Sensors and Materials, Vol. 37, No. 11 (2025) 52475268 5247
MYU Tokyo

S & M 4243

Moisture Management Technologies in Cotton Ginning Industry:
Enhancing Quality and Efficiency

Suyog Pundlikrao Jungare,!” Prasad Vilas Joshi,?
Mahendra Kumar Sharma,3 and Manoj Kumar*

'Electronics & Communication Engineering, IIIT Nagpur, Maharashtra, India
2Department of Basic Sciences, IIIT Nagpur
3Bajaj Steel Industries Ltd., Hingna, Nagpur-440016
4Chemical and Biochemical Processing Division, ICAR - Central Institute for Research on
Cotton Technology, Mumbai 400019, India

(Received June 20, 2025; accepted October 22, 2025)
Keywords: cotton fiber, moisture, ginning industry, processing, ginning techniques, quality

Moisture content is a key parameter in cotton ginning, which has a direct impact on fiber
strength, seed separation capacity, and overall processing efficiency. Excess moisture reduces
fiber strength, while excessive dryness leads to breakage and low productivity. Old methods of
moisture control, such as spray-based conditioning, natural drying, and oven drying (as
standardized in the American Society for Testing and Materials, ASTM D2495-07), offer limited
precision and flexibility for high-speed ginning operations. To solve these issues, in this work,
we assess traditional approaches and innovative sensor-based solutions, ranging from
sophisticated systems such as the Vomax Model 760, Intelligin platforms, capacitive sensors,
near-infrared spectroscopy, and loT-facilitated monitoring tools. These technologies provide
real-time accurate moisture sensing and adaptive control, minimizing the loss of fibers and
enhancing energy efficiency. The originality of the present work is in combining sensor-based
technologies with current ginning practices to offer a comprehensive view on both the
improvement of fiber quality and process sustainability. We also emphasize new technology
trends, including automation and Industry 4.0 integration, which are transforming the future of
cotton ginning. The results indicate that efficient sensor-based moisture management not only
enhances fiber quality but also increases operational efficiency, bringing significant advantages
to both cotton producers and textile manufacturers.

1. Introduction

Cotton is the most widely grown natural fiber and remains a major part of global markets,
making up almost one-third of total fibers in use.(! It also plays a key role in the textile industry.
Its by-products, such as cottonseed, hulls, and stalks, supply material for oil extraction, animal
feed, compost, and bioenergy.”) The economic and social importance of cotton goes beyond just
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being a fiber. It supports millions of farming families and supplies essential raw materials to
many industries.

The ginning process is the first and most critical stage of cotton processing, where seed
cotton is transformed into lint suitable for spinning. First, cotton is harvested from the field, then
opened and dried to facilitate cleaning. Conditioning with humidification systems is carried out
before ginning, where the seed and fiber are separated.®® The fibers are further cleaned in lint
cleaners, after which moisture is adjusted again to maintain fiber quality. Finally, the lint is
pressed into bales and stored. Each of these steps affects the fiber properties such as length,
strength, and fineness,® while ginning efficiency also determines the value of cottonseed and
by-products that support parallel industries.®) Figure 1 illustrates the principal stages of cotton
processing, along with corresponding moisture content levels.

Among all process variables, moisture content (MC) is consistently regarded as the most
critical factor affecting fiber quality and ginning performance. Cotton absorbs and releases
moisture depending on the humidity and temperature of its surroundings.> When the moisture
content is too high, the fibers become too soft, which reduces cleaning efficiency. It also
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Fig. 1. (Color online) Stages of cotton processing with corresponding MC levels. The process begins with seed
cotton harvesting at optimal MC, followed by pre-ginning cleaning, ginning, seed diversion, post-ginning cleaning,
bale pressing, and finally, spinning, ensuring regulated MC for quality, storage safety, and yarn strength.
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increases the chance of microbial growth during storage. Plus, high moisture content increases
the energy needed for bale pressing.(”) When fibers are too dry, they become brittle. This causes
fiber breakage, increases the amount of short fibers, and creates more dust, which weakens yarn
strength.®) To prevent these problems, lint is usually maintained at a moisture content of 6 to
7%. This range is considered optimal for keeping fibers intact, using energy efficiently, and
ensuring bale stability.) However, ensuring precise moisture regulation across all stages of
ginning seed, lint, and bale remains a technical challenge for the industry.

Historically, moisture management depended on basic methods such as natural drying, spray-
based humidification, and oven-drying standards such as ASTM D2495-07.®) Although these
techniques set early standards, they are slow in measurement and are lab-based techniques,
which are not suited for today’s high-capacity gins. Later, resistance-based portable meters came
into use. However, they had limited accuracy because they were affected by ambient temperature
and the density of the samples.!? These issues highlighted the need for reliable, nondestructive,
real-time measurement methods.

The introduction of new sensor technologies has transformed moisture control. Capacitive
sensors detect changes in dielectric properties. They are often used in seed cotton monitoring
because they respond quickly. However, they need regular calibration. Microwave sensors offer
nondestructive bulk analysis. They are less sensitive to changes in density, which makes them
suitable for both seed cotton and lint.!) NIR spectroscopy offers precise moisture estimation
using fiber absorption spectra. It works well during lint drying and cleaning.!? RF sensors
improve this process by enabling the continuous inline monitoring of moisture along the ginning
line.(!3) Recently, integrated platforms such as Vomax 760 and IntelliGin™ have brought
together different sensors, including those for trash and color, with automated controls for
drying, humidification, and cleaning. This helps to lower reliance on labor, save energy, and
maintain fiber quality.(1)

While much of the attention in the literature has focused on lint, the roles of cottonseed and
bale moisture are equally important to overall process performance. Cottonseed retains moisture
that directly affects fiber—seed separation efficiency and determines the usability of the seed for
oil extraction and feed. Excess moisture complicates separation and increases the incidence of
seed coat fragments in lint, whereas overly dry seeds hinder efficient separation. Capacitive and
microwave sensors are often used at this stage to ensure safe MC levels. This helps improve both
lint purity and the quality of by-products.(!1:13-16) Similarly, bale moisture content is critical for
storage stability and international trade. Bales with more than 7.5% moisture content risk
microbial growth, heating, and damage during storage or shipping. Bales that are too dry require
more energy for pressing, which can harm the fibers. To prevent these issues, resistance-based
and RF sensors are used in bale pressing lines to measure moisture content before compression.
Warehouse monitoring systems track humidity and temperature. This helps maintain the quality
of bales during long-term storage.*)

These stage-specific applications show that moisture sensors serve as more than just
diagnostic tools and are crucial to modern ginning control. At the seed level, sensors ensure
efficient separation and increase the value of seed by-products. At the fiber level, they help
balance drying and cleaning while keeping fiber strength and length intact. At the bale level,
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they ensure safe storage and follow international trading standards. These improvements show
that moisture management has shifted from a supportive measure to an essential factor in
quality, efficiency, and sustainability in cotton ginning.

Despite these technological improvements, current research is still fragmented. Many studies
are focused on individual devices or specific stages without providing comparisons across the
entire ginning chain.(1?9 Older references dominate much of the literature, with limited coverage
of recent developments in commercial bale monitoring systems and integrated platforms. In
addition, few studies are focused on accuracy, speed, cost, scalability, and industrial
feasibility.(1:1%)

In this paper, we address these gaps by presenting a comprehensive framework for moisture
management technologies in cotton ginning. Unlike in earlier studies, we systematically
integrate traditional, emerging, and advanced sensor-based approaches across seed, lint, and
bale levels. We highlight both the technological innovations and the industrial challenges,
discuss trends in sensor-based automation, and clarify the novelty of stage-wise integration for
fiber preservation, process efficiency, and by-product utilization. By positioning moisture as a
controllable parameter throughout the ginning process, this study contributes a unique synthesis
that strengthens both academic understanding and industrial practices. The findings show that
moisture-sensing technologies improve fiber quality and ginning efficiency. They also protect
the value of cottonseed and bales. This helps build a more competitive and sustainable cotton
industry.

2. Significance of Moisture Content in Cotton and Ginning Industry

Moisture content has a critical effect on cotton ginning as it affects the fiber properties, seed
separation, energy demands, and general process economics. Although the fundamental
relationship between moisture and fiber performance is well documented, the relevance to
present industry practices is in the integration of sensor-based monitoring and intelligent control
systems, enabling real-time operation under commercial conditions. In this section, we
emphasize the key effects of moisture and their positions in the context of new technologies.

2.1 Effect on fiber quality

Cotton fiber quality is very sensitive to moisture content. Fibers with high moisture (more
than 10%) swell and become sticky. This increases nep formation, roller wrapping, and short
fiber content during mechanical processing.(1>29) High-moisture cotton also makes lint cleaning
more difficult. Sticky fibers attract dust and plant trash, which leads to higher contamination
levels. On the other hand, cotton that is too dry (less than 5% moisture) becomes brittle and can
break easily. This results in shorter fiber lengths, a higher short fiber index, and more seed coat
fragments.?-?? Yarn made from such lint is weak, uneven, and breaks more often during
spinning.

It is important to keep the moisture content at an optimal level to improve spinnability. This
generally falls between 6 and 8% in lint. Effective moisture results in fiber flexure, lower fiber
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breakage, and more even yarn.*? Recent work with real-time and on-line moisture sensors
shows that moisture regain can be measured very precisely in seed cotton and lint.(10-20)
Therefore, monitoring moisture levels carefully during ginning is essential to achieve the quality
standards of the textile industry. Figure 2 shows the impact of moisture levels on the quality of
cotton fiber and ginning efficiency. It highlights three distinct scenarios: low moisture, optimal
moisture, and high moisture.

2.2 Impact on seed separation and ginning efficiency

Moisture also affects lint separation from seeds. In saw gins, high-moisture seed cotton
resists the saw teeth, lowering throughput and leaving partially ginned seeds.*¥ On the other
hand, when cotton is too dry, the saws grip the fibers more tightly, which increases fiber
breakage and produces seed coat fragments that lower the quality of the lint.?®) Roller gins,
which rely on friction, also struggle with moisture extremes. They create too much entanglement
under wet conditions or strip fibers under dry conditions.>)

Experimental studies have shown that poor moisture management can decrease ginning
efficiency by 10 to 15%.>%) Since industrial gins often handle several bales each hour, these
losses lead to significant drops in overall productivity. Additionally, uneven moisture within a
bale can cause variations in gin stand performance, making automation efforts more difficult.
Table 1 summarizes the comparative effects of high moisture and low-temperature freezing on
the mechanical properties, surface morphology, and crystalline structure of cotton fiber, using
data from Cao et al.')

2.3 Energy consumption and processing costs
Energy is a significant operational cost in ginning. Drying systems make up nearly one-third

of total energy use.?®) Overdrying cotton wastes fuel, whereas underdrying requires
reprocessing. Recent IoT-enabled sensor networks can cut drying energy by 15 to 20% through
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Fig. 2. (Color online) Impact of moisture levels on cotton fiber quality and ginning efficiency.
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Table 1.
Effects of moisture and low-temperature treatment on cotton fibers.!”)
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real-time monitoring and control. These results show that managing moisture not only affects
quality but also sustainability and cost.

2.4 Industrial and economic implications

Cotton with improper moisture content often faces penalties in global markets owing to poor
spinnability and low yarn quality. Recent reviews stress that moisture differences from bale to
bale are a major source of economic loss in the supply chain. Commercial platforms such as
Intelligin and Vomax 760 now combine multi-sensor arrays with cloud analytics. This stabilizes
bale quality and provides predictive process control.

2.5 Sustainability and Industry 4.0 implications

The significance of moisture management extends beyond process optimization to
sustainability and digital transformation. Capacitive, microwave, and dielectric sensors, when
coupled with IoT, edge computing, and machine learning, enable predictive adjustments to gin
operations in real time.(!1327) These systems improve resilience in dusty, high-throughput
environments and align with Industry 4.0 objectives of automation, data-driven decision-
making, and energy-efficient manufacturing. In addition to capacitive and dielectric approaches,
resistive sensors have been refined for real-time moisture monitoring, with pressure-
compensated designs achieving high accuracy (R* = 0.986, RMSE ~ 0.204%) and demonstrating
strong potential for rapid industrial applications.1? The novelty of this work lies in the synthesis
of traditional fiber—moisture knowledge with emerging sensor-based control strategies,
providing a comprehensive framework for next-generation ginning operations.



Sensors and Materials, Vol. 37, No. 11 (2025) 5253

3. Traditional Techniques of Moisture Management and Estimation

Moisture content has always been a defining parameter in cotton ginning, influencing fiber
processability, mechanical performance, and final textile quality. Before the development of
advanced sensors, a range of traditional techniques was developed to manage and measure
moisture in cotton, such as automated conditioning systems and real-time feedback technologies.
These methods, while varied in principle, share a common objective: to bring cotton into its
optimal moisture window for ginning and to quantify that condition with sufficient accuracy for
commercial and scientific purposes. The following sections provide a comprehensive account of
six principal traditional approaches—natural drying/sun, spray conditioning, oven drying,
resistance-based meters, psychrometric methods, and Karl Fischer titration—emphasizing their
scientific principles, applications, and continued significance in the cotton industry.

3.1 Natural/ sun drying of seed cotton

Natural/sun drying is the most fundamental technique of moisture control, practised
historically across cotton-growing regions. In this method, seed cotton is spread in thin layers in
open fields or on ventilated platforms, where solar radiation, wind movement, ambient humidity,
and temperature act as the drivers of water evaporation.?8-3% Natural drying not only remains
relevant in smallholder contexts but also provides the first empirical data for developing cotton
sorption isotherms and drying models.

The kinetics of natural drying are described by thin-layer drying equations. A commonly
applied model expresses the moisture ratio (MR) as an exponential function of time, as below.

M, - M,
—L ¢ —exp(—kt
My-M, 7 =) M

e

MR =

Here, M, represents moisture content at time ¢, M, is the initial moisture, M, is the equilibrium
moisture content, and k is the drying constant that varies with air velocity and temperature.31-32)
This formulation, originally developed for grains, was later validated for seed cotton and forms
the basis of cotton drying simulations used even today.?)

Natural drying has significant scientific relevance. Studies of thin-layer drying in seed cotton
helped define cotton’s equilibrium moisture content (EMC), which is central to understanding
moisture regain behavior.®43) These empirical models continue to guide modern drying
systems, where mechanical dryers replicate natural processes under controlled conditions. In
addition, sorption isotherms derived from natural drying experiments remain a reference for
storage studies, packaging design, and moisture modeling in fiber science.(¢-37)

3.2 Spray-based conditioning

Spray-based conditioning emerged as a complementary practice to natural drying. Cotton
that becomes too dry loses flexibility, leading to a higher proportion of short fibers during
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ginning. To restore fibers to their optimal processing range of 6—8% moisture, operators
introduced atomized water into cotton streams, increasing average moisture.)
The expected moisture change is expressed by a simple mass balance equation:

w,

c

where M;is the final moisture percentage, M, is the initial moisture, 17, is the water mass added,
and W, is the cotton mass.?

Historically, spray conditioning has been applied both at the feeder stage and in lint-cleaning
operations to improve fiber elasticity before pressing into bales.? Its use is well documented in
United States Department of Agriculture (USDA) ginning guidelines, which recommend the
targeted application of water for improved ginning efficiency.! In contemporary studies, spray
application techniques continue to be refined through the exploration of nozzle designs and
misting systems for improved homogeneity.?) Spray conditioning thus represents one of the
earliest examples of active moisture management rather than passive reliance on environmental
conditions.

3.3 Oven drying method (ASTM D2495-07)

Oven drying remains the most widely accepted laboratory procedure for determining cotton
moisture content. Standardized under ASTM D2495-07, the method involves drying samples at
105 £ 2 °C until a constant weight is achieved.(”) Moisture content is then calculated as

W, —W
MC (%) =—2 " 100 3)
W,

wet

where W, denotes the initial weight of the sample and ¥, the oven-dry weight.

This method is scientifically important because it provides an absolute measurement that is
independent of electrical, optical, and environmental variability.*> The accuracy of oven
drying, typically within £0.1-0.2%, has made it the reference standard for cotton research
worldwide.(7:#443) Almost all modern sensor technologies, from microwave to NIR spectroscopy
systems, are calibrated against oven drying data.®)

Applications of the oven drying method extend beyond research laboratories to regulatory
frameworks. International cotton trade standards often reference oven-dry values for arbitration
in disputes.”#® In addition, oven drying data underpin sorption isotherm models and drying
kinetics equations, linking laboratory analysis directly to industrial practice.*?) Despite being
destructive, oven drying remains the backbone of cotton moisture determination and continues
to play a central role in calibration and validation protocols.®)
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3.4 Electric resistance meters

Resistance-based meters represent one of the first attempts to provide portable, nondestructive
tools for moisture estimation in cotton. The principle relies on the inverse relationship between
fiber moisture and electrical resistance. As water increases ionic conductivity in the fiber
matrix, resistance decreases. The empirical relation between resistance (R) and moisture content
(MC) can be approximated as

MC=a-b-log(R), @)

where a and b are calibration constants derived experimentally.

Resistance meters have been widely applied in warehouses, cotton markets, and bale storage
facilities for rapid inspections.®!) They provide readings within seconds and are particularly
useful for quality assurance during bale certification processes. USDA studies in the 20th
century established calibration curves for resistance meters against oven-dry values, creating
standardized procedures for industrial use.

In addition to their widespread adoption, resistance meters have also been used in research
contexts to gather large datasets on cotton bale moisture.®? Their speed and portability made
them valuable in field studies where destructive laboratory methods were impractical.®") Even
with the advent of advanced microwave and dielectric sensors, resistance-based devices remain
in circulation as cost-effective tools for preliminary moisture evaluation.

3.5 Psychrometric methods

Psychrometric methods are among the earliest scientific approaches of cotton moisture
estimation. The technique involves measuring the relative humidity of air equilibrated with
cotton using wet-bulb and dry-bulb thermometers and then relating this humidity to equilibrium
moisture content (EMC) through sorption isotherms.®? The general form of EMC is expressed
as a function of RH and temperature.

EMC = f(RH, T) )

The development of moisture regain curves for cotton was largely based on psychrometric
studies. These sorption isotherms describe the relationship between environmental conditions
and cotton moisture content, providing critical data for designing storage and packaging
systems.G7)

Applications of psychrometric methods extend beyond cotton ginning into textile
manufacturing, where EMC directly affects yarn strength, dimensional stability, and dye
uptake.5? In agricultural engineering, psychrometry has also been used to design storage
facilities and predict moisture changes under varying climatic conditions.®¥ Contemporary
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studies continue to refine cotton EMC models, integrating psychrometric data into advanced
sorption modeling approaches.®> Thus, psychrometry has enduring significance in linking
cotton’s hygroscopic nature with both ginning efficiency and textile performance.

3.6 Karl Fischer titration

Karl Fischer titration is a chemical method that remains the most precise traditional technique
for moisture determination in cotton. It is based on the quantitative reaction of water with iodine
and sulfur dioxide in the presence of alcohol and a base catalyst.

H,O0+1, +SO, +3RN — 2(RNH)I + RNSO; 6)

Here, RN represents an organic base.

Karl Fischer titration can detect moisture content with an accuracy up to £0.1%, making it
invaluable as a calibration method.(7-3) It has been widely used in laboratory research to validate
emerging sensor technologies, providing high-precision reference values for cotton samples.57)
The method also plays an important role in comparative studies where absolute accuracy is
required, such as evaluating moisture migration during storage or validating bale conditioning
systems.

Beyond cotton, Karl Fischer titration is a standard analytical tool in polymer science and
agricultural engineering, but in cotton research, its significance lies in providing the definitive
benchmark for moisture content.*%>®) Even in the context of advanced inline sensors, Karl
Fischer titration continues to serve as the ultimate laboratory reference.

Taken together, these six traditional approaches provide a comprehensive framework for
moisture management in cotton. Natural drying offered the first empirical insights into cotton’s
drying behavior; spray conditioning provided an early form of active intervention; oven drying
established the reference standard for absolute accuracy; resistance meters enabled portability
and rapid testing; psychrometry generated foundational sorption isotherms; and Karl Fischer
titration defined the upper bound of laboratory precision. Each method contributed not only to
cotton ginning practices but also to broader fiber science, textile engineering, and agricultural
research. Their enduring value lies in the fact that modern technologies, from microwave sensors
to IoT-enabled monitoring, continue to rely on these traditional techniques as benchmarks,
calibration references, and sources of fundamental knowledge.

4. Emerging Techniques of Moisture Management and Estimation

Moisture control is still one of the key issues of cotton ginning and fiber processing, affecting
not just seed separation efficiency but also final fiber quality on entering the world textile supply
chain.® Classical methods such as oven drying, resistance meters, and psychrometric
measurements are scientifically sound but constrained by speed, mobility, and applicability in
inline industrial processing.”) In addressing these constraints, the last few decades have
witnessed the emergence of new technologies that leverage advances in dielectric physics,
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microwave engineering, optical sensing, and data analytics.!'*) These new techniques have
revolutionized moisture measurement from being a laboratory procedure to a sensor-based, real-
time practice incorporated directly into ginning processes.(® Following the needs of automation,
traceability, and sustainability, sensors of moisture in seed cotton and bales have emerged as the
cornerstone of these new paradigms supported by optical imaging and machine-learning-based
calibration.(10:61:62) T the following section, all these innovations are discussed in detail,
highlighting their operating principles, industrial significance, and technological trends.

4.1 Moisture sensors for seed cotton

Seed cotton presents a unique challenge for estimating moisture because of its mixed
structure and low bulk density.(!%!) It includes fibers tangled with seeds and varying amounts of
foreign particles, with water spread unevenly among these elements.(11:93) Typical lab methods
do not reflect this variability in real time. As a result, dielectric and microwave-based sensors
have been developed for dynamic cotton flows.(1D

The main idea behind seed cotton sensors is the clear difference in dielectric properties
between dry cotton and water. Dry cotton exhibits a dielectric constant (g.) of approximately
2-4, whereas liquid water has a dielectric constant (g,) near 80 at room temperature.(!) The
effective dielectric constant of the cotton mass can be modeled as a volumetric mixture:

Sejf =& (1 - ¢) + 8w¢ s (7)

where &, is the effective dielectric constant of the moist cotton mass, and ¢ is the volumetric
water fraction.!) This relationship ensures that even small changes in moisture content lead to
detectable changes in dielectric response.

Building on this principle, microwave transmission sensors measure attenuation and phase
shift as waves propagate through the cotton stream.(!l:93 Attenuation is proportional to both
frequency and the dielectric loss factor ¢", which rises with increasing water content:

axfg, ®)

where «a is attenuation and f is frequency.(!) Devices such as the USDA Vomax Model 760
exemplify this technology, providing inline, nondestructive, and continuous monitoring of seed
cotton moisture during ginning.*>) Its deployment across several ginning plants has
demonstrated how dielectric sensing can improve process control by maintaining cotton
moisture in the optimal range of 6—8%, thereby preventing fiber breakage or excessive
toughness.*>)

Another commonly used technology is capacitive sensing, in which changes in capacitance
between electrode plates are measured as moist cotton affects the dielectric environment.
Although capacitive sensors are less accurate than microwave systems, they are attractive for
small- and medium-sized gins because they are inexpensive and simple to implement. They are
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often utilized in feeder systems where relative accuracy is more important than absolute
accuracy.

NIR sensors provide extra features. Water absorbs well at wavelengths near 1400 and 1900
nm.(465 NIR spectroscopy uses these absorption peaks to estimate moisture. Handheld NIR
sensors are used for quick field inspections and evaluations on the gin floor. More advanced
systems with fiber optic probes are used for inline applications. Although NIR measurements
have limited penetration depth, they give valuable surface moisture estimates. These estimates
often help calibrate dielectric sensors.(©%:67)

Recent advances show the trend of integrating multiple sensors. By combining microwave,
capacitive, and NIR data, sensor fusion platforms achieve better accuracy, especially with the
help of machine learning models.'”) Neural networks trained on oven-dry reference datasets cut
down on calibration errors caused by changes in density, temperature, and foreign matter. In
recent research, adaptive calibration models have been found to work better than static curves,
providing reliable measurement under various conditions. Another key trend is miniaturization.
(10.61) Compact microwave modules are now designed for direct mounting on gin feeders, which
allows for distributed measurement throughout processing lines.

The industrial significance of these developments is that they enable the integration of seed
cotton moisture sensing into gin automation systems. Real-time monitoring allows users to
adjust drying and conditioning equipment as necessary. This reduces energy use and keeps fiber
quality high.®® By making measurement a vital part of process control, seed cotton sensors
have become important for precise ginning.

4.2 Moisture sensors for bales

Bale moisture measurement faces unique challenges compared with seed cotton owing to its
high density and the probability of uneven moisture distribution. A standard cotton bale,
compressed to densities over 450 kg/m? may have wet areas that surface probes cannot detect.
These wet regions can promote microbial growth or cause fiber discoloration. Current bale
moisture sensors focus on deep penetration, volumetric averaging, and working with baling
operations.

RF and microwave probes are commonly used in bale sensing.(!”) They take advantage of the
dielectric properties of water in dense cotton. By applying transmission line models, attenuation
and phase shift measurements are converted into bulk moisture estimates. Unlike resistance-
based probes that only provide localized readings, RF and microwave systems penetrate more
deeply, generating representative volumetric assessments.

A leading industrial platform is the Intelligin system. It integrates dielectric sensors directly
into bale presses.(” The system samples bale moisture at several points and frequencies during
compression, calculating average values in real time.!!) Its capacity to interface with gin
automation allows immediate feedback, enabling operators to condition cotton prior to bale
completion. This integration of sensing with process control exemplifies the evolution of bale
moisture monitoring from a quality assurance task into a dynamic component of automated
ginning. Optical techniques are being studied for bale surfaces. NIR hyperspectral imaging
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creates moisture maps that show surface differences.®) This helps spot uneven conditioning.
Hyperspectral imaging extends on this method by identifying leaf trash at the same time.
Although these methods remain limited to surface assessment, when combined with dielectric
probes, they provide a comprehensive view of bale quality.

An emerging approach integrates sensor data with predictive modeling of moisture
redistribution. Fick’s second law describes the diffusion of water in compressed cotton:(7%

2
X

where M is the local moisture content, # is time, x the spatial coordinate, and D the diffusivity.
Coupling sensor readings with such models enables the prediction of moisture migration,
enabling the identification of potential hotspots during storage. This predictive capability
highlights a growing trend toward combining real-time sensing with computational analytics in
bale monitoring.

Overall, bale moisture sensors have shifted from post-hoc inspection tools to proactive
devices embedded in processing lines. Their contribution lies in preventing quality loss during
storage and ensuring that cotton bales entering supply chains meet international standards for
moisture content.

4.3 Optical and imaging-based techniques

Beyond dielectric and RF sensors, optical and imaging technologies are receiving more
attention as additional methods for estimating moisture. NIR spectroscopy uses water absorption
bands near 1400 and 1900 nm to provide quick, noncontact surface measurements of both seed
cotton and bales. Hyperspectral imaging builds on this by producing spatial maps of moisture
distribution while also identifying foreign matter and maturity differences. Recent studies have
also looked into mid-infrared and terahertz sensing for deeper penetration, but industrial use is
still limited.") These optical methods often work with machine learning for real-time
analysis.("? They show the trend toward multifunctional sensing platforms that combine
moisture monitoring with broader quality assessments.

4.4 Technology tendencies and industrial perspectives

The development of moisture management technologies shows several overarching
tendencies. First, there is a clear movement toward automation integration, where sensors are
part of closed-loop control systems that dynamically regulate drying, conditioning, and baling.
This keeps cotton within the ideal moisture range throughout processing. Second, sensor fusion
and Al are reshaping measurement as data from microwave, capacitive, and optical devices are
being combined and interpreted through adaptive machine learning algorithms. This
significantly improves accuracy and reliability under varying conditions. Third, miniaturization
and [oT connectivity are boosting distributed monitoring. Compact, low-power sensors can now
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be installed across multiple points in ginning lines, with data transmitted to cloud platforms for
centralized analytics. Such connectivity also enables supply-chain traceability, an increasingly
important requirement for global textile markets. Fourth, multifunctionality has become
essential. Modern systems are expected to measure not only moisture but also contamination,
fiber maturity, and colorimetric properties. Finally, sustainability drives much of the innovation
by encouraging precise, real-time monitoring and new technologies that reduce energy use,
reduce overdrying, and promote environmentally friendly cotton production.

4.5 Comparative assessment of moisture measurement techniques

While a wide range of methods exist for monitoring moisture in cotton, in many prior studies,
these techniques were simply listed without providing comparative insight into their
performance. As noted by reviewers, comparative analysis is essential to highlight the
advantages of modern sensor-based methods over classical laboratory techniques. To strengthen
the soundness of this review, in this subsection, we present two comparative tables supported by
case studies, offering a clear evaluation of accuracy, response time, implementation feasibility,
and cost. Table 2 shows the accuracy, response time, feasibility, and cost across methods,
showing the advantages of real-time sensor-based approaches over traditional laboratory tests.

Table 2
Performance metrics of traditional and emerging methods for cotton moisture measurement.
Method Accuracy Response time  Industrial feasibility =~ Relative cost Key
(% error) reference
Oven-dry +0.1-0.2% High
- A=0.2% N : (41, 48)
(ASTM D2495) (reference standard) 24h Laboratory only (tlrpe anq labor
intensive)
. +2-3% Portable, field a,73)
< E
Resistance meter (surface-dependent) 10 and gin spot checks Low
+1-2%
(depending Field
Psychrometry on calibration, 5-15 min Low—Medium 1, 74)
. . and lab, Portable
ambient airflow,
and operator skill)
+0.05-0.19 i
Karl Fischer 0.05 O.'l/o . Laboratory ngh (56,75)
.. (most precise lab 30—60 min (equipment + ’
titration only
method) reagents)
Microwave Inline High
dielectric +0.5-1.0% Real time (<1 s) in systems (ca ita% cost) (44,76)
(Vomax 760) g sy P
RF/microwave .
bale sensor +0.5% Real time (<1 s) i?l'?elerlz::i:(ifl (ca Iitﬁ};ost) an
(Intelligin) £ p
NIR +1-2% Lab, field, . (12,78)
< i
spectroscopy (calibration-ependent) 38 limited gin use Medium
Hyperspectral +0.5-1% Seconds . . (62,72,79)
imaging (experimental, lab only) (imaging-based) Not commercial Very High
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4.5.1 Case study

USDA Vomax 760 for Seed Cotton: Vomax 760, developed by USDA engineers, is a
microwave transmission sensor designed for real-time, inline moisture monitoring of seed
cotton. Deployed in several U.S. cotton gins, it has been instrumental in reducing overdrying
incidents by approximately 20%, leading to significant energy savings and enhanced fiber
strength. By maintaining cotton within the optimal moisture range of 6—8%, the system also
mitigates nep formation and fiber breakage, underscoring the industrial value of microwave
dielectric sensing for continuous process control.(!)

Intelligin Bale Moisture System: The Intelligin system integrates RF-based dielectric
sensors directly into bale presses. In a U.S. commercial gin, the adoption of this system reduced
bale-to-bale moisture variability from £2.5% to £0.8%. This improvement minimized microbial
spoilage risk and ensured compliance with international standards. By embedding sensing in the
baling operation, Intelligin exemplifies the shift toward closed-loop automation, where
measurement and control occur simultaneously.®?)

NIR Optical Sensing in Harvesters: In trials in China, portable NIR sensors were employed
for the rapid screening of seed cotton moisture during harvesting. The noncontact readings
enabled operators to determine whether drying was needed before transport to the gin. Using
NIR guidance reduced unnecessary predrying by 15-18%, lowering fuel costs while preserving
fiber integrity. Although surface-limited, NIR systems are highly suitable for field applications
and provide useful calibration support for dielectric-based systems.(1?)

These comparisons illustrate the progression from traditional laboratory methods, which are
valued for precision but restricted in speed and industrial relevance, to emerging technologies
that deliver real-time, inline, and automation-compatible measurements. The case studies further
demonstrate that microwave and RF sensors are already delivering tangible benefits in
commercial gins, while NIR devices are proving useful in harvest and field contexts. Optical
and hyperspectral imaging methods, though still experimental, highlight the next frontier of
multifunctional sensing. Together, these results confirm that moisture management has evolved
from a static quality test into a dynamic control variable at the core of modern cotton ginning.

The metrics and case studies demonstrate that while traditional methods remain essential as
reference standards, their industrial feasibility is restricted by slow response times and labor
demands. In contrast, emerging dielectric, RF, and optical systems deliver fast, accurate, and
scalable measurements that integrate seamlessly with gin automation (Table 3). Case studies
such as those of the Vomax 760 and Intelligin platforms provide compelling evidence that
sensor-based technologies not only improve measurement accuracy but also enhance energy use
efficiency, fiber quality, and bale uniformity. This evolution marks a decisive shift in cotton
processing. Moisture management is no longer a post-hoc laboratory measurement but a
dynamic control variable at the core of precision ginning operations.
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Table 3
Overview of traditional and emerging methods in cotton moisture management.(lo’“’gl)
Category Traditional methods Emerging methods
Microwave dielectric (Vomax 760),
Oven drying, Psychrometry, RF bale sensors (Intelligin),
Examples Resistance meters, NIR spectroscopy,
Karl Fischer titration Hyperspectral imaging,

IoT sensor fusion

Very high in lab (+0.1-0.5%),

L i (40,500 .
Accuracy but low in field (£2-3%) High in lab and inline (£0.5-2% typical)
Response fime Slow: minutes to hours Real time or near real time

P (oven drying up to 24 h) (milliseconds to seconds)

. e Laboratory or manual Fully automatable;
Implementation feasibility - LT
spot checks only inline monitoring in gins and bale presses
Cost Low capital but highly operational Higher initial investment;
(time, labor, consumables) lower operating costs with automation
. . Highly scalable;
Scalability Limited sample-based use distributed sensors across gin lines
Industrial role Calibration standal"ds Primary toqls for precision ginning
and regulatory testing and real-time quality assurance

5. Limitations and Challenges in Moisture Management in Ginning Industry

Moisture management in cotton ginning remains a critical factor influencing fiber quality,
ginning efficiency, and economic returns. Despite decades of research, achieving accurate, fast,
and reliable estimation of moisture remains challenging, particularly under the heterogeneous
and dynamic conditions of commercial gins. While traditional methods such as oven drying and
resistance meters are still regarded as reference or baseline techniques, recent sensor-based
approaches such as microwave, NIR spectroscopy, hyperspectral imaging, and loT-enabled
systems, have advanced the field considerably. Nevertheless, limitations persist across both
domains. These challenges fall into categories of accuracy, sampling representativeness,
calibration stability, environmental sensitivity, economic feasibility, and regulatory acceptance.
Understanding these constraints is critical to framing future research and industrial
implementation.

Traditional methods continue to serve as standards but are hindered by operational
constraints. The oven-dry method, as standardized under ASTM D249507, is considered a
benchmark for moisture determination, achieving high precision of typically £0.1-0.2% within a
single laboratory and +0.2—0.5% between laboratories for cotton samples. However, the method
requires drying until constant weight is reached, a process that can take several hours, making it
unsuitable for real-time process control.#3:82) Resistance meters are the most widely adopted
real-time method owing to their portability and low cost and have demonstrated that, with
pressure compensation, resistive sensing achieved an RMSE of ~0.20% and a coefficient of
variation of 2.22% for cotton moisture regain measurements.(!) However, without corrections
for density, pressure, and temperature, their error margins can rise to £2—3%, which significantly
reduces reliability under the dynamic conditions of a commercial gin. Their performance is
further compromised by variations in compression and airflow during ginning. The Karl Fischer
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titration method provides the most precise determination of water content across agricultural
materials, achieving £0.05—0.1% accuracy under ISO 760 protocols.(”>) Despite its accuracy, it is
expensive, requires skilled handling of reagents, and is not scalable to the industrial environment
of gins. Consequently, its use remains limited to research laboratories and quality control
facilities rather than production floors.

Emerging sensor-based technologies are aimed at resolving these limitations but face their
own barriers. Microwave dielectric systems provide near-instantaneous readings and are capable
of inline monitoring. Research on microwave methods for cotton fiber has shown that they are
far faster than oven-drying, with response times being under one second.*®) Reported accuracies
vary, with laboratory trials often achieving +£0.5-1%. However, performance is affected by
factors such as lint density, trash content, and temperature, which can induce small but
significant deviations. Field validation in bulk bales is less extensive, and penetration depth
remains a limiting factor for high-density cotton. Calibration drift in cotton ginning equipment
can elevate error margins from +0.5% to approximately +1.5%, highlighting the necessity for
regular recalibration.®3 In bale monitoring, RF systems such as Intelligin face challenges with
penetration depth, especially in dense bales where surface—core moisture content differences
exceed 1.5%, leading to potential inaccuracies.®¥ These limitations raise concerns regarding
both accuracy and consistency in industrial use.

Optical techniques, including NIR spectroscopy and hyperspectral imaging, offer promising
alternatives for cotton moisture measurement but face implementation challenges. NIR
spectroscopy is rapid and nondestructive; however, it provides only surface measurements,
leading to discrepancies of 2-3% compared with oven drying in dense cotton bales.”) Seasonal
variability further reduces robustness, as demonstrated by the non-generalizability of NIR
models developed on one cotton variety, increasing error margins to +2.5% without
recalibration.®>) Hyperspectral imaging extends spectral information and achieves +0.5-1%
accuracy in controlled trials,®®) but operational barriers include high system costs (USD 50000—
70000), large data volumes requiring machine learning models, and a lack of equipment able to
withstand dusty gin environments. While machine learning integration with hyperspectral
imaging systems has improved predictive accuracy, real-time industrial adoption in cotton
ginning remains limited.(®7-89

Economic feasibility is another major barrier to widespread adoption. Resistance meters cost
less than USD 500, making them accessible to small gins globally. In contrast, microwave
dielectric or RF-based inline systems require investments of USD 20000-50000, while
hyperspectral imaging systems exceed USD 70000. Even with adoption, annual maintenance
costs amount to 5-10% of the system value. This disparity creates inequity in adoption: large
industrial gins can justify advanced sensors, but smaller operations, particularly in developing
countries, continue to rely on outdated, less accurate techniques. Economic analyses indicate
that while large-scale gins may recover the cost of advanced sensors within a few years owing to
efficiency gains, such technologies are typically not economically viable for small gins.

Integration with automation and IoT platforms remains underdeveloped. While digital
process control is often incorporated into ginning, moisture management technologies often
operate as stand-alone devices. Intelligin bale sensors, for example, provide detailed bale-level
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data but cannot universally interface with bale press controllers without costly customization.
Multisensor IoT frameworks offer potential solutions, emphasizing that calibration drift and lack
of interoperability among devices from different vendors continue to impede seamless adoption.
Real-time closed-loop control of dryers based on distributed sensor input remains largely
experimental, despite growing demand for intelligent, automation-ready ginning systems.
Finally, regulatory and standardization issues represent a critical bottleneck. Oven drying and
Karl Fischer titration are globally organized by ASTM and ISO, providing legal and trade-
recognized benchmarks. However, no such standards exist for microwave, RF, NIR spectroscopy,
or hyperspectral imaging methods. Without coordinated multilaboratory validation and
regulatory approval, novel measurement methods cannot gain the mutual acceptance required
for international harmonization and trade.®?)

The limitations and challenges in cotton moisture management span accuracy, sampling
representativeness, calibration stability, environmental sensitivity, cost barriers, and regulatory
gaps. Traditional methods remain benchmarks but lack scalability for industrial throughput,
while emerging sensor-based technologies provide real-time data but face issues of calibration
drift, limited penetration, high costs, and absence of standardization. Quantitative evidence
highlights the severity of these limitations: oven drying requires 24 hours, resistance meters
deviate by +2-3%, dielectric sensors drift by £0.5% seasonally, hyperspectral imaging systems
exceed USD 70,000 in cost, and bale moisture gradients reach 3% between the core and the
surface. To address these barriers, research must focus on hybrid sensing platforms, machine-
learning-enabled calibration transfer, low-cost ruggedized devices, and internationally aligned
standards. With such advances, moisture management can transition from a persistent challenge
to a robust, automation-ready control variable for modern cotton ginning.

6. Conclusions and Future Perspectives

Moisture management is a critical determinant of fiber strength, seed separation, and overall
ginning efficiency. While traditional techniques such as natural drying, spray-based
conditioning, and oven testing (ASTM D2495-07) provide useful benchmarks, they are too slow
and inflexible for modern high-capacity gins. Recent advances in sensor technologies, including
microwave dielectric systems such as Vomax 760, RF-based Intelligin platforms, capacitive
devices, and NIR spectroscopy, have begun to transform this landscape. These sensors are
directly applied in cotton gins to deliver rapid, real-time moisture readings, enabling operators
to adjust dryers and presses immediately. By doing so, they minimize fiber breakage, reduce
overdrying, and improve both energy efficiency and product quality.

The relationship between sensors and their applications is increasingly dynamic. Instead of
serving as stand-alone measurement tools, sensors are now embedded within automated control
loops that treat moisture as a process variable. Their application extends from seed cotton at the
feeder to final bale monitoring, providing continuous quality assurance across the ginning line.
As gins adopt Industry 4.0 strategies, sensor networks combined with IoT and machine learning
will create adaptive, data-driven environments.
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Future progress will depend on hybrid sensing methods, cost reduction for broader
accessibility, and the establishment of international standards. With these advances, sensor-
based moisture management will evolve into a cornerstone of intelligent and sustainable cotton
processing.
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