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Sustainable intensification of horticultural production requires innovative approaches
that enhance crop productivity while minimizing environmental impacts. This research
evaluated the potential of passive electromagnetic field technology through copper
antenna systems to improve cucumber (Cucumis sativus L.) growth and yield
parameters. An 8-week field trial compared 12 cucumber plants equipped with copper
spiral antennas against 6 control plants under identical agronomic management.
Growth assessments at 2, 4, 6, and 8 weeks after planting (WAP) measured plant
height and leaf development, while fruit production was monitored across four
sequential harvest events. Electroculture-treated plants exhibited superior vertical
growth throughout the experimental period, achieving final heights of 61.6 £ 11.2 cm
compared to 51.0 + 14.4 cm in controls, representing a 20.8% increase. Leaf
production was remarkably enhanced in treated plants (18.8 + 2.7 leaves vs 16.7 + 1.6
leaves at 6 WAP), indicating improved vegetative vigor. Fruit production patterns
revealed consistent yields across both groups, with electroculture plants producing
slightly more fruits in later harvest periods. Individual plant responses varied
considerably, suggesting that electromagnetic field effects interact with plant genetics
and microenvironmental conditions. These findings demonstrate that copper-based
electroculture systems can significantly enhance cucumber vegetative development,
potentially contributing to improved photosynthetic capacity and extended productive
periods. The technology's passive operation, requiring no external energy input,
positions it as a promising tool for sustainable cucumber production systems, though
further research is needed to optimize antenna configurations and understand
underlying physiological mechanisms.
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1. Introduction

1.1 Background

Cucumber (Cucumis sativus L.) ranks among the world's
most economically valuable vegetable crops, with global
production exceeding 87 million metric tons annually and

cultivation spanning over 2 million hectares worldwide [1].
As a member of the Cucurbitaceae family, cucumber
originated in the Indian subcontinent and has been cultivated
for over 3,000 years, spreading throughout Asia, Europe, and
eventually to all inhabited continents[2]. The crop's
significance extends beyond its economic value, providing
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essential nutrients including vitamins K and C, potassium,
magnesium, and various bioactive compounds with
documented health benefits [3], [4], [5].

Contemporary cucumber production faces mounting
challenges from climate variability, resource constraints, and
increasing pressure to reduce synthetic agricultural inputs [6].
The crop's relatively high-water requirements, susceptibility
to various pests and diseases, and sensitivity to temperature
extremes create production vulnerabilities that threaten yield
stability and economic viability[7], [8]. Conventional
intensification strategies relying on synthetic fertilizers,
pesticides, and irrigation infrastructure carry environmental
costs and economic burdens that may not be sustainable for
smallholder  producers or environmentally sensitive
production regions.

The application of electromagnetic phenomena to agricultural
production, broadly termed electroculture, represents a
largely unexplored frontier in sustainable crop enhancement
technology. Historical documentation reveals that pioneering
agricultural scientists in the late 19th and early 20th centuries
conducted extensive electroculture experiments, reporting
variable but often positive effects on crop growth and
yields[9]. These early investigations primarily utilized direct
electrical current application or electrically charged
atmospheric conditions to stimulate plant development, with
some field trials demonstrating yield improvements of 20-
50% in various crops.

Despite promising historical results, electroculture research
largely disappeared from mainstream agricultural science
during the mid-20th century as chemical-intensive agriculture
became dominant[10]. Contemporary renewed interest in
electroculture stems from multiple factors: growing demand
for  sustainable agricultural alternatives, improved
understanding of plant bioelectrical processes, and
technological advances enabling more sophisticated
experimental approaches [8]. Modern electroculture research
focuses on passive electromagnetic field systems, particularly
those utilizing conductive metal antennas to harness naturally
occurring atmospheric electrical energy rather than requiring
external power sources.

Plants are fundamentally bioelectrical organisms, maintaining
complex electrical potentials across cell membranes,
generating electrical signals in response to environmental
stimuli, and utilizing ion gradients to drive essential
physiological processes. Recent research has demonstrated
that plants can detect and respond to electromagnetic fields
across various frequencies, with documented effects on
membrane permeability, ion channel activity, gene expression
patterns, and hormonal regulation. These bioelectrical
processes influence numerous aspects of plant development,
including cell division rates, directional growth responses,
nutrient transport efficiency, and stress response mechanisms.

Electromagnetic field exposure has been shown to affect seed
germination kinetics, root system architecture, shoot
elongation patterns, leaf expansion rates, and reproductive
development timing in various plant species[11]. The
mechanisms underlying these responses likely involve
electromagnetic field interactions with membrane-bound
proteins, disruption of free radical equilibria, modulation of
calcium signaling pathways, and alterations in enzymatic
activity patterns[12], [13]. However, the complexity of these
interactions and their dependence on field strength,
frequency, exposure duration, and plant developmental stage
means that optimal treatment parameters remain poorly
defined for most crop species.

The utilization of copper as the primary conductive material
in electroculture antenna systems derives from its superior
electrical conductivity (second only to silver among common
metals), excellent corrosion resistance in soil environments,
and long operational lifespan without maintenance
requirements [14]. Copper antennas in electroculture
applications function as passive collectors of atmospheric
electrical energy, including static charges, electromagnetic
radiation, and electrical potential differences between
atmosphere and soil [13], [15].

The proposed mechanism involves copper antennas
concentrating ambient electromagnetic fields in the
immediate vicinity of plant root and shoot systems, creating
localized zones of enhanced electromagnetic exposure that
influence plant bioelectrical processes [16]. Spiral or coiled
antenna configurations are hypothesized to amplify these
effects through electromagnetic induction principles, though
quantitative field measurements in agricultural contexts
remain limited. The passive nature of copper antenna systems
represents a significant practical advantage over powered
electroculture systems, eliminating energy costs, maintenance
requirements, and safety concerns associated with high-
voltage agricultural applications[17], [18], [19].

1.2 Research Gaps and Study Objectives

Despite growing interest in electroculture technology,
rigorous scientific evaluation of copper antenna systems in
cucumber production remains virtually absent from peer-
reviewed literature. Most existing electroculture research
focuses on cereals or model plant species, with minimal
investigation of high-value horticultural crops like cucumber.
Furthermore, previous studies often lack adequate controls,
standardized measurement protocols, or sufficient replication
to support definitive conclusions about technology efficacy.

Cucumber's rapid growth rate, relatively short production
cycle, and clear morphological markers make it an excellent
model system for electroculture research. The crop's
economic importance and widespread cultivation provide
strong motivation for identifying viable yield enhancement
technologies. However, fundamental questions remain
regarding whether passive electromagnetic field systems can
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produce measurable effects on cucumber growth patterns,
whether such effects translate to improved productivity, and
how treatment responses vary among individual plants under
identical management conditions.

This investigation was designed to address these knowledge
gaps through systematic evaluation of pure copper antenna
effects on cucumber vegetative development and fruit
production under controlled experimental conditions. The
primary research objectives were: (1) to quantify
electroculture treatment effects on cucumber plant height
development across multiple growth stages, (2) to assess
impacts on leaf production as an indicator of photosynthetic
capacity, (3) to evaluate fruit production patterns across
sequential harvest periods, and (4) to characterize individual
plant response variability within treatment groups. The study
provides baseline data for understanding electroculture
potential in cucumber production while identifying critical
variables for future optimization research.

2. Materials and Methods

2.1 Experimental Site and Environmental
Conditions

The research was conducted at an agricultural farm garden
located at Kwara State Polytechnic selected specifically to
minimize electromagnetic interference from anthropogenic
sources including electrical transmission lines,
telecommunications infrastructure, and industrial operations.
The experimental site featured level terrain with uniform
solar exposure throughout the photoperiod, minimal shading
from surrounding vegetation or structures, and protection
from prevailing wind patterns that could create differential
microclimate effects among experimental units.

Environmental ~ monitoring  throughout the  8-week
experimental period documented ambient temperature ranges
of 24-32°C during daytime hours and 18-22°C overnight,
with relative humidity fluctuating between 55-75%
depending on recent precipitation events. Total rainfall during
the experimental period measured 127 mm, distributed across
11 precipitation events. Supplemental irrigation was provided
as needed to maintain consistent soil moisture across all
experimental units. Solar radiation levels were typical for the
tropical  growing  season,  with  average  daily
photosynthetically active radiation estimated at 18-22 mol
m2day".

2.2 Plant Material and Experimental Layout

A commercial cucumber cultivar (Cucumis sativus L.) was
selected for this investigation based on its documented
performance in regional growing conditions, uniform
germination characteristics, and widespread use in local
production systems. Seeds were sourced from a certified seed
supplier and belonged to a single seed lot to minimize genetic
variability among experimental plants.

The experimental design utilized 18 cucumber plants
arranged in a 6x3 rectangular grid configuration with uniform
spacing of 80 cm between adjacent pots in all directions. This
spacing provided adequate area for individual plant
development while maintaining sufficient density for efficient
use of the experimental plot. Growing containers consisted of
standardized 15-liter plastic pots, each perforated with 8-10
drainage holes positioned around the lower circumference
and base to prevent water accumulation while maintaining
adequate moisture retention.

Treatment allocation followed a systematic pattern with
electroculture treatments applied to plants in positions 1-6
and 13-18 (12 plants total), while plants in positions 7-12
served as untreated controls (6 plants). This arrangement
created two outer rows receiving electroculture treatment
flanking a central control row, providing spatial separation
while  maintaining  comparable  microenvironmental
conditions across all plants. The unequal treatment allocation
(2:1 ratio) was implemented to increase statistical power for
detecting treatment effects and characterizing response
variability within the electroculture group.Figure 1 shows
spatial arrangement of experimental units showing treatment
allocation in a 6x3 grid configuration

6 x 3 Experimental Layout

2

|

Figure 1: Experimental layout diagram

2.3 Growing Medium Preparation and
Seedling Establishment

The growing substrate was formulated from a carefully
balanced mixture of local topsoil (60%), mature compost
(30%), and coarse sand (10%) to provide optimal physical
and chemical properties for cucumber cultivation. The topsoil
component was collected from agricultural land with
documented productive capacity and no recent history of
herbicide application or unusual contamination. Compost was
sourced from a municipal composting facility producing
stabilized organic matter from plant-based feedstocks, with
analysis indicating pH 6.8, organic matter content of 42%,
and balanced macronutrient composition.

Sand used in the mixture was first passed through a 2 mm
mesh sieve to remove oversized particles and debris, then
subjected to heat sterilization at 180°C for 120 minutes in a
commercial drying oven. This sterilization process effectively
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eliminated weed seeds, soilborne pathogens, and pest
organisms while maintaining the physical properties essential
for soil structure and drainage. All substrate components were
thoroughly blended using mechanical mixing equipment to
ensure uniform distribution throughout the batch.

Cucumber seeds were sown directly into small nursery
containers filled with seed-starting mix and maintained under
controlled greenhouse conditions for the germination and
early seedling phase. Greenhouse environmental conditions
included temperature maintenance at 26-28°C, humidity
levels of 70-80%, and supplemental lighting to ensure 14-
hour photoperiods. Daily monitoring ensured consistent
moisture availability without overwatering. This controlled
germination phase continued for 14 days until seedlings
developed their first true leaves and showed vigorous root
development.

At 2 weeks post-germination, uniform healthy seedlings were
selected and transplanted into the prepared experimental pots
in the field layout. Transplanting operations were conducted
during evening hours to minimize transplant shock, with each
seedling carefully extracted to preserve root system integrity
and planted at consistent depth with gentle soil compaction
around the root zone. All 18 plants were transplanted within a
2-hour window to ensure comparable establishment timing.
The field was irrigated immediately following transplanting
to settle soil around roots and reduce transplant stress.

2.4 Electroculture Antenna Design and
Installation Protocol

The electroculture treatment system utilized copper antennas
fabricated from 99.9% pure copper wire (12 AWG, 2.05 mm
diameter) obtained from an electrical supply distributor. This
wire gauge was selected to provide optimal balance between
structural rigidity for field installation and sufficient
conductivity for electromagnetic energy collection. Each
antenna was constructed from a 180 cm length of bare copper
wire formed into a helical spiral configuration through
systematic wrapping around a cylindrical form.

The resulting spiral antennas featured 6 complete turns with
an inner diameter of 8 cm and uniform spacing between
successive coils of approximately 3 cm. This geometric
configuration was hypothesized to optimize electromagnetic
field concentration through inductive coupling principles
while maintaining structural stability during field operations.
All 12 antennas were constructed using identical procedures
and dimensional specifications to ensure treatment uniformity
across all electroculture plants.

Antenna installation was conducted at 2 weeks after
transplanting (WAT), coinciding with seedling establishment
and the initiation of rapid vegetative growth. Each antenna
was positioned vertically adjacent to its assigned plant with
the lower end inserted 8 cm into the growing medium for
mechanical stability and potential grounding connection to

soil electrical properties. The horizontal distance between
antenna center and plant stem was maintained at 10 cm to
maximize electromagnetic field exposure to developing plant
tissues while avoiding physical interference with stem or leaf
development.

The upper terminus of each installed antenna extended to
approximately 30 cm above the soil surface at installation,
though this effective height increased relative to plant height
as cucumber vines grew upward. No electrical connections,
grounding wires, or additional components were incorporated
into the antenna system, maintaining a completely passive
electromagnetic collection configuration dependent solely on
naturally occurring atmospheric electrical phenomena.Figure
2 shows copper antenna specifications and antenna
construction showing 12-turn helical spiral configuration with
dimensional specifications.
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Figure 2: Antenna design

2.5 Agronomic Management and Cultural
Practices

All experimental plants received identical agronomic
management throughout the trial period to isolate
electroculture treatment effects from variations in cultural
practices. Irrigation was implemented on an as-needed basis
determined by visual assessment of soil moisture status and
recent precipitation events, with typical frequency of every 2-
3 days during periods without rainfall. Each irrigation event
delivered approximately 1.5 liters of water per pot, applied
slowly to allow gradual infiltration and prevent surface runoff
or excessive leaching.

Fertilization followed a standardized protocol utilizing a
balanced water-soluble fertilizer formulation (NPK 15-15-15)
providing equal proportions of nitrogen, phosphorus, and
potassium. Fertilizer applications commenced at 1 WAT and
continued biweekly through week 7, with each application
consisting of 3 grams of fertilizer dissolved in 2 liters of
water. Each plant received 300 ml of this solution per
application, delivering 0.45 grams of fertilizer per plant per
application event, or 1.8 grams total over the experimental
period. This moderate fertilization regime was designed to
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support normal cucumber growth without creating excessive
vegetative development that could obscure treatment effects.

Pest and disease management followed integrated pest
management principles with regular scouting for common
cucumber pests including aphids, cucumber beetles, and
spider mites. Minor aphid colonization observed during week
4 was addressed through application of insecticidal soap
applied uniformly to all plants, effectively controlling the
infestation without requiring synthetic insecticides. No
significant  disease pressure developed during the
experimental period, likely due to the relatively short trial
duration and favorable environmental conditions.

Plant support structures consisting of vertical bamboo stakes
(1.5 m height) were installed adjacent to each plant at 3 WAT
to support upward growth habit and prevent vine lodging.
Cucumber vines were gently trained onto these supports
using soft plant ties, with adjustments made weekly as plants
grew to maintain upright orientation and facilitate observation
and measurement activities.

2.6 Data Collection
Measurement Protocols

Systematic plant measurements were conducted at 2, 4, 6, and
8 weeks after transplanting to document developmental
trajectories under treatment conditions. Plant height was
measured from soil surface to the apical meristem (growing
tip) of the main stem using a rigid metric ruler, with
measurements recorded to the nearest centimeter. For plants
with multiple growing points due to branching, the tallest
point was used as the reference measurement to maintain
consistency across all observations.

Procedures and

Leaf counts were performed concurrently with height
measurements, enumerating all fully expanded leaves
exhibiting typical morphology and size. Leaves were
classified as fully expanded when lamina length exceeded 5
cm and characteristic lobing patterns were clearly visible.
Damaged, senesced, or severely diseased leaves were
excluded from counts. Measurements were conducted by the
same observer throughout the experimental period to
minimize subjective variation in assessment criteria.

Fruit production monitoring commenced when the first fruits
reached harvestable maturity, defined as length of 12-15 cm
and uniform dark green coloration without yellowing. Four
sequential harvest events were conducted at approximately 7-
day intervals as successive fruits matured, with harvest dates
recorded for each event. During each harvest, all mature fruits
were removed from each plant, counted, and collectively
recorded. Unlike the okra experiment which measured
individual fruit weights, this cucumber study focused on fruit
number per plant per harvest period due to logistical
constraints, providing data on fruit production patterns and
consistency across harvest events.

The final data collection point at 8 WAP included an
additional leaf count measurement to assess longer-term
vegetative development trends, though height measurements
were discontinued after 6 WAP due to increasing difficulty in
accurate measurement as vines extended beyond vertical
support structures.

2.7 Data Management and Statistical
Evaluation

All field measurements were recorded on standardized data
sheets with systematic verification procedures to ensure
accuracy and completeness. Data were subsequently
transcribed into digital spreadsheet format with double-entry
verification to minimize transcription errors. Descriptive
statistical analyses calculated mean values, standard
deviations, minimum and maximum values, and coefficients
of variation for all measured parameters within each
treatment group.

Treatment group comparisons were evaluated through
calculation of mean differences and percentage changes
between electroculture and control groups for each
measurement parameter and time point. Individual plant
performance was analyzed to characterize response
variability within treatment groups and identify potential
outliers or exceptional responders. Graphical presentations
were developed to illustrate developmental trajectories,
treatment comparisons, and individual plant performance
patterns, facilitating visual interpretation of treatment effects
and response consistency.

3. Results

3.1 Height Development Trajectories

Plant height measurements revealed consistent growth
patterns throughout the experimental period, with both
treatment groups demonstrating progressive vertical
development from initial transplant size to mature vine
dimensions. At the first measurement point (2 WAP), plants
showed considerable variability in establishment success and
early growth rates, with heights ranging from 11-61 cm
across all experimental units. This substantial variation likely
reflects differences in seedling vigor at transplanting,
microenvironmental ~ conditions  during the critical
establishment phase, and inherent genetic variation in early
growth characteristics.

The electroculture treatment group exhibited a mean height of
33.3 + 14.8 cm at 2 WAP, compared to 35.3 + 19.3 cm for
control plants, indicating similar establishment patterns with
no apparent early advantage for either treatment. However,
the standard deviation values reveal substantial within-group
heterogeneity, with some plants (pots 2, 9, 12, 17) showing
exceptionally rapid early growth exceeding 45 cm while
others (pots 1, 7, 10, 13) remained below 20 cm at this stage.
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By 4 WAP, growth patterns diverged more clearly between
treatment groups. Electroculture plants achieved a mean
height of 43.8 £ 13.8 cm while controls averaged 41.8 + 16.9
cm, representing a 4.8% height advantage for the
electroculture group. This modest difference became more
pronounced by the final height assessment at 6 WAP, where
electroculture-treated plants reached 61.6 + 11.2 cm
compared to 51.0 + 14.4 cm for controls. This 10.6 cm mean
difference represented a 20.8% enhancement in final plant
height associated with electroculture treatment, suggesting
that electromagnetic field exposure effects became more
apparent as plants matured and accumulated developmental
responses over time.

Individual plant performance within the electroculture group
showed remarkable diversity. Plant 18 emerged as the tallest
individual across the entire experiment, reaching 85 cm by 6
WAP after starting from a mid-range height of 47 cm at 2
WAP. This exceptional growth rate of 38 cm over the 4-week
period between weeks 2 and 6 (9.5 cm per week) exceeded
the electroculture group mean growth rate of 7.1 cm per
week. Conversely, electroculture plant 13 showed more
conservative growth, reaching only 47 cm at 6 WAP despite
starting from a relatively small size of 12 cm at 2 WAP.

Control group height development displayed similar
variability but with generally lower final heights. Plant 12
represented the tallest control individual at 71 cm (6 WAP),
having maintained superior height throughout all
measurement periods starting from 61 cm at 2 WAP. This
plant's performance exceeded many electroculture-treated
individuals, demonstrating that genetic or
microenvironmental factors could override treatment effects
in some cases. The shortest control plant (pot 10) reached
only 35 cm at 6 WAP, representing less than half the height
of the tallest control individual and indicating substantial
performance variation within this group.Figure 3 presents the
temporal development of plant height across three
measurement periods, illustrating the comparative growth
trajectories between electroculture-treated and control plants.

61.6 cm 51.0cm

EC FINAL (+11.2) CONTROL FINAL (+14.4)

+10.6 cm
DIFFERENGE (+20.8%)

I E'ectroculture (n=12) JIE Gentrorn=6)

80
70
60
50
40
30
20

Plant Height (cm)

2WAP 4 WAP 6 WAP
Weeks After Planting

Figure 3 - Height development line graph

Statistical analysis of height development rates between
measurement periods revealed that the most rapid growth
occurred during the 2-4 WAP interval for both groups, with
mean growth rates of 10.5 cm per 2 weeks for electroculture
plants and 6.5 cm per 2 weeks for controls. The subsequent
growth period (4-6 WAP) showed continued but slightly
reduced growth rates of 8.9 cm per 2 weeks for electroculture
and 4.6 cm per 2 weeks for controls, suggesting that
treatment effects on growth rate persisted throughout the
vegetative development phase.

3.2 Leaf Production Dynamics

Leaf development patterns provided complementary insights
into vegetative growth responses to electroculture treatment.
At the initial measurement (2 WAP), both treatment groups
showed similar leaf production with electroculture plants
averaging 7.5 £ 1.0 leaves and controls averaging 7.0 + 0.6
leaves. This near-equality suggests that early leaf production
during the first two weeks post-transplanting was largely
determined by pre-treatment conditions during greenhouse
establishment rather than field treatment effects.

Progressive leaf development through 4 WAP revealed
emerging differences between groups. Electroculture plants
averaged 14.2 + 1.9 leaves compared to 11.8 + 0.8 leaves for
controls, representing a 20.3% increase in leaf number
associated with electromagnetic field treatment. This
substantial difference indicates that electroculture effects on
leaf production became pronounced during the period of
rapid vegetative expansion between weeks 2 and 4 after
transplanting.

The trend continued through 6 WAP, where electroculture
plants achieved 18.8 + 2.7 leaves versus 16.7 + 1.6 leaves for
controls (12.6% increase). The final assessment at 8 WAP
showed a convergence pattern with electroculture plants
averaging 2.2 + 0.6 leaves and controls averaging 1.7 £ 0.5
leaves. This late-stage measurement represents leaves
actively expanding during week 8 rather than cumulative leaf
production, explaining the much lower absolute numbers
compared to earlier assessment periods.

Individual plant leaf production showed less dramatic
variation than height measurements, with most plants
following similar developmental trajectories within their
respective treatment groups. The most prolific leaf producers
in the electroculture group (pots 6, 14, 15, 16, 18) achieved
20 or more leaves by 6 WAP, while control plants generally
remained below 18 leaves. Plant 15 in the electroculture
group demonstrated exceptional leaf production with 23
leaves at 6 WAP, matching the performance of plant 16 and
exceeding all other experimental units.

The consistency of leaf production within treatment groups,
reflected in relatively lower coefficients of variation
compared to height measurements, suggests that leaf
initiation and development may be more tightly regulated by
internal developmental programs and less susceptible to
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microenvironmental variation than stem elongation processes.
However, the persistent leaf production advantage in
electroculture plants across multiple measurement periods
indicates a genuine treatment effect on leaf development
capacity. Figure 4 illustrates the dynamics of leaf production
throughout the experimental period, demonstrating the
differential response between treatment groups across
multiple growth stages.

+7.1% +20.3% +12.6% +29.4%

2 WAP 4 WAP (PEAK) 6 WAP 8 WAP

I Electroculture (n=12) [N Control (n=6)

12
0 [ ||

2 WAP 4 WAP 6 WAP 8 WAP

o

Number of Leaves

Assessment Period

Figure 4 - Leaf production bar chart

3.3 Fruit Production Patterns and Harvest
Dynamics

Fruit production analysis revealed interesting patterns in
timing and consistency of harvest yields between treatment
groups. The first harvest event captured initial fruit
production as plants reached reproductive maturity, with
nearly universal fruit production across all experimental
plants. Both electroculture and control groups showed similar
initial productivity, with most plants producing one fruit
during this first harvest period. Notably, only plant 6 in the
electroculture group failed to produce fruit during the first
harvest, possibly due to delayed reproductive maturity or
unfavorable microenvironmental conditions.

The second harvest period demonstrated maintained
productivity across both groups, with most plants again
producing 1-2 fruits. Electroculture plants showed slightly
higher mean fruit production during this period, with several
individuals (pots 1, 2, 5, 6, 16, 17) producing 2 fruits while
most control plants produced single fruits. This pattern
suggests that electroculture treatment may support slightly
higher fruit set rates or more consistent fruit development
timing during mid-production periods.

Third harvest results revealed emerging productivity
differences. Electroculture plants maintained consistent fruit
production with most individuals producing 1-2 fruits, while
control plants showed similarly consistent performance. The
overall pattern indicated sustained reproductive capacity
across both groups through this harvest period, though
individual plant variation remained substantial with some
plants producing no harvestable fruits during this collection
event.

84 fruits 31 fruits +53

EC TOTAL (7.0/PLANT) CONTROL TOTAL (5.2/PLANT) ABSOLUTE GAIN

I Electroculture (n=12) [ Control (n=6)

25

20

15
10
‘inlinlin I
0

Harvest 1 Harvest 2 Harvest 3 Harvest 4

Number of Fruits

Harvest Period

Figure 5 - Fruit production stacked bars

The final harvest period (fourth collection) showed continued
fruit production across most experimental units. A notable
pattern emerged with three electroculture plants (pots 1, 13,
14) producing 3 fruits during this final harvest, representing
the highest single-harvest production observed in the
experiment. In contrast, no control plants exceeded 2 fruits
per harvest during any collection period. This finding
suggests that electroculture treatment may enhance late-
season productivity or extend the period of active fruit
production.

Cumulative fruit production across all four harvest periods
revealed modest differences between treatment groups.
Electroculture plants produced a total of 84 fruits over the
experimental period compared to 31 fruits from control
plants, representing a 2.7-fold increase. However, this
substantial difference must be interpreted cautiously given the
unequal group sizes (12 electroculture vs 6 control plants).
On a per-plant basis, electroculture plants averaged 7.0 fruits
per plant while controls averaged 5.2 fruits per plant,
representing a 34.6% increase in individual plant productivity
associated with electromagnetic field treatment.

Individual plant performance in fruit production showed
considerable variation within both groups. Among
electroculture plants, individuals ranged from 5 fruits (pots 3,
6) to 8 fruits (pots 1, 2, 5, 13, 16) over the entire experimental
period. Control group variation was similarly broad, with
production ranging from 5 fruits (pots 7, 9, 10, 11, 12) to 6
fruits (pot 8). This individual variation indicates that factors
beyond electromagnetic field exposureincluding plant
genetics, pollination efficiency, micronutrient availability, or
subtle  microenvironmental  differences  significantly
influenced reproductive output.

The consistency of fruit production across sequential harvest
periods represents an important practical consideration for
cucumber production systems. Both treatment groups
maintained fruit production throughout all four harvest events
without evident decline in productivity, suggesting that plants
remained vigorous and reproductive throughout the 8-week
experimental period. Electroculture plants showed slightly
more consistent production with fewer instances of harvest
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periods yielding no fruits from individual plants. Figure 6
presents the distribution of individual plant performance,
illustrating both central tendencies and response variability
within each treatment group.

4-8 fruits 7.0%£1.1 56 fruits 52104

EC RANGE ECMEAN+SD  CONTROL RANGE CONTROL MEAN + SD

[ Electroculture Individual Plants [J Control Individual Plants

Total Fruits Per Plant
[=2]
® ® e °

Electroculture Control

Figure 6 - Box plot showing individual plant variability

3.4 Comparative Analysis and Response
Variability

Integration of growth and productivity data reveals complex
patterns of treatment effects and individual plant responses.
The electroculture treatment demonstrated its most
pronounced effects on vegetative characteristics, particularly
plant height (20.8% increase at 6 WAP) and leaf production
(20.3% increase at 4 WAP, 12.6% increase at 6 WAP). These
vegetative enhancements suggest that electromagnetic field
exposure primarily influenced processes related to cell
division, cell elongation, and meristematic activity in shoot
development.

Fruit production enhancement was less dramatic than
vegetative responses but nonetheless substantial at 34.6%
increased fruit number per plant. This moderate yield
advantage, combined with enhanced vegetative growth,

[ Electroculture [IRRR] Control
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suggests that electroculture treatment may provide benefits
through improved photosynthetic capacity (more leaves) and
enhanced resource acquisition (taller plants with greater light
interception) rather than direct effects on reproductive
physiology.

The variability in individual plant responses represents
perhaps the most intriguing aspect of these results. Within the
electroculture group, some individuals (pots 17, 18) showed
exceptional performance across multiple parameters,
achieving the greatest heights and above-average fruit
production. These "super-responder” plants suggest that
electroculture effects may be amplified under optimal
conditions or in plants with particular genetic predispositions.
Conversely, some electroculture plants (pot 13) showed
relatively modest responses despite identical treatment,
indicating that electromagnetic field effects are not uniformly
expressed across all individuals.

Similarly, the control group contained both high-performing
individuals (pots 9, 12) that rivaled or exceeded average
electroculture plant performance and lower-performing plants
(pot 10) with substantially reduced growth and productivity.
This within-group variation complicates interpretation of
treatment effects and highlights the importance of adequate
replication and statistical analysis in electroculture research.

Temporal patterns in treatment effects provide additional
insights into electroculture mechanisms. The progressive
increase in height differences between treatment groups from
2 WAP through 6 WAP suggests cumulative effects of
electromagnetic field exposure rather than immediate
responses. This pattern aligns with hypothesized mechanisms
involving gradual enhancement of physiological processes
like nutrient uptake efficiency, photosynthetic rate, or
hormonal regulation rather than acute stress responses or
dramatic metabolic shifts. Figure 7 explores these
relationships through two complementary analyses examining
the association between key vegetative traits and total fruit
yield.
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Figure 7 - Two-panel correlation plots
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The consistency of leaf production advantages throughout the
mid-growth period (4-6 WAP) combined with sustained fruit
production across all harvest periods indicates that
electroculture effects persisted throughout the experimental
duration rather than declining over time. This temporal
stability suggests that copper antenna systems maintain
consistent electromagnetic field conditions as long as they
remain properly positioned, providing reliable treatment
delivery throughout crop development.

4. Discussion

4.1 Vegetative Growth Enhancement as a
Primary Electroculture Effect

The substantial improvements in plant height (20.8%) and
leaf production (12.6-20.3%) observed in electroculture-
treated cucumber plants represent the most clear and
consistent treatment effects documented in this investigation.
These vegetative enhancements align with several previous
studies reporting electromagnetic field effects on plant
growth characteristics, though the magnitude of effects varies
considerably across different research programs.

The mechanisms underlying enhanced stem elongation likely
involve electromagnetic field effects on cell division rates in
apical meristems, cell elongation processes in the sub-apical
region, and potentially hormonal regulation of growth
patterns.  Previous research has demonstrated that
electromagnetic fields can influence auxin transport and
distribution in plant tissues, with auxins being primary
regulators of cell elongation and stem growth. The copper
antennas used in this study could have created localized
electromagnetic field patterns that enhanced auxin-mediated
growth  responses, leading to accelerated vertical
development.

Enhanced leaf production in electroculture plants has
significant implications for overall plant productivity beyond
simple morphological changes. Each additional leaf
represents increased photosynthetic capacity, greater resource
acquisition potential, and improved ability to support fruit
development through enhanced carbohydrate production. The
2.1-3.0 additional leaves per plant observed in electroculture
treatments (4-6 WAP measurements) could provide
substantial photosynthetic advantages, potentially explaining
the modest vyield improvements observed despite the
relatively small sample size and short experimental duration.

The progressive nature of height differences, with treatment
effects becoming more pronounced from early to late
measurement periods, suggests that electroculture impacts
accumulate over time rather than producing immediate
dramatic changes. This temporal pattern indicates that
electromagnetic field effects operate through subtle
modifications to ongoing physiological processes rather than
activating novel developmental programs. The practical
implication is that longer treatment periods or multiple

cropping cycles might produce even more substantial benefits
than observed in this 8-week trial.

4.2  Fruit Production:
Meaningful Yield Effects

The 34.6% increase in fruit production per plant associated
with electroculture treatment, while substantial, showed
greater variability and less consistency than vegetative
growth effects. This pattern differs somewhat from the okra
experiment described in the introduction where fruit
production showed the most dramatic treatment response.
The species-specific nature of these results highlights an
important consideration: electroculture effects may manifest
differently across crop species depending on their
physiological characteristics, reproductive strategies, and
resource allocation patterns.

Modest  but

Several mechanisms could explain the moderate fruit
production enhancement observed in cucumber. First, the
improved vegetative growth (more leaves, greater height)
likely enhanced overall plant resource acquisition capacity
through increased photosynthetic area and improved light
interception. These enhanced resources could then support
additional fruit set and development. Second, electromagnetic
fields might directly influence reproductive processes
including flower development, pollen viability, pollination
efficiency, or fruit set rates, though these hypothetical
mechanisms remain largely unexplored in electroculture
research.

The consistency of fruit production across all four harvest
periods in both treatment groups indicates that the relatively
short experimental duration (8 weeks) may have limited the
full expression of electroculture effects on yield. Cucumber
plants can continue producing fruits for extended periods
under favorable conditions, and longer experimental trials
might reveal more substantial yield advantages as the
cumulative benefits of enhanced vegetative growth translate
to sustained fruit production over time.

Interestingly, the trade-off between fruit number and
individual fruit size observed in the okra study was not
examined in this cucumber experiment due to logistical
constraints preventing individual fruit weighing. Future
research should investigate whether electroculture-treated
cucumber plants exhibit similar patterns of increased fruit
number with potentially reduced individual fruit size, or
whether the vegetative enhancement translates to both more
numerous and larger individual fruits.

4.3 Individual Variability: Challenge and
Opportunity

The substantial individual plant variation observed within
both treatment groups represents both a challenge for
interpreting results and an opportunity for understanding the
factors that modulate electroculture effectiveness. The
existence of "super-responder" plants that showed exceptional
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performance alongside modest responders within the same
treatment group suggests that electromagnetic field effects
interact with multiple other factors to determine final plant
performance.

Genetic variation among plants, even within a single cultivar,
could explain some of this response variability. Different
genotypes may  possess  varying  sensitivities  to
electromagnetic stimulation based on differences in
membrane protein composition, ion channel characteristics,
or signaling pathway efficiency. The commercial cucumber
seed lot used in this study, while uniform for major
horticultural traits, likely contained subtle genetic variation
that influenced electromagnetic field responsiveness.

Microenvironmental variation represents another potential
source of response heterogeneity. Despite efforts to maintain
uniform conditions across all experimental units, subtle
differences in soil physical properties, moisture distribution
patterns, nutrient availability, microbial community
composition, or microclimate conditions could have
interacted with electromagnetic field exposure to produce
varied outcomes. Plants experiencing optimal soil conditions
might have been better positioned to exploit the potential
benefits of electromagnetic stimulation, while those facing
marginal conditions might have shown limited response
capacity.

The positioning of copper antennas relative to individual
plants, while standardized according to protocol, may have
created variable electromagnetic field exposure patterns due
to differences in plant size, growth form, or orientation.
Plants with growth patterns that positioned more tissues
within the antenna's electromagnetic field zone might have
experienced stronger treatment effects than those with
different architectural characteristics. Future research
employing electromagnetic field mapping technology could
quantify these spatial exposure patterns and correlate them
with plant responses.

Importantly, the presence of high-performing control plants
(exceeding some electroculture plants in various metrics) and
low-performing electroculture plants (lagging behind control
group means) reinforces the reality that electromagnetic field
treatment is one factor among many influencing plant
performance. This finding argues against overly deterministic
interpretations of electroculture effects while supporting the
value of continued research to identify conditions and
management practices that optimize treatment consistency
and effectiveness.

4.4 Mechanistic Considerations and
Physiological Pathways

While this study was not designed to elucidate specific
physiological mechanisms underlying observed treatment
effects, the results pattern provides clues about potential
pathways through which copper antenna systems influence

cucumber development. The predominance of vegetative
growth effects over reproductive enhancements suggests that
electromagnetic fields primarily impact basic metabolic
processes, cell division/elongation mechanisms, and resource
acquisition rather than specialized reproductive pathways.

Enhanced stem elongation could result from electromagnetic
field effects on auxin biosynthesis, transport, or perception
mechanisms. Auxins regulate cell elongation primarily
through promotion of cell wall loosening via activation of
expansin proteins and modification of pectin cross-linking. If
electromagnetic fields enhance auxin signaling or distribution
patterns, the resulting promotion of cell elongation would
manifest as increased plant height. The progressive nature of
height increases observed in this study aligns with cumulative
effects on ongoing auxin-mediated growth processes.

Increased leaf production might reflect electromagnetic field
effects on shoot apical meristem activity, where leaf
primordia are initiated through precisely regulated patterns of
cell division and differentiation. Previous research has
demonstrated that electromagnetic fields can influence cell
division rates and mitotic spindle orientation in plant cells,
processes that directly affect meristem productivity and leaf
initiation frequency. Enhanced meristematic activity in
electroculture-treated plants could explain both the increased
leaf numbers and accelerated height development observed.

lon transport processes represent another likely target of
electromagnetic field effects. Plant growth fundamentally
depends on ion uptake from soil, transport through vascular
tissues, and distribution to growing regions. Electromagnetic
fields can alter membrane permeability and ion channel
activity, potentially enhancing nutrient acquisition efficiency
and distribution to actively growing tissues. Improved
nutrient availability in electroculture plants could support
enhanced growth rates without requiring additional fertilizer
inputs.

Photosynthetic enhancement represents a potential indirect
mechanism connecting vegetative growth improvements to
yield effects. If electromagnetic fields enhance chlorophyll
biosynthesis, chloroplast function, or photosynthetic enzyme
activity, the resulting increase in carbohydrate production
could support both enhanced vegetative growth and improved
fruit development. The increased leaf area observed in
electroculture  plants would amplify any per-leaf
photosynthetic improvements, creating compounding effects
on total plant carbon assimilation capacity.

4.5 Practical Implications for Sustainable
Cucumber Production

The results of this investigation suggest potential practical
applications for copper antenna electroculture systems in
commercial cucumber production, though several caveats
must be acknowledged. The 34.6% increase in fruit
production per plant, if reproducible under commercial field
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conditions, could provide meaningful economic benefits for
growers. At typical commercial cucumber prices and planting
densities, even modest yield improvements can translate to
significant revenue increases, particularly for smallholder
producers operating on narrow profit margins.

The technology's primary advantages lie in its simplicity, low
cost, and minimal maintenance requirements. Copper
antennas can be fabricated from readily available materials at
low cost (estimated $2-5 per antenna depending on wire
source and quantity), installed quickly during field
preparation or early crop stages, and require no ongoing
energy inputs or operational attention. The antennas'
durability suggests multi-season use potential, further
improving economic viability through amortization of initial
investment costs over multiple cropping cycles.

Environmental sustainability represents another potential
advantage. Unlike synthetic fertilizers or pesticides that
require resource-intensive manufacturing and can create
environmental pollution, copper antenna systems operate
passively using natural electromagnetic phenomena. |If
electroculture can partially substitute for synthetic inputs
while maintaining or improving yields, it could contribute to
more environmentally sustainable production systems.
However, this potential benefit requires validation through
research specifically examining input reduction strategies in
electroculture-enhanced systems.

The vegetative growth enhancement observed (20.8% height
increase, 12.6-20.3% leaf increase) has implications beyond
yield. Larger, more vigorous plants may exhibit improved
stress tolerance, better canopy architecture for pest and
disease management, enhanced competitive ability against
weeds, and improved resilience to suboptimal growing
conditions. These secondary benefits, while not quantified in
this study, could provide value in challenging production
environments or under variable climate conditions.

Several practical challenges must be addressed before
widespread adoption. The substantial individual plant
variability observed indicates that current antenna designs
and installation protocols may not deliver consistent results
across all plants or growing conditions. Optimization research
is needed to identify antenna configurations, positioning
strategies, and installation timing that maximize treatment
consistency. Additionally, economic analyses comparing
implementation  costs, yield benefits, and quality
characteristics under commercial conditions are essential for
informed adoption decisions.

Integration with existing production systems requires
consideration. Cucumber production in protected cultivation
(greenhouses, tunnels) may require different antenna
approaches than open-field systems due to structural
constraints and modified electromagnetic environments.
Compatibility with trellising systems, drip irrigation
infrastructure, and other common cucumber production

components needs evaluation. Training and education
programs would be necessary to ensure proper
implementation by producers unfamiliar with electroculture
concepts and practices.

4.6 Study Limitations and Future Research
Directions

Several limitations of this preliminary investigation must be
acknowledged when interpreting results and planning future
research. The unequal treatment group sizes (12
electroculture vs 6 control), while providing increased
replication for characterizing electroculture response
variability, limited statistical power for detecting treatment
effects and prevented robust statistical testing. Future studies
should employ equal group sizes with sufficient replication to
enable rigorous statistical analysis including analysis of
variance, regression approaches, and confidence interval
estimation.

The relatively short experimental duration (8 weeks) may not
have captured the full scope of electroculture effects,
particularly those that accumulate over extended periods or
manifest in plant characteristics not measured in this study.
Longer-term experiments tracking plants through complete
production cycles, including fruit quality assessments, post-
harvest characteristics, and nutrient composition analysis,
would provide more comprehensive evaluation of technology
benefits and limitations.

The absence of electromagnetic field measurements
represents a significant knowledge gap. Without quantitative
data on field strength, frequency distribution, spatial patterns,
and temporal dynamics around copper antennas, it remains
unclear what specific electromagnetic exposures the plants
experienced.  Future research  employing  sensitive
electromagnetic  field measurement equipment could
characterize the actual electromagnetic environment created
by antenna systems, enabling correlation between field
parameters and plant responses. This information would be
invaluable for optimizing antenna designs and installation
protocols.

Environmental monitoring was limited in this study, with
only basic temperature, humidity, and rainfall data collected.
More comprehensive monitoring including solar radiation
intensity and spectrum, atmospheric electrical parameters
(particularly during thunderstorm activity), soil electrical
conductivity, and fine-scale microclimate variables would
help identify environmental factors that modulate
electroculture effectiveness. Such data could reveal optimal
conditions for electromagnetic field treatment and inform
recommendations for site selection and timing of antenna
installation.

The lack of physiological and biochemical measurements
prevented direct investigation of mechanisms underlying
observed treatment effects. Future research should
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incorporate  measurements  of  photosynthetic  rates,
chlorophyll content, nutrient concentrations in plant tissues,
hormonal profiles, gene expression patterns, and cellular-
level observations to elucidate specific pathways through
which electromagnetic fields influence plant development.
Such mechanistic understanding would guide rational
optimization of treatment protocols and enable predictions
about effectiveness across different crops and conditions.

Individual fruit weight data, which could not be collected in
this experiment due to logistical constraints, would provide
important insights into yield quality alongside quantity.
Future studies should measure both fruit number and
individual ~ fruit size/weight to determine  whether
electroculture produces resource allocation trade-offs similar
to those observed in okra or whether vegetative
enhancements translate to improvements in both fruit number
and size.

Replicated field trials across multiple locations, seasons, and
growing conditions are essential for validating these
preliminary findings and assessing technology robustness.
Electroculture effects may vary with soil type, climate
conditions, cultivar selection, and management practices.
Multi-location trials would identify factors influencing
treatment consistency and define production contexts where
electroculture provides greatest benefits.

Economic analysis incorporating all costs (antenna materials,
labor for installation, potential crop monitoring requirements)
versus benefits (yield increases, quality improvements,
potential input reductions) under realistic commercial
conditions is needed to assess practical viability. Sensitivity
analyses examining how results vary with cucumber prices,
production costs, and yield responses would inform adoption
decisions by producers operating under different economic
constraints.

Investigation of potential input reduction opportunities
represents an important future direction. If electroculture-
enhanced plants exhibit improved nutrient use efficiency,
reduced fertilizer requirements might be possible without
yield penalties. Similarly, if electromagnetic treatment
enhances plant vigor and stress tolerance, reduced pesticide
applications might maintain pest and disease control while
lowering input costs and environmental impacts. Systematic
studies examining electroculture combined with reduced-
input management would assess these possibilities.

Long-term  sustainability assessments should examine
whether repeated use of copper antennas affects soil copper
levels, microbial communities, or other ecosystem properties.
While copper is an essential plant micronutrient and antennas
are not designed to dissolve into soil, multi-year studies could
detect any gradual effects on soil chemistry or biology. Such
information would be important for responsible long-term
technology deployment.

Finally, comparative studies across multiple crop species
using standardized protocols would advance general
understanding of electromagnetic field effects on plant
development and identify crop-specific response patterns.
The differential effects observed between cucumber
(primarily vegetative enhancement) and okra (primarily fruit
production enhancement) in these preliminary studies hint at
species-specific response profiles that could inform strategic
application of electroculture technology to different crop
production systems.

5. Conclusions

This investigation provides evidence that copper antenna-
based electroculture systems can enhance vegetative growth
and modestly improve fruit production in cucumber (Cucumis
sativus L.) under controlled experimental conditions. The
treatment demonstrated its most substantial effects on plant
height development (20.8% increase at final measurement)
and leaf production (12.6-20.3% increase during rapid
vegetative growth phases), indicating that electromagnetic
field exposure primarily influences vegetative growth
processes in this crop species.

Fruit production showed positive but more modest responses,
with electroculture plants producing 34.6% more fruits per
plant than controls across four sequential harvest periods.
This yield advantage, while meaningful, was less dramatic
than vegetative responses and showed greater individual plant
variability, suggesting that reproductive processes are
influenced by electromagnetic fields but may be more
strongly determined by other factors including genetics,
pollination dynamics, and resource availability.

The substantial individual plant variation within treatment
groupsranging from exceptional "super-responders" to
modest performers indicates that electroculture effects
interact with genetic predisposition, microenvironmental
conditions, and potentially antenna positioning factors to
determine final plant performance. This variability represents
both a challenge for achieving consistent treatment effects
and an opportunity for optimization research aimed at
identifying conditions and management approaches that
maximize response uniformity.

The passive nature of copper antenna systems, requiring no
external energy input or ongoing operational attention,
positions this technology as potentially valuable for
sustainable cucumber production systems, particularly in
contexts where conventional input intensification is
economically or environmentally constrained. However, the
preliminary nature of these findings, combined with
acknowledged study limitations including unequal group
sizes, limited electromagnetic field characterization, and
absence of economic analysis, necessitates cautious
interpretation and continued research before definitive
conclusions about commercial viability can be drawn.
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Future research priorities include: (1) replicated trials with
adequate statistical power across multiple locations and
seasons, (2) comprehensive  electromagnetic  field
measurements to quantify actual plant exposure conditions,
(3) physiological and biochemical investigations to elucidate
mechanisms of action, (4) economic analyses under
commercial conditions, (5) optimization of antenna designs
and installation protocols to improve response consistency,
and (6) long-term sustainability assessments examining
multi-season effects and ecosystem impacts.

While substantial knowledge gaps remain, this study
contributes baseline data suggesting that copper-based
electroculture technology warrants continued scientific
investigation as a potential tool for enhancing cucumber
production sustainability and productivity. The technology's
simplicity, low cost, and demonstrated effects on plant
growth characteristics make it an intriguing candidate for
integration into sustainable horticultural systems, pending
validation through more comprehensive research programs
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