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Abstract

A new electrostatic insect-proof screen (electric dipolar screen) was developed using insulated conductor wire. Copper conductor wire

is encased in a flexible transparent vinyl insulator sleeve and charged with an electrostatic voltage generator. Paired insulated conductor

wires were placed in parallel with 5mm of separation and oppositely charged with 15 kV DC using separate electrostatic voltage

generators. A negatively charged conductor wire polarizes the insulator negatively at the outer surface and positively on the conductor

side, and a positively charged conductor wire polarizes vice versa. A pair of insulated conductor wires with opposite surface charges was

used as an electric dipole. An electric dipole creates an electrostatic force from positive to negative poles. This force was harnessed to trap

whiteflies entering greenhouses. Dipolar wires were attached in parallel to a frame to construct an electric dipolar screen that could be

fitted to greenhouse windows. The screen prevented adult whiteflies from passing through spaces (up to 30mm) between the wires of the

screen, and tomato plants inside remained free of whiteflies throughout the entire 3-week experiment, in contrast to heavy infestation of

all plants in the uncharged area. Thus, the electric dipolar screen is a promising tool to physically exclude flying whiteflies from

greenhouses.

r 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The whitefly Bemisia tabaci (biotype B) is a major pest in
tomato cultivation (Perring, 2001). The greatest economic
threat is due to the transmission of damaging plant viruses,
primarily the Geminiviruses (Cohen and Berlinger, 1986;
Oliveira et al., 2001). Whitefly has been difficult to control
with insecticides because it feeds and oviposits mainly on
the abaxial leaf surfaces (Sharaf, 1986), and because it has
developed resistance to most classes of insecticides applied

for its control (Prabhaker et al., 1985; Palumbo et al., 2001;
Horowitz et al., 2004; Nauen and Denholm, 2005).
Physical methods could provide an alternative means of
managing the pest, since they would be compatible with
other components of integrated pest management, have
little impact on the environment and reduce pesticide use,
thus slowing the development of insecticide resistance
(Weintraub and Berlinger, 2004).
Also, in Japan a viral disease caused by tomato yellow

leaf curl virus is vectored by B. tabaci and is a major cause
of loss of tomato crops grown in greenhouses nationwide
(Ueda and Brow, 2006). To minimize whitefly entry to
greenhouses, insect-excluding woven screens with a fine
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mesh size have been extensively employed, but the
disadvantage of screening is a reduction in ventilation that
causes overheating and an increase in relative humidity.
To solve this problem, we used an electrostatic spore
precipitator, which had been developed to control tomato
powdery mildew (Matsuda et al., 2006). This device is so
effective in attracting air-borne conidia from the air
that tomato plants guarded by the spore precipitator
remain uninfected (Matsuda et al., 2006). Despite the
success of an electric field in pathogen control, a
preliminary attempt to utilize this device for pest control
was unsuccessful, because the electrostatic force of the
spore precipitator was insufficient to maintain a hold on
trapped whitefly adults.

Electric field lines in an electric field are formed between
opposite charges (electric dipole) with equal magnitude
(Griffith, 2004; Halliday et al., 2005), and are defined as an
electric line of force that moves a positively charged
particle toward a negative pole (Griffith, 2004; Halliday
et al., 2005). In the present study, improvements are made
in this force to attract and entrap flying whiteflies.
Our general approach is to create electric field lines
between insulated conductor wires (ICWs) with opposite
surface charges. In our device, the conductor wire
insulating material is dielectrically polarized when the
conductor is charged (Matsuda et al., 2006). This type
of insulator effectively creates an electrostatic attractive
force without discharge (Moriura et al., 2006a, b) and
is therefore applicable to the formation of an electric
dipole. In this paper, we describe the development and
feasibility of using this new type of pest exclusion, using an
electric dipolar screen to exclude the whiteflies from
greenhouses.

2. Methods

2.1. Plant and hydroponic culture

Tomato (Lycopersicon esculentum Mill cv. Moneymaker)
was used in the present study. Tomato plants were
hydroponically cultured under greenhouse conditions
(Nonomura et al., 2001). Germinated seeds of Money-
maker were placed in polyurethane sponge supports
(3� 3� 3 cm3) soaked in a culture solution and grown in
a nursery greenhouse (2674 1C) for 3 weeks. Seedlings
were transferred to culture troughs (0.9� 3.0m2) in a
propagation greenhouse (not temperature controlled) and
cultured for another week. Thirty seedlings (15 plants per
row in 2 rows) were grown in each culture trough. During
the experiment, the culture solution (100L) was circulated
with a flow rate of 2 L/min with constant regulation of pH
6.0–6.5 and electrical conductivity (1.2mS/cm).

2.2. Insect pest

Whitefly adults (B. tabaci Gennadius, type B) were
originally collected from greenhouse-grown tomatoes in

Chiba Prefecture and maintained at the National Institute
of Vegetable and Tea Science, Mie, Japan. For experi-
ments, the whiteflies were reared on tomato plants in a
temperature-controlled greenhouse (2672 1C, 35–45%
RH) at Kinki University. Male and female adults multi-
plied on tomato plants were collected using an insect
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Fig. 1. Schematic representation of an electric dipole with oppositely

charged insulated conductor wires (ICWs). (A) A copper wire (conductor)

covered with a transparent vinyl sleeve (insulator). The insulated

conductor wire was linked to an electrostatic voltage generator and

negatively or positively charged with 15 kV DC. (B) A pair of oppositely

charged ICWs used for an electric dipole. A negatively charged conductor

wire polarizes an insulator sleeve negatively on the outer side and

positively on the side of the conductor wire (upper), and a positively

charged copper wire polarizes a sleeve vice versa (lower). The dipole

distance between ICWs was fixed at 5mm. (C) Possible mode of insect

trapping by an electric dipole. Oppositely charged ICWs create a uniform

electric field between them, and theoretical electric field lines were drawn

from p-ICW to n-ICW. Dropped insects move to n-ICW along these lines.
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aspirator (Wildlife Supply, NY, USA) and released onto
test plants for infestation.

2.3. Electric dipole

A copper conductor wire (2-mm diameter, 1.5-m length)
was passed through a transparent insulator vinyl sleeve (1-
mm thickness) to make an ICW (Fig. 1A). The ICW was
linked to a connector terminal of an electrostatic voltage
generator and negatively or positively charged with 15 kV
DC (highest effective voltage). A charged conductor wire
dielectrically polarizes an insulator sleeve; a negatively
charged conductor wire polarizes the sleeve negatively on
the outer surface and positively on the inner conductor
wire surface (n-ICW), and a positively charged conductor
wire polarizes the insulator vice versa (p-ICW) (Fig. 1B). A
pair of ICWs with opposite and equal surface charges was
used to make an electric dipole. In a uniform electric field
between dipoles, electric lines of force (electric field lines)
are formed from a positive to negative pole, creating a
motive force for charged objects within the field (Fig. 1C),
depending on the distance between poles and the voltage
applied to the poles (Griffith, 2004; Halliday et al., 2005).
B. tabaci adults have a net overall positive surface charge in
this field.

Attraction of whitefly adults was examined using dipolar
ICWs. In this experiment, two ICWs were vertically or
horizontally placed at a distance of 5mm and oppositely
charged with two separate voltage generators (Fig. 2).
Whitefly adults, reared at 10 1C for 10 h for cold paralysis,
were dropped from the cut end (0.5-mm tip diameter) of an
Eppendorf tube placed 1 cm from p-ICM or n-ICM, and
their passive motion to the ICW was tracked. All
experiments were conducted in a chamber controlled at
10 1C to keep the whiteflies alive but inert, which is useful
for tracing a whitefly’s trajectory because it removes
variables introduced by flight or other motions. Ten
whiteflies were used for each experiment, and experiments
were repeated five times.

2.4. Whitefly attraction with an electric dipolar screen

ICW pairs were arrayed in parallel to form an electric
field line barrier plane. In this system, n-ICWs were
oriented toward the outside to attract the whiteflies
(Fig. 3A). Between 25 and 108 ICW pairs were attached
to a rectangular frame (1� 1.5m2) to test electric dipolar
screens with different wire spaces (Fig. 3B). This screen was
attached to one face of a box frame (1.0� 1.5�
1.5m3), where the opposite face was open, and other faces
were shielded with a transparent acrylic plate. A sticky
yellow trap plate (25� 40 cm2) (Bug-Scan, Biobest,
Westerlo, Belgium) was suspended from the ceiling of the
box frame. Inside and outside ICWs were oppositely
charged with 15 kV DC using positive and negative voltage
generators, respectively. Tomato plants were infested with
a total of 50 male and female whitefly adults, and 1 month
later a tomato plant bearing 150–200 adult whiteflies was
placed 1m from the electric dipolar screen. Whiteflies were
blown from the plant toward the screen (1.0m/s at the
plant) by a mechanical fan placed 40 cm from the plants.
After 3 h of continuous blowing, the whiteflies on the trap
plate and screen wires were counted. Non-charged screens
with different spacings were used as controls. Experiments
were repeated five times, and data were given as means and
standard errors.

2.5. Application of an electric dipolar greenhouse screen

Electric dipolar screens were attached to the window
frames of a greenhouse to test their attraction and
exclusion of adult whiteflies. A greenhouse (6� 6m2,
3–5m high) was divided into three parts (L, R1 and R2)
by a window-integrated wall partition, and the electric
dipolar screens were attached to both inside and outside
windows of R1 and R2 (Fig. 4A and B). Other windows
were not furnished with an electric dipolar screen. Sixty
tomato plants were transplanted into hydroponic culture
troughs of L and infested with male and female whitefly
adults (20 whiteflies of each sex per plant). After 1month
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Fig. 2. Trajectories of dropped whiteflies to dipolar ICWs. Adult whiteflies, reared at 10 1C, were dropped at different positions, and their trajectories

from dropping sites to attraction positions were tracked. All whiteflies moved onto the n-ICW of a dipole, irrespective of initial dropping positions (A–C).

Note the movement of whiteflies along electric field lines between dipoles (see Fig. 1C).
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of whitefly release, healthy tomato plants were trans-
planted into culture troughs of R1 and R2. The electric
dipolar screens of R2 were oppositely charged with
15 kVDC (30-mm wire interval), and all windows of the
greenhouse were opened. The number of whiteflies on both
inside screens and plants in R1 and R2 was determined
daily for 3 weeks to monitor the transmigration of
whiteflies multiplying on the infested plants in L. The total
number of whiteflies on plants was determined by
collecting all whiteflies from plants using an insect
aspirator. Data were given as means and standard errors
of three separate experiments.

3. Results

Dipolar ICWs actively attracted and held B. tabaci

adults (Fig. 4C). In a dipole system of oppositely charged
ICWs, the whiteflies remained tightly adhered to the wire
insulation during the electrification. All whiteflies were
dead after the 6 h ICW electrification period. Fig. 2 shows
trajectories of individual whiteflies from a dropping point
to the ICW. The electric dipole attracted adult whiteflies
only to n-ICW, irrespective of where the whiteflies were
dropped (Fig. 2A–C), and moved along the theoretical

trajectories predicted by the electric field lines between
p- and n-ICWs (Fig. 1C). The trajectories of moving
whiteflies were identical for each drop position during all
freefall trials.
Using pairs of oppositely charged ICWs, we cons-

tructed an electric dipolar screen to trap flying or wind-
propelled whiteflies. Spacing between the ICW pairs
was optimized as a distance for effectively preventing
whiteflies from passing through the screen (Table 1).
Almost all of the whiteflies infesting the source plant took
flight, and half of them moved toward the screen under
the 1.0m/s wind conditions. The maximum spacing
between the wires that prevented pass-through to the
sticky trap was 30mm, and spacings at or below 30mm
prevented whiteflies from passing through the gap between
the wires.
To evaluate the practicality of an electric dipolar screen

on a greenhouse scale, source and trap plants were
separated by charged and uncharged screens. Whitefly
adults first appeared on seedlings in the area (R1) with
uncharged screens 2–3 days after a partition was opened
to allow movement of whiteflies from the source plants
(Fig. 5A). It was obvious that uncharged wires and
insulating sleeves themselves do not have an attractive
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Fig. 3. An electric dipolar screen with oppositely charged ICWs for trapping flying insects. (A) Barrier of electric field lines to prevent whiteflies from

passing through spaces between pairs of ICWs. The distance between pairs was changed to determine the optimal spacing that excludes B. tabaci adults.

Inner and outer ICWs were linked with separate electrostatic voltage generators for positive and negative charging, respectively. (B) An electric dipolar

screen attached to a box frame. Pairs of ICWs were attached in parallel to a rectangular frame to make an electric dipolar screen. The screen was then

attached to a face of the frame, where the opposite face was open, and the other faces were shielded with transparent acrylic. A yellow sticky trap (Bug-

Scan) was suspended from the ceiling of the box frame to monitor whiteflies passing through the screen. ICWs were oppositely charged with 15 kV DC,

and whitefly adults were blown from tomato plants toward the screen by an electric fan (1.0m/s). After continuous blowing for 3 h, whiteflies on the sticky

trap and on the ICWs were counted.
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effect. No whiteflies were detected on the wires of the
uncharged electrostatic window screen. Seedlings in the
charged screen area (R2), however, remained free of
whiteflies throughout the experiment (Fig. 5B). By direct

observation of the screen insulation sleeve surfaces, we
confirmed that numerous whiteflies were attracted to the
wire surface and that their number increased during the
experiment of 3 weeks (Fig. 4C).
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Table 1

Optimization of spacing between the pairs of n- and p-ICWs of an electric

dipolar screen

Spacing

(mm)

between

ICW

pairs1

Charge Mean number of whiteflies %

Capture

with the

screen

Moved

toward the

screen

Attracted to

ICW pairs Trap plate

10 Yes 74.4710.8a 74.4710.8a 0a 100a

20 Yes 70.4711.1a 70.4711.1a 0a 100a

30 Yes 73.2711.2a 73.2711.2a 0a 100a

40 Yes 116.6713.7b 72.678.9a 44.078.9b 62.6b

50 Yes 117.6713.1b 70.078.9a 47.678.7b 59.5b

10 No 75.278.2a 3.072.2b 67.0710.8c 4.0c

30 No 75.679.9a 2.672.1b 68.4710.5c 3.4c

50 No 75.6711.7a 1.271.3b 67.2711.8c 1.6c

Data were given as means and standard error of five replications. Different

letters indicate significance (Po0.05) according to Tukey’s method.
1An electric dipolar screen with varying spaces between the ICW pairs

was attached to a box frame and whitefly adults on tomato plants were

blown toward the screen by an electric fan.
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Fig. 4. Greenhouse-scale electric dipolar screen for trapping whiteflies. (A) Floor plan of a greenhouse that was divided into three parts (L, R1 and R2) by

windowed partitions. Electric dipolar screens were attached to windows on both sides of R1 and R2. (B) An electric dipolar screen attached to windows of

a partition. (C) Whiteflies (arrows) attracted to n-ICWs of the screen. Inserted photograph shows adult whiteflies tightly attracted to n-ICW of an electric

dipole.
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oppositely charged ICWs. A greenhouse was divided into three parts
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dipolar screens were attached to the windows on both sides of R1 and R2.

The screens of R2 were oppositely charged with 15 kV DC. Whitefly adults

on the electric dipolar screen (open) and test plants (dark circles) in R1 (A)

and R2 (B) were counted daily for 3 weeks.
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4. Discussion

The present work was designed to describe the structure
and performance of the newly proposed electrostatic insect-
proof screen and the physical principle of operation. The
effective use of this innovative device demonstrates that a
physical barrier can be used to exclude certain pest species,
and as a result presents a safe and environmentally
innocuous alternative to pesticides under greenhouse-scale
conditions. This is particularly important as physical
exclusion methods can result in a reduction in applied
chemical pesticides, which is a highly desirable outcome for
a public with an increasing interest in safe food production,
and because physical barriers do not carry a risk of the
development of resistance.

ICWs can produce a non-uniform electric field around
them when used as a mono-polar charge (Matsuda et al.,
2006). In the highly divergent electric field around ICWs, a
dipole develops on objects that enter this field (Cross,
1987). As a result, the electrostatic force provided by
opposite charges between objects and insulator surfaces
attracts nearby objects. This electrostatic force has been
used to physically trap air-borne powdery mildew conidia
(Matsuda et al., 2006; Moriura et al., 2006b), but was
insufficient to trap flying whiteflies, which have a far
greater momentum. An electric dipole creates a uniform
electric field between opposite poles, where an electrostatic
force is generated along theoretical electric field lines drawn
from a positive to negative pole (Griffith, 2004; Halliday et
al., 2005). The electromotive force produced by oppositely
charged ICWs was sufficient to trap flying whiteflies
entering the greenhouse. Further work will be needed to
determine the optimal conditions for excluding other
insects. It may be possible to calculate the exclusion ability
of a particular dipole screen from an ‘exclusion index’,
determined by the mean weight and maximum velocity of a
flying insect, its ability to generate a surface charge in a
dipole and the strength of the field. Future dipole screens
can thus be designed with particular pests in mind, and
adapted to local conditions.

When the spacing between pairs of oppositely charged
ICWs was optimized, the electric dipolar screen worked
effectively to attract whiteflies that were mechanically
blown off the plants toward the screen. In greenhouse
conditions, insect exclusion in our system was so satisfac-
tory that the screen-guarded plants remained free of
whiteflies throughout the entire experiment. Plants in the
guarded area were continuously exposed to wind with a
velocity of 1.0m/s from an electric fan, which is greater
than the air stream (0.4–0.8m/s) produced by the green-
house ventilator. This result suggests that the electric
dipolar screen can be used to trap whiteflies in a well-
ventilated greenhouse.

A 30-mm spacing between the ICW pairs was effective
under the highest practical voltage, and completely
prevented whiteflies from passing through the spaces
between the wires. This interval is much larger than the

50-mesh, 0.2–0.3-mm intervals of insect-proof nets that are
used conventionally to prevent the entry of tobacco
whiteflies (Teitel et al., 1999; Weintraub and Berlinger,
2004). The use of such fine-mesh nets inhibits the levels
of ventilation required to control temperature and humid-
ity in greenhouses, especially during the summer season
(Molina-Aiz et al., 2005). An electric dipolar screen would
thus greatly improve greenhouse conditions with a
high efficacy of plant protection from insect pests and
diseases.
The electric dipolar screen described in this study is easy

to construct, and therefore mass production of the screen is
possible on a commercial scale, and using cheaper
insulating materials can further reduce the cost. We used
a transparent insulator as a shield to minimize shading by
the electrostatic window screen, but other insulator-
shielded conductors are available. Non-insulated, electri-
fied conductors also produce an electrostatic force but can
create a negative charge through spark discharge. In the
electric dipolar screen presented here, the wire conductor
was shielded with an insulator cover to prevent spark
discharge by the electrified conductor. There is no negative
charge flow generated during operation of the electric
dipolar screen, suggesting that the screen operates without
significant energy loss except for the electricity required to
operate the voltage generators. A rough calculation
indicated an additional use of 1.2 kWh per month, or
about 30 f, with all 30 lateral-side windows of our standard
greenhouse (7.2� 20m2) which were furnished with screens
sized to the window frame (1.2� 1m2) (data not shown).
The windows of a greenhouse are the most important
sites for the electrostatic device. The electric dipolar screen
can be automatically operated at the time of window
opening and be stopped at least 6 h after window closing.
This approach would be useful not only for insect
exclusion, but also to reduce operating costs and to
increase the lifespan of the electric dipolar screen. An
electric dipolar screen is currently being developed for
practical application. The shape and size of the screen will
be modified to make the device more amenable to common
sites of attachment.
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