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The orientation of unidirectional carbon fibers (UDCFs) in a manufacturing process is critical to the mechanical
properties of carbon fiber reinforced plastics (CFRPs). This study presents a method to monitor the orientation of
UDCFs on a mold using electrical resistance during the CFRP manufacturing process. An equivalent electrical
model for UDCFs was proposed to develop an in situ sensor in a mold. The orientation of UDCFs during the CFRP

manufacturing process is investigated in terms of its orthotropic electrical properties. The proposed technique
can have strong implications on in situ monitoring of composite molding process where the fiber orientation is
unseen by monitoring electrical resistance with Cu tapes as electrodes.

1. Introduction

Carbon fiber reinforced plastics (CFRPs) possess a large strength-to-
weight ratio. Therefore, it is being increasing used in fields such as
aircraft [1,2], automobile [3], and civil infrastructure [4]. However,
continuous carbon fiber as a reinforcing material for CFRPs exhibits
superior mechanical properties only in the lengthwise direction. For
example, the intermediate-modulus type carbon fiber has a tensile
modulus of 200-300 GPa, and a tensile strength of 3-4 GPa [5]. In
contrast, the transverse mechanical properties of a CFRP are not as
strong [6]. Hence, the design consideration of CFRPs must include the
orthogonal mechanical properties.

Composite manufacturing can help realize the advantages of CFRPs
in different directions [7-9]. To allay safety and cost concerns, the final
product must not deviate from the design [8,10-12]. That is, the process
from CFRP design to manufacturing must be monitored. Although
studies have explored the monitoring process [13,14], most have
focused on resin curing monitoring [15-18] or on the residual stress
during resin curing [19,20], However, fiber angle monitoring is the most
critical area that needs focus, as the reinforcing material undergoes
mechanical loading [21].

A few studies [22-25] investigated the quality of CFRP
manufacturing systems using eddy currents or ultrasonic guided waves.
Their scanning resolution was as precise as fiber waviness can be
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identified. Another study measured Young’s modulus during curing
[25]. However, they did not investigate the real-time fiber alignment
monitoring as they focused on the analytic approach with eddy currents
after the CFRP manufacturing.

The use of electrical resistance to monitor carbon fiber composites
has been investigated [26,27]. For example, Ali et al. [26] proposed an
electrically equivalent circuit model to predict the permeability of the
fabric. The measured resistance was correlated to the porosity of the
material, which was a fabric consisting of a composite material. Another
study led to the development of a method that enabled the structural
health of a material to be monitored by electrical impedance tomogra-
phy [27]. Specifically, the use of the electrical conductivity, which is the
reverse of resistivity, was investigated to localize the impact damage.
The principle underlying this study was that the structural change
affected the electrical network. However, these studies are a posteriori
and are not suitable for monitoring a manufacturing process in real time.

Thostenson’s group [28-30] also investigated the electrical resis-
tance of carbon fiber composites manufactured by electrophoretic
deposition. They developed multiscale hierarchical carbon composites
using carbon fibers and carbon nanomaterials. They mainly measured
the electrical resistance to monitor the strain and detect cracks [28,29].
In addition, resistance monitoring was utilized to verify the performance
of electrodes [30]. Unfortunately, as with the aforementioned studies,
Thostenson’s group did not use electrical measurements for in-situ
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real-time monitoring of composite manufacturing.

This study investigated the alignment of carbon fiber on a mold using
electrical resistance. Moreover, an electrically ultimate route was
modeled to estimate the electrical resistance of carbon fiber fabrics in
terms of orientation. The electrically ultimate route model is a dominant
equivalent circuit of substantial network, i.e., carbon fibers connecting
the opposite electrodes in a shortest way. The numerical values from the
equivalent circuit model and empirical data were analyzed to develop a
smart mold that detects fiber orientation. The mold could monitor the
fiber angle by simply monitoring the electrical resistance with Cu tapes.
The developed in-situ monitoring system of the fiber alignment which is
unseen in the mold before the infusion can significantly contribute to the
composite manufacturing process because the fiber mis-alignment is
directly relevant to the cost, labor, and mechanical properties.

2. Materials and experiment
2.1. Materials

A T300SC-yarn-type 12 K unidirectional carbon fabric (UDCF; Toray,
Japan) was purchased from JMC Corp. (Gyeongju, Korea). The fiber
areal weight of the UDCF was 299 g/m?2. It was bonded with polyester
ribs in the perpendicular direction for handling. A 3 K plain-woven
carbon fabric (PWCF) was woven with T300SC yarns (Toray, Japan)
at JMC Corp. (Gyeongju, Korea). A 3 K single carbon fiber tow was
isolated from the PWCEF. Electrodes for the 4-probe measurement were
installed as shown in Fig. 1(a). Carbon-glass hybrid fabric (CGHF) holds
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carbon fiber tows in either warp or weft form, and glass fiber tows in the
other as shown in Fig. 1(b). The CGHF supplied by JMC Corp.
(Gyeongju, Korea) was woven with Toray yarns.

2.2. Characterization

Electrical resistance along the tow, expressed as an intratow
network, was measured by the 4-probe method (Fig. 1(a)). The electrical
resistance per interply network—the resistance divided by the number
of stacked fabrics—were also measured (Fig. 1(c)). The electrodes
installed in the 4-probe measuring system were Ag paste and Cu wires
(Fig. 1(c)). The electrical resistance of the intertow connection between
two respective single tows was measured similarly (Fig. 1(d)). The
electrical resistance per unit length or the number of plies were
measured five times, and the maximum and minimum values were
eliminated. The resistance values in terms of the geometry or the
number of unit materials were the averages of the values of the three
specimens.

For the investigation of a smart mold system, four Cu tapes as elec-
trodes were attached on an electrically insulative glass mold in parallel
(Fig. 1(e)). The electrically conductive fabric sets were laid on the Cu
tape. Direct-current electrical resistances of the fabrics were measured
by the 4-probe system via a multimeter (Keithley 2002, USA), which
represents 6.5 significant digit numbers. The fabrics were rotated every
5° clockwise to investigate the electrical resistance. Zero degree is the
case when the carbon fiber tows were aligned parallel to the Cu tapes.

Carbon fiber tows

(b)

Glass fiber tows

UDCF

Carbon fiber
direction

Silver paste

Copper wire

& Insulative mold

<& Copper tape

Conductive fabric

[~ 4-probe wiring system

JE Multimeter

L — I

Fig. 1. (a) Single carbon fiber tow, (b) Carbon-glass hybrid fabric and experimental setup for the electrical resistance measurement (c) in the through-thickness

direction, (d) in the in-plane intertow direction, and (e) on the mold.
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2.3. Hypotheses

Electrical current flows in a carbon fiber of a carbon fabric when
voltage is applied to it because the carbon fiber tows in the fabric are
electrically conductive. The potential network in the fabric can be along
the carbon fiber tow, which is called the intratow network, and con-
necting the tow, which is called the intertow network.

Two hypotheses were proposed to investigate the electrically ulti-
mate path. The ultimate purpose of the introduction of two different
hypotheses was to find the most acceptable electrical network and
modeling of the composite by comparing two different hypotheses.

The first one states that the ultimate path is determined by selecting
the easiest sole route, indicated by the red line in Fig. 2(a). The least
electrical resistance value should be observed with this hypothesis.
Hence, the ultimate intratow network should be the longest. Further, the
intertow network should have the smallest length.

The other one states that the electrical path lies in all the electrical
path, which is in contact with electrodes as shown in the blue lines in
Fig. 2(b). The electrical networks start and end where the carbon fibers
lie on the electrodes with a combination of numerous intratow and
intertow networks.

3. Results and discussion
3.1. Electrical resistor modeling

Electrical networks are forms of carbon fibers modeled into electrical
resistors. The carbon fiber single tow shown in Fig. 1(a) represents an
average resistance of 1.103 ohm with a standard deviation of 0.054. The
effective length of the tow is 110 mm. The resistance per unit length of
the single tow, p,,,, can be measured as 0.01 ohm/mm. Similarly, the
resistance per interply network, R, measured from Fig. 1(c) is 9.75
ohm/ply. The investigation revealed a resistance of 39 ohm when four
UDCFs were stacked together. In metric units, the resistance was 25.66
ohm/mm in the through-thickness direction. The geometry in terms of
the length and width of the through-thickness measurement was not
considered because the most effective path was localized where the
silver paste electrodes were aligned. A resistance of 8900 ohm was
observed between 81 parallel tows which shows that the intertow
resistance between the adjacent tows, p;.,, iS 111.25 ohm/tow. The
distance across which the interply resistance was measured was 80 mm,
and hence, p;,,,- was 111.25 ohm/mm when the width, which was the
length of the Cu electrodes, was 100 mm. The resistance values for the
equivalent circuit modeling are summarized in Table 1.

3.2. Electrodes setup: 4-probe and 2-probe method

Electrical resistances of the UDCFs and PWCFs were measured by 4-
probe and 2-probe methods to analyze the contact resistance between
the electrodes and the carbon fiber fabrics. While the 4-probe method is
unaffected by the contact resistance, the 2-probe method measures not
only the sample resistance but also the contact resistance. Hence, the

(a) Hypothesis #1

Glass mold -
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‘Ultimate path’
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Table 1
Electrical resistance values for electrically equivalent circuit modeling of carbon
fabrics.

Ryine (Ohm/ply)
0.01 111.25 9.75

Prow (Ohm/mm) Pinter (Ohm/tow)

aim of this analysis is to investigate the effects of contact resistance.

Both the 2-probe and 4-probe methods revealed similar electrical
resistances of UDCFs as shown in Fig. 3, despite the 2-probe method
measuring higher resistances compared to the 4-probe method.

However, the resistances of PWCFs represented larger discrepancies
in the 4-probe and 2-probe methods as shown in Fig. 4. For example, the
resistance of the two plies of PWCFs showed a maximum value which is
500 times larger in the 2-probe method compared to the value in the 4-
probe method. Thus, the 2-probe method in this study is not suitable to
measure the resistances of PWCFs. The 4-probe method was hence
adopted in this research.

3.3. Hypothesis analysis and electrical route modeling

Two different hypotheses were proposed and verified to determine
the electrical networks in the carbon fiber fabrics. Hypothesis #1 pro-
poses that an electrical route follows the easiest single path. The nu-
merical electrical resistance values were obtained by considering the
geometry of the UDCFs and constituting the electrically equivalent cir-
cuit model. This model includes the intratow, intertow, and interply
electrical networks. Hypothesis #1 suggests that the ultimate electrical
network in carbon fabrics is the easiest and sole path along the tows as
shown in Fig. 2(a). The verification of hypothesis #1 shown in Fig. 5(a)
proves the reasonability of the proposed hypothesis.

Hypothesis #2 proposes that all the carbon fiber tows are involved in
the electrical network as electrical resistors connected in parallel.
Similar to the model that forms the basis of Hypothesis #1, the equiv-
alent model of Hypothesis #2 includes all the intratow, intertow, and
interply factors in terms of the fabric geometry. However, Hypothesis #2
has shown unacceptable discrepancies as shown in Fig. 5(b). These
discrepancies are attributed to the enormous number of electrically
closed-loop circuits that exist in the fabric, and the fact that Kirchhoff’s
superposition theorem applies to the loops.

Although Kirchhoff’s superposition theorem should have been
applied to the model as previously studied at the atomic scale [31,32]
which has electrically closed loops, the model on which Hypothesis #2 is
based is a summation of the resistance values of combinations of re-
sistors in series and parallel as follows:

1 1 1 1 1
+ ...+

@

Rzoml Rreg[onl RrrgianZ Rrrgiun3 Rrrgiuni

»

where the subscripts “region 1” to “region i,” where i is an integer,
represent the summation of the resistance of a local area for which the
electrical resistors are arranged in series.

This summation simply adds intertow and intratow networks as

(b) Hypothesis #2

Fig. 2. Hypotheses for the electrical network: (a) the electrical network is determined by the easiest single path, and (b) all the electrically conductive network

touching the electrode participate in the electrical network.
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Fig. 3. Electrical resistances of the unidirectional carbon fibers (UDCFs) measured by 4-probe and 2-probe methods in terms of the angle between the tow and the
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Fig. 4. Electrical resistances of plain-woven carbon fabrics (PWCFs) measured by 4-probe and 2-probe methods in terms of the angle between the tow and the
electrodes: (a) single ply, (b) two plies, (c) three plies, (d) four plies, (e) five plies, and (f) six plies.

other research groups proposed [33,34]. In specific, electrical resistivity
was multiplied by the geometry of a sample, and different types of
electrical networks such as intratow and intertow networks were con-
nected either in series or in parallel. However, this hypothesis double
imposes the electrical network because the current flow could be
changed with respect to not only Ohm’s law and Kirchhoff’s current law.
In accordance to Ohm’s law, the more electrical current might flow in
the path with the smaller electrical resistance. Kirchhoff’s superposition

theorem could identify the current flow in the enormous electrical loops
in the fabric. Taking all the electrical parameters underlied in the fabric
into account, the maximum electrical current might be observed in the
easiest path, which is the single tow path as shown in Hypothesis #1,
because Kirchhoff’s superposition theorem might indicate that the cur-
rent at the fabric periphery might be as small as be ignored compared to
the electrically easiest path.

Therefore, the result of not applying Kirchhoff’s superposition
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Fig. 5. Validation of the proposed electrical route modeling with UDCFs: (a) Electrical route is determined by the easiest sole path, and (b) Electrical route laid in all

the carbon fiber tows contacting the electrodes.

theorem is that an overly large number of electrical networks are
imposed in the model of Hypothesis #2, and it led to significant negative
errors as shown in Fig. 5(b). Thus, modeling the electrically equivalent
circuit should obey the principle of Hypothesis #1 when it is expanded
in terms of the metric geometry as proved in the comparative analysis of
Hypothesis #1 and #2.

When a single tow connects the inner electrodes on the mold
following Hypothesis #1, as shown in Fig. 6(a), the resistance might be
written as below:

R= Prow X X @

where R represents the electrical resistance, p,,, is the electrical resis-
tance of the single tow per unit length, x is the path length, w is the
length of the Cu electrode, and s is the span between the electrodes. The
angle between the tow and the electrode is represented as 9, and the
criteria that facilitates the single tow to reaches the opposite electrodes
is 9c. Thus, the path length in the case of Fig. 6(a) can be described as
below:

s =a x sin(9c¢) 3

where a is the path along the single carbon fiber tow.

However, when the single tow cannot reach the opposite side such
that 9 is less than 9c, the intertow network occurs inevitably, as shown in
Fig. 6(b). Hence, the resistance might be significantly higher than the
case of Fig. 6(a), because of the intertow networks with a resistivity
higher than that of the intratow network.

In the case of [0/90]y crossply, where N is any integer, the perpen-
dicular paths are involved for the minimized electrical resistance, as
depicted in Fig. 7(a). The corresponding electrical resistance might be
written as below:

At /////f= Carbon fiber tow
7
: v A

Fabric rotation

/ <= Copper electrode
VA

*Ultimate path

R= Prow X a1+ 2Rlinr T+ Prow X Q2 (4)

where a; indicates the path length in the first (bottom) ply, and a, in-
dicates the path length in the second ply. In terms of the given geometry,
an additional constraint, i.e., span (distance between electrodes), is
written as below:

s=a; xsin(d)+a, xcos(9) )

Then, the resistance can be expressed as below:

_ Puw

" cos(9) xAarx(

cos(9) —sin(9)) +s } + 2R, (6)

In the case of [0/@/2@ 1N crossply, as depicted in Fig. 7(b), an
additional option in the third ply is given. However, if the tow in the
second ply reaches the opposite electrode, the tow in the third ply is
irrelevant, because the lower electrical resistance contains the less
number of interply networks, R, Moreover, the symmetric stacking
conditions are also applicable despite the irrelevance of the upper parts
to the proposed investigation in the same rationale. The effective elec-
trical resistance can be expressed as below:

R=p,, % a1 +2Ru+p,,, X a 7

whose format is equal to that in the case of Fig. 7(a). Due to geometrical

constraints, the span can be expressed as below:

s=a; xsin(d)+a xsin(d+@) (€))
In addition, the constraints in terms of width can be as below:

w>a xcos(®)+a xcos(3+@) 9

Furthermore, when more plies are involved in the ultimate path, the

TR i

1 Fabric rotation

(b)

<= Copper electrode

r— — Ultimate path

I s

Fig. 6. UDCFs laid on the mold with the following geometrical constraints: (a) the single carbon fiber tow reaches two opposite electrodes, and (b) the intertow

network in inevitable.
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Fig. 7. Fabrics laid on the mold: (a) [0/90]y crossply, and (b) [0/@/2@]x crossply.

resistance can be as below:
R=p,, X > ay+2R x (n—1) 10)

where n is an integer of which the number of plies are related, and a, is
the ultimate path length in the nth ply. The constraints in terms of the
geometry are as below:

s:Zanxsin{{H—(n—l)x@} an
3.4. Two-dimensional orientation analysis

3.4.1. Orientation of UDCFs

The electrical resistances of the UDCFs measured by the 4-probe
method in terms of fiber orientation are displayed in Fig. 8. Addition-
ally, the numerical calculations based on Hypothesis #1, introduced in
Fig. 2(a), were investigated in terms of both fiber orientation and the
number of stacked fabrics (Fig. 8).

As the fabric orientation increased, the number of intertow networks
reduced under the given geometrical constraints shown in Fig. 6(a)
compared to (b). Consequently, the electrical resistance decreased as the
angle between the fiber and the electrodes increased. Furthermore,
when the single tow bridged the opposite electrodes as depicted in Fig. 6

(a), the electrical resistance abruptly decreases at 40°, 45°, and 50° in
Fig. 8. This is because the electrical resistance per unit length as to
intertow network was eradicated in the electrically equivalent model by
facilitating the single tow to reach the opposite electrode directly.
When the number of stacked plies increased from a single ply to six,
as illustrated in Fig. 8(a) to (f), the empirical and numerical electrical
resistances decreased. The possibility of contacting the adjacent carbon
fiber tows in both in-plane and interply networks increased. In other
words, the more the stacked plies, the more the options for the easiest
route. Furthermore, the more number of stacked fabrics that weighed
more than the single ply, the more stable resistances could be measured.

3.4.2. Orientation of CGHFs

The measured electrical resistances of the CGHFs were as similar to
those of the UDCFs, as only carbon fiber tows in the direction of warp or
weft were involved in the electrical network, which posses a form
similar to that of the UDCF. However, the result of the single ply of the
CGHEF exhibited theoretically infinite resistance at 0-35°, which implies
the absence of an electrical network. The carbon fiber tows in the CGHFs
were perfectly separated without any intertow network as the glass fiber
tows aided the fiber alignment. This empirical value was also reflected in
the equivalent circuit modeling, as illustrated in Fig. 9(a). Moreover, in
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Fig. 8. Electrical resistances of UDCFs numerically calculated using Hypothesis #1 and measured by 4-probe in terms of the angle between the tow and the
electrodes: (a) single ply, (b) two plies, (c) three plies, (d) four plies, (e) five plies, and (f) six plies.



H.D. Roh et al.

Materials Today Communications 33 (2022) 104863

(a) x10= Single ply of CGHF (b) Two plies of CGHFs (c) Three plies of CGHFs
1 o ' ' i ¥ T t i?lun‘cncal. 5 I [ [ I I +Num’qncal‘ I [ I I '*;Nummcal
#+—4.probe | #—4.probe | |—*—4-probe
~ 8 —~ 4 25
£ £ — £
- L L
< [¢] o 2
=3 = <
g g 815
c [ c
s 4 S S
o ] o 1
" w w
O 2 Q Q
@ 14 lro_5
0 - 0 0
0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50
Degree (°) Degree (°) Degree (°)
(d) Four plies of CGHFs (e) Five plies of CGHFs (f) Six plies of CGHFs
3 1.8
. By Byvining] 1.6 )
1.5
2
5

-

Resistance (kOhm)

o
o

Resistance (kOhm)

e
(3

0

0 5 10 15 20 25 30 35 40 45 50
Degree (°)

0 5 10 15 20 25 30 35 40 45 50
Degree (°)

0 ;
0 5 10 15 20 25 30 35 40 45 50
Degree (°)

Fig. 9. Electrical resistances of CGHFs numerically calculated using Hypothesis #1 and measured by 4-probe in terms of the angle between the tow and the
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the measured and calculated resistances of CGHFs, the authors observed
that the resistance decreased by an angle of approximately 45° because
of the elimination of the intertow network. The resistances in accor-
dance with the number of stacked fabrics exhibited a behavior similar to
that of the UDCFs (Fig. 9).

3.4.3. Orientation of PWCFs
The electrically equivalent circuit model of the PWCF exhibited

constant electrical resistance values, represented by the black plots in
Fig. 10. In other words, the carbon fiber tows in the PWCF secured a
stable electrical network between the electrodes. However, the PWCFs
produced larger errors between the estimated and measured values, as
represnted by the red plots in Fig. 10. For example, an error of
approximately 50% was observed (Fig. 10(b)) when the two plies of
PWCF aligned parallel to the electrodes. However, the errors decreased
as the number of stacked fabrics increased, while a maximum error of
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22% was observed in Fig. 10(f).

The equivalent circuit model of the PWCF has identical electrical
networks along the weft and warp. However, the PWCF has better
electrical conductivities than expected, as displayed in Fig. 10. The
PWCF was perpendicularly woven, which secured the electrical con-
ductivity in various directions.

The developed model was investigated by converting the empirical
intertow resistance per unit length to the intratow data. This sweeping
analysis determines the applicability of the developed model to various
fabrics such as the UDCF and PWCF, which possess different directional
electrical characteristics.

Fig. 11(a) illustrates the sweeping results of Hypothesis #1. This
analysis converted the intertow resistance per single tow of the UDCF to
the intratow resistance per unit length equivalent, which converges to
the resistance values of the PWCF. The smaller black circles in Fig. 11(a)
represent the data of sweeping the electrical information between UDCF
and PWCF. The circle on the top of each angle represents the estimated
resistances of the UDCFs. The circle at the bottom of each angle indicates
the estimated resistances of the PWCFs. In other words, the larger blue
circles and the blue diamonds denote the estimated resistance values of
the UDCF and the PWCF, respectively. Hence, the developed electrical
model, Hypothesis #1, successfully estimates the electrical resistance of
different fabrics at various orientations.

Fig. 11(b) displays the results of the sweeping analysis based on
Hypothesis #2. The finer details of the results are illustrated in Fig. 11
(c). The triangles at the top and bottom reveal the electrical information
of the UDCF and PWCF, respectively. As in Fig. 11(a), the sweeping
results between the UDCF and the PWCF are marked by triangles (Fig. 11
(b) and (c)). Although the estimated resistances of the PWCF were
similar to the empirical data, the numerical calculation of the UDCF
revealed unacceptable discrepancies, as depicted in Fig. 11(b).

In addition, the resistance curve against the fabric angle might vary
with the electrical resistivities of the intertow and intratow networks, as
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illustrated in Fig. 11(d). When the intertow resistance per single tow
increases with the fabric used, the overall electrical resistance increases,
depicted by black x marks in Fig. 11(d). However, the change in the
intratow resistance per unit length might be insignificant as the five pink
triangles overlap on the same position, as represented in Fig. 11(d).

3.5. Three-dimensional route analysis with crossplies

The numerical modeling of the crossplies with the stacking config-
uration of [0/45/90/— 45] were investigated (mesh plots in Fig. 12).
The numerical resistance values were analyzed when the crossply stacks
were rotated by M° from the electrodes. Table 2 lists the numerically
calculated minimum resistance values and the route in the first and
second plies. This analysis underlies the proposed model.

The minimum resistance values in Fig. 12 or Table 2 are similar to
the empirical results of the four plies of the UDCFs in Fig. 8(d). The
empirical data for various stacking angles are also marked with yellow
dots in Fig. 12. Therefore, the case of M = 0° in Fig. 10(a) should be
similar to the case of M = 45° in Fig. 8(d). The only difference is the
addition of the interply network to Fig. 8(d) because the electrically
ultimate path is determined to be the easiest path.

The results in Figs. 11 and 12 represent the extensibility of the pro-
posed smart mold to various conditions. The applicability of the pro-
posed mold to different types of fibers was verified by varying the
directional electrical resistivity as shown in Fig. 11(a). The applicability
of the proposed mold to other fiber stacking angles was proven by
changing the angle of fabric sets as shown in Fig. 12. Moreover, the
proposed analysis could be extended to different numbers of fiber plies.
Three-dimensional electrical routes exist near the surface where the Cu
electrodes are located because, as mentioned before in Hypothesis #1,
the ultimate path underlies the easiest route. Hence, the ultimate elec-
trical path might underlie the first and third plies near the electrodes as
proven by the results in Fig. 12 and Table 2. Therefore, the proposed
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Fig. 11. Sweeping results of the analyzed models with varying intertow resistivity: (a) Analysis of Hypothesis #1, (b) #2, and (c) magnified view of (b). (d) Sweeping
analysis of Hypothesis #1 by varying the resistance per single tow and per unit length of the intertow and intratow networks, respectively.
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are misoriented by M° (indicated by the yellow dot).

Table 2

Numerical electrical resistance calculated from the electrical equivalent model of [0/45/90/— 45] crossplies.
Orientation (°) 0 5 10 15 20 25 30 35 40
Electrical resistance (Ohm) 178.8 178.8 178.8 178.8 178.9 178.9 178.8 178.8 1.25
Path length in the 1st ply (mm) 0 0 0 0 0 85 82 81 0
Path length in the 2nd ply (mm) 0 0 0 0 0 0 0 0 125

method is expected to be widely applicable to the manufacturing pro-
cesses of various types of carbon fiber composite materials. The
acceptable variables are the number of plies that are stacked, type of
electrically conductive fabric, fabric stacking sequence, angle of the
fabric sets, and molding system, such as a vacuum film or closed mold,
on the top fabric.

4. Conclusions

The electrical resistances of UDCFs, CGHFs, and PWCFs were
investigated in various directions, and consequently a smart mold sys-
tem for CFRPs was proposed. In other words, an equivalent circuit model
with electrical route modeling was proposed for dry carbon fabrics. The
electrically ultimate route was determined to be the easiest path which
means the lowest electrical resistance, and hence the proposed modeling
considered only the most electrically conductive route. The electrical
resistances of crossplies were numerically obtained, and thus the model
was verified.

This study is applicable as an in situ fabric orientation monitoring
system in a mold that cannot use visual inspection. Applications include
close- and open-mold systems where stacked fibers cannot be observed.

The authors estimated the orientation based on the proposed model in
Fig. 13 by analyzing the electrical resistance of the fabric with the given
electrical information.

The strong point of the proposed technique can minimize the cost,
labor, and the risk of fiber mis-alignment by simply measuring electrical
resistance. However, this method is not applicable to electrically
isotropic materials such as sheet molding compounds or short fiber mats
because they represents identical electrical resistance even though they
are rotated. Monitoring the angle of electrically isotropic materials can
be a candidate of future studies.

In another future study, electrical resistance should be studied in
terms of the process of resin infusion to complete the entire CFRP
manufacturing process in a mold. The electrical resistance varies in
terms of the angle and resin viscosity. Additionally, impregnation of
resins into fibers will alter the electrical network. Therefore, developing
a smart mold for CFRP curing and fiber orientation is a viable research
direction.
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