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a b s t r a c t

Liquid composite molding (LCM) is a method to manufacture fiber-reinforced composites, where dry fab-
ric reinforcement is impregnated with a resin in a molding apparatus. However, the inherent process
variability changes resin flow patterns during mold filling, which in turn may cause void formation.
We propose a method to reconstruct three-dimensional resin flow in LCM, without embedding sensors
into the composite structure. Capacitance measured from pairs of electrodes on molding tools and the
stochastic simulation of resin flow during an LCM process are integrated by a sequential data assimilation
method based on the ensemble Kalman filter; then, three-dimensional resin flow and permeability dis-
tribution are estimated simultaneously. The applicability of this method is investigated by numerical
experiments, characterized by different spatial distributions of permeability. We confirmed that changes
in resin flow caused by spatial permeability variations could be captured and the spatial distribution of
permeability could be estimated by the proposed method.

� 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Liquid composite molding (LCM), such as resin transfer molding
(RTM) and vacuum assisted resin transfer molding (VaRTM), is a
method for manufacturing fiber-reinforced plastics (FRPs) used
for wind turbine blades, marine vessels, airplanes and other indus-
trial products. In an LCM process, dry fabric reinforcement is
impregnated with liquid resin in a molding apparatus. However,
inherent process variabilities, such as spatial variations in perme-
ability caused by variability in the fabric architecture, can change
the resin flow patterns during mold filling, which in turn may
result in the formation of voids, including large dry spots or micro
voids that significantly degrade the mechanical properties of the
composite structure. The application of LCM is currently limited
because of its poor quality.

Recent studies proposed optimization of resin injection gates
and vents based on resin flow simulation [1–4] to address quality
issues in LCM. Statistical modeling of permeability variations [5] or
stochastic simulation of resin flow [6] has also been studied to fur-
ther improve optimization of the processing conditions. However,

it is almost impossible to control and optimize many factors
involved in an LCM process prior to manufacturing. Therefore,
monitoring of resin flow patterns during an LCM process and
implementing control systems are preferable to reliably predict
and prevent formation of voids.

This paper focuses on flow monitoring methods in an LCM pro-
cess. In previous studies, various methods for monitoring of resin
flow have been proposed. Optical fiber sensors [7–9], including
fiber Bragg grating (FBG) sensors [10,11], are used for monitoring
of resin arrival to the sensor location on the basis of changes in
the refractive index or strength of the reflected light. Electric
time-domain reflectometry (E-TDR) [12–14], is also used to moni-
tor resin flow by measuring reflected waves on a transmission line
embedded in composites or molding tools. Although the optical
fiber and E-TDR methods can monitor resin flow with high accura-
cy, they only measure resin flow along sensor lines. Further, the
possible degradation of the mechanical properties of parts and
interference with the smooth resin flow due to embedded sensor
lines may pose problems. Permittivity [15] or conductivity [16–
18] methods have been proposed for monitoring resin flow by
measuring the relative permittivity or conductivity of the polymer
resin at the sensor location. However, these sensors are point or
linear sensors on molding tools and only measure the resin flow
close to the sensors. Although grid sensor [19], area array sensor
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[20], or pressure sensor-based methods [21] enable monitoring of
an arbitrary resin flow process, the resin flow was assumed to be
two-dimensional and flow in the thickness, or out-of-plane direc-
tion, has not been considered.

This paper presents a method to reconstruct three-dimensional
resin flow in an LCM process without embedding sensors into com-
posite parts. Electrical capacitance measured from pairs of elec-
trodes on molding tools and stochastic simulation of resin flow
during an LCM process are integrated by a sequential data
assimilation method based on the ensemble Kalman filter (EnKF),
and then, three-dimensional resin flow and permeability distribu-
tion are estimated simultaneously. This improves the accuracy of
the flow front prediction by simulation and can provide valuable
information for formulating a strategy to control resin flow and
reduce the formation of voids during an LCM process.

2. Flow reconstruction method

Several types of sensors based on different physical phenomena
have been used to capture resin flow during LCM processes in pre-
vious studies, as summarized in the preceding section. In this
study, an electrode array sensor was employed for flow monitoring
because of its ability to obtain information unobtrusively on resin
flow away from the sensor. In fact, it has been reported that an
electrode array sensor can detect both in-plane and out-of-plane
resin impregnation [22]. However, the monitoring of three-dimen-
sional resin flow, in which in-plane and out-of-plane flow exist
simultaneously during the molding of a thick part, has not been
addressed. To address this problem, we propose in this paper a
method to reconstruct three-dimensional resin flow using values
measured with an electrode array sensor, complemented by
simulation modeling. The details of the method are presented in
this section.

2.1. Electrical capacitance measurement

2.1.1. Electrical capacitance sensor and measurement
Plate electrodes are arrayed on the molding tool and used as

sensors to obtain information on resin flow in the mold cavity, as
shown in Fig. 1. Sensors of this type can be fabricated by embed-
ding copper electrodes in a molding tool [19] or by making a pat-
tern of electrodes on a flexible substrate that can be attached to a
molding tool [20,23]. Capacitances are measured by pairs of elec-
trodes, and the measured values (c1; c2; � � � ; ci; � � � ; cM) are organized
in an electrical capacitance vector defined as

ct ¼ ðc1; c2; � � � ; ci; � � � ; cMÞT ; ð1Þ

where M is the number of measurements, and t is an index of the
discrete time. The capacitance ci between a pair of electrodes is
the ratio of the charge on electrode Qi to the potential difference
between the electrode pair DVi, i.e., ci ¼ Qi=DVi.

Fiber reinforcements placed in the mold cavity are impregnated
with polymer resin during an LCM process. When the electric field
excited by the measurement electrodes is applied to a polar poly-
mer such as polyester or epoxy resin, the dipoles in the resin are
aligned to the direction of the electric field, which causes dielectric
polarization. Thus, polymer resin acts as a dielectric material. The
electrical capacitance vector changes with resin impregnation dur-
ing an LCM process because the dielectric constant in the space
between a pair of electrodes increases as the resin impregnates
into fiber reinforcements in the mold cavity. Therefore, the
capacitance vector provides the information about the resin-filled
region.

2.1.2. Governing equations of electric field and sensitivity calculation
To reconstruct resin flow from measured capacitance, the rela-

tionship between resin distribution and capacitance must be
established. Here, we consider this relationship in a manner similar
to electrical capacitance tomography [24,25], which is the method-
ology used to reconstruct the permittivity distribution of an object
from electric capacitance measurements. Because the wavelength
of the electromagnetic field substantially exceeds the dimensions
of the sensors in typical measurement systems for ECT, the electric
field distribution obeys the electrostatic field theory. The govern-
ing equation of the electric field can be derived as the electrostatic
approximation of the Maxwell equations in the absence of internal
charges, i.e., r � D ¼ 0, where D is the electric displacement. The
electric displacement D is related to the electric field intensity vec-
tor E via the permittivity of a material e, i.e., D ¼ eE. The permit-
tivity e reflects the ability of a material to store electrical energy
under the influence of an electric field and is a second-order tensor
when the material is anisotropic. We can then assume E ¼ �rV for
electric potential V and finally the governing equation of the
electric field can be written as

r � erV ¼ 0 in X; ð2Þ

where X is the region inside the mold cavity. Once the electrical
potential distribution is obtained by solving Eq. (2) with boundary
conditions for the electrical potential V at the measurement elec-
trodes, the capacitance between the electrodes can be calculated
using the electric potential distribution. Because the induced charge
on the electrode can be obtained from a volume integral,

Qi ¼
1

DVi

Z
X
ðrVÞTeðrVÞdX; ð3Þ

the capacitance can be obtained from its definition,

ci ¼
Qi

DVi
¼ 1

DV2
i

Z
X
ðrVÞTeðrVÞdX: ð4Þ

Let Xj be a small region in X, and let fj be the fill fraction f of that
region, which ranges from 0 to 1 such that the limits f = 0 and
f = 1 signify the region being completely unfilled and completely
filled with resin, respectively. The sensitivity of fj to ci, i.e., the
change in the capacitance ci induced by a change in fill fraction fj

in a small volume Xj, is obtained from the following equation:

sij ¼
@ci

@f j
¼ 1

DV2
i

Z
Xj

ðrVÞT @ej

@f j

 !
ðrVÞdXj; ð5Þ

where ej is the permittivity tensor in Xj. By exploiting the sensi-
tivity, the relationship between small changes in the resin distribu-
tion and small changes in the capacitance vector can be described
quantitatively. However, the information obtained by the
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Fig. 1. Schematic of electrical capacitance measurements. Capacitance is measured
from a pair of electrodes on molding tools. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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