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1. Introduction 

 
The needs for structural health monitoring (SHM) of a 

carbon fiber reinforced plastic (CFRP) has been increased, 
because the structural safety of a CFRP is directly involved 
in maintenance cost and casualties (Karayannis et al. 2015, 
Carboni et al. 2015, Ghodrati et al. 2011). Especially, 
monitoring for impact damage is getting spotlights in 
applications of vehicles (Cocchi et al. 2020, Vertuccio et al. 
2020), aircrafts (Gohardani et al. 2014, Wang et al. 2018) 
and civil infrastructures (Casciati et al. 2016, Yu et al. 
2010). 

SHM of CFRP consists of schedule-based monitoring 
and condition-based monitoring. Schedule-based monitoring 
investigates structural health periodically. The examples of 
the schedule-based are eddy current (He et al. 2014a, b, 
Liang et al. 2016, Mizukami et al. 2016) and C-scan 
(Suvarna et al. 2014, Post et al. 2017, Hauffe et al. 2020). 
The schedule-based monitoring techniques are usually 
utilized to scan the overall structures when the structures 
are not in-service. However, the condition-based monitoring 
detects change in structural condition even when the 
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structures are working. The examples of the condition-
based are fiber Bragg grating (Geng et al. 2017, Ju et al. 
2018, Lu et al. 2015), strain gauge (Cho et al. 2010) and 
PZT (Kim et al. 2012, and Zhong and Xiang 2019). While 
the condition-based monitoring techniques hold advantages 
in real-time monitoring, the detecting area of a sensor is 
limited so that the sensing elements should be installed in 
an array. Therefore, the studies for detecting the whole 
structure with the minimum number of sensors have been 
required. 

Self-sensing of CFRP was investigated by numerous 
researchers (Kalashnyk et al. 2017, Gallo and Thostenson 
2015, Kwo et al. 2016). The word ‘self-sensing’ refers to 
detecting structural health using changes in structural 
condition without extra sensors. In this field, electrical 
resistance of carbon fiber network was commonly analyzed 
to investigate structural health of CFRPs. D.D.L. Chung 
group (Wang and Chung 2013, Xi and Chung 2019, 
Ramirez and Chung 2016, Chung 2016, Wang and Chung 
2006) investigated analyzed self-sensing capability of 
CFRPs in various electrode pairings by flexural testing. 
They verified that electrode pairings at the same plane 
represented less noise in electrical resistance changes. Plus, 
they concluded that the magnitude of electrical resistance 
change was related to the maximum deflection of a CFRP, 
and hence, deflection self-sensing was available by 
monitoring electrical resistance of a CFRP. However, their 
results were not extended to the large-scale monitoring with 
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multiple sets of electrodes, but single section with multiple 
electrode pairings. 

A. Todoroki group investigated electromechanical 
behavior of uni-directional CFRP in elastic region 
(Todoroki et al. 2009, 2014). They correlated classic 
laminate plate theory and electrical resistance change from 
multi-axial static tensile loading. Moreover, they developed 
self-sensing methods for delamination by analyzing 
electrical resistance (Todoroki et al. 2015, Todoroki 2014, 
Yamane and Todoroki 2016). While the studies of A. 
Todoroki group investigated multi-directional 
electromechanical behavior, their detecting areas were 
limited to the single electrode pairing unit similar to other 
results. 

Naghashpour and Hoa (2013, 2014, 2017) studied 
impact self-sensing using carbon nanotubes (CNTs). They 
made a glass fiber reinforced plastic with CNTs, and 
analyzed the dispersion of CNTs using electrical resistance. 
For the impact self-sensing, electrodes were installed in an 
array, for example, 50 electrodes were required to divide a 
testing CFRP into 25 cells. The originality of this research 
compared to previous studies underlies in the sensing area 
with multiple sensing units. The damage localization 
performance was limited to the cell size, which was a 
distance between two electrodes. These limitations were 
also observed in other studies (Vaidya and Allouche 2011). 
However, the number of electrodes were squared as the size 
of the structure became larger. Therefore, the study for the 
minimized electrodes with larger detecting area has been 
steadily required. 

From the literature review, studies for impact self-
sensing of CFRPs without extra sensors in SHM fields were 
quite limited. Therefore, this study investigated the impact 
self-sensing using electrical resistance to not only enhance 
the sensing performance but also reduce the number of 
electrodes of CFRPs. 

 
 

2. Experimental 
 
2.1 Materials 
 
3K plain-woven carbon fiber (Mitsubishi, Japan) with a 

ply thickness of approximately 0.2 mm and a density of 199 
g/m2 was supplied by JMC (Gyeongju, Korea). The carbon 
fiber bundle, which is called 3K carbon fiber, consisted of 
3000 carbon fiber filaments. The plain-woven indicates the 
weaving type of the fabric. The warp and the weft were 
woven perpendicularly with the same amounts of bundles. 
In specific, the 3K carbon fiber bundle were 
perpendicularly woven into a fabric. The polymer matrix 
used was vinylester resin (RF-1001MV, Cray Valley Korea), 
and it consisted of 45% styrene and 55% epoxy acrylate. 
The curing agent was methyl ethyl ketone peroxide, 
manufactured by Arkema, and the mixing ratio was 1 wt% 
of the matrix. Both the polymer matrix and the curing agent 
were supplied by Jet Korea Corp. (Changwon, Korea). 

 
2.2 Sample preparation 
 
The dimension of the carbon fiber was 300 mm × 300 

mm, and four or eight plies of carbon fiber were stacked. 
Copper wires (30 AWG) were embedded into the topmost 
ply of the dry carbon fiber using a silver paste (Elcoat P-
100, CANS, Japan) to minimize the contact resistance. 
Composite fabrication was performed by vacuum-assisted 
resin transfer molding (VARTM), and epoxy adhesive 
(Araldite, USA) was used to firmly fix the electrodes. 

A rectangular CFRP for the sensitivity optimization was 
manufactured with a geometry of 300 and 100 mm as 
shown in Fig. 1(a). Eight electrodes were aligned and 
installed along the length. The distance of electrode pairs 
which are indicated in the same color in red, yellow, green 
and blue in Fig. 1(a) were 60, 120, 180, and 240 mm, 
respectively. 

 
 

 
Fig. 1 (a) Geometry and electrode placement of a CFRP for sensitivity analysis, Schematics of CFRPs of 

(b) “array type” and (c) “periphery type”
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A CFRP, which has electrodes installed in an array as 
shown in Fig. 1(b), was named “array type.” The electrode 
configuration of the array type might be 3 × 3, 4 × 4, or 5 × 
5, and the distances between adjacent electrodes were 100, 
80, and 60 mm, respectively. Another CFRP, which had 
electrodes in periphery, was named “periphery type.” For 
example, 4 by 4 periphery CFRP had 12 electrodes at four 
edges as shown in Fig. 1(c). 

 
2.3 Character zat on 
 
Drop weight impact tester (CEAST 9350, INSTRON, 

USA) was employed at the room temperature to generate 
the impact energy for CFRPs. The CFRP samples were 
fixed by a pneumatic 40-mm-diameter circular clamp with a 
clamping force of 40 N. 

A multimeter (Keithley 2002, USA) and switching 
system (Keithley 7001, USA) were used to measure the 
electrical resistance variations during the impact tests at a 
sampling rate of 9.4 plots per second. The analysis method 
for damage localization was developed considering the ratio 
of the electrical resistance variation using the numerical 
computing software MATLAB. Additionally, a damage 
visualized map was also plotted with the analysis of damage 
localization. Moreover, LED matrix was utilized to 
visualize damage location and its severity connected with 
Arduino. The changes in electrical resistance were 
measured by the multimeter, and then the software and 
Arduino make the LED matrix emitted in accordance with 
the resistance changes. 

 
2.4 F n te element analysis 
 
The commercially released FEA software, ABAQUS, 

was employed to investigate the electrical variations of 
CFRPs in 3D. The inherent principle of the FEA is 
represented by Maxwell’s partial differential equation 
(PDE) in terms of electrical current flow. 

The purpose of the FEM is to rationalize the electrical 
model of a CFRP. FEM with PDE solved electrical current 
density in the CFRP, and electrical resistance was 
additionally calculated to analyze the resistance changes in 
terms of the impact damage. Then, this result was 
comparatively investigated with empirical data in order to 
validate the proposed electrical model. 

The FEA model of a CFRP comprised four 
homogeneous layers with a thickness of 0.2 mm each, and 
three plies of homogeneous layers with a thickness of 0.05 
mm each, between the aforementioned layers, as a fiber-
overlapped area in the CFRP. Punctured area was simplified 
into 12-mm-diameter hole. Delamination was realized 
around the hole by extracting the fiber-overlapped area. The 
delamination had a 14-mm outer-diameter and 12-mm 
inner-diameter. The electrical conductivity of the CFRP 
layer was set as 29 S/m and that of the fiber-overlapped 
area at 43.5 S/m. In addition, the conductivity of the 
electrode was set to 1036 S/m so that input potential of 1 and 
0 V could be imposed on the electrodes without resistance. 

 
 

 

Fig. 2 Electromechanical sensitivity of CFRPs as a function 
of the inter-electrode distance 

 
 

3. Results and discussion 
 
3.1 Electromechanical sens t v ty analys s 
 
A drop weight impact tester hit the center of the 

rectangular CFRP, resulting in a puncture. The consequent 
electrical resistance variation ratios are represented in Fig. 
2. Most of the electrical resistance values increased because 
the middle sections of the electrical paths underwent 
detours due to the puncture. The increment of the resistance 
variation decreased as the distance between the electrodes 
increased, regardless of the number of carbon fiber plies in 
the CFRP. 

 
3.2 Self-sens ng n an array type 
 
In-situ self-sensing algorithm was developed, and 

applied to an array-form to realize real-time CFRP SHM. 
The algorithm analyzed the electrical resistance changes of 
array cells for the damage localization. The electrical 
resistances between the adjacent electrodes were measured, 
and the resistance variation ratios were represented as a bar 
graph in an array, as shown in Fig. 3(a). The array was 
visualized and re-mapped into a damage map, as 
demonstrated in Fig. 3(b). 

Electromechanical behavior of CFRPs with respect to 
the impact damage is shown in Fig. 4. Impact damage 
localization has been successful in the regions indicated by 
magenta circles. The coordinates of the impacted spot 
represented the highest peak in the visualized damage maps 
which has the same coordinates with the magenta circles. 
Yellow color in the map represents the largest electrical 
resistance variation, whereas the blue color indicates slight 
variations in the electrical resistance. The drop-weight-
impacted spot endured the largest electrical resistance 
variation, regardless of the input energy. Further, the 
damage map was representative of the electrical resistance 
variations of the adjacent channels, and this information 
enhanced the sensing performance. Therefore, damage 
localization was attained by monitoring the resistance 
variations of the multiple channels. 

Analysis of electromechanical sensitivity in terms of 
inter-electrode distance that was introduced in Fig. 1(a) has 
been extended into a 2D array as shown in Fig. 5. 
Additionally, damage localization for different inter-
electrode distances was also successful. The largest 
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resistance variations were observed at the impacted area, 
whereas the slight resistance variations were monitored 
when the impact location was further from the measuring 
electrode pair. The resistance variations nearby were also 
utilized for more accurate damage localization. 

Electromechanical sensitivities of CFRPs decreased 
when the distance between the adjacent electrodes 
increased, as shown in Fig. 6. Inter-electrode distances of 

 
 

 
 

 
 

3 × 3, 4 × 4, and 5 × 5 CFRPs were 55, 75, and 110 mm, 
respectively. The volumetric change ratio of mechanical 
failure compared with the original volume between the 
electrodes was related to the electrical resistance variation 
ratio, such that the 5 × 5 CFRP, with the inter-electrode 
distance of 55 mm, represented the largest electrical 
resistance variations. 

The accuracy of impact damage localization was 

Fig. 3 Electromechanical analysis of an array-type sample: (a) electrode configuration and electrical resistance change 
ratio; and (b) a visualized damage map 

 
Fig. 4 Visualized damage maps of 4-ply- and 8-ply-CFRPs for different impact energy values 

 
Fig. 5 Visualized damage maps of 4-ply- and 8-ply-CFRPs for different electrode arrangements 
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Fig. 6 Electromechanical sensitivities of CFRPs as 
a function of the inter-electrode distance

 
 

analyzed, as shown in Table 1. The average error of a 
sensing array was approximately 6% of an array cell that 
was 6% of the inter-electrode distance, and the average 
error in the metric scale was 4.58 mm. This result can 
facilitate optimizing the sensing performance by modifying 

 
 

 
 

the error and sensitivity values that are acquired from Figs. 
2(b) and 6. 

 
3.3 Self-sens ng w th electrodes at the per phery 
 
Electromechanical behaviors and damage localizing 

procedures of CFRPs with electrodes at the periphery are 
shown in Fig. 7. The decision-making procedures for the 
damage localization with different number of electrodes 
resulted in some differences. When the number of 
electrodes on one side is odd, the procedure of damage 
localizing might be similar to that of the 3 × 3 periphery 
CFRP, shown in Fig. 7. The arrows in sky-blue in Fig. 7 
indicate the directions of measuring the electrical channel. 
When the number of electrodes is even, it is similar to the 4 
× 4 periphery CFRP. The inherent algorithms for the 
damage localization is based on the summation of electrical 
resistance variation of the adjacent channels. Moreover, 
posing the weighing factor of 10 into the largest changed 
channels, the mid-points of electrical channels were 
standardized into 2D coordinates. Then, damage loczliza- 

 
 

Table 1 Error analysis of impact damage localization 

Samples Measured 
X coordinate 

Measured 
Y coordinate

Actual 
X coordinate

Actual 
Y coordinate

Distance 
(cell) 

Localizing error
(mm) 

A 5.19 4.12 5 4 0.22 8.41 
B 3.00 4.00 3.00 4.00 0.00 0.00 
C 4.00 5.00 4.00 5.00 0.00 0.00 
D 4.25 3.00 4.00 3.00 0.25 14.06 
E 4.77 3.92 5.00 4.00 0.24 6.84 
F 5.00 4.00 5.00 4.00 0.00 0.00 
G 5.08 3.92 5.00 4.00 0.12 4.42 
H 4.81 4.12 5.00 4.00 0.22 8.41 
I 3.00 4.00 3.00 4.00 0.00 0.00 
J 3.91 2.91 4.00 3.00 0.13 3.62 

 

Fig. 7 Decision-making procedure of damage localization with electrodes at the periphery 
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Fig. 8 Potential application of the proposed damage 
localization using Arduino and LEDs 

 
 

tion was successfully demonstrated in a colormap. 
Self-sensing SHM algorithm is applicable to a schedule-

based system as well as a real-time monitoring system. The 
potential application of the SHM system was conformed 
with Arduino and LED matrix, as shown in Fig. 8. The 
CFRP underwent electrical network changes by impact 
damages, and the multimeter acquired the changes in 
electrical resistance. Then, the LED matrix connected to 
Arduino demonstrated the resistance changes. 

 
 

 
 

Both damage localization and damage severity are 
indicated in red and green lights, respectively. If the 
monitoring system observes the resistance variation in real-
time, the system can be real-time-monitored by SHM. 
However, if the resistance analysis is performed 
periodically, the system can be schedule-based monitored 
by SHM. In the schedule-based system, the resistance 
values can be extracted with a one-touch coupler and a 
multimeter without any sensing element. 

 
3.4 FEA for electr cal res stance analys s 
 
The model for electrical resistivity analysis of a CFRP 

was proposed, as shown in Fig. 9(a). The CFRP model had 
overlapped zones between the carbon fiber laminae, called 
the inter-ply area. The rationale for the overlapped area was 
based on the empirical data that is represented in Fig. 9(b). 
Both the measured resistivity and the laminar-thickness 
decreased as the number of carbon fiber plies increased 
from two to eight. Numerical analysis results of the 
proposed model agreed well with the empirical data, as 
shown in Fig. 9(b). 

Fig. 10 shows the 3D FEA result of the CFRP model 
illustrated in Fig. 9. Electrical current density in the center 
of the CFRP was changed due to the formation of the 

 
 

 
 

 
Fig. 9 (a) Cross-sectional schematic of the proposed CFRP model; (b) Electrical resistivity as a function 

of the number of carbon fiber plies

 
Fig. 10 Electrical current density analyzed by FEA based on the proposed model 
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impact damage at the center. Electrical current density was 
concentrated in the horizontal line connecting the two 
electrodes. However, the current density was focused on the 
upper and lower sides of the damaged spot because 
electrons prefer the easiest path between two electrodes. 

Electrical resistance must be increased with impact 
damage of the CFRP because the electrical current density 
underwent variations in the dominant path along the arc of 
the puncture. Moreover, delamination near the impact spot 
caused the elimination of the inter-ply area, for which the 
electrical conductivity was found to be higher than a 
general carbon fiber, shown in Fig. 9. The measured 
electrical resistance of the FEA model, represented in Fig. 
10, was changed from 4.65 to 6.02 Ω. 

 
 

4. Conclusions 
 
In this study, electromechanical behavior of a CFRP was 

investigated by drop weight impact testing. The electrical 
resistance changed due to the impact damage because of the 
alteration in the electrically conductive carbon fiber 
network. The volumetric change ratio at the periphery of an 
electrode set with respect to the location of the puncture, 
affected the electrical resistance variation ratio. In other 
words, the distance between electrodes were involved in 
electromechanical sensitivity. The smaller electrode 
distance showed the larger resistance change accompanied 
by the larger structural change ratio. Therefore, the inter-
electrode distance was analyzed to optimize the self-sensing 
sensitivity for SHM. 

SHM using electrical resistance was extended to larger 
CFRPs with electrodes in an array. The largest electrical 
resistance variation ratio indicated the impact spot using 
array-type bar graphs and damage maps. Moreover, SHM 
was performed with electrodes only at the periphery. 
Decision-making algorithms for the periphery type were 
suggested using summations of the adjacent electrical 
channels with different weight factors. The error of damage 
localization was approximately 4.6 mm. Therefore, the 
CFRP self-sensing system with a smaller number of 
electrodes was developed for SHM. 

Periphery type was additionally investigated for self-
sensing with lesser number of electrodes. Electrodes only at 
the periphery were used to localize the impact damage. 
Decision-making algorithm for damage localization was 
also developed, depending on the number of electrodes at 
one side. 

A novel CFRP electrical model was developed for the 
FEA of electrical current density. The FEA supported the 
fundamental principle of self-sensing based on the electrical 
resistance values. A hole generated from the impact 
puncture, not only changed the dominant electrical path, but 
also the electrical resistance. Therefore, analyzing the 
electrical path via electrically conductive carbon fiber 
facilitated the understanding of the self-sensing mechanism 
of a CFRP. 
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