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Abstract: The dynamic contact line plays a key role in various fields of interfacial physics, including
bioprinting, nano-scale printing, three-dimensional printing, biomaterials, tissue engineering, smart
materials, flexible printed electronics, biomedicine, and healthcare. However, there is still a lack of
thorough physical understanding of its real behavior in numerous complex problems in nature and
technology. The dynamic contact line exhibits a complex conformation in real-life fluid dynamics
problems. Therefore, this review presents two main long-standing models that describe the physics
of the dynamic contact line: hydrodynamics theory and molecular kinetics theory. Next, the role
of the dynamic contact line in current advanced technologies is discussed. Finally, this review
discusses future research directions to enhance the power of current physical models of the dynamic
contact line.

Keywords: hydrodynamics; molecular kinetics; contact angle; contact line velocity; flexible substrate;
superhydrophobic substrate

1. Introduction

When a liquid is in contact with a substrate in a gaseous environment, a contact line is
formed. The contact line, also known as the three-phase contact line, is a line of intersection
of three phases: solid, liquid, and gas. The contact line moves on the substrate until the
total energy of the contact line reaches its minimum value, which is the thermodynamic
equilibrium state. In this dynamic condition, the contact line is defined as the dynamic
contact line [1-22].

The physics of the dynamic contact line has been an important subject in the field of
interfacial science. The physics of the dynamic contact line is a multidisciplinary topic,
and it involves numerous scientific areas, including anti-icing of air planes, various con-
ventional coatings, smart coatings, functional coatings, inkjet printing, bio-printing, tissue
engineering, functional organs, flexible printed electronics, biomaterials, smart materials,
microfluidics, nanofluidics, phase-change heat exchangers, oil recovery, power plants, and
various biological systems [2-14,23-60].

The angle between the liquid—air interface and liquid—substrate interface at the dy-
namic contact line is known as the dynamic contact angle (6p). When the dynamic contact
line reaches the equilibrium state, the dynamic contact angle becomes the static contact an-
gle (8p) [61,62]. The static contact angle is defined by the balance of the interfacial tensions
at the contact line, as demonstrated by Figure 1 and formulated by Equation (1) [63]:
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in which o7 is the interfacial tension at the liquid—gas interface, g is the interfa-
cial tension at the solid—gas interface, and oy is the interfacial tension at the solid-
liquid interface.

Gaseous Environment  (b) Gaseous Environment
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Figure 1. (a) Schematic representation of the contact line and the static contact angle. (b) A droplet,
deposited on a substrate, is in the equilibrium state with the balance of the interfacial tensions along
the contact line.

There are two mechanisms for contact line dynamics: spontaneous and forced [64—66].
In the spontaneous mechanism, the contact line moves on a substrate to reach the equilib-
rium state without any external driving force. In spontaneous mode, the capillary force and
gravity play key roles in inducing the motion of the contact line on the substrate to reduce
the dynamic contact angle to achieve the minimum energy value in the equilibrium state
(static contact angle). For the case of a droplet spreading on a substrate, the gravitational
effect is negligible as the droplet size is less than the capillary length (l..p = \/0/(0g)),
where ¢ is the droplet surface tension, p is the droplet density, and g is the gravitational
acceleration [67].

In the forced mechanism, the contact line dynamics are governed by an external
driving force (or forces). In forced contact line dynamics, the balance of the forces is
between the tendency of the contact line to achieve the equilibrium condition and the
external force(s) to induce the contact line to deviate from the equilibrium condition [68].
There are two modes of the forced contact line dynamics: advancing and receding. In
advancing contact line dynamics, the dynamic contact angle is denoted as the advancing
dynamic contact angle (6 4). In receding contact line dynamics, the dynamic contact angle
is denoted as the receding dynamic contact angle (6g).

The physics of the dynamic contact line is conventionally defined in terms of the
relation between the dynamic contact angle (6p) and the contact line velocity (U), as
represented in Figure 2 [19,69-72]. It is important to note that the contact line velocity is
not necessarily constant in the contact line dynamics, as shown in Figure 2. It depends
on the mode of contact line motion: spontaneous or forced. In forced contact line motion,
the contact line velocity can be controlled to be constant. In spontaneous contact line
motion, the contact line velocity might not be constant, such as a droplet spreading on
a smooth glass surface in which the contact line velocity reduces as the dynamic contact
angle decreases until the droplet reaches the equilibrium state. In the physical relation
between the dynamic contact angle and the contact line velocity, the equilibrium advancing
contact angle (6,4) and equilibrium receding contact angle (6,r) are also important [68-72].
Various experimental techniques have been used to measure the contact angle, including
capillary rise, the Wilhelmy plate, a continuous vertical fiber, and a continuous moving
tape [73-79].

The difference in value between the equilibrium of the advancing and receding contact
angles is known as the contact angle hysteresis, as shown in Figure 2. The contact angle
hysteresis signifies the heterogeneity in substrate roughness and substrate chemistry [80-90].
The contact angle hysteresis causes the pinning event and stick-slip behavior of the dynamic
contact line on the substrate.

The stick-slip behavior is the phenomenon in which the dynamic contact line remains
stationary for most of the time, and only from time to time does it move rapidly and
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abruptly [91]. The pinning event is a phenomenon in which the dynamic contact line
does not move until the contact angle reaches the critical values (critical advancing and
receding dynamic contact angles). The difference between the critical advancing and
receding dynamic contact angles is defined as the contact angle hysteresis, which features
the pinning effect. The pinning effect prevents the dynamic contact line from moving over
the substrate [92].
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Figure 2. Relation between contact line velocity and dynamic contact angle for advancing contact
line dynamics and receding contact line dynamics.

Numerous studies have attempted to reach a physical understanding of the underlying
mechanism of the dynamic contact line. Several theories have been proposed to define
the physics of the moving contact line by determining the relation between the dynamic
contact angle and the contact line velocity [21,22,64-66,68-72,93-122]. Among them, two
long-standing theories have been largely accepted in the interfacial physics community:
hydrodynamics and molecular kinetics.

Regarding the significance of the dynamic contact line in various scientific fields and
technologies, a recent comprehensive review outlined the challenges of the computational
approach to describe the physics of the dynamic contact line [123]. There are several
well-established computational models that numerically describe the flow physics of the
dynamic contact line [123]. These computational models are based on direct numerical
simulations of the dynamic contact line using the volume of the fluid technique [123].
There have been advancements in the volume-of-fluid-based computations to describe the
dynamics of a moving contact line [123]. One of the advancements in the field of numerical
simulation of the dynamic contact line was the combination of the simulation of the flow
physics in a macroscopic region with the theory of hydrodynamics in the proximity of the
dynamic contact line. The other main advancement in this field was the computational
explanation of the dynamic contact line in a microscopic region by considering the van der
Waals force [123].

The physics of the dynamic contact line involves multidisciplinary research. Physi-
cally understanding the dynamic contact line problems, such as flexible printed electronics,
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biosensors, functional smart nano-bio-materials, and printable solar cells, requires col-
laboration between numerous fields, including electrical engineering, materials science,
mechanical engineering, applied physics, applied mathematics, biology, chemistry, and
nanoscience [50,124]. Moreover, the dynamic contact line is a multi-scale physical problem
that requires deep insights from all scales to define the true physics of the dynamic contact
line (Figure 3). At the micro scale, a thin liquid layer known as the precursor film forms
on a substrate, which advances the dynamic contact line [124]. At the macro scale, the
hydrostatic pressure from the bulk of the liquid affects the physics of the dynamic contact
line to achieve equilibrium [124]. At the mesoscopic scale, the physics of the dynamic
contact line are governed by hydrostatic pressure and disjoining pressure [124].

Transition region Molecular region

Figure 3. Multi-scale representation of the physics of contact line dynamics [124].

In the following sections, the role of the dynamic contact line in some current advanced
technologies, including printings/coatings and biotechnology /healthcare, is demonstrated.
After, the two long-standing physical theories that have been frequently used to describe
the physics of the dynamic contact line are thoroughly reviewed. These two theories
are hydrodynamics and molecular-kinetic. Moreover, the drawbacks and advantages of
both theories are discussed. Finally, future research directions to enhance the power of
these two theories to explain the physics of the dynamic contact line in real-life problems
are discussed.

2. Applications of the Dynamic Contact Line
2.1. Coating and Printing

The dynamic contact line has a remarkable role in numerous areas of printing, cover-
ing conventional inkjet printing, bioprinting, three-dimensional printing, soft materials,
nanoprinting, tissue engineering, functional organs, and smart materials. Furthermore,
the dynamic contact line has a prominent role in different coatings modes in various ar-
eas of technology, including anti-icing of airplanes, smart materials, and the automobile
industry [27,125-131].

Droplet-based printing on soft materials is of significant interest in leading-edge
state-of-the-art technologies, including modern, flexible printed electronics; robotics; tissue
engineering; functional organs; and soft biomaterials, as demonstrated in Figure 4 [132].
In droplet-based printing for biotechnology/healthcare and medical purposes, droplets
contain biological solutions such as DNA samples, living cells, viruses, bacteria, and
proteins. In droplet-based printing for electronics purposes, droplets consist of electrical-
conducting solutions, such as silver inks and polymeric samples.

Coatings and printings of evaporative droplets on various substrates show remarkable
applications in numerous technologies, such as self-assembly of volatile suspensions of
nanoparticles, flexible electronics products, soft materials, photovoltaics products, and
biosensors [133-137].

Contact line dynamics has remarkable usefulness in advanced state-of-the-art biotech-
nology for the production of new-generation biosensors [138,139]. Moreover, contact line
dynamics plays an important role in the diagnosis of various diseases via the imaging of a
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spreading blood droplet and its drying process at various steps, including flow, adhesion,
gelation, and fracturing [126,137].
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Figure 4. (a) Droplet-based bioprinting of droplets containing biological solutions to produce bioma-
terials [132]. (b) Droplet-based printing of electrically conducting droplets containing silver inks on
soft materials to produce soft elastic printed electronics [132].

2.2. Healthcare

Due to the seriousness of the COVID-19 pandemic, the dynamic contact line of respira-
tory droplets on various substrates and soft materials such as face masks has a remarkable
role in the fight against the spread of the coronavirus in the public (Figure 5). Currently,
the scientific community in various fields is trying to develop a physical understanding of
the interactions of SARS-CoV-2-virus-laden droplets with diverse materials. The interfacial
interactions between virus-laden droplets on substrates with various wetting properties,
such as hydrophilic, hydrophobic, and superhydrophobic surfaces, have been investigated.
Moreover, recent studies have attempted to investigate the interactions of virus-contained
droplets on materials with different mechanical properties, such as rigid, soft, and elastic
substrates [140-142].
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Figure 5. Significance of SARS-CoV-2-virus-containing droplet interfacial interaction with a soft
superhydrophobic material such as a face mask [142].

It is important to note that extensive, full-scale computational efforts have been made
to clarify the underlying physical process of droplet motion in various droplet-based
applications such as droplet-based microfluidics in Polymerase Chain Reaction continuous
flow and single-cell DNA analysis [143].

3. Molecular Kinetic Theory

Molecular kinetic theory explains the molecular dynamics of the liquid—air interface
at the vicinity of the dynamic contact line in terms of surface diffusion and adjacent bulk
phases [68,95,101]. Molecular kinetic theory considers a solid surface containing many
adsorption sites over which the liquid molecules move. The liquid molecular motion
near the dynamic contact line is dependent on potential barriers. Molecular kinetic theory
explains the physics of the dynamic contact line according to the strength of the potential
barriers at the vicinity of the contact line.

Molecular kinetic theory outlines the physical process of contact line motion on a
substrate in terms of the attachment of the liquid molecules on the adsorption sites of the
solid surface as the gas molecules of the environment detach from the adsorption sites, as
represented in Figure 6 [95,101]. Molecular kinetic theory regards the balance of interfacial
tensions with friction (Fy) at the dynamic contact line (Equation (2)):

Ff =0 (cosfy —costp) ()

Therefore, molecular kinetic theory describes the physics of contact line dynamics on a
substrate in terms of molecular motion near the contact line as a result of energy dissipation
due to friction [101]. It is assumed that the substrate has # number of adsorption sites per
unit surface area over which the molecules move. The adsorption sites are equally distant
by A. The number density of adsorption sites () and the corresponding distance between

them (M) are related by n = 1z The frequency of molecular motion near the dynamic
contact line is denoted by Kj.
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Figure 6. Schematic representation of molecular kinetic theory to explain the physics of dynamic
contact line based on two parameters: A and Kj.

Molecular kinetic theory shows the relation between the velocity (U) of the dynamic
contact line and the dynamic contact angle (6p) in terms of the molecular kinetic parameters
A and Ky, as represented by (Equation (3)) [95,101]:

®)

2 _
U— ZAKosinh<iaA (cos by COSGD))

2kp T

in which T presents the temperature and kg represents the Boltzmann constant. In Equation (3),
the positive sign stands for the dynamic contact line advancement on a substrate, and the negative
sign denotes that the dynamic contact line recedes on the substrate.

The frequency (Kjp) of molecular motion at the vicinity of the dynamic contact line is
described by Eyring’s theory of absolute reaction rates [144], as shown in Equation (4):

kg T “AG
Ko== exP(NA kg T) @

in which AG stands for activation free energy, related to adsorption energy; N4 denotes
Avogadro’s number; and & represents Planck’s constant. It is necessary to know that there
is no definitive method to specify the molecular kinetic parameters (A and Ky) to describe
the physics of the dynamic contact line. As a result, their values are normally estimated
by fitting the experimental data with the molecular kinetic model (Equation (3)) based on
known values for surface tension (), temperature (T), and the static contact angle (6p).

4. Hydrodynamics Theory

Hydrodynamics theory characterizes the physics of flow near the dynamic contact line.
However, there has been a contradiction between the motion of the liquid at the dynamic
contact line and the long-established no-slip boundary condition at the liquid—substrate
interface. This is due to the fact that the shear stress and pressure diverge to infinity as the
flow approaches the dynamic contact line [70]. Moreover, the total force applied on the
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substrate due to liquid flow becomes unbounded as the flow nears the dynamic contact
line [70].

This issue in hydrodynamics theory was resolved by relaxing the well-established
no-slip boundary condition, along the liquid-substrate interface, at the proximity of the
dynamic contact line over the distance called the slip length [70,93,103-105]. This method
resolves the issue of divergence of the force by the flow on the solid surface at the dynamic
contact line. However, the shear stresses are still not finite at the dynamic contact line [68].
This approach adapts hydrodynamics theory to explain the physics of the dynamic contact
line without divergence of the force applied on the substrate at the contact line. It is
important to note that adapted hydrodynamics theory is only suitable for flow at low
capillary numbers so that the liquid-free surface geometry maintains its static condition
away from the dynamic contact line [68].

Hydrodynamics theory explains the physics of the dynamic contact line based on
viscous bending of the liquid-free surface geometry, which is formed at the mesoscopic
region of the flow. The dynamic contact angle in the macroscopic region of the flow
is determined by the extrapolation of the static liquid-free surface all the way to the
substrate [68]. Therefore, hydrodynamics theory defines the physics of the dynamic
contact line using the matched asymptotic expansions approach, as represented in
Figure 7 [68,122].

Liquid

Gas Phase (Environment)

Macroscopic Region

Figure 7. Schematics of hydrodynamics theory to explain the physics of dynamic contact line due to
viscous bending near the contact line.

The relation between the capillary number and the dynamic contact angle, 6p, in the
macroscopic region, during the motion of a liquid-free interface on a substrate, is shown in
Equation (5) [71]:

1 % B— sinB cosp
2 Jo, sin 8

Equation (5) is valid for a steady state two-dimensional flow of a viscous liquid on a
smooth horizontal solid surface at a low Reynolds number. In Equation (5), L denotes the
macroscopic characteristic length and L; represents the microscopic characteristic length,
also called the slip length. 6y presents the static contact angle in the microscopic region,
and 6p represents the dynamic contact angle in the macroscopic region. Ca denotes the
capillary number (Ca = y U/0), in which ¢ is the surface tension of the liquid, u is the
shear viscosity of the liquid, and U presents the dynamic contact line velocity.

dg =+ Ca 1n(L£) ®)

El
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Lubrication assumption is assumed for the Navier—Stokes equations for the flow of
the viscous liquid on the solid surface [71]. A steady-state wedge shape of the viscous
liquid at the proximity of the dynamic contact line is also assumed. Therefore, Voinov
(1976) formulated hydrodynamics theory to describe the physics of the dynamic contact
line using Equations (6) and (7) [71]:

0p° — 0> =+9Ca In L ;99335 (6)
Ls 4
97 1—cosfp 3 3 L 37
- - — _ — —_ - >
1 (1+COS€D>+(TE 0p)° — 6> =+9Ca In L i 0p >~ 7)

Here, the positive sign stands for the advancement of the dynamic contact line on a
smooth substrate, and the negative sign denotes the receding of the dynamic contact line
on the substrate. Similar findings were obtained by Cox’s theoretical study [69] in which
gas viscosity was assumed to be negligible. Therefore, Equations (6) and (7) are called
“Cox-Voinov” equations of hydrodynamics theory and are used for describing the physics
of the dynamic contact line.

The characteristic length for the macroscopic region, L, is directly related to the
capillary length (Lcgp): L o Legp. The proportionality constant depends on several factors,
including the flow condition, fluid boundary conditions, and capillary number of the
flow [8].

The microscopic characteristic length (slip length) is used to remove the long-
established stress singularity at the dynamic contact line. It is shown to be dependent
on the speed of the dynamic contact line and the liquid physical characteristics, and its
magnitude is estimated on the order of several angstroms [2]. The magnitude of the micro-
scopic characteristic length also depends on other parameters, including surface roughness,
substrate geometry, solid surface chemistry, flow condition, and shear rate [145,146]. The
prediction of the physics of the dynamic contact line by hydrodynamics theory is strongly
influenced by the microscopic characteristic length [145,146].

Numerous studies on the development of hydrodynamics theory to describe the
physics of the dynamic contact line have provided experimental, theoretical, and numerical
attempts. Table 1 summarizes the list of alternative forms of hydrodynamics theory that
explain the physics of the dynamic contact line for various conditions of flow and substrate.

Table 1. Summary of alternative forms of hydrodynamics theory in experimental, theoretical, and
numerical studies.

Model

Equation Condition(s) Reference

Hoffman

Experimental study; forced motion of silicone
oil on a glass capillary; applicable for
1+ 1.31 Ca®% angle; negligible inertia and gravity; flow with
low capillary number

0p = cos™! [1 _ 2tanh (5 16 ( Ca )0'706> } nonvolatile liquids with zero static contact [106]

Tanner

Experimental study and scaling analysis of
spontaneous motion of a viscous liquid droplet
on a horizontal substrate; steady-state flow;
proportionality constant depends on physical
0p° < Ca; R(t) ~ tY/19; 0p(t) ~ #3/15; characteristics of liquids and flow; based on [107]
lubrication assumption; R(t) is the
time-varying droplet radius of the droplet and
Op(t) is the time-varying dynamic contact
angle; suitable for small dynamic contact angles

Hoffman—Voinov-Tanner

Dynamics of contact line motion at low
capillary numbers on a substrate with zero
static contact angle; microscopic region of the
flow is excluded; also suitable for flow with
finite (non-zero) static contact angle; derived by
numerical, experimental, and theoretical
studies; also applicable for physics of viscous
evaporative droplet spreading on a substrate

0% x Ca [71,106,107,147-152]
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Table 1. Cont.
Model Equation Condition(s) Reference
Generalized hydrodynamics theory by
Generalized Hoffman study; considers non-zero static [71,106,107]

Hoffman-Voinov-Tanner

003 — 0p® « Ca

contact angle; proportionality constant depends
on physical characteristics of liquid

de Gennes

L
GD(GOZ - QDZ) =6Ca ln(L—g)

Experimental/theoretical work on liquid
movement on a smooth substrate; non-zero
finite static contact angle; similar to generalized
“Hoffman-Voinov-Tanner” model; slip length is
the length of microscopic part of the dynamic
contact line in which slip condition is valid;
lubrication assumption is applied in the
analysis; describes the physics of dynamic
contact line for flow at low capillary numbers in
the mesoscopic region

[72]

Cox

9(00,2) ~ G(60,0) = +Ca In(£);9(0,0) = J; 7
F(9,0) =
zmﬂ[gz (02—(sinl9)2)+2 5[19(7(—(9)+(sin19)2]+ [(n—0)2+(sim9)2”

[¢(62~(sin 8)2 ) [(7—0)-+ (sin d cos 8)]+ | [ (7—0)% — (sin 8)2 ] (8—sin Bcos ) | |
{ denotes the shear viscosity ratio; positive sign is for
advancing dynamic contact line; and negative sign is for
receding dynamic contact line

Theoretical analysis; applies slip condition to
resolve stress singularity at the dynamic contact
line; slip length is the length of microscopic part

of the dynamic contact line in which slip
condition is valid

[69,108]

Combined
hydrodynamics—
molecular kinetic

0p® — (60(U))* = +9Ca ln(i): positive sign stands
for advancing dynamic contact line, and negative sign
presents receding dynamic contact line
0o (U) = cos™? [cos()y + (zvkizT)sinh 1 (2;(11 )L)]: Oy is
Young’s static contact angle for stationary condition;
positive sign is for receding liquid motion, and negative
sign denotes advancing flow
R(t) ~ Y7 0p(t) ~ /7
R(t) is the time-varying droplet radius, and 6p (¢)
denotes transient dynamic contact angle in the case of
droplet spreading on a substrate

Modified hydrodynamics theory proposed by
Voinov (1976) with contact line
velocity-dependent static contact angle in
which static contact angle is defined by
molecular kinetic theory proposed by
Blake et al. (1969) and Blake et al. (1993);
three parameters need to be adjusted to
describe the physics of dynamic contact line:
A, k%, and L,
the combined model is only valid for slow
dynamic contact line; not an appropriate model
for describing the physics of dynamic contact
line for high-speed coatings; a promising model
for physics of dynamic contact line on real
materials with variable hydrophobicity and
diverse contact angle hysteresis

[68,109-113,153]

Brochard-Wyart
and de Gennes

0 (cos By — cosbp)

ks T 6n L
FPER “‘(Li)

u=

Similar to combined hydrodynamics-molecular
kinetic theory; receding dynamic contact line is
an irreversible process with energy dissipation
caused by out-of-balance surface tension and
contact line speed; the equation is obtained
considering energy loss due to viscous flow
near the contact line and friction force; the
equation is valid for flow at low
capillary numbers

[110,111]

5. Molecular Kinetic Theory: Advantages and Limitations
Molecular kinetic theory is a qualitative approach to describe the physics of the dy-

namic contact line by examining the energy dissipation at the proximity of the dynamic
contact line due to friction force. Molecular kinetic theory is less suitable to precisely
describe the physics of dynamic contact line problems compared to hydrodynamics the-
ory. Furthermore, molecular kinetic theory is qualitatively a perfect theory to outline the
physics of the dynamic contact line on a solid surface with heterogeneity in chemistry or
roughness [50,124,154]. Molecular kinetic theory is normally applied for a dynamic contact
line with large contact angles. Molecular kinetic theory was reported to be appropriate for
explaining the physics of forced movement of the dynamic contact line on rough substrates
and smooth inclined substrates [55,155-158]. Molecular kinetic theory was also shown to
be a promising model for describing the physics of the dynamic contact line in the area of
electrowetting and cell-adhesion problems [50,124,154].

It is important to note that molecular kinetic theory normally hypothesizes the physics
of the dynamic contact line. However, it was shown that in the case of contact line dy-
namics of a superfluid on a substrate, molecular kinetic theory successfully describes the
relationship between the dynamic contact angle and contact line velocity at various tem-
peratures [101,102]. This result demonstrates the strength of molecular kinetic theory in
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defining the physics of the dynamic contact line by considering the role of the environment
temperature. Moreover, it was reported that molecular kinetic theory is a suitable theory for
defining the dynamic contact line on a substrate with nano-size heterogeneities that cause
pinning—depinning events [101,102]. This result highlights the possibility of the successful
role of molecular kinetic theory in describing the physics of the dynamic contact line on a
substrate with orderly or non-orderly nano-size pores.

To apply molecular kinetic theory to define the physics of the dynamic contact line,
obtaining extensive experimental results without any noise is required so that the fitting of
the data with the molecular kinetic model is successful in perfectly estimating the molecular
kinetic parameters. This requirement is a significant challenge for many experimental
studies of the dynamic contact line. Therefore, two factors are important in applying
molecular kinetic theory to explain the physics of the dynamic contact line: reproducibility
and reliability of the estimated molecular kinetic parameters and level of uncertainty in
the fitting of data with the molecular kinetic model. Another drawback of molecular
kinetic theory is its limitation to the microscopic region. Molecular kinetic theory does
not consider the mesoscopic and macroscopic regions of the dynamic contact line [95].
Molecular kinetic theory is not suitable for predicting the physics of the dynamic contact
line of non-Newtonian liquids [16,18,19,57,68,159-161].

6. Hydrodynamics Theory: Advantages and Limitations

On the other hand, hydrodynamics theory normally quantitatively explains the physics
of the dynamic contact line, and it is mostly used for describing the physics of dynamic
contact lines with small contact angles. Hydrodynamics theory assumes lubrication in the
Navier-Stokes equations. Hydrodynamics theory concludes that dissipation mainly occurs
in the bulk of flow due to viscosity and presumes that dissipation at the contact line is not
significant. Hydrodynamics theory was shown to be a suitable theory for describing the
physics of forced motion of the dynamic contact line on a chemically treated substrate [1].

In general, hydrodynamics was demonstrated to be a suitable theory for defining
the physics of spontaneous liquid motion (i.e., Newtonian and non-Newtonian) on a sub-
strate [22,46,47,162-168]. It was reported that hydrodynamics is an appropriate theory for
describing the physics of motion of a liquid on biological materials, synthetic superhy-
drophobic surfaces, bio-inspired materials, superoleophobic materials, biomaterials, and
smart substrates [50,122,160,169,170].

Hydrodynamics theory also has some weaknesses. Hydrodynamics theory is gen-
erally applicable to the physics of Newtonian liquid motion on homogeneous sur-
faces [114,171-176]. Hydrodynamics theory does not perfectly describe the physics of the
dynamic contact line for the forced motion of a liquid on heterogeneous materials with
roughness and heterogeneous surface chemistry [50,93,114,160,169-183]. Additionally,
hydrodynamics theory is not suitable for explaining the physics of the dynamic con-
tact line for the motion of complex fluids on real substrates with natural heterogeneous
roughness and complex surface chemistry [114,122,171-178].

Furthermore, hydrodynamics theory does not consider the role of micro- or
nano-scale pores on substrates when describing the physics of the dynamic contact
line. These drawbacks significantly limit the applicability of hydrodynamics
theory in describing the physics of the dynamic contact line on real interfacial
problems [15,20,46,47,50,60,89,114,140,141,160,169-178,184-198].

7. Future Perspectives

Molecular kinetic theory and hydrodynamics theory necessitate estimating physical
parameters: the rate of molecular activity near the contact line, the distance between adsorp-
tions sites of the substrate, and the microscopic characteristics length. These parameters
are only estimated and not exact. Therefore, both theories cannot provide a real physical
understanding of the mechanism of the dynamic contact line.
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As hydrodynamics theory is mostly suitable for the macroscopic and mesoscopic
regions of the flow and molecular kinetic theory is generally applicable for describing
the microscopic region of the dynamic contact line, it is beneficial to apply both theories
simultaneously to describe dynamic contact line problems. However, the parameters that
define the dynamic contact line in these two well-established theories (hydrodynamics
and molecular kinetic) can only currently be estimated through fitting analyses. Therefore,
the combined model currently is not applicable to precisely describe real-life dynamic
contact line problems. For this reason, it is vital to pay significant attention to precisely
determining physical parameters by applying current advanced technologies, including
quantum computation, imaging techniques such as atomic force microscopy and cryogenic
electron microscopy, and the power of machine learning.

Nanofluidics is the current advanced technology used for the production of nanofilms.
The physics of the dynamic contact line in nanofluidics needs to be investigated by consid-
ering the complex fluids. The physical properties of nanofluids, such as rheology, change
rapidly in the proximity to the dynamic contact line. The change in physical properties of
nanofluids can influence the physical parameters that define the dynamic contact line via
hydrodynamics theory and molecular kinetic theory. These physical dependencies need
to be thoroughly investigated. For instance, as the slip condition strongly depends on the
rheology of fluids, in nanofluidics, the slip condition can abruptly change and consequently
affects hydrodynamics theory.

Another issue is the real characteristics of the substrates, which complicate the rela-
tionship between the physical parameters that define the hydrodynamics and molecular
kinetic theories and the heterogenous roughness, heterogeneous surface chemistry, and
flexibility of the substrates. Therefore, it is significantly important to enhance the physical
understanding of this subject by applying state-of-the-art nanotechnologies such as atomic
force microscopy and cryogenic electron microscopy to look closely at the influence of the
substrate features on the physics of the dynamic contact line for real-life natural substrates.

Both theories are not suitable for application to real interfacial-related problems. Prob-
lems in healthcare and biomedicine that deal with interfacial physics urgently require
enhanced knowledge of the dynamic contact line and its real underlying physical mecha-
nism. The physics of the dynamic contact line is a multi-scale phenomenon that requires
understanding the details of flow in microscopic, mesoscopic, and macroscopic regions
simultaneously. Moreover, a dynamic contact line problem is an interdisciplinary physical
event that requires thorough knowledge in various fields, such as chemistry, materials
science, electrical engineering, mechanical engineering, physics, mathematics, and biology.

The dynamic contact line in real-life problems involves complexity in the liquid
environment and substrate. The liquid, environment, and substrate can have complicated
mixtures of phases in real-life situations. Most problems, such as bioprinting; tissue
engineering; and designing smart biomaterials, which involve DNA molecules, cells,
peptides, and viruses; and state-of-the-art biosensors, deal with very complex liquid
models and substrates [46,47,165-168,197,198].

The present models of hydrodynamics and molecular kinetic do not consider such
complexities. Therefore, it is highly recommended that the interfacial physics community
directs experimental and theoretical efforts to more complex systems of solid-liquid—gas
systems for an enhanced physical understanding of the dynamic contact line in such
complicated real-life conditions.
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