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A B S T R A C T   

Fiberglass-reinforced composite materials are commonly used in engineering structures subjected to dynamic 
loading, such as wind turbine blades, automobiles, and aircraft, where they experience a wide range of unpre
dictable operating conditions. The ability to monitor these structures while in operation and predict their 
remaining structural life without requiring their removal from service has the potential to drastically reduce 
maintenance costs and improve reliability. This work exploits piezoresistive laser induced graphene (LIG) in
tegrated into fiberglass-reinforced composites for in-situ fatigue damage monitoring and lifespan prediction. The 
LIG is integrated within fiberglass composites using a transfer-printing process that is scalable with the potential 
for automation, thus reducing barriers for widespread application. The addition of the conductive LIG within the 
traditionally insulating fiberglass composites enables direct in-situ damage monitoring through simple passive 
resistance measurements during tension-tension fatigue loading. The accumulation and propagation of structural 
damage are detected throughout the fatigue life of the composite through changes to the electrical resistance 
measurements, and the measurement trends are further used to predict the onset of catastrophic composite 
failure. Thus, this work results in a scalable and multifunctional composite material with self-sensing capabilities 
for potential use in high-performing, dynamic, and flexible composite structures.   

1. Introduction 

Fiber-reinforced composite materials have been continuously 
replacing traditional homogeneous materials, particularly in stream
lined, dynamic structures such as aircraft, small boats and automobiles. 
However, with the growing demand for high-performance structures 
comes additional desire for on-board structural monitoring systems that 
do not detrimentally affect the aerodynamic or mechanical performance 
of these composite materials. In addition, given the critical nature of 
these applications and the dynamic loading environments, there exists 
heightened interest in developing tools that are capable of anticipating 
the fatigue life of composite structures. However, such tasks are 
complicated by the anisotropy of fiber-reinforced composites, which 
causes them to be incompatible with commonly used traditional tech
niques for homogenous materials [1–3]. Therefore, to meet the demands 
for in-situ information regarding the damage state of various structures, 
structural health monitoring (SHM) for composite materials has been 
extensively researched and studied over the past several decades [4–8]. 
Concurrently, multiple researchers have investigated various empirical 

and phenomenological models for the purpose of fatigue life prognosis, 
specifically for fiber-reinforced composites [9,10]. Phenomenological 
models are commonly used to predict fatigue life in conjunction with 
SHM sensors that can provide actual in-situ information regarding the 
mechanical properties of the composites such as stiffness and strength 
[10–12]. For example, Suzuki et al. recently developed an improved 
model for fatigue life prediction for fiberglass composites based on 
stiffness degradation of the composites during loading [13]. The model 
was shown to be effective both for constant amplitude and random 
loading such as that experienced by fiberglass composites when exposed 
to ocean currents [13]. Nonetheless, in practice, this and other models 
require the development of in-situ SHM methods capable of monitoring 
the damage state of composite structures while in service. This acqui
sition of structural data in practice typically requires externally bonded 
sensors, which is impractical for large or complex structures due to the 
parasitic aerodynamic effects, environmental exposure, necessity for 
large systems of sensors, and difficulty in bonding to curved or complex 
surfaces. To reduce some of these limitations, alternative methods have 
turned to embedding of sensors such as lead zirconate titanate (PZT) 
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wafers [14,15], polyvinylidene fluoride (PVDF) films [16,17], or fiber 
optic sensors [18,19]. For example, Todd et al. utilized fiber Bragg 
grating sensors to detect fatigue damage in fiberglass composites and 
used the response of the sensor for composite life prognostics during 
fully reversed cyclic fatigue loading in a four-point bend configuration 
[20]. Although effective, these types of embedded sensors are still 
limited in application due to the weakening of the mechanical properties 
of the structures, as wafers and fluorinated films are introduced in the 
damage and failure-prone interlaminar areas of the composite, whereas 
optical fibers possess diameter size and properties that differ from those 
of the primary reinforcing fibers. 

To meet the demands for aerodynamic composite structures, re
searchers have turned to the use of multifunctional composites that are 
capable of providing additional functionality, such as sensing or actua
tion, in addition to fulfilling their structural responsibilities. A well- 
researched example of this is the exploitation of the inherent piezor
esistivity of carbon fibers for in-situ damage and strain monitoring 
[21–23]. As carbon fibers are strained, the molecular structure and the 
macroscopic shape of the material change, which results in modulation 
of the overall conductivity [24]. As the strain is increased to the point of 
mechanical failure of the fiber, sudden decreases in conductivity indi
cate fiber failure as a result of the reduced conductive pathways. Initially 
investigated in the late 1980s, resistance-based SHM for carbon fiber 
composites has been used to detect both strain and damage in multiple 
loading configurations, including tensile, flexural, impact, and fatigue 
[21,22,25–29]. In particular, changes in resistance to track damage 
progression during tension-tension fatigue have been examined by 
multiple research groups [30–32], where, in each case, the relative 
conductivity of the composite test specimen was shown to decrease 
proportional to the progress of fatigue life. In addition to using changes 
in the resistance of the carbon fiber composites to track damage, Seo 
et al. also demonstrated the potential for combining a pre-existing 
phenomenological model with trends in the electrical resistance to 
predict the fatigue damage incurred by the composite [30]. Vavouliotis 
et al. further extended these concepts by utilizing the trends in the 
resistance measurements to predict the fatigue life of the carbon fiber 
composite specimen [31]. Since the resistance of the sample was 
observed to decrease early during the fatigue test and then increase 
beyond a certain number of cycles, this inflection point was used to 
correlate the cycle at which the inflection occurs to the maximum 
number of cycles of the composite specimen [31]. However, despite the 
described research using scalable and effective methodology, it is 
limited to carbon fiber composites as it relies on the conductivity of the 
reinforcing fiber. 

To extend resistance-based monitoring to composites reinforced with 
electrically insulating fibers, a significant amount of research has 
focused on using conductive nanomaterials, the most common of which 
is carbon nanotubes (CNTs) [33–36]. CNTs have grown in popularity 
within the field of multifunctional materials since embedding CNTs 
within fiber-reinforced composites results in improved mechanical 
properties as well as increased conductivity [37–39]. Taking advantage 
of their inherent conductivity, CNTs have been used for resistance-based 
monitoring of fiberglass-reinforced composites during tensile, impact, 
and flexural loading [33,40,41], in addition to tracking fatigue damage 
progression during tension-tension fatigue loading of fiberglass com
posites [42,43]. In particular, Böger et al. demonstrated that fiberglass 
composites with multi-wall CNTs (MWCNTs) showed an increasing 
electrical resistance measurement correlating to decreasing modulus 
during fatigue loading [43]. Furthermore, in addition to an increasing 
mean resistance value, the peak-to-peak value of the resistance during 
cyclic loading was also observed to increase during the test [43]. The 
referenced works conclusively demonstrate that fiberglass-reinforced 
composites with embedded CNTs exhibit changes in electrical resis
tance correlating to the damage progression of the host composites; 
however, the hybrid composites were only used to track damage pro
gression and were not used to predict fatigue life. Additionally, 

dispersing CNTs within the matrix of fiber-reinforced composites re
quires careful processing techniques due to both the tendency of the 
CNTs to agglomerate due to van der Waals forces and the percolation 
requirements for effective resistance-based monitoring [44–46]. Efforts 
to circumvent these issues by depositing the CNTs directly onto the 
reinforcing fibers typically rely on chemical vapor deposition (CVD) or 
electrophoretic deposition (EPD), which either require extreme tem
perature and chemical environments or electrically conductive fibers, 
respectively [47–49]. To avoid the aforementioned problems, some 
research has investigated the use of CNTs in the form of buckypapers 
embedded within composites [50,51]. For example, Datta et al. utilized 
such a technique for fatigue monitoring and life prognosis of fiberglass 
composites [50]. However, the described methodology used only 
applied to crack propagation and was limited to single edge notch 
specimens. While small steps have been made to overcome issues asso
ciated with CNT fabrication, it stands to reason that alternative meth
odologies to introduce piezoresistive structural materials to 
fiberglass-reinforced composites would have the potential to improve 
the scalability and increase the application of resistance-based SHM for 
such materials. 

As a more recent addition to the field of conductive carbon-based 
nanomaterials, laser induced graphene (LIG) has received extensive 
research attention because of the scalability and simplicity of the 
fabrication methods [52–54]. Initially introduced by Lin et al. [52], this 
method has since been used for toughening aramid- and carbon-fiber 
composite materials, while maintaining their tensile properties, or 
introduce multifunctionality in the form of strain and damage sensing in 
both aramid- and fiberglass-reinforced composites [55–58]. As a result 
of the polymeric makeup of aramid fibers, LIG can be directly generated 
by irradiating the surface fibers using a defocused CO2 laser, thus 
leading to the direct conversion of the exposed fibers to piezoresistive 
LIG nanostructures [53,56,59,60]. The resultant multifunctional 
LIG-coated aramid composites are then capable of tracking tensile and 
flexural strain and damage [56], in addition to inter-ply delamination 
and ballistic impact [60]. However, since the chemical composition of 
ceramic fiberglass inhibits their direct conversion to LIG, a two-step 
transfer-printing process was developed to effectively integrate piezor
esistive LIG within fiberglass prepreg composites, which are then 
capable of tracking tensile and flexural strain and damage [57]. Notably, 
prior work confirmed that the addition of the LIG within the inter-ply 
region of the composite had no impact on the composite cure, and 
was shown to result in maintained structural integrity as illustrated 
during short beam shear (SBS) testing and dynamic mechanical analysis 
(DMA) [57]. Furthermore, Nasser et al. investigated the optimization of 
the LIG transfer printing process for improved structural properties of 
composites fabricated with carbon fiber prepreg containing an LIG 
interlayer, and confirmed that the transfer printing of LIG to commercial 
prepregs does not affect the tensile loading properties of the prepreg 
[58]. 

This work further exploits the piezoresistivity of LIG for the tracking 
of damage during tension-tension fatigue loading through an electrical 
resistance-based monitoring approach. First, the LIG is embedded within 
commercial fiberglass prepregs using a transfer-printing process, thus 
enabling direct resistance measurements of the composite. The electrical 
resistance of each test specimen is then monitored throughout the 
duration of fatigue testing up until failure, and then compared against 
both the modulus of the composite specimen and strain measurements 
taken using digital image correlation (DIC). In addition to using the 
electrical resistance to track the progression of damage, the measure
ment statistics are also shown to allow for the prediction of the 
remaining fatigue life. The composite fabrication methods used here are 
scalable and economical as the LIG is printed onto the surface of com
mercial polyimide films, and then transferred to commercial fiberglass 
prepreg. Notably, these processes avoid the need for any complex pre- 
treatment or chemical surface modifications. Thus, this work in
troduces a novel material with the potential to overcome current 

L. Groo et al.                                                                                                                                                                                                                                    



Composites Part B 218 (2021) 108935

3

limitations inhibiting the widespread application of resistance-based 
monitoring for fatigue life monitoring and prediction in fiberglass- 
reinforced composites. 

2. Materials and methods 

2.1. LIG fabrication and composite layup 

In this work, a simple transfer-printing process was used to integrate 
LIG within fiberglass composites. For reference, this methodology is 
more fully detailed and characterized elsewhere [57]. In short, a com
mercial polyimide film (0.0254 mm thick Kapton® tape sheets) was 
irradiated using a 40 W CO2 infrared laser (Epilog Zing 16). Following 
the conversion of the polyimide to LIG, the LIG interlayer was trans
ferred to the surface of an uncured fiberglass prepreg (CYCOM® E773) 
through a transfer printing process that consists of rolling the prepreg 
onto the LIG-coated polyimide substrate while applying manual pres
sure. The LIG was thus embedded in the uncured prepreg, forming an 
interlayer, after which the fiberglass prepreg layers were combined in a 
[+45/-45/+45]◦ stacking sequence and cured in a hot press at 127 ◦C 
under 100 psi (689.5 kPa) for 2 h. Once the composite panel was cured, 
samples were cut to 10 mm in width and 76 mm in length for quasi-static 
tensile testing to failure and tension-tension fatigue testing. Fiberglass 
tabs were then attached to each end of the sample with high shear 
strength epoxy (Loctite® 9430™ Hysol®) before adding sandpaper to 
the outside of the fiberglass tabs to eliminate slipping during the testing. 
The final gauge length of the samples following tab attachment was 
approximately 35 mm. To enable resistance measurements of the com
posite samples during testing, thin lines of silver paint were added 
around the edge of the sample at each end, resulting in a conductive 
pathway between each ply. Consequently, the resistance measurements 
taken between each silver paint ring were those of the entire composite 
rather than just the LIG interlayer at the surface ply. Additionally, 
copper wires were attached to the silver paint rings using additional 
silver paint and quick-cure epoxy to keep the wires fixed during testing. 
For reference, the electrical resistance of the samples following the 
completion of the fabrication process ranged between 200 and 900 Ω. 
Finally, white spray paint was used to speckle the top LIG-coated surface 
of the sample for DIC measurements. For reference, a side-view sche
matic of the sample with the direction of the applied load is shown in 
Fig. 1a, an image of the composite cross-section taken using an optical 
microscope is shown in Fig. 1b, and an image of a portion of the com
posite cross-section taken using a scanning electron microscope (SEM) is 
shown in Fig. 1c. 

2.2. Fatigue testing 

The completed test specimens were first evaluated in a quasi-static 
tensile test to failure using an Instron model 5982 test frame with a 
100 kN load cell according to ASTM standard D3039. Seven samples 
from multiple composite panels were tested to determine the average 
ultimate stress of the LIG-coated fiberglass composites (σultimate). 
Following the testing to failure, ten additional samples were tested in a 
load-controlled tension-tension fatigue test using an Instron Electro
Puls™ model E1000 test frame with a ±1 kN load cell. A sine wave 
excitation was used at a 10 Hz frequency and an R-value of 0.1, where R 
is defined as the ratio between the minimum stress and the maximum 
stress during the loading cycle (R = σmin/σmax). In order to obtain the 
response of the LIG over a small range of applied loads and fatigue life 
duration, the samples were subjected to a maximum stress (σmax) 
ranging between 65 and 78% of the ultimate strength (σultimate). While 
the elastic stiffness of the samples was monitored by the test frame, 
images for DIC analysis were taken using a single high speed camera 
(Photron FASTCAM Mini AX 200 high-speed camera) placed 125 mm 
from the sample with a field of view approximately 14 mm wide and 28 
mm long. Periodically throughout the tests (every 500–1000) cycles, 
100 frames were collected at 1000 frames per second (FPS) which covers 
one full cycle as the samples were loaded at 10 Hz. The DIC analysis and 
correlating surface strain measurements were performed using Vic-2D 
software [61], and the mean strain measured along the loading direc
tion averaged across the full sample width and 26 mm of the sample 
length was reported. It can be noted that 26 mm in length was used 
rather than 28 mm due to the focus of the camera. For reference, the 
strain halfway through the sinusoidal loading cycle was used. The 
electrical resistance of each sample was concurrently monitored using a 
Wheatstone bridge through the test, where the circuit input was pro
vided by a DC power supply (Hewlett Packard model 6217A) and the 
output was recorded using a National Instruments (NI) compact data 
acquisition system (cDAQ 9174) with an NI-9223 input module. A 
schematic of the fatigue test setup is shown in Fig. 2. 

3. Results and discussion 

3.1. Fatigue testing results 

Throughout the fatigue testing, the elastic modulus of the specimens 
was measured by the load frame, while the accumulation of damage in 
the sample was monitored through DIC measurements. To provide a 
more direct comparison between samples, the calculated values for the 
modulus and strain were normalized by their respective values at the 

Fig. 1. (a) Side-view schematic of the prepared sample and the direction of the applied load. (b) Image of the composite cross-section taken using an optical mi
croscope. (c) Image of a portion of the composite cross-section taken using a SEM. 
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beginning of the first loading cycle. Additionally, the normalized fatigue 
life of each sample was determined by normalizing the cycles during 
each test by the corresponding number of cycles to failure for each 
sample. The normalized decrease in the elastic modulus versus the 
normalized fatigue life for each sample is shown in Fig. 3a. As expected, 
the observed trends in decreasing stiffness allow for the categorization of 
the fatigue tests into three main regions. The literature has defined these 
regions by the type of damage initiation and propagation predominantly 
experienced by the sample during those portions of the fatigue life [31, 
62]. In Region I (approximately < 15% of fatigue life), the sample failure 
is dominated by matrix cracking throughout the composite. Since the 
samples tested here consist of entirely off-axis plies, the matrix cracking 
occurs in each ply and results in a relatively high rate of increase in the 
average strain experienced by the sample during this region [62]. This 
can also be confirmed by the DIC measurements shown in Fig. 3b, which 
indicate a sharp increase in strain during the same portion of the test. 
Region II (approximately 15–85% of fatigue life) is characterized by 
interfacial debonding occurring within the interlaminar area of the 
composite, delamination occurring along the off-axis fibers, additional 
matrix cracking, and the propagation of all these types of damage. 
During this portion of the test, both the decrease in modulus and the 
measured strain show relatively linear increases at a lower rate than that 
observed in Region I or III, which is characteristic of the damage prop
agation in Region II [62]. Finally, Region III (approximately > 85% of 
fatigue life) occurs toward the end of the test and immediately preceding 
failure of the composite. This portion of the test is characterized by se
vere fiber fracture and pullout combined with a large degree of delam
ination along the fiber direction, both of which result in the dramatic 
decrease in modulus and increase in strain observed in Fig. 3a and b, 
respectively. It can be therefore noted that the trends observed here are 
similar to those observed in previous studies reported in the literature 
[62–64]. 

In addition to monitoring the structural changes using the modulus 
and strain measurements, the electrical resistance of the samples was 
also measured throughout the duration of the test to evaluate the self- 
sensing capabilities of the composites containing LIG. As the samples 

were cyclically loaded at 10 Hz, the resistance measurements were 
averaged to obtain one representative measurement each second, 
resulting in one measurement point for every 10 cycles. The resistance 
measurements were then normalized by the mean resistance value 
measured during the first second of the test in order to enable accurate 
comparison between samples. The resulting average percent change in 
the mean resistance (ΔR) for each sample versus the normalized fatigue 
life is shown in Fig. 4. The trends in the normalized ΔR also show some 
correlation to the three regions characterized by the type of damage 
occurring within the fiberglass samples. Since the piezoresistive LIG is 
located within the matrix at each ply level, multiple damage types 
including matrix cracking, delamination, and fiber breakage are all 
detectable by the changes in electrical resistance due to the resulting 
physical separations within the LIG interlayer [57]. However, the in
crease in ΔR experienced during matrix cracking, which occurs during 
Region I, is considerably less pronounced than the increase observed 
during debonding, delamination, and fiber failure which occur during 
Regions II and III. This can be explained by the fact that matrix cracking 
results in less physical separation within the LIG interlayer, and there
fore it is less likely to significantly affect the electrical conductivity. 
Nonetheless, the percent change in the mean resistance can be used to 
track the progression of fatigue damage within the composite samples 
throughout each region of the fatigue life. 

In addition to relying on the ΔR to evaluate the progression of 
damage within the fiberglass composites samples, the first derivative of 
the normalized resistance taken with respect to the number of cycles 
provides further insight into the mechanisms at play in the increasing 
resistance measurements. Fig. 5 shows the first derivative of the 
normalized percent change in resistance taken with respect to the 
number of cycles in log-scale versus the normalized fatigue life. It should 
be noted that the results shown in Fig. 5 are not a direct derivative of 
those shown in Fig. 4, and are instead the derivative of the normalized 
resistance measurements with respect to cycles during the test rather 
than the normalized fatigue life. It should be noted that in practice, 
where the fatigue life of the composite is unknown, the number of cycles 
experienced by the composite can be tracked using the time response of 

Fig. 2. Schematic of fatigue sample in test frame with setup for in-situ resis
tance monitoring and DIC analysis. 

Fig. 3. (a) Decrease in modulus versus normalized fatigue life. (b) Strain from DIC measurements versus normalized fatigue life.  

Fig. 4. Normalized ΔR versus normalized fatigue life.  
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the resistance. In this case, since a sinusoidal loading wave was used, the 
time response of the sample resistance also followed a sinusoidal 
pattern. Thus, the measured resistance from the sample can be used to 
determine the number of cycles without requiring knowledge of the 
load. It is apparent from the results in Fig. 5 that the same three regions 
defined by the physical effects of the damage within the composite 
samples are also clearly detectable by the variation in the slope of the 
first derivative of the normalized electrical resistance throughout the 
normalized fatigue life. Initially during Region I, where matrix cracking 
is the dominant damage form, the normalized resistance (Fig. 4) in
creases at a relatively low rate resulting in a lower derivative (Fig. 5). 
This is due to the location of the LIG within the matrix of the composite. 
Thus, as the matrix is damaged, a relatively small amount of corre
sponding separation occurs within the LIG. Then, as delamination, 
debonding, additional matrix cracking, and some small fiber damage 
occur, the resistance increases approximately linearly, which results in a 
constant derivative. During Region III, however, the fiber breakage and 
severe delamination result in significant physical separation between 
conductive contacts within the LIG interlayers, leading to a non-linear 
increase in electrical resistance, which correlates to the non-linear 
physical effects (Fig. 3). The described trends are notably consistent 
regardless of the initial specimen resistance or applied stress, thus 
yielding the good alignment observed in Fig. 5. As a result of the con
sistency in the trends observed from each sample and the distinctive 
Regions I, II, and III, the derivative of the normalized resistance with 
respect to cycles is a promising candidate for fatigue life prediction, 
which will be further discussed in a later section. 

To provide a visual comparison between the three measurement 
methods, the normalized ΔR, decrease in modulus, and physical damage 
observed using DIC measurements for a representative sample (Sample 
8) are shown in Fig. 6a and Fig. 6b. The images corresponding to the DIC 
measurements (Fig. 6b) represent the strain in the loading direction 
(εyy), which is 45◦ off-axis from the fiber orientation of each ply. The 
combined data in Fig. 6 further validates the conclusions drawn 
regarding the damage detected during each region of testing. While the 
matrix cracking in Region I results in a slight decrease in modulus and 
visual increase in strain, the increase in ΔR and decrease in modulus 
become approximately linear when damage progresses through Region 
II, as some delamination along the fibers is visible in the DIC images. 
Then, in Region III at the end of the test (>85% fatigue life), the non- 
linear increase in ΔR is visually correlated to fiber breakage and se
vere delamination, highlighted by the highly concentrated areas of 
damage in the DIC images, as the sample fails in shear due to the 
stacking sequence of the plies. For additional confirmation of the cor
relation between the changes in normalized ΔR and the strain measured 
by the DIC, a comparison of the normalized ΔR and DIC strain for three 
representative samples is shown in Fig. 6c. From the figure, the trend in 
ΔR is shown to correlate well to the trends in the measured strain due to 
the piezoresistivity of the LIG. This correlation improves as the test 

progresses through Region II and III as the fatigue life is between ~40 
and 100%. This is expected based on prior works which have investi
gated the ability of LIG to track strain in fiberglass-reinforced compos
ites through resistance measurements [57]. 

In addition to monitoring the mean resistance measurements (ΔR), 
the peak-to-peak value of the resistance (ΔRpp) was also used to track 
trends in the structural damage to the composite during fatigue loading. 
In contrast to ΔR, the values of ΔRpp represent the maximum peak-to- 
peak value over 1 s of data. As a result, the measurements were highly 
susceptible to environmental noise, and a post-processing filter was used 
to reduce the high-frequency noise and eliminate the data points cor
responding to high levels of noise. It should also be noted that ΔRpp 
measurements were normalized by the initial value of Rpp during the 
first second of data to again provide a fair comparison between samples. 
Since the tests were performed in a load-control mode, the specimens 
exhibited larger strains as testing progressed while the elastic modulus 
decreased due to the accumulated damage. This expected increase in 
peak-to-peak strain values in return led to increased ΔRpp as a direct 
consequence of the piezoresistance of the LIG. It can also be noted that a 
similar increasing trend in ΔRpp of fiberglass composites containing 
CNTs has also been reported in the literature [43]. The resulting 
normalized changes in ΔRpp versus the normalized fatigue life for each 
sample tested are shown in Fig. 7. The results presented in the figure 
indicate that ΔRpp increasess approximately linearly until the sample 
approach Region III of failure. As the samples near failure in Region III, 

Fig. 5. Derivative of normalized change in resistance versus normalized fa
tigue life. 

Fig. 6. (a) Normalized ΔR and decrease in modulus versus normalized fatigue 
life. (b) High speed camera photos of a sample and corresponding DIC images of 
strain in the loading direction (εyy) versus normalized fatigue life (c) Normal
ized ΔR and DIC strain versus normalized fatigue life. 
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the moduli change non-linearly, and ΔRpp measurements show a similar 
trend due to the severe damage experienced by the composite samples in 
this region. The relatively linear behavior through Region I is attributed 
to the fact that in that region, the minor changes in specimen modulus 
do not cause sufficiently large alterations in the slope of the 
peak-to-peak strain, which in return minimizes changes within ΔRpp. The 
response in Region II is linear as expected because changes in the 
modulus, strain, and ΔR are observed to be approximately linear here. 
This linearity is due to the relatively constant increase in damage modes 
experienced in this region. In summary, ΔRpp is promising for the esti
mation of fatigue life due to the consistently linear increase in the 
normalized value during Region I of the fatigue life. 

3.2. Fatigue life prediction 

Further analysis of the ΔRpp measurements indicates that a certain 
degree of correlation exists between the rate of increase in ΔRpp and the 
fatigue life of the fiberglass composite. To take advantage of the pro
portional relationship between the resistance and strain measurements, 
a linear fit was applied to ΔRpp versus the cycles during the first portion 
of the test (0–2000 cycles). The normalized experimental peak-to-peak 
data and the corresponding linear fit for the first 2000 cycles are 
shown in Fig. 8a for a representative sample (Sample 3). The cycle range 
selected correlates to the data up to 20–50% of the fatigue life for the 
samples tested in this work. In order for fatigue life prediction to be 
maximally effective, it is desirable that the estimation be made early 
during the life of the composite prior to the occurrence of significant 
damage to the composite material. Thus, a limit of 2000 cycles was 
selected here, as it is the minimum number of cycles covering Region I of 
failure for the all the tested samples. Although this number includes the 
first portion of Region II for some samples, the linear trend in the peak- 
to-peak resistance is observed to persist through Region I and into Re
gion II (Fig. 7). Once the linear fit was applied to the first 2000 cycles of 
each sample, the maximum number of cycles was plotted versus the 
slope of these linear fits for each sample (Fig. 8b). From the figure, the 
fatigue life of the sample is shown to increase approximately linearly 

with the slope of the normalized ΔRpp. A least squares linear fit of the 
trend seen in Fig. 8b results in a good correlation with the experimental 
data, as the majority of test specimens fall within one standard deviation 
of the fit. Therefore, the results indicate that the slope of the normalized 
ΔRpp versus the cycle number within Region I and the early part of Re
gion II during the fatigue life is a promising approach for obtaining an 
initial estimation of the predicted fatigue life of the test specimen 
without requiring knowledge of the applied load. 

Although the normalized ΔRpp can provide some indication of the 
sample fatigue life, additional information regarding the progression 
towards structural failure is still desirable during unpredictable, dy
namic loading environments. For this reason, additional analysis was 
completed for the derivative of the normalized resistance measure
ments. As previously stated, the trends in the derivative showed good 
correlation for each sample tested during the entirety of the fatigue life, 
regardless of the applied load or induced strain. Fig. 5 illustrated that 
each sample showed a relatively constant derivative during Region II 
with a slight increase, followed by a non-linear increase as the sample 
approaches failure in Region III. Thus, the observed trends from Region 
II and Region III show a close correlation with an exponential curve. In 
order to further exploit this relationship, the derivatives of the samples 
were averaged over the normalized fatigue life, and a non-linear least- 
squares curve fit was applied to obtain a model exponential curve 
correlating to the relationship between the log10 of the mean derivative 
and the sample fatigue life. It is interesting to note that while this 
method, which uses the derivative of the resistance, models the rela
tionship between the entirety of the data set and the fatigue life, the 
prior method using ΔRpp utilizes only a single data point representing 
each sample to obtain the predicted fatigue life. The experimental first 
derivative corresponding to the entire sample set, calculated average of 
the sample derivatives, and the resultant exponential fit are shown in 
Fig. 9. From the figure, the exponential curve shows excellent correla
tion with the mean derivative and good correlation to the bulk of the 

Fig. 7. Normalized ΔRpp versus normalized fatigue life.  

Fig. 8. (a) Sample 3 normalized ΔRpp versus cycles with a linear fit. (b) Fatigue life versus slope of normalized ΔRpp with a linear fit.  

Fig. 9. Derivative of normalized change in resistance versus normalized fatigue 
life with exponential predictive fit. 
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experimental data from all samples tested. The results thus indicate the 
derivative of the normalized resistance measurements with respect to 
cycles can be correlated to the fatigue life of the sample with no 
knowledge of the loading amplitude or fatigue life. Although there is 
some variation in the derivatives early on during the test (<20% 
normalized fatigue life), ΔRpp can be used to provide an initial estima
tion of the fatigue life during Region I, while the derivatives can be used 
to provide a more accurate fatigue life estimation as the sample pro
gresses towards failure in Regions II and III. It can be noted that in future 
work, both phenomenological models and machine learning algorithms, 
such as artificial neural networks (ANNs), will be investigated as po
tential approaches for more accurately predicting the remaining fatigue 
life and future damage state of composite materials using the piezor
esistive response of the embedded LIG interlayers. It is also recom
mended that future work investigate the use of the methodology used 
here for truly random loading environments which lack constant load 
frequency and amplitude. 

4. Conclusion 

This work exploits piezoresistive LIG for fatigue damage tracking and 
fatigue life estimation in fiberglass-reinforced composites. First, LIG is 
integrated within fiberglass composites using a scalable transfer- 
printing process, after which the composite samples are subjected to 
tension-tension fatigue loading while monitoring the stiffness, strain, 
average electrical resistance, and peak-to-peak electrical resistance. The 
results indicate that the normalized resistance measurements and peak- 
to-peak resistance measurements can be used to track matrix cracking, 
delamination, and fiber failure within the loaded fiberglass composites. 
Additionally, the peak-to-peak measurements were shown to increase 
approximately linearly with the number of cycles, and the correspond
ing slope was shown to have an approximately linear relationship with 
the overall fatigue life of the sample. The slope of the peak-to-peak 
measurements can therefore be used to estimate the fatigue life during 
Region I of the composite fatigue damage. Furthermore, an exponential 
model is used to correlate the derivative of the normalized resistance 
measurements to the fatigue life as the samples approach fatigue failure 
(>75% of normalized fatigue life). Thus, for the first time, piezoresistive 
LIG is used for both damage tracking and fatigue life estimation in 
fiberglass composites exposed to cyclic sinusoidal loading. Although 
further investigation is recommended for random or unpredictable dy
namic loading environments, these preliminary results indicate that this 
novel multifunctional material has potential for use in SHM and fatigue 
life prediction applications. Future work will explore the potential of 
combining such an SHM technique with machine learning algorithms to 
provide accurate fatigue life prediction under unknown and unpredict
able loading conditions. 
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