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Abstract — The multifunctional application of carbon fiber 
reinforced polymer composites (CFRP) can be affected by the 
anisotropic electrical conductivity of the carbon fiber because it 
differs in the longitudinal and the transverse direction of the fiber. 
In our article, we measured the transverse resistivity of the 
reinforcing carbon fiber bundle in different conditions: when the 
fibers were dry, when they were impregnated with non-crosslinked 
resin, and in a crosslinked matrix. We have shown that in the case 
of dry and impregnated fibers, a compressive force acting on the 
fiber bundle has a significant effect on the transverse resistance, 
while when crosslinked, this effect is negligible. We developed a 
finite element model (FEM) to investigate the area around the 
electrodes and the current distribution in the fiber bundles. We 
have shown that due to the pressure dependence of the transverse resistance and the significant difference in length 
and transverse conductivity, the current density distribution in the cross-section around the current electrode will not 
be homogeneous, leading to inaccuracies in sensory applications. We have shown by finite element simulation that 
the current electrode and voltage measurement electrode can be optimized, which was verified experimentally. 

 
Index Terms — multifunctional sensor, carbon fiber, electric resistance, impregnation, finite element analysis 

 

 

I. 1Introduction 

ARBON fiber reinforced polymer composites (CFRPs) are 

increasingly used in various industries (the automotive, 

energy, and other sectors) and their use is projected to increase 

further [1]. One of the reasons for this is that with CFRPs have 

high strength, load-adjustable rigidity, they can be 

manufactured and machined easily, and have excellent surface 

quality, while their density is low [2,3]. Another reason for their 

popularity is the steps taken towards recyclability. From the 

production of CFRP to the end of its lifetime, a large amount of 

waste is generated, which must be recycled – it reduces the 

environmental impact on the one hand and recovers costly raw 

material (carbon fiber) on the other. Due to ongoing research on 

recycling, it is becoming more attractive for many industries to 

make components from primary and recycled carbon fiber [4]. 

Another process that helps spread carbon fiber composites is 

the emergence of multifunctional materials, which act as 

structural materials and perform a secondary function (sensing, 

heating, actuation) [5–7]. We have previously written an 

overview article on the multifunctional use of carbon fibers and 

the possible secondary functions, where we also systematized 

 
This work was supported by the OTKA (K 120592) and NVKP 

(NVKP_16-1-2016-0046) projects of the National Research, 
Development, and Innovation Office (NKFIH), and by the NRDI Fund 
(TKP2020 NC,Grant No. BME-NC; and TKP2020 IES,Grant No. BME-
IE-NAT) based on the charter of bolster issued by the NRDI Office under 
the auspices of the Ministry for Innovation and Technology. 

N. Forintos is with Department of Polymer Engineering, Faculty of 
Mechanical Engineering, Budapest University of Technology and 
Economics, 1111 Budapest, Muegyetem rkp. 3. and MTA-BME 
Research Group for Composite Science and Technology, 1111 
Budapest, Muegyetem rkp. 3. 

the raw materials and auxiliary materials necessary for the 

application [8].  

Among the most important multifunctional applications are 

sensory applications, where the effects on the CFRP component 

can be monitored by continuously measuring the electrical 

resistance of the carbon fiber. Hasan et al. [9] placed a carbon 

fiber roving in a fiberglass and polypropylene fiber composite 

and then measured the carbon fiber's resistance during a tensile 

test. From the change in resistance, they were able to determine 

the degree of deformation. Luan et al. [10] placed a carbon fiber 

roving on a test specimen made by additive manufacturing. 

They varied the load location and measured the resistance of the 

carbon fiber while performing a three-point bending test on the 

specimen. From the change in resistance, they were able to 

calculate the load on the specimen. Pinto et al. [11] measured 

the change in fiber resistance in a carbon fiber reinforced epoxy 

matrix specimen during a bending test. They found good 

correlation between resistance change and deformation. Eddib 

and Chung [12] measured a CFRP specimen's capacity along its 

length using alternating current. From the increase in capacity 

measured along the thickness, they were able to deduce the 
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damage to the specimen, and from the capacity measured in the 

plane of the specimen, they were able to determine the amount 

of damage and the distance from the electrode. The electrical 

resistance of carbon fiber also depends on the temperature 

change; its resistance decreases as the temperature increases. 

After measuring the temperature–resistance relationship, that 

is, calibrating the sensor, the resistance of carbon fiber 

reinforcement can provide important information about the 

crosslinking of the matrix, and it can be used to control the heat 

treatment even during production and to monitor the heat load 

on the finished product. [13].  

Electrically insulating materials, such as fiberglass-

reinforced polymers, can also be modified to provide electrical 

current-based condition monitoring. Alexopoulos et al. [14] 

used a carbon nanotube-filled epoxy resin for fiberglass-

reinforced specimens, making the original insulating composite 

conducting. By measuring the electrical resistance of the 

material they produced, they could determine failure due to 

overload or external influence. The conductivity of the resin can 

also be improved if the composite is reinforced with a 

conductive fiber, such as a woven carbon fiber fabric. Kumar et 

al. [15] used a conductive polymer, polyaniline, as the matrix 

material. In their research, they wanted to reduce the harmful 

effects of a lightning strike on aircraft. In their experiments, 

they found that in a composite with better conductivity, the 

current of lightning is distributed faster at the point of impact, 

and the Joule heat load is smaller. As a result, after the lightning 

strike, the specimen retained a large percentage of its original 

stiffness. Song et al. [16] coated flexible wool yarns with silver 

nanowires and formed a cross-ply arrangement. They used the 

overlapping are as pressure sensor, as the electric resistance of 

the connecting plies varied with pressure. They found good 

sensibility and reliability, which makes the modified wool a 

potential material for wearable electronics. 

The examples showed that carbon fiber can be used as a 

sensor under laboratory conditions, but this requires knowledge 

of the electrical properties (such as conductivity) of the 

individual carbon fibers and the carbon fiber bundles and 

fabrics. The conductivity of fiber bundles is strongly 

anisotropic. The current flows parallel to the fibers by several 

orders of magnitude more easily than perpendicular to the fiber 

bundles. For this reason, the contacts of the electrodes 

connected to the fiber bundles need to be designed carefully. 

Owston [17] used a Wheatstone bridge to measure the 

resistance of carbon fiber. He calculated a specific resistance of 

5.8–31 μΩm in different carbon fiber samples. Safarova and 
Grégr [18] measured the resistance of a polyacrylonitrile (PAN) 

and a tar-based dry carbon fiber bundle in a two-point 

arrangement. Tar-based carbon fibers had better conductivity 

due to the more perfect graphite lattice. Their specific resistance 

ranged from 5 to 6.6 μΩm, while the specific resistance of 
PAN-based carbon fibers ranged from 14.5 to 20.5 μΩm. 

Athanasopoulos and Kostopoulos [19] measured the 

resistance of dry unidirectional (UD) carbon fiber fabrics in the 

fiber direction and perpendicular to the fiber direction. They 

calculated a resistivity of 31.99 μΩm in the fiber direction and 
26300 μΩm perpendicular to the fiber direction. They explained 

the large difference with the fact that a current perpendicular to 

the fibers can only flow through the random fiber-to-fiber 

contacts. 

Zimney et al. [20] investigated the current in an anisotropic 

material during four-wire resistance measurement using a finite 

element model. They found that due to the different 

longitudinal and transverse conductivities, the current density 

in the material was not uniform, so the apparent change in cross-

section must be taken into account when the resistance is 

measured. They also showed that the voltage measuring 

electrode significantly influences the change in current density 

due to its better conductivity. 

When impregnated with a non-crosslinked resin or in a 

crosslinked matrix, the carbon fiber bundle can ideally be 

considered as resistors connected in parallel, assuming perfect 

impregnation. However, due to the imperfect production, there 

are also fiber-to-fiber contacts, so electrical current can be 

conducted in a direction different from the fiber's orientation; 

thus, the measured resistance may differ from the calculated 

resistance [21].  

We aim to use the reinforcing carbon fibers as a sensor by 

measuring their resistance. By continuous measurement of the 

fiber bundle's resistance, continuous condition monitoring can 

be performed, which provides information about the 

deformation and failure of the structure (for example, 

automotive parts). However, the measured resistance strongly 

depends on the location of the current input and the measuring 

conditions (e.g., contact quality). The purpose of this paper is 

to determine the path of the current flowing in the carbon fiber 

near the electrodes and further in the bundle. To achieve this,  

- we developed a tool with which we measured the transverse 

resistance of the carbon fibers as a function of compressive 

force; 

- we prepared a finite element model of a four-wire resistance 

measurement layout based on the transverse and longitudinal 

resistivity of the carbon fiber, which we validated by 

measurement; 

- we optimized the geometry of the current electrodes based 

on the model, and made the distribution of current density more 

uniform; 

As the media around the reinforcing carbon fiber changes 

during the composite structure production, we measured the 

resistance of dry fibers, fibers impregnated with non-

crosslinked resin, and fibers in a crosslinked matrix, just as it 

would change during an actual manufacturing process. 

II. EXPERIMENTAL 

In our experiment, we used PAN-based Sigrafil C T24-

5.0/270-E100 (SGL Carbon SE, Germany) carbon fibers: the 

number of filaments was 24 thousand, density was 1.81 g/cm3, 

fiber diameter was 6.9 μm, tensile strength was 5 GPa, the 

tensile modulus of elasticity was 270 GPa, elongation at break 

was 1.9%, and resistivity was 14 µΩm [22]. The fibers are 

coated with sizing to improve the adhesion between the fibers 

and the matrix. In our experiment, we didn’t remove the sizing 
as we wanted to examine the fibers’ conductivity properties as 
they would be used in industrial applications. We called the 

fibers with sizing but without resin “dry fibers”. 
To determine the transverse resistance of the carbon fiber 

bundle, we designed two prototype tools and manufactured 

them from polylactide acid (PLA) by fused deposition molding 

(FDM) (Fig. 1). The tools' role was to fix the electrical 

connection required for resistance measurement, ensure the 
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geometry of the sample made up of carbon fiber bundles, and 

load the sample with pressure. The electrical connection 

(maximum voltage was 50 mV) between the carbon fiber 

sample and the data acquisition device (Agilent 34970A, 

Agilent Technologies, USA) was established with copper 

blocks (tightening torque was 10 Nm). 

 
 a) b) 

Fig. 1.  Schematic model of a tool developed for the dry transverse resistance measurement of a carbon fiber bundle (a) and a longitudinal section 
of a tool developed for the impregnation and pressure testing of carbon fibers (b). The white arrows show the direction of the fibers 

A. Transverse resistance measurement 

We measured the transverse resistance using a two-wire 

method and a sampling time of 2 s. We placed carbon fiber 

bundles in the tool made by FDM (Fig. 1 a) and measured the 

sample's geometry. First, we measured the transverse resistance 

unloaded, and then placed the tool in a universal testing 

machine. (Zwick Z250 Zwick, Germany). We applied various 

compressive pressures (0.005; 0.01; 0.02; 0.04; 0.08; 0.16; 

0.32; 0.64; 0.96; 1.28; 1.52 MPa) to the specimen through the 

push-piece. The initial values correspond to the order of 

magnitude of the pressures occurring during manual 

lamination, while the final values correspond to the order of 

magnitude of the pressures used during vacuum manufacturing 

technologies. We measured three samples, and the resistance of 

the sample was measured three times at each loading force. The 

loading speed was 2 N/min, the load holding (10 min) was 

force-controlled and the unloading speed was 20 mm/min. 

From the beginning of the load, the resistance was recorded 

every two seconds for 5 minutes after the load. 

In the tool in Fig. 1 a, we were able to measure the transverse 

resistance of the dry carbon fibers accurately, due to the 

location of the copper blocks and the sample. In order to 

impregnate the fibers with resin, and examine them in the 

crosslinked matrix, we further improved the arrangement 

(Fig. 1 b). In this arrangement, we changed the way the current 

was coupled, but we compensated for this during evaluation. 

We performed the experiments on carbon fibers impregnated 

with a non-crosslinked resin (Ipox MR 3016, Ipox Chemicals 

Kft., Hungary) and also in a crosslinked matrix material (MR 

3016 and MH 3124 100:40 mixing ratio, Ipox Chemicals Kft., 

Hungary). For this, we used the improved tool, which was also 

manufactured by FDM. Impregnation, crosslinking, and 

pressure loading in a universal tensile machine can all be 

performed in this tool (Fig. 1 b). 

B. Longitudinal resistance measurement 

We measured the longitudinal resistance of a dry carbon fiber 

bundle in a four-wire arrangement; the measurement length (0-

1000 mm) was the distance between the voltage measurement 

electrodes (Fig. 4 a). We measured the resistance of three fiber 

bundles, three times at each distance. 

C. Finite element modeling 

The conducting phenomena in single carbon fiber and at 

fiber–fiber contacts were investigated and modeled earlier [17, 

23]. In our research, we inspected the macroscopic conducting 

effects in the transversely isotropic material model described 

below. We modeled the electric current density within the 

carbon fiber bundle in Comsol Multiphysics FEM software. 

The fiber bundle was replaced with a transversely isotropic 

material model; we set the electrical conductivity parameters 

according to our measured values. Electrical conductivity was 

examined in 2D on the geometry of the fiber bundle. The finite 

element mesh was rectangles, condensed towards the edges and 

around the copper blocks. (Fig. 2). 

 
Fig. 2.  Finite element model of the area of a copper block electrode 

III. RESULTS AND DISCUSSION 

It is important to measure the carbon fibers' resistance 

accurately when used in sensory applications. To better 

understand the current distribution in the carbon fiber 

specimens, we measured the transverse resistance and made a 

finite element model validated by longitudinal resistance 

measurement. Using the FEM model, we examined and 

optimized the environment and geometry of the current 

electrodes. 

A. Transverse resistance 

We started evaluating the results by examining the transverse 

resistance in the measurement setup shown in Fig. 1. During the 

test, resistance changed in time after loading, and approached a 

constant value. This behavior can be explained with the fibers' 
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physical location: as the fibers are compressed by the load, 

more and more contacts are formed between the fibers, thereby 

reducing the resulting resistance of the sample. We regarded the 

resistance for a given load as the resistance at the end of the 10-

minute measurement. We subtracted the resistance of the 

system (0.14 Ω), which is the resistance measured on the copper 
blocks without the fibers. We determined the transverse specific 

resistance (ρt) of the sample from the stabilized resistance (R), 

the width (a) and length (b) of the sample, and the distance (h) 

between the copper blocks (1), then plotted it as a function of 

pressure (Fig. 3). 𝜌𝑡 = 𝑅∗𝑎∗𝑏ℎ  (1) 

 
Fig. 3.  Transverse specific resistance of carbon fiber bundle as a 
function of pressure, the average of three specimens 

We found that the transverse specific resistance of dry carbon 

fibers greatly depends on the compressive load. This is 

important in the electrode area, where resistivity changes as the 

copper blocks are compressed. Therefore, we examined the 

surrounding area of the copper blocks by finite element 

analysis. 

B. Finite element modeling 

We modeled a four-wire longitudinal resistance measuring 

arrangement with the finite element method. For this, we 

prepared a transversely isotropic material model of the fiber 

bundle with the measured results of the transverse specific 

resistance and the catalog data of the longitudinal specific 

resistance (14 μΩm) [22] of the carbon fiber bundle. In the case 
of copper blocks, we assumed that the bundle was compressed 

by the tightened blocks; therefore, we used the following 

transverse specific resistance values, which are close to the 

pressures used and the specific resistances measured in the 

actual measurement arrangement (Fig. 3): 0.22 Ωm measured 
at 0.16 MPa near the copper blocks, and 0.54 Ωm measured at 
0.01 MPa further from the blocks (Fig. 4 a). These values were 

verified by measurement described later in this paragraph. 

In the modeled experimental setup, the current was 

introduced through the copper blocks marked "A" and 

conducted through the copper blocks marked "D"; we call these 

current electrodes. Electrodes "B" and "C" are the electrical 

connections needed to measure the voltage drop; we call these 

voltage electrodes. It is clear from the finite element results that 

due to the strong anisotropy of the current in the vicinity of the 

electrodes, a significant proportion of the current flows in the 

part of the fiber bundle that is in direct contact with the copper 

blocks (red arrows) and not in the full cross-section (Fig. 4 a). 

This uneven current density distribution homogenizes further 

away from the copper blocks. In the section below the copper 

blocks, current density is distributed faster due to the excellent 

conductivity of the copper blocks and compression, while after 

the copper blocks, it is slower due to the lower transverse 

conductivity. The FEM results showed that due to the excellent 

conductivity of the copper blocks, there is a "drain effect" at the 

voltage electrodes. The essence of the drain effect is that the 

conductivity of the fiber bundle between the copper blocks of 

the voltage measuring electrode is significantly lower than the 

conductivity of the copper blocks. Because of this, a portion of 

a)  

       
 b) c) d) 

Fig. 4.  Schematic diagram of the four-wire resistance measurement layout (a), representation of the current density vectors near the current 
electrode in the FEM software (b), the longitudinal distribution of current density in the centerline based on the FEM simulation (l = 60 mm) (c) and 
the "current drain" effect of the copper blocks used for voltage measurement, as represented by current lines the in FEM software (d). 
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the current passes from the fiber bundle to the copper blocks, 

where it continues to flow approximately parallel to the fiber 

bundle. Since the wires of the voltmeter do not conduct 

significant current from the copper blocks, the current flowing 

in the copper blocks returns to the fiber bundle on the other side 

of the copper blocks. This effect also results in an uneven 

current density distribution along the centerline of the fiber 

bundle (Fig. 4 c).  

The simulation shows that there must be a difference between 

the specific resistance values given in the catalog and the 

calculated values when the longitudinal conductivity is 

determined because the current density is not homogeneous in 

the section influenced by the voltmeter blocks, and the 

conductive cross-section cannot be determined accurately. 

Therefore, in the environment of copper blocks, the simplified 

formula (2) of calculating resistivity will not be valid. 

We experimentally verified the results of the finite element 

model by measuring longitudinal resistance at different lengths. 

To determine the longitudinal specific resistance (ρl), we 

calculated the theoretical cross-section from the fiber diameter 

(d), and the elementary fiber number of the fiber bundle (n). For 

the calculation of specific resistance, we also used the measured 

fiber bundle length (l) (2). 

𝜌𝑙 = 𝑅∗𝑛∗𝑑2∗𝜋4𝑙  (2) 

The results showed the expected effect: at small measurement 

lengths, where the current density is inhomogeneous in the 

cross-section, we measured a higher specific resistance than 

expected, which is a consequence of the poorly estimated 

conductive cross-section and inhomogeneous conduction. We 

validated our FEM model by comparing the measured and 

simulated specific resistance values. (Fig. 5). 

 
Fig. 5.  Validation of the FEM results based on the comparison of 
measured and calculated specific resistance values 

The results of the finite element model simulating the 

measurement arrangement approximate the measurement 

results well; this indicates that the finite element model can take 

into account the average macroscopic effects of the different 

conduction phenomena occurring in the fiber bundles with 

sufficient accuracy. However, we did not obtain the expected 

results because we used the simplified formula (1) to calculate 

the resistivity. To find the limits of the simplified formula, we 

further investigated the area of the current and voltage 

electrodes with the validated FEM. 

C. Optimization of current supply geometry  

Based on the validated results, we investigated whether a 

more homogeneous current distribution in the carbon fiber 

bundle at and near the voltage electrodes could be achieved by 

changing the geometry of the copper blocks. We ran the 

validated simulation with w = 10 mm and w = 30 mm widths in 

addition to the original w = 20 mm wide copper blocks (Fig. 6). 

 
Fig. 6.  Effect of the width of the copper blocks (w = 10, 20 and 30 mm) 
on the current density along the length of the centerline, as shown by 
the FEM simulation 

It can be seen that the narrower the copper blocks are, the more 

homogeneous the current density is, and the smaller the length 

of the fiber bundle with inhomogeneous current density is. 

We examined the area around the current electrodes 

separately. We performed the simulation with the three copper 

blocks' geometry presented earlier (Fig. 7 a), assuming a 20 mm 

long clamp with a pressure of 0.16 MPa immediately after the 

copper blocks. To model this effect, we changed the material 

model in this section (Fig. 7 b). In reality, compressive forces 

would be applied with clamping jaws made of an insulating 

material, therefore we used transverse conductivity caused by 

higher pressures. 

  
 a) b) 

Fig. 7.  Effect of copper block width on the current density along the 
centerline (a), and its change when a 20 mm long clamp is used (b) 
based on FEM simulations 

Comparing the two figures shows that due to the clamping force 

applied on a length increased by 20 mm, the current density 

homogenizes faster and without a break in the curve after the 

copper blocks. 

Based on the simulation results, the current density is not 

homogeneous around the copper blocks, which should be one 
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of the conditions for the applicability of formula (1). We also 

showed that the narrower copper blocks used as the voltage 

electrode make resistance measurement more accurate, which 

is one of the basic requirements for self-sensing composites. 

D. Analysis of the effect of the media surrounding the 
fiber 

In the production of carbon fiber reinforced composites, the 

dry fiber bundles are first impregnated with a resin, which cures 

after the gel time. Therefore, we measured transverse resistance 

and its pressure dependence when the resin impregnated the 

bundle and also, when it was in a crosslinked matrix, in the 

arrangement shown in Fig. 1 b, similarly to the resistance 

measurements of the dry bundle (at the same pressure values). 

Before impregnation, we measured the resistance of the dry 

sample at the same pressures. 

The difference in resistance measured on dry fiber bundles in 

the two measurement arrangements is due to the fact that, when 

the bundle is impregnated, it is necessary to lead the fiber 

bundles out; therefore their longitudinal resistance is added to 

the measurement results as an error. This constant error can be 

estimated from the longitudinal resistivity and the length of the 

fiber bundle, or approximated by the difference between the 

two arrangements. Subtracting the system resistance, we 

measured similar values in the two arrangements. 

After the dry measurement, the tool cavity was filled with a 

resin not mixed with a crosslinker, and the resistance of the 

sample was measured (Fig. 8.). To do this, we removed the 

push-piece (Stage 1), then poured the resin on the surface of the 

carbon fiber bundle (Stage 2), and replaced the push-piece 

(Stage 3). With the lowest compressive force (0.01 MPa) 

previously applied, the two tools were compressed to fix the 

sample's shape, and the resin was pressed through the carbon 

fibers (Stage 4). 

 
Fig. 8 . Changes in the resistance of carbon fiber bundles during resin 
impregnation 

Fig. 8 shows that the stabilized resistance in Stage 1 first 

increased in Stage 2 when the resin was poured in and then 

decreased as the elementary fibers moved away from each other 

and then were rearranged. In Stages 3 and 4, the resistance 

stabilizes again as the push-piece is applied and pressed: the 

excess resin is pushed out, the distance between the elementary 

fibers is reduced, and in some cases, new fiber-fiber contacts 

are formed.  

After impregnation, we measured resistance at different 

pressures. Compared to dry fiber bundles, the resistance 

stabilized more slowly in this case, which was especially 

characteristic at low loading forces. It behaved differently even 

after the load was removed: the resistance slowly approached 

the no-load resistance value from below after a sudden increase. 

This can be explained with the resin's viscosity: due to the 

internal friction, the fibers move away from each other more 

slowly. Comparing the dry fiber and resin-impregnated fiber 

results, we found the expected difference: in the case of resin, 

we measured higher specific resistance values at different 

pressures, which can be explained with the insulating property 

of the resin (Fig. 9).  

 
Fig. 9.  Comparison of specific resistances of dry carbon fiber bundles, 
bundles in non-crosslinked resin and bundles in a crosslinked matrix as 
a function of pressure. The measurement points show the average of 
three specimens. 

We also performed a series of experiments with a crosslinked 

matrix by preparing a new dry fiber bundle sample and then 

measuring the resistance at different pressures to determine the 

system's resistance. The cavity was then filled with the matrix 

material and crosslinked at room temperature. After 

crosslinking, resistance was measured again at different 

pressures (Fig. 9). The large standard deviation of the 

resistances of bundles in a crosslinked matrix is due to the fact 

that fiber arrangement was slightly different during the 

crosslinking of each specimen. The specific resistance of the 

specimens under pressure did not change significantly, as 

shown by the size of the constant mean and the constant error 

bar. The transverse specific resistance of the dry fiber bundles 

and fiber bundles in non-crosslinked resin depends significantly 

on the compressive force. On the other hand, in the case of a 

crosslinked matrix, the position of the elementary fibers, the 

number of fiber-to-fiber contacts, and thus the transverse 

specific resistance is fixed during crosslinking and do not 

change under pressure. This is why carbon fiber composites can 

be reliably used as sensors. 

E. Investigation of current distribution in resin-
impregnated fiber bundles 

We showed that impregnation modifies the conductivity of 

the fiber bundles in a direction perpendicular to the fibers. In 

the following, we examine using the validated finite element 

model how the current distribution at the voltage electrodes 

changes due to impregnation. We compared the current drain 

effect of the copper blocks used for voltage measurement in the 

case of resin-impregnated and dry fiber bundles. We examined 

the environment of the voltage electrode "B" in Fig. 4, and 

constructed the model shown in Fig. 10. 
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Fig. 10.  Arrangement of the voltage measuring electrode environment 
in FEM for dry (gray) fiber and resin-impregnated (blue) fiber bundles. 

The current flows in a dry, uncompressed fiber bundle (ρt = 

0.54 Ωm) to the section compressed by the copper blocks (ρt = 

0.22 Ωm). Following the copper blocks, the current continues to 

flow in the resin-impregnated fiber bundle, where we used a 

transverse specific resistance of 0.74 Ωm measured at a 
pressure of 0.01 MPa (Fig. 9). Since the conductivity of the 

copper blocks is substantially higher than that of the carbon 

fibers, a portion of the current entering the section compressed 

by the copper blocks passes into the copper blocks and then 

returns to the fiber bundle on the opposite side of the copper 

blocks as shown in Fig. 4 d. Using our finite element model, we 

investigated this current drain effect in the geometry shown in 

Fig. 10 and plotted the current density distribution along the 

centerline of the fiber bundle as a function of location (Fig. 11). 

 
Fig. 11.  Current density distribution along the centerline of the fiber 
bundle in the vicinity of the voltage electrode. Green line: for bundles dry 
on both sides Blue line: for bundles dry on one side and resin-
impregnated on the other. 

In the section in front of the electrode, the green and blue 

current density distribution curves run together since in this 

section, the fiber bundle was dry in both cases. The difference 

between the two curves is observed only in the section 

following the electrode, as here the green curve represents a dry 

fiber bundle, while the blue curve represents a bundle 

impregnated with resin. In the case of the impregnated bundle, 

the current drain effect is less pronounced; the current density 

inside the fiber bundle shows a 2% lower decrease than in the 

case of the dry fiber bundle. This is because the resin increases 

the specific resistance in a direction perpendicular to the fiber 

bundle, making it more difficult for the current to reach fibers 

not in direct contact with the copper blocks. 

IV. CONCLUSION 

If reinforcing carbon fibers are to be used as a sensor, it is of 

paramount importance to accurately measure the longitudinal 

and transverse resistance and examine the current path within 

the carbon fiber bundle. In our paper, we measured the 

transverse resistance of carbon fiber bundles and created a finite 

element model based on the results. We showed that the current 

density distribution around the “current electrodes” is not 
uniform, preventing the accurate measurement of specific 

resistance. The inhomogeneity due to the anisotropic 

conductivity of the carbon fiber bundle must be taken into 

account in the multifunctional use of carbon fiber. In addition 

to the reinforcing role, its electrical conductivity is also used, 

for example, to measure deformation. In order for the current 

density to be homogeneously distributed over the entire cross-

section, a uniform current input is required. Based on the finite 

element model, current density distribution can be made more 

uniform by using a smaller contact area and compressive force.  

We also measured the carbon fiber bundle's transverse 

resistance at typical pressures and in circumstances (dry fiber 

bundles, fiber bundles in a non-crosslinked resin and fiber 

bundles in a crosslinked matrix) similar to the production of 

carbon fiber reinforced composites. We showed that carbon 

fiber bundles are sensitive to the compressive force when dry 

and impregnated with non-crosslinked resin, but this effect is 

negligible when the matrix is crosslinked. We explained our 

results mainly with the elementary fibers’ physical position, 
that is, fiber-fiber contacts: in a dry fiber bundle, the fibers 

contact each other freely. Increasing the compression force 

would result in an increasing number of fiber–fiber contacts, 

reducing the transverse resistance significantly. Besides that, 

deformation of the fiber’s contact area and the sizing would also 

decrease the transverse resistance marginally. In non-

crosslinked resin, the resin impregnates the elementary fibers 

and isolates them from each other, but fiber-to-fiber 

connections can still be found due to imperfect impregnation. 

As the pressure is increased, the fibers are more compressed, 

and this reduces transverse resistance. When the fiber bundle is 

in a crosslinked matrix, the number of fiber-to-fiber contacts is 

fixed; it does not change under pressure. 

We performed additional FEM simulations using the 

transverse specific resistance calculated from the resin-

impregnated carbon fiber bundles' measured transverse 

resistance. We investigated the effect of the media around the 

voltage electrode on current density. We found that due to the 

higher transverse resistivity, the electrode's current-absorbing 

effect is less pronounced in resin-impregnated carbon fiber 

bundles. 

With the fiber bundles' anisotropic specific resistance 

properties, the pressure dependence of the transverse specific 

resistance and the temperature dependence presented in our 

previous article [13] taken into account, a multifunctional 

carbon fiber reinforced composite can be created that can detect 

pressure and temperature during production. This allows 

product-specific and in-situ production control and quality 

assurance. Thus, it is essential that the current electrode and its 

environment are properly designed, because only then can a 

homogeneous and reproducible current density distribution be 

achieved. 
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