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Integrated strain sensing in CFRP using piezoresistive carbon fiber sensors (CFS) is hindered by leakage
currents and signal interference caused by laminate conductivity, while thermoset-compatible insulation
concepts validated in tensile tests remain scarce. This work introduces an insulated carbon fiber sensor
(iCFS) concept intended to provide an approximately linear strain-dependent resistance response in CFRP.
The iCFS are fabricated by twisting and pretensioning 1 K carbon rovings, epoxy impregnation, dip coating,
and four-wire contacting. Insulation quality is assessed in liquid gallium, and the sensors are embedded in
autoclave-processed unidirectional (UD) CFRP and GFRP laminates and characterized by cyclic tensile tests
using video-extensometer reference strains. Fully insulated iCFS retain >99.8% of their initial resistance in
gallium. For three specimens per material system, five measurements of five load-unload cycles each were
performed at target strains of 0.2% and 0.6%. A single fit was applied to each five-cycle measurement, yielding
specimen-specific mean gauge factors of 1.64-2.12. In one exploratory increasing-load test per material system,
a more pronounced nonlinear response emerged at approximately 0.7% strain in the investigated specimens.
The results provide proof-of-concept evidence for electrical insulation and iCFS integration in UD CFRP for
strain-sensitive resistance measurements under controlled room-temperature axial tensile loading.

1. Introduction and are vulnerable to fiber breakage during handling, especially when
routed out of the component [13]. In addition, the strain behavior of
Modern composite structures are increasingly being used in high-
performance applications, from aerospace components to gaseous and laminate itself [14,15], also using a neural network for calibration [16,
cryogenic fuel tanks, owing to their exceptional strength-to-weight 171.
ratios and design flexibility [1]. As the complexity and safety demands
of these structures grow, integrated structural health monitoring has
become essential [2]. In particular, the in situ measurement of strain
is crucial for assessing the integrity and lifetime of composite compo-
nents. Carbon fibers, with their high electrical conductivity and me-
chanical robustness, present a promising route for realizing integrated

CFRP can also be measured through resistive measurements of the CFRP

It should be noted that the measured resistances and the measure-
ment behavior strongly depend on the orientation of the layers in
the component [14,15]. For piezoresistive measurements using specific
conductive sensor fibers, GFRP layers can be used as insulating layers to
prevent leakage currents through the CFRP [18]. [18] also summarizes

sensors that can continuously monitor strain within composite materi-
als [3,4]. While carbon fibers or graphene-coated glass fibers [5] have
been successfully employed as sensor elements in glass-fiber-reinforced
plastics (GFRP), where the inherent electrical insulation of the matrix
and insulating glass fibers facilitates accurate measurements [6-10],
their direct application in carbon-fiber-reinforced plastics (CFRP) is
considerably more challenging. In CFRP, the conductive nature of the
composite material can interfere with the sensor’s signal, necessitating
an effective electrical insulation strategy for the carbon fiber sensors
(CFS) [11,12]. Conventional sensor technologies, such as fiber Bragg
gratings, offer high sensitivity but often involve complex, costly setups
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the various known fields of application and the piezoresistive measure-
ment of unidirectional GFRP and CFRP laminates and compiles the
variables required for the calibration of different prepregs and fibers
without referring to electrically insulated piezoresistive sensor fibers
measured in CFRP.

Recent research has explored several approaches to address the
challenges of piezoresistive strain sensing in electrically conductive
CFRP structures.

Using thermoplastic 3D printing [19-22], insulated carbon fiber
components can be manufactured, enabling strain measurement
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through the component. Superficial bonding of conductive nanotube
fibers on CFRP also provides the necessary insulation for piezoresistive
sensors [23,24]. A different approach is the insulation of the carbon
sensor fiber using a cotton textile [25,26]. This requires a compara-
tively bulky insulation layer, which increases the influence on the CFRP
component. In [27], a thermoplastic insulation coating for carbon fibers
and carbon nanotubes is described for use in the in vivo detection of
dopamine. However, integration into composite laminates and a strain
sensing test is not performed. In addition, these methods do not offer
the possibility of integrated contacting of the sensor fiber to a copper
cable, which is essential for a locally limited strain measurement. In
addition, because the insulation is made of a thermoplastic material,
questions remain regarding material compatibility and creep for use in
a thermoset matrix. In [28], carbon fiber sensors (CFS) are incorporated
into thermoplastic textiles using warp-knitting techniques, enabling
electrically insulated strain measurements, as further demonstrated
in [29]. This also requires large-scale insulation layers.

In [30], carbon nanotubes insulated with a thermoplastic coating
are presented, offering promising diameters for sensing applications.
However, these were tested without integration into structural compo-
nents for tensile testing and after integration into CFRP for a three-point
bending test. Furthermore, no method for contacting the sensors to
copper wiring within the component is proposed.

The reviewed literature indicates a lack of reliable electrical insula-
tion methods for piezoresistive carbon yarn sensors and an insufficient
validation of strain measurement data obtained from tensile tests with
sensors integrated into CFRP.

This paper addresses this gap by introducing insulated carbon fiber
sensors (iCFS). These sensors utilize a novel duromeric insulation
process for carbon yarn and a multi-layer epoxy-based dip-coating
method. The process combines a multi-layer epoxy-based insulation
method with pre-tensioning intended to promote an approximately
linear strain-dependent sensor response. Its functionality and limita-
tions were evaluated by tensile tests using comparative strain data
collected using a video extensometer. UD tensile tests were performed
in conductive CFRP laminates as the primary target material system
and in insulating GFRP laminates as an electrically non-conductive
reference system. The GFRP specimens were used to characterize the
strain-dependent electrical response of the embedded iCFS in an elec-
trically insulating laminate environment, thereby avoiding electrical
interaction between the sensor and conductive carbon-fiber reinforce-
ment. This reference configuration therefore provides a non-conductive
comparison for evaluating the response of the embedded iCFS. In
addition, the sensor behavior was evaluated until sensor failure to
demonstrate the applicability and limitations of the proposed approach.

2. Materials and methods

The following section describes the materials, sensor preparation
steps, and manufacturing processes used for the fabrication and char-
acterization of the multi-layer insulated carbon fiber sensors embedded
in composite laminates.

2.1. Materials

The materials used in this study include the base components for
sensor fabrication as well as the prepreg systems for the composite lam-
inates. The specific composition and processing compatibility of each
material are critical for ensuring proper insulation, sensor integration,
and mechanical performance.
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Fig. 1. Viscosity profile of epoxy resin L20 with EPH 161 at 20°C.

2.1.1. Epoxy-insulated carbon fiber sensors

The sensor fibers used in this study were 1 K T300 carbon fiber tows
supplied by Toray. For insulation and sensor integration, an epoxy resin
system consisting of Epoxy L20 and Hardener EPH 161 (R&G GmbH,
Germany) [31] was used. The resin mixture had a measured viscosity
of 0.495 Pa-s at 20 °C after one minute of mixing (Fig. 1).

For local insulation of solder joints, a commercially available 5-
minute epoxy adhesive (Everglue 2 K 5-minute-epoxy) [32] was ap-
plied. Copper wires with a diameter of 0.29 mm were used for electrical
connections. Nickel electroplating of the sensor ends was performed
using a nickel sulfate electrolyte bath as described in [33].

2.1.2. CFRP and GFRP laminates with integrated iCFS manufactured using
the autoclave process

To produce unidirectional laminate specimens with integrated iCFS,
SIGRAPREG G U300-0/NF-E320/35% (SGL Carbon, Germany) with a
resin content of 35 wt% was used for GFRP specimens and SIGRAPREG
C U230-0/NF-E322/39% (SGL Carbon, Germany) with a resin content
of 39 wt% was used for CFRP specimens. According to the manufac-
turer, both resin systems have identical curing behavior and differ only
slightly in their tackiness during processing.

2.2. Manufacturing

2.2.1. Epoxy-insulated carbon fiber sensors

To produce multi-layer insulated CFS (iCFS), an impregnation layer
and a thin epoxy resin layer were applied to the sensor (Fig. 2a) for
insulation using dip coating.

For this purpose, a pre-impregnated CFS, which already allows
measurements in GFRP, was coated with a thin layer by horizon-
tal immersion in epoxy resin. Because the fiber was not withdrawn
vertically from the epoxy, unlike in e.g. [34], this process requires
precise adjustment of the rheological properties of the resin to enable a
continuous and thin-walled coating. The process of sensor production
and insulation is described in detail below.

To minimize the influence of the sensors on the stiffness and
strength of the laminate, the integration should be as minimally in-
vasive as possible, ideally through an extremely thin insulation layer.
Since the sensors are intended for use in load-bearing structures, it is
essential to ensure compatibility between the sensor material and the
thermosetting resin system of the CFRP. Using the same material system
for both the sensor and the component is particularly beneficial, as it
helps to minimize material stresses arising, for example, from differ-
ences in thermal expansion coefficients. Consequently, the insulation
layer should not only be as thin as possible but also belong to the same
material group as the CFRP matrix. At the same time, it must be ensured
that the layer is thick enough to achieve continuous insulation coverage
while limiting the number and extent of local thick spots.
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Fig. 2. (a) Schematic drawing of the sensor structure, (b) Manufactured insulated sensor with insulated solder joints connected to two wires on each side.

To promote a more linear strain-dependent response of the iCFS, a
defined pre-tension was applied during sensor fabrication based on the
considerations reported in [35]. Pre-tensioning can promote uniform
fiber alignment and reduce internal variability, thereby potentially con-
tributing to a more consistent piezoresistive response and facilitating
sensor calibration.

In contrast, strongly strain-dependent gauge factors were reported
in [30] for sensors manufactured without pre-tensioning.

In the present work, the epoxy-based insulation method was there-
fore combined with the application of a defined pre-tension to reduce
potential variability in the sensor response. Sensor preforms were fab-
ricated from 1 K T300 carbon fibers (Toray) with a length of 1 m under
a controlled tensile load and twisted at a defined rate of 15 turns per
meter. To accomplish this, the carbon fibers were clamped into the fiber
holders and twisted the required number of turns (Fig. 3a and b). Since
the fibers were clamped in place, the same nominal number of turns
could be applied to each fiber. The fibers were then pre-tensioned to
approximately 10 N using the tensioning mechanism on one side of
the tensioning device. The tensioning process was calibrated using a
KERN HCB 50K20 and was performed before every fiber production
run. This process was intended to reduce variations in the sensor
geometry and contribute to more consistent fitted gauge factors across
the investigated strain levels.

The twisted sensor fibers were then impregnated with an initial
layer of epoxy resin (Epoxidharz L20, Hardener EPH 161) and pre-
cured at room temperature (RT). After pre-curing, the impregnated
fibers were cured in an oven at a low heating rate of 5°C per hour and
a maximum temperature of 110°C to prevent the resin from flowing
and the glass transition temperature of the resin from being exceeded
during curing. The preforms were then cut to the required sensor length
before the actual production and insulation of the sensors took place.
For the experiments described in the following sections, a sensor length
of 105 mm was chosen. To attach copper cables to the CFS, the epoxy
matrix at the ends of the fiber preforms was removed by selective
flame treatment and cleaned with isopropyl alcohol. Subsequently, the
exposed carbon fiber ends were electroplated with nickel using the
nickel bath composition described in [33] and soldered to thin copper
wires with a diameter of d = 0.29 mm. To limit the measurement to the
length of the carbon fiber, a four-point measurement was performed
by soldering two copper cables to each side of the CFS. After soldering
the CFS to the test leads, the CFS were insulated to become iCFS in a
two-step process.

First, the fibers were coated with an epoxy resin using dip coating
at 20°C. The viscosity of the resin, measured one minute after mixing,
was 0.495 Pa s. Then the fibers were pre-cured in a vertical orientation.
The dip coating was performed by pulling the sensor fiber through a

horizontal resin bath, ensuring no contact between the mold and the
fiber (see Fig. 3c). The copper wires were routed so that the length
pulled through the resin was as short as possible in order to preserve
their functionality and minimize resin-induced weight gain. Curing was
performed vertically by hanging the copper wires on one side from a
horizontal rod of a laboratory stand using adhesive tape. After pre-
curing at 20°C, the fibers were post-cured in the oven analogously to
the first curing step (see description above).

After post-curing in the oven using the same procedure as in the
first curing step, the contact area between the iCFS and the measuring
leads was insulated. This was carried out using fast-curing 5-minute
epoxy resin. After mixing, the resin was applied to a convex surface and
pre-cured for three minutes. The soldered areas of the iCFS were then
briefly immersed in the epoxy resin while rotating and pre-cured with
continuous rotation until gelation was complete. Complete curing was
then performed at room temperature without rotation. An insulated
sensor is shown in Fig. 2b.

To quantify the resin uptake after each insulation step, the fiber
volume content (FVC) was determined following every coating process.
For this purpose, the masses of the unimpregnated fibers and fibers of
comparable length after each coating step were measured. The density
of the T300 fiber is assumed to be 1.7635 g/cm® [36], while the
resin density of 1.152 g/cm® was determined by hydrostatic weighing
according to DIN EN ISO 1183-1 [37]. The FVC is calculated using:

mr/py

FVC = 1
mg/ps+(m—mg)/p, W

where m, denotes the average mass of the resin-free fibers, and m
represents the mass of the respective insulated fiber. A sample size of
n = 10 was used for each measurement condition: bare fiber, fiber with
impregnation, and fiber with impregnation and insulation. The results
are shown in Fig. 8.

2.2.2. CFRP and GFRP laminates with integrated iCFS manufactured using
the autoclave process

To produce CFRP and GFRP laminates with integrated iCFS in the
autoclave, prepreg layers were cut to size and placed on a polished
aluminum plate with a layer of release foil. As the iCFS was embedded
in the middle of the laminate, the layers were divided lengthwise in
the direction of the sensor as shown in Fig. 4. This allowed the copper
cables to be routed out of the laminate. As both the sensors and the
solder joint to the copper cable are located inside the component, it
is essential that both components are insulated in CFRP. To protect
the wires from sticking to the resin of the laminate, the wires were
separated with release foil and fixed with tape to prevent shifting in the
vacuum bag. To ensure a flow from the laminate to the vacuum line,
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Fig. 3. (a) illustrates the pre-tensioning concept for manufacturing sensor fibers according to [35], (b) illustrates the pre-tensioning device used to manufacture
carbon fibers with a defined twist density (twists per meter) under controlled tensile loading conditions. (c) shows the dip coating method to insulate the carbon
fiber. The roving was guided through the resin bath, while the copper wires were kept in contact with the resin to the minimum extent possible in order to
preserve their functionality and minimize resin-induced weight accumulation.
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(a) (b)
Fig. 4. (a) Frontal cross section of the laminate setup with iCFS sensor. The first 3 of the total of 6 prepreg layers are placed as one sheet. For the upper 3

layers, it is necessary to place two cut-outs side by side with the iCFS in between so that the copper cables can be led out at the top, (b) Lateral cross section of
the laminate setup with iCFS sensor. The iCFS is placed on the third layer from the bottom. The copper cable is routed through the layers above.

peel ply was placed at the edges of the laminate. Then an aluminum '

pressure plate was placed on top of the structure to achieve an even
surface on top of the laminate. Afterwards, the setup was covered with
breather fleece and a vacuum bag. For curing in the autoclave, a typical
curing cycle for the SIGRAPREG GFRP and CFRP prepreg of 90°C for
3 h with an autoclave pressure of 2 bar, a heating ramp of 0.5 °C/min
and a vacuum level of 800 mBar was used. Due to the high resin flow
of the SIGRAPREG prepreg and the cables of the iCFS, the unpacking
process must be carried out with particular care to prevent the cables
from coming off. The same applies for gluing the end tabs and cutting
the specimens adapted from DIN EN 2561 [38], but with increased
sample width of 30 mm as well as a sample thickness of 1.5 mm (Fig.
9a).

2.3. Characterization methods

2.3.1. Sensor insulation test in a conductive Ga bath

To check the quality of the manufactured insulation layer under
conditions as close as possible to those of the embedded sample, the
sensors were immersed in a bath of elemental gallium at 35°C to ensure
the liquid phase of the gallium. The electrical resistance was measured
before (R,) and after immersion (Rg,). By comparing R, and Rg,,
defects in the insulation layer are detected directly, as insufficiently

Cu-Wire !
\

Ga

Fig. 5. Setup for testing the insulation properties of the iCFS using a gallium
bath.

insulated areas lead to a significant drop in the line resistance. The
measurement setup is shown in Fig. 5. An overview of the measured
resistances of insulated and uninsulated CFS with a sample size of n =5
for each condition is shown in Table 1.

2.3.2. Piezoresistive properties of insulated iCFS embedded in CFRP and
GFRP determined by tensile testing

To determine the gauge factor (k), UD specimens made of CFRP and
GFRP with embedded iCFS were cut in accordance with DIN EN 2561
(Section 2.2.2) and loaded to different strain levels (0.2 %, 0.6 %) using
a Zwick Z100 universal testing machine (UTM). For each specimen and
target strain level, five repeated measurements were performed on the
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same embedded iCFS specimen, with each measurement comprising
five consecutive load—unload cycles. Thus, the 25 cycles per specimen
and strain level represent repeated observations on the same embedded
sensor and do not constitute 25 independent specimens or indepen-
dent sensor replicates. For this purpose, one side of the test surface
of the tensile specimens (Fig. 9b) was first coated with white paint
for optical strain measurement using a ZwickRoell videoXtens 1C/1H
video extensometer. For a homogeneous reference strain measurement,
four tracking regions with a size of 128 x 128 pixels were placed
centrally along the specimen surface over a gauge length of 50 mm. The
strain value obtained from the video extensometer therefore represents
an averaged axial reference strain over this gauge length and was
used for comparison with the electrical sensor response. The video
extensometer, operated in conjunction with the Zwick universal testing
machine, recorded strain at 10 Hz, while the electrical resistance was
independently recorded at 1 Hz. Prior to testing, the video exten-
someter was calibrated according to the manufacturer’s procedure.
According to the manufacturer’s specifications, the video extensometer
corresponds to accuracy class 1, providing an accuracy of 1 % of the
measured value and a displacement resolution of 0.25 pm. The two
datasets were matched stepwise and manually using the recorded time
information and the identifiable progression of the loading sequence.
The matching was performed with reference to the load-reversal points
of the cyclic tests, which served as distinct reference points for the
temporal alignment of the two datasets. The datasets were subsequently
combined at a common sampling frequency of 1 Hz by assigning
the corresponding strain value to each resistance measurement. No
automated synchronization or additional time-shift correction beyond
this manual alignment was applied. Consequently, a residual temporal
mismatch and an associated error cannot be excluded, particularly
in the vicinity of the load-reversal points. The manual matching was
performed over the complete cyclic loading sequence shown in Fig.
12. Since no full-field strain measurement was performed, the optical
reference measurement does not provide information on the local strain
field in the direct vicinity of the embedded sensor. Consequently, local
strain concentrations or strain gradients around damage features, such
as the interlaminar crack discussed in Section 3.5, cannot be directly
resolved from the optical data. The interpretation of this damage
mechanism is therefore based on the combined evaluation of the optical
specimen response and the electrical resistance signal.

A fine speckle pattern was then applied with black paint to enable
optical tracking. The specimen was subsequently placed in the self-
clamping jaws of the tensile testing machine, and the cables were
connected to the measuring device, a Rohde & Schwarz HMC8012
multimeter. Subsequently, the strain levels were reached cyclically as
described at a machine speed of 5 mm/min. Due to the self-tensioning
jaws of the UTM, the elongation between the load phases was reduced
to a minimum of 0.02 %, as otherwise there is a risk of the clamping
device being released. The strain (¢) was controlled by the video
extensometer connected to the UTM. The gauge factor of the iCFS is
calculated according to [39] as follows:

AR/ R,
k:#
(2

@

To determine the gauge factor for each measurement, a single linear
least-squares fit was applied to the combined strain ¢; and resistance
change RC; data from five consecutive load-unload cycles, following
the method described in [40]. For each specimen and target strain
level, five such measurements were evaluated, yielding five fitted gauge
factors from which the mean and sample standard deviation (SD) were
calculated. The objective function, i.e., the Sum of Squared Errors
(SSE), is given by

SSE(a, K) = ) (v — (a + Kx,))? ©))

Since no change in RC is expected in an unloaded system, a can be
assumed to be zero due to the curve passing through the origin. This
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results in the minimization of the formula, where k is the gauge factor
from Eq. (2):

SSE(k) = Y (RC; — (ke;))? “)

Differentiating SSE(k) with respect to k and setting the derivative
to zero leads to:

d(SSE)
=2 Z £,(RC; — (ke;)) =0 )

Solving for k gives the analytical expression for the least-squares
estimate of the gauge factor:
k= 2. RC;  gT.RC

2 .2

i €

(6)

To quantify the fit quality for each five-cycle measurement, the root
mean square error (RMSE) was calculated from the residuals of the
relative resistance change with respect to the fitted response according
to

n
1 2
RMSE = 4| - RC; — RCyy ;) 7
n ; ( i fll,l) ( )
where RC; = AR;/R, is the measured relative resistance change,
RCy;,; = ke, is the corresponding fitted value, and » denotes the number
of data points included in the fit. The RMSE is reported in percentage
points (pp) of relative resistance change. In addition, the coefficient of
determination was calculated as
" (RC, - RCy,)
2 _q_ Z,:] ( i fit,i
R =1 - — ®
>, (Rc, - RC)

where RC denotes the mean relative resistance change of the data
points included in the fit.

To assess the sensitivity of the fitted gauge factor to residual uncer-
tainty in the temporal alignment of the independently recorded strain
and resistance signals, a sensitivity analysis was performed separately
for each five-cycle measurement. Given the manual alignment based
on distinct load-reversal points and the different sampling rates of the
two measurement systems, additional relative time shifts ranging from
—0.5s to +0.5 s in increments of 0.1 s were applied around the nominal
alignment (47 = 0) to represent a plausible range of residual temporal
misalignment. For each investigated time shift 4r;, the gauge factor
k(4t;) was recalculated using the same least-squares fitting procedure
as for the nominal alignment. The absolute relative change in gauge
factor for each additional time shift was calculated with respect to the
gauge factor at the nominal alignment, k(0), according to

k(At;) = k(0)
k(0)

rel,j =

’ x 100%, (C)]

where k(4t;) denotes the gauge factor obtained for the additional
relative time shift As; and k(0) denotes the gauge factor obtained at
the nominal alignment. Thus, 4k, ; quantifies the magnitude of the
relative change in the fitted gauge factor caused by a given additional
temporal shift, irrespective of the direction of the change. For each
repeated measurement, the sensitivity metric S, was then defined
as the maximum absolute relative change in gauge factor over all
investigated additional time shifts:

k(At ;) — k(0)

%0) % 100%. (10)

S), = max (4k,, ;) = max
k At,( rel‘J) 41;

Accordingly, a small value of S, indicates that the fitted gauge factor
is only weakly affected by variations in the temporal alignment within
the investigated shift range. For each specimen and investigated strain
level, five repeated measurements were performed, with each mea-
surement comprising five consecutive loading—unloading cycles that
were evaluated jointly using a single least-squares fit. The sensitivity
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analysis was performed independently for each of these five repeated
measurements. The resulting five S, values for each specimen and
strain level are reported as mean [maximum] in Table 3.

To enable a qualitative comparison (Fig. 12) of the temporal evolu-
tion of the strain and relative resistance-change signals, both quantities
are separately normalized to the interval [0, 1] over the respective five-
cycle measurement. The normalized strain &; and normalized resistance
change 72?,. are calculated using min-max normalization:

RC; — RCp;i an
RCpx — RC

min

RC, =

5; — €i — Emin 12)
€max ~ €min

where ¢, is the strain measured using the video extensometer and RC; =

AR; /R, is the relative resistance change of the iCFS. The normalized

signal deviation (NSD), expressed as a percentage, is subsequently de-

fined as the pointwise absolute difference between the two normalized

signals multiplied by 100:

NSD,[%] = 100 |g,. - RE‘ (13)

The NSD is used to qualitatively identify the temporal distribution
and magnitude of differences between the normalized signal profiles
over the loading-unloading cycles. Values close to zero indicate similar
normalized signal levels, whereas higher values indicate larger local
differences. Since the separate normalization removes differences in
signal amplitude and sensitivity, the NSD does not represent a measure-
ment error or independently determined sensor accuracy. Moreover,
residual temporal mismatch between the independently recorded sig-
nals may contribute to increased NSD values, particularly near the
load-reversal points.

To visualize the fitting quality, the fitting deviation (FD;) is calcu-
lated as the signed difference between the measured relative resistance
change (RC,,;) and the corresponding fitted value (RCy; ;) obtained
using Eq. (6):

FDi = RCmeas,i - Rcfit,i (14)

The measurement results for iCFS specimens in GFRP and CFRP
composites for 0.2 % and 0.6 % strain are described in Section 3.4 and
are shown in Fig. 12.

2.4. Strain capacity evaluation

To characterize the piezoresistive behavior of the iCFS, GFRP and
CFRP tensile specimens, analogous to Fig. 9a, were loaded to failure
until the iCFS signal was lost. During the measurement, strain was cap-
tured using a video extensometer while the iCFS signal was recorded.
This enabled the sensor behavior under extreme loading conditions
in both CFRP and GFRP to be assessed. The CFRP and GFRP data
were compared to examine the sensor response in conductive and non-
conductive laminate configurations, particularly at high loads where
failure of the insulation layer may become relevant. The exploratory
tests were used to identify the strain range at which the resistance re-
sponses of the two investigated specimens departed from approximately
proportional behavior. The exploratory tests additionally examined
whether progressive tensile loading produced identifiable changes in
the resistance response. Due to the single-specimen design and the
absence of independent damage confirmation, these changes were not
interpreted as validated indicators of overload or damage.

3. Results and discussion
3.1. Epoxy-insulated carbon fiber sensor
Thermoset-coated carbon fiber sensors were manufactured using a

multi-step approach consisting of producing semi-finished impregnated
fiber yarn, soldering to thin copper wires, insulation of the wire and
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insulating finish at the soldering area. The insulation quality was
strongly dependent on the ambient temperature. An ambient tempera-
ture of 20°C was essential for uniform and functional insulation. The
viscosity curve for this temperature of the resin used, as described
in Section 2.1.1, is therefore shown in Fig. 1. Fig. 6 shows three
micrographs of cross-sections of iCFS embedded in cold curing epoxy
resin taken from three different specimens. To ensure a representative
selection of the insulated iCFS, the iCFS had successfully completed the
insulation test from Section 2.3.1. The cross-sectional analysis reveals
that the insulation layer thickness varies between approximately 16 pm
and 68 pm in the first two cross sections (Fig. 6a and b), whereas
thicknesses of up to 133 pm are observed in Fig. 6¢, representing a
locally thick-walled region. In addition, microscopic voids are present
between the first and second resin layers of the sensor, as most clearly
visible in Fig. 6¢. Since these voids are predominantly located around
the sensor fibers, they are likely caused by entrapped air within the
resin during the dip-coating process. In order to resolve this issue in
the future, applying a vacuum after mixing the epoxy resin for the
second insulation step could be helpful in reducing the amount of air in
the resin. However, it is important to maintain a constant temperature
during this process, as otherwise the viscosity properties necessary for
uniform insulation may change.

To provide a qualitative impression of a sensor’s outer surface, Fig.
7 shows insulated sensor fibers, including a thicker section in Fig. 7c,
which cannot be entirely avoided during the manufacturing process but
can be minimized by adjusting the resin viscosity through optimization
of the ambient process temperature.

To determine the average amount of resin uptake, the FVC was
determined as described in Section 2.2.1 after the first impregnation
step and the insulation process using dip coating. Fig. 8 shows an
average FVC of 49.8 % after the first impregnation layer. After dip
coating, the average FVC of the impregnated CFS with an additional
insulation layer is reduced to an average of 31.8 %. It should be noted
that, due to the measurement procedure, locally thicker regions may
result in decreased overall FVC values.

3.2. Integration of iCFS into composite laminates

To investigate the functionality and performance of the iCFS un-
der controlled tensile loading conditions, the sensors were embedded
in unidirectional CFRP and GFRP laminates and subjected to tensile
testing. The sensor integration was designed to limit the integration
impact by using a thin epoxy-based insulation layer compatible with
the thermoset matrix and curing process. However, the effect of the
embedded sensor on laminate stiffness, strength, and failure behavior
was not quantified in this study.

For this purpose, the pre-insulated iCFS was positioned at the mid-
plane of the laminate stack. As shown in Fig. 9b and c, the sensors
were embedded parallel to the fiber direction of the composite and
routed such that the copper wires could exit the laminate without caus-
ing delamination or resin accumulation. The corresponding laminate
structure was described in detail in Section 2.2.2 and illustrated in Fig.
4.

The positioning of the sensors and the soldered connections within
the laminate required precise control of the prepreg layout and insu-
lation of the wire exits using release foil. The integration approach
ensured that both the sensor and its contacts were fully encapsu-
lated within the thermoset matrix and ensured that the copper cables
remained accessible for a subsequent connection to the measuring
device.
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(a)
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Fig. 6. Cross-sectional micrographs of iCFS embedded in pure epoxy resin. The insulation thickness ranges from approximately 16 pm to 52 pm in (a), as well as
from 36 pm to 68 pm (b). (c) shows a thick-walled region with insulation thicknesses from 22 pm to 133 pm.

100,00pm}
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(b)

100,00m}

(©

Fig. 7. (a) and (b) Ideally insulated sensor sections corresponding to the cross sections shown in Fig. 6a and b; (c) locally thicker sensor section corresponding

to a possible cross section as shown in Fig. 6c.

Table 1

Comparison between the resistance of CFS before (R,) and in a liquid gallium bath (R;,) for iCFS with full
insulation, with insulated soldering joints only and without insulation layer. The insulation is illustrated with
dashed lines. It shows that the one-layer-insulated fibers have general potential for insulation but appear to show
imperfections that limit insulation quality. Every test was performed once with five specimens for each insulation

type.
No. Insulation type R, (@) Rg, (Q) Rga/Ry (%)
:::i | =
1 42.63 + 0.44 42.54 + 0.37 99.8 + 0.02
.- e -
2 7 43.67 + 0.39 33.48 + 3.70 76.6 + 0.08
3 :D:C]: 44.21 + 0.46 1.03 + 0.12 2.3 + 0.02
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Fig. 8. Comparison of the FVC of twisted T300 carbon fibers with the first
layer of resin impregnation and with an additional insulation layer.

3.3. Sensor insulation test in a conductive Ga bath

To evaluate the effectiveness of the applied insulation layer, a resis-
tance comparison was performed by measuring the electrical resistance
of the carbon fiber sensors in air (R,) and after immersion in a bath of

liquid gallium at 35°C (Rg,). The test setup is illustrated in Fig. 5, and
the corresponding measurement results are summarized in Table 1.

Uninsulated sensors (No. 3) exhibited a drastic reduction in resis-
tance when immersed in the conductive gallium bath, indicating a
direct electrical path through the gallium and insufficient electrical iso-
lation under the investigated test conditions. Partially insulated sensors,
with insulation applied only to the solder joints (No. 2), demonstrated
some inherent electrical resistance due to surface wetting effects but
still showed a significant drop in resistance, which indicates insufficient
insulation of the sensor fiber itself.

In contrast, fully insulated sensors (No. 1) maintained over 99.8 %
of their initial resistance, demonstrating effective electrical isolation of
the sensor from the conductive gallium bath under the investigated test
conditions. This result supports the suitability of the epoxy insulation
concept for subsequent investigation of embedded iCFS in electrically
conductive CFRP laminates.

3.4. Piezoresistive properties of iCFS embedded in CFRP and GFRP deter-
mined by tensile testing

To assess the piezoresistive behavior and gauge factor of the in-
sulated carbon fiber sensors (iCFS), tensile tests were conducted on
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Fig. 9. Illustration of the test specimens: (a) drawing of the tensile specimens, (b) iCFS embedded in CFRP, (c) iCFS embedded in GFRP.
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Fig. 10. (a) Wiring diagram of the tensile test with embedded iCFS. (b) Tensile test of an embedded iCFS in CFRP and (c) in GFRP for comparison of the sensor

response in the two investigated laminate configurations.

unidirectional CFRP and GFRP specimens with embedded sensors (Fig.
9). The specimens were prepared in accordance with DIN EN 2561 with
an increased sample width (Section 2.2.2) and tested in cyclic loading
at two strain levels: 0.2 % and 0.6 %, which are reasonable strain
levels for health monitoring for composite pressure vessels [41]. For
each specimen and target strain level, five repeated measurements were
conducted. Each measurement consisted of five consecutive loading—
unloading cycles analyzed together using a single fit. This yielded five
fitted gauge factors per specimen and strain level. The resulting 25
cycles represent repeated observations on the same embedded sensor
and specimen rather than independent replicates. Strain was measured
using a video extensometer, while the sensor response was recorded
using a four-point resistance measurement setup (Fig. 10). After manual
data matching, the gauge factors for the load cycles up to 0.2 % and 0.6
% strain were calculated according to Eq. (6), as exemplarily shown in
Fig. 11 for one loading-unloading cycle.

The results of the cyclic loading tests with the embedded iCFS,
presented in Table 2 and Fig. 12, show an approximately linear rela-
tionship between strain and resistance change for both CFRP and GFRP
specimens. Within the limited specimen set, the sensor responses ob-
served in CFRP and GFRP laminates were similar. The measured gauge
factors were in a comparable range for both material types. The initial
resistance values were in a similar range for both material systems,
and the gauge factors at 0.2 % strain were closely grouped between
1.64 and 1.74. At 0.6 % strain, the gauge factors increased to values
between 1.76 and 2.12. While most specimens showed only small
changes between the two strain levels, one specimen in each material
group exhibited a more pronounced increase. This indicates specimen-
dependent variations in the sensor response, which may be related to
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£ Fit: K - ¢ (K = 1.747)
& 0.8
)
=
Z 06
O
2 041
<
= 0.29
£
m 007 T T T T T T T
0.0 0.1 0.2 0.3 0.4 05 0.6
B Strain [%]
3
£ oo —— RCyas — RCy,
5
2 0.0001
=
2 —0.025
=
= 0.0 01 0.2 03 04 05 0.6

Strain [%)]

Fig. 11. Exemplary representation of one loading-unloading cycle from a
five-cycle CFRP measurement used to determine the gauge factor by a single
least-squares fit according to Eq. (6). The fit was calculated jointly from all five
cycles, although only one cycle is shown for clarity. The arrows indicate the
progression of loading and unloading. The lower panel shows the FD for each
strain value. The deviation is largest in the intermediate strain range during
unloading, whereas during loading, larger deviations occur near the lower and
upper ends of the strain range.

local strain-transfer conditions, sensor embedding quality, or inconsis-

tencies introduced during manual sensor fabrication. Furthermore, with
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Table 2

Overview of the manufactured tensile specimens and tensile-test results for
iCFS embedded in CFRP and GFRP. The comparable initial resistance values
(R,) of iCFS embedded in CFRP and GFRP are consistent with effective
electrical isolation of the sensor in the investigated CFRP configuration.
Comparing the gauge factors obtained at strain levels of 0.2 % (k,) and 0.6 %
(ko) suggests an approximately linear resistance-strain relationship within
the investigated strain range, although the limited dataset does not permit a
definitive assessment of linearity. The gauge factors obtained for CFRP and
GFRP are also comparable. Each gauge factor is reported as the mean + sam-
ple standard deviation of five measurements on the same specimen, each
comprising five jointly evaluated load-unload cycles. The sample standard
deviation therefore characterizes the variability across the five measurements
performed on the same specimen and does not characterize the reproducibility
across independently manufactured sensors and specimens. A representative
five-cycle measurement is shown in Fig. 12. Quantitative fit-quality metrics
supporting the approximately linear relationship within the investigated strain
range are provided in Table 3.

Material No. R, (&) ko ko5
1 41.542 1.72 + 0.09 1.77 + 0.06
CFRP 2 41.590 1.69 + 0.05 2.12 + 0.07
3 41.794 1.74 + 0.04 1.82 + 0.04
1 42.032 1.70 + 0.03 1.86 + 0.03
GFRP 2 41.777 1.71 + 0.04 2.07 + 0.03
3 40.679 1.64 + 0.08 1.76 + 0.04

only three specimens per material system, the reproducibility across
independently manufactured sensors and specimens cannot be conclu-
sively assessed. The comparable responses observed for the CFRP and
GFRP specimens are consistent with effective electrical isolation of the
iCFS in the investigated CFRP configuration. However, the comparison
does not isolate electrical conductivity as the only varying parameter,
since the two laminate systems also differ in their reinforcement and
resin systems.

The quantitative fit-quality and temporal-alignment sensitivity re-
sults are summarized in Table 3. The high R?> values and low RMSE
values support the approximately linear relationship between strain
and relative resistance change within the investigated strain range.
Furthermore, the low .S values indicate that the fitted gauge factors
are only weakly affected by additional relative time shifts within the
investigated range of —0.5 s to +0.5 s.

The reported RMSE and R? values characterize the overall quality
of the joint loading-unloading fit. A separate quantitative evaluation of
loading-unloading hysteresis was not performed in the present study.

These findings support the feasibility of integrating iCFS into
thermoset-based UD laminates and show strain-dependent resistance
responses over 25 cycles across five measurements in the investigated
specimens.

3.5. Strain capacity evaluation

The following strain-capacity evaluation is based on one CFRP
and one GFRP specimen. Accordingly, the observations are limited to
the investigated specimens, and their generalizability and mechanistic
interpretation require validation using a larger specimen population in
future studies.

Under increasing load, the embedded iCFS showed qualitatively
similar strain-related responses in the CFRP and GFRP specimens shown
in Fig. 13. Although the stresses differ due to the differences in strength
between the CFRP and GFRP laminate, the sensor behavior is structured
into three phases. Up to a strain level of 0.7 %, the iCFS shows an
approximately linear resistance response compared to the strain data
provided by the video extensometer and is in a reasonable range for
health-monitoring application, such as composite pressure vessels [41].
In such applications, the circumferential or hoop strain is typically of
particular interest, as it is directly related to the dominant stress state
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induced by internal pressure. Consequently, sensor integration along
the circumferential fiber direction is highly relevant for in situ moni-
toring concepts. Similar application-oriented integration strategies have
been demonstrated for composite pressure vessels using fiber Bragg
grating sensors embedded in the first hoop layer [42]. In this context,
the proposed iCFS approach may be investigated in the future as a
potential approach for integrated strain sensing in CFRP pressure-vessel
structures.

For the individual CFRP and GFRP specimens investigated, the re-
sistance response becomes increasingly nonlinear above approximately
0.7 % strain and continues until signal loss occurs at approximately 1.3
% strain for the CFRP specimen and 1.5 % strain for the GFRP speci-
men. Within this range, the CFRP specimen exhibits an abrupt decrease
in the strain measured by the video extensometer, accompanied by a
corresponding change in the iCFS resistance signal, as shown in Fig.
13c. The change in the resistance signal may indicate the initiation of
an interlaminar crack, resulting in localized strain relaxation. However,
this interpretation is based only on the observed resistance response, as
no full-field strain measurement was performed and no visible damage
was observed at this stage. Therefore, this damage mechanism cannot
be fully proven from the present measurements. The second phase is
followed by signal loss. It is important to note that no return of the
signal to its initial resistance was observed, indicating a distinct sensor
response under overload conditions.

A possible explanation for the observed increase in nonlinearity
at approximately 0.7 % strain is the onset of nonelastic behavior in
the carbon-based sensor roving. A similar transition from linear elastic
piezoresistive behavior was reported at approximately 0.7 % strain
for non-embedded, PEKK-coated carbon nanoyarns [30]. However, be-
cause the sensor configuration and surrounding material differ from
those investigated here, and the present observations are based on only
one specimen per material system, this agreement should be regarded
as a qualitative indication rather than confirmation of the underlying
mechanism.

3.6. Sensor application based on composite architecture and load type

The present study demonstrates the feasibility of embedded iCFS for
strain sensing in UD CFRP and GFRP tensile specimens under controlled
room-temperature axial loading. This well-defined test configuration
enables a focused evaluation of the electrical insulation concept and the
strain-dependent piezoresistive response. Further validation is required
to transfer the sensor concept to more complex laminate architec-
tures, environmental conditions, and load cases, including long-term
durability, structural-health-monitoring applications, pressure-vessel-
related loading conditions, and the influence of the embedded sensor
on laminate mechanical properties.

In multidirectional laminates, the sensor may be exposed not only
to the nominal strain component in the principal loading direction,
but also to transverse strain, in-plane shear, local bending, and com-
plex strain gradients. In addition, the local laminate morphology can
strongly affect the mechanical boundary conditions of the sensor. Ply
crossovers, resin-rich regions, changes in local fiber volume content,
and varying ply orientations may alter the strain-transfer conditions
between the surrounding composite and the sensor. As a consequence,
the measured sensor response may contain artifacts that are not di-
rectly related to the global structural strain state. Furthermore, lo-
cal stress concentrations may increase the risk of sensor damage or
sensor-induced damage initiation.

The orientation of the sensor relative to the principal loading di-
rection is therefore expected to be particularly relevant. If the sensor is
aligned parallel to the dominant strain direction, the measured response
is likely governed primarily by axial strain transfer. In contrast, a
transverse or inclined sensor orientation may introduce a stronger
influence of transverse deformation, shear deformation, and possible
local bending of the sensor. This may affect both the sensitivity and
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Fig. 12. Overview of strain and relative resistance changes (4R/R;) of the iCFS embedded in CFRP and GFRP laminates under cyclic loading. Five loading
cycles are shown for CFRP specimens up to (a) 0.2 % and (b) 0.6 % strain, and for GFRP specimens up to (c) 0.2 % and (d) 0.6 % strain. The lower panels
show the normalized signal deviation (NSD) between the separately normalized strain and resistance-change signals, which is used to qualitatively visualize the
temporal distribution of differences between the signal profiles rather than an absolute measurement error. The representative measurements show approximately
proportional resistance responses over the five displayed cycles under the investigated conditions.

Table 3

Gauge factors, nominal fit quality, and sensitivity to temporal alignment for iCFS embedded in CFRP and GFRP. Each row
summarizes five repeated measurements on the same specimen at the specified strain level. Each repeated measurement comprises
five loading—unloading cycles evaluated jointly using a single least-squares fit. Gauge factors are reported as mean + sample
standard deviation across the five repeated measurements, characterizing within-specimen repeated-measurement variability.
RMSE and centered R? at the nominal alignment are reported as mean [minimum-maximum] across these five measurements.
For each repeated measurement, Sy is calculated as the maximum absolute relative change in gauge factor over additional time
shifts ranging from —0.5 to +0.5s in increments of 0.1s. The five resulting Sy values are summarized as mean [maximum] and
expressed in percent. RMSE is expressed in percentage points of relative resistance change.

Material No. Strain level (%) k mean + SD RMSE (pp) mean [min-max] R?> mean [min-max] Sk (%) mean [max]
CFRP 1 0.2 1.72 + 0.09 0.009 [0.008-0.011] 0.991 [0.988-0.993] 0.33 [0.47]
CFRP 1 0.6 1.77 + 0.06 0.027 [0.020-0.027] 0.992 [0.988-0.996] 0.11 [0.16]
CFRP 2 0.2 1.69 + 0.05 0.010 [0.006-0.015] 0.988 [0.975-0.997] 0.54 [0.81]
CFRP 2 0.6 2.12 + 0.07 0.043 [0.032-0.059] 0.984 [0.971-0.991] 0.08 [0.19]
CFRP 3 0.2 1.74 + 0.04 0.010 [0.007-0.015] 0.989 [0.977-0.996] 0.52 [1.04]
CFRP 3 0.6 1.82 + 0.04 0.015 [0.013-0.020] 0.985 [0.976-0.998] 0.24 [0.48]
GFRP 1 0.2 1.70 + 0.03 0.007 [0.006-0.009] 0.995 [0.993-0.997] 0.62 [0.74]
GFRP 1 0.6 1.86 + 0.03 0.016 [0.015-0.017] 0.998 [0.997-0.998] 0.12 [0.20]
GFRP 2 0.2 1.71 + 0.04 0.008 [0.006-0.010] 0.994 [0.991-0.997] 0.54 [0.85]
GFRP 2 0.6 2.07 = 0.03 0.029 [0.022-0.038] 0.994 [0.990-0.997] 0.16 [0.27]
GFRP 3 0.2 1.64 + 0.08 0.014 [0.009-0.022] 0.977 [0.951-0.992] 0.66 [0.81]
GFRP 3 0.6 1.76 + 0.04 0.023 [0.018-0.032] 0.995 [0.990-0.997] 0.10 [0.20]

the interpretation of the sensor signal. Therefore, the sensor response in
complex laminates should not be assumed to be independent of the lo-
cal fiber architecture or sensor orientation. It should also be noted that
a single embedded iCFS primarily provides an orientation-dependent
resistance response and does not intrinsically distinguish between axial,
transverse, and shear deformation components. In complex multiaxial
stress states, the measured signal represents the combined effect of the
local deformation state, sensor orientation, and strain-transfer condi-
tions. A separation of individual strain components would therefore
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require a defined sensor layout with multiple orientations, suitable
calibration procedures, or additional reference measurements.
Filament-wound structures with pronounced crossing patterns rep-
resent a particularly relevant case for future investigations. Cross-ply
regions generated during the winding process can contain a high den-
sity of fiber crossover points. These local geometric irregularities may
lead to non-uniform compaction, resin-rich pockets, local waviness,
and heterogeneous strain-transfer conditions. For an embedded sensor,
such regions may cause local bending or transverse loading and may
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Fig. 13. iCFS resistance response and strain measured using a video extensometer for one CFRP specimen (a) and GFRP (b) sample under increasing tensile
load. The iCFS measurement behavior can be divided into three phases. The first phase shows approximately linear behavior up to a strain level of 0.7 % in the
one investigated CFRP and GFRP specimen each. The second phase is characterized by a nonlinear increase in the sensor signal until signal loss at 1.3 %/1.5 %
(CFRP/GFRP), (c) a more detailed stress—strain diagram of the CFRP sample. At approximately 1400 MPa, the video extensometer recorded an abrupt decrease in
the averaged axial strain, accompanied by a corresponding change in the iCFS resistance signal. This behavior may indicate the initiation of an interlaminar crack,
resulting in localized strain relaxation. However, this interpretation cannot be confirmed based on the available measurements. (d) a more detailed stress—strain

diagram of the GFRP sample.

therefore increase the probability of measurement artifacts or mechan-
ical degradation of the sensor. For this reason, future tank-laminate
experiments should aim to place the sensor within circumferential
layers, for example between the +89° and -89° hoop-oriented plies. This
positioning may reduce exposure to complex local loading conditions
and provide a more defined strain-transfer environment.

Under compressive loading, the sensor response cannot yet be as-
sumed to be directly equivalent to the tensile response. Although a
monotonic and reversible resistance change may be expected as long
as the sensor remains fully bonded to the surrounding matrix and the
deformation remains elastic, compression introduces additional failure
and signal-distortion mechanisms. These include local fiber or tow
microbuckling, sensor waviness, interfacial debonding, and partial loss
of strain transfer between the laminate and the sensor. Such effects may
lead to non-monotonic or irreversible resistance changes and may pro-
mote premature delamination at or near the sensor interface. Therefore,
the compressive sensing behavior must be validated separately before
the sensor concept can be applied to compression-dominated load cases.

Bending loads may be less critical than compression if the sensor
remains sufficiently bonded to the surrounding laminate and is not
placed in regions with excessive strain gradients or local curvature.
However, bending can still alter the local strain state at the sensor posi-
tion, particularly in multidirectional laminates or near ply transitions.
Therefore, the influence of bending on signal quality, strain transfer,
and sensor durability should be examined in future work.

Further environmental and operational effects must also be consid-
ered for structural-health-monitoring applications. Thermal drift may
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influence the electrical resistance independently of mechanical strain
and therefore requires temperature compensation or reference sen-
sors. Moisture uptake may affect the sensor—matrix interface and the
electrical stability of the embedded sensor. Pressure-vessel structures
represent a potential future application, but their suitability has not
been demonstrated in the present study. Such applications require
additional validation under representative winding architectures, hoop
and helical ply arrangements, pressure cycling, fatigue loading, multi-
axial stress states, and relevant thermal conditions, including cryogenic
cycling where applicable. Repeated cyclic loading may not only affect
the composite structure itself, but may also induce sensor-specific
fatigue mechanisms. Possible degradation processes include progressive
debonding, changes in the sensor-matrix interface, accumulation of
microdamage around the sensor, or fatigue-related changes in the sen-
sor response. Consequently, the long-term stability, repeatability, and
damage tolerance of the sensor under cyclic loading conditions must
be assessed before its applicability to operational structural-health-
monitoring scenarios can be fully evaluated.

4. Conclusion

This study presents a novel approach using thermoset-insulated
carbon fiber sensors (iCFS) that enables strain measurements in CFRP
laminates using a multi-layer epoxy-based insulation method. The pro-
posed process enables electrically insulated sensor integration com-
patible with the investigated thermoset manufacturing process and
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provides approximately proportional sensing behavior under cyclic
tensile loading up to the investigated strain level of 0.6 %.

The insulation concept was evaluated by immersion tests in liquid
gallium, in which fully insulated iCFS maintained over 99.8 % of their
initial resistance, demonstrating effective electrical isolation from the
conductive gallium bath under the investigated conditions. Partially
insulated and uninsulated sensors showed substantial resistance drops
upon immersion, indicating insufficient electrical isolation under these
test conditions.

Further cyclic tensile tests of iCFS embedded in UD CFRP and GFRP
laminates showed approximately proportional piezoresistive responses
within the investigated strain range up to 0.6 %, with specimen-specific
fitted gauge factors ranging from approximately 1.64 to 2.12. The
strain-dependent resistance responses observed in the CFRP specimens,
together with the comparable initial resistance values and fitted gauge
factors obtained for the GFRP specimens, are consistent with effective
electrical isolation of the iCFS in the investigated CFRP configuration.
However, the comparison between the two material systems does not
isolate electrical conductivity as the only varying parameter, since
the CFRP and GFRP laminates also differ in their reinforcement and
resin systems. Furthermore, with only three specimens per material
system, the reproducibility across independently manufactured sensors
and specimens cannot be conclusively assessed. Exploratory increasing-
load tests performed on one specimen per material system revealed a
distinct transition from an approximately proportional to a nonlinear
resistance response, followed by signal loss at higher strain levels.
These observations demonstrate that the iCFS exhibits a clearly identi-
fiable response during progressive tensile loading. Further validation is
required to associate these signal characteristics with specific overload
or damage states and to assess their suitability for structural health
monitoring.

These findings support the feasibility of the developed epoxy-based
insulation and integration method for obtaining strain-dependent re-
sistance responses from embedded iCFS in the investigated thermoset-
based UD CFRP configuration with the sensor aligned in the 0° fiber
direction under room-temperature axial tensile loading conditions. The
approach therefore provides a basis for further investigation of in-
tegrated strain-sensing concepts, while its suitability for operational
structural health monitoring has not yet been demonstrated.

Further work will include the investigation of insulation stability
under thermal cycling and cryogenic conditions, as well as long-term
durability under mechanical loading. Furthermore, the sensor perfor-
mance will be investigated under more complex fiber orientations
and loading scenarios. In addition, further investigations will focus on
improving the insulation quality, reducing microscopic inclusions and
defects within the insulation layer, and assessing the influence of the
embedded sensor fibers on the strength and stiffness of the laminate.
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