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The growing list of herbicide-resistant biotypes and environmental concerns about chemical use has prompted interest in
alternative methods of managing weeds. This study explored the eﬀect of microwave energy on paddy melon (Cucumis
myriocarpus) plants, fruits, and seeds. Microwave treatment killed paddy melon plants and seeds. Stem rupture due to internal
steam explosions often occurred after the first few seconds of microwave treatment when a small aperture antenna was used to
apply the microwave energy. The half lethal microwave energy dose for plants was 145 J/cm2 ; however, a dose of at least 422 J/cm2
was needed to kill seeds. This study demonstrated that a strategic burst of intense microwave energy, focused onto the stem of the
plant is as eﬀective as applying microwave energy to the whole plant, but uses much less energy.

1. Introduction
Interest in the eﬀects of high frequency electromagnetic
waves on biological materials dates back to the late 19th century [1], while interest in the eﬀect of high frequency waves
on plant material began in the 1920s [1]. More recent studies
have been motivated by a growing list of herbicide-resistant
biotypes [2] and environmental concerns over herbicide use
[3].
Many of the earlier experiments on plant material focused on the eﬀect of radio frequencies (RF) on seeds [1]. In
many cases, short exposure resulted in increased germination
and vigour of the emerging seedlings [4]; however, long
exposure usually resulted in seed death [1]. For example,
Headlee [5] observed that exposure to electromagnetic fields
in the frequency range between 750 kHz and 3 MHz caused
no injury to wheat seeds even after 80 minutes; however,
exposure to 5 MHz electromagnetic fields reduced germination to 54% compared with the control samples which maintained an 88.6% germination rate. McKinley [6] exposed
seeds of Golden Bantam corn to high frequency fields. Seeds
were killed after 5 minutes. A one-minute exposure did
not kill the seeds, but slightly retarded their germination.

Exposures of 30 to 40 seconds resulted in accelerated growth
of the seedlings in their early germination period.
Davis et al. [7, 8] were among the first to study the lethal
eﬀect of microwave heating on seeds. They treated seeds,
with and without any soil, in a microwave oven and showed
that seed damage was mostly influenced by a combination of
seed moisture content and the energy absorbed per seed.
Other findings suggested that both the specific mass and
specific volume of the seeds were strongly related to a seed’s
susceptibility to damage by microwave fields [8]. The association between the seed’s volume and its susceptibility to
microwave treatment may be linked the “radar cross-section”
[9] presented by seeds to propagating microwaves. Large
radar cross sections allow the seeds to intercept, and, therefore, absorb, more microwave energy.
Several patents dealing with microwave treatment of
weeds and their seeds have been registered [10–12]; however,
none of these systems appear to have been commercially
developed. This may be due to concerns about the energy requirements to manage weed seeds in the soil using microwave energy. In a theoretical argument based on the dielectric and density properties of seeds and soils, Nelson [13]
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demonstrated that using microwaves to selectively heat seeds
in the soil “cannot be expected”. He concluded that seed susceptibility to damage from microwave treatment is a purely
thermal eﬀect, resulting from soil heating and thermal conduction into the seeds. This has been confirmed experimentally by Brodie et al. [14].
Microwave treatment of soil may be useful for niche
applications where small areas of soil need to be intensively
treated, and soil fumigation is not an option; however, the
use of microwaves for killing soil-borne seeds in a broad
acre situation may be prohibitively expensive [13]; however,
seedlings are many times more susceptible to microwave
damage than seeds in the soil [7, 15].
Bigu-Del-Blanco et al. [16] exposed 48-hour-old seedlings of Zea mays (var. Golden Bantam) to 9 GHz radiation
for 22 to 24 hours. The power density levels were between
10 and 30 mW cm−2 at the point of exposure. Temperature
increases of only 4◦ C, when compared with control seedlings,
were measured in the treated specimens. The authors concluded that the long exposure to microwave radiation, even
at very low power densities, was suﬃcient to dehydrate the
seedlings and inhibit their development. Rapid dehydration
of the plant tissue appears to be the cause of death and
growth inhibition. This is because microwave heating results
have been coupled with rapid diﬀusion of moisture [17]
through porous materials, which in plants may accelerate
moisture loss in spite of the very small rise in plant temperature observed during these trials.
Horn antennas (Figure 1) are popular for microwave
communication systems [18]. Horn antennas are also very
useful for projecting microwave energy onto objects that
cannot be placed inside an enclosed microwave cavity, such
as a standard microwave oven.
The vertical plane of the horn antenna is usually referred
to as the E-plane, because of the orientation of the electrical
field (or E-field) in the antenna’s aperture. The horizontal
plane is referred to as the H-plane, because of the orientation
of the magnetic field (or H-field) of the microwave energy.
Typical temperature distributions, created by a pyramidal
horn antennas, can be estimated using mathematical equations [19, 20]. The unique feature of microwave heating is
that the maximum temperature is located well below the
surface of the heated material (Figure 2).
There is a concern about the eﬀect of microwave treatment on soil biota. Ferriss [21] reported that microwave
treatment reduced populations of soil microorganisms with
increasing treatment time; however, these eﬀects decreased
with increasing amounts of soil and decreased with increasing soil water content between 16 and 37% (wt. water/dry
wt. soil). No pronounced eﬀect of soil type was noted in this
experiment. Treatment of 1 kg of soil, at 7% to 37% water
content, for 150 s in a 653 W microwave oven, operating at
2.45 GHz, eliminated populations of Pythium, Fusarium, and
all nematodes except Heterodera glycines. Marginal survival
of Rhizoctonia, cysts of H. glycines, and mycorrhizal fungi was
observed in some treated soils. Treatment of 4 kg of soil for
425 s gave comparable results [21].
In a previously reported experiment using a horn antenna, Cooper and Brodie [22] discovered that microwave
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Figure 1: A typical horn antenna showing the orientation of the
electrical field component of the microwave energy in the antenna’s
aperture.

treatment of clay loam soil reduced bacterial populations by
78% in the top 2 cm of soil after 16 minutes of microwave
treatment; however, populations at 10 cm depth were not
significantly aﬀected by treatment. This study also investigated the eﬀect of microwave heating on key soil nutrients
and pH. The findings from this earlier work [22] suggest
that microwave treatment of up to 16 minutes will have little
eﬀect on soil nutrients and pH and will not sterilise the soil of
bacteria [22]; therefore, treatment durations of a few seconds
or minutes are unlikely to change any soil properties.
Two important features of microwave heating in moist
materials are (1) simultaneous heat and moisture diﬀusion
through the irradiated material [17] and (2) an uncontrolled
temperature increase called “thermal runaway” [23–25].
Plant materials with large moisture content have greater
dielectric constants (Figure 3). As plant materials dry during
microwave heating, their dielectric properties change significantly. These changes are too slow to aﬀect individual cycles
of the microwave fields; however, they aﬀect microwave
heating on the much longer thermal time scale.
The eﬀect of changing dielectric properties on microwave
heating can be studied using mathematical equations for
microwave heating [20] and equations for the dielectric properties of the plant materials [26]. The heating rate for
10 mm and 12 mm diameter cylinders of plant material is
relatively constant with time (Figure 4); however, there is a
sudden 80◦ C jump in the 15 mm diameter case at 5 seconds
of microwave heating when there is no change in the applied
microwave power (Figure 4). This sudden jump in temperature is the result of “thermal runaway”.
Vriezinga has studied this phenomenon and concluded
that thermal runaway is caused by (1) the specific characteristic of the dielectric loss factor of water, which decreases
with increasing temperature [27] and (2) resonance of the
electromagnetic waves within the irradiated medium due
to changes in the electromagnetic wavelength inside the
irradiated medium as the dielectric properties change during
heating [27, 28]. Resonance will only occur when the object’s
dimensions are similar to the wave length of the microwave
fields inside the object. That is why thermal runaway only
becomes evident in the 15 mm diameter stem (Figure 4),
while the smaller stems are too narrow to allow field resonance.
In most cases, thermal runaway is a problem during microwave heating. It usually leads to undesirable destruction
of the microwave-heated material [29]; however, it has been
very eﬀectively used in applications such as the microwave
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Figure 2: Typical temperature distribution created by a pyramidal horn with aperture dimensions of 130 mm by 43 mm and a length of
100 mm in soil profile (a) and the cross section of a 10 mm thick plant stem (b) calculated using equations presented in [20]. (Note: the
temperature scales are in ◦ C).
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Figure 3: Dielectric properties of plant materials as a function of
frequency and moisture content.

drill [30, 31], which can drill holes through ceramics by
superheating a very small section of the material. In the
case of weeds, sudden destruction of the plant tissue due to
microwave-induced thermal runaway will be very desirable.
Cucumis myriocarpus is an annual prostrate vine belonging to the family Cucurbitaceae that is native to southern
Africa [32]. Cucumis myriocarpus has multiple stems that
can grow up to 1.6 m long and produces fruit in the form
of small spiky yellow-green or green-striped melons that are
approximately 20–25 mm in diameter. These melons contain
many seeds that are 3.5–4 mm long [33]. The fruit and
foliage are toxic due to the presence of cucurbitacin, which is
a cytotoxic steroid produced by the plant as a defence against
herbivores [32]. The plant has been known to kill livestock
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Figure 4: Temperature response, at a constant microwave power
density, in the centre of a cylinder of plant-based material, as a
function of plant stem diameter, assuming a constant moisture loss
from a moisture content of 0.87 to 0.10 during microwave heating.

[32]. Cucumis myriocarpus is a weed in Australia and in
California, where it may also be known as prickly paddy
melon, bitter apple, and gooseberry gourd [32]. The plant
also occurs in Spain, where it is known by the common
names of “habanera” or “sandı́a habanera” [32].
Cucumis myriocarpus germinates in spring or early summer depending on rainfall. They have the ability to germinate
over an extended period particularly if soil disturbance
occurs [19]. Growth can be rapid if moisture is adequate and
plants can quickly establish a substantial tap root [29].
Established plants produce new growth from the large crown

4

International Journal of Agronomy

in spring to early summer with trailing branches or vines,
growing rapidly in the summer months with a single mature
plant being able to occupy an area of up to 7 m2 [33].
Plants normally flower and fruit in mid to late summer and
growth can progress well into autumn if the weather is warm.
Chemicals are commonly used for summer weed control, but
Leys et al. [30] have found that Cucumis myriocarpus is very
tolerant of glyphosate [30]. Resistance to other herbicides
may develop as it has in other species [31]; therefore, it
is important to explore alternative methods of weed management before conventional options fail. The objective of
this study was to explore the eﬀect of microwave energy
on prickly paddy melon (Cucumis myriocarpus) plants and
seeds.

Figure 5: A laboratory prototype system based on a modified microwave oven.

2. Method
2.1. Study Strategy. This study was subdivided into a series of
separate but linked experiments that investigated the eﬀect
of microwave treatment on paddy melon plants, fruits, and
seeds. Some experiments were completed in the field using a
prototype microwave system (Figure 5), energised from the
magnetron of a microwave oven, operating at 2.45 GHz. It
had an 86 mm by 43 mm rectangular wave-guide channeling
the microwaves from the oven’s magnetron to a horn antenna
outside of the oven.
The horn antenna allowed microwave energy to be focused onto sample plants in pots and in situ, while the oven’s
timing and power circuitry was used to control the activity
of the magnetron. Other experiments in this study were
completed using a standard microwave oven, also operating
at 2.45 GHz.
Therefore, two pyramidal horn applicators (Figure 6),
with varying aperture dimensions (130 mm by 43 mm and
86 mm by 20 mm), were developed and tested during these
experiments.
2.2. Calibration Tests. The deliverable power from a microwave system depends on many parameters including the
impedance match between all the components of the waveguide system. In this case, no attempt to match the impedance along the wave-guide was made; therefore, the
delivered microwave power was determined experimentally
so that energy analyses could be conducted.
The deliverable microwave power can be determined
using two samples of water. One acts as a control to determine the energy balance associated with the ambient conditions, while the other is heated by the microwave system.
The power absorbed by the treated water sample (Pa ) can be
calculated from the combination of sensible and latent heat
observed in the two samples using the following equation:
Pa

=



4.18ΔTm +



2260Δmm
2260Δmc
− 4.18ΔTc +
mm
mc
τ × th



mm

.

(1)

Figure 6: Horn antennas used in these microwave experiments.

The water in the treated sample will reflect some microwave
energy from its surface. The portion of the microwave energy
that is transmitted through the water surface (τ) is determined by the dielectric properties of the air and water at their
interface:
√

2 εa
τ=√
√ .
εa + εw

(2)

The microwave oven used in the prototype has a nominal
rating of 750 W; however, the delivered power may be much
less than this due to internal reflections in the magnetron
coupling antenna that feeds the energy into the wave guide.
The system was calibrated using water at 19◦ C. Three calibration runs were used to determine the output power of the
system.
Water at 19◦ C has a complex dielectric constant of 78.9 −
j11.0, and air has a dielectric constant of 1 + j0. Therefore,
the transmission coeﬃcient at the water surface was 0.2. The
prototype oven was producing an average output power of
541.3 W.
This calibration procedure was also applied to a microwave oven that was used in Experiments 3 and 4 described
later in this section. The calibration procedure revealed that
the microwave oven was producing an average output power
of 644.4 W.
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Experiment 1 (Microwave Treatment of Potted Paddy Melon).
Paddy melon plants, with 10–20 fully opened leaves, were
collected from a field site near the township of St James,
Victoria, Australia (36◦ 17 S Latitude and 145◦ 53 East Longitude) and transplanted into 13 cm pots with two plants in
each pot. The pots were filled with commercial potting mix.
Plants were watered every 2 or 3 days for 7 days to allow
recovery from transplanting.
Each plant was individually exposed to microwave energy. The microwave energy was directed onto the plants
using one of the horn antennas, depending on the particular
treatment being applied. The experiment was set up as a
2 by 5 factor randomised design, where Factor A was the
two diﬀerent horn antenna designs and Factor B was the
exposure time (0, 5, 15, 30, and 60 seconds). Each treatment
combination was applied to 10 plants, with each plant acting
as an individual replicate. The second plant in the treated pot
was shielded from microwave energy during treatment using
aluminium foil.
Radiation measurements, using a hand held microwave
leakage detector, revealed that the magnetron of the microwave oven took approximately 3 seconds from initial power
up to begin generating microwave energy. Therefore, an
additional 3 seconds was added to the treatment times. For
example, to achieve 5 seconds of microwave treatment, the
microwave oven’s timer was set to 8 seconds to allow for this
starting delay.
All plants were placed in a sunlit area and watered every 2
or 3 days to maintain the potting mix at field moisture capacity. Eleven days after treatment, the plants were evaluated to
estimate the portion of the plant’s foliage and stem tissue that
was either unaﬀected or had recovered from the microwave
treatment, with the data being expressed as a fraction of the
whole plant (i.e., a value of 0.25 indicated that 25% of the
plant’s foliage and stem tissue appeared to be healthy 11 days
after treatment). The resulting data was analysed using a 2
by 5 factor Friedman analysis of variance. The Friedman
analysis of variance is a nonparametric variation of the
analysis of variance that can analyse data that is continuous
but not necessarily normally distributed [34].
Experiment 2 (Microwave Treatment of Paddy Melon in
the Field). Paddy melon is a multistemmed prostrate plant
where individual plants can have an eﬀective surface area of
several square metres. It could be far too energy expensive
to treat the entire plant [13]. The motivating interest in
Experiment 2 was to determine whether focusing microwave
energy onto a small section of the plant’s stem could eﬀectively kill the rest of the stem beyond the point of treatment.
Two sites were selected for this experiment; one site was
near the township of St James, where the potted samples
for Experiment 1 were sourced, and the other site was at the
Dookie Campus of The University of Melbourne (36◦ 23 S
Latitude and 145◦ 42 East Longitude).
Twenty paddy melon plants, with 30–50 fully opened
leaves, were randomly selected at each site and treated using
the small aperture horn antenna attached to the prototype
microwave system. The applied treatments were 5, 10, 15, 30,
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and 60 seconds of microwave exposure. Four control plants
were also labelled at each site. The treatment that each plant
received was identified using metal tags on pegs driven into
the soil adjacent to each plant. All plants at both sites were
assessed in the same fashion as the potted plants 16 days after
treatment. The resulting data was analysed using a single
factor Kruskal-Wallis analysis of variance, with the treatment
factor being microwave exposure time. The Kruskal-Wallis
analysis of variance is another nonparametric variation of the
analysis of variance that can analyse data that is not normally
distributed [34].
Experiment 3 (Microscopic Analysis). The purpose of this
experiment was to determine if there was any obvious cellular
damage created in the treated plant that could be attributed
to microwave irradiation. Paddy melon plants, with 10–20
fully opened leaves, were collected from the field at the
Dookie Campus site and transplanted into pots using the
same arrangements as in Experiment 1. After acclimation
in the pots for 5 days, two of the plants were selected at
random and treated for 5 seconds using the small aperture
horn antenna. After another 5 days, two of the remaining untreated plants were randomly selected and carefully
removed from the pots to ensure that the root material was
removed with the plant. The roots were washed to remove
any potting mix.
One of the plants from the second selection was randomly selected to be the control plant, and the other plant
from the second selection was treated in a standard microwave oven, operating at 2.45 GHz, for 5 seconds. A leaf stem
on each plant was selected for microscopic comparisons. The
stems were of similar sizes and the selected leaf stem on each
plant was marked with a black marker for easy identification
after treatment.
Three cross-sections of the selected leaf stem, a few cell
lengths thick, were shaved from the stem using a sharp razor
blade. These sections were mounted on a microscope slide.
For comparison, three cross-sections from the control plant’s
leaf stem were also cut and mounted on the same microscope
slide next to the freshly treated cross-sections.
After selecting a diﬀerent leaf stem on each plant, the
freshly treated plant was placed in the microwave oven again
and treated for a further five seconds, before another three
cross-sections were cut and mounted onto the slide. This
process was repeated for a third time, so that the slide contained three diﬀerent treatments (5, 5+5 and 5+5+5 seconds)
with cross-sections from the control plant near each treated
sample for easier comparison; however, the discontinuous
treatments imposed on these samples may not have the
same eﬀect as continuous treatments of the same total time
duration.
A dye, made from a mixture of dilute Fuchin 1% Phenol
5% and Methylene Blue 1%, was used to highlight the cell
structures in the stems.
Sections of plant stem that were treated using the small
aperture horn antenna 5 days earlier were also examined.
Sections were taken from part of the stem that was clearly
aﬀected by the microwave treatment and other sections were
taken from the same stem in areas that were not directly

6

International Journal of Agronomy

aﬀected by microwave treatment. Microscope slides were
prepared using the same process as described above.
Microscopic examination of the cross-sections was performed using a dissecting microscope with a video camera
attached to the eye piece. Unfortunately, the video equipment
did not allow image capture, so photographs of the crosssections were captured from the video display using a
2 MPixel digital camera.
Experiment 4 (Seed Viability Testing). Paddy melon seeds,
collected from the Dookie Campus field site, were treated
in the same microwave oven that was used in Experiment 3.
There were six microwave treatment groups plus two untreated groups of seeds. Three of the treatments involved
extracting the seeds from ripe melons and treating them
on a microwave-resistant dish. These seeds were exposed to
644.4 W of microwave power for 10, 20, or 30 seconds.
Three other treatments involved treating whole melons
for 10, 20, or 30 seconds. Melons were placed in a beaker and
exposed to microwave energy for the prescribed amount of
time. The seeds were extracted from the melons after they
had cooled. One set of melons was left untreated. There
were approximately sixty seeds in each of the eight treatment
groups.
Using a scalpel, under a dissecting microscope, a small
sliver of the seed coat was cut from each seed to reveal the
seed kernel. The seeds were then soaked in 1% 2, 3, 5 Triphenyl Tetrazolium Chloride and placed in an incubator at
35◦ C.
After 18 hours, the seeds were removed from the incubator and, using a scalpel under a dissecting microscope, the
seeds were cut in half. Seeds were assessed as being viable;
nonviable; or having uncertain viability, depending on the
completeness of seed staining caused by the Tetrazolium
[35].
Seeds that were fully stained were assessed as being viable
and allocated a viability score of 1.0. Seeds that had no staining were assessed as being nonviable and allocated a viability
score of 0.0. Some seeds were only partially stained, so these
were classed as having uncertain viability and allocated a
viability score of 0.5.
The resulting seed viability data was analysed using a
single factor analysis of variance. The resulting data was
analysed using a 2 by 3 factor Friedman two-way analysis of
variance, where Factor A was whether the seeds were in the
melons or free from the melons during treatment and Factor
B was the microwave exposure time (0 s, 10 s, 20 s, or 30 s).
Additional 20 fruits were randomly selected from the
field site at Dookie Campus. These were weighed and had
their three major diameters measured using callipers. This
data was used to calculate energy density requirements to
eﬀectively treat the seeds in the fruit. Energy density can be
estimated by assuming that all of the microwave energy in the
chamber is absorbed by the fruit. Therefore, the energy per
fruit is given by
Ef =

P × th
.
N

(3)

Similarly, the energy density as a function of fruit crosssectional area can be calculated using
EA =

P × th
.
A

(4)

Microwave energy density was calculated for each of the
treatments used in Experiments 1 and 2. The data from all
treatments was pooled in terms of this energy density to
determine a dose response curve for paddy melon plants. The
probability of survival can be described by
Psurvival =

1.0
20 .
1 + ψ/D50


(5)

3. Results
Experiment 1. Microwave heating aﬀected the melon plants
quickly. Audible clicking sounds emanated from the plant
during the treatment process. It was also possible to see the
plant wilt during the first 10 to 15 seconds of treatment when
the antenna with the larger aperture was used (Figure 7). The
only visible diﬀerence in the plants induced by microwave
treatment was drooping of the leaves. The small aperture
antenna caused much louder acoustic emissions and visible
rupture of the plant stems (Figure 8) within a few seconds
of initial microwave treatment. In the case of the larger
aperture antenna, increasing treatment time significantly
reduces survival of the plants (Table 1). Using the antenna
with the smaller aperture killed all the paddy melon plants
for all treatment times.
Experiment 2. The control plants at both field sites had
grown during the 16-day interval between applying the microwave treatments at the site and the evaluation of results.
All treated plants at both sites, irrespective of the treatment
duration, died. Therefore, these results were the same as
those listed for the small aperture antenna in Table 1. This
confirms that microwave treatment is eﬀective in the field as
well as in the more controlled situation where potted plants
were used.
Experiment 3. The microscopic images of the freshly treated
plant material (Figure 9) showed no obvious signs of cellular
rupture due to microwave treatment, and no other obvious
diﬀerences in cell structure could be seen between the control
plant samples and the microwave-treated plant (Figure 9);
however, at the macroscopic level the microwave treated
plant had wilted during treatment.
For plants that were treated with microwave energy
from the small aperture horn antenna five days prior to
examination, no obvious cell structures were visible in the
section of stem that was aﬀected by microwave treatment
(Figure 10(b)); however, some cell structures were visible in
the unaﬀected section of the same leaf stem (Figure 10(a)).
This suggests that the cells in the aﬀected section of the
stem have completely collapsed due to microwave treatment.
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(a)

(b)

Figure 7: Paddy melon plants (a) immediately after microwave treatment for 15 seconds and (b) 11 days after treatment.

Table 1: Mean percentage of unaﬀected or recovered paddy melon plants according to treatment combination.
Antenna design
Large aperture
Small aperture

Treatment time (s)
0
100%a
100%a

5
100%a
0%c

10
100%a
0%c
LSD (P = 0.05): 13%

15
60%b
0%c

30
0%c
0%c

60
0%c
0%c

Note: Means with diﬀerent superscripts are significantly diﬀerent from one another.

Figure 8: Section of plant stem ruptured during microwave treatment using the small aperture antenna.

Experiment 4. There was no significant diﬀerence in seed
survival between the various microwave treatment combinations, compared with each other; however, all combinations
of microwave treatment had a significant eﬀect on seed
survival compared with the controls. Based on data from
Experiments 1 and 2, the half lethal microwave energy dose,
across all treatments, was 145 J cm−2 (Figure 11).

4. Discussion
Microwave treatment kills paddy melon plants and seeds
(Tables 1 and 2). Although there is no immediate evidence
of plant cell damage (Figure 9) during microwave treatment that is not intense enough to cause localised steam

explosions in the stem (Figure 8), there must be a mechanism
that causes the stems to collapse (Figure 10) leading to permanent wilting and death of the plant stem within a few days
(Figure 7).
Unlike conventional heating, microwave heating produces its highest temperature in the core of the plant stem
(Figure 3). Water in the xylem tissue is usually under tensile
stresses [36]. The high core temperatures associated with
microwave heating may lead to cavitation in the waterfilled xylem tissue [36]. This may account for the acoustic
emissions from the plant during microwave treatment.
Extensive cavitation in the xylem tissue may lead to irrecoverable embolisms that block sap flow and ultimately lead
to permanent wilting and death of the stem (Figure 7). In
extreme cases, there may also be cell rupture due to localised
steam explosions inside the stem (Figure 8).
The temperature inside the plant’s stem (5) depends on
the strength of the microwave’s electric field (E) and the
dielectric properties of the plant material. The small aperture
antenna often caused stem rupture within the first few seconds of microwave treatment because the temperature inside
the core of the stem may have been suﬃcient to create steam
inside the plant cells. Thus a strategically applied short burst
of intense microwave energy onto the plant’s stem was suﬃcient to kill the plants (Table 1). This is because microwave
heating is proportional to the square of the electric field
strength. Very intense microwave fields have also been linked
to thermal runaway.
The dose response curve (Figure 11) indicates that 100%
control of paddy melon should be achieved using 200 J cm−2
(or 20 GJ ha−1 ) of microwave energy. In a study of various
cropping systems by Mari and Chengying [37] estimated
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(a)

(b)

Figure 9: Comparison of stem cross-sections for (a) fresh untreated plant and (b) a plant after 15 seconds of treatment.

(a)

(b)

Figure 10: Comparison of stem cross-sections for (a) unaﬀected part of microwave-treated plant and (b) a part of the same stem aﬀected
by 10 seconds of microwave treatment using the small aperture horn antenna (microscopic observations made 5 days after microwave
treatment).
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Figure 11: Microwave energy density dose response curve for paddy
melon plants.

that the embodied energy of herbicide usage, which included
manufacture, transport, and application, was 2.2 GJ ha−1 ;
therefore, uniformly applied microwave treatment is an
order of magnitude higher than the embodied energy associated with chemical plant protection [37–39].
A strategic burst of intense energy, focused onto the stem
of the plant, is as eﬀective as, but much quicker at treating
the plant, than an application of microwave energy to the
whole plant. This may be of great interest for controlling
chemically resistant Paddy Melon plants [30]. For example,
if the microwave field from a travelling microwave weed
control system cuts across any of the prostrate stems of a
Paddy Melon plant, this research has demonstrated that the
stem tissue beyond the point of treatment should die within
a few days of treatment.
If a mature plant has an average of 5 long stems and is
assumed to occupy an area of 7 m2 , as mentioned earlier,
then a 5-second burst of microwave energy from the small
aperture horn antenna, applied to each of the 5 stems near
the crown of the plant, equates to an energy density of
0.2 J cm−2 (or 0.02 GJ ha−1 ) over the whole area of the plant.
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Table 2: Mean fraction of paddy melon seeds that survived microwave treatment.
Seed condition
Seeds in melons
Free seeds

Microwave treatment
Control
0.79a
0.81a

10 sec
0.20b
0.18b
LSD (P = 0.05): 0.27

20 sec
0.18b
0.15b

30 sec
0.07b
0.19b

Note: Means with diﬀerent superscripts are significantly diﬀerent from one another.

The practicalities of applying microwave energy to the stems
of plants have yet to be determined; however, various remote
sensing systems that strategically apply chemical treatments
to individual plants already exist [40]. Eventually, these
systems may be adapted to apply microwave energy onto the
stems of individual plants.
“Scale up” calculations in microwave heating systems are
diﬃcult to discuss because they are notoriously nonlinear.
This is due to the nonlinear temperature/microwave field
strength relationships, redistribution of energy associated
with the coupling of heat and moisture movement [17], and
phenomena such as thermal runaway, which all occur when
the applied microwave power is increased. Other impediments to using microwave energy for controlling weeds in
the field include nonuniform energy distributions in the
microwave fields; protection of operators from microwave
field leakage; loss of microwave energy due to transmission
through the soil, beyond the treated plants.
Microwave treatment also reduced paddy melon seed
viability by between 60% and 70% (Table 2); however,
analysis of the microwave energy used during the 10 second
treatment inside the microwave oven revealed that the
melons were exposed to approximately 1610 J/fruit. In terms
of energy density over the minimal projected area of the fruit,
this equates to 422 J/cm2 , which is twice the energy density
needed to kill the parent plants. This is consistent with other
studies [7, 15], which show that plants are more susceptible
to microwave damage than seeds [15].
If thermal runaway can be induced in plant tissues, fruits,
and seeds, treatment time and the associated treatment
energy may be drastically reduced for a small increase in
applied microwave field density. This would make microwave
treatment energy comparable with the embodied energy in
chemical systems; however, this can only be explored by
further research using a more powerful prototype system.

5. Conclusion
Microwave treatment kills paddy melon plants and significantly reduces the number of viable seeds.

Nomenclature
ψ:
A:

Microwave energy density (J cm−2 )
Cross-sectional area of melon fruit
A = π × r1 × r2 (m2 )
D50 : Half lethal dose
mc : Initial masses of the control samples (kg)

mm :

Initial masses of the microwave-treated
samples (kg)
N:
Number of treated fruit
P:
Applied microwave power (W)
Microwave heating time for experiment (s)
th :
Δmc : Changes in mass of the control samples (kg)
Δmm : Changes in mass of the microwave-treated
samples (kg)
ΔTc Change in temperature of the control
samples (K)
ΔTm : Change in temperature of the
microwave-treated samples (K)
Complex dielectric constant of air
εa :
εw :
Complex dielectric constant of water
τ:
Transmission coeﬃcient for the transfer of
microwave energy into the material.
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