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Innovative electrical engineering solutions for
sustainable agricultural practices: Addressing
pesticide resistance in insects

Elena Martinez-Ruiz and Carlos Alvarez-Gémez

Abstract

Pesticide resistance in insect pests has emerged as one of the most pressing challenges to global
agricultural sustainability, threatening crop productivity, farmer income, and food security.
Conventional pest management strategies, reliant on repetitive chemical applications, have not only
intensified resistance development but also increased environmental and health risks. This research
explores the potential of innovative electrical engineering solutions—namely electrostatic spraying,
sensor-guided applications, and electrostatic trapping—as sustainable alternatives to mitigate pesticide
resistance in farming systems. Field-based experiments compared these engineering-driven
interventions with conventional spraying to evaluate their impacts on pest density, pesticide usage, and
crop yield. The results demonstrated that all three technologies significantly lowered pest populations
while simultaneously reducing pesticide inputs by 30-60% and maintaining or enhancing yields.
Electrostatic sprayers improved pesticide deposition efficiency, ensuring more uniform coverage and
higher pest mortality with reduced dosages. Sensor-guided applications optimized timing by detecting
pest pressure in real-time, thereby minimizing unnecessary spraying. Electrostatic traps provided an
eco-friendly suppression mechanism that further reduced reliance on chemicals. Statistical analysis
confirmed significant differences among treatments, with effect sizes indicating strong practical
relevance. These outcomes highlight the dual benefits of enhanced pest control and sustainability
through reduced chemical inputs, consistent with integrated pest management principles. The study
concludes that the interdisciplinary integration of electrical engineering and agriculture offers a
scalable and cost-effective pathway to combat resistance, protect the environment, and ensure resilient
food systems. Practical recommendations include promoting farmer training on engineering-based
tools, expanding access to sensor networks in rural areas, and encouraging policy incentives that
support adoption of eco-friendly technologies. By leveraging technological innovations, agriculture can
advance towards a model that balances productivity with ecological responsibility.

Keywords: Electrical engineering solutions, sustainable agriculture, pesticide resistance, electrostatic
spraying, sensor-guided pest control, electrostatic trapping, integrated pest management, crop yield,
smart farming technologies, precision agriculture

Introduction

Agricultural productivity has long relied on chemical pesticides to combat insect pests, but
the indiscriminate and repeated use of these compounds has led to widespread pesticide
resistance, threatening both food security and environmental sustainability -], Resistance
mechanisms such as metabolic detoxification, target-site mutations, and behavioral
avoidance have been documented across major insect pest species, significantly reducing the
efficacy of conventional control measures €. This crisis not only increases crop losses but
also drives farmers to use higher pesticide doses, leading to escalating input costs,
environmental contamination, and health hazards for both humans and livestock "1, The
integration of electrical engineering-based innovations into sustainable agricultural practices
has emerged as a promising alternative for addressing these challenges. Technologies such as
precision pest monitoring sensors, bioelectrical control devices, and electrostatic pesticide
application systems have shown potential in enhancing efficiency and reducing chemical
dependency [10-12],

The central problem lies in balancing the urgent need for effective pest management with the
long-term goal of sustainability. Existing approaches often neglect the role of
multidisciplinary solutions, particularly electrical and electronic innovations, which can
provide non-chemical strategies for pest detection and suppression [** 241, For instance,
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smart sensor networks powered by Internet of Things (IoT)
technologies enable real-time detection of pest outbreaks,
while electrical ~field-based insect traps provide
environmentally safe alternatives to toxic sprays [° 161,
Washim et al. highlighted that pesticide resistance
represents one of the most pressing threats to modern
agriculture, necessitating a shift towards innovative and
sustainable approaches [*7],

The present study sets out with three interconnected
objectives: (i) to explore the role of electrical engineering
solutions such as smart sensors, electrostatic sprayers, and
bioelectronic monitoring systems in mitigating pesticide
resistance; (ii) to examine how these technologies can
contribute to reducing reliance on chemical pesticides; and
(iii) to evaluate their potential integration into sustainable
farming systems. Based on this background, the working
hypothesis is that electrical engineering-driven innovations,
when strategically implemented, can significantly delay or
reverse pesticide resistance trends while simultaneously
improving sustainability outcomes in agricultural practices.
This research therefore seeks to bridge the disciplinary gap
between electrical engineering and sustainable agriculture,
contributing both theoretical insights and practical
recommendations for future implementation.

Material and Methods

Materials

The study was conducted by integrating electrical
engineering-based solutions with sustainable agricultural
practices to address pesticide resistance in insect pests. The
primary materials included electrostatic sprayers for
optimized pesticide delivery ', sensor-based pest detection
modules with 10T connectivity % 4, bioelectronic devices
for real-time monitoring ™2, and field traps using
electrostatic fields for insect capture 61, Crop fields known
for high pest infestation, such as cotton and maize, were
selected to evaluate the effectiveness of these technologies
(271 Insect populations resistant to neonicotinoids and
pyrethroids were targeted due to their global significance *
°, The system architecture consisted of a sensor node
network powered by low-energy circuits, wireless
transmitters, and cloud-based decision support software for
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data collection and analysis [1% 18 191 All experimental trials
were conducted under controlled field conditions, ensuring
uniform soil fertility, crop density, and irrigation levels to
minimize environmental variability [*°I,

Methods

A comparative experimental design was adopted to evaluate
electrical engineering interventions against conventional
chemical spraying. Insect counts were measured weekly
using pheromone and electrostatic traps ' 161, while sensor
data streams were processed to detect pest presence and
behavioral patterns [1> 141, Electrostatic sprayers were tested
by applying reduced pesticide concentrations (30-50%
lower than conventional doses) to measure efficiency gains
(111, The bioelectronic monitoring devices were calibrated to
capture insect movement and activity, enabling correlations
between pest density and resistance patterns [*2. Control
plots were maintained with standard pesticide practices to
establish baseline comparisons [ °1. Data analysis involved
statistical evaluation using ANOVA to assess differences in
pest mortality, pesticide usage efficiency, and resistance
development trends across treatment groups [t 17 20, Ethical
considerations included minimizing chemical exposure to
the environment and ensuring compliance with sustainable
agriculture guidelines & %31,

Numerical outcomes and statistical significance

Across 4 treatments (n = 8 plots/treatment), one-way
ANOVA indicated significant treatment effects for pest
density, pesticide use, and yield (see Table 2). Post-hoc
pairwise tests (Bonferroni-corrected) showed that all three
electrical engineering-enabled strategies—T,: electrostatic
sprayer at 70% dose, Ts: sensor-guided electrostatic
spraying (~50% dose), and T.: electrostatic traps + targeted
sprays (~30% dose)—reduced pest density relative to
conventional spraying (Ti) with medium-to-large effect
sizes (see Table 3), aligning with prior evidence that
electrostatic deposition improves contact efficiency and
coverage [*4, and that loT-enabled decision support helps

target outbreaks and avoid prophylactic over-spraying % 14
20]

Table 1: Summary Statistics

Treatment n Pest density (mean) Pest density (SD)
Ta: Conventional spray 8 51.9 5.1
Ta: Electrostatic sprayer (70% dose) 8 39.0 5.7
Ts: Sensor-guided ES (avg 50% dose) 8 325 5.8
Ta: ES traps + targeted sprays (=30% dose) 8 28.5 3.8
Table 2: ANOVA Results
Outcome F-value p-value DF (between)
Pest Density 31.8 <0.001 3.0
Pesticide use 145.26 <0.001 3.0
Yield 21.67 < 0.001 3.0

Table 3: Pairwise Comparisons

Outcome Comparison t-value | p (uncorrected)
Pest density Ta1: Conventional spray vs Ta: Electrostatic sprayer (70% dose) 4.79 <0.001003
Pest density Ta1: Conventional spray vs Tz: Sensor-guided ES (avg 50% dose) 7.1 le-05
Pest density | Ti: Conventional spray vs Ta: ES traps + targeted sprays (=30% dose) 10.5 <0.001
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Pest density: Means decreased monotonically from T
to T. (see Figure 1), indicating progressively stronger
suppression as engineering controls intensified. This
pattern is consistent with the mechanistic expectation

https://www.electricaltechjournal.com

that better droplet deposition (electrostatics) and more
precise timing (sensors) curtail survival and
reproduction,  thereby  limiting  resistance-prone
selection cycles [1-6:10-12,15-17],
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Fig 1: Pest Density by Treatment (mean + SE)

Pesticide wuse: All engineering treatments used
substantially less active ingredient than Ti, with T4
showing the largest reduction (see Figure 2). The

reductions support the hypothesis that improved
deposition and trigger-based applications decrease total
chemical load while maintaining efficacy [-9 11 14, 18-20],
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Fig 2: Pesticide Use by Treatment (mean + SE)

Yield: Despite lower pesticide inputs, yields were equal
to or higher in T»-T4 versus Ty (see Figure 3), implying
that enhanced targeting and non-chemical suppression
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Fig 3: Yield by Treatment (mean + SE)

Interpretation and integration with prior literature

The combined results demonstrate that electrical-
engineering interventions can simultaneously (i) suppress
pest populations, (ii) lower pesticide inputs, and (iii)
maintain or improve yield, which directly addresses the
sustainability-efficacy trade-off central to resistance
management. Electrostatic spraying improved deposition
efficiency, enabling 30-50% dose reductions without
efficacy loss ™4, while sensor-guided scheduling helped
time applications to peak risk periods, minimizing selection
pressure and unnecessary exposures [0 14 201 Electrostatic
trapping further reduced reliance on chemical controls by
removing adults in a targeted, environmentally benign
manner (15181 These findings dovetail with resistance-
management principles that emphasize reduced selective
pressure, rotated/optimized modes of action, and integrated
tactics 6 1. The observed efficiency gains and risk
reductions are consistent with reports on energy-aware
smart farming and engineering-assisted sustainable systems
118191 Notably, the outcomes align with the call by Washim
et al. (2024) for innovative, sustainable solutions to the
resistance crisis (71,

From a resistance perspective, lower average doses are not
automatically detrimental when spatial deposition and
temporal precision increase effective dose to target pests,
reducing survivors that would otherwise drive resistance
allele frequencies upward [-3 56 111 By coupling better
physics  (electrostatics)  with  better  information
(sensors/loT), T3 and T4 achieved the largest combined
benefits. The strong effect sizes in Table 3 support the
practical significance of these differences, beyond statistical
detectability. In line with sustainable agriculture guidance,
the approach also reduces operator exposure and off-target
contamination risks [7-9 3. 161,

Discussion

The findings of this study demonstrate that the integration of
electrical engineering-based innovations into agricultural
practice can substantially mitigate the challenge of pesticide
resistance while supporting crop productivity. The
experimental evidence revealed that treatments involving
electrostatic spraying, sensor-guided application, and
electrostatic trapping significantly reduced pest densities,

lowered pesticide consumption, and maintained or even
enhanced yields compared with conventional practices.
These outcomes validate the hypothesis that engineering-
driven strategies, by optimizing pesticide delivery and pest
management, provide a sustainable alternative to chemical-
intensive approaches [10-12. 15-16, 18-20],

A central outcome was the observed reduction in pest
populations under electrostatic and  sensor-guided
interventions. Previous studies have established that
resistance develops through recurrent exposure to sublethal
pesticide concentrations, which select for resistant
genotypes % 561 By improving droplet deposition and
ensuring more uniform contact with insect cuticles,
electrostatic sprayers address the common issue of uneven
pesticide distribution [, Furthermore, sensor-enabled
decision support ensured that applications were timed
according to pest pressure, thereby minimizing unnecessary
treatments and reducing selection pressure on resistant
populations 1% 14 201 The alignment of these results with
earlier studies confirms that combining precise engineering
controls  with  biological principles of resistance
management can delay the onset of resistance in field
populations 24 171,

Equally significant were the reductions in pesticide input,
particularly in treatments combining sensor networks and
electrostatic traps. Excessive chemical usage has been
linked to environmental contamination, biodiversity loss,
and negative health outcomes "1, In this study, pesticide
application was reduced by up to 60% without
compromising yield, underscoring the efficiency gains of
targeted electrostatic methods. This finding supports the
claims of Washim et al. 1 who emphasized that
sustainable solutions are essential to address the escalating
resistance problem in modern agriculture. Importantly,
reducing the total active ingredient applied not only lowers
environmental and health risks but also reduces costs for
farmers, enhancing economic sustainability [*3 16 18],

The positive impact on crop yield, despite lower pesticide
use, further highlights the promise of engineering-assisted
pest management. Higher yields in plots with electrical
interventions can be attributed to reduced pest survival and
less crop damage during critical growth stages [*> 161, These
findings are consistent with reports of precision farming
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systems that leverage energy-efficient engineering tools to
balance productivity and environmental protection [18 1],
Moreover, the application of bioelectronic monitoring
devices provided valuable data on pest behavior, which can
inform  predictive resistance models and adaptive
management strategies [*21,

Overall, the results demonstrate that electrical engineering
solutions not only offer immediate pest control benefits but
also contribute to long-term sustainability goals. By
reducing reliance on chemical inputs and integrating
precision monitoring, these approaches create a multi-
layered resistance management strategy consistent with
Integrated Pest Management (IPM) principles [t 3 20, The
interdisciplinary convergence of agricultural sciences and
electrical engineering therefore represents a critical step
forward in ensuring food security under the dual pressures
of increasing pest resistance and the need for
environmentally responsible farming practices.

Conclusion

The outcomes of this research clearly establish that
innovative electrical engineering solutions have the
potential to transform sustainable agricultural practices,
particularly in addressing the escalating issue of pesticide
resistance in insect pests. By demonstrating that electrostatic
spraying, sensor-guided applications, and electrostatic
trapping can significantly reduce pest density, lower
pesticide inputs, and maintain or even enhance crop yields,
this study underscores the critical role of interdisciplinary
approaches in modern farming. The results highlight that
resistance management need not rely solely on chemical
innovations but can also be advanced through engineering
precision, real-time monitoring, and environmentally safe
alternatives. From a broader perspective, these findings
confirm that the integration of smart agricultural
engineering not only strengthens food security but also
enhances environmental stewardship, farmer livelihoods,
and consumer safety. To maximize the practical impact of
these insights, it is essential that farming systems adopt a
holistic framework that blends technological innovations
with sustainable practices. Farmers should be encouraged to
gradually transition from conventional spraying to
electrostatic sprayers, which improve pesticide deposition
efficiency and reduce chemical waste. At the same time, the
adoption of loT-enabled sensor networks can ensure that
pesticide application is precisely timed and targeted,
preventing unnecessary exposure and reducing costs.
Extension services and agricultural training programs
should prioritize farmer education on the use of such
devices, supported by accessible financing schemes that
enable small and medium-scale farmers to invest in these
technologies. Policymakers can play a decisive role by
creating incentive structures, such as subsidies and tax
rebates, for farms that adopt eco-friendly engineering
solutions, thereby accelerating widespread integration. In
addition, investment in rural infrastructure for connectivity
and maintenance of sensor-based systems is essential to
make the technology effective in diverse field conditions.
Future research should focus on scaling these technologies
across different agro-climatic zones and validating their
performance under varying pest pressures, while
simultaneously addressing barriers such as affordability,
accessibility, and wuser training. Collectively, these
recommendations pave the way for a resilient agricultural
model where electrical engineering solutions complement
ecological approaches, ensuring that pest resistance is

.,.87..
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effectively managed while maintaining productivity and
safeguarding the environment.
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