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ABSTRACT

Effective pollination is crucial for the production of crops, but a number of issues, including
incongruous flowering periods, unfavourable weather, and a growing dependence on insect pollinators,
are interfering with natural pollination processes in both insect and wind-based systems. The global
decline of natural pollinators, exacerbated by climate change, habitat loss, and pesticide use, has
increased the demand for alternative pollination methods in agriculture. Although greenhouses
provide regulated growth conditions, they also provide unique challenges that impede conventional
pollination methods. Robotic pollination appears to be a promising solution, with high precision and
efficiency. In challenging pollination settings, robotic-based pollination systems have demonstrated
promise as a means of guaranteeing sufficient crop yield. Alternate pollination techniques for crop
production are becoming more popular as a result of weather change and persistent threats to
conventional pollination machine. Artificial pollination systems offer yield security even in poor
pollination conditions and have gained popularity over the past decade. This article examines current
pollen collection and application technologies. The purpose of this review is to map the literature on
atmospheric greenhouse machinery, highlighting important aspects.
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INTRODUCTION

Honeybees depended pollination services
are in high demand as pollinator-dependent
crops become more prevalent worldwide
(Aizen et al., 2019). Although honeybee colonies
have increased globally, the rate of growth has
not kept up with demand (Mashilingi et al., 2022),
resulting in breeding deficits* and higher prices for
breeding services (Reilly et al., 2020). Over 87%
of flowering plants and crops rely on pollinators
for reproduction. (Brunet and Fragoso, 2024).
Pollinator populations are rapidly declining globally,
threatening biodiversity and food scarcity (Devkota
et al., 2024). Native bee populations in Northwest
India have declined due to habitat degradation
and pesticide use (Sihag, 2023). Similarily Loss of
pollinators poses a significant threat to crop yields
in the Global South (Dicks et al., 2021). Pollinator
decline has financial implications for worldwide food
chains and trade, particularly in low-income nations
that rely on pollinated crop exports. (Murphy et al.,
2022). Recently, researchers and organizations have
projected worldwide food demand for the next 20-30
years. The FAO aslo predicts that around 50-54%
increase in food demand by 2050 due to population
growth. (FAO, 2018). In an era of urbanization, and
more worldwide rivalry, scarce arable land, growing
labor costs, and overuse of resources from nature,
cultivation has difficulties in attaining a viable and
economical output. (e.g. drinking water), and rising
energy demand (Gogoi et al. 2020). The introduction
of COVID-19 in 2020 emphasizes how crucial safety
is to ensuring added value in the agri-food industry.
Itis essential to use technology to process products
from the field to the table in order to increase their
value and decrease the amount of human handling.
(Fairbairn and Guthman, 2020). Additionally, the
yields from greenhouse vegetable production are
higher than those from open-field farming. The
global greenhouse horticulture market is expected to
increase at a compound annual growth rate (CAGR)
of about 7.7% between 2023 and 2032, from its 2022
estimate of USD 33.6 billion to USD 66.76 billion by
2032. (Extrapolate, 2023). These days, greenhouses
are essential to the production of food. From seeding
to product utilizing, all agricultural operations in the
agricultural goods sector incorporate mechanization
and technology (Britannica, 2022). Machines should
be considered not only in isolation, but also in the
context of their overall processes. (Kondo et al., 2011)
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and (Shamshiri et al., 2018) drawing the attention to
the importance of robotics in digital agriculture. Using
this technology not only improves worker experience
of life (Saiz-Rubio and Rovira, 2020), but also attracts
younger generations who are more tech-savvy to
agriculture. Bechar and Vigneault (2016) highlight
the importance of ical innovation for those previously
excluded from it. Using robotics in production can
reduce costs, improve fruit quality, and eliminate
hazardous and time-consuming tasks like pesticide
application and harvesting. Soil preparation, handling
seedlings (grafts, plant development combining),
the transplant, fabricating (localized fertilization,
thinning, chemical pesticides applying, cleaning up,
illness and pest monitoring), while the harvest are
among the responsibilities that robotic preliminary
models can carry out in the greenhouses (Kondo
etal., 2011 and Rodriguez et al., 2013). Cutting-edge
technology, including deep learning and nanobots,
has emerged as a viable solution for this expanding
platform. The use of nanobots for pollination is being
investigated through the combination of robotics and
artificial intelligence, which allows for autonomous
behaviour that is similar to that of natural pollinators,
mimicking the effectiveness of natural pollinators.
This technique can improve pollination efficiency
and accuracy in confined environments, including
greenhouses and isolated agricultural areas, while
reducing the need for environmentally harmful
chemical treatments. To address hidden hunger
and maintain food chain stability, researchers are
exploring alternative pollination techniques. Using
a variety of pollination techniques, such as hand
applicators and tractor-mounted spray systems,
a small number of industries-mostly those that
produce stonefruit, pip fruit, and kiwi fruit-have
been effectively collecting and applying pollen for
decades. Due to its high fruit set potential, lack
of the nectar, which and monogamous nature
(male and female flowers on different plants), kiwi
fruits encouraged early investigations into synthetic
pollination (Hopping and Jerram 1980). (Hopping and
Jerram 1980).Using artificial pollination in addition
to insect pollinators increased fruit set and quality
(Hopping and Jerram 1990). High-quality pollen
is necessary for artificial pollination technologies,
however crop farmers in places with inadequate
infrastructure for pollen gathering and supply may
find this difficult. Nonetheless, there are techniques
for gathering pollen on a modest scale. The number
of patents for artificial pollination devices has
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increased over the last few decades, indicating that
small businesses and researchers have taken up the
pollination issue in spite of barriers. This work offers
a scoping review of particular papers about robotic
systems for greenhouses, addressing the broad
question of their potential use. After collecting data,
a study was developed to categorize robotization
technologies and reclassify them based on key
objectives. Complete robot design, perception, and
control algorithms.

There are a number of reasons why bees
are less common in greenhouses than in outside
settings:

. Limited Access: Enclosed buildings
known as greenhouses offer a regulated
environment for the growth of plants. Bees
may have limited access to the greenhouse,
hindering their ability to pollinate effectively.

J Limited Floral Diversity: An transformed
floral landscape is the outcome of greenhouse
crops, which are dependent on particular
plant species selected for their compatibility
and productivity in controlled circumstances.
Bees may find greenhouses less enticing than
their natural environments because they may
have fewer flower types.

. Pesticide Exposure: To keep crops safe
from pests and illnesses, greenhouses use
a lot of pesticides. Chemical treatments and
pesticides can kill bees and keep them out
of greenhouses.

. Unfavourable Microclimate: Greenhouses
offer optimal temperature and humidity
conditions for plant growth. Bees prefer
a natural outdoor environment, so these
conditions may not be ideal for them.

For application of pollen grains artificially
we have to follow two major steps those are:

Pollen grain collection and pollen application

Challenges and Strategies in Pollen Collection
and Efficiency for Artificial Pollination

The amount of pollen required for artificial
pollination varies based on the crop species and
delivery device. Some crops, like date palm and
wind-pollinated trees, produce abundant pollen that
is easily collected. Most crops, such as almonds,
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apples, and kiwifruit, produce fewer pollen grains
per flower, which requires more labour (Vaknin
et al., 1999). This suggests two goals for practical
artificial pollination: ensuring a supply of inexpensive,
high-quality pollen and minimizing waste during
application. There are primarily two major goals
for practical artificial application of pollen i.e., first,
collecting high-quality pollen at a reasonable cost,
and second, making sure that there is as little waste
as possible during application. Pollen is usually at its
most viable during anthesis, right before the anthers
start releasing pollen, claim Pinillos and Cuevas
(2008).However, as flowers may release the majority
of their pollen on the day of anthesis, harvesting
flowers at this stage could result in significant pollen
losses. (Hopping, 1990 and Salomon-Torres et al.,
2021). Generally speaking, it is best to harvest as
soon as possible before anthesis to optimize pollen
production per flower and prevent pollen losses.
(Pinillos and Cuevas, 2008). Pollen production
is usually lower in entomophilous plants (plants
pollinated by insects), which makes collection more
difficult. Manually removing the anthers from each
bloom is one artificial pollination approach that
has been investigated; (Hopping, 1990) cited this
method, but it is still labor-intensive and best suited
for small-scale applications; However, this approach
requires a lot of work and is only economical for
small-scale uses (such breeding projects and the
pollination of cacao and vanilla). Techniques for
mechanically removing kiwifruit pollen from whole
blooms (Gianni and Vania, 2018), cherimoya
(Vaknin et al., 1999), and date palm allowed for
larger-scale pollination.

Pollen application

Numerous techniques for pollinating plants
have been investigated. Pollen can be applied wet
(usually suspended in an aqueous liquid, frequently
with additives to ensure isotonic balance with pollen
cells) or dry (perhaps diluted with a neutral carrier,
like charcoal, to help manage application rates). For
certain self-compatible crops, like tomatoes, there
is a third option: vibrating the floral structures with
a puff of air or direct contact shakes loose pollen to
fertilize the flower (Peet and welles, 2005).

Role of aerial robots for pollination

There are different robotics helps in artificial
pollination majorly divided in to two groups of aerial
pollination robots: first is Unmanned Aerial Vehicles
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(UAVSs), which vary in size from microscopic to huge
drones and are mostly used for disseminating pollen
clouds, and second is insect-scale Aerial Robots,
which are tiny robots made to resemble natural insect
pollinators. While UAVs adopt a more comprehensive
strategy, employing drone technology to disperse
pollen over agricultural regions, insect size robots
are especially made to coexist peacefully with the
environment by mimicking the way actual insects
pollinate plants. (Sapkota et al., 2024)

Unmanned aerial vehicles (uavs)

There has been a lot of interest in drone-
based pollination technology. The idea of using
drones to fertilize crops is appealing because, like
bees, they are aerial pollinators and since drone
technology is less expensive than other robotics
approaches (Wikifactory, 2020). These devices can
be pilot-controlled,either employ a 3D model of the
area produced from a prior pass by scouting drones,
or adhere to a predetermined route established
by the arrangement of orchard rows (Alkhamis,
2022).Some flying insect pollinators are designed
specifically for pollination, although many are
modifications of commercial drones, especially those
used for agrichemical spraying. Aerial broadcasting
pollen redistribution and personal pollination using
drone air waves are two pollination methods on the
research agenda for hybridization the production
of grains and glasshouse-grown self-compatible
products such as eggplant, tomato, pepper, and
strawberry (Sur, 2021). There have also been
prototypes for other techniques, like a micro drone
with a fur pad for close interaction in fertilization
(Chechetka et al., 2017) and a drone equipped with
a bubble gun (Yang and Miyako, 2020). However,
the limitations of both methods accuracy in the
second case and time in the first may restrict their
use in field settings. Building tens of thousands of
micro drones to replace a single honey bee colony
is not desirable nor feasible given the hundreds
of thousands of colonies used annually for heavy
industrial agriculture (Gleadow et al., 2019). In
fact, contact-style robots have drawn criticism for
their overly similar resemblance to bees. Given
that only a tiny percentage of the dispersed pollen
reaches the stigma, where it can aid in fertilization,
airborne broadcasting techniques are probably
going to have the same drawbacks as ground-based
dissemination.
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Date palm pollination, which was previously
done by hand with people climbing the palm trees,
has seen some commercial success with drone
pollinators. Since these trees yield large amounts of
pollen, there is minimal worry regarding waste from
dissemination (Gan maor et al., 2003), and fewer
people climbing trees results in significant time
savings and increased safety. Another developing
field is walnut pollination, which has shown
promising early results in several nations and
yields walnut kernels that are comparable to those
from wind-pollinated controls (Schroeder, 1943).
The most well-known company in this area is Drop
copter. Compared to growers using conventional
methods, they offer pollination services to a number
of crops, including apple, cherry, and almond, which
have fruit sets that are 53%, 40%, and 94% greater,
respectively. Nevertheless, there is currently
a dearth of independent data regarding the
effectiveness of this system (as well as the majority
of commercial drone offerings). Because drones
can disperse pollen above the canopy, they hold
great promise for tall tree crops. Conifer breeding
(De and Wood, 2020) and wind-pollinated nut crops
(Hazelnut, Pistachio, and Walnut; Nitin, 2021) that
have shown potential in artificial pollination trials
may benefit from their utilization.

INSECT scale aerial robots

More than 20 years ago, the concept
of using tiny flying robots that mimic pollinating
insects began to gain traction as a way to combat
declining bee numbers. Beginning in 1998, the UC
Berkeley Insect Scale Millisystems Lab developed
biologically inspired flapping wing aerial systems as
part of a Micromechanical Flying Insect (MFI) project
automobiles with flexible hinges composed of fiber-
reinforced composites known as smart composite
microstructures (SCM) with piezoelectric actuation
(Wood et al., 2008). When subjected to mechanical
stress, piezoelectric materials can generate electric
charges and vice versa (Uchino, 2017).

In their finished prototype, a slider-crank
transmission system connected four piezoelectric
actuators distributed over two wings. The project
laid the foundation for future research even if it was
unable to produce a robot with sufficient propulsion
to lift its own weight. For instance, the Robert Wood
team at Harvard University's Wyss Institute designed
the RoboBee using piezoelectric bending actuators
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created by the MFI team at the centimetre scale
(Wood, 2008). An insect-inspired MAV with possible
applications in flower pollination is the RoboBee. The
researchers carefully fabricated the mechanical and
electromechanical parts required for its operation
using the laser-micro-machining process. Smart
composite microstructures (SCM) were used
to create a piezoelectric clamped-free bending
cantilever that effectively delivers mechanical power.
Even though the Robo bee has shown controlled
flying in laboratory conditions, its usefulness in actual
pollination has not yet been evaluated, As a result,
this field still needs more study and advancement.

Further developments in simulating the
intricate flying patterns of bees, such as vertical
lift and wing articulation, have been accomplished
at Harvard, building on these pioneering work
(Karpelson, 2009). However, the ongoing problem
of on board power still prevents these gadgets from
being autonomous, even with current advancements
in imitating bee flying dynamics. Advanced
technological advancements like as lightweight
power electronics and integrated systems-on-chip
(SoC) have enhanced overall functionality and
control over wing movement. However, because of
unsolved power management concerns, these robots
have not yet achieved completely autonomous flight
(Zhang et al., 2017). By combining solar power with a
biplane wing design, the RoboBee X-Wing achieves
autonomous flying and achieves an impressive
lift-to-weight ratio. Nevertheless, its performance is
susceptible to changes in wind patterns, temperature
swings, and harsh lighting conditions including
direct sunshine and shadow transitions, all of
which can have a major effect on its aerodynamics
and operating efficiency (Mc gill et al., 2021). An
adaptive control method advanced this step toward
autonomous operation, which is essential for field
operations in pollination. However, practical use
is still limited to laboratory trials, highlighting the
disconnect between lab-based breakthroughs and
field-ready applications. A range of flapping-wing
MAVs are shown in comparative studies in the field,
each with unique successes and difficulties. For
example, while Colmenares and colleagues' work
on resonance-based wings and Carnegie Mellon
University's small robot designs provide fascinating
potential, they are unable to produce enough lift
(Colmenares et al., 2015). Although Toyota's direct
piezoelectric actuation and switchable electro-
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adhesive forces for landing are exciting experimental
technologies, their need on external power sources
remains a major drawback.52-54 Although problems
with power and onboard sensing capabilities
continue to plague MAV designs, the use of four-
winged configurations® and inventions like the Bee+
(Yang et al., 2019) and a multi-terrain robot from the
University of Washington® demonstrate the variety
of MAV designs. Because of their lower operating
voltages, electromagnetic actuators have been
proposed as a possible substitute for piezoelectric
mechanisms. However, they have drawbacks of
their own, such as high energy consumption, which
makes them less appropriate for self-sustaining MAV
(Zou et al., 2016). As the subject develops, research
on insect-scale airborne robots is becoming more
and more multidisciplinary, including elements of
biology, control theory, energy systems, and machine
design (Wang et al., 2021).

Practical issues, including their delicate
mechanical construction, intricate manufacturing
requirements, high energy needs, and limited payload
capacities, make it difficult to apply these robotic
technologies in actual, commercial agricultural
contexts (Tanaka et al., 2022). Additionally, farming's
extreme variability and unpredictability make its
practical use difficult conditions (such as crop traits
and weather patterns). Micro-electromechanical
systems (MEMS) and insect size robotics have
recently made significant strides, particularly with the
introduction of MEMS-based LiDAR scanners, which
may pave the way for the integration of sophisticated
vision systems in micro-robots (Wang et al., 2021).
At the same time, swarm robotic systems are
improving MAVs' collective control, increasing their
potential applications in agriculture (Singh et al.,
2021). Even with these developments, it is still quite
difficult to make these robots imitate the dexterity and
mobility of wild pollinators. The design of next MAV
(Ajanic et al., 2020) may benefit from the insightful
information provided by research on avian flight
dynamics. Additionally, wearable sensors enable
in-depth research on bee behaviour, providing vital
information on movement patterns and interactions
with the environment (lyer et al., 2019). Even though
these advancements are important first steps,
research is still being done to determine how to
close the gap between lab results and real-world
agricultural applications in order to deploy Robo
bees and other similar MAVs as viable pollinators
in agricultural systems.
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Automation and self-sustained pollination

With the goal to reduce waste, automated
robotic drones frequently target specific blooms. The
most common approach is to detect a bloom that
needs pollination using machine vision. Generally
speaking, two methods of pollen administration have
been researched: spraying pollen from a distance
or transporting an end-effector close to the bloom.
There have been numerous approaches to using an
end result to disseminate pollen, such as brushing
the blossom with a machine arm, contacting the
bloom with a vibrating rod, and using an air explosion
or a tuned oscillation. These techniques only work
with self-fertile crops (like tomatoes), except from
brushing pollen. Remotely sprayed pollen might
arrive either wet or dry.

Deep learning-based machine vision
systems can process up to 100 frames per second
and find objects in pictures with 90% accuracy or
better (Ohio et al., 2018). Systems using robotic
arms are frequently somewhat slow. For instance,
studies on a tomato pollination robot have shown
that pollination speeds of 15-20 per flower are
impractical for commercial-scale crop pollination
(Yuan et al., 2016). With application rates of
approximately 2 to 5 seconds per flower cluster,
several commercially available devices are faster
(Arugga et al., 2022). The precision control of
movement needed to position end-effectors directly
on a flower and many arms to pollinate multiple
flowers simultaneously is lessened by these devices'
usage of air jets. For instance, Arugga Al pollinates
high-wire tomato products using four sets of injectors
(Arugga, 2022). Only greenhouse applications,
however, have used systems that use arms to move
an end-effector near to the bloom thus far. Spreading
methods, which deliver a dosage of pollen from a
automobile moving across the cultivation, are often
preferred for field applications. Power Pollen, for
example, is doing commercial trials with a boom
mounted on a tractor that can hold 16 autonomous
pollinators for maize at once. As the tractor moves
between the crop rows, the device delivers an
electrostatically charged dosage of dry pollen by
manually funneling maize silks into the autonomous
pollinator's spray zone (Schilling, 2021). Independent
robotic pollinating insects with highly developed
targeting computational methods may be able to
identify and aim for the plants that yield the best
fruit, enabling knowledgeable pollination services,
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according to Verdant Robotics' published apple
pollinator and flower less thick (US11308323B2).
Regretfully, Information regarding the efficacy of
the aforementioned technologies in pollination is
scarce. The prototype ultrasonic strawberry pollinator
surpassed manual pollination, while the tomato
pollinator performed noticeably worse (Yuan et al.,
2016), (Shimizu and Sato, 2018). Hybrid maize
production was successful, according to Power
Pollen, with a 20% increase in seed output over
conventional methods (Schilling, 2021).

According to Williams et al., (2020), there
is proof that pollen sprayed from a moving platform
in an aqueous solution can travel at speeds more
appropriate for intensive commercial cropping.
During field tests in 2019, the autonomous research
prototype robot successfully pollinated over 670
export-quality "Hayward" kiwifruit from a platform
traveling at 2.5 km/h without the assistance of insect
pollinators. Fruit weight, seed count, and fruit set-all
important metrics-matched those of control samples
pollinated by insects (Williams et al., 2020). However,
the authors noted that some of the obstacles to be
addressed before a realistic commercial use include
the relatively sluggish pace, the high usage of pollen
which is around (3-5 kg/ha), and the accompanying
mankind expense in the collection of the pollen.

CONCLUSION

In further days in the green house
production systems, robotic-based pollination
will become an essential way to augment insect
pollinators. Robotic pollinators are necessary
because greenhouses' regulated conditions make
it difficult for bees to survive. This report offers a
comprehensive overview of the potential of robots in
pollination for the advancement of new technologies
used in intensive farming. Furthermore, even if
it seems unduly ambitious, it helps the scientific
community by gathering the data and giving the
authors a framework that has allowed them to
create a lexicon and a set of rules for categorizing
the technologies associated with greenhouse
robotization. It can help researchers and companies
make technological and financial decisions about the
incorporation of robots in greenhouses. Evidently,
developing the robotization process of tasks
performed within a greenhouse requires taking into
account factors other than technological viability. For
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example, a feasibility study of the economic, social,
environmental, and legal challenges is necessary
to ensure industry accepts technology. Additionally,
these reviews are reliable and helpful enough to

assist envision future study areas, such as sensors,
end-effectors, data fusion, novel applications, or
interaction with Internet of Things systems for the
creation of artificial pollinators.

Fig. 1. List of examples for commercially available pollination technologies

ACKNOWLEDGMENT Conflict of interest
The author declare that we have no conflict
This research did not receive any ofinterest.
specific grant from funding agencies in the public,
commercial, or not-for-profit sectors.
REFERENCES

Aizen, M.A.; Aguiar, S.; Biesmeijer, J.C.;
Garibaldi, L.A.; Inouye, D.W.; Jung, C.; Martins,

online:https://www.youtube.com/watch?v=
kFZPzB-u_s8 (accessed on 8 July 2022).

D.J.; Medel, R.; Morales, C.L.; Ngo, H.; etal. 6. Arugga Al Farming. Robots Treating Every
Global agricultural productivity is threatened Plant. Available online: https://www.arugga.
by increasing pollinator dependence without a com/ (accessed on 7 April 2022).

parallel increase in crop diversification., Glob. 7. B. Schatz.; D. Maxime.; H. Mickael.; G. Benoit.;
Chang. Biol., 2019, 25, 3516-3527. A. Fabrice.; S. Colette.; G. Maxence, and M.
Aizen, M.A.; Garibaldi, L.A.; Cunningham, Denis, “Pollinator conservation in the context
S.A,; Klein, A.M. Long-term global trends in of global changes with a focus on France and
crop yield and production reveal no current Belgium,” Acta Oecologica., 2021, 112, 103765.
pollination shortage but increasing pollinator 8. Bechar, A.;Vigneault, C.; Agricultural robots for
dependency., Curr. Biol., 2008, 18, 1572—1575. field operations: Concepts and components.,
Ajanic, E.; Feroskhan, M.; Mintchev, S.; Noca, Biosyst. Eng., 149, 94—111. https://doi.
F. & Floreano, D. Bioinspired wing and tail org/10.1016/j. biosystemseng.2016.06.014.
morphing extends drone flight capabilities., 9. Bechar, A.; Vigneault, C.; Agricultural robots
Sci Robot 5, eabc2897., 2020. for field operations. Part 2: Operations
Alkhamis, W. Emirati Brothers Develop Drone and systems., Biosyst. Eng., 2017.
That Can Pollinate a Date Palm Tree in Less 153, 110-128. https://doi.org/10.1016/j.
Than a Minute., 2022. biosystemseng.2016.11.004.

Arugga Al Farming. Arugga Al Farming- 10. Britannica., Encyclopaedia Britannica.

Autonomous Pollination Robots. Available

Britannica., 2022.



11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

BASTIA et al., Orient. J. Chem., Vol. 41(4), 1404-1413 (2025)

Chechetka, S.A.; Yu, Y,; Tange, M.; Miyako,
E. Materially engineered artificial pollinators.,
Chem., 2017, 2, 224-239.

Colmenares, D.; Kania, R.; Zhang, W. & Sitti,
M. Compliant wing design for a flapping
wing micro air vehicle. in 2015 IEEE/RSJ
international conference on intelligent robots
and systems (IROS) 32 39 (IEEE, 2015).
De, A. & Wood, R. J. Template-Based
Optimal Robot Design with Application to
Passive-Dynamic Underactuated Flapping.
in 2020 IEEE/RSJ International Conference
on Intelligent Robots and Systems (IROS)
1322-1329 (IEEE, 2020).

Extrapolate., Greenhouse Market Perspective,
Market Intelligence, Comprehensive Analysis,
Historical Data, and Forecast for., 2023.
2023—-2032; Dubai.

Fairbairn, M.; Guthman, J., Agri-food tech
discovers silver linings in the pandemic.,
Agric. Human Values., 2020, 37, 587-588.
https://doi.org/10.1007/s10460-020-10052-6.
FAQ, 2018.The future of food and agriculture—
Alternative pathways to 2050.

Gan-Mor, S.; Bechar, A.; Ronen, B.;
Eisikowitch, D.; Vaknin, Y. Improving
electrostatic pollination inside tree canopy
via simu lations and field tests., Trans. ASAE
2003, 46, 839.

Gianni, T.; Vania, M. Atrtificial Pollination in
Kiwifruit and Olive Trees; IntechOpen Limited
London: London, UK, 2018.

Gleadow, R.; Hanan, J.; Dorin, A. Averting robo-
bees: Why free-flying robotic bees are a bad
idea., Emerg. Top. Life Sci., 2019, 3, 723-729.
Gogoi, B.; Nath, T.; Kashyap, D.; Sarma, S.;
Kalita, R.; Sustainable agriculture, forestry
and fishery for bioeconomy., Curr. Dev.
Biotechnol Bioeng., 2020, 349-371.https://doi.
0rg/10.1016/B978-0-444-64309-4.00015-5.
Hopping, M.E. Floral biology, pollination and
fruit set. In Kiwifruit Science and Management;
Massey University: Palmerston North, New
Zealand., 1990, 71-96.

Hopping, M.E. Floral biology, pollination and
fruit set. In Kiwifruit Science and Management;
Massey University: Palmerston North, New
Zealand, 1990, 71-96.

Hopping, M.E.; Jerram, E.M. Supplementary
pollination of tree fruits: Il. Field trials on
kiwifruit and Japanese plums. N. Z., J. Agric.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

1411

Res., 1980, 23, 517-521.

lyer, V.; Nandakumar, R.; Wang, A.; Fuller,
S. B. & Gollakota, S. Living loT: A flying
wireless platform on live insects. in The 25
Annual International Conference on Mobile
Computing and Networking 1-15, 2019.
J.T. Murphy, T. D. Breeze, B. Willcox, S.
Kavanagh, and J. C. Stout, “Globalisation
and pollinators: Pollinator declines are an
economic threat to global food systems,”
People Nature., 2022, 4,(3), 773-785.
J.BrunetandF.P.Fragoso,“Whatarethemainr
easonsfortheworldwide decline in pollinator
populations?”, 2024.0016.

K. Devkota.; A. B. Ferreira.; T. P. Timberlake.;
and C. F. dos Santos, The impact of pollinator
declines on global protein production:
Implications for livestock and plant-based
products,” Global Ecol. Conservation., 2024,
50, e02815.

Karpelson, M.; Wei, G.-Y. & Wood, R. J.
Milligram-scale high-voltage power electronics
for piezoelectric microrobots. in 2009 IEEE
international conference on robotics and
automation 2217-2224 (IEEE, 2009).
Kondo, N.; Monta, M.; Fujiura, T.; Fruit
harvesting robots in Japan., Adv. Space
Res., 1996, 18, 181—-184.https://doi.
org/10.1016/0273-1177(95)00806-P.

Kondo, N.; Monta, M.; Noguchi, N.; 2011.
Agricultural Robots: Mechanisms and
Practice. Kyoto University Press.

Kondo, N.; Yamamoto, K.; Shimizu, H.; Yata,
K.; Kurita, M.; Shiigi, T.; Monta, M.; Nishizu,
T., A machine vision system for tomato cluster
harvesting robot., Eng. Agric. Environ. Food.,
2009, 2, 60—65.https://doi.org/10.1016/
51881-8366(09)80017-7.

Kondo, N.; Yamamoto, K.; Yata, K.; Kurita,
M.; A Machine Vision for Tomato Cluster
Harvesting Robot, in: 2008 ASABE Annual
International Meeting., 2008, 7-9. 10.1016/
S51881-8366(09)80017-7.

L.V. Dicks “A global-scale expert assessment
of drivers and risks associated with pollinator
decline,” Nature Ecol. Evol., 2021, 5(10),
1453-1461.

Mashilingi, S.K.; Zhang, H.; Garibaldi, L.A,;
An, J. Honeybees are far too insufficient
to supply optimum pollination services in
agricultural systems worldwide., Agric.
Ecosyst. Environ., 2022, 335, 108003.



35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

BASTIA et al., Orient. J. Chem., Vol. 41(4), 1404-1413 (2025)

McGill, R.; Hyun, N. P. & Wood, R. J. Modeling
and control of flapping-wing micro-aerial
vehicles with harmonic sinusoids., IEEE
Robot Autom Lett., 2021, 7, 746-753.

Nitin J Sanket. Active Vision Based Embodied-
Al Design for Nano-UAV Autonomy. (University
of Maryland’s, 2021).

Ohi, N.; Lassak, K.; Watson, R.; Strader, J.; Du,
Y.;Yang, C.; Hedrick, G.; Nguyen, J.; Harper,
S.; Reynolds, D. Design of an autonomous
precision pollination robot. In Proceedings of
the 2018 IEEE/RSJ International Conference
on Intelligent Robots and Systems (IROS),
Madrid, Spain., 2018, 1-5, 7711-7718.
Peet, M.; Welles, G. Greenhouse tomato
production., In Crop Production Science in
Horticulture; CABI: Houston, TX, USA, 2005,
13, 257-304.

Pinillos, V.; Cuevas, J. Artificial pollination in
tree crop production., Hortic. Rev., 2008, 34,
239-276.

R.C.Sihag, “Two native andrenid bee
pollinators face severe population declines
in the semi-arid environments of Northwest
India,” EUREKA, Life Sci., 2023, 18(5), 25-34.
Reilly, J.R.; Artz, D.R.; Biddinger, D.; Bobiwash,
K.; Boyle, N.K.; Brittain, C.; Brokaw, J.;
Campbell, J.W.; Daniels, J.; Elle, E. Crop
production in the USA is frequently limited by
a lack of pollinators., Proc. R. Soc. B., 2020,
287, 20200922.

Rodriguez, F.; Moreno, J.C.; S” anchez,
J.A.; Berenguel, M., Grasping in Agriculture:
State-of-the-Art and Main Characteristics,
in: Carbone, G. (Ed.), Grasping in Robotics
SE - 15, Mechanisms and Machine Science.
Springer London., 2013, 385-409. 10.1007/
978-1-4471-4664-3_15.

Rodriguez, F.; Moreno, J.C.; S"anchez, J.A;
Berenguel, M.; Grasping in agriculture: State-
of-the-art and main characteristics., Grasp.
Robot. Springer., 2013, 385-409.
Saiz-Rubio, V.; Rovira-M’as, F., 2020.
From smart farming towards agriculture
5.0: A review on crop data management.
Agronomy 10. https://doi.org/10.3390/
agronomy10020207.

Salomon-Torres, R.; Krueger, R.; Garcia-
Vazquez, J.P; Villa-Angulo, R.; Villa-Angulo,
C.; Ortiz-Uribe, N.; Sol-Uribe, J.A.; Samaniego-
Sandoval, L. Date palm pollen: Features,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

1412

production, extraction and pollination methods.,
Agronomy., 2021, 11, 504.

Sapkota, R., Whiting, M. D., Ahmed, D., &
Karkee, M., Robotics for crop pollination:
recent advances and future direction.
Authorea Preprints., 2024.

Schilling, M. Bayer licenses PowerPollen corn
seed pollination technology: Pollination-on-
demand technology allows farmers to select
optimal time to pollinate. Successful Farming.
28 July 2021.

Schilling, M. Bayer licenses PowerPollen corn
seed pollination technology: Pollination-on-
demand technology allows farmers to select
optimal time to pollinate. Successful Farming.
28 July 2021.

Schroeder, C. A. Hand pollination studies
on the cherimoya. Proceedings., American
Society for Horticultural Science., 1943, 43,
39-41.

Shimizu, H.; Sato, T. Development of strawberry
pollination system using ultrasonic radiation
pressure., IFAC-Pap., 2018, 51, 57-60.
Singh, K. J., Adaptive flower pollination
algorithm-based energy efficient routing
protocol for multi-robot systems., I[EEE
Access., 2021, 9, 82417-82434.

Sur, A. Telangana Explores Use of Drones for
Hybrid Rice Breeding., 2021.

Tanaka, S., Asignacion, A., Nakata, T., Suzuki,
S. & Liu, H. Review of biomimetic approaches
for drones., Drones., 2022, 6, 320.

Uchino, K. The development of piezoelectric
materials and the new perspective. in
Advanced Piezoelectric Materials 1-92
(Elsevier, 2017).

Vaknin, Y.; Gan-Mor, S.; Bechar, A.; Ronen,
B.; Eisikowitch, D. Effects of desiccation and
dilution on germinability of almond pollen., J.
Hortic. Sci. Biotechnol., 1999, 74, 321-327.
Wang, D.; Xie, H.; Thomas, L. & Koppal, S. J.
A miniature LiDAR with a detached MEMS
scanner for micro-robotics., IEEE Sens J.,
2021, 21, 21941-21946.

Wang, J., A survey of the development
of biomimetic intelligence and robotics.
Biomimetic Intelligence and Robotics., 2021,
1, 100001.

Wikifactory. A Virtual Round Table on How
UAVs and Robotics Can Be Used to Make a
Difference. In Drones for Change., 2020.



59.

60.

61.

62.

63.

64.

BASTIA et al., Orient. J. Chem., Vol. 41(4), 1404-1413 (2025)

Williams, H.; Nejati, M.; Hussein, S.; Penhall,
N.; Lim, J.Y.; Jones, M.H.; Bell, J.; Ahn,
H.S.; Bradley, S.; Schaare, P. Autonomous
pollination of individual kiwifruit flowers:
Toward a robotic kiwifruit pollinator., J. Field
Robot., 2020, 37, 246—262.

Wood, R. J. The first take off of a biologically
inspired at-scale robotic insect., IEEE
Transactions on Robotics., 2008, 24, 341-347.
Wood, R. J.; Avadhanula, S.; Sahai, R.; Steltz,
E. & Fearing, R. S. Microrobot design using
fiber reinforced composites., 2008.

Yang, X.; Chen, Y.; Chang, L.; Calderén, A.
A. & Pérez-Arancibia, N. O. Bee+: A 95-mg
four-winged insect-scale flying robot driven
by twinned unimorph actuators., IEEE Robot
Autom Lett., 2019, 4, 4270-4277.

Yang, X.; Miyako, E. Soap Bubble Pollination.,
Iscience., 2020, 23, 101188.

Yuan, T.; Zhang, S.; Sheng, X.; Wang, D;
Gong, Y.; Li, W. An autonomous pollination

65.

66.

67.

1413

robot for hormone treatment of tomato f lower
in greenhouse. In Proceedings of the 2016
3rd International Conference on Systems and
Informatics (ICSAI), Shanghai, China., 2016,
19-21 November; 108-113.

Yuan, T.; Zhang, S.; Sheng, X.; Wang, D.;
Gong, Y.; Li, W. An autonomous pollination
robot for hormone treatment of tomato f lower
in greenhouse. In Proceedings of the 2016
3rd International Conference on Systems and
Informatics (ICSAI), Shanghai, China., 2016
19—21 November 108-113.

Zhang, X., A fully integrated battery-powered
system-on-chip in 40-nm CMQOS for closed-
loop control of insect-scale pico-aerial
vehicle., IEEE J Solid-State Circuits., 2017,
52, 2374-2387.

Zou, Y.; Zhang, W. & Zhang, Z. Liftoff of an
electromagnetically driven insect-inspired
flapping wing robot., IEEE Transactions on
Robotics., 2016, 32, 1285-1289.



