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1. Abstract

Forming-induced wrinkles remain a critical challenge in the manufacturing of textile-reinforced
composite parts, as they can compromise structural integrity and mechanical performance of the
final part. Current methods for wrinkle detection largely depend on visual inspection or optical
measurement systems, which may be limited in capturing real-time or sub-surface deformations.
This study introduces a flexible sensor-based approach utilizing laser-induced graphene (L1G) on
polyimide (PI) tape to create a customizable bending sensor array, capable of detecting and
localizing out-of-plane deformations during composites forming. The developed continuous
sensor array is particularly useful for long-fiber fabrics formability monitoring. It operates on the
piezoresistive principle where resistance changes are correlated with local curvature caused by
wrinkling. To assess the efficacy of the array, wrinkle formation was first induced and evaluated
under the picture frame test, using a flax dry woven fabric reinforcement. The bending sensor array
successfully captured the localized resistance increases corresponding to local wrinkle formation
prior to full shear locking, and a strong correlation was observed between the signal amplitude and
the wrinkles curvature. Subsequently, the flexible sensing system was implemented in a 3D
vacuum forming setup to further assess its applicability in action. The results suggested that the
LIG-based flexible sensor arrays can provide a low-cost, highly customizable alternative to
conventional vision-based measurement systems.

2. Introduction

Today, textile-reinforced composites are widely used in lightweight structural applications due to
their high specific strength and design flexibility. However, during forming processes such as
draping, stamping, and vacuum forming, the fabric reinforcements can concurrently undergo
deformation modes including shear, tension, and bending [1]. Among the potential forming
defects, wrinkling is particularly critical, as it introduces out-of-plane distortions that can
significantly reduce mechanical performance and structural integrity of the final part [2]. To
understand and control such defect, several experimental techniques have been developed to
monitor fabrics deformation during forming. Optical methods, such as Digital Image Correlation
(DIC) [3], grid-based strain analysis [4], and photogrammetry [5] have been extensively used to
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capture full-field deformation and strain evolution. While these approaches provide valuable
insights into in-plane deformation mechanisms, they are generally limited to surface
measurements, require direct optical access, and are often difficult to implement in real-time
industrial forming processes in 3D.

In recent years, flexible and wearable sensing technologies have emerged as promising alternatives
for structural monitoring. Piezoresistive sensors based on conductive materials, including carbon
nanotubes and graphene, have demonstrated high sensitivity to mechanical deformation and have
been explored for strain and pressure sensing applications [6]. Studies have investigated the
integration of such sensors into textile structures for in-situ monitoring [7]. However, the existing
approaches primarily focus on in-plane strain sensing, with limited capability for detecting
localized bending or curvature associated with wrinkle formation [8], [9].

Laser-induced graphene (LIG) has recently gained attention as a low-cost and scalable material
for flexible sensor fabrication. LIG can be directly patterned on polyimide substrates using laser
processing, enabling rapid prototyping of customizable sensing architectures [10]. Although LIG-
based sensors have been successfully applied in strain and pressure sensing in other areas [11],
their application for detecting out-of-plane deformation and wrinkle formation in textile
composites remains largely unexplored.

In this work, a flexible LIG-based bending sensor array is designed to enable localized detection
of wrinkles in woven fabric reinforcements. The sensor operates based on the piezoresistive
response to curvature-induced strain and is designed to be aligned with fabric yarns pattern, and
to selectively respond to out-of-plane deformation while remaining insensitive to in-plane shear.
The performance of the proposed sensor system is evaluated through controlled bending
characterization, picture frame testing, and 3D vacuum forming experiments, as follows.

3. Methodology and Fabrication
3.1. Bending Sensor Design and Principle

The proposed LIG/PDMS sensor operates based on the principle of piezoresistivity, whereby the
electrical resistance varies in response to mechanical deformation. When the sensor is attached
along the yarn direction of a woven fabric reinforcement, it experiences bending deformation upon
wrinkle formation. During outward bending, the sensing layer is located above the neutral axis of
the substrate, resulting in tensile strain within the conductive LIG network and a corresponding
increase in electrical resistance. Conversely, inward bending would induce compressive strain and
reduce the resistance, although this mode is less dominant in typical wrinkle configurations during
forming. In contrast, in-plane shear deformation primarily causes rotation of yarns without
inducing significant strain in the sensor. As a result, the sensor remains largely insensitive to shear
while exhibiting a strong response to out-of-plane deformation (i.e., a decoupled shear-bending
sensing; Figure 1).
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Increase in resistance
due to bending

No change in resistance
due to shear

Figure 1 Schematic of the sensor working principle and how it changes resistance due to bending and shear deformation

3.2. Sensor Fabrication

The sensor fabrication process begins with defining the geometry and dimensions of the sensing
element based on the target textile architecture. A UV laser is used to convert polyimide film
(Kapton®, DuPont) into laser-induced graphene (LIG) through localized photothermal ablation
(Figure 2a). The optimized laser processing parameters used in this study are summarized in Table
1. Electrical connections are established by attaching thin copper wires (AWG 34) to the LIG
surface using conductive silver paste (MG Chemicals), followed by curing to ensure stable and
low-resistance contact (Figure 2b). Finally, the sensor is encapsulated using polydimethylsiloxane
(PDMS, Sylgard 184) with a base-to-curing agent ratio of 10:1, and cured at 100 °C for half an
hour to provide mechanical protection and structural integrity (Figure 2c¢). Sensors were attached
on a dry flax woven fabric (Lingrove Inc.) with 2x2 twill weave and density of 367-gsm.

(a) (b) (c)

UV laser

Copper wires
PDMS layer

Kapton film Silver glue

Figure 2. Bending sensor fabrication. (a) laser ablation; (b) electrode attachment; (c) PDMS encapsulation.

Table 1. Laser setting for LIG fabrication.

Power (mW) Defocus level (mm) Frequency (kHz) Speed (mm/s)
500 4 40 10
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4. Sensor Characterization

Before deployment in forming-induced wrinkle applications, the bending response of the sensor
must be characterized directly. The three-point bending test based on ASTM D790 was adopted
for this purpose. Although this standard is primarily intended for rigid polymer specimens, it
provides a controlled method to induce out-of-plane deformation that is comparable to wrinkle
formation in textile reinforcements. A specimen of dry flax fabric was prepared, and the sensor
was attached along its surface. The support span was set to 2.5 in. Five sensors were tested under
identical conditions, and the average response along with the standard error is presented in Figure
3(a). The radius of curvature was approximated by assuming a circular arc geometry of the
specimen. The curvature radius R was calculated based on the chord length L and the mid-span
deflection (sagitta) &, as expressed in Eq. (1) [12]. This approximation enables correlation between
the applied deformation and the measured resistance change of the sensor.
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Figure 3 Three-point bending test and the resistance reponse of the sensor

5. Results and Discussion

5.1. Picture frame test

Wrinkle formation in woven fabrics is primarily driven by excessive in-plane shear deformation.
To investigate this behavior, the picture frame test (PFT) was employed [13]. Two sensors were
mounted on a flax fabric specimen, one at the center and the other along the arm of the sample,
and the test was performed using a picture frame fixture (Figure 4). The response of the sensors
during the test is presented as a function of shear angle. Both sensors exhibit negligible resistance
change during the initial stages of deformation. However, at approximately ~20° sensor 1 started
to show decrease in resistance which turned back to increase at ~33° global shear angle. On the
other hand, sensor 2, show a noticeable increase in resistance starting at ~30°. While both sensors
demonstrated the onset of the localized out-of-plane deformation, sensor 1 experience compression
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before the onset of wrinkle which manifested in slight resistance reduction. This closely aligns
with the earlier studies where it was reported that the yarn local in-plane bending close to the jaws
(due to clamping) can cause the shear rate at the center region to be faster than the frame (i.e.,
inducing a mismatch factor on shear deformation across the sample) [14]. Although the locking
angle, estimated from the force response, occurs at approximately 55°, visual observations confirm
that significant local wrinkle formation begins well before this point, consistent with findings
reported in the literature [15]. This comes from the fact that the force response is representative of
the entire sample, and cannot show the localized onset of defect in each region of interest. The
sensor responses correlate well with the development of wrinkles, demonstrating the capability of
the proposed system to detect early-stage wrinkle formation prior to complete shear locking.
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Figure 4 Response of the sensors in the picture frame test

5.2. 3D vacuum forming test

The next step was to evaluate the performance of the sensors under a realistic forming process.
Various preforming techniques exist for textile reinforcements, including draping, stamping, and
vacuum forming. In this study, a 3D vacuum forming process using a tetrahedral mold was
selected. Two layers of flax fabrics were stacked with a 45° orientation relative to each other.
Bending sensors were strategically placed in a way to enable detection of localized defects: two
sensors were positioned on inclined surfaces of the mold, while a third sensor was placed on a flat
region to serve as a reference (Figure 5). Two series of tests were conducted. In Test 1, no wrinkles
were present in the formed fabric, whereas in Test 2, a wrinkle formed around Sensor 2 area.
However, two key challenges arise in interpreting the sensor response in such 3D tests:
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e Both mold geometry (upon contact with the fabric) and wrinkle formation can concurrently
induce bending, leading to increased resistance and making it difficult to distinguish
between the two causes.

e During vacuum bagging, the applied pressure introduces additional deformation in the
sensor, contributing to resistance changes unrelated to forming defect.

The total measured resistance change can therefore be expressed as:

ARsensor = ARmold + ARvacuum + ARdefect (2)

To compensate for the mold geometry, a calibration step was introduced prior to forming. Each
sensor on the fabric was manually pressed onto the mold surface to capture the local curvature-
induced response, and the corresponding resistance change was recorded (Figure 6a). This
provides an expected baseline response due solely to mold geometry.

To account for the vacuum pressure effect, the reference sensor—Ilocated on a flat region and
remaining free of defects upon forming (Figure 5b)—captures the resistance change induced by
pressure alone. By subtracting both the mold and reference sensor contributions, the defect-
induced response can be isolated:

ARsensor,adjusted = ARsensor - ARmold - ARRef.sensor = ARdefect (3)
AR 4
DI = defect ( )

R

All resistance changes were normalized with respect to their initial values to eliminate sensor-to-
sensor variability (R,, = i—R). The resulting normalized adjusted resistance, defined as the Defect
0

Index (DI) (Eq. 4), is presented in Figure 6(c) for both tests. In Test 1 (no wrinkle), Sensor 2
exhibits a DI close to zero, while Sensor 1 shows a negative value (~—0.1). In Test 2 (with wrinkle
across Sensor 2), Sensor 2 shows a positive DI (~+0.1), indicating induced out-of-plane
deformation due to wrinkle formation. In contrast, Sensor 1 maintains again a negative DI, which
is attributed to local bridging where the fabric does not fully conform to the mold, resulting in
reduced curvature compared to the nominal shape; i.e., leaving a gap/suspended region between
the fabric and the tool surface.

These results demonstrate that the sensing system can effectively distinguish between different
types of forming-induced defects. Specifically, wrinkles are associated with positive DI values,
while bridging is characterized by negative DI values. A threshold can be defined to account for
measurement uncertainty and enable reliable defect detection.
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Figure 5 3D vacuum forming of two-plies of flax fiber on a tetrahedral mold. Sensors position (a) before and (b) after applying
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Figure 6 (a) Calibration of the bending sensors, (b) sensors’ response in tests 1 and 2, (c) defect index for each sensor for tests 1
and 2, (d) sensor 1 and 2 on the wrinkle and bridging spots under test.

6. Conclusion and Future Steps

Flexible bending sensors based on LIG/PDMS were designed and demonstrated as an effective
approach for monitoring out-of-plane defects, such as wrinkling and bridging, in textile
reinforcements. The results confirm that the sensor response is directly correlated with local
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curvature, enabling reliable detection of bending-induced deformation. Due to their selective
sensitivity to out-of-plane deformation and minimal response to in-plane shear, the sensors were
able to detect wrinkle initiation at early stages, prior to the onset of eventual shear locking.
Furthermore, the incorporation of a reference sensor in the 3D vacuum forming setup enabled
separation of defect-induced signals from mold geometry and vacuum pressure effects. This led to
the definition of a Defect Index (DI), which allows differentiation between wrinkles (positive DI)
and bridging (negative DI). Overall, the proposed sensing approach, albeit in early stage of its
development, can provide a low-cost and highly customizable solution for real-time monitoring of
forming quality in textile composites, with potential advantages over conventional optical
measurement techniques. Future study should focus on:

e Extending the verification of the sensor to different textile reinforcements and forming
processes.

e Embedding the sensors within mid-layers of composite preforms, where optical methods
are not applicable.

e Developing closed-loop control strategies in which forming parameters are actively
adjusted based on real-time sensor feedback

e Response of the sensor can be studied under effects from other defects modes (e.g., pre-
forming misalignment inherent to the fabrics [16])
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