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Abstract 

An experimental prototype of a backpack-type rechargeable battery-powered air-assisted electrostatic sprayer 
was designed and tested for performance while preserving techno-commercial competence and affordability 
for India’s marginal and small farmer communities. The designed prototype electrostatic sprayer achieved good 
levels of charge induction on the spray particles at various electrode potentials (1 to 12 kV). At a charging electrode 
potential of 9 kV and a nozzle discharge rate of 2 mL  s−1, electrostatically charged spray had a maximum charge 
to mass ratio (CMR) of 1.79 mC  kg−1. The Electric Ducted Fan (EDF) used for high velocity air assistance was capable 
of transporting charged spray droplets onto distant targets such as orchard trees and field crops with a spray throw 
of up to 5 m. The high-pressure atomization method produced fine droplets within a Volume Median Diameter 
(VMD) range of 90 to 100 µm, resulting in better charge induction and wrap-around effect. As the prototype features 
fewer moving mechanical components, reduced total noise and vibrations, it promises operator comfort in the long 
run while requiring less system maintenance. Environmental contamination can be minimized as the large quantity 
of harmful chemicals be prevented from drifting into the soil and nearby waterbodies. The competitive performance 
and lower investment could encourage majority of the Indian famers to upgrade with the developed air assisted 
electrostatic spraying system contributing to agro-socio-economic welfare.
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Introduction
Crops have been vulnerable to variety of pests and dis-
eases from the time they were domesticated, resulting in 
yield losses that frequently threaten the global food secu-
rity. Pre-harvest crop losses due to pests are between 10 
to 28 per cent on a global scale for agricultural produc-
tion (Savary et al. 2019). Pest-related losses to agricultural 
productivity alone were estimated to reach 42.66 million 
USD in India each year (Sushil 2016). Food and Agricul-
ture Organization of the United Nations (FAO) estimates 
that annually up to 40 per cent of global crop production 
is lost to pests. Each year, plant diseases cost the global 

economy over 220 billion USD, and invasive insects at 
least 70 billion USD (IPCC 2021). For agriculture to be 
economically viable, to produce food at a reasonable cost, 
and to ensure an adequate food supply for the world’s 
expanding population, plant protection is a necessity. 
Lack of proper pest and disease management, potential 
crop losses might reach up to 82 per cent (Oerke 2006).

Moreover, overwhelming post-harvest losses have been 
reported from the underdeveloped nations experienc-
ing the worst cases. In addition to the losses, mycotox-
ins – the toxic secondary metabolite produced by fungi, 
can seriously endanger both human and animal health 
(Magan et  al. 2011; Van Der FelsKlerx et  al. 2016). The 
immense harm that pest outbreaks can do is evident 
from historical and contemporary examples.

Recently, the climate change induced pest outbreaks, 
especially of invasive insects have been on the rise in 
many parts of the world (IPCC 2021). One of the major 
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problems being faced in vegetable cultivation is the inva-
sive pest called Neotropical solanum whitefly (Aleuro-
thrixus trachoides), which is spreading fast in South 
India (Sundararaj 2018). The peculiarity of the pest is its 
leaf-underneath habitat on the host crop mainly brinjal, 
chilly and tomato. The conventional application meth-
ods can deposit the pesticide on the top surface of plant 
leaves only and found to be obsolete in controlling inva-
sive pests like whitefly (Latheef et  al. 2008). Whereas 
the electrostatic spray technique is well known for its 
wrap-around effect which could effectively deposit the 
pesticide spray on the upper as well as leaf underneath 
surfaces where the target pest inhabits (Patel et al. 2015). 
It can also improve the deposition efficiency by about 80 
per cent with 50 per cent or lesser spray chemicals. At 
present, a number of electrostatic spraying systems are 
commercially available worldwide and mainly manufac-
tured by United States (ESS®-MaxCharge™), Italy (Mar-
tignani Inc.) and China (Henan Yugong Machinery Pvt. 
Ltd.) based firms. However, the marginal farmer com-
munity in India is reluctant to own such a technologically 
advanced plant protection equipment, even though being 
effective, due to their high costs.

Lin et al. (2023) reported that, the traditional spraying 
technology is ineffective for agricultural plant protection 
in small plots due to its poor droplet refining ability, short 
spraying area, high pesticide consumption, and high 
manual spraying cost. Spraying pesticides is currently the 
primary method of preventing crop diseases and insect 
pests from spreading. The integration of an agricultural 
plant protection vehicle with electrostatic spray technol-
ogy could solve spraying efficiency, droplet adsorption 
rate, and evenness issues. Improving the effectiveness of 
plant protection and pesticide application is critical.

An attempt was made to address and fulfill this techno-
economic gap with a holistic approach and this paper is 
a result of an exhaustive process of design and develop-
ment of an affordable backpack type battery powered air 
assisted electrostatic induction sprayer for agricultural 
applications.

Materials and methods
Design considerations for the development of electrostatic 
induction spray charging system
The method of electrostatic induction spray charg-
ing was adopted for this study by considering its known 
advantages over other charging methods such as high 
charge transferability, less hazardous to life and sim-
plicity in construction (Law 1975; Lane and Law 1982). 
The airborne particles those can be significantly guided 
by dielectrophoretic forces of spatially divergent fields, 

necessarily should have the essential condition for elec-
trical force management is,

where,  Fp is the electrical force (N) experienced by an 
individual particulate,  qp is the net unipolar charge (C) 
on the particulate, and E is the electric-potential gradient 
(V  m−1) existing at the location of the particle formation 
zone. This driving electric field may commonly result 
from: (a) conveniently positioned high-voltage elec-
trodes; (b) induced image charges in nearby grounded 
boundaries; and from (c) electric space-charge fields gen-
erated by nearby airborne assemblies of other charged 
particles, including the charged cloud in which the indi-
vidual charged particulate resides.

Criteria for introducing an electric field to liquid droplets
In theory, the level of droplet charge  (qp) imparted by 
the electrostatic induction process should depend pro-
foundly upon the relative time rate of charge transfer to 
the droplet-formation zone as compared with the time 
required for droplet formation.

In terms of the liquid’s dielectric constant (κ), per-
mittivity of air (ε0) and resistivity (ϱ), the time constant 
becomes,

(For water κ = 76.546 F   m−1 at 30ºC, for air 
ε0 = 8.85 ×  10–12  C2·N−1  m−2 and ϱ = 2 ×  102 Ω m).

Theoretically, a spray liquid having charge transfer time 
constant (τ) is less than the length of time tf (s) which 
characterizes droplet formation, should be compat-
ible with the electrostatic induction charging process. 
Whereas, the liquids having τ > tf could not satisfactorily 
be charged by the method of electrostatic induction (Law 
1975).

The generalized schematics of electrostatic induction 
charger as shown in Fig. 3a illustrates geometric arrange-
ment of components, for which the characteristic expres-
sion for droplet-formation time is,

where, lc (m) is the horizontal length of liquid sheet cylin-
droid and v is the velocity of flow (m·s−1). At operating 
pressure of 6 kg  cm−2, nozzle orifice diameter of 0.5 mm 
and measured discharge rate (Q) of 2 mL  s−1, velocity of 
flow (v) was found to be 10.19 m  s−1. Therefore, the char-
acteristic droplet formation time or phase transition time 
was calculated as,

(1)Fp = qp · E

(2)
τ = κ × ε0 × ̺ = 76.546× 8.85× 10

−12

× 2× 10
2
= 1.3548× 10

−7
s

(3)tf =
lc

v
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Therefore, the essential theoretical requirement to 
impart the unipolar charge on liquid particulates by elec-
trostatic induction, τ <  < tf was satisfied.

Prediction of spray cloud current
For τ <  <  tf the electrostatic induction charging system as 
illustrated in Fig. 1 could be approximated by two coaxial 
conducting cylinders in order to predict the electric field 
strength at the droplet formation zone, the charge den-
sity on the liquid sheet surface and the total droplet cur-
rent. The electric field intensity (Ej) just off the surface of 
the liquid sheet cylindroid of radius rc (m) where droplet 
formation commenced. This could be approached as a 
function of outer cylinder (charging electrode) radius re 
(m) and applied potential difference V by the field equa-
tion for concentric conducting cylinders of infinite length 
(Law 1975) as,

By Gauss’ law the free surface charge density ρs (C  m−2) 
on the liquid sheet cylindroid would be,

Thus, the expected spray-cloud current ic (A) carried 
by the charged liquid would be,

In terms of the applied charging voltage (V) and the 
liquid flow velocity (v) (m   s−1) this prediction equation 
for spray-cloud current becomes,

(4)tf =
1.2× 10

−2

10.19
= 1.1776× 10

−3s

(5)Ej =
V

rcln(
re
rc
)
V ·m−1

(6)ρs = ε0 × EjC ·m−2

(7)ic = 2πrc · ̺s · ν

From the observed Volume Median Diameter (VMD 
or  DV50), the droplet charge could be predicted theo-
retically by,

From the value of  DV50, volume  (VDV50) and thereby 
mass  (mp) of the spherical particle could be calculated,

Since, the mass density of water (ρw) is 997  kg   m−3, 
mass of the droplet could be estimated as,

Therefore, charge-to-mass ratio (CMR, mC   kg−1) 
could be predicted by,

Charging efficiency of electrostatic induction charger
Performance of an electrostatic particulate charging 
system in terms of charging efficiency is determined by 
comparison of the imparted particulate charge to the 
maximum theoretical charge limit. For the agricultural 
airborne liquid particles having surface tension values 
(Γ, N  m−1) typical of water (Γ = 71.99 ×  10–3 N  m−1) and 
common pesticides, this limit is influenced by hydrody-
namic instability and rupture of the surface of the drop-
lets due to repulsive force between unipolar charges, 
called Rayleigh limit. Therefore, for any given liquid 
particle a maximum surface charge density value (ρs) 
exists such that the outward expanding electrical force 
(due to repulsive nature of unipolar charges) on the liq-
uid surface is just balanced by the restraining force of 
surface tension. The value of maximum droplet charge 
limit (qmax) could be calculated as,

Charging efficiency of an electrostatic induction 
spray charging system is defined as the percentage of 
maximum droplet charge or CMR achieved. The ratio 
of the charge imparted practically on a droplet to the 
maximum droplet charge or maximum CMR at Ray-
leigh limit is given by the equation:

(8)ic =
2π ·ε0 · V · v

ln(
re
rc
)

(9)qp =

30ε0·rp · V

ln(
2re
rp
)

C

(10)VDV 50 =
4

3
× 3.14 × (rp)

3m3

(11)mp = ρw · VDV 50kg

(12)CMRtheoretical =
qp

mp
mC .kg−1

(13)qmax = 8π
√

ε0 · Ŵ · (rp)
3/2

Fig. 1 Comprehensive electrostatic induction spray charging system
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Spray droplet size and deposition analysis
Deposition characteristics were primarily dependent on 
effective droplet diameter (VMD and NMD). The droplet 
spectra were captured on the water sensitive papers using 
aqueous spray solution and scanned images were then 
analyzed using USDA’s ‘DepositScan’ Program in ImageJ 
image processing computer software. The results from 
the analysis were filtered out in terms of droplet size dis-
tribution  (DV10,  DV50 and  DV90) representing the distri-
bution of the droplet diameters such that the droplets 
with a diameter smaller than  DV10,  DV50 and  DV90, com-
posed 10, 50 and 90 per cent of the total spray volume. 
With the gentle (to minimize impact spreading) blower 
speed of 1.0 m  s−1, spray nozzle was operated with three 
different pressures (4.0, 5.0 and 6.0  kg   cm−2) to deter-
mine the optimum working pressure to produce finer 
droplet spectra. Also, the effect of electrostatic charging 
on droplet size and distribution was accounted and com-
pared with the developed spray system without electro-
static charge.

Uniformity coefficient (UC)
Uniformity coefficient is the ratio of VMD to NMD, a fac-
tor used for indicating the uniformity of the spectra. The 
VMD is affected by relatively few large droplets whereas 
the NMD is more influenced by small droplets. The more 
uniform the spray spectra, the closer the ratio of VMD 
and NMD approaches to unity.

(14)

Chargingefficiency(%) =
CMRAchieved

CMRRayleigh limit
× 100

(15)UC =

VMD

NMD

Relative span (RS)
Relative span refers to a spray quality indicator deter-
mined by subtracting the  DV10 value from the  DV90 value 
and dividing by the  DV50. The numerical value of RS 
describes the width of the particle size distribution curve 
plotted against the frequency of occurrence. The smaller 
RS, lesser is the variation between the sizes of the drop-
lets in the spray spectrum.

Results and discussion
The salient results of the investigations taken up to 
develop an electrostatic induction charging system and a 
liquid atomizer compatible to a DC power to aid electro-
static spraying is elucidated in this section. The results of 
the laboratory experiments conducted during the devel-
opment of this battery-operated electrostatic spraying 
system are also discussed here. An electrostatic spray 
charging unit (ESCU) was developed based on electrical 
design principles and had a variable high voltage power 
module, a hydraulic atomization system and a blower for 
the high velocity air assistance main components (Fig. 2).

Electrostatic induction spray charger
The nozzle employed in the system produced infini-
tesimally small free jet length just off the nozzle orifice 
(0.5  mm) and observed to be instantaneously diverg-
ing into a hollow cylindroid liquid sheet. The length of 
the cylindroid liquid sheet at the operating pressure 
6  kg·cm−2 was observed to be 12  mm, measured hori-
zontally from the centre of nozzle orifice. The diameter 
at the terminal point of the cylindroid was measured to 
be 10 mm, thereafter liquid sheet commenced to breakup 
into ligaments and consequently into tiny droplets due 

(16)RS =

DV90−DV10

DV50

Fig. 2 Conceptual design of handheld electrostatic spray gun
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to hydrodynamic instability. The nozzle discharge (Q) 
measured using graduated measuring cylinder and cor-
responding velocity of flow (v), was found out as 2 mL  s−1 
and 10.19  m   s−1 respectively. The electric field intensity 
(Ej) induced by the charging electrode (re = 27  mm) at 
the liquid sheet cylindroid surface of radius rc = 5  mm 
determined on the basis of generalized coaxial conduc-
tive cylindrical capacitor geometry, was found to be 
1.0675 ×  106 V  m−1.

The major requirement in liquid particulate charg-
ing by induction method was τ < tf and for the devel-
oped induction charger system, transfer time constant 
(τ = 1.3548 ×  10–7  s) was found to be much lesser than 
droplet formation time (tf = 1.1776 ×  10–3  s). This ena-
bled the electrostatic induction spray charging system 
to induce a substantial image charge on the liquid spray 
particulates emerging through droplet formation zone 
successfully. The free surface charge density (ρs) on the 
liquid sheet cylindroid due to induced static electricity 
was found to be 9.4473 ×  10–6 C   m−2 and the analogous 
spray-cloud current ic (A) carried by the charged liquid 
was mathematically predicted to be 3.0228 µA. Another 
prediction on the basis of applied charging potential 
(+ 9 kV) and the liquid flow velocity (10.19 m  s−1) led the 
spray cloud current to the value of 3.0224 µA (Fig. 2).

Variable high voltage power supply
A dc-dc high voltage generator module consisting Power 
MOSFET (IRFZ44N) driver circuit, Pulse Width Modula-
tor (PWM) and Line Output Transformer (LOPT or fly-
back) was developed to output variable high voltage up to 
12 kV DC with standard 18,650 rechargeable Lithium-ion 

battery pack (3.7  V DC, 12,000 mAh) (Dwivedi and 
Daigavane 2011; Choi et al. 2016). High voltage polymer 
capacitors (2  kV DC, 10 nF) in series were connected 
across the output high tension terminals of the LOPT 
as a filter the ripple and to handle the accidental loading 
(Sharma et al. 2015; Waluyo et al. 2015; Patel et al. 2014; 
Petersen 1989).

High voltage electrode assembly
The high voltage charging ring electrode (5  mm thick-
ness, 54  mm diameter, material—copper) was housed 
inside an external groove on a cylindrical sleeve fabri-
cated using cast nylon material (Fig. 3). The outer diame-
ter of the electrode carrier sleeve was 73 mm and a gentle 
gradient was given to the internal surface of the sleeve 
using taper turning. The converging gradient to the inner 
surface was provided to increase the air velocity at point 
where charging electrode and droplet formation zone 
were located. This ensured that electrode carrier assem-
bly would not retain the tiny droplets due to electrostatic 
attraction and free of resultant short circuit between 
nozzle and charging electrode.

The intake side of the electrode carrier was having 
internal diameter of 70  mm and 51  mm on exit side. 
The cast nylon material with a dielectric strength of 
19.7 kV·mm−1 exhibited necessary electrical insulation.

Since, the electrode carrier sleeve was designed 
and fabricated to fit inside the air blower conduit 
made of PVC (wall thickness = 2.5  mm, dielectric 
strength = 14 kV·mm−1), the high potential electrode was 
thus insulated from all the sides. This electrically secured 
geometry was meant to avoid accidental human contact 

Fig. 3 Constructional details of electrode carrier sleeve (all dimensions are in mm)
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with the high voltage electrode and corrosion of the elec-
trode material due to chemical action and environmental 
impact.

Atomization and nozzle characteristics
The spay nozzle was operated at different pressures (4, 
5 and 6 kg  cm−2) using dual channel differential valve to 
observe the spray droplet spectrum. The range of drop-
let size (VMD = 90 to 100  µm) observed at 6  kg   cm−2 
was finest possible as compared to droplet size observed 
at 4  kg   cm−2 (170 to 180  µm) and 5  kg   cm−2 (135 to 
155  µm). The droplet spectrum obtained at 6  kg·cm−2 
operating pressure was the only sub-100  µm facilitating 
better spray chargeability longer terminal time (Alme-
kinders 1992). Hence, the hydraulic nozzle was assessed 
for the spray characteristics. The cone angle was found to 
be 60º at operating pressure of 6 kg  cm−2 with the spray 
swath measured to be 650  mm, when nozzle was oper-
ated vertically downwards at an elevation of 700  mm 
above the flat surface. The volumetric discharge of the 
selected spray nozzle was measured to be 2 mL  s−1.

High speed air blower unit
An Electric Ducted Fan (EDF) was selected as the main 
component to develop the high-speed air blower. The 
internal diameter of the ducted fan was 70 mm with 12 
blades mounted on DC synchronous permanent magnet 
motor with KV1850 rpm rating. The motor was driven 
by the Universal Battery Eliminator Circuit (UBEC) inte-
grated with Electronic Speed Controller (ESC) which 
could be operated with 7.5 to 25 V DC power supply. The 
maximum air discharge from the EDF at full throttle was 
recorded as 0.088  m3   s−1 with an air delivery speed of 
23 m  s−1.

Light weight backpack assembly
In order to keep the overall weight of the sprayer as low 
as possible, a compact backpack frame was fabricated 
using 25 mm CPVC tubes with three horizontal compart-
ments. The compartments were made using PVC board 
of 3  mm thickness. The lower compartment accommo-
dated the battery, diaphragm pump and the pressure con-
trol system.

The developed battery powered electrostatic sprayer 
comprised of two units viz. handheld electrostatic spray 
gun and backpack assembly. The spray nozzle, embed-
ded charging electrode assembly, EDF and the handle 
grip were the components of developed handheld elec-
trostatic spray gun. While, the backpack assembly com-
prised of the spray solution tank, HVDC power supply, 
battery, diaphragm pump, control valve and the pressure 
gauge. The developed prototype weighed about 10  kg 
(dry weight). The various components of the developed 

battery powered backpack type electrostatic sprayer are 
described Fig. 4.

Analysis of spray droplet spectrum
The volumetric distribution of the spray droplet spec-
trum revealed that volume median diameter (VMD or 
 DV50) of the spray was 91  µm, while  DV10 = 60  µm and 
 DV90 = 116 µm as illustrated in Fig. 5. Also, the number 
median diameter was (NMD) found to be 67 µm, which 
was when related to the VMD, resulted in the uniformity 
coefficient (UC) of 0.73. Also, the relative span (RS) of the 
spray spectrum was found to be 0.61.

The spray droplet spectrum was analyzed for the fre-
quency distribution for individual class and cumulative 
frequency as illustrated in Fig.  6. The maximum fre-
quency was observed for the droplet size class of 61 to 
70 µm, followed by class of 51 to 60 µm. The droplet size 
ranging between 51 to 80 µm covered the 2/3rd portion 
of the frequency distribution, whilst the range of droplet 
size 81 to 120 µm contributed only 1/3rd to the total dis-
tribution (Fritz et al. 2009; Jaworek et al. 2009).

Measurement of spray cloud current
The developed electrostatic induction spray charging sys-
tem was assessed for its effective spray chargeability with 
respect to different levels of charging electrode potentials 
and assisting air velocity at constant nozzle discharge.

Calculation of charge to mass ratio (CMR)
The observed Volume Median Diameter (VMD or  DV50) 
was 91 µm and the charge carried by a droplet  (qp) could 
be predicted theoretically as 1.539 ×  10–11 C. The ratio of 
droplet charge and mass of the droplet gave the theoreti-
cal CMR to the value of 42.90 mC  kg−1.

However, the threshold value of CMR that could be 
attained practically given by Rayleigh limit  (qmax) was 
found to be 15.56 mC   kg−1, by considering the agricul-
tural airborne liquid particles having surface tension 
71.99 ×  10–3 N   m−1 and permittivity of air 8.85 ×  10–12 
 C2  N−1  m−2 at 30ºC.

Spray charging capacity of the developed electrostatic spray 
charger
Spray cloud current measurement was essential to vali-
date and quantify the performance of the developed 
spray charging system. In the laboratory experimen-
tal setup, the spray cloud current was measured using 
charge collector device coupled with digital multimeter, 
which was recorded to the maximum value of 3.3 µA at 
charging electrode potential of 9 kV. The charge to mass 
ratio was determined by taking ratio of the measured 
constant spray cloud current (2.5 µA) and the collected 
mass of spray liquid with respect to time (1.4  mL   s−1). 
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Fig. 4 CAD of developed electrostatic sprayer

Fig. 5 Volumetric distribution of spray droplet spectrum
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The maximum CMR level practically achieved was 1.79 
mC  kg−1, similar to the spray chargeability reported (2.35 
mC  kg−1) by Yu et al. (2011) and (0.37 mC  kg−1) Mamidi 
et al., (2012) respectively.

Effect of charging electrode potential on CMR
The spray cloud current and in turn the CMR was 
observed to be increasing from 0.46 to 1.79 mC  kg−1 with 
increase in electrode potential from 1 to 9  kV respec-
tively at an air velocity of 10  m   s−1. However, further 
increment in the electrode potential from 9 to 12  kV 
resulted in abrupt fall in the CMR value from 1.79 to 0.61 
mC   kg−1. This could be the result of reverse ionization 
and wetting of electrostatic spray gun due to excessive 
electrode potential (Bode and Bowen 1991; Alamuhanna 
and Maghirang 2010).

The trajectory of emerging spray particles might have 
been so influenced due to excessive electrode poten-
tial that they were been driven back towards the elec-
trode. The deposition of tiny spray liquid particles onto 
the charging electrode assembly hindered the process of 
electrostatic charge induction which in turn could be the 
cause of abrupt decline in the CMR beyond the electrode 
potential of 9 kV.

The results obtained from the experimental data were 
statistically analyzed and reported in terms of analysis 
of variance (ANOVA) using R-studio, an open-source 
computer environment based on R-language and 

Tukey-HSD (Honestly Significant Difference) test was 
conducted for comparison of means.

Statistical analysis (Table 1) revealed that, the devel-
oped electrostatic spray charging system generated 
maximum CMR of 1.79 mC  kg−1 at 9 kV which was sig-
nificantly superior to all other electrode potential levels 
followed by 8 kV and 7 kV and vice versa.

Fig. 6 Frequency distribution of spray droplet spectrum

Table 1 Tukey-HSD test for effect of electrode potential on CMR

Significance level, ɑ = 0.05; The superscripts (a to f ) are designated in alphabetic 
series according to the similarity/dissimilarity between Mean CMR values and 
thereby exhibiting quantitative distinctions

Sl. No Electrode potential, kV Mean 
CMR, 
mC  kg−1

1 V9 1.79a

2 V8 1.61b

3 V7 1.57c

4 V6 1.50 cd

5 V10 1.43 cd

6 V5 1.28de

7 V11 1.28de

8 V4 1.07e

9 V3 0.71f

10 V12 0.61f

11 V2 0.61f

12 V1 0.46f
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Effect of assisting air velocity on CMR
The spray assisting air velocity was observed to be 
influencing the spray chargeability of the electrostatic 
induction charger (Celen et  al. 2009). The CMR value 
of charged spray followed the increasing trend with the 
increase in the assisting air velocity. The CMR of the 
charged spray at optimum charging potential (9  kV) 
increased respectively as 1.15 mC   kg−1, 1.54 mC   kg−1 
and 1.79 mC   kg−1 with respect to the air assistance 
velocity of 5 m  s−1, 7.5 m  s−1 and 10 m  s−1.

The gradual improvement in the CMR value at a con-
stant electrode potential and incremental air velocity 
might have expedited the spray particles to escape swiftly 
through the strong electrostatic field inside the spray 
charging gun (Maynagh et al. 2009; Robson et al. 2013). 
This could be the reason behind enhanced spray charge-
ability without excessive wetting of charging electrode.

Charging efficiency of the developed electrostatic spray 
charger
The charging efficiency of the developed electrostatic 
induction spray charging system at maximum CMR of 
1.79 mC   kg−1 observed in terms of percentage of Ray-
leigh charge limit (15.91 mC  kg−1) achieved was found 
to be 11.25 per cent at electrode potential of 9 kV.

Deposition characteristics
Adaxial and abaxial deposition
The image processing analysis revealed that, there was 
approximately three-fold increase in the spray depos-
its per square centimetre of average leaf top surface 
area with electrostatically charged spray (327 deposits 
 cm−2) compared to conventional knapsack sprayer (102 
deposits  cm−2). The existence of prominent electrostatic 
wrap-around effect was observed validated the suc-
cessful charge induction on spray droplets (Gaunt et  al. 
2003; Antuniassi et al. 2011; Zhou et. al. 2024). When the 
charging system was activated, a good extent of deposi-
tion on the underneath leaf surface was observed (Figs. 7 
and 8). The average droplet population on the surface was 
observed to be 250 droplets per  cm2. In both the cases of 
developed spraying system without electrostatic charging 
and conventional manually operated knapsack sprayer, 
no deposition on abaxial leaf surface was observed. The 
conventional sprayer executed excess deposition on 
adaxial leaf surface which caused undesirable dripping of 
applied spray solution.

Deposition efficiency
The spray deposit distribution of electrostatic spray was 
accounted in terms of percentage of total spray volume 
applied as 50.62 per cent on-target, 10.09 per cent on 
ground and 39.27 per cent in the form drift compared to 

Fig. 7 Adaxial deposition (a) Electrostatic, (b) Uncharged and (c) Conventional spray
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the conventional knapsack sprayer with corresponding 
percentage distribution as 28.20, 34.81 and 36.97 per cent 
respectively (Fig. 9).

It was clearly observed that the electrostatic spray 
charging improved the on-target deposition by 1.8 times 
than that of conventional spraying (Law and Scherm 

Fig. 8 Abaxial deposition (a) Electrostatic, (b) Uncharged and (c) Conventional spray

Fig. 9 Comparison of applied spray volume distribution
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2005; Law and Cooper 1988). However, the developed 
spraying system without electrostatic charge resulted 
in the excess ground (15.41%) and drift (56.40%) losses 
resulted in on-target deposition of 28.19%. The excess 
off-target movement of applied spray volume might have 
occurred due to finer droplet spectra which was vulner-
able to wind drift in absence of directorial electrostatic 
force (Esehaghbeygi et al. 2010).

Effect of canopy location on spray deposition
Approximately three-fold increment in upper canopy 
deposition was observed with electrostatically charged 
spray particles (350 deposits  cm−2) as compared to con-
ventional spraying method (100 deposits  cm−2). Similar 
trend was observed in the cases of middle and lower can-
opy depositions (Appah et al. 2019; Barbosa et al. 2009). 
However, the abaxial leaf surface deposition in case of 
charged spray was found to be decremented when ana-
lyzed for upper (300—350 deposits  cm−2), middle (200—
250 deposits  cm−2) and lower canopy (50—100 deposits 
 cm−2) leaves respectively.

Leaf area index (LAI)
The average Total Leaf Area per Plant (TLAP) and cor-
responding Plant Canopy Area (PCA) were measured 
using EasyLeaft image analysis software. These values 
were found to be 6425.45  cm2 (Fig. 10) and 3894.21  cm2 

(Fig.  11) respectively. The average leaf area index (LAI) 
was observed to be 1.65 for brinjal crop and sprayer was 
calibrated to cover the 1  ha of the crop with 150 L of 
spray solution on the basis of existing practice of apply-
ing spray solution at the rate of 500 L   ha−1. Moreover, 
the computer-based image analysis process provided a 
non-destructive method to measure TLAP and PCA. 
The assessment revealed that the developed electrostatic 
spraying reduced the water requirement for spraying per 
unit area by 1/3rd, which could save tremendous amount 
of water being utilized in conventional methods of agri-
cultural spraying. 

Pesticide residue analysis
The fruit and leaf samples from the treated plants were 
collected on zeroth, third, fifth and seventh day of spray 
application. The standard method of chemical extraction 
was followed in order to determine the pesticide residues 
in the plant body using GC-ECD Gas Chromatograph – 
Electron Capture Detector (Agilent Technologies). The 
results were compared between the above spray treat-
ments to quantify the field performance of the developed 
spraying system.

The results obtained from GC-ECD technique 
shown that, in spite of large spray volume (500 L  ha−1 
@ 1.5 mL  L−1) was being used to cover the crop cano-
pies using conventional sprayer, the average content 

Fig. 10 Image analysis for measurement of individual leaf area using EasyLeaf software
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of active ingredient (47.37 ng µL−1) found in the plant 
body samples was much lesser than that of achieved 
using electrostatic spraying (147.63  ng·µL−1) with the 
same dose of active ingredient per hectare (150 L  ha−1 
@ 5 mL  L−1).

There was nearly about three-fold increase observed 
in the active ingredient (pesticide residue) present in 
the plant body on the day of spray application (Mishra 
et  al. 2014; Tong-Xian et  al. 2004). Even with the 
reduced dosage of active ingredient (3 mL  L−1), devel-
oped electrostatic spraying resulted in 44.38 per cent 
increase of pesticide residue in the samples compared 
to conventional spraying method (Luciana and Cra-
mariuc 2009; Asano 1999).

In the case of conventional spraying, GC-ECD analy-
sis of the plant body samples collected on subsequent 
days shown that gradual reduction in the pesticide 
residue reached to null point on 5th day after spray 
application. On the other hand, electrostatic spraying 
had shown 44.53 ng µL−1 and 16.93 ng µL−1 pesticide 
residues on 5th and 7th day respectively.

The longer residence of pesticide residue on the tar-
get plant could help the electrostatic spraying treat-
ment to control the pest activity superior over the 
conventional spraying method (Salcedo et al. 2023; Gil 
et al. 2011). Figure 12 illustrates the residual pesticide 
content observed for different spray treatments viz. 
 T1—Conventional high-volume sprayer (1.5  mL   L−1) 
500 L   ha−1,  T2—Electrostatic sprayer (5  mL   L−1) 150 
L   ha−1,  T3—Non-electrostatic sprayer (5  mL   L−1) 
150 L   ha−1,  T4—Electrostatic sprayer (3  mL   L−1) 150 
L   ha−1 and  T5—Non-electrostatic sprayer (3  mL   L−1) 
150 L·ha−1.

Conclusions
The introduction of electrically charged sprays in agri-
cultural application has become inevitable for superior 
control on droplet transference with reduced drift and 
increased application efficiency with lesser spray chemi-
cal expenditure. This study on development of fully elec-
tric backpack type electrostatic spraying system could 
be a step forward in the area of indigenously developed 
modern plant protection equipment. The specific conclu-
sions derived from the study were,

• The maximum CMR value (1.79 mC   kg−1) was 
observed at 9  kV charging electrode potential with 
an air assistance velocity of 10  m   s−1 and nozzle 
discharge of 2  mL   s−1 with the charging efficiency 
of 11.25 per cent of Rayleigh’s charge limit (15.91 
mC  kg−1).

• The number median diameter was (NMD) found 
to be 67  µm, which was when related to the VMD, 
resulted in the uniformity coefficient  (UC) of 0.73 and 
the relative span  (RS) of the spray spectrum of 0.61.

• There was approximately three-fold increment in 
overall canopy deposition occurred using electro-
statically charged spray particles (350 deposits  cm−2) 
as compared to conventional spraying method (100 
deposits  cm−2). The abaxial leaf surface deposition in 
case of charged spray was found to be decremented 
from upper (300–350 deposits  cm−2), middle (200–
250 deposits  cm−2) to lower canopy (50–100 depos-
its  cm−2) leaves respectively.

• The water requirement for spraying per unit area 
was reduced to less than 1/3rd using electrostatic 

Fig. 11 Image processing of plant canopy area using EasyLeaf software
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spraying compared to conventional methods of 
agricultural spraying.

• The electrostatic spraying technique increased the 
deposition of active ingredient (147.63 ng µL−1) by 
three-fold compared to the conventional sprayer 
(47.37 ng µL−1) with the same dose of active ingre-
dient per hectare.
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