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has potential as a viable technology for hand-held electric weeders or as part of a site-

specific robotic weeding system. 
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sheath of the plant, but deformities originating in tissues within the sheath at time of 

treatment were commonly observed after the leaves emerged, the concertina effect 

suggested some effect on expanding cells and the entrapped leaf tips suggested disruption 

between adjacent developing leaves. While leaf deformation in tissues inside the main 

sheathed shoot shows PMS affected tissue development, the survival of stems and 

emergence of new tillers indicated insufficient energy to kill basal growing points.  

Even where L. multiflorum plants are not killed, ultra-low energy treatment with PMS 

does have a limiting effect on growth, significantly reducing growth rates for at least 2 

weeks. This suggests potential to reduce competition against crop plants and may enable 

a strongly growing crop to get established and out-compete the grasses. There was wide 

variation in the growth of individual plants for any energy below 3 J. At 5 J and above all 

plants treated at 3 kV died, whereas many plants treated at 6 kV continued to grow, 

although at a reduced rate compared to the control plants. Such growth reduction may be 

sufficient to allow a rapidly developing crop to gain dominant competitive advantage but 

would not necessarily avoid weed seed bank contributions. 

Several possibilities may have contributed to lower than expected energy delivery or 

reduced effect of a set energy level being applied. In some cases, electric arcing was 

observed between the positive electrode and the ground, sometimes running along the 

stem surface, sometimes directly through the air. This was particularly noted with 10 kV 

single pulses but occurred with other settings especially if the electrode was within 30 mm 

of the ground. In these cases, the energy discharge from the devices could be high, but 

the measured absorption by the plants could be very low. Multiple pulsing allows the 

energy of an individual pulse to be reduced but total delivered energy to be maintained. 
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However, in these trials, longer pulse times at higher voltages (higher energy individual 

pulses) could still cause arcing. In the case of high energy and high voltage pulses to fine 

L. multiflorum leaves, this was probably due to higher resistance and lower conductance, 

especially when leaves collapsed. When multiple pulses were applied, especially when a 

longer duration was required, oscilloscope measurements indicated a probable loss of 

direct contact for some or all the time. 

There was a demonstrated effect of PMS on broadleaved weeds even at low energy levels, 

with treatments significantly reducing vitality and growth relative to untreated control 

plants. Applying these treatments to C. album and A. powellii seedlings was largely 

effective, and the survival of those receiving the highest target energy treatment is 

assumed due to poor electrode contact. Although there was some immediate effect of 

treatment, the results of these trials consistently show an extended period before 

symptoms of senescence were expressed.  

Early electrical weeding research suggested that resistive heating causes boiling within 

the tissue, causing the cells to rupture and the plant to die (Diprose et al., 1980) although 

cells and  vascular bundles can be damaged without boiling or burning (Eberius, 2017).  

The research reported here suggests for broadleaved plants especially, that a different 

mechanism may be involved as plants took some time to lose turgor and there was initially 

no external physical damage visible.   

The absence of steam or odour suggests there was no gross overheating of tissues at 

treatment and those plants that drooped or collapsed did so slowly. The recovery of some 

plants after some hours indicates any membrane disruption was transitory and repairable. 

This suggests the effect was not caused by gross bursting of cells but indicates very porous 
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rather than fully ruptured membranes. The much greater diameter of the C. album and 

A. powellii stems compared with the L. multiflorum leaves is likely to have reduced 

electrical resistance, and therefore reduced thermal heating.  

Of particular interest was the evident onset of chlorosis and senescence, and the 

subsequent separation of shoot and root at the hypocotyl observed in A. powellii. The 

onset and progression of chlorosis indicated that a physiological response was triggered 

in the treated plants. Plants may show no effect of treatment for several days to a week, 

and then take several weeks to die, usually expressing plant senescence. Broadleaf plant 

symptoms such as loss of leaf chlorophyll, browning and wilting of leaf and stems are 

similar to those associated with some herbicides.  Various abiotic stresses have been 

reported to effect such a response through programmed cell death (PCD) triggered by 

pollutants, excessive light or UV radiation or environmental conditions including heat 

and cold (Vartapetian et al., 2011), leading to over-production of reactive oxygen species 

(ROS) (Gill & Tuteja, 2010; Sedigheh et al., 2011; Petrov et al., 2015). 

No treatment killed all S. nigrum plants, and death was not immediate, with several weeks 

passing before a confident assessment could be made. These plants were notable for being 

very fleshy, and for having multiple shoots at time of treatment. While the treatments of 

3 J or higher killed the targeted shoot in 83% of cases, in others the side shoots were not 

killed, or new side shoots appeared. This suggested the impact of the treatment was 

restricted to a section of stem and did not effectively impact the entire plant.  There were 

significant reductions in growth associated with treatments of 3 J or over, which could 

potentially reduce their competitive ability against a developing crop, although this has 

not been assessed. 
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Future research repeated these trials with other species and investigate effects of changing 

variables such as voltage, pulse period, pulse energy and number, plant part or parts 

targeted, soil conditions and time of year (Chapters 4 and 5). Trials will be designed to 

develop better understanding of the mechanism of senescence and death.  

These trials demonstrated that very low energy, high voltage pulses of direct current can 

kill weed seedlings with far less energy than alternative weed control options, including 

currently available electrical weeding systems. While these trials were conducted in a 

laboratory setting, with precise field application the results should be replicable. This 

makes the system ideal for the treatment of herbicide resistant weeds that have escaped 

chemical or other control methods. The small energy requirement makes the system 

suitable for incorporation in a mobile hand-held weeding tool, or individually or in groups 

in a precision robotic application. 
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4.5.5 Solanum nitidibaccatum  

Trial 7 with S. nitibaccatum applied four increasing energy treatments with the electrode 

pressed to leaves only and with the electrode pressing plants to the soil surface. Energy 

levels were based on changing voltage and pulse number. The voltages used were 

4.500 kV and 3.18 kV, which in theory has half the energy. Either 25 or 50 x 100 µs 

pulses were applied.  A ninth treatment applied a single 5,000 µs pulse to leaves only at 

3.18 kV, theoretically the same energy as 50 x 100 µs pulses.  

When electrical doses were applied with the electrode pressed to the plant leaves only, 18 

of 24 plants died. All but one of the plants treated with 4.5 kV died. Only two of 24 plants 

given the same doses died when the electrode pressed the plant against the soil surface. 

None of the plants treated with a single long pulse died. The surviving leaf-treated plant 

received the lowest discharge of the treatment (3.6 J compared to the 5.5 J treatment 

average). All plants receiving leaf contact applications with discharge greater than 3.6 J 

died. The energy discharges for the two soil-pressed plants that died were 9.9 J and 19.9 J. 

A Kruskal-Wallis test showed significant effects of treatment on final dry mass (H (9) = 

21.497, p = 0.011). However, only two 4.5 kV leaf applied treatments, 4.5 kV with 25 x 

100 µs pulses (p=0.014) and 4.5 kV with 50 x 100 µs pulses (p=0.002) were significantly 

different to the control. The was no significant biomass difference between the control 

and treatments with the electrode pressing the plant to the soil.  

Higher energy doses gave higher measured energy discharges in all equivalent cases 

(Figure 4-14).  
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insufficient energy reached the meristems of L. multiflorum at or below ground level 

within the stem sheath, enabling newly developing tillers to survive (Bloomer et al., 

2022). This was also postulated by Lati et al. (2021) who reported an 85% biomass 

reduction when L. rigidum plants were treated 2 weeks after sowing. They do not provide 

information on plant size at treatment or whether any plants died. My earlier work treated 

younger L. multiflorum plants that in most cases were not tillering and found 3 kV was 

more effective than 6 kV when a point electrode was applied to leaves (Bloomer et al. 

2022). The trials reported here used 3.0, 3.5 and 4.5 kV treatments and did not show 

conclusive evidence that voltage is a key determinant of plant death rate or post-treatment 

biomass.  

Treating broadleaf weed seedlings was effective, and all trials showed PMS could achieve 

the target > 90% kill at < 2 MJ ha-1. Different broadleaf species of approximately similar 

size required different doses to achieve the target kill-rate with, in decreasing energy 

order, P. aviculare > S. nitidibaccatum > A. powellii > A. deflexus. A single leaf-applied 

treatment killed all P. aviculare weeds with 17.9 J plant-1, equivalent to 0.895 MJ ha-1 if 

treating five plants m-2.  While not tested, data for soil-applied PMS suggest the 90% 

target could be achieved by increasing the pulse length to 200 µs, the same as the leaf 

treatment, but the energy discharge would be far greater.  

Treatments applied only to leaves of S. nitidibaccatum were more effective than the same 

doses applied to leaves pressed to the soil. The most effective treatment was leaf-applied 

and killed all plants, with an average energy discharge of 12.5 J plant-1 equating to 

0.625 MJ ha-1. When treated with half the dose, 83% of plants were killed. Only one plant 

died when these doses were applied with the electrode pressing the plant to the soil. My 
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While these trials were conducted in a laboratory setting, with precise field application, 

the results should be replicable, and this is the subject of my ongoing research (Chapter 

5). The ability to apply PMS using a flat-plate electrode pressed to the plant leaves or 

plants and soil removes the issue of the very precise targeting required when using a point 

electrode. Coupled with the small energy requirement, it makes the system suitable for 

incorporation in a mobile hand-held weeding tool or individually or in groups in a 

precision robotic system to control herbicide-resistant weed seedlings that have escaped 

chemical or other control methods. Voltages have been kept below 10 kV, and the energy 

released by the equipment is low. In general, these would place the equipment used within 

the criteria acceptable for electric fence energisers (International Electrotechnical 

Commission, 2002; Gallagher Group, 2018).  
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et al., 2021; Coleman et al., 2021; Lati et al., 2021; Denmukhammadiev et al., 2022; 

Mwitta et al., 2022). 

There is little information comparing treatment of plants with electricity in laboratory or 

greenhouse settings with treatment of similar plants in outdoor field settings. Diprose et 

al. (1978) suggested that maybe two to three times more power was required to kill plants 

in the field compared to those grown in pots in a greenhouse, disagreeing with Chandler 

(1978) who suggested that ten times more energy is required to kill plants in the field 

relative to those indoors. However, in each case the plants being compared were not equal. 

Chandler noted considerable variation based on species and age, and Diprose et al. 

proposed the difference they saw was due to plant size. Other electrical weeding research 

typically describes plant size, but not necessarily in comparable ways, making it difficult 

to compare different results. While some give physical measurements such as stem 

diameter and plant height (Mizuno et al., 1990), or number of leaves (Blasco et al., 2002), 

plant age has also been used as a size descriptor. For example, Lati et al. (2021) described 

pot experiments with weeds at various numbers of weeks after seeding. No physical size 

measurements at time of treatment were reported, although final biomass measurements 

were given.  The size of contact area of the root surface with the growing medium was 

also found to be related to overall electrical resistance (Cao et al., 2010) and hence the 

energy needed to apply a certain dose to plants. 

Electrocution of in-ground plants has been theorised since the 1890s (Sharp, 1893; 

Scheible, 1895) and commercially available since the 1970s (Vigoureux, 1981; Kaufman 

& Schaffner, 1982; Diprose & Benson, 1984; Diprose et al., 1985). However these are all 

very high energy systems. Blasco et al. (2002) investigating robotic weed control system 









109 

treatments on outdoor bag grown A. powellii and L. multiflorum plants with plants 

growing in the ground beside them, and treatments with the application electrode in 

contact with the leaves only or with the plant pressed against the soil surface.  

For the A. powellii and L. multiflorum trials, the positive application electrode was a flat 

rectangular aluminium plate with dimensions of 75 mm x 100 mm (Figure 5-1 B). 

Earthing was achieved by a 5 mm-diameter aluminium rod inserted 75 mm into the 

ground. For the L. didymum trial the positive application electrode was a 40 mm diameter 

aluminium disc contacting the centre of seedlings (Figure 5-2). For part of the L. didymum 

trial, an alternative earthing arrangement was also tested, replacing the inserted 5 mm rod 

earthing electrode (Figure 5-2 A) with a 30 mm aluminium disc pressed against the soil 

surface a few centimetres apart from the positive application electrode disc (Figure 

5-2 B).  

In all trials, the growing medium was Hastings silt loam soil, a Typic Orthic Gley 

(Manaaki Whenua - Landcare Research, 2024). The soil in the ground was dug manually, 

crumbled, and raked to leave a level but slightly rubbly surface. Soil excavated from the 

same area was sieved to 5 mm and used to grow the bagged plants.  
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Scientific Inc., Logan, Utah, USA) inserted into the soil in the vicinity of the plant and 

earthing electrode positions. For bag-grown plants, the bags were weighed at time of 

treatment. At the end of the trial, the soil was oven dried at 35 °C for three days, and 

percentage moisture determined from the difference. Noting in the L. didymum trial that 

dry soil acted as electrical insulation, the subsequent A. powellii and L. multiflorum trials 

had a thin layer of approximately 5 mm of dry soil added to the wet soil surface before 

the soil-pressed treatments were applied, with the aim to minimise direct loss of applied 

electricity to the soil body. The added soil was included when determining dry weight at 

the end of the trial. 

When L. didymum plants were treated, the in-bag soil moisture was uniform with a mean 

of 34.6% (n = 14, SD = 0.03). The in-ground soil had high variability in moisture content 

with depth and while the soil surface had dried peds, the underneath was damp and very 

moist at depths below about 100 mm. The mean moisture in the top 200 mm was 36.2% 

(n = 10, SD = 1.2%). At treatment time, the soil moisture in bagged A. powellii plants 

was 32.7% (n = 84, SD = 3.2), slightly higher (p = 0.04) than in ground-grown plants at 

31.3% (n = 28, SD = 2.9). Rain in the days prior to treatment caused soil moisture 

differences between bagged and in-ground L. multiflorum plants. Bagged plants did not 

drain well and had a significantly higher (p < 0.001) mean moisture content of 41.7% 

(n = 73, SD = 5.0) than in-ground plants with a mean soil moisture content of 27.1% 

(n = 47, SD = 4.7). There was no significant difference in soil moisture between plants 

within the in-ground treatments, nor between plants within the bagged treatments. 
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5.4.3 Methods 

For each application, the pulse voltage and current were recorded and the discharged 

energy was calculated. Subsequent plant health was scored, and death rates were 

determined. Results were compared for bag versus ground grown plants, for electrode 

application to leaves only versus to plants pressed to the soil surface, and by applied dose.  

Trial 1 compared treatments applied to L. didymum seedlings with four to eight leaves 

taken from a cropping field and grown individually in 450 mL bags in a greenhouse or in 

the ground outdoors at 150 x 200 mm spacing. At 7 days after treatment (DAT), L. 

didymum plants were scored for vigour with a score of 1 accorded to fully healthy plants 

and a score of 0 to dead plants. Plant vigour assessment was subjective based on leaf 

colour, turgor and rosette growth with equal weightings. At 23 DAT final assessments 

were made including survival (dead or alive), days to death, stem state, leaf and side shoot 

colour and turgidity. All the plants that were not obviously dead were classified as alive. 

The effect of the soil itself on the amount of energy discharged by the machine was tested 

during the outdoor L. didymum trial, firstly by pairing earthing and positive treatment 

electrode rods (inserted 10 cm apart and 75 mm into the soil) at different locations along 

a transect, and secondly by inserting the earthing electrode probe 75 mm into the soil and 

applying the positive treatment electrode at increasing distances away (Figure 5-3). To 

test the influence of earthing electrode types with or without plants as part of the circuit, 

two options (a 5 mm diameter rod inserted 75 mm into the soil and a surface-pressed 30 

mm diameter disc) the process was repeated with the disc treatment electrode pressing 

plants to the soil surface and with no plants present.  
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leaf colour (5%) and leaf turgor (10%) combined to a total possible score of 20 for fully 

healthy plants. A dead plant scored 0 regardless of any other ratings. Final assessments 

were made 17 DAT, by which time plants were clearly alive or dead. 

In Trial 3, L. multiflorum plants were sown in sets of six, in 450 mL soil-filled bags, and 

in the ground with sets at 150 x 200 mm spacings. Prior to treatment, each set was thinned 

to three plants such that all were of similar size. The plants were measured and bagged 

sets of three plants were sorted into equivalent groups for treatment. Plants were visually 

assessed prior to treatment, with the number of green leaves and tillers counted, and the 

length of the longest leaf of each plant measured. Most plants had two or three leaves and 

one tiller, but some were starting to produce second tillers. Measurements of living plant 

tissues were repeated, and plant deaths were recorded until the trial was stopped 14 DAT. 

Severely shrivelled or dead parts of the leaf were discounted, and any totally brown and 

shrivelled plants were classified as dead.  

5.4.4 Treatments 

The doses selected for each trial were based on results from earlier greenhouse work with 

the same or similar species of similar size. Seeking to determine an effective dose rate, 

the lowest energy applied dose was expected to have little effect, and the highest energy 

dose was expected to kill all plants.  For L. didymum, a range of treatments pressing the 

leaves to the soil surface was applied at 4.5 kV with the bagged plants receiving a dose 

of either 25, 50 or 100 x 100 µs pulses. The in-ground plants were all treated with 100 x 

100 µs pulses, but with two alternative earthing arrangements employed.  
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For L. multiflorum, data were analysed with each bag of three grasses representing one 

replicate (n = 6). Following the recommendations of Armstrong (2014) and Perneger 

(1998), no multiple test (e.g., Bonferroni) corrections were applied. The Kruskal-Wallis 

pairwise and multiple comparisons stepwise step-down procedures were used to 

determine homogeneous sets. For both A. powellii and L. multiflorum, binary logistic 

regression was used to assess the factors contributing to plant death. The L. multiflorum 

binomial logistic regression analysis used data for individual plants rather than mean 

values of bags of three plants and excluded controls. 

 

Table 5-1 Trial summary table showing trial number, weed species, plant size, and treatments 

applied to Lepidium didymum, Amaranthus powellii, and Lolium multiflorum seedlings. 

Trial Species Mean Size Treatments 

1 L. didymum 

Stem length  

64.0 mm  

(SD = 13.9 mm) 

Stem basal diameter 

1.9 mm  

(SD = 0.5 mm) 

Plants grown: in bags vs in ground 

Application: to leaves pressed to dry soil surface  

Dose applied: no treatment vs 25, 50 or 100 x 100 µs pulse 

lengths at 4.5 kV with electrode disc pressing plant to soil.  

Extra treatments: inserted rod vs surface pressed disc 

earthing electrode applying 100 x 100 µs pulses at 4.5 kV 

with different electrode separation distances. 

2 A. powellii 

Stem length  

72.9 mm  

(SD = 12.3 mm) 

Stem basal diameter 

2.1 mm  

(SD = 0.3 mm) 

Plants grown: in bags vs in ground 

Application: to leaf canopy only vs leaves pressed to dry 

soil surface 

Dose applied: no treatment vs 25 x 25 µs, 50 x 50 µs, 50 x 

100 µs, 100 x 100 µs, or 100 x 200 µs pulses at 4.5 kV. 

3 L. multiflorum 

Tiller No.  

1.2 (SD = 0.3)  

Leaf No.  

2.9 (SD = 0.5)  

Longest leaf length 

157.6 mm  

(SD = 17.1 mm) 

Plants grown: in bags vs in ground 

Application: to leaf canopy only vs leaves pressed to dry 

soil surface 

Dose applied: no treatment vs 100 x 200 µs pulses, 200 x 

200 µs pulses and 200 x 400 µs pulses at 3.5 kV or 4.5 kV. 
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treated when growing in the ground. While good earthing electrode connection and good 

treatment electrode connection to the plant are essential for effective treatment, direct 

connection between the treatment electrode and the soil body creates inefficiency. When 

the flat plate presses the plants to the soil surface, there will be electrical conductance into 

the soil both through the plant and from direct electrode to soil contact. The energy split 

will depend on the relative resistance of the two paths, and anything that increases 

resistance between the plate electrode and the soil will increase the energy available for 

discharge through the plant. The data presented in Figure 5-5 show that flat plate 

discharges were 2.5 times greater for applications made to plants and soil than those made 

to the soil only, indicating much higher conductivity of plants relative to the soil surface.  

The resistance of the soil is dependent on several factors, including soil physical 

properties such as clay content and density, variable factors including salinity and in my 

trials, electrode surface contact area, electrode separation distance, and soil moisture, 

which all affect soil electrical conductivity (McNeill, 1980). A larger electrode surface 

area or higher soil moisture will reduce resistance whereas increasing electrode separation 

distance increases resistance. Diprose and Benson (1984) state that high soil resistance 

can leave less capacity to shock the plants. Discussing broadacre application equipment, 

they recommended that earthing discs penetrate several centimetres into the ground and 

have large cross-sectional area to ensure adequate electrical contact. Pre-trial testing of 

my equipment showed that pairing fully embedded 200 mm long, 5 mm diameter, 

aluminium electrodes in wet soil allowed the current between them to exceed the 

measuring capacity of my equipment, indicating that electrical resistance was extremely 

low. I believe the very low resistance was due to both the larger contact area and the much 
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discharge, most probably due to increased soil resistance, which may leave less energy 

available to impact the target weeds.  
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while I report that two simple trials did not find expected markers for PCD, I recommend 

PCD not be discounted.  

Keywords: electric weeding; mode of action; pulsed microshocks; pulsed electric fields; 

electroporation; membrane porosity; programmed cell death; abiotic stress   















150 

6.4.3 Electrical stimuli 

Electrical stimulus can cause membrane breakdown (Weaver & Chizmadzhev, 1996) and 

short strong electric pulses do kill microorganisms without heat. Svitalka (1976) claimed 

electric spark treatments with a field strength of 2.5 kV cm-1 caused flashover that 

damaged the plant through pressure from a shockwave front. Without flashover, damage 

was attributed to electro-biochemical and structural changes caused by conductivity 

currents. Thermal factors, electrical and magnetic field strengths were not significant. 

However, Baev and Savchuck (1974) had dismissed the shockwave front possibility, 

identifying that the current flowing through the tissue increased damage with initial 

discharge energy up to 0.2 J after which flashback occurred.  In laboratory testing, a spark 

channel formed between the electrode and leaf and continued on the surface of the leaf, 

stem and root, indicating sparking between the root and soil (earth) (Mizuno et al., 1990). 

Transpiration reduced, indicating that vascular bundles were destroyed. Repeating pulses 

reduced electrical resistance in the plants, they suggested due to cell wall damage 

increasing path conductivity. Yudaev (2019) found weed tissue damage, from alternating 

current (AC) electrical pulses of 10 ms, occurred when cell membranes became fully 

permeable rather than semi-permeable because pores greater than a critical diameter were 

created allowing intra- and inter-cellular fluids to mix. This led to loss of cell viability 

and was characterised by increased conductivity in treated tissues after treatment. 

6.4.4 Pulsed electric fields 

A comprehensive review of the application of pulsed electric fields in the food industry 

completed by Aguilar-Machado et al. (2022) showed that the effect of electric fields on 

plant tissues has been well documented. They reported that it has been subject of patents 
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permeabilised tissues. Bioimpedance measurements used to track the development of 

membrane damage as a response to single pulse electrical shocks showed membrane 

porosity increased within 2 seconds and continued to increase for minutes and hours after 

treatment (Angersbach et al., 2002).  

6.4.5.2 Electroporation equipment 

The principles, application and equipment used for clinical electroporation treatments are 

well described by Mir et al. (2005) and Rebersek et al. (2014). An example used in clinical 

electroporation treatments is the Cliniporator device (IGEA SpA, Italy) developed 

through a European project (QLK-1999-00484) (Mir et al., 2005). These designs are 

similar to the Zapper multi-pulse microshock weeding system (WedaTech Ltd., Hastings, 

NZ) used in my research (Figure 6-1). While vastly larger in scale, the electrodes I used 

were combinations of needles (probes) and flat plates. The additional elements in the 

WedaTech equipment include the Pico Technology Ltd (Cambridgeshire, UK) high 

voltage electrode and oscilloscope to enable measurement of individual pulses as they are 

applied and logging of data for subsequent analysis. In my methodology, the electric field 

was generated from the treatment electrode through the plant tissue and the surrounding 

soil to the earthed negative electrode. 
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Section 6.4.5.1, is recommended as it allows non-invasive monitoring of membrane 

integrity over time.  

Current evidence suggests that the senescence symptoms observed following application 

of PMS are a secondary response to abiotic stress, possibly the electrical treatment itself, 

or possibly another stress factor such as drought stress caused when the vascular tissue is 

disrupted and cannot be repaired. If the senescence response is related to drought induced 

PCD, it might be evidenced by ROS and could be assessed by monitoring levels of H2O2 

or cytosolic calcium.  

Better understanding of the mode(s) of action would enable better targeting of treatments, 

potentially increasing effectiveness and efficiency. Regardless, the suite of trials 

conducted demonstrate that when applied high intensity low energy PMS cause damage 

that kills the cells of the hypocotyl, the roots and shoots are separated and unless the gap 

can be bridged, the plant dies. 
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Chapter 6 draws together my electrical records and observations of plant responses to 

treatments applied in over 25 trials and compares them with descriptions of plant 

responses reported in plant science, electric weeding, and food processing literature. I 

postulate that by utilising very short, very high voltage pulses, the principal mode of 

action when using PMS is not thermal damage but the result of increased membrane 

porosity. A secondary effect is indicated in which leaf and then plant senescence is 

stimulated by drought-induced abiotic stress caused by the vascular disruption. While 

specific experiments were not conducted, there is considerable alignment between my 

recorded application data and observations, and the body of published evidence. This area 

is recommended for further research. 
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7.6.3 PMS can be effectively and selectively deployed in a field setting 

The use of flat plate treatment electrodes either placed on leaves only or pressing plants 

to the soil surface is a simple way to apply PMS and I showed it can be both energy 

efficient and an effective way to control weeds. This approach is suitable for deployment 

in a handheld device treating individual weeds. With further engineering multiple units 

could be deployed in banks as a boom or strip weeder, and still have a low overall energy 

requirement. A simple trial demonstrated that non-target seedlings immediately adjacent 

to treated weeds were not affected by PMS unless physically contacted. 

7.6.4 PMS could be deployed robotically 

The plate electrode I developed is effective and highly energy efficient and requires less 

precise positioning than does a needle of probe electrode. Thus PMS could be delivered 

by an applicator on a robotic arm using, for example, the design adopted by Ecorobotix 

in their solar powered Generation 1 machine, to treat only the targeted weeds and avoid 

impacting the crop plants.  

7.6.5 Effective grounding is essential and readily achieved 

As with any electrical circuit, effective earthing is essential. However an earthing 

electrode can be relatively small, and I showed that a 5 mm diameter aluminium rod was 

effective in outdoor applications especially if the underlying soil was moist. High-energy 

systems pull steel discs through the soil as grounding units, but in lower powered robotic 

system an earthing probe mounted near the treatment electrode would be satisfactory. 
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7.7.1.5 Earth electrode designs for commercial deployment 

I have applied treatments to each plant manually, taking some care to ensure the system 

was well earthed, and checking the earthing probe after each application. The distance 

between the earth electrode and treated plants has, for most of my trials, been relatively 

small although the initial flatweed testing had up to 70 cm separation with no apparent 

reduction in effectiveness.  In the field, especially using mechanical and autonomous 

methods, earthing must be reliable both for effective treatment and for efficient working. 

In the case of weeding in regenerative or conservation agriculture systems with high 

surface residue levels, if the probe does not make good soil contact or gets clogged by 

debris, the system will have poor performance. Research and development need to find 

suitable earthing electrode design options. Further investigation into how far the earth 

electrode can be from treated plants and testing alternative earthing methods to find 

reliable field-ready options is also needed to inform equipment design and operating 

constraints. 

7.7.2 Clarification of mode(s) of action 

While I have identified mechanisms that appear able to explain the symptoms I observed 

when plants were treated using PMS, I did not conduct specific experiments designed to 

confirm or reject my postulated modes of action. Bioimpedance spectroscopy is a 

recommended method for assessing cell membrane permeability/porosity during and after 

treatments are applied. This would help determine if the hypothesis that electroporation 

and loss of intra-cellular fluids is the primary response and cause of cell and tissue death 

is correct. Analysing plants for the presence and levels of ROS including H2O2 or 

cytosolic calcium could help support the postulation that subsequent senescence is the 

result of drought induced PCD. 
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