommodated by bending
of the individual fibers [43]. In addition, the considerably high aspect ratio of the fibers
minimizes the evolution of shear stresses during deformation as compared to bending stresses

[43].

Alternatively, the elementary plate theory is based on the assumptions of pure bending and
negligible membrane stresses, typically for small deflections h << t [42]. The constitutive model
for a circular plate deflection under an applied lateral pressure is then given as:
_ 64D
P="a
(3)
where, D is the plate bending rigidity. Here, a direct dependence exists between the applied
pressure and deflection (p ~ h). From figure 3d, the data does not converge on the slope of 1 at
small deflections. This does not disprove that the constitutive fibers undergo a bending
response, but suggests that the deformation mechanics of the electrospun fiber mat is complex,

and is different from what would be found with a monolithic membrane or plate.

The pressure-deflection relationships for the PAN fiber mats exhibited a non-linear relationship

for the three distinct mat fiber diameters, exhibiting a sub-linear dependence with good

agreement between the data points and the slope of 0.5, i.e. (p ~ h%), figure 3d. A similar
nonlinear response has been observed in the planar biaxial testing of nonwoven spunbonded
fiber mats [44, 45]. This deformation response indicates that, while the applied pressure causes
an out-of-plane deflection, it is being simultaneously dissipated as a consequence of the open

cell architecture of the fiber mats. By way of contrast, the conventional deformation profile of
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monolithic thin films may take the form of a cubic parabola, indicative of progressive stiffening

[28, 38, 46], or a straight line segment with a linear relationship, for plate-like behaviors [47].

Importantly, it is observed that for equivalent applied pressure, effective mat deflection
increased with decreasing fiber size i.e. h (232 nm) > h (727 nm) > h (1017 nm), figure 3a, b, and
c. This provides insights into the bending rigidity of the fiber mats to hydraulic flow.
Furthermore, the transition to the plateau response is generally less abrupt or smoother in fiber
mats with the smallest fiber size, that is, 232 nm, as compared to the other mats, underlining
possible inertial effects during “yield”. Given that the fiber mat thicknesses are relatively
uniform across the fiber mats, and the areal densities are similar (and statistically equal), these
mat attributes are assumed to be effectively equivalent across the mats, and the observed
distinctions in deformation response prior to percolation may be ascribed to fiber dimension
effects. As the mechanics of macroscopic mat deflection is, to a first approximation, an
aggregation of single fiber mechanics, fiber bending provides insights that explain the
disparities in the observed pressure-deflection response: if the fibers are considered as linear
elastic rods with circular cross-sections that are consistent with the formulations of the classical

Euler-Bernoulli beam theory [48], then beam flexural or bending rigidity is given as:

D =EI
(4)

Where E is the elastic modulus and I is the moment of inertia. For a circular cross-section, the
moment of inertia is expressed as md*/64. Consequently a scaling relationship D~ d* is
established, showing a strong contribution of beam diameter on its rigidity. Therefore, beams
with larger diameters possess a greater resistance to bending than beams with smaller
diameters, taking into account that this dependence is modulated, on a system scale, by mat
topology and porosity. In the same vein, for similar applied pressure, and neglecting differences
in the moduli of the fibers, deflection reduces with increasing fiber size; from figure 3, it is
evident that this manifests macroscopically in the deflection profiles of the fiber mats prior to

steady-state percolation.

The nonlinear response of the fiber mats converge to a plateau region, but we must note that
this is not necessarily a consequence of the material deformation, but results from a complete
percolation of the hydraulic fluid, and the establishment of steady-state leakage or flow through
the fiber mats. It has been shown that sudden bursts of discontinuous fiber motion dissipate
imposed system or network-scale stresses [49], and this presumably might be an element of the
mats’ structural response that influences the transition to the plateau region or an effective
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“yield”; and in conjunction with fiber bending, these effects enlarge the mat pores for steady-
state leakage. The convergence of the plateau regions of the fiber mats may be explained by
taking into consideration the mechanics of hydraulic flow through the fibrous networks: while
the constitutive fibers are randomly oriented, it can be assumed that fluid flow is effectively
transverse to the fibers’ axes given the pseudo-two dimensional nature of the mats; and in
idealized models of flow in fibrous media with uniform cross-sections, the drag force exerted by

the fluid is given by [50]:
2
Fo_m(r (5)
wu o\ k

where F is the force per unit length exerted by an hydraulic fluid on fibers with radius r, u is
fluid viscosity, U is the mean fluid velocity, and ¢ and k are the solidity and permeability
respectively. Furthermore, the permeability of a porous fibrous medium has been derived

analytically as [14]:

- o1 (6)
k= %(‘““’”qﬂ +1>
Combining (5) and (6) yields
ul
" @) ™

- _ $?-1
where f(¢) = —In¢p + e

The viscosity and flow velocity are constant in the testing protocol, so the drag force will be
governed by the mat solidities. If the differences in the mat solidities are assumed negligible
(given that the areal densities are also nominally similar), the drag forces developed on the
fibrous architectures will be equivalent, and this presumably is the reason the applied pressure
asymptotes at about the same values (plateau region) as steady state percolation is established.
Coupling this to fiber deformation mechanics, the aforementioned processes of bending and
fiber slippage occur in response to these drag effects, since the fibers are largely compliant and

unrestricted, except at the mat edges where clamping was done.
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3.2. Effect of Mat thickness

In principle, varying the transverse thickness of a continuum material system may alter
resultant pressure-deflection relationships; in particular, the influence stems from geometric
ratios h/t and a/t that are strong determinants of whether membrane-like or plate-like
deformation behaviors are obtained during uniform lateral pressure loading [47, 51]. For mats
with average fiber diameters of 232 nm, figure 4 shows the deflection plot for a thickness of 52
pm superimposed on the 29 pm thick mat. We must note that testing a broader range of
thicknesses within and across fiber diameters in a consistent and comparable manner proved
challenging due to the stochastic nature of fiber deposition during electrospinning underpinned
by natural jetting instabilities, and the intrinsic charge retention of PAN that undermines mat
densification. Nevertheless, it can be seen that the deformation response prior to plateau is
equivalent for both mat thicknesses. However, for the thicker mat, the transition to plateau is
even much smoother, and a higher plateau pressure is observed in contrast to the mat with 29
pum thickness. As discussed previously, the commencement of translational motion of fibers as
the applied pressure is increased is a necessary prelude to the plateau phenomenon; but, the
convoluted structure of the fiber assembly translates to a considerable number of structural
impediments generated by self-locking. Therefore, thicker mats should possess more “self-
locks” or constraints to motion in the bulk, and this is probably responsible for the slightly
greater pressure asymptote observed in figure 5. In addition, the higher areal density (~50%

increase) may also translate to an increase in the exerted drag forces as discussed previously.
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Figure 4: Pressure-deflection plot for fiber mats with the same average fiber size of 232 nm, but with
distinct thicknesses of 52 um and 29 um

3.3. Effect of Flow rate

For elastic continua, deformation or strain rate effects may be introduced during testing by
modulating the volumetric flow rate of the hydraulic fluid during quasi-static bulge testing [52].
The testing flow rate was systematically varied to evaluate effects on deflection profile of the
fiber mats. These tests were carried out using a cyclic methodology: after characterization of
each mat at a single flow rate, culminating in complete fluid percolation, a purge valve is opened
to depressurize the system before successively testing at a higher flow rate, and the excess fluid
on the mats is removed via capillary effects by delicately contacting the surface with laboratory
tissue. Figure 5a and b show the deflection profiles under different flow rate regimes for the
mats with fiber diameters of 232 nm and 1017 nm. The areal densities for both mats were on
the same order, and average thicknesses were in the range of 29-31 um. The consistent
correspondence of the curves at all applied flow rates for both fiber mats shows that their

deformation behavior is largely independent of the flow rate.
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Figure 5: Effects of flow rates of 10 ml/hr, 20 ml/hr and 30 ml/hr on fiber mats of nominal thicknesses
between 29-31um (a) Average fiber diameters of 232 nm, and areal density of 8.1 g/m? (b) Average fiber
diameters of 1017 nm, and areal density of 9.3 g/m?

This may be interpreted in terms of the classical mechanics of fluid flow through a porous
structure in relation to mat deformation. By definition, the hydraulic fluid, deionized water,
possesses a viscous quality; as a result, work is done in pushing it through the “resistance” field
of the porous fibrous network presented by the mats [53]. Since, water is a Newtonian fluid
whose viscosity is constant with respect to variations in flow or shear rate, it is probable that
the critical work being done at the distinct flow regimes are equivalent, with no noticeable
effects on the mat deformation profile or response, but is strongly contingent on the geometry
of the network as well as configuration. The lack of distinctive asymptote pressures or plateau
regions with increasing flow rate (or fluid velocity) as predicted by equation 7 may be due to
the infinitesimal differences between these flow conditions (on the order of ~10-¢ m/s, using
the chamber through - hole dimension of 0.0125 m as an effective flow cross - section). In
addition, it can be deduced from these tests that the mats undergo minimal system-scale
topological modifications after “yielding”, and these are nominally reversible. Lastly, the
deflection plots provide evidence that the induced bending strains in the constituent fibers are

elastic or recoverable, with presumably minimal events of fiber buckling.
3.4. Comments

A caveat in the interpretation of our result is a consideration of the environment in which
deflection takes place. Although the hydraulic liquid build-up provokes an out-of-plane mat
deflection, it also provides a viscous medium that effectively encapsulates the deformation
environment. As has been established, deformation can be considered as hierarchical: single
fiber deflections facilitate macroscopic deformation of the mats. However, on a more
fundamental level, the fluid viscosity will, in effect, impose some measure of retardation to these
single fiber deflections at a given system pressure, and these mats may be more compliant in
bending than suggested in these wet tests. Furthermore, in uniaxial tensile testing of
electrospun fiber mats, a common observation is that hydration causes significant degradation
in tensile strength and elastic rigidity due to moisture entrapment in between network pores as
a result of lubricated fiber segments, enhancing sliding and slippage [54]. In contrast, the impact

of the loading procedure in the leaky bulge test minimizes reorientation and fiber sliding-
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mediated deformation. Also, the plasticization of PAN by water molecules occurs only at
moderately high temperatures [55], indicating that the fibers maintain an unadulterated
chemical composition when wetted at room conditions. Hence, the structural and material
integrity of PAN (or generally, polymer chemistries that are inert to water or hydration) are

preserved during the leaky bulge test.

With the uniform application of lateral load, our interpretation has implied that the out-of-plane
mat deformation geometry is convex, and the advancing water front during hydraulic
pressurization (prior to steady-state percolation) is regular and conformal with this shape.
Indeed, the inherent structural heterogeneity of the mats induces an irregular front [56] that
could introduce geometric deviations in the bulged profiles of the mat that may be slightly
different from that of a continuum plate or membrane, at least in prior to the plateau region, .
Notwithstanding, the bending rigidities of the wet fiber mats provide added design factors for

electrospun water filters and functional filters

4.0. CONCLUSION

In addition to good filtration efficiency, the maintenance of structural integrity of electrospun
fiber mats is an important determinant of satisfactory application performance in terms of
water filtration and sensing application. The compliant nature of the individual fibers as well as
collective fiber assembly means electrospun water filters are susceptible to flow-induced
bending deformation. We have adapted the hydraulic bulge testing procedure to quantify the

resistance to flow-induced bending of wet electrospun polyacrylonitrile fiber mats.

In general, the pressure-deflection curves of the mats reveal a nonlinear response that is
followed by a plateau region, corresponding to dissipation of imposed stresses and ultimate
steady state leakage respectively. However, the pressure-deflection relationships of the mats,
and by extension, bending resistance, are governed by the bending mechanics of constituent
fibers. With increasing constituent fiber size, the rigidity of the mats of the mats increased. This
observation highlights that the fibers approximate cylindrical beam wherein flexural rigidity
increases with increasing beam/fiber cross-section as predicted by the Euler-Bernoulli beam
theory, and this phenomenon manifests macroscopically in the random fiber assembly of the
mats. Bending rigidity was largely unaffected by an increase in thickness, but a slightly higher

pressure asymptote was observed. The cyclic flow rate test show that the bending rigidity is
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independent of flow rate and that bending strains and topological changes induced by hydraulic

flow are reversible or recoverable.
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