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Abstract:

The action of capillary pressure plays a crucial role in the formation of voids during
the molding process of fiber-reinforced polymer composites. It is primarily driven by
surface and interfacial tension, resulting in macroscopic liquid flow controlled by pressure
differences. However, due to the influence of microscopic-scale effects, modeling and
characterizing the capillary effects in carbon fiber-reinforced polymer composites presents
significant challenges. This review offers a comprehensive summary of the relevant theories
on capillary pressure, including fundamental theory, average capillary pressure theory, and
interface enhancement theory. Furthermore, it discusses methods related to contact angle
experiments, capillary pressure experiments, and multiscale numerical simulations while
illustrating examples of capillary forces in carbon fiber-reinforced polymer composites.
This paper aims to help readers gain a deeper understanding of the mechanisms and
applications of the capillary effect in carbon fiber-reinforced polymer composites.

1. Introduction

approximately 7 to 20 um, exhibiting high anisotropy (Hong
et al., 2024). This results in a dual-scale porosity network,

“Capillarity” refers to the macroscopic movement or flow
of liquid influenced by its own surface and interfacial forces
(Schwartz, 1969). When the pressure difference or the poten-
tial for reducing it through flow disappears, the flow ceases
(Liu et al., 2022). The capillary effect frequently arises during
composite processing, as reactive liquid monomers or poly-
mers penetrate the initially dry and porous structure created by
reinforcing fibers or powders. Composite fabrics or preforms
are typically produced in the form of yarns made from
reinforcing fibers or filaments with diameters ranging from
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with pores ranging from the micron scale between fibers to
the millimeter scale between fiber yarns (Michaud, 2021; Li
et al., 2023). Influenced by the composite molding process,
the capillary effect is often coupled with fluid dynamics,
manifested in the externally applied pressure driving the flow,
as well as in the coupling with the rheology of the polymer
matrix (Zhang et al., 2024; Zhang et al., 2025). Moreover, the
viscosity of the polymer matrix in its liquid form is relatively
high, resulting in a strong dependence on interface velocity
(Wang and Hahn, 2007; Chen et al., 2023b).
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Fig. 1. Schematic diagram of the structure of this review on capillary effects in CFRP.

The study of capillarity in the formation processes of Car-
bon Fiber-Reinforced Polymer (CFRP) composites presents
significant challenges, primarily due to the lack of advanced
monitoring technologies capable of capturing the associated
temporal and spatial scales of these phenomena (Abry et
al., 2001; Behera et al., 2020). The accurate modeling and
characterization of capillary effect remains complicated, as it
requires precise measurement techniques and robust theoretical
frameworks for a comprehensive understanding of the under-
lying mechanisms (Armstrong et al., 2021; Li et al., 2025).
This review provides a deep insight into the critical capillary
pressure theories, characterization and simulation methods,
and applications relevant to CFRP (Fig. 1). In Section 2, the
capillary pressure theories focusing on three key areas are dis-
cussed: Fundamental theory, average capillary pressure theory,
and interface enhancement theory. Section 3 summarizes the
state-of-the-art characterization techniques, including contact
angle experiments and capillary pressure experiments. Section
4 introduces the numerical modeling approaches related to
capillarity in CFRP, followed by a discussion of capillary
applications in CFRP. Finally, the paper is summarized and
the future outlook in this field is set forth.

2. Capillary pressure theory
2.1 Fundamental theory

Capillary action refers to the movement of a fluid along
a surface without any external force (Deng et al., 2024).
Under the basic assumption of neglecting the thickness and

structure of the surface and the solid-liquid interface layers,
the three fundamental equations of classical capillary theory
can be derived. First, Young’s equation (Young, 1805) for the
contact angle describes the boundary conditions of the wetting
phenomenon, which is given by:

cosO = T =W (1)

Yiv
where 7y represents the surface tension; the subscripts sv,

sl, Iv denote solid-vapor interphase, solid-liquid interphase,
and liquid-vapor interface, respectively; 6 denotes the contact
angle, with 90° as the boundary. When 6 > 90°, the surface
is considered non-wetting; when 6 > 135°, it is classified as
superhydrophobic, while if 8 < 90°, it is considered wetting.
A contact angle of or the absence of a stable contact angle
indicates complete spreading. The capillary pressure, that is,
the pressure difference between a liquid-gas or liquid-liquid
interface, is influenced by the curvature of that interface.
Second, Laplace’s equation for the excess pressure resulting
from interface curvature expresses the connection between this
pressure difference and the surface tension:

1 1
wr=r(5+g) @
where R, Ry denote the two principal radii of curvature of the
surface; 7 is the surface tension of the liquid. For a spherical
droplet of radius R, the Laplace relation yields Ap = 2y/R,
while for a cylindrical interface of radius R, Ap = y/R. Third,
the change in vapor pressure of a liquid inside droplets or



Li, Z., et al. Capillarity, 2025, 16(3): 77-86 79

L, LIS 165 15 L,| S -- -
.d] - d
L 4]
1 Ll
L, .
Quadrilateral packing Equilateral hexagonal packing Compressed hexagonal packing

Fig. 2. Fiber structures in tows.

pores due to differences in curvature can be explained by
the Kelvin equation (Thomson, 1872), which describes the
vapor pressure over curved surfaces. According to the laws of
thermodynamics, the saturation vapor pressure p on a curved
surface of a pure liquid is determined by the temperature T
and the radius of curvature R:

In s — ﬂ 3)

Po NAkBTR

where the radius of curvature R is positive for convex liquid
surfaces and negative for concave liquid surfaces; p represents
the saturated vapor pressure on the curved surface; po repre-
sents the saturation vapor pressures over a flat liquid surface;
vy, denotes the molar volume of the liquid; N4 represents Avo-
gadro’s number; and kp is Boltzmann’s constant. The above
three equations are collectively referred to as the fundamental
equations of classical capillarity.

2.2 Average capillary pressure theory

For a vapor-solid interface, the capillary pressure in a
capillary tube refers to the pressure difference caused by
surface tension. This can be described by Young’s equation,
which links the interfacial forces acting on the solid surface,
surface tension and contact angle (Duprat et al., 2012):

2ycos O

P.= “)

,
where P, denotes the capillary pressure and r denotes the tube
radius. Capillary-driven flow can be defined by the Lucas-
Washburn equation (Washburn, 1921):

o rycos @ ; )
\2u

where H represents the distance travelled by the liquid front,
while ¢ refers to the flow time, and u is the viscosity of the
liquid. The change in mass over time can be expressed as
follows:

2.5
T r’pycos ; ©)
2u
where p denotes the density of the liquid and m is the mass
of the liquid.
As for CFRP, average capillary pressure models have been
developed to describe flow within fiber bundles, typically

under the assumption of an ideal fiber arrangement (Uematsu
et al.,, 2013). According to scanning electron microscope
observations of the fiber tow, typical fiber packing structures
can be classified into three types: quadrilateral, compressed
hexagonal, and equilateral hexagonal arrangements (Fig. 2).
Bayramli and Powell (1990) investigated the influence of the
unique structure of fiber bundles by assuming a tetragonal
(square) packing arrangement of fibers. In their model, the
variations in capillary pressure were characterized as a func-
tion of the directional solid angle. Ahn et al. (1991) proposed
an analytical expression for capillary pressure on the basis of
the volume fraction ratio of fiber bundles, taking into account
the effect of bundle structure. Yeager et al. (2016) developed
a capillary pressure model that considers the interactions
between neighboring fibers in tightly packed tows, where
compressed hexagonal packing is used as the representative
unit cell (Table 1).

2.3 Interface enhancement theory

In composite materials, the interface serves as a transitional
region between the fibers and the polymer matrix (Li et
al., 2024), and the quality of this interface has a direct impact
on the overall mechanical and physical properties of the
composite. In the context of capillarity in composites, the
interface enhancement theory typically refers to the use of
capillary mechanisms to improve the overall performance of
the material. The interaction between fibers and polymer not
only influences the capillary-driven liquid infiltration behavior
but also determines the adhesion force and bonding strength
between them. To enhance the interfacial performance of
CFRP, it is necessary to develop relevant interface toughening
theoretical models to quantify the extent of these effects
(Chen et al.,, 2023a). Wang et al. (2014) investigated the
issue of interface enhancement in hierarchical composites
made of Carbon Nanotubes (CNT) and Carbon Fiber (CF).
Through droplet tests and analytical models, they developed a
theory that incorporates both the grafting force between CNT
and CF, as well as the wettability of the CF surface. This
theory provides a solution to the problem of balancing CNT
grafting density and CF surface wettability to improve the
interfacial shear strength of the composite material. Dresel and
Teipel (2016) addressed the wetting issue of carbon nanotubes
by proposing a theory based on liquid infiltration methods and
the Owens, Wendt, Rabel and Kaelble model. It calculates
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sure model for fiber bundles.
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Notes: F' represents the form factor; D represents the fiber diameter; V¢ represents the fiber volume fraction; d; represents
half of the gap between two fibers; o denotes the directional angle; s refers to the fiber surface area wetted. The number

of data points in P, versus dataset is represented by n. denotes

the permissible surface area wetted, and the subscripts max,

min represent the limits. ¢, and oy, are the specific values of limits, where 0y, ~ 7/2— 6 and s.

the surface energy of carbon nanotubes and their dispersion
and polarity fractions through contact angle measurements,
providing a solution for improving the dispersion of carbon
nanotubes and selecting appropriate dispersing media based
on surface energy. Zhang et al. (2017) presented a theory
that combines the modified Wilhelmy method, integrating an
enhanced version of the Cassie-Baxter model. This theory
addresses the accurate characterization of the wettability of
CNT fibers and predicts their physical adhesion to the polymer
matrix.

3. Characterization and simulation methods

3.1 Contact angle experiment

Capillary force is strongly influenced by the contact angle
(wetting angle), as both are determined by surface tension
and the interactions occurring at the liquid-solid interface. The
wettability of solid surfaces is commonly characterized by the
contact angle formed between a liquid and the solid surface, a
property directly influenced by capillary forces arising from
surface tension and interfacial interactions. Contact angles
are typically measured using either direct optical methods
or indirect mechanical approaches. The former (Yuan and
Lee, 2013) involve measuring the tangent angle at the three-
phase contact point of a liquid droplet. This technique is
straightforward and convenient, requiring only a few square
centimeters of solid surface area and a few microliters of
liquid, making it suitable for small-scale testing. However, the
minimal sample quantities increase the risk of contamination,
which may compromise the accuracy of contact angle mea-
surements. Additionally, factors such as the identification of
droplet profile, the selection of baseline, and the determination
of tangent angle introduce subjectivity that can affect the
reliability of the results.

In contrast, the Wilhelmy balance method (Yuan and
Lee, 2013), an indirect mechanical technique, determines the
contact angle by measuring the force exerted on a solid sample
(e.g., a thin plate, rod, or fiber) as it interacts with the test
liquid. The force detected by the sensor represents a combi-

nation of buoyancy and wetting tension and is directly related
to capillary forces acting along the liquid-solid interface. If
the surface tension of the liquid and the wetted perimeter
of the solid are known, the contact angle can be calculated
indirectly. This method reduces human subjectivity and im-
proves measurement accuracy through force-based inference.
However, for dynamic contact angle measurements, it requires
a constant wetted perimeter along the immersion direction and
demands high precision in measuring the wetted length of the
solid sample.

3.2 Capillary pressure experiment

Capillary pressure can be quantified through wicking ex-
periments, providing a direct and quantitative way of analysis
using a single test. These experiments offer initial insights
into the capillary pressure characteristics of fiber-reinforced
materials, allowing for the assessment of variations in fiber sur-
face properties, volume fraction or pore structure. Amico and
Lekakou (2002) introduced a technique where fiber bundles
or single-layer fiber-reinforced fabrics are partially submerged
in a probe liquid, and the capillary pressure is determined by
measuring the rate of weight gain or the height of the liquid
rise. Pucci et al. (2015) adopted a Washburn-based measure-
ment approach, in which capillary pressure is evaluated by
varying the fiber preform orientation. They successfully deter-
mined three advancing contact angles for the weft, warp and
through-thickness directions, which were subsequently used
to calculate the equivalent capillary pressure. Capillary force
measurement methods provide a complementary approach
to studying wettability and contact angles, as they directly
quantify the forces resulting from liquid-solid interactions.
Other techniques such as the capillary rise method measure
the height of a liquid column in a capillary tube, which is
governed by the balance between capillary forces and gravity.
This approach is particularly effective for determining the
contact angle and surface tension in liquid-solid systems, as the
rise height is related to the contact angle through the Young-
Laplace equation. Similarly, the Wilhelmy plate method, in
addition to its application for contact angle measurement, can
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Fig. 3. Schematic of interfacial tension measurements by the (a) Wilhelmy plate method (Daniel et al., 2023), (b) capillary
rise method (Kim et al., 2020), (c) pendant drop method (Berry et al., 2015) and (d) rotating drop method (Liu et al., 2011).

be adapted to measure capillary forces by analyzing the force
exerted on a partially immersed plate. These forces are closely
related to the surface tension of liquid and the cosine of the
contact angle, forming a robust relationship between capillary
behavior and wettability. Other methods, such as the pendant
drop and rotating drop techniques, are primarily employed
for measuring interfacial tension, but they can also inform
capillary force studies by providing precise surface tension
values critical for force calculations. The schematic of the
interfacial tension measurement setup and the capillary force
measurement configurations are presented in Fig. 3.

The experimental principle of the Wilhelmy plate technique
(Daniel et al., 2023) is as follows: A flat plate with a known
surface area is vertically immersed in a liquid, causing it to
adhere to the plate surface. The adhesive force is continuously
monitored using a force sensor. Subsequently, the interfacial
tension () is calculated using the measured force (F), the
perimeter of the plate (L), and the liquid contact angle (6):

F
r= Lcos6 ™
The experimental principle of the capillary rise method
(Kim et al., 2020) is as follows: A capillary tube is directly
immersed in a liquid, and the liquid rises along the tube wall
due to capillary forces until equilibrium is reached. Through
mechanical analysis, the force balance condition at the liquid

surface can be directly obtained, allowing the corresponding
interfacial tension to be calculated:

Y= %(p —pPg)ghrocos 6 (8)
where ry represents the radius of the capillary tube, / indicates
the height of the liquid column, and g is the product of the
density and gravitational acceleration of the liquid.

The experimental principle of the pendant drop method
(Berry et al., 2015) involves suspending a droplet in a different
phase and measuring the surface tension by observing the

droplet shape:
(drﬂ
&
N _ Po—Apgz

3
1+ﬂ22 Y
dz

where r represents the radial position or the radius of the
droplet along the vertical (axial) direction, z is the height
measured from the apex of the droplet, py is the pressure
at the point of suspension, Ap denotes the density difference
between the two phases, and g is the gravitational acceleration.

The experimental principle of the rotating drop method
(Liu et al., 2011) involves considering the effects of centrifugal
force, gravity and interfacial tension on the shape of the liquid

d?r n 1
dz2  r
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Fig. 4. Micro flow and macro flow: (a) Resin infiltrating flow (Nordlund and Michaud, 2012), (b) saturation, (c) capillary
pressure and (d) schematic representation of micro flow and macro flow.

during rotation, in order to measure the interfacial tension:

Apw*D?
= Apo D~ (10)
where  denotes the angular velocity, D represents the diam-
eter of the droplet’s short axis, and L refers to the length of
the droplet’s long axis.

3.3 Numerical simulation method

Capillary action in CFRP is jointly governed by the com-
plex microstructure—such as fiber arrangement, nanoparticle
distribution and pore network—and the wetting properties at
the liquid-solid interface (Cai et al., 2022; Zhou et al., 2023).
Experimental characterization methods, including direct mea-
surements of contact angle and capillary pressure, provide
critical data for quantifying wettability. However, these meth-
ods face limitations in capturing nanoscale interfacial effects
and dynamic infiltration behavior within complex porous
structures (Cai et al., 2021; Zhou et al., 2024). Numerical
simulations, via constructing multiscale mathematical models
that integrate surface tension, contact angle and fluid me-
chanics principles, can predict liquid infiltration paths and
capillary force distributions within fiber bundles, pores and

nanoparticle networks, thus compensating for the limitations
of experimental techniques (Teixid6 et al., 2022). Capillary
effects primarily manifest at the microscale, while macro-
scopic observations are generally regarded as the result of
microscale phenomena occurring within fiber tows (Liu et
al., 2024). It is commonly understood that as the infiltrating
liquid gradually saturates the fiber preforms, a nonlinear
pressure distribution occurs within the unsaturated areas (Fig.
4). In partially saturated regions, the pore size has a significant
impact, causing capillary forces to act over a broader length
scale. Therefore, at the macroscopic level, the magnitude
of capillary pressure is typically represented by the average
capillary force of the representative volume elements at the
microscopic scale. Chang et al. (1997) classified resin flow
into two flow regimes: macroflow around the fiber bundles and
microflow around individual fibers within the bundles, which
occur simultaneously and are both governed by Darcy’s law.
A detailed numerical simulation of capillary effects under low
flow velocities during the resin transfer molding process was
conducted using a body-fitted finite element method, which
accounts for the complex geometry of the fiber preform.
Lawrence et al. (2009) conducted numerical simulations of
capillary effects via a multiscale modeling approach using the
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liquid injection molding simulation software. By introducing
capillary pressure at the fiber bundle level, they modified
the existing simulation tools to enable the prediction of the
saturation process within the bundles. Capillary pressure was
incorporated as an additional force in the boundary conditions
of the fiber bundles, and the capillary effect was simulated by
varying the pressure at the vent locations.

In the numerical simulation of capillary-driven resin infil-
tration in CFRP, the material is typically modeled as a porous
medium (Chen et al., 2023b). Porous media models effectively
describe both macroscopic and microscopic flow using Darcy’s
law and the Young-Laplace equation. These models simplify
complex geometries, reduce computational cost and facilitate
the integration of capillary pressure and wettability parameters.
Compared to the direct simulation of individual fibers or pores,
porous media models offer significant advantages in terms of
computational efficiency and compatibility with experimental
data. Using a multiscale modeling technique, Park et al. (2011)
conducted numerical simulations to investigate the impact of
capillary effects on void formation and the saturation of fiber
bundles. By comprehensively considering the flow characteris-
tics within macropores (between fiber bundles) and micropores
(inside the bundles), they proposed a model to describe void
formation and saturation behavior induced by capillary action
during the manufacturing of fiber-reinforced composites. Vis-
cous flow between fiber bundles was modeled using Darcy’s
law, while the influence of capillary pressure on intra-bundle
flow was explicitly incorporated. Via evaluating the timescales
of resin infiltration across different pore domains, the authors
predicted the tendency for void formation and analyzed the
impact of capillary effects on fiber bundle saturation. Devalve
and Pitchumani (2013) performed numerical simulations of
capillary effects using a volume of fluid-based method coupled
with the momentum equation. They explored capillary-driven
resin infiltration in plain weave fabric preforms and considered
the influence of key parameters—such as fiber bundle geometry,
fiber volume fraction, fiber diameter, resin surface tension,
and contact angle—on capillary pressure. The flow behavior
of resin within the fiber bundles was simulated by integrating
porous media and capillary source terms into the momentum

equation, and the results demonstrated that capillary action
has a significant influence on void formation and distribution.
Furthermore, a parametric study was conducted to examine
the effects of the capillary number and Reynolds number on
void content and distribution: Andriamananjara et al. (2019)
carried out an in-depth study of capillary effects during
resin infiltration in plain weave fabric preforms. Their model
incorporated the influence of key parameters—such as fiber
bundle geometry, fiber volume fraction, fiber diameter, resin
surface tension, and contact angle—on capillary pressure. By
introducing porous media source terms and capillary source
terms into the momentum equation, they could simulate the
resin flow behavior within the fiber bundles.

4. Applications

The application of capillary forces in interfacial modifica-
tion of composites utilizes the capillary behavior of liquids
within micropores or fibrous networks to precisely tailor the
interfacial properties (Fig. 5). Tawfick et al. (2013) revealed
the densification mechanism of CNT microstructures during
the liquid evaporation process using a capillary-driven assem-
bly technique. Their study demonstrated that the anisotropic
mechanical properties of the CNT forest and the frictional
interactions between the CNTs significantly influence the
capillary-driven assembly process. By controlling the frictional
interactions between the CNTs through atomic layer depo-
sition, the densification degree of the CNT microstructure
could be precisely controlled. Yao et al. (2021) significantly
improved the interfacial wettability and interfacial strength be-
tween carbon fibers and a polycarbonate matrix by pre-coating
the carbon fiber surface with polycarbonate nanoparticles. The
densely packed microstructure formed by the polycarbonate
nanoparticles on the fiber surface enhanced capillary action,
facilitating resin infiltration into the interior of the carbon fiber
bundles. As a result, the resin impregnation degree increased
markedly to 93.48%, leading to improved interfacial adhesion.
Overall, the interfacial shear strength of the composite was
enhanced by 67.25%, while the tensile and flexural strengths
increased by 41.06% and 22.16%, respectively. Caglar et
al. (2019) addressed the issue of resin impregnation in fiber-
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reinforced composite manufacturing by enhancing the cap-
illary forces of glass fiber fabric through corona treatment.
Capillary rise tests and permeability measurements confirmed
a substantial enhancement in capillary force resulting from
surface modification. Using ultraviolet light for rapid curing,
they captured the flow front morphology and analyzed the
interaction between capillary and viscous forces. This led to
the optimization of the resin impregnation process, reducing
pore formation and improving the molding quality of the
composites.

The application of capillary pressure during the fabrica-
tion of composite microstructures leverages the capillarity of
liquids within micro- or nanoscale pores, enabling the con-
struction of high-performance architectures through the precise
control of fluid flow and deposition. For instance, capillary
action can be employed to align many randomly oriented short
CNTs within a polymer matrix, thereby improving their dis-
persion and orientation. Garcia et al. (2007) successfully fab-
ricated composite microstructures by integrating commercially
available thermosetting polymers with vertically aligned CNT
forests using a capillary-force-driven wetting technique. The
developed “immersion method” enabled polymer infiltration
into the CNT forests via capillary action, achieving uniform
wetting and preserving the vertical alignment of CNTs, even
under challenging conditions such as high-viscosity and fast-
curing epoxy resins. Shi et al. (2020) introduced a capillary-
driven dynamic additive manufacturing method for 3D printing
continuous carbon fiber reinforced thermoset composites, par-
ticularly addressing the challenges posed by high-viscosity and
fast-curing epoxy resins. This method regulates the viscosity
and curing degree of the liquid polymer using a localized
thermal gradient, leveraging the capillary effect to guide the
polymer into the gaps between carbon fibers where it is rapidly
cured. This strategy allows for the in-situ curing of complex
shapes.

5. Conclusions and perspectives

This review article systematically summarizes the mech-
anism and relevant applications of capillary theory in CFRP.
Capillary action is defined as the spontaneous flow of liquid
along a solid surface under the influence of surface tension
at the liquid-air and liquid-solid interfaces, as well as the
capillary pressure difference, without the application of exter-
nal forces. The three fundamental equations are sequentially
introduced: The capillary pressure theory, the average capillary
pressure theory, and the interface enhancement theory. The
infiltration behavior of liquids within fiber bundles is discussed
in detail, along with the relevant theoretical models, experi-
mental characterization methods for contact angles and capil-
lary force testing, as well as numerical simulation techniques.
The review concludes with a summary and outlook on future
research on capillary effects in CFRP. The main suggestions
are as follows:

1) The development of capillary force theoretical mod-
els should be combined with multiscale analysis. For
short CNT fibers, scale effects become prominent at the
nanoscale. Future research should focus on integrating

multiscale simulation methods to better explain the mech-
anisms of capillary effects in complex porous structures
and liquid infiltration processes.

2) The design of new materials should effectively leverage
capillary pressure to achieve enhanced interfacial perfor-
mance. Improving the interface properties between fibers
and the matrix is key to enhancing the performance of
CFRP.

3) Future studies should focus on understanding how capil-
lary action influences interfacial performance, extending
beyond mechanical properties to include thermal, electri-
cal, and magnetic behaviors.
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