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Abstract

Swelling and dissolution dynamics of porous polymers
Sohyun Jung
Department of Mechanical and Aerospace Engineering
The Graduate School
Seoul National University

With the recent development of hydrophilic, biodegradable, and
stimulus-reactive polymers which can perform a specific function, the polymer widens its application scope into biomedical, soft robotics, and energy applications, so the research interest in a polymer is also growing. In this situation, as the
depletion of fossil fuels and environmental problems are being
magnified as serious threats to the survival of humanity, the
study for eco-friendly functional polymers is emphasized. One
method to endue a polymer with a specific function or improve
the performance of functional polymers is utilizing the porous
structure. The porous structure has the inherent characteristics of large surface area per unit volume, open channel, and
tunability of the microstructure. Since the porous structure is
eco-friendly in that this structure physically controls the polymer, the research interest in a porous polymer is growing. In
many application cases, porous polymers encounter liquid-rich
environments. When a porous polymer meets a liquid, the liquid

infiltrates into the porous polymer through its pores. In addition, the liquid can diffuse into the porous polymer through
the polymer itself while deforming the porous polymer in two
ways: swelling and dissolution. By utilizing the swelling and
dissolution of porous polymers, the polymer system performing
the necessary functions for specific applications can be developed. Besides, the physical properties of the porous polymer
can be controlled. Here, we elucidated the mechanism of the
swelling and dissolution of porous polymers by analyzing their
dynamics and then develop functional polymer systems based
on the findings. Firstly, we identified the swelling mechanism of
the porous polymer, specifically electroactive hydrogel, according to the strength of the electric fields applied and devise the
fast and powerful hydrogel actuator operated by the swelling of
hydrogel. Secondly, we experimentally and theoretically investigated the dissolution dynamics of porous polymers according to
the solubility of polymers. Based on our findings, we proposed
a polymer system that can control the direction of dissolution
in porous polymers by controlling the microstructure of porous
polymers.
Keywords: Polymer, Porous media, Swelling, Dissolution, and
Capillarity
Student Number: 2015-22723
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Chapter 1

Introduction
Polymers, large molecules composed of various repeating structural units,
are widely used in almost all industries for structures, such as a tire, textile,
mechanical component, and platform, that require physical strength and
chemical stability. With the recent development of hydrophilic, biodegradable, and stimulus-reactive polymers which can perform a specific function,
the polymer widens its application scope into biomedical, soft robotics, and
energy applications. In addition, as the depletion of fossil fuels and environmental problems are being magnified as serious threats to the survival
of humanity, the study for eco-friendly functional polymers is emphasized.
The porous structure has the inherent characteristics of large surface area
per unit volume, open channel, and tunability of the microstructure. This
porous structure is one of the methods to endue a polymer with a specific
function or improve the performance of functional polymers (Wu et al.,
2019; Zhang et al., 2018b). Since the porous structure is eco-friendly in
that this structure physically controls the polymer, the interest in a porous
polymer is growing.
The porous polymer has started to be commercially used in water
treatment, the food industry, pharmaceutical industry, synthetic chemistry,
petrochemical engineering, and environmental protection. The use of porous
polymer is widened to Li-ion batteries and supercapacitors as separators.

1

(a)

(b)
L(t)
Liquid
reservoir

σ
pi

pa

2R

pi

pa
R

σ

x

Figure 1.1: (a) A schematic of liquid imbibition into a capillary with a
contact angle of zero under negligible effects of gravity. (b) A schematic of
liquid imbibition into a porous medium.
In addition, porous polymers are promising in burgeoning fields such as gas
adsorption/capture (Zeng et al., 2016; Zou et al., 2017), molecular separation (Carta et al., 2013; Kim & Lee, 2015), catalysis (Puthiaraj et al., 2016;
Zhang & Riduan, 2012), electrochemical energy storage (Zhan et al., 2017;
Zhou & Wang, 2017), drug delivery (Fang et al., 2015), sensors (Dong et al.,
2017; Gu et al., 2014), and photo-energy conversion (Gu et al., 2015, 2016).
In many application cases, porous polymers encounter liquid-rich environments. When a porous polymer meets a liquid, the liquid infiltrates into
the porous polymer through its pores and diffuse into the polymer chain
networks while deforming the porous polymer in two ways: swelling and
dissolution.
In case that the liquid is thermodynamically unstable with the polymer, the capillarity-assisted invasion of liquid in a porous polymer, referred
to as wicking, happens without the deformation of polymer. The wicking
dynamics are hard to be analyzed because of the critical complexity in the
porous structure, so the theoretical attempts to understand the wicking
dynamics have been made through the conceptual model approach (Scheidegger, 1958). The most general and simplest model representing a porous
medium is a bundle of straight, parallel capillaries of uniform diameter. To
analyze the wicking dynamics in this model, we first consider the velocity
of the liquid front in a single wettable capillary of radius R, as shown in
figure 1.1(a). The average velocity of incompressible liquid flow u in a small
2

axisymmetric straight capillary of radius R (R ≪ L) follows the Poiseuille

law written as u = R2 (−dp/dx)/(8µ) with L, µ, and p respectively being
the propagation distance of the liquid, the viscosity, and the pressure. For
the inertialess surface-tension-driven flow neglecting gravity, the pressure
difference ∆p = pa − pi , where pa is the atmospheric pressure and pi is

the internal pressure at the liquid-gas interface. As the pressure of air just
outside of the liquid-gas interface is also pa , we realize that ∆p is equal to
the pressure jump across the interface, which is given by the Laplace-Young
equation, ∆p = σκ with κ being the interface curvature (de Gennes et al.,
2004). In a wettable capillary, κ ≈ 2R−1 , and thus the average fluid velocity

becomes u = σR/(4µL) (Lucas, 1918; Washburn, 1921). We now turn to

total fluid flows in a bundle of capillaries embedded in a solid, as shown
in figure porous(b). If N tubes are embedded in the unit cross-sectional
area, then the total flow rate per unit cross-sectional area, qm is N πR2 u.
Thus, we have qm = φR2 (−dp/dx)/(8µ), where the porosity φ (a fraction
of the volume of voids over the total volume) is N πR2 . The fluid flows in
porous media with negligible inertia are described by Darcy’s law (Bear,
1972; Darcy, 1856). For one-dimensional fluid flow, Darcy’s law is written
as qt = k/µ(−dp/dx), which corresponds to the linear relationship between
the total flow rate per unit area qt and the pressure gradient, with k/µ
being the prefactor. Here, k is the permeability. The analogy between qm
and Darcy’s law is obvious. In qm , φR2 /8 is analogous to the permeability
k. In applying this relationship to the actual porous medium, R scales an
average pore radius. The permeability k is highly related to the geometrical properties of pores, such as porosity, average size, size distribution, and
shape of pores. Although the relationship between geometrical pore characteristics and permeability has long been under discussion through the empirical (Baver, 1949; Griffiths, 1952; Jacob, 1946; Nelson & Baver, 1941),
and theoretical studies (Carman, 1941; Cornell & Katz, 1953; Kozeny, 1927;
Purcell, 1949; Rose & Witherspoon, 1956), these attempts have only found
the empirical relations for average permeability of porous media due to the
3
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Figure 1.2: (a) A schematic illustration of the pore size reduction during
the swelling of porous polymer with constant apparent volume and (b) that
of the increase in pore size to several pores merging into larger pores.
complex nature of pore structure. To establish theoretical correlation, there
is no other choice but to find the best model exhibiting the characteristic
phenomena arising in a particular porous medium. Still, it is reasonable to
scale the permeability as the cross-sectional area of actual fluid conduits.
When the liquid is thermodynamically stable with the polymer, the liquid diffuses into the polymer and either swells or dissolves it. In swellable
porous polymers, liquid flow can expand the polymer while maintaining
the apparent volume of the porous polymer. In this case, the pore size decreases as shown in figure 1.2(a), so the liquid flow rate decreases (Testoni
et al., 2018). However, the liquid flow in a swellable porous polymer also
can expand the apparent volume and result in the pore size increase by
the pore coalescence. Several pores are merged into a single large pore by
the tension generated by the apparent volume increase as depicted in figure
1.2(b). Here, the liquid flow rate decreases due to the decrease in the capillary pressure, which results from the pore size at the wet front increase as

4

the liquid flow rate decreases (Ha et al., 2018). In soluble porous polymers,
the liquid which dissolves the polymer loosens the polymer chain network,
causing the polymer to swell and separate the polymer chains from the
bulk polymer. Therefore, the polymer dissolution process usually consists
of the swelling step and the polymer chain disentanglement step. Depending on the governing step in polymer dissolution, porosity differently affects
the dissolution rate of porous polymers. When the swelling is the governing
step, the porosity has a positive relationship with dissolution rate(Colombo
et al., 1996). On the other hand, the porosity is independent of dissolution
rate when the governing step is dissolution (Brielles et al., 2007). Despite
these pioneering but limited studies, the fundamental physical understandings of swelling and dissolution dynamics of porous polymers have rarely
been attempted, so it is far from complete. However, it is of importance
because the polymer system performing the necessary functions for specific
applications can be developed and the physical properties of the porous
polymer can be controlled by controlling the swelling and dissolution of the
porous polymer.
This thesis aims to elucidate the mechanism of the swelling and dissolution of porous polymers by analyzing their dynamics and develop functional polymer systems. This thesis aims to elucidate the mechanism of the
swelling and dissolution of porous polymers by analyzing their dynamics
and develop functional polymer systems. In chapter 2, we identified the
swelling mechanism of the porous polymer, specifically electroactive hydrogel, according to the strength of the electric fields applied and devise the
fast and powerful hydrogel actuator operated by the swelling of hydrogel.
Firstly, we observed the swelling dynamics of electroactive hydrogels within
different electric fields by measuring the mass increase in the gel with time.
Here, we found that the electroactive hydrogel without an electric field
swells by osmosis, resulting in a significantly slow reaction rate. However,
the gel within electric fields swells much faster and more than that without an electric field by electroosmosis which is the flow generated in the
5

porous media by the electric fields. Under the electric fields, the electroactive hydrogel swells faster as the electric fields become stronger. Utilizing
this fast swelling electroactive hydrogel, we developed the fast and powerful hydrogel actuator. In this hydrogel actuator, the volume expansion of
the gel is converted into internal stress in the gel by the stiff membrane
wrapping the gel. The internal stress corresponding to the turgor pressure
enhances the stiffness of the hydrogel actuator, so it allows the hydrogel to
withstand or generate large forces. To derive the design parameters of this
actuator for optimal design, we experimentally and theoretically analyzed
the stress generated by the hydrogel actuator. The hydrogel actuator that
we proposed is applicable in the manufacture of underwater structures or
rescue equipment and has significance in overcoming the inherent weakness
of the hydrogel, such as slow reaction and weak at compression. In chapter
3, we experimentally and theoretically investigated the dissolution dynamics of porous polymers according to the solubility of polymers. Based on our
findings, we proposed a polymer system that can control the direction of
dissolution in porous polymers by controlling the microstructure of porous
polymers. Here, we evaluated the dissolution of porous polymers by observing the liquid invasion that dissolves the polymer. In porous media, the
capillarity-assisted invasion of liquid, referred to as wicking, is occurred, so
we study the dynamics of wicking accompanying the polymer dissolution,
which we termed soluble wicking, in porous polymers. As a porous polymer,
we used the fibrous porous sheets of polyethylene oxide(PEO) fabricated
by electrospinning. PEO can be dissolved into water and chloroform but
is insoluble in ethylene glycol and silicone oil, so we mix the water and
ethylene glycol to control the PEO’s solubility in liquids. We investigate
the soluble wicking dynamics with the classification of the soluble wicking regime into partially soluble wicking and completely soluble wicking
according to the PEO’s solubility in liquids. In partially soluble wicking,
we found that the porous polymer structure maintains despite the polymer
dissolution, so the wicking mechanism is similar but slightly modified from
6

the insoluble wicking dynamics that is explained by Darcy’s law. The rate
of partially soluble wicking can be understood based on modified Darcy’s
law. However, the mechanism of the completely soluble wicking changes
due to the disappearance of the medium’s structure and the significant
swelling of polymers. By the multi-scale visualization, we found that a gel
layer was generated by the swelling of the polymer during the dissolution
of porous polymers. This gel layer clogs the pores, so the capillary wicking
through the pores is severely suppressed. However, the gel layer disappears
soon by polymer chain disentanglement, and the capillary wicking through
the pores is resumed. Thus, the completely soluble wicking is the repetitive process consisted of the pore-clogging step and the pore reopening
step. From this mechanism that we elucidated, we obtained the theoretical
model and demonstrated it by comparing the experimental results. Here,
we theoretically found that completely soluble wicking can occur only in
the direction where a liquid hardly diffuses into the porous polymer. Based
on this finding, we proposed the microstructure for controlling the direction
of dissolution in porous polymer by utilizing the inherent diffusivity difference according to the direction appearing in the fiber. We expected this
dissolution direction control technology to use in controlled drug delivery,
sensor, and a soft robot that transforms in response to the surrounding
environment.

7

Chapter 2

Swelling dynamics:
Dynamics of
electro-responsive strong
hydrogel actuator
2.1

Introduction

Hydrogels, the polymers composed of hydrophilic chain networks, absorb significant amounts of water within their interstices while maintaining
the network structure in a swollen state. For decades the hydrogels have
come into greater prominence and widened their appliable scope from optics
to bioengineering, owing to their distinctive characteristics such as flexibility, hydrophilicity, swellability, biocompatibility, biodegradability, and
stimuli sensitivity (Caló & Khutoryanskiy, 2015). However, the hydrogels
are susceptible to compression due to their inherent low shear modulus
and large Poisson’s ratio, which limit their scope of applications (Chippada
et al., 2010). Besides, operation speeds of hydrogel in its applications are
considerably slow because the swelling occurs by the passive transports of
liquids represented by the diffusion. As the applicability of hydrogels to
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soft robotics and soft actuators has emerged (Li et al., 2021; Xiang et al.,
2021; Zheng et al., 2021), many studies to improve its mechanical properties
(de Ruijter et al., 2018; Wu et al., 2020; Xia et al., 2013; Zhu et al., 2017)
and swelling rate (Chen & Park, 1999; Liu et al., 2019; Xia et al., 2013; Xu
et al., 2007; Yan et al., 2005; Yan & Hoffman, 1995). To improve swelling
rate, strategies have been mainly developed to introduce porous structures
(Chen & Park, 1999; Liu et al., 2019; Yan & Hoffman, 1995), micellar
structures(Xu et al., 2007; Yan et al., 2005), or nanostructures (Xia et al.,
2013) to hydrogel have been mainly developed. All these strategies significantly improve the swelling rate of hydrogels, but most of them do not
help improve mechanical properties. Only a few of these strategies improve
the mechanical properties of hydrogels, even limited to elastic modulus (Li
et al., 2014; Xia et al., 2013), not bulk modulus required to generate a large
force.
Here, we report a novel strategy to improve the effective bulk modulus
of hydrogels to generate large forces. By encasing the electro-active hydrogel with a stiff and semi-permeable membrane, we convert the swelling
capacity of hydrogel into the internal stress that increases the effective bulk
modulus of hydrogels. Thus, this hydrogel system, named a strong hydrogel actuator, can withstand and generate much greater stresses than a bare
hydrogel. Furthermore, we accelerate the operating speed of a strong hydrogel actuator up to 585 times by applying an electric field on the hydrogel
from 0 to 1200 V m−1 . The electric fields also increase the maximum stress
of the strong hydrogel actuator. To derive the design parameters of this
actuator for optimal design, we theoretically analyze the stress generation
dynamics of strong hydrogel actuators by identifying the swelling mechanism of polyelectrolyte gel according to the presence of electric fields. Then,
we predict the maximum generatable stress of a strong hydrogel actuator.
The hydrogel actuator that we proposed is applicable in the manufacture
of underwater structures or rescue equipment and has significance in overcoming the inherent weakness of the hydrogel, such as slow reaction and
9
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Figure 2.1: Schematic diagrams of the experimental apparatus used (a) to
wrap a polyelectrolyte gel with a stiff and selectively permeable membrane
and (b) to measure the force generated by swelling of a bare gel and a
strong hydrogel actuator.
weak at compression.

2.2

Materials and methods

Hydrogel preparation To synthesize 3 M poly(3-sulfopropyl acrylate potassium salt) (PSPA) gel, we used 3-Sulfopropyl acrylate potassium
salt (SPA; Sigma-Aldrich 251631) as the monomer of the polyelectrolyte
gel network and N, N-methylenebisacrylamide (MBAAm, Sigma-Aldrich
M7279) as the cross-linking agent, and Lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP, Sigma 900889) as a photoinitiator for gelation.
All chemical reagents were used without further purification. We blended
cross-linker MBAA and initiator LAP with 3.0 M SPA. The cross-linker
MBAA and initiator LAP have ratios of 2.1 × 10−3 and 6.7 × 10−5 to the

moles of the SPA monomer, respectively. We poured this mixture into an
acrylic mold followed by 365 nm UV irradiation (CL-1000L UVP) for 10
minutes.
Fabrication of strong hydrogel actuator We cut selectively permeable membranes, which are dishcloths composed of the rayon and polyester
10
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blend (Sunwooland 636255708), with a LASER cutting machine (Universal
LASER system VL3.50) and placed it on the plate. We put the synthesized
PSPA gel on the permeable membrane and laid another permeable membrane with a thermal adhesive sheet (Wappenshop 692027683) upon the
gel as shown in figure 2.1 (a). Then, we covered it with stainless steel cover
and applied heat and pressure. The fabricated sample was kept in a humid
chamber to prevent the gel from drying before characterization. We term
this fully encased PSPA gel as a strong hydrogel actuator henceforth.
Swelling rate measurement of gels We measure the swelling rate
of electro-actuated hydrogel to analyze the expansion of the gel with and
without the electric field. For this, we placed an electro-responsive hydrogel
with a volume of 25 mm x 8 mm x 4 mm in the middle between the two
platinum electrodes of size 3 cm x 5 cm that are in an acrylic chamber
filled with deionized water. A voltage was applied with a DC power supply
(KEYSIGHT E36233A) to Pt electrodes with a 5 cm gap between electrodes. We measure the swelling rate of a hydrogel by weighing the mass
of hydrogel at specific time intervals.
Force measurement generated by hydrogels and strong hydrogel systems To measure the force generated by swelling of a bare gel and
a strong hydrogel actuator, we placed two types of gel under the force measuring equipment (100 kN load cell; Instron 5582) with a distance of 4 mm,
as depicted in figure 2.1(b). One is the hydrogel in the naked state, and the
other is the hydrogel wrapping the two 40 mm x 23 mm membrane. Both
hydrogels have a size of 25 mm x 8 mm x 4 mm. The area in which the force
measuring instrument contacts the sample is 30 mm x 60 mm. We placed a
hydrogel with force measuring instrument halfway between two submerged
Pt electrodes in 0.1 M electrolyte solution composed of Potassium hydroxide pellet (KOH; Sigma P1767) and deionized water. We measured the force
generated by the strong hydrogel actuator over time with various electric
fields from 0 to 600 V m−1 .
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2.3

Characteristics of strong hydrogel actuators

Hydrogels are generally susceptible to compression due to their inherent
low shear modulus and large Poisson’s ratio. Among the various hydrogel,
we use 3 M PSPA gel corresponding to a special class of hydrogels known
as polyelectrolyte gel. To test the durability of the PSPA gel against compressive forces, we slowly pressed it with a 4 kg kettlebell connected to a
force sensor as shown in figure 2.2(a). The gel starts to deform at 35.9 N
and completely collapses at 38.4 N. However, the geometrically fully constrained PSPA gel, which is termed strong hydrogel actuator, withstands
much greater forces than the bare hydrogel. Here, we fully confine the gel
by encasing the gel with a stiff and selectively permeable membrane having a smaller size than the fully swollen hydrogel (see Figure 2.3). Strong
hydrogel actuator maintains its form even at 188 N of compressive force as
shown in figure 2.2(b) and generate a large force enough to break bricks
while swelling (see Figure 2.2(c)). By measuring the force generated by a
strong hydrogel actuator over time, we also find that the strong hydrogel
actuator becomes powerful as it expands (see Figure 2.2(d)). Since polyelectrolyte gels are composed of a crosslinked polymer network with ionizable
functional groups, the electric field can act as a stimulus that affects its
swelling behavior. Here, we apply electric fields and measure the time until
the 1 g of bare PSPA gel absorbs 18 g of water within electric fields from
0 to 1200 V m−1 . The electric fields accelerate the response time of the
gels a maximum of 585 times, as shown in figure 2.2(e). Furthermore, the
electric fields increase the maximum generated force by the strong hydrogel
actuator (see Figure 2.2(f )). The force is measured only before the actuator fails, so the maximum force represents the maximum value before the
system fails.
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Figure 2.2: (a) Images of the compression process of a fully swollen bare
PSPA gel and (b) a fully constrained PSPA gel (a strong hydrogel actuator)
with different kettlebells hanging from the force sensor and slowly lowered
at 1 mm s−1 . The fully swollen bare hydrogel starts to deform at 35.9 N and
completely collapses at 38.4 N, while the strong hydrogel actuator endures
188 N without noticeable deformation. (c) Images of a strong hydrogel
actuator breaking a brick in only 5 minutes. (d) The force generated by a
strong hydrogel actuator over time without electric fields. (e) The time for
a 1 g bare gel to absorb 18 g of water in different electric fields from 0 to
1200 V m−1 . Inset: magnification of shaded region. (f ) The maximum force
generated by a strong hydrogel actuator before the actuator fails according
−1
to applied electric fields from 0 to 1200
13 V m .
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Figure 2.3: Schematic of a hydrogel composed of polymer chains with sulfur functional groups that dissociate when the hydrogel, known as polyelectrolyte hydrogel, hydrates. During hydration, the bare polyelectrolyte
hydrogel significantly expands its volume. The swollen hydrogel easily deforms at low compressive stress. When the polyelectrolyte hydrogel is encased in a stiff and selectively permeable membrane, this system, named
a strong hydrogel system, cannot expand its volume as much as bare hydrogels during hydration. However, it can endure the large external stress
without deformation.
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2.4
2.4.1

Theoretical analysis
Stress generation dynamics without electric fields

When a bare polyelectrolyte gel is hydrated as shown in figure 2.3, the
volume of the gel expands as much it uptakes the water because the polymer
networks and the water are incompressible (Hu et al., 2010). Here, the total
volumetric stain of the gel γt is equal to the volumetric hygroscopic swelling
strain, γh , so the gel is stress-free, and the swollen polymer networks withstand all external stress. However, once the gel is fully confined by a stiff
membrane and fills the inside of the membrane as shown in figure 2.3, the
gel can no longer expand. Then, γt = γh + γp = 0, so γp = −γh , with γp

being the volumetric mechanical strain that generates the internal stress σp

in the gel. The internal stress developed by hydration follows Hooke’s law,
σp = Kγh with K being the bulk modulus of the hydrogel (Lin et al., 2009).
Because hydrogels swell as much as they absorb water, γh = Vw /Vm , where
Vw and Vm are the water absorb the volume of hydrogels after the hydrogel
filled inside the membrane and the maximum volume of the stiff membrane
can wrap, respectively. The volume of water uptake is the summation of
net flow rate into the gel over time t, so the internal stress produced by
hydration is given as:
σt = K

Rt
0

Qn dt
,
Vm

(2.1)

where Qn is the net flow rate into the gel. Since the internal stress withstands external stresses with the swollen polymer networks, the effective
bulk modulus of fully confined gel increases, and the fully confined gel can
endure and generate great forces. Thus, the force generated by a strong
hydrogel actuator becomes
F = KAc

Rt
0

Qn dt
,
Vm

(2.2)

with Ac being the area where the force is applied. Now, we investigate
the swelling of polyelectrolyte gels without electric fields to find the net
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Figure 2.4: (a) Osmotic water uptake mass of gels, mo over time. (b) Osmotic water uptake mass of gels plotted according to eq. (2.6).
flow rate into the gel to estimate the force generated by a strong hydrogel
actuator without electric fields.
When a bare polyelectrolyte hydrogel is submerged in water without an
electric field, the gel absorbs the water by osmosis. Osmosis is the diffusion
of water across a selectively permeable membrane from a compartment of
higher water potential to that of lower water potential. The diffusion process
is very slow, so the gel slowly reaches its maximum volume in ∼ 107 sec

(see Figure 2.4 (a)). The diffusion flux associated with osmosis, qo , follows
Fick’s law
qo =

–DcΩl ∇Ψs
,
RT

(2.3)

with D, c, Ωl , R, and T respectively being the self-diffusion coefficient of
liquid, the liquid concentration of the gel, and molar volume of liquid, gas
constant, and temperature (Bird et al., 2006). Here, the difference of the
potential of gel for swelling, which we term swelling potential henceforth,
Ψs is given by ∆Ψs = Ψw –Ψo where Ψw and P sio is the potential of
surrounding solution and the osmotic potential of the gel, so that ∆Ψs =
Π with Π corresponding to the well-known osmotic pressure. Thus, the
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diffusion flow rate is written as
Qo =

DcΩl ΠA
,
δRT

(2.4)

where δ and A are the ion concentration boundary layer thickness that is
√
scaled as Dt and the surface area of the gel, respectively. Because the
volume of bare PSPA gel can expand as much as they absorb water, the
variables related to the size of the gel, such as the liquid concentration of the
gel c corresponding to Vw /V , the osmotic pressure Π that is icd Vd RT /V ,
and the surface area A = 6V 2/3 . Here, i, cd , Vd , and V are van’t Hoff’s
factor, the polymer concentration of the dry gel, the volume of the dry gel
and the total volume of the swollen gel, respectively. Therefore,
Qo ∼ 6icd Vd Ωl D 1/2 Vw−1/3 t−1/2 ,

(2.5)

By taking Qo = dVw /dt, we get the osmotic water uptake mass of the PSPA
gel
mo = ρηo3/4 t3/8 ,

(2.6)

where rho is the density of water and η = iαo cd Vd Ωl D 1/2 with αo being
the proportional constant. Here, we use the 3 M PSPA gel whose volume
at dry state is 5 × 10−7 m3 and water whose D, Ωl and ρ are 2.3 × 10−9

m2 s−1 , 1.8 × 10−6 m3 mol−1 , and 997 kgm−3 . By taking i = 2 and αo = 30,

we calculate the osmotic water uptake mass of 3 M PSPA gel and compare
it with the measured value as shown in figure 2.4 (b). We see that the
calculated osmotic water uptake masses agree well with the experimental
data.
In the strong hydrogel actuator, the swelling potential Ψs and internal

potential developed by osmosis Ψm , Ψs = Ψo + Ψm , so the diffusion flow
rate into the strong hydrogel actuator is written as
Q′o =

DcΩl (Ψo + Ψm )A
.
δRT
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Figure 2.5: (a) Osmotic actuating stress Ψm versus βo
=
DcΩl KAΠt/(RT Vm ). The slope of the best-fitting line corresponding
to 1/δ is 1.4 × 106 m-1. (b) Osmotic actuating stress over time. The solid
lines correspond to the theoretical osmotic actuating stress of the strong
hydrogel actuator. The error bar is standard deviation of measurement
values.
Here, the osmotic potential induces the diffusion of liquid into the gel, while
the internal potential reduces this tendency of liquid. In eq. (2.7), for the
strong hydrogel actuator, c and δ are constant owing to the gel’s fixed volume by the relatively stiff membrane surrounding the gel. The internal potential corresponds to the internal stress developed inside the gel restrained
R
from swelling, Ψm = Kγh . Because γh is originated from qo Adt/Vm , we
R
get Ψm = K qo Adt/Vm . Substituting Q′o = V 0(dΨm /dt)/K in eq. (2.7)

and solving, we get

Ψm = Π(1 − e−t/τo ),

(2.8)

with τo = RT Vm δ/(DcΩl KA).
The strong hydrogel actuator used in this study is composed of a cubic
dry gel with a volume of 5 × 10−7 m3 enveloped by a stiff membrane with

a thickness of 1.5 mm. This actuator is activated when the space enclosed

by the membranes is filled with the swollen gel. Then the activated actuator assumes a cubic shape, with a base area of 4 x 2.3 mm and a height
of 8 mm. Therefore, the liquid inlet area A and the volume of the strong
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hydrogel actuator Vm are approximately 1.6 × 10−3 m2 and 3.2 × 10−6 m3 ,
respectively. For the actuator, which exerts force to the exterior at the gel

swelling ratio of 6.3 and sustains its volume during the actuation, the liquid
concentration in the gel c and the empirically predicted osmotic pressure
Π are maintained as 0.9 and 0.27 MPa, respectively. The water distribution inside the constrained gel is approximately uniform except within the
boundary layer at the interface between the gel and the membrane. The
potential gradient is established in this boundary layer with the thickness
of δ. In the early stages of actuation, where the decrease in swelling potential due to the internal potential is negligible, the internal potential developed by osmosis is generated just by osmotic potential. Thus, Ψm = βo /δ
with βo = DcΩl KAΠt/(RT Vm ). Here, the internal potential developed by
swelling appears as actuating stress of the strong hydrogel actuator without
an electric field. By plotting the actuating stress without an electric field
in the early stages versus βo in figure 2.5(a), we obtain δ = 700 nm. Using these parameter values, we calculate the theoretical osmotic actuating
stress of the strong hydrogel actuator and plot the result as solid lines in
figure 2.5(b). We see that the calculated actuating stress agrees well with
the experimental data.

2.4.2

Stress generation dynamics in electric fields

When a polyelectrolyte gel having sulfur functional groups is wet, the
functional groups of polymer chains dissociate into ions, so the polymer
chains are charged, and the liquid in the gel becomes an electrolyte solution.
Here, the electric fields can act as a stimulus affecting the swelling process
of the polyelectrolyte gel. As shown in figure 2.6 (a), we measure the mass
of the PSPA gel over time with electric fields ranging from 0 to 600 V m−1 ,
and find that the electric fields remarkably accelerates the water uptake rate
of the polyelectrolyte gel. The PSPA gel absorbs the water proportional to
the time when the electric fields are applied, and the electroosmotic water
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Figure 2.6: (a) The mass of swollen gels mt in electric fields from E = 0 to
600 V m−1 . (b) Electroosmotic(EO) water uptake mass of gels me over time
in electric fields ranging from 200 to 400 V m−1 . Inset: Electroosmotic(EO)
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t = 2000 s. (c) EO water uptake mass of hydrogels, plotting accroding to
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of a swollen gel at each electric fields to the maximum mass of a swollen
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uptake mass of the polyelectrolyte gel at the same time is proportional to
the strength of electric fields (see Figure 2.6 (b)).
Polyelectrolyte gels are generally considered as the charged porous media that the pores are filled with electrolyte solution having an ionic layer
known as an electric double layer at the interface between the wall and
the liquid. When the electric fields are applied on this polyelectrolyte gel,
the net charge of the electric double layer moves by electric fields while
dragging liquid. Here, the induced liquid flow is called electroosmotic (EO)
flow. Thus, under an electric field, polyelectrolyte gels can absorb the water by both osmosis and electroosmosis. The polyelectrolyte gel composing
contains 3.0 M PSPA, whose dissociation degree is approximately 1. Thus,
the wet gel can be modeled as a porous medium filled with the electrolyte
solution with the molarity cg of 3.0 M. In an electrolyte solution, the Debye
length λd is calculated as
λd =



ǫkB T
2(ze)2 cg

1/2

,

(2.9)

where e, z, kB , and ǫ are respectively the elementary charge, valence of
the ions (z = 1, in our case), the Boltzmann constant, and permittivity.
For 3 M ionic solution, we estimate a Debye length of λd ≈ 0.2 nm and

therefore λd is much smaller than the average pore size of the gel r ∼ 10 nm

(Chan & Neufeld, 2009; Cuccia et al., 2020; Varghese et al., 2014). Then,
the electroosmotic flux is given as
qe =

ǫζφE
,
µ

(2.10)

with φ, ζ and µ being the porosity of the gel, the zeta potential at the
pore wall and viscosity of liquids, respectively (Probstein, 2005), so the
electroosmotic water uptake mass
me = αe Et,
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with αe = ρǫζφA/µ. The PSPA gel in electric fields absorbs the liquid by
both osmosis and electroosmosis, thus the total liquid influx to the hydrogel
in electric fields qt = qo + qe . It leads the total water uptake mass of the gel
to
mt = αe Et + mo .

(2.12)

Here, the liquid properties ǫ and µ of water which is 7.08 × 10−10 F m−1

and 10−3 Pa·s, respectively. The zeta potential of PSPA gel is ζ = −80 mV
(Daniel et al., 2021). We take the average porosity of the gel during the

swelling φ ≈ 0.5. Using these values, we calculate the theoretical electroos-

motic water uptake mass of the gel under the electric fields ranging from 0
to 600 V m−1 and compared the result to the experimental data in figure
2.6(c). We see that the calculated EO water uptake mass agrees well with
the experimental data.
Furthermore, the electric fields affect the maximum mass that a gel can
achieve. As depicted in figure 2.6(d), the normalized maximum mass of the
gels mn in electric fields is much larger than that without electric fields.
Here, mn in electric fields over 100 V m−1 are very similar to each other.
The maximum mass of the gels is determined by the physical stretch limit
of polymer chain x, and this stretch limit can be elongated by external
forces f .
The polymer chain length determines the swelling limit of the gel, and
external forces applied on a polymer chain f elongates the polymer chain
length x. As the applied force increases, the polymer chain length elongates
up to its stretch limit xc , which is the physically possible maximum polymer
chain length. For a freely jointed chain, the normalized polymer chain length
x/xc follows the Langevin function with the normalized extensional force
f b/kB T , leading to
x
= coth
xc



fb
kB T
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−



fb
kB T

−1

,

(2.13)

2.4 Theoretical analysis
where b, kB , and T being the Kuhn length, Boltzmann constant and temperature (Rubinstein et al., 2003). According to eq. 2.13, the polymer chain
length reaches 95% of the stretch limit when the normalized extension force
is 20. The force exerted on a polymer chain by the applied electric field corresponds to the drag force induced by electroosmotic flow. The hydraulic
drag force Fd on a pore comes from the shear stress τ on a pore wall, so
Fd = τ Ap with Ap being the surface area of the pore wall. The shear stress
τ is µU/r where the liquid velocity U is electroosmotic flow velocity written
as ǫEζ/µ, and r is the pore size. By applying Ap = 2πrL with L being the
length of hydrogel, we get Fd = 2πǫEζL. For the electric field E ∼ 1 V, the

normalized extension force becomes 20, so the polymer chain length elonga-

tion is saturated over E ∼ 1 V which matches closely to the measurement
depicted in figure 2.6(d).

Since the polyelectrolyte gels can absorb the water by both osmosis and
electroosmosis under an electric field, the swelling potential Ψs consists of
osmotic swelling potential Ψs,o and electroosmotic swelling potential Ψs,e.
Unlike the osmotic swelling potential, the electroosmotic swelling potential
Ψs,e is determined by electroosmotic potential Ψe and internal potential
developed by electroosmosis Ψp . Here, the electroosmotic potential drives
the liquid flow into the gel, whereas the internal potential tends to drive the
liquid flow out of the gel. The flow driven by the internal potential follows
Darcy’s law,

k
qp = − ∇Ψp ,
µ

(2.14)

which describes the viscous liquid flux qp through a porous medium with
the permeability k. Thus, the total inlet flow rate is the difference between
the electroosmotic influx and the internal stress-driven outflux:
Q′e =

ǫζEφAL – kAΨp
,
µL

(2.15)

where L is the characteristic length of the polyelectrolyte gel. Here, L is
the average half-length of the gel, 16 mm. Q′e causes the internal potential
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Figure 2.7: (a) Electroosmotic (EO) actuating stress Ψp versus βe E, where
βe = ǫζEφAt/(Vm µ) and t = 10 min. The slope of the best-fitting line
corresponding to K is 9.2 kPa. (b) The total stress generated by strong
hydrogel actuator over time in different electric fields such as 0 (circle), 100
(inverted triangle), 200 (square), 400 (diamond), and 600 V m−1 (triangle).
as a result of a volumetric strain Ψp = K
Vm (dΨp /dt)/K in this equation, we get

R

Q′e dt/Vm . Substituting Q′e =

Ψp = ηe (1 − e−t/τe ),

(2.16)

with ηe = ǫζEφL/k and τe = µLVm /(kKA). Therefore, the total internal
potential Ψt = Ψp + Ψm , is obtained as
Ψt = Π(1 − e−t/τo ) + ηe (1 − e−t/τe ).

(2.17)

In the early stages of actuation, where the decrease in swelling potential
due to the internal potential is negligible, the internal potential developed
by electroosmosis is determined just by electroosmosis. Thus, Ψp = Kβe E
with βe = ǫζEφAt/(Vm µ). Here, the internal potential developed by electroosmosis appears as actuating stress of the actuator with electric fields.
By plotting the actuating stress with electric fields at t = 10 min versus βe E
in figure 2.7(a), we obtain the bulk modulus of the gel K = 9.2 kPa from
the slope of the best-fitting line. The permeability of polyelectrolyte gel k is
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scaled as the fluid conduit area, so that we write k = αr 2 with α being the
proportionality constant. In our theoretical calculation for the electroosmotic actuating stress of the strong hydrogel actuators, the proportionality
constant α is found to be 14. Using the parameter values obtained from
literature and experiments, we calculate the total actuating force of the
strong hydrogel actuator and plot the result as solid lines with the same
color as the experimental data in figure 2.7(b). We see that the calculated
total actuating forces agree well with the experimental data under electric
fields ranging from 0 to 600 V m−1 .

2.4.3

Maximum stress

Based on eq. 2.17, we predict the maximum stress generated by a strong
hydrogel actuator as follows:
σmax =

icd RT Vd ǫζEφL
+
.
Vm
k

(2.18)

Here, the porosity states the volume fraction of the non-polymeric part in
the swollen gel, φ = 1 − Vd /Vm , and the characteristic length L correspond
1/3

to the average half-length of the gel, so L ≈ 0.5Vm . Substituting these
into eq. 2.18, we obtain

σmax =

icd RT Vd ǫζE(Vm − Vd )
+
2/3
Vm
2kVm

(2.19)

Consequently, main design parameters of the strong hydrogel actuator controlling the maximum stress are the volume of the dry gel Vd and the size
of a membrane that determines the maximum volume of the membrane can
wrap Vm . By taking χ = Vm /Vd , we get the maximum stress of a strong
hydrogel actuator without an electric field
σmax,o =
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icd RT
,
χ

(2.20)
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Figure 2.8: (a)The maximum stress generated by the strong hydrogel actuator without electric field σmax,o according to the ratio of the maximum
volume of the membrane can envelop to the dry gel volume χ. (b) The
maximum stress generated by the strong hydrogel actuator with electric
fields ranging from 0 to 1200 V m−1 according to χ.
and plot the σmax in figure 2.8(a). The larger the membrane size, the smaller
the maximum stress generated by the strong hydrogel actuator without
an electric field, which implies that the strong hydrogel actuator cannot
economically generate great forces. However, the maximum stress generated
by a strong hydrogel actuator in electric fields,
1/3

σmax,e =

ǫζEVd (χ − 1)
icd RT
+
.
χ
2kχ2/3

(2.21)

Assuming that Vd is constant, σmax,e is plotted in figure 2.8(b) according to the strength of electric fields ranging from 0 to 1200 V m−1 . In this
strong hydrogel actuator in electric fields, even the membrane size becomes
larger, the maximum stress generated by the strong hydrogel actuator is
consistent or even increases. Based on these findings, we find that the electric fields would help the strong hydrogel actuator to generated great forces
economically.
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2.5

Conclusion

With a simple and novel strategy, we have fabricated the hydrogel actuator, termed as a strong hydrogel actuator, having high strength and
durability against compression and also propose a way to accelerate the response time of the hydrogel actuator. With the fundamental understanding
of the swelling of polyelectrolyte gel within and without electric fields, we
have theoretically and experimentally studied the force generation dynamics of strong hydrogel actuators and predicted the maximum stress of those
according to electric fields. Based on our findings, we have derived the main
design parameters of the strong hydrogel actuator.
This system has the strengths of providing great force in the water and
high resistance to deformation. Thus, the system is applicable for the construction of heavy buildings underwater (for example, posts in bridges or
support beams in submarine tunnels), which always accompany difficult
and complex processes and fabrication of soft robots or actuators requiring
large force or stiffness. The strong hydrogel system simultaneously solves
the chronic problems of hydrogel: the lack of mechanical properties, susceptibility to deformation, and low response rate. Besides, the strategy to
fabricate the strong hydrogel system is easy and universally applicable to
any soft polymer network, so we expect this system to open up a new era
of application for these kinds of materials.

27

Chapter 3

Dissolution dynamics:
Dynamics of soluble wicking

3.1

Introduction

Liquid flows infiltrating into porous media are found in a variety of
situations, including painting (Kim et al., 2015) and writing (Kim et al.,
2011) on paper, wetting of soils (Raux et al., 2013) and hydrogels (Yoon
et al., 2010), and absorption in hygiene items (Landeryou et al., 2005).
When the media are wettable but insoluble in the liquid, the flow velocity
is determined by the balance of capillary driving force and viscous resisting
force. A simple approach considering the voids an assemblage of cylindrical
conduits predicts that the wetting distance will grow like t1/2 with t being
time (Washburn, 1921), which has been widely adopted to explain basic
wetting dynamics of porous media over a century. However, variations of
the wetting dynamics can arise for a number of factors, such as effects of
gravity (Kim et al., 2017), poroelastic response of soft solids (Ha et al.,
The contents of this chapter were published as (Jung et al., 2020) and (Jung et al.,
2021) papers.
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2018), spatial irregularities or directionality of pore networks (Xia et al.,
2013), and solubility of medium solids (Twist & Zatz, 1988).
Liquid invasion in soluble porous media plays an essential role in geological sequestration (Geller & Hunt, 1993) and exploration (Chao, 1984),
microfluidics (Jahanshahi-Anbuhi et al., 2013), and drug delivery (Lopes
et al., 2016; Sujja-areevath et al., 1998). In geological application, liquid
flows caused by pressurized injection, rather than spontaneous capillary
imbibition, and subsequent dissolution in soluble porous media were previously investigated with a major focus on the formation of ramified patterns
(Daccord, 1987; Szymczak & Ladd, 2011). In drug delivery, the role of
porosity in drug release rate was experimentally studied when the governing step of drug response was swelling (Colombo et al., 1996) or dissolution
(Brielles et al., 2007). Despite these pioneering but limited studies, the fundamental physical understanding of capillarity-driven imbibition dynamics
coupled with dissolution has rarely been attempted and as a result is still
far from complete.
Here, we study the wicking dynamics in soluble porous polymer having
different solubilities. As a model system to study the dynamics of soluble
wicking, we use porous sheets of polyethylene oxide (PEO) fibers. PEO
can be dissolved into water and chloroform but is insoluble in ethylene glycol and silicone oil. Also, the solubility of PEO is differed depending on
the concentration of its constituents in aqueous solutions. According to the
polymer’s solubility, we classified the soluble flows into partially soluble
and completely soluble wickings. We then theoretically analyze each soluble wickings where the fundamental wicking dynamics in insoluble porous
sheets of randomly deposited fibers serve as a basis to identify the effects
of polymer solubility on the rate of wicking dynamics. In partially soluble flow, we find that imbibition with dissolution is markedly slower than
without dissolution, but the rate of wicking is determined by the same dynamics of the insoluble wicking, which is the balance of capillary driving
force and viscous resistance. We develop a mathematical model to predict
29
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the rate of wicking, which explains how dissolution changes the viscosity of
the invading liquid and affects the wicking dynamics. In completely soluble
flow, we find that the wicking rate is determined by a completely different
process from the insoluble wicking, thereby giving different power laws of
wicking distance. With observations of porous polymers during and after
completely soluble wicking by microscopy and scanning electron microscope
(SEM), we discover the formation of a gel layer that strongly inhibits the
wicking by clogging the pores. The wicking can reappears after this gel layer
is removed by dissolution. We also find that the durability of a gel layer
is determined by the microstructure of porous polymers. Based on these
findings, we propose the strategy to control the direction of soluble wicking
with controlling the structure of the porous medium and show its possibility with a porous sheet composed of aligned PEO nanofibers exhibiting
dramatic directional soluble wicking.

3.2

Classification of soluble wicking regime

As a model system to study the dynamics of soluble wicking where
liquids infiltrates into porous polymer substrates, we used sheets of fibers
of PEO (Sigma Aldrich) with the molecular weight of 3 × 105 , which were

produced by electrospinning. A jet of aqueous PEO solution of 10 wt% concentration was ejected from a metal capillary 0.26 mm in inner diameter

under an electric field of 100 kV m−1 . The jet was partially solidified during flight and deposited on a flat plate collector as fibers. The fibers were
chaotically deposited as shown in figure 3.1 to yield a sheet of the average
thickness of 77 µm. The average radius of fibers was measured using SEM
(scanning electron microscopy) images, and the porosity was obtained by
comparing the densities of PEO and the fibrous sheets. The characteristics
of the fibrous sheets are listed in table 3.1.
The liquids used in our experiments are ethylene glycol, silicone oil,
water, aqueous ethylene glycol of various concentrations, and chloroform,
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100 μm
Syringe

Syringe
pump

10 μm

V

High voltage
generator

Flat plate

Figure 3.1: A schematic diagram of random deposition of electrospun fibers
of PEO to produce a fibrous polymer sheet, and the corresponding SEM
image of the sheet.

Fiber radius, Rf , ± std (nm)

209 ± 38

Porosity, φ

0.84

Equivalent pore radius, R (µm)

2.3

Permeability, k, measured (m2 )

4.8 × 10−14

Permeability, k, modeled (m2 )

4.8 × 10−14

Table 3.1: Characteristics of the porous fibrous sheets. In fiber radius, std
stands for standard deviation.
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Liquids

Surface tension
(mN m-1)

Viscosity
(mPa∙s)

Density
(kg m-3)

A

Ethylene glycol (EG)

49

21.1

1112

B

Silicone oil

40

10.0

939

C

Aqueous EG 70 wt%

53

8.4

1078

D

Aqueous EG 20 wt%

59

1.9

1068

E

Aqueous EG 10 wt%

67

1.4

1042

F

Water

72

1.0

997

G

Chloroform

27

0.6

1490

Symbol

Figure 3.2: Properties of liquids used in the experiments at a temperature
of 25◦ C. Symbols are also listed that appear in figures 3.5 and 3.9 indicating
the experimental condition.
whose physical properties are listed in table 3.2. Liquids A and B have
a contact angle of nearly zero with PEO sheets but do not dissolve the
fibers, while liquids C partially dissolves the fibers with an almost zero
contact angle. The other liquids (D to G) dissolve PEO. Here, liquids C
to E is the mixture of solvent (water) and non-solvent (ethylene glycol) in
PEO, so PEO has different solubility towards these liquids. We evaluated
liquid C to E’s capacity to dissolve PEO, which is related to the solubility,
by measuring the time taken for a complete dissolution of the PEO sheet
measuring 10 mm × 2 mm. The dissolution time was on the order of 10 s
up to an EG concentration of 60 wt%. This dissolution time is exhibited

a sharp rise at an EG concentration higher than approximately 70 wt% so
that a complete dissolution was not observed in a week (see Figure 3.3).
During the soluble wicking test, the tip of a 1 cm wide strip of fibrous
PEO sheet is dipped into the free surface of a liquid pool, as shown in
figure 3.4(a). We observed the imbibition of aqueous EG solutions through
a porous PEO sheet. When a PEO sheet was brought into contact with a
reservoir, it absorbed the aqueous EG solution. The motion of the imbi-

32

3.2 Classification of soluble wicking regime

Dissolution time (s)

∞
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104
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100

0

20
40
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EG concentration (wt%)

100

Figure 3.3: The dissolution rate of the porous PEO sheet according to the
EG concentration. In the completely soluble wicking regime, PEO dissolves
in the order of 10 s. In the partial soluble wicking regime, PEO does not
fully dissolve even a week after.
bition front was recorded using a video camera (HDR-CX900, Sony) (Fig.
??a) and the average imbibition height was assessed by measuring the wet
area and dividing it by the width of the PEO sheet. The relative humidity
and temperature were maintained at ∼ 20% and 25◦ C, respectively. Here,

we classify the soluble wicking regimes into two parts based on the retention

of fibrous PEO sheets, which is related to the liquids’ capacity to dissolve
PEO, during the soluble wicking. One wicking regime is that the wicking
of liquids having low capacity to dissolve PEO (EG concentration over 70
wt%) where porous PEO sheets do not entirely collapse and keeps their
connection to the reservoir during the wicking test. This wicking is named
partially soluble wicking. The other wicking regimes is that the wicking of
liquids having high capacity to dissolve PEO (EG concentration from 0 to
60 wt%) where porous PEO sheets entirely collapse and lose their connection to the reservoir due to the PEO’s enough solubility in the liquids (see
Figure 3.4(b,c)). This wicking is called completely soluble wicking. In the
following, we analyze each soluble wicking separately.
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(a)

(b)
g
PEO
sheet

5 mm

L(t)
Completely soluble wicking

Partially soluble wicking

(c)
0 wt%

20 wt%

60 wt%

70 wt%

100 wt%

t=5s

t = 33 s

t = 3000 s

t = 3000 s

5 mm

t=3s

Figure 3.4: (a) Propagation of liquid front against gravity into a strip of
fibrous PEO. (b) Optical image of the completely soluble wicking and partially soluble wicking in fibrous PEO sheets. In the completely soluble wicking, a liquid quickly and largely dissolves a fibrous PEO sheet, so the connection between them disappears soon. However, in the partially soluble
wicking, a liquid slightly dissolves a fibrous PEO sheet, then the connection between them remains even after a week. (c) Optical image of capillary
imbibition of aqueous EG mixtures with various concentrations. In the image of concentrations of 0 to 60 wt%, t denotes the time taking until the
sheet departs from the reservoir. In the image of concentrations 70 wt%
and pure EG, t denotes the time we took the image.
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3.3

Partially soluble wicking

We start with the dynamics of wicking of liquids in insoluble fibrous
sheets, whose representative images are shown in figure 3.4(c). As delineated in the introduction of this thesis, in the porous media with homogeneous porosity, one-dimensional fluid flows follow Darcy’s law: q =
k∆p/(µLp ), where q, k, and Lp are, respectively, the average fluid velocity
over the unit area, the permeability, and the wicking distance. However, the
flow velocity that we observe is the average local fluid flow velocity u, which
must be greater than the average fluid velocity over the unit area owing
to the solid area in porous media. According to the commonly accepted
hypothesis known as the Dupuit-Forchheimer assumption (Dupuit, 1863;
Forchheimer, 1986), the average local fluid flow velocity u is q/φ, which
leads to u = k∆p/(φµLp ). If capillarity drives the flow in the wettable media with negligible gravitational effects owing to a very low Bond number,
Bo = ρgR2 /σ ∼ O(10−6 ), the pressure difference established between the
reservoir and the interior of advancing meniscus is equal to the Laplace

pressure, ∆p = 2σ/R, where R, ρ, and g are the equivalent pore radius,
liquid density, and gravitational acceleration, respectively. Modelling the
porous sheet structure as the regular array of cylindrical conduits with the
equivalent hydraulic radius R, we estimate R using two measurable parameters, porosity φ and fiber radius Rf , as R = Rf φ/(1 − φ) (Mao & Russell,

2008). Then, taking u = L̇p in Darcy’s law and integrating with respect to
time from t = 0 to t gives


(1 − φ)k σ 1/2 1/2
t .
Lp = 2
φ2 Rf µ

(3.1)

This equation suggests that liquid infiltration through a porous medium
exhibits diffusive behavior with a diffusion coeifficient of


4(1 − φ)k σ
Dc =
φ2 Rf µ
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(Washburn, 1921).

3.3.1

Experimental analysis

Figure 3.4(c) shows PEO sheets that absorb an aqueous EG mixture
from the bottom. The liquid with a concentration of less than 60 wt%
has the significant capacity to dissolve PEO, so that the PEO sheet was
detached from the reservoir as its bottom was dissolved away. For the cases
of aqueous EG mixtures with a concentration greater than 70 wt%, the PEO
sheets maintained contact with the liquid reservoir and absorbed the liquid
to a significant height. Figure 3.5 shows the dependence of the imbibition
length Lp on time t for EG mixtures with a concentration of 70 wt% and
pure EG. The plots for both concentrations show the diffusive behavior,
Lp ∼ t1/2 . We note that the imbibition velocity of the 70 wt% EG mixture
is approximately 0.7 times slower than that of the pure EG. Two liquids
have comparable surface tensions, but have significantly different viscosities
(see Table 3.2). With the consideration of the capillary diffusivity Dc ∼

(σ/µ)1/2 , one can expect the flow velocity ratio of 70 wt% EG mixture
to pure EG to be u70 /u100 ∼ (σ70 /σ100 )1/2 (µ70 /µ100 )−1/2 ∼ 1.7, where
the subscripts represent the EG concentration. However, our experimental
results show a lower imbibition velocity for the 70 wt% EG mixture.

3.3.2

Theoretical analysis

To rationalize our experimental observations, we develop a mathematical model for liquid imbibition through a partially soluble porous medium
by considering its dissolution. One may conjecture that PEO fibers swell
during the dissolution, thus resulting in a change of the permeability. To
evaluate the swelling ratio of PEO fibers in 70 wt% EG mixture, we visualized the microstructure of the PEO sheet before and after wetting using
a scanning electron microscope (SEM) (SIGMA, Carl Zeiss) and environmental scanning electron microscope (ESEM) (XL-30 FEG, Philips) (see
Figure 3.6(a)). For the visualization with ESEM, we prepared a PEO sheet
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Figure 3.5: The time dependence of the square of the liquid invasion distance
(L2p ) of 70 wt% EG mixture and pure EG. The solid line indicates our model
prediction. Inset: a plot with the vertical axis representing the invasion
distance Lp .
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(a)

(c)
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Liquid-gel interface
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Before imbibition

After being dried
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z
5 µm
730 nm

740 nm

Figure 3.6: (a) The environmental scanning electron microscope (ESEM,
Philips XL-30 FEG) images of a PEO sheet before and after it imbibes 70
wt% EG mixture. The polymer fiber swells, and the fiber thickness becomes
1.2 (± 0.37) times greater than the initial value. (b) SEM images of the
PEO sheet. The left image shows an initial PEO sheet, and the right shows
a dehydrated PEO sheet after imbibing 70 wt% EG mixture. (c) Schematic
illustration of liquid absorption through a tube with the radius R made
of soluble material. The red dotted box represents the control volume for
analyzing the dissolved PEO mass.
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composed of nanofibers with a size of 5 mm × 5 mm on a Peltier plate

and put a 70 wt% EG mixture droplet at the edge of the PEO sheet. To
suppress condensation for clear visualization, the surface temperature of
the Peltier plate and the relative humidity of the ESEM chamber were kept
at 2◦ C and 25%, respectively. From the measurement of the fiber diameter before and after liquid absorption, we found that the swelling ratio is
approximately 1.2 (± 0.37). In figure 3.6(b), no discernable degradation of
fiber was observed after being dried again. We estimate that the change in
the fiber diameter is on the order of 100 nm, which is much smaller than
the pore size R ∼ 2.3 µm. Hence, we assume that the swelling of PEO fibers

exerts negligible effects on the permeability. Besides, we observed only lit-

tle structural deformation of the wet PEO sheet, leading to the assumption
that the pore structure remains unchanged during liquid absorption.
The dissolution and swelling of PEO can alter the surface tension and
viscosity of the invading liquid, thus possibly resulting in a change in the
capillary diffusivity Dc . We measured the dependence of the surface tension
of 70 wt% aqueous EG mixtures on the PEO concentration. Surface tension was measured using a force tensiometer (K-100, KRUSS) and hardly
depends on the PEO concentration, as shown in figure 3.7(a). In addition,
water absorption of PEO fiber negligibly changes the ethylene glycol concentration of the mixture, and we therefore exclude the effects of the surface
tension change including the Marangoni effect (Zhang et al., 2018a). We
also measured the dependence of the zero-shear viscosity of 70 wt% aqueous
EG mixtures on the PEO concentration. To measure the viscosity of EG
mixtures, we used a stress-controlled type rheometer with a 60 mm diameter plate (AR-G2, TA Instruments). The measurement was performed in
a quasi-steady state at 25◦ C for 300 s after pre-shearing at 500 s−1 during
a period of 90 s. The PEO solutions in 70 wt% aqueous EG mixtures exhibited Newtonian behavior over the range of shear rate of 1 − 100 s−1 and
PEO concentration of 1 − 38 gl−1 , so that the viscosity at a shear rate of 1

s−1 was taken as the zero shear viscosity (see Figure 3.7(b)). The zero-shear
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Figure 3.7: (a) The surface tension of 70 wt% EG mixtures verses PEO
concentration (C ) from 1 to 38 g L−1 . (b) Steady shear viscosity of 70 wt%
EG mixture at a shear rate ranging from 1 to 100 s−1 and various PEO
concentrations from 1 to 38 g L−1 . Symbols denote PEO concentration in
g L−1 . (c) Dependence of the zero shear viscosity of 70 wt% EG mixture
on. (d) An enlarged plot of the data for PEO concentration between 1 and
7 g L−1 .
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viscosity µz increased with the PEO concentrations C. As shown in figure
3.7(c), the dependence of the zero shear viscosity on C sharply changed at
a PEO concentration of approximately 10 g L−1 , referred to as saturated
concentration, at which the phase is known to change from liquid to gel
Olatunji (2015). The saturated viscosity of 70 wt% EG mixture, referred
to as the viscosity at the saturated concentration, was measured to be 45
mPa·s (see Figure 3.7(c)). Our measurement of the viscosity of 70 wt%
EG mixture suggests that the viscosity is crucially influenced by the dissolved PEO in the liquid (see Figure 3.7(b)). We consider the viscosity of
the invading EG mixture as a varying parameter µ = µ(z, t), where z is the
length measured from the reservoir.
With the consideration of a variable viscosity, Darcy’s law can be written as

k ∆p
σR
dLp
=−
∼
.
dt
µ Lp
Lp µ(z, t)

(3.3)

Solving eq. (3.3) requires the evaluation of the viscosity µ(z, t), which
primarily depends on the PEO concentration. Based on the data shown in
the inset of figure 3.7c, we propose a linear dependence of the zero shear
viscosity on C for C < 10 g L−1 in the form of µ = µ0 + αC, where µ0 and
α are the viscosity for C = 0 and a proportional constant, respectively (see
Figure 3.7(d).
To analyze the local PEO concentration, we idealize the imbibition of
aqueous EG mixture through the PEO sheet as liquid absorption through
a capillary tube made of soluble material with a radius of R equal to the
equivalent pore radius of the PEO sheet. The local solute concentration
along the axial direction can be determined by convective and diffusive
solute transfer. Given a large Peclet number Pe = Lp u/D ∼ 100 in our
experiments, where Lp ∼ 10−2 m is the imbibition length, u ∼ 10−6 ms−1

is the average flow velocity, and D ∼ 10−11 m2 s−1 is the diffusivity of

PEO in water (Waggoner et al., 1995), we neglect the diffusion of PEO in
the flow direction. The local PEO concentration is obtained from the mass
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conservation of PEO in the control volume in figure 3.6(c):
2h
∂C
∂C
=
(Cs − C) − u
,
∂t
R
∂z

(3.4)

where h is the convective mass transfer coefficient, and Cs is the saturated
PEO concentration. For a fully developed laminar flow, the Sherwood number Sh = hR/D is 3.66 (Thirumaleshwar, 2006), leading to h ∼ D/R. In our

experiments, the ratio of 2h(Cs − C)/R to u∂C/∂z in the left-hand side is

given by 2hLp /(Ru) ∼ 105 with h ∼ 10−5 ms−1 . Accordingly, the PEO con-

centration can be assumed to be uniform along the channel, and the solution
of eq. (3.4) is given by C(t) = Cs [1−exp(−βt)] with a constant of β = 2h/R.

By substituting µ(z, t) in eq. (3.3) with µ(t) = µ0 + αCs [1 − exp(−βt)], we
get

Lp dLp ∼

σR
dt,
µs − (µs − µ0 ) exp(−βt)

(3.5)

where µ0 + αCs has been replaced with the saturated viscosity of a solution µs , and µs − µ0 corresponds to αCs . It can be analytically solved by

integrating both sides, and the solution of eq. (3.5) is expressed as
Lp ∼

s

σR2
ln
µs h




µs
[exp(βt) − 1] + 1 .
µ0

(3.6)

In the limit of t > 1 ms, ht/R ≫ 1, so that ln{µs /µ0 [exp(βt) − 1] + 1}

∼ βt + ln(µs /µ0 ). Since ln(µs /µ0 ) ∼ 1 in our experiments, we finally get a
simple form of the solution as follows:
Lp ∼



σR
t
µs

1

2

.

(3.7)

This solution implies that when the liquid is quickly saturated due to
the fast diffusion of the dissolved polymer in the pores, the liquid flow is
determined by the saturated viscosity.
To verify our mathematical model, we compare the ratio of the invasion distance of 70 wt% EG mixture to that of the pure EG found in the
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experimental data, Lp,70 /Lp,100 = 0.75, with the model prediction, given
by [σ70 µs,100 /(σ100 µs,70 )]1/2 = 0.72, which shows a good agreement. Here
µs,70 is approximately 45 mPa·s (see Figure 3.7(c)). In figure 3.5, the close
match between experimental and estimated data (<4%) implies that our
mathematical model well explains the unexpectedly slow imbibition of 70
wt% EG mixture.
Besides PEO that we examined, understanding the wicking dynamics of
the partially soluble porous polymers can benefit from our theory because
polymer having low solubility typically swells little (Brazel & Rosen, 2012;
Hildebrand & Scott, 1950; Mah et al., 2018; Navarro-Lupión et al., 2005)
and does not affect the liquid’s surface tension (Hu et al., 1991; Ishiguro
& Hartnett, 1992; Kotchaphakdee & Williams, 1970; Manglik et al., 2001).
When the polymer consisting of macromolecules with a molecular size of
1 − 103 nm diffuses into a solvent with a viscosity of ∼ 10−3 Pa·s, the dif-

fusivity is expected to be 10−13 − 10−10 m2 s−1 from the Stokes-Einstein

relation (Couper & Stepto, 1969). In this diffusivity regime, the liquid in-

filtrating the partially soluble polymeric fibrous sheets having sub-micron
pores follows eq. (3.7) from the beginning of wicking (t > 1 s). Therefore,
our theoretical framework can be a useful tool for analyzing liquid infiltration through a wide range of microporous media made of partially soluble
polymers.

3.4
3.4.1

Completely soluble wicking
Experimental analysis

While the PEO fibers are partially soluble in liquids C, they are completely soluble in low concentration aqueous solutions (liquids D to F) and
chloroform (G). Here,we observed wicking of a liquid emanated from a
capillary tube on a porous substrate due to capillary action to check the
pattern of the spreading dynamics, as shown in figure 3.8(a). The rate of
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Figure 3.8: (a) Wicking of a liquid from a point source emanating from
a capillary tube toucing a PEO fibrous sheet. (b) Wicking of water in a
randomly deposited soluble sheet. In (b), the up and down rows correspond
to the flows from a point sourced (capillary) and a liquid pool, respectively.
one-dimensional wicking was separately measured by observing the propagation of wetting front, L(t), in a 1 cm wide strip from the free surface
of a liquid pool, as shown in figure 3.4(a). When liquids touch randomly
deposited soluble porous sheets, the wicking tends to occur independent
of direction with spiky circular fronts from a point source as shown in the
up row of figure 3.8(b). The rough horizontal wetting front advances from
a free surface as shown in the down row of figure 3.8(b). Figure 3.9(a–b)
shows the soluble wicking dynamics qualitatively different from those in
insoluble porous media, i.e. the wicking distance in soluble porous media
grows linearly with time rather than increasing like t1/2 .

3.4.2

Theoretical analysis

The transport of liquid in soluble porous media involves more complex
processes than in insoluble porous media. In general, when polymer contacts its solvent, the polymer first swells by absorbing the solvent, and
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Figure 3.9: (a) The liquid invasion distance, Ls , of various liquids versus
time in soluble porous sheets of randomly deposited PEO fibers. (b) Ls versus βt/µ, plotted according to scaling law (3.8). (c) Schematics of physical
processes during wicking of a porous sheet of randomly deposited soluble
fibers. The solvent diffuses in fibers (orange arrows), which swell and turn
to gel layer accordingly. The loosened polymer chains are dissolved away
(yellow arrows) where they can meet fresh liquid, which becomes an instantaneously preferred direction of soluble wicking. (d) ESEM images of PEO
fibers that swell and consequently buckle to contact with their neighbours
under a high humidity. (e) Inverted microscopy image of a soluble random
porous sheet being impregnated by water, whose wet area appears bright.
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then turns into gel (a diluted cross-linked system with negligible fluidity).
If the gel layer blocks flow paths in the fibrous network, the gel layer should
be dissolved away into fresh solvent before liquid propagation resumes. To
aid the understanding of soluble wicking dynamics in general, we consider
two cases depending on the size of conduit relative to the degree of polymer swelling. First, the conduit is so large that the swelling of polymeric
wall does not block the conduit but only modifies the capillary radius and
the liquid properties (viscosity and surface tension), as illustrated in figure
3.10(a). Second, the conduit is so narrow that the polymer swelling blocks
the channel rapidly as shown in figure 3.10(b). Wicking can resume only
when the gel blocking the conduit is dissolved into the solvent.
In the first case, we need to consider simultaneous processes of longitudinal wicking and the polymer wall’s transverse diffusion, swelling, and
dissolution. That is, as the wall swells, the capillary driving force and the
viscous resistance changes for the shrinking cross-section of fluid conduit.
We also need to consider the loss of liquid for its transverse diffusion into
the polymer wall and possible change of viscosity for polymer dissolution.
This is a challenging problem that should couple capillary dynamics, kinetics of solvent diffusion and consequent polymer swelling, and chemical
reaction of polymer dissolution into solvent (Ha et al., 2018).
However, the current problem is rather directly linked to the second
case of narrow conduits that are readily blocked by swelling polymer fibers.
The swelling ratio of PEO due to absorption of aqueous liquids is so high
(approximately 10) that voids in our porous sheets with porosity of 0.84
are clogged by the swollen polymer. Then, the wicking arises by repeating
the following steps: wall swelling with capillary wicking until clogging, and
reopening by polymer dissolution. Denoting the time scale of the former
step as τw and the latter τd , their sum, τ = τw + τd corresponds to the
period of the wicking process. If λ is the characteristic distance that a liquid
travels before the conduit is clogged, the average wicking velocity is given
by λ/τ . In the following, we show that the time for wicking and swelling
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Figure 3.10: Schematic illustrations of solvent imbibition through a soluble
capillary. (a) When the conduit is wide, the wicking velocity is an outcome
of simultaneous interactions of capillary wicking, solvent diffusion into the
wall, wall swelling, and dissolution. (b) When the conduit is narrow, the
swelling polymer blocks the conduit rapidly. The wicking speed is determined by how fast the gel layer is dissolved into the liquid. (c) Schematics
of pore clogging process in porous media, assumed as an assemblage of
cylindrical conduits of equivalent radius R, due to solvent diffusion into
polymeric wall. While the solvent diffuses into an inner wall of a singe conduit by a distance ∆R, the conduit radius is reduced to R − δ due to the
wall swelling as much as δ.
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before clogging is much shorter than the dissolution time, i.e., τd ≫ τw .

Then we get τ ≈ τd because the dissolution is the rate-determining step,

which allows us to find the wicking velocity to be λ/τd . Therefore, we only
need to consider the rate of dissolution in order to find the wicking velocity
rather than considering simultaneous wicking, swelling and dissolution.

Figure 3.9(c) schematically illustrates the processes during soluble wicking. While liquid infiltrates into the porous sheet, the fibers surrounding
pores are swollen with diffusion of the solvent (liquid). Figure 3.9(d) shows
the swelling of PEO fibers with absorption of water, leading to buckling
and contacts of initially aligned fibers. In order for the wicking to resume
after this pore clogging, a sufficient amount of polymer in the gel layer
should be dissolved away into the fresh liquid following the wetting front.
Therefore, the liquid transport in soluble porous media is an outcome of
repeated processes of capillary wicking of a short distance accompanied by
pore clogging and polymer dissolution.
The soluble wicking distance Ls for a time t significantly greater than
τ is then written as Ls = λt/τ . To estimate λ and τ , we consider the two
time scales relevant to the soluble wicking.
(1) Time for wicking and swelling until clogging, τw : The time, τw , for liquid
to wick over a distance λ owing to capillarity with negligible inertia can be
given by the Washburn rule (Washburn, 1921): λ ∼ (σRτw /µ̃)1/2 , where

µ̃ is the average viscosity of liquid. As the liquid diffuses into PEO fibers,

the polymer swells, so that the fluid conduit is clogged as schematically
illustrated in figure 3.10(c). Assuming the porous media as assemblage of
cylindrical conduits of equivalent radius R, we consider diffusion of solvent
into the inner wall of a polymeric cylindrical tube by a distance ∆R. Then
the polymer swells in a way that the conduit radius is reduced to R−δ. It is
known that PEO swells approximately 10 times by absorbing aqueous liquids (El-Hady et al., 2004), so that ∆R/R ∼ 0.1 when the conduit is clogged

(δ = R). With the characteristic swelling time scale τw estimated as the
diffusion time scale to a distance of ∆R = 0.1R, we get τw ∼ (0.1R)2 /Ds .
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Because the diffusion coefficients of liquids C to F into PEO fibers are of
the order of Ds ∼ 10−9 m2 s−1 (Barnes et al., 1994; Vrentas & Duda, 1979),

we find τw ∼ 10−5 s for R ∼ 10−6 m.

(2) Time for reopening by polymer dissolution, τd : The time for polymer
dissolution in fresh liquid by disentanglement of loosened polymer chains
is scaled as τd ∼ λ/Kd , where the unit wicking distance λ serves as a gel

layer thickness, and Kd is the rate of polymer chain detachment and diffu-

sion into liquid. If the diffusivity of a polymer in a liquid and the radius of
gyration are respectively denoted as Dl and rg , Kd is scaled as Kd ∼ Dl /rg

(Doi & Edwards, 1988; de Gennes, 1979). Using the Stokes-Einstein relation
(Couper & Stepto, 1969), Dl ≈ kB T /(6πµrg ) with kB , T and µ respectively

being the Boltzmann constant, the absolute temperature and the viscosity
of fresh liquid, we estimate τd ∼ 6πλµrg2 /(kB T ).

As the capillary wicking stops due to pore clogging by swelling, the dis-

tance λ can be obtained by substituting τw ∼ (0.1R)2 /Ds into the foregoing

Washburn rule: λ ∼ 0.1R[σR/(µ̃Ds )]1/2 . The viscosity of wicking liquid in-

creases exponentially with the PEO concentration, and thus we take µ̃ ∼ 1
Pa·s based on the viscosity data of aqueous solution of PEO with molecular

weight of 3 × 105 g mol−1 (Ebagninin et al., 2009). Then, we find the gel

layer thickness to scale as λc ∼ 10−6 m. This value is consistent with the
thickness of a mushy layer formed at the wetting front radially emanating

from a liquid source at the centre, as imaged by an inverted microscope
(Nikon Eclipse TS100) in figure 3.9(e). We obtain the estimates of the time
scales, τw ∼ 10−5 s and τd ∼ 10−3 s with a characteristic value of rg taken

to be 10−8 m (Werzer et al., 2011). Therefore, the slowest polymer disso-

lution is a rate-limiting step that determines the rate of liquid invasion in
soluble porous sheets of PEO fibers.
We write Ls ∼ λt/τd , which gives
Ls ∼
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with β = kB T /rg2 . Figure 3.9(b) shows that the scattered data of liquid
invasion distance Ls for various liquids are collapsed onto a single line
when plotted according to scaling law (3.8). The slope of the line of best
fit is αs = 1.2, leading us to write Ls = αs βt/µ. The liquid invasion rate in
soluble isotropic porous sheets is critically dependent on the viscosity but
independent of surface tension of liquid, as the rate of disentanglement of
polymer chains into fresh liquid determines the liquid propagation speed.

3.4.3

Control the soluble flow direction

As shown in figure 3.11(c–d), the completely soluble wicking tends to
occur independent direction with spiky circular fronts. This uneven wet
front is due to the varying thickness of the gel layer due to the irregular microstructure of the porous sheet composed of PEO nanofibers. Although the
gel layer thickness is determined by liquid absorption including diffusion,
we assume the formed gel layer thickness as the liquid’s capillary wicking
distance before clogging in our mathematical analysis of completely soluble wicking. This assumption is reasonable because soluble wicking rarely
occurs in the direction where the liquid is highly diffusible within a fibrous
PEO sheet. The absorbed liquids form a gel layer, and the polymer dissolution decreases its thickness. The liquid is absorbed into porous PEO
sheets by capillary wicking before clogging, however, once the pore clogs,
liquids cannot permeate through pores anymore but diffuses into PEO fiber
itself. During the liquid absorption, liquids also keep dissolving the gel
layer, so the total gel layer thickness λt at time t with t = 0 at pore clogging is λc + λd − Kd t, where the λc and λd are the gel layer thickness
formed by liquid wicking and diffusion, respectively (see Figure 3.11(a)).

The gel layer formed by wicking λc is the liquid invasion stopping distance
that is the order of 10−6 m. Liquid diffusion flux follows the Fick’s law
written as J = −Ds ∇c with being ∇c the liquid concentration gradient

corresponding to −∆c/λt . Right after pore-clogging, λt = λc , leading to

λd ∼ Ds t/λc . Thus, the rate of change in total gel layer thickness is given
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Figure 3.11: (a) Schematics of the gel layer formation in simply modelled
porous sheet of randomly deposited soluble fibers. (b) Schematics of the
location where the wicking resumes and stops. In the porous PEO sheets,
the gel layer is retained in a direction having a microstructure of liquid
diffusible so the wicking cannot resume, otherwise the wicking resumes. (c)
Optical image of fully soluble wicking pattern and (d) Inverted microscopy
image of it.
by Ds /λc − Kd . Because the diffusion coefficient of liquids D to G into PEO
fibers is the order of Ds ∼ 10 − 9 m2 s−1 and the dissolution rate is the order

of Kd ∼ 10−3 ms−1 , the gel layer thickness is constant regardless of time.

Thus, the gel layer will remain as long as the liquid can diffuse.

The porous PEO sheet composed of randomly deposited fibers can be
simply modelled as woven structure having various gap distance between
fibers as depicted in figure 3.11(b). When a liquid drop is deposited on the
sheet, the liquid firstly invades into the gaps and forms a gel layer. This gel
layer keeps its thickness in the direction where the liquid can diffuse so the
resume of wicking process is terminally prohibited. The section in which
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the wicking is suppressed is randomly deposited due to the randomness of
the sheet’s microstructure and it leads to the spiky soluble wicking pattern
as shown in figure 3.11(c–d).
Completely soluble wicking in fibrous porous polymers dramatically inhibited in the directions with diffusible microstructure. Based on this finding, we devised a porous PEO sheet having a microstructure with extremely
different diffusivity to control the direction of soluble wicking as depicted in
figure 3.12(a). In the fibrous PEO sheets composed of aligned fibers, liquids
easily diffuse into fiber lengthwise direction along the fiber itself, whereas it
hardly diffuses into fiber crosswise direction due to the media’s discreteness.
The fibrous PEO sheets composed of aligned fibers are fabricated by electrospinning with same condition as the randomly deposited fibrous PEO
sheets except for the collector that is the drum collector rotating at the
same linear speed as the jet (4.7 ms−1 ) (Shin et al., 2018), as shown in figure 3.12(a). The average thickness of the sheets obtained by the directional
electrospinning process was 33 µm. The average radius of fibers was measured using SEM (scanning electron microscopy) images, and the porosity
was obtained by comparing the densities of PEO and the fibrous sheets.
The characteristics of the fibrous sheets are listed in table 3.2. The average
distance between aligned fibers in the directionally electrospun substrates
was measured via SEM images to be 7 µm with the standard deviation of
3 µm. In appendix A, we observe the insoluble flow in the fibrous PEO
sheets composed of directionally aligned fibers and compare it to that in
the fibrous PEO sheets composed of randomly aligned fibers in order to
analyze the wicking characteristics of the directional sheets.
To check the soluble wicking pattern on the porous sheets of directionally deposited PEO fibers, we observed the wicking of a liquid emanated
from a capillary tube likewise the observation at the porous sheets of randomly deposited PEO fibers in chapter 3.5.1. As we intended, the liquid
wicks much faster in the crosswise direction than the lengthwise direction,
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Figure 3.12: (a) Schematic illustration of the fabrication of the porous
sheets composed of directionally aligned PEO nanofibers using electrospinning, and the corresponding SEM image. (b) Wicking of water in a soluble
sheet composed of directionally deposited nanofibers. In (b), the up and
down rows correspond to the flows from a point sourced (capillary) and a
liquid pool, respectively.

Fiber radius, Rf , ± std (nm)
Porosity, φ
Equivalent pore radius, R (µm)
Permeability, k, measured (m2 )
Permeability, k, modeled (m2 )

234 ± 50
0.65
0.86
4.1 × 10−15
4.4 × 10−15

Table 3.2: Characteristics of the porous fibrous sheets. In fiber radius, std
stands for standard deviation.
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thus the wet area growing from a point source elongates in a direction perpendicular to aligned fibers while the wicking along the fibers is severely
suppressed as shown in the up row of figure 3.12(b). The wetting front
advancing from a liquid pool’s free surface is fairly spiky when the free
surface and the fiber directions are parallel, as shown in the down row of
figure 3.12(b). Wicking was hardly observed when the strip touched the free
surface with the fiber direction perpendicular to the free surface. Then, we
measure the rate of one-dimensional wicking to compare the liquid invasion
mechanism in the directionally deposited sheets to that in the randomly
deposited sheets. We only plot the wicking distance in crosswise direction,
Ld , versus time in figure 3.13(a) since the lengthwise wicking in directionally deposited fibrous soluble sheets is insignificant. The distance corresponds to the average height of spiky fronts shown in the up row of figure
3.12(b). We see that the distance grows linearly with time just as for the
randomly deposited sheets but at a higher rate. Since the coupled process
of pore invasion–pore clogging–polymer dissolution should still arise for liquid propagation, we plot Ld versus βt/µ according to scaling law (3.8) in
figure 3.13(b). We find the experimental data to be collapsed onto a single
line with a slope, αd = 1.6 which is 1.3 times higher than the value for the
randomly deposited sheets, αs .
To understand why the wicking of reactive liquids is fast in the crosswise
direction but severely suppressed in the lengthwise direction, we schematically illustrate physical processes during crosswise and lengthwise wicking
in figure 3.13(c) and (d), respectively. When the liquid front and fiber alignment are parallel, figure 3.13(c), the dissolved polymer chains can be easily
carried away by fresh liquid that follows the wicking front. The aligned but
buckled fibers having a number of contacts with neighbours guide the flow
to occur perpendicular to the fiber alignment direction without detouring,
in contrast with randomly deposited, insoluble unswollen fibers that force
the flow to detour in seeking easy supply path of fresh liquid. The unevenness of wet front shown in figure 3.11(c–d) reflects such detouring in
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Figure 3.13: (a) The liquid invasion distance, Ld , of various liquids versus
time in soluble porous sheets of directionally deposited PEO fibers. (b) Ld
versus βt/µ, plotted according to scaling law (3.8). Schematics of physical
processes during wicking in (c) the crosswise and (d) the lengthwise direction. (e) SEM images of a sheet of directionally deposited fibers after
wicking of water emanated from a capillary.
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randomly deposited substrates. The polymer dissociation is still the limiting step in liquid wicking, allowing us to write Ld = αd βt/µ. We consider
the ratio αd /αs a measure of randomness of fiber directionality affecting
the invasion rate of liquid in soluble fibrous sheets.
When liquid attempts to flow in the lengthwise direction, figure 3.13(d),
the aligned fibers are continually dissolved into the diffusing solvent forming
an excessively thick gel layer, which cannot meet fresh liquid to remove
disentangled polymer chains. The thick gel layer blocking the lengthwise
invasion is clearly observed in an SEM image taken after a wicking test,
figure 3.13(e). The tip of the opening area shows a thin gel layer of the
order of 10−6 m, facilitating the crosswise wicking to elongate the opening
in the direction designated by the black arrow. Such pointed propagation
of liquid while shielded by thick gel layer in the sides appears to result in
the highly spiky wet front in the down row of figure 3.12(b).

3.5

Conclusion

We have shown both experimentally and theoretically that the wicking
dynamics of liquids in fibrous sheets are qualitatively different depending on
whether the fibres’ solubility. In partially soluble wicking regime, we found
that the imbibition with dissolution is distinctively slower than without
dissolution. We have rationalized the observations by developing a mathematical model that explains how dissolution affects the liquid viscosity
and thus the imbibition velocity. The model can be directly used for liquid
absorption through porous media made of a wide range of polymers. Our
study not only provides a theoretical framework to analyze the dynamics
of liquid infiltration through partially soluble polymeric porous media, but
also can potentially help us to control the long-term drug delivery system
and the decontamination process of polymeric contaminants in soil.
In a completely soluble wicking regime, the wicking dynamics are limited by the dissolution rate of polymer chains into liquid, so the wicking
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distance grows linearly with time in randomly deposited fibrous sheets. Although capillarity-driven imbibition in insoluble fibrous media is governed
by such physical properties as surface tension and viscosity of liquid and
porosity and permeability of porous network, our study of soluble porous
media reveals that their wicking dynamics are mainly determined by viscosity. However, the possibility of completely soluble wicking is related to
the gel layer thickness over time, governed by the microstructure of fibrous
PEO sheets. In the direction having high diffusivity within fibrous PEO
sheets, the gel layer retains for a long time, thus the wicking rarely resumes. Based on this, we devised a strategy to control the soluble wicking
pattern by controlling the microstructure of fibrous sheets and verified this
strategy with the directionally deposited fibrous sheets. We found that the
constant wicking rate also holds for the crosswise wicking in directionally
deposited soluble fibrous sheets. But the lengthwise propagation is inhibited by excessively thick gel layers formed by continual diffusion of solvent
along the aligned fibers. In particular, the high sensitivity of soluble wicking
rates to the orientation of fiber alignment opens a new pathway to accurately control the dissolution behavior of porous sheets. One can expedite
the dissolution of porous shells by arranging fibers perpendicular to the desired wicking direction (to induce crosswise wicking) while arranging fibers
parallel to the undesired direction. It is also possible to spatially pattern
the orientation of fibers so that the wicking can occur along a designated
path. In practice, such a delicate scheme of guided dissolution will help one
to design air-trapping porous drug delivery systems (Singh & Kim, 2000;
Yuasa et al., 1996) capable of releasing drugs at a precisely controlled rate
and direction, to encrypt messages on a soluble piece of paper (Burgess
et al., 2011; Thomas et al., 2009), or to devise soft robots capable of actuation or morphing in response to surrounding chemical environments (Yang
et al., 2018).
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Chapter 4

Concluding remarks
In this chapter, we first summarize the main findings of our research
in §4.1. Then, we suggest possible directions for future research taht are
motivated by experimental and theoretical results of this thesis in §4.2.

4.1

Summary of findings

We have theoretically and experimentally investigated the deformation
dynamics of porous polymers induced by liquids. The deformation of porous
polymers can be classified into swelling and dissolution. Firstly, as the
swelling dynamics problem of porous polymer, we investigated the hydrogel
system whose actuation is driven by the swelling of porous polymers. Next,
we studied the wetting and dissolution in the polymer sheets composed of
nanofibers with various solubilities as the dissolution dynamics problem of
porous polymers.
In chapter 1, we first divide the liquid tranport into two manners according to its thermodynamical compatibility with porous polymers: wicking
and diffusion, and briefly reviewed the fundamental theories of wicking in
porous media, on which our theoretical development will be based. We also
reviewed the recent studies about the wicking with deformation occuring
by diffusion of liquids into the media itself.
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In chapter 2, we investigated the fast and strong electro-active hydrogel
system actuating by swelling. We first introduced the weaknesses of hydrogels limiting their application scopes which are fragility to compression and
slow response. We developed a fast and powerful force generation system
driven by porous polymer swelling. We manufactured this system by encasing a hydrogel with a stiff membrane having a limited volume to expand
and significantly accelerated the operating speed of strong hydrogel systems
by applying the electric field. By measuring the force generation of this hydrogel system, referred to as a strong hydrogel system, and the water mass
uptaken of a bare electro-active hydrogel over time, we showed the strength
and fast reaction of this system. Here, we conjectured the operation principle of the strong hydrogel system as the net volume change of a confined
hydrogel, and then we experimentally and theoretically studied the swelling
and deswelling dynamics of electro-active nanoporous hydrogel in electric
fields. We revealed that the swelling of electro-active hydrogel is quickened
and enlarged within electric fields due to electroosmosis and also discovered
the deswelling rate given by Darcy’s law based on the theory of effective
stress in saturated porous media. Finally, we estimated the force generation
in strong hydrogel systems within different electric fields by combining the
swelling and deswelling rate of an electro-active hydrogel. The estimated
force is well matched with the experimental results, and this resulted in the
conclusion that the force generation rate is determined by the strength of
the applied electric field, and the maximum force generated by the hydrogel
system is limited by the hydrogel swelling rate and membrane stiffness.
In chapter 3, we studied the dissolution dynamics in porous polymers,
a representative problem involving wetting and dissolution of polymeric
porous media. To be specific, we experimentally and theoretically studied
the wicking dynamics of liquids in fibrous polymer sheets depending on
the fiber’s solubility. As a model system to study the dynamics of soluble
wicking depending on the fiber’s solubility, we use porous sheets composed
of electrospun polyethylene oxide fibers contacting with various liquids like
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this. First of all, we classified the soluble wicking regime into partially soluble wicking and completely soluble wicking. In the study of the partially
soluble wicking regime, we observed the wicking distance in fibrous PEO
sheets that absorb an aqueous EG mixture from the bottom. Although
the partially soluble wicking is slower than expected by Darcy’s law, it
shows diffusive behavior, likewise the insoluble wicking (L ∼ t1/2 ). We es-

timated the effect of polymer dissolution in partially soluble wicking into
three manners: the change of pore size, surface tension, and viscosity. With
various experiments and theoretical analysis, we concluded that the low
speed of partially soluble wicking stems from the viscosity increase due to
the dissolution of the polymer. In the study of a completely soluble wicking
regime, we observed the wicking distance in fibrous PEO sheets that absorb
an aqueous EG mixture and chloroform from the bottom and the wicking
pattern generated by a liquid from a point source emanating from a capillary tube touching a PEO fibrous sheet. Unlike the insoluble and partially
soluble wicking, the rate of complete soluble wicking is determined by a
completely different process. With an observation of the completely soluble
wicking process with microscope and SEM, we discovered the formation
of the gel layer, which strongly prevents the liquid transport through the
pores during the completely soluble wicking, and the completely soluble
wicking is an outcome of repeated processes of capillary wicking of a short
distance accompanied by pore clogging and polymer dissolution. Thus, the
wicking dynamics are limited by the dissolution rate of polymer chains into
liquid, so the wicking distance grows linearly with time in randomly deposited fibrous sheets. Although capillarity-driven imbibition in insoluble
fibrous media is governed by such physical properties as surface tension
and viscosity of liquid and porosity and permeability of porous network,
our study of soluble porous media reveals that their wicking dynamics are
mainly determined by viscosity. However, the possibility of completely soluble wicking that determines the wicking pattern is related to the gel layer
thickness over time, governed by the microstructure of fibrous PEO sheets.
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In the direction having high diffusivity within fibrous PEO sheets, the gel
layer retains for a long time, thus the wicking rarely resumes. Based on
these findings, we devised a strategy to control the soluble wicking pattern
by controlling the microstructure of fibrous sheets and verified this strategy
with the directionally deposited fibrous sheets. We found that the constant
wicking rate also holds for the crosswise wicking in directionally deposited
soluble fibrous sheets.

4.2

Future works

As we summarized in §4.1, we experimentally and theoretically explored
the mechanics of fluid flow and polymer deformation in the porous polymer.
Although we captured the fundamental physics related to polymer deformations in liquids, one might need to be equipped with further research
to apply it in practice. In the following, we suggestseveral possible future
works related to this study.
Hydrogel system with reversibly changeable mechanical properties
The strong hydrogel systems, we suggested in chapter 2, actuates with
the hydrogel swelling, and this system’s mechanical properties are determined by the filling ratio of hydrogel inside the membrane. Here, the
swelling and deswelling process of hydrogels are reversible. To apply the
strong hydrogel system as a system with reversibly changeable mechanical
properties, the analysis of mechanical properties according to the filling ratio of hydrogel inside the membrane needs to be performed. Further experimental exploration is also necessary to control the swelling and deswelling
of a hydrogel. We anticipate that the system with reversibly changeable
mechanical properties has the potential to surgical robots or marine rescue
robots, which require stiffness at a certain limited moment.
Origami hydrogel system
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Origami, a form of art that traces its roots in ancient Japan, has its
presence been spotted in the industrial context as it has been discovered
to have amazing new capabilities in adding indispensable mechanical attributes to deployable and foldable structures. We expect that the origami
structure facilitates large deformation of a strong hydrogel system, so opens
new possibilities in harsh conditions like the space environment where a
combination of maneuverability and durability is a necessary feature.
Smart drug
Although we have successfully enhanced the understanding of the soluble wicking in porous polymers and devised the microstructure of a membrane to control the soluble wicking rate, one limitation of our research in
the polymer dissolution dynamics is that the investigations were limited in
the two-dimensional structure. To apply our findings to practice in areas
such as drug delivery, further efforts are required to design and fabricate
a three-dimensional diffusivity controllable structure. As we reported in
chapter 3, the penetration speed of liquids is determined by the diffusivity
of the porous polymer, thus we anticipate that the drug’s time-controlled
release is possible with the porous polymer having three-dimensional diffusivity controllable structure. Furthermore, the drug having more than two
different time scales of dosage might be producible by controlling the local
microstructure of drugs.
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Appendix A

Non-soluble wicking in
directional porous sheets
The wicking whose dynamics change sensitively to directionality of
porous network as well as the solid’s solubility. As a model system to study
the dynamics of wicking in different porous networks, we used sheets of
fibers of PEO which were produced by electrospinning. By controlling the
orderliness of fibres in the fibre deposition process, we can investigate the
effects of fibre directionality (random or directional) on the preferred orientation and rates of wicking dynamics. A jet of aqueous PEO solution
was ejected from a metal capillary under the strong electric field and partially solidified during flight and deposited on a collector as fibers. On a
flat plate ground, the fibers were chaotically deposited, whereas the fibers
were aligned in one direction on a surface of a drum collector rotating as
shown in figure A.1(a–b). In figure A.1(b), we find some fibres crossing the
uniformly aligned fibres, which play an important role to guide wicking in
some cases as discussed below.
We observed wicking of non-dissolving liquids (Liquids A and B) emanated from a capillary tube on a porous substrate due to capillary action
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Figure A.1: (a) Random deposition of electrospun fibres of PEO, and the
corresponding SEM image. (b) Directional deposition of electrospun fibres
of PEO, and the corresponding SEM image. (c) Wicking of a liquid from
a point source emanating from a capillary tube touching a PEO fibrous
sheet. (d) Propagation of liquid front against gravity into a strip of fibrous
PEO sheet.
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to check the directionality of the spreading dynamics and separately measured the rate of one-dimensional wicking by observing the propagation of
wetting front, L(t), in a 1 cm wide strip from the free surface of a liquid
pool. When the fibers are randomly deposited and insoluble in the liquid,
the wicking occurs independent of direction exhibiting a circular wet area
growing from a point source as shown in the left column of figure A.1(c).
For the insoluble strip contacting a free surface of the liquid, a horizontal wetting front advances against the direction of gravity as shown in the
right column of figure A.1(c). However, when the fibers are aligned and
insoluble, the liquid wicks faster along the fiber direction than across the
direction. Thus, the wet area growing from a point source is elliptical with
the major axis coinciding with the fiber alignment direction, as shown in
the left column of figure A.1(d). Relatively smooth horizontal wetting front
propagates from a free surface as shown in the right column of figure A.1(c)
with the speeds different depending on the orientation of fibers relative to
a free surface of liquid.
We plot the wicking distance of liquids A and B in the sheets of randomly deposited fibers in figure A.2(a). Although the wicking occurs at
different rates for the differing properties of the liquids (inset in the figure), the measurement data of wicking distance are collapsed onto a single
line when plotted according to (3.1). The diffusive behavior of the wetting
distance on two-dimensionally isotropic insoluble porous sheets is consistent with prior studies using fibrous sheets of nonwoven fabrics (Kim et al.,
2015) and paper (Kim et al., 2011). The slope of the best-fitting dotted line
in figure A.2(c) corresponds to 4kr /φ, and we find the permeability of the
insoluble porous sheet of randomly deposited fibers to be kr = 4.8 × 10−14
m2 .

We now consider the wicking rates in the sheets of directionally deposited fibres as shown in figure A.1(d). As the wicking rate depends
on the direction of flow relative to fibre alignment, we plot the temporal evolutions of the lengthwise imbibition Ll and the crosswise imbibi65

tion Lc in figure A.2(b). We see different power laws observed depending on the wicking direction, so that Ll ∼ t1/2 and Lc ∼ t1/3 . The diffu-

sive behaviour of Ll indicates that the lengthwise flow follows Darcy’s law
as driven by capillarity. Thus, we express Ll in the same form as (3.1),

Ll = 2[(1 − φ)kl σ/(φ2 Rf µ)]1/2 t1/2 with kl being the permeability of the

directionally deposited sheet, which collapses the raw data of Ll of liquids

A and B onto a single line, as shown in figure A.2(c). The slope of the line
of best fit empirically gives the permeability, kl = 4.1 × 10−15 m2 .

Given the measured values of permeability in random and directional

fibrous sheets, we check whether they can be predicted by a previous model
(Rodriguez et al., 2004) which proposes the following form of k as a function
of porosity: k = φn+1 (1−φ)−n /C, where n and C are empirical parameters.
Taking n = 0.97, a value corresponding to fibre glass in Rodriguez et al.
(2004), we find C = 2.6 × 1014 m−2 to match the measured and predicted

permeabilities of a random deposited sheet, kr = 4.8 × 10−14 m2 . The

chosen values of n and C lead to the following value of the permeability

in the directionally deposited sheet predicted: kl = 4.4 × 10−15 m2 , which
matches closely the measured value of kl = 4.1×10−15 m2 . This is consistent

with the previous finding (Rodriguez et al., 2004) that the permeability of
porous media made of the same fibre materials exhibits the same functional
dependency on porosity whether fibres are aligned or not.
For imbibition to arise in the crosswise direction, the liquid following the
aligned fibres should either touch adjacent fibres upon bulging through the
inter-fibre gaps (Bayramli & Powell, 1990) or wick along misaligned fibres
crossing the fibre alignments. Because the average inter-fibre distance (7
µm) is greater than fibre radius (235 nm), the bulging is unlikely to convey
liquid to adjacent fibres. Thus, the flow path for the crosswise impregnation
is provided by occasionally encountered misaligned fibres, as schematically
shown in the inset of figure A.2(d). Since the pathway of crosswise wicking involves complex detours, the wicking dynamics no longer follows the
classical diffusive rule.
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Figure A.2: (a) The wicking distance of liquids A and B in insoluble porous
sheets of randomly deposited fibres plotted according to (3.1). Inset: Raw
data of L versus t. (b) The wicking distance of liquid A in insoluble sheets of
directionally deposited fibres. Different power laws are observed depending
on the flow direction. Inset: Linear plots of Ll and Lc versus t. (c) The
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and directional substrates, respectively. (d) The crosswise wicking distance
of liquids A and B plotted versus σRt/µ.
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With no theoretical models for the crosswise wicking available, we figure out the functional dependence of wicking distance on such independent
parameters as t, R, σ and µ based on dimensional analysis (Buckingham,
1914). The dimensionless crosswise wicking distance Lc /R is a function of
a dimensionless time, σt/(µR). Assuming that a power law is observed, we
write Lc ∼ (σt/µ)α R1−α . We have seen that α = 1/2 for insoluble wick-

ing in randomly deposited sheets and lengthwise imbibition in directional

fibrous sheets above. However, for crosswise wicking that suffers from infrequent but tortuous flow paths, α tends to decrease with the increase of the
tortuosity, defined as the length ratio of the actual flow path to the straight
path (Cai & Yu, 2011). The tortuosity will increase as the number of misaligned fibres decreases. Upon finding that Lc ∼ t1/3 from our raw data,

we have plotted Lc versus σR2 t/µ in figure A.2(d), which validates that

the power law is indeed observed with a power α = 1/3 for the particular
fibrous sheets used in this work.
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국문초록

다공성 고분자의 팽창 및 용해 역학
서울대학교 대학원
기계항공공학부
정소현

요약
수많은 단위체의 공유결합으로 이루어진 고분자 물질은 그 단위체의 종
류에 따라 다양한 물리화학적 성질을 가질 수 있다. 이러한 물성의 다양성 및
조절 가능성 덕분에 현대 사회에서 고분자 물질은 매우 많은 산업 분야에서
활용되고 있다. 최근 생체 의학, 소프트 로봇 공학, 그리고 에너지 분야에 관한
관심이 증대되고, 이와 더불어 화석 연료의 고갈 및 환경 문제가 인류의 생존
과 발전에 심각한 위협으로 계속해서 대두되면서 각 응용 분야에서 요구하는
물성을 지닌 친환경 기능성 고분자에 관한 연구에 대한 중요성이 두드러지고
있다. 다공성 구조는 부피 대비 넓은 표면적, 개방형 채널 및 기공 환경에 대한
높은 제어 가능성이라는 고유한 특성을 갖는다. 이러한 특성 덕분에 다공성
고분자는 물리적인 방식으로 재료의 물성이 제어될 수 있으며 이는 최근 몇 년
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동안 수행된 대규모 연구로 입증된 바 있다. 즉, 다공성 구조는 친환경적인 방
식으로 응용 분야에서 고분자에 요구하는 기능을 부과하거나 성능을 향상시킬
수 있다.
다공성 고분자는 수처리, 제약 산업, 식품 산업, 합성 화학, 이온 교환 수
지 등에 사용되기 시작해 상용 리튬 이온 배터리와 슈퍼캐패시터에서 주요한
역할을 하는 분리막으로 상용 범위를 넓혀갔다. 또한 이러한 다공성 고분자는
에너지 저장, 액추에이터, 센서, 제어 약물 전달 분야, 가스 흡착 및 포집, 분자
분리, 촉매 작용 분야에서 높은 활용도를 가지고 있다고 전망되고 있다. 다양한
응용 분야에서 많은 경우 다공성 고분자는 액체에 노출되고 이로 인해 여러가
지 물리화학적 현상이 발생한다. 그 중 용해 현상은 제어 약물 전달 및 오염
제거 분야에서 주요하게 제어되어야 할 현상이며 센서에도 응용이 가능하므로
그 중요도가 매우 높다. 또한 팽창 현상은 다공성 고분자의 부피를 변형시켜
움직임을 만들어 낼 수 있기 때문에 적절한 제어를 통해 액추에이터에서 원
하는 움직임을 구현할 수 있고, 팽창을 통해 이를 유발하는 물질을 감지하는
센서로도 활용이 가능하여 이 또한 높은 중요도를 갖는다. 이러한 다공성 고분
자의 용해 및 팽창 현상을 응용한 기술을 개발하고 해당 기술의 성능 개선을
위해서는 이 현상들에 대한 근본적인 이해가 선행되어야 한다. 그러나 다공성
구조의 복잡성에 의해 변형을 하지 않는 단순한 구조의 다공성 매질 내에서의
액체 거동에 대한 물리적 원리에 대한 연구만이 수행되어왔다. 최근 들어서야
다양한 스케일의 기공을 갖는 다공성 매질이나 변형이 가능한 다공성 매질과
같이 복잡한 다공성 매질 내에서의 액체 거동에 대한 물리적 원리 규명이 이
루어지고 있으나 아직 미미한 수준이다. 특히 다공성 고분자의 용해 및 팽창
현상에서 액체는 다공성 고분자와 반응하여 다공성 고분자의 부피 팽창 및 상
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변화를 유발하기 때문에 이에 대한 역학적 해석은 더욱 어렵다. 본 연구에서는
액체에 의한 다공성 고분자 팽창과 용해 메커니즘을 규명하고 이에 대한 정량
적인 분석을 수행하였다. 이러한 분석을 바탕으로 물리적인 방법으로 다공성
고분자의 변형을 제어하거나 이를 활용하는 시스템을 개발하였다.
먼저 다공성 고분자의 팽창 메커니즘을 파악하고 이에 대한 이해를 바탕
으로 팽창 현상을 응용한 시스템 설계 연구를 진행하였다. 구체적으로 친수성
고분자 사슬 사이에 많은 양의 수분을 구조체의 파괴 없이 저장할 수 있는
하이드로젤 중 하나인 전기감응성 하이드로젤의 팽창 역학을 전기장이 있을
때와 없을 때에 대해 이론 및 실험적으로 분석하였다. 여기서 전기감응성 하
이드로젤은 액체와 접촉 시 고분자 사슬에서 이온이 해리되어 고분자 사슬은
전하를 띄는 젤을 의미한다. 전기장이 없는 경우 전기감응성 하이드로젤의 팽
창 현상을 관찰하였고 그 속도가 매우 느리고 이는 삼투압에 의한 물 분자의
확산성 거동에 의해 발생한다는 것을 확인하였다. 반면에 전기장이 있는 경우
전기감응성 하이드로젤의 팽창 속도가 훨씬 빠르고 더 큰 팽창 비율을 갖는
것을 확인하였다. 이는 삼투압에 의한 유동에 전기장에 의해 유도되는 전기 삼
투에 의한 유동까지 더해져 젤 내로 큰 유동이 발생하기 때문인 것을 정량적인
분석을 통해 확인하였다. 여기서 전기 삼투는 전해질 용액으로 채워진 다공성
매질에 전기장이 가해졌을 때 발생하는 유동이어서 전기장이 있는 경우 젤의
팽창 속도는 전기장의 세기에 비례하여 증가하며 이는 젤의 팽창 비율 및 두
께에 의존하지 않고 일정하다. 또한 전기장이 있는 경우에 젤이 더 큰 팽창
비율을 갖는 원인은 전기장에 고분자 사슬의 신장 한계가 증가하기 때문인
것을 확인하였고 신장 한계가 포화 상태에 이르는 전기장의 세기의 임계값을
이론적으로 도출하였다. 이를 토대로 이러한 전기감응성 하이드로젤의 크고
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빠른 팽창을 물리적인 구조체를 통해 내부 응력으로 변환하여 활용하는 시스
템을 설계하였다. 구체적으로 전기감응성 하이드로젤을 높은 강성을 지니는
한정된 부피의 반투과성 막으로 감싸 시스템을 제작하였다. 여기서 사용된
막은 하이드로젤 내로의 액체의 투과는 허용하면서 하이드로젤의 팽창을 저
해하여 젤 내부에 응력이 생성되도록 한다. 이러한 내부 응력은 하이드로젤의
강성을 증가시켜 변형에 대한 저항이 증가하여 큰 힘을 내거나 견딜 수 있
게 한다. 이 때 전기감응성 하이드로젤의 팽창 역학을 바탕으로 하이드로젤
시스템에서 발생하는 힘에 대한 수학적 모델을 도출하였고 이를 실험과 비교
하여 그 타당성을 입증하였다. 도출한 수학 모델로부터 하이드로젤 시스템의
주요 설계 변수를 도출하였으며, 시스템으로부터 발생 가능한 최대 힘을 이론
적으로 예측하였다. 본 연구에서 제안한 하이드로젤 시스템은 하이드로젤이
고유하게 갖는 느린 반응성 및 압축력에 취약한 특성을 극복하여 큰 힘을 내는
빠른 액추에이터로써의 활용 가능성을 보였다는데 그 의의가 있고 이는 수중
건축물 혹은 해난 구조용 장비 제작에 사용될 수 있을 것으로 기대된다.
다음으로 다공성 고분자에서 용해를 동반한 액체의 거동 메커니즘을 파악
하고 이를 바탕으로 다공성 고분자의 물리적인 미세 구조 제어를 통해 이를
제어하는 기술을 개발하는 연구를 진행하였다. 구체적으로 폴리에틸렌 수용액
을 전기 방사하여 제작한 섬유 구조의 다공성 고분자 내에서의 액체의 거동을
정량적으로 분석하고 이에 대한 이론 모델을 도출하였다. 이 때, 고분자에
대한 액체의 용해도에 따라 액체의 종류를 비 용매, 부분 용매, 완전 용매로
구분하고 각각의 거동을 분석하였다. 비용매는 다공성 고분자를 용해시키지
않는 액체로 다공성 고분자 내에서의 거동은 표면 장력에 의해 발생하는 모
세관 유동이며 다공성 매질 내에서의 액체의 거동에 대한 경험 식인 달시의
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법칙을 잘 따르는 것을 확인하였다. 부분 용매는 용해도가 낮아 다공성 고분
자의 일부만 용해시키기 때문에 다공성 고분자의 구조체는 유지되며 유동이
발생한다. 이러한 부분 용매의 거동을 관찰한 결과 이 또한 모세관 유동으로
비 용매와 유사하게 확산성 거동을 보이나 그 속도가 달시의 법칙으로 예측된
것에 비해 현저하게 느린 것을 확인하였다. 이러한 부분 용해성 모세관 유동의
속도에 대한 수학적 모델을 도출하기 위해 속도에 영향을 줄 수 있는 다공성
매질 및 액체에서의 변수를 추정하고 해당 변수들에 대한 용해의 영향력을
실험적으로 확인하였다. 그 결과, 고분자의 용해에 의한 용매 속 고분자 농도
증가에 의한 용매의 점도 증가가 부분 용해성 모세관 유동의 느린 속도에 가장
큰 원인임으로 확인하였다. 완전 용매는 높은 용해도를 갖는 용매로 다공성
고분자와 접촉 시 이를 전부 용해시켜 유동이 발생할 때 구조체가 아주 짧은
시간만 유지된다. 다공성 고분자 내에서 이러한 완전 용매의 유동은 비 용매와
부분 용매의 거동과는 다르게 일정한 속도로 발생되는 것을 관찰하였다. 이
때 침투한 완전 용매의 첨단 계면이 가지 형태로 매우 불규칙하게 나타나는
것을 확인하였다. 이러한 완전 용매의 유동 매커니즘을 파악하기 위해 다양한
스케일에서 완전 용매 유동을 가시화하였고 그 결과 다공성 고분자의 용해 과
정 중에 고분자의 팽창에 의해 겔 층이 형성되는 것을 확인하였다. 이러한 겔
층은 기공의 폐쇄를 야기하여 기공을 통한 용매의 모세관 유동을 억제하지만
이는 고분자의 용해를 통해 사라져 다시금 기공이 생성되고 이를 통한 용매의
모세관 유동이 재개된다. 따라서 다공성 고분자 내 완전 용매의 거동은 기공의
폐쇄 및 재개에 의한 짧은 거리의 모세관 유동의 반복 과정이라고 할 수 있다.
이를 토대로 다공성 고분자 내에서의 완전 용매의 거동에 대한 이론 모델을
도출하였으며 실험적으로 그 타당성을 입증하였다. 도출한 이론 모델의 전제
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조건으로부터 다공성 고분자 내에서의 완전 용매의 유동 발생 조건이 다공성
고분자의 물리적인 미세 구조에 따른 용매의 확산성에 의해 결정된다는 것
을 이론적으로 발견하였다. 용매의 확산성이 좋은 구조의 경우 기공을 막는
젤 층이 지속적으로 성장 가능하여 기공의 재생성이 발생할 수 없다. 따라서
다공성 고분자의 미세 구조 제어를 통해 완전 용매의 유동 방향을 제어할 수
있고 다공성 고분자의 용해 속도를 제어할 수 있다. 이를 확인하기 위해 방
향성 있는 전기 방사를 통해 섬유들이 한 방향으로 잘 정렬된 구조를 갖는
다공성 고분자를 제작하였고 여기서 완전 용매의 유동을 관찰한 결과 용매의
확산성이 낮은 방향인 섬유를 가로지르는 방향으로만 유동이 발생하는 것을
확인하였다. 이러한 다공성 고분자의 물리적인 미세 구조 제어를 통한 용해
방향 및 속도 제어 기술은 투약 속도 정밀 제어 약물 전달 시스템 설계, 센서,
그리고 주변 환경에 대해 반응하여 변형하는 소프트 로봇을 고안에 도움을 줄
수 있을 것으로 기대된다.
본 연구는 액체에 의한 다공성 고분자의 변형 역학에 대해 분석하고 이를
물리적인 방법으로 응용 및 제어하는 시스템을 설계하여 친환경적인 방법으로
다공성 고분자의 물성을 제어했다는 데 그 의의가 있다. 이는 고분자 응용 기
술 개발 및 성능 개선 방법에 새로운 패러다임을 제시했다고 할 수 있다. 또한
전기감응성 하이드로젤 내에서의 유동 해석은 슈퍼캐패시터의 저항의 정량적
인 분석 및 이를 결정하는 인자들 도출에 도움을 줄 수 있고 다공성 고분자
내에서의 용매의 거동에 대한 해석은 고분자 필터 투과 유동 및 필터의 오염
물질 제거에 필요한 설계 변수 도출에 도움을 줄 수 있다. 또한 하이드로젤의
팽창을 내부 응력으로 변환하여 이를 통해 힘을 발생하는 시스템은 용액의 몰
농도나 용액 내 전기장의 유무 및 그 세기를 측정하는 센서로 활용할 수 있다.
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따라서 본 연구의 결과들은 다공성 고분자의 응용 분야에 적용될 수 있으므로
활용도가 높다고 할 수 있다.
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