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Abstract

This study presents a real-time system for detecting sheath damage in multicore wire
production, addressing the limitations of conventional high-voltage testing. After evalu-
ating multiple sensing techniques, laser-diffused reflection emerged as the most reliable,
non-intrusive, and effective for continuous monitoring. A calibrated system combining
a laser source and photodetector was implemented and tested on a live production line,
achieving 83.75% detection accuracy. The system maintained consistent performance across
wire colors and insulation conditions. This advancement offers a safer, more efficient
alternative for in-process quality control. Future work aims to enhance robustness and
incorporate intelligent algorithms to further optimize detection accuracy.

Keywords: sheath damage detection; real-time monitoring; laser-diffused reflection;
multicore wire and cable production; insulation defects; embedded detection systems;
industrial automation

1. Introduction
Wires are essential components in electricity supply systems, serving as conductors

for power transmission. They are typically made from copper or aluminum due to their
high conductivity and mechanical strength. To ensure safe and reliable operation, wires
are covered with insulation materials that prevent electrical leakage and protect against
mechanical or environmental damage. The wire industry plays a vital role across sectors
such as telecommunications, construction, automotive, robotics, and electronics [1–3], pro-
ducing a range of cables from basic electrical wires to complex multi-core types. Common
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insulating materials include polyvinyl chloride (PVC), polyethylene, rubber, and fluo-
ropolymers [4], each offering different levels of flexibility, thermal resistance, and chemical
stability. Insulations can be classified structurally (solid, foam, or taped) or functionally
(general-purpose, high-temperature, or fire-resistant). Maintaining insulation quality is
critical, as defects in multicore cables can cause electrical failures, short circuits, and fire
hazards. Traditional high-voltage testing methods are effective for detecting severe defects
during final inspection, but pose safety risks and are unsuitable for continuous, in-process
monitoring [5,6]. Continuous monitoring during production is necessary to detect and
correct defects in real time, preventing defective products from advancing through manu-
facturing, which could result in costly recalls, compromised reliability, and safety hazards.
Existing techniques, such as resistance measurement and dielectric strength testing, face
limitations in sensitivity, safety, and applicability for continuous use [7–10]. While dielectric
strength testing detects severe insulation damage, it is unsafe for ongoing monitoring.

Advanced techniques have been proposed to overcome these challenges. Partial
discharge monitoring offers high defect detection accuracy but requires complex, costly
equipment [11]. Infrared thermography enables real-time monitoring but is affected by
ambient temperature variations, leading to possible false alarms [12]. Arman et al. [13]
proposed surface wave reflectometry, a non-contact and non-invasive method for insulation
damage detection. Zhang et al. [14] introduced impedance spectroscopy to improve detec-
tion sensitivity without damaging the cable. Leiyu Ni et al. [15] applied image processing
with a watershed algorithm for automated defect identification. Zhimin Guo et al. [16]
leveraged machine learning to enhance detection accuracy, while Rayhan et al. [17] im-
plemented deep learning for high-accuracy surface damage detection with reduced false
positives. Despite these advancements, each method has limitations. Surface wave reflec-
tometry and impedance spectroscopy often require controlled conditions, limiting practical
application in continuous production. Image processing techniques are sensitive to lighting,
noise, and resolution variations, affecting reliability. Machine learning approaches depend
on large, high-quality datasets and may struggle with unseen defect types, while deep
learning methods demand high computational resources and careful training. Moreover,
many techniques are difficult to integrate into real-time production environments, leaving
the need for a reliable, safe, and continuously operable detection method unmet.

This study proposes a real-time sheath damage detection system tailored for cable
production. Using a laser-diffused reflection approach, the system continuously and non-
intrusively monitors insulation integrity, detecting even minor defects. The goal is to design
a system that can be seamlessly integrated into existing production lines, improving safety,
reducing downtime, and enhancing product quality. By addressing the shortcomings of
existing methods, this research aims to establish a new standard for continuous insulation
defect detection in the wire manufacturing industry.

2. Methods
To identify a reliable technique for continuous insulation defect detection, four sensing

methods, color sensing, capacitive, passive infrared (PIR), and laser-diffused reflection,
were evaluated for feasibility and effectiveness.

2.1. Color Sensing Method

The color sensing method uses light-to-frequency converters (e.g., TCS3200, manufac-
tured by TAOS—Texas Advanced Optoelectronic Solutions, Plano, TX, USA) or light-to-
digital converters (e.g., TCS3472, manufactured by ams-OSRAM, Premstaetten, Austria)
to detect missing insulation by analyzing changes in surface color. A bright white light
illuminates the wire, and two sensors are used in differential mode to reduce environmental
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interference [18]. The TCS3200 outputs frequency signals for high-resolution surface varia-
tion detection, while the TCS3472 provides precise digital color and brightness analysis
for subtle defects. Both integrate easily with automated systems and enable non-contact,
real-time monitoring. However, their effectiveness is limited for detecting subtle or internal
damages, as they rely on visible surface changes.

2.2. Capacitive Method

The capacitive method was based on the hypothesis that changes in the dielectric
properties between the plates of a parallel-plate capacitor (PPC) would indicate insulation
damage. The sensor design focused on monitoring current through the PPC, with damage
expected to manifest as an increase in capacitance. It requires precise current monitoring
and is sensitive to environmental conditions, which can affect its accuracy [19].

In Method 01, the wire itself was used as one electrode, while the paired plates of the
PPC served as the other electrode. The capacitance was measured using an inductance
capacitance resistance (LCR) meter. The recorded capacitance was approximately 0.14 pF.
However, even after introducing a 3 cm long insulation defect, no measurable change in ca-
pacitance was observed. This indicated that the capacitance remained within the femtofarad
range and was insufficiently sensitive to detect the presence of insulation damage.

In Method 02, the setup was modified such that the two plates of the PPC were used
as the sole electrodes, and the wire was placed between them. Capacitance values were
again measured using an LCR meter. Without the wire, the capacitance was recorded as
1.92 pF, while the inclusion of the wire slightly decreased the value to 1.90 pF. Importantly,
even after introducing insulation damage to the wire, the capacitance remained unchanged
at 1.90 pF. The observed difference of 0.02 pF between the intact and damaged conditions
remained in the femtofarad region, suggesting that this method also lacked the sensitivity
necessary for reliable insulation defect detection.

2.3. Passive Infrared Method

The PIR Method uses infrared sensors to detect heat emitted by damaged insulation.
This method relies on the fact that damaged areas may emit different infrared radiation
compared to undamaged areas. However, it is not suitable for detecting all types of
insulation damage and can be influenced by external thermal conditions [20].

2.4. Laser Reflection Method

Among the evaluated techniques, the laser-diffused reflection method proved most
promising for insulation defect detection due to its high sensitivity, non-intrusive nature,
and suitability for real-time monitoring. This method directs a laser beam onto the insula-
tion surface and analyzes changes in the reflected light caused by defects such as abrasions
or conductor exposure, detected precisely by a photodetector. Its key advantages include
non-contact operation, preventing interference with the wire, and high resolution capable
of detecting minor defects. Unlike capacitive methods, which showed negligible changes
despite damage, and color sensing or PIR methods affected by ambient light or temperature,
the laser approach provides reliable, consistent detection.

Based on this comparative assessment, the laser-diffused reflection method was se-
lected as the primary detection technique for the proposed system. The implemented
system utilizes a 650 nm wavelength laser diode emitting at 10 mW as the light source. The
laser beam is directed toward the wire surface, and a laser detection diode captures the
reflected signal. To process the signal, a phase shift oscillator—comprising an operational
amplifier (OPAMP) and three resistance-capacitance (RC) branch feedback loops—was
designed to generate a stable 7 kHz sine wave. This signal serves as both the modulation
source for the laser and the demodulation reference for the reflected light signal. Figure 1
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illustrates the detection system’s working principle: Figure 2 details the sensor unit’s archi-
tecture and operation, showing the stages of signal modulation, reflection, and detection.

Figure 1. Laser beam interaction in the detection system: (a) Schematic showing the interaction of
the laser beam with the insulation and the detection process; (b) Illustration of how the laser beam
contacts copper and how the laser detector detects the reflected signal.

Figure 2. Working Principle of the Device’s Sensor Unit. A laser source emits a reference beam
at frequency fr (A). The beam is directed onto the moving wire surface, and the scattered light is
collected by a detector, producing a signal modulated at frequency fm due to surface variations
(B). This signal is mixed with the reference beam to generate components at harmonic frequencies,
with the defect-related component appearing at 2fm (C). A filter isolates the desired harmonic for
further analysis (D), enabling detection and characterization of surface defects. Two blue lines indicate
the laser beam path, single blue lines indicate signal paths, and red arrows indicate defect-related
signal components.

In this system, a laser beam from a stable source operating at a reference frequency
fr is directed onto the wire surface. Variations in the surface profile, such as defects or
irregularities, modulate the reflected light at a frequency fm, which is proportional to the
wire’s motion and the surface features. The scattered light is detected and converted into
an electrical signal containing the modulation component. This signal is then mixed with
the reference beam from the laser source, producing harmonic frequency components.
The second harmonic at 2fm is particularly sensitive to defect-induced scattering and is
extracted using appropriate filtering. By isolating and analyzing this harmonic, the system
effectively distinguishes defect signals from background noise, enabling precise detection
and characterization of surface imperfections.
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Figure 3a,b show the sensor printed circuit board (PCB) and the main PCB used for
signal acquisition and system control. The microampere-level current generated by the
laser light is amplified and converted to a 1–4 V voltage signal via a trans-impedance
amplifier (TIA), an OPAMP-based front-end that converts photodiode current to voltage.
To extract reflection data, the TIA output is demodulated using a synchronous demod-
ulator combining a Gilbert cell and an instrumentation amplifier (INAMP). The Gilbert
cell, built from discrete components, multiplies the TIA signal by the carrier, producing
two signals—one in-phase and one 180◦ out-of-phase. The INAMP takes their difference,
yielding a demodulated signal containing the carrier at a higher frequency. This carrier is
removed by a resistance-capacitance active low-pass filter (ALPF), producing the reflection
signal with a direct current (DC) offset. A digital-to-analog converter (DAC), interfaced via
I2C with the microcontroller, generates a reference voltage. The filtered signal is compared
against this reference to trigger a microcontroller interrupt when damage is detected. The
complete circuit schematics are provided in the Supplementary Materials (Figures S1–S7),
designed with KiCad EDA software (Version 7.0.9, Open-Source Software) [21].

Figure 3. (a) Sensor PCB of the detection system responsible for capturing optical signals; (b) Main
PCB handling signal processing, including synchronous demodulation, filtering, and microcon-
troller control.

3. Results and Discussion
The color sensing method was initially tested to distinguish intact PVC insulation

from exposed copper using a light-to-frequency (TCS3200) and light-to-digital (TCS3472)
converter. It detected an average increase of ~150 units in the red color value when
damage was present, showing potential. However, environmental light interference caused
inconsistent readings, especially under variable lighting, and the method was insensitive
to small or subtle damages. A dual-sensor differential setup was attempted to reduce
interference, but yielded no consistent improvement. Thus, despite initial promise, color
sensing proved unreliable for real-time industrial detection.

The capacitive method aimed to detect damage through capacitance changes due to
altered dielectric properties. Experimental results showed minimal variations within the
femtofarad range between intact and damaged insulation, easily masked by environmental
fluctuations in the picofarad range. This sensitivity to external noise and the small signal
changes rendered the method ineffective for accurate and consistent damage detection.

Experimental results from the Passive Infrared (PIR) method revealed that this ap-
proach was not effective for detecting insulation damage. Although it was initially expected
that the infrared reflectivity differences between copper and PVC would be measurable,
the actual variation in radiation levels was too small to be reliably detected. The sensor’s
limited sensitivity prevented it from distinguishing between intact insulation and exposed
copper, as the differences in reflected infrared signals were minimal. As a result, the PIR
method failed to produce meaningful or consistent data, underscoring its impractical-
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ity for insulation damage detection and emphasizing the need for a more sensitive and
accurate technique.

The developed system underwent thorough testing and validation within a live
production environment. The laser-diffused reflection method demonstrated reliable
detection of small insulation damages that were previously undetectable using conventional
methods. The effectiveness of the method was evident in its consistent detection of minor
damages without false positives. This reliability is critical for maintaining the integrity of
the production process and ensuring that defective cables do not reach the final inspection
stage. The average voltage values of the filtered and demodulated signal (sensor unit)
for different colors of wires are measured, tabulated, and the average is calculated. The
calculated averages are listed in Table 1.

Table 1. Average voltage values of the filtered and demodulated sensor output for wires of differ-
ent colors.

Color With Sheath (V) Exposed Copper (V)

Maroon 1.50 2.10
Red 2.79 2.10

Black 1.29 2.10
Green 1.29 2.10
White 3.38 2.10

Multiple trial passes were carried out with a damaged wire to determine the accuracy
of the damage detection. The results are tabulated in Table 2. The calculated accuracy
is 83.75%.

Table 2. Accuracy assessment of the device based on multiple trial passes with a damaged wire.

Trial No. Detected Not Detected

01 8 2
02 9 1
03 9 1
04 8 2
05 5 0
06 8 2
07 5 0
08 4 1
09 4 1
10 3 2
11 4 1

Total 67 13

One of the key challenges addressed during the implementation was alignment preci-
sion. Accurate alignment is essential to ensure that the laser light correctly interacts with
the cable insulation, and any misalignment could result in false readings. This issue was
mitigated through careful system design and calibration. Additionally, environmental light
interference, which could affect the accuracy of the detection system, was minimized by
using appropriate shielding and filtering techniques.

The impact of the new detection system on production was significant. Safety was
greatly enhanced as the risk of undetected insulation defects was reduced. The ability to
detect and rectify defects immediately also led to reduced downtime, as the production
process did not need to be halted for lengthy inspections. This real-time detection capability
contributed to lower maintenance costs and improved overall efficiency. Figure 4 illustrates
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the fully assembled wire sheath damage detection system, showcasing its integration of
all components and readiness for deployment. The external design drawing of the wire
sheath damage detection system is provided in the Supplementary Materials (Figure S8) to
visually represent the device’s outer structure and layout.

Figure 4. Fully assembled wire sheath damage detection system. (a) Internal view (cross-section)
showing the arrangement and labelling of major components. (b) External view of the complete
system, illustrating its integration of all components.

4. Conclusions and Future Work
In this study, various methods for detecting sheath damage in wire production were

examined, including color sensing, capacitive, PIR, and laser reflection methods. Each
method was thoroughly tested and assessed for its effectiveness in identifying insulation
damage. The color-sensing method encountered significant challenges due to environmen-
tal interference and inconsistencies, making it unreliable. The capacitive method did not
show noticeable changes in capacitance in the presence of sheath damage, rendering it
unsuitable. Similarly, the PIR method was ineffective, as it failed to differentiate between
the minimal infrared reflection variations in the wire materials. Ultimately, the laser reflec-
tion method emerged as the most effective approach, demonstrating precise and consistent
damage detection capabilities. Testing the system in a live production environment con-
firmed its reliability, with a total of 67 successful detections and 13 missed detections across
11 trials, achieving an overall detection accuracy of 83.75%. The system demonstrated
stable performance across different wire colors, with a consistent voltage difference be-
tween sheath-covered wires and exposed copper (Table 1). This implementation overcomes
limitations of conventional methods and enables robust continuous monitoring in cable
production. Future work will enhance detection algorithms, improve environmental robust-
ness, and extend applicability to other cable types, with potential integration of advanced
calibration and artificial intelligence to further improve accuracy and efficiency.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ECSA-12-26550/s1, Figure S1. Schematic diagram of the sensor
circuit designed using KiCad EDA (Version 7.0.9). Figure S2. Schematic diagram of the motherboard
circuit incorporating the ESP8266 module, flash memory, display interface, and related components,
designed using KiCad EDA (Version 7.0.9). Figure S3. Schematic diagram of the motherboard circuit
including the I/O expander, rotary encoder, external alarm, internal alarm, and associated interfaces,
designed using KiCad EDA (Version 7.0.9). Figure S4. Schematic diagram of the motherboard circuit
featuring crowbar protection, 3.3 V and 5 V power rails, and the 7 V power section, designed using
KiCad EDA (Version 7.0.9). Figure S5. Schematic diagram of the 7 V power section dedicated to

https://www.mdpi.com/article/10.3390/ECSA-12-26550/s1
https://www.mdpi.com/article/10.3390/ECSA-12-26550/s1
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the laser power rail, designed using KiCad EDA (Version 7.0.9). Figure S6. Schematic diagram
of the 3.3 V and 5 V regulated power rails, designed using KiCad EDA (Version 7.0.9). Figure S7.
Schematic diagram of the crowbar protection circuit, designed using KiCad EDA (Version 7.0.9).
Figure S8. External design of the wire sheath damage detection device created using AutoCAD 2020:
(a) enclosure view 1; (b) enclosure view 2.
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