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Abstract: With  a  focus  on  the  global  tension  between  water  resources  and  energy,  the  use  of  water-fertilizer  integration
technology  in  sprinkler  irrigation  has  seen  a  rise.  However,  achieving  efficient  and  effective  fertilizer  application  remains  a
significant  challenge.  This  study  delved  into  the  interaction  mechanism  between  droplets  and  foliage  during  sprinkler
fertigation, as well as discusses the application of water-saving and energy-saving irrigation methods in agriculture to address
water crises and propel agricultural modernization. This study highlights two main aspects of this issue, that is, the droplet and
foliage impact process, and the droplet and foliage dynamic interaction including foliar interception, leaf absorption, and leaf
burning.  Major challenges,  such as inefficiencies in foliar  interception and uncertainties in fertilization,  have been identified,
calling  for  further  investigation  into  these  areas.  Moreover,  perspectives  to  promote  fertilization  technology  are  proposed,
including  research  on  the  dynamic  impact  of  fertigation  droplets  on  foliage,  the  development  of  universal  models  for  leaf
fertilizer retention, and the determination of critical fertigation concentrations under varying conditions to prevent leaf burning.
This  comprehensive  review aims  to  provide  a  theoretical  basis  for  establishing  an  integrated  fertigation  system for  sprinkler
irrigation and foster innovation in water-fertilizer integration technology.
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1    Introduction
The  global  tension  between  water  resources  and  energy  has

prompted  the  widespread  adoption  of  water-saving  and  energy-
saving  irrigation  methods  in  agriculture.  Encouraging  the  use  of
efficient irrigation practices has become a key solution for countries
to  alleviate  water  crises  and  achieve  agricultural  modernization[1-4].
However, there is a growing disparity between the rapid expansion
of  water-saving  irrigation  areas  and  technological  improvements,
and the slower progress in implementing regulatory measures.

Sprinkler  irrigation  and  water-fertilizer  integration  involve
spraying a mixture of water and fertilizer through nozzles onto the
soil  and  crop  canopy  for  absorption.  This  method  provides  crops
with  real-time  water  and  nutrients,  reduces  labor  input,  and
improves crop yield and quality. As modern agriculture increasingly
emphasizing  water  conservation  and  facing  labor  shortages,
mechanization,  automation,  and  intelligence  in  irrigation  and
fertigation  have  become  crucial  for  transforming  agricultural
production methods and ensuring productivity. The development of
dissolved  organic  fertilizers  and  new  foliar  fertilizers  has  further

popularized sprinkler fertilization[5-7].
Fixed  or  semi-fixed  sprinkler  irrigation  systems  facilitate

multiple  fertilizer  applications.  During  this  process,  fertilizer
droplets  collide  with  the  foliage.  After  splashing,  rebounding,  and
deposition,  they  are  intercepted  by  the  foliage.  The  intercepted
fertilizer can be directly absorbed by leaf surfaces and other young
vegetative  organs.  This  is  an  advantage  of  sprinkler  irrigation  and
fertigation integration, differing from drip irrigation[8,9]. In traditional
cultivation,  however,  the  local  farmers  often  employed  extensive
water  and  fertilizer  management  methods,  determining  the
concentration  and  amount  of  fertilization  based  on  empirical
knowledge.  Notably,  this  approach  may lead  to  various  issues  and
limit  the  further  promotion  and  application  of  water-fertilizer
integration  technology[10-12].  Lower  concentrations  would  increase
application amounts and water loss, decrease crop yield and quality,
and  reduce  water  and  fertilizer  utilization  efficiency.  Conversely,
excessive  concentrations  could  increase  the  risk  of  leaf  burning,
resulting  in  reduced photosynthesis,  wilting  leaves,  decreased crop
yield,  and  hydrological  and  ecological  risks  in  farmlands[13-15].
Therefore, determining the appropriate amount and concentration of
fertilization  based  on  the  maximum  spray  retention  is  crucial  for
integrated water-fertilizer spraying in crop cultivation.

Generally,  the  maximum  spray  interception  depends  on  the
spray  deposition  and  the  foliage’s  water-holding  capacity,
significantly  influenced  by  the  impact  dynamics  of  the  fertilizer
droplets[16-18].  The  nutrients  in  the  fertilizer  intercepted  on  the  leaf
surface  can  be  directly  absorbed,  improving  the  physiological
characteristics  and  enhancing  crop  yield  and  quality.  However,
exceeding  a  certain  nutrient  concentration  threshold  may  cause
imbalances,  resulting  in  damage  and  leaf  burning.  Leaf  burning
induced by fertilization is directly related to leaf absorption.

This  study  reviews  the  research  progress  on  the  interaction
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between  droplets  and  foliage,  encompassing  the  impact  process,
foliar  interception,  leaf absorption,  and leaf burning.  It  emphasizes
the  need  to  investigate  droplet  and  foliage  interactions,  as  they
directly  influence  the  efficient  and  effective  use  of  fertilizers.
Furthermore,  this  study  highlights  the  significance  of  predicting
fertilizer  retention  and  determining  the  critical  fertilizer
concentration,  which  are  essential  for  the  widespread  adoption  of
sprinkler  fertilization  technology.  Based  on  these  findings,  we
propose  perspectives  that  can  provide  a  theoretical  basis  for
formulating  an  integrated  fertilization  system  for  sprinkler
fertilization and enhancing the application of this technology. 

2    Droplet-foliage impact process
During  sprinkler  fertigation,  liquid  fertilizer  is  sprayed  from a

nozzle onto crop leaves, resulting in the splashing, rebounding, and
deposition  of  droplets[19].  After  single  or  multiple  splashing  and
rebounding processes,  droplets  are  deposited on the leaf  surface to
form foliar interceptions. The amount of interception is regulated by
a  complex  set  of  physical  and  chemical  factors,  such  as  droplet
characteristics,  foliage  characteristics,  and  the  dynamic  impact
process  between  the  droplet  and  the  leaf  surface.  Once  the
maximum  intercept  value  is  reached,  it  does  not  increase  further.
This  study  has  explored  the  key  factors  influencing  the  impact
process  and  has  provided  a  systematic  explanation  of  the  dynamic
behavior of drops impacting foliage. 

2.1    Influence of droplets and foliage characteristics
The impact process of droplets on a leaf surface is particularly

complex,  with  the  key  influencing  factors  being  the  droplet  and
foliage characteristic parameters as shown in Figure 1[18,20,21]. Droplet
characteristic  parameters  typically  encompass  physicochemical
characteristics,  such  as  surface  tension,  viscosity,  density,  and
impact  characteristics,  including  droplet  diameter,  impact  angle,
velocity,  and  contact  angle.  Physicochemical  properties
significantly  affect  the  contact  angle  of  drops  on  crop  leaves,
thereby influencing their adhesion[20,22].
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Figure 1    Factors affecting the droplet-foliage impact process
 

Trapaga  and  Szekely[23]  found  that  surface  tension  plays  a
significant  role  in  modulating  droplet  morphology.  Hilz  and
Vermeer[24]  reported  that  the  liquid  viscosity,  surface  tension,  and
density  significantly  influence  spray  deposition.  Given  that

achieving  efficient  drop  deposition  is  of  considerable  importance
for  fertilizer  applications,  an  effective  approach  for  enhancing
droplet  deposition  involves  the  introduction  of  surface-active
additives to lower the dynamic surface tension of drops[25,26]. Song et
al.[27]  analyzed  the  impact  deposition  mechanism  of  water  droplets
on  rice  leaves.  These  findings  suggest  that  a  combination  of  a
flexible  polymer  (PEO)  with  substantial  tensile  viscosity  and  a
surfactant (AOT) could prevent water droplet splashing, prolong the
contact  time,  and  enhance  the  wettability  of  water  droplets  on  the
leaves.  Hoffman  et  al.[28]  investigated  the  impact  dynamics  of
aqueous  surfactant  solutions  on  hydrophobic  surfaces  and  inferred
the dynamic surface tension at millisecond timescales.

Sprinkler irrigation is a technique that offers precise control of
water and fertilizer application, ensuring optimal conditions for crop
growth  by  managing  quantities  and  frequencies.  This  results  in
increased  production  and  improved  product  quality.  Nevertheless,
the  main  challenge  lies  in  achieving  higher  application  efficiency
and  crop  production  under  low-pressure  conditions,  considering
rising  energy  costs  and  risks  of  foliage  burning.  Therefore,  efforts
are underway to optimize high-pressure sprinklers for use under low-
pressure conditions.

Interest in low-pressure sprinkler applications to save irrigation
water  is  gaining  momentum.  Several  methods  exist  for  improving
the uneven distribution caused by operating impact sprinklers at low
pressures.  The  installation  of  special-shaped  nozzles,  vanes,  and
fluidic  devices  on  high-pressure  sprinklers  can  enhance  rotation
stability  and  minimize  variations  in  water  distribution[29,30].  Low-
pressure  nozzles  such  as  R3000  and  R33  are  extensively  used  in
fixed  and  semi-fixed  irrigation  systems  because  of  their
affordability and superior performance.

To  maximize  effectiveness,  it  is  essential  to  optimize  the
system  design,  select  appropriate  nozzle  types,  and  improve  the
management  of  crops,  soil,  and  weather  conditions  during
operation[31-33].  Therefore,  our  attention  is  primarily  directed  toward
the  impact  parameters  of  liquid  droplets  on  leaf  surfaces  under
varying conditions such as nozzle type and operating pressure. The
relationship  between  impact  parameters  and  various  influencing
factors  has  been  extensively  studied  through  theoretical  analyses
and experimental investigations.

Sayyadi  et  al.[34]  found  that  the  droplet  size  and  velocity
increased  with  increasing  nozzle  diameter  at  the  same  working
pressure. Ge et al.[35] compared Nelson nozzles’ characteristics with
natural  rainfall  and  discovered  that  the  droplet  velocity  remained
constant  regardless  of  working  pressure,  close  to  the  velocity  of
natural rainfall.  Jiang et al.[36] conducted experiments on the effects
of  circular  and  noncircular  nozzles  on  droplet  properties,  and
established  a  logarithmic  model  between  the  droplet  size  and
velocity.  Hua  et  al.[37]  studied  the  impact  characteristics  of  water
droplets  with  different  nozzle  shapes  and  established  a  predictive
model  for  the  droplet  diameter  and  kinetic  energy.  Although  there
have  been  extensive  investigations  on  droplet  characteristics  in
irrigation  and  spraying  processes,  liquid  fertilizer  droplets  possess
distinct  physiochemical  and  impact  characteristics  compared  to
water and pesticides. In contrast with conventional water irrigation
and  pesticide  spraying,  the  parameters  of  fertilizer  droplets  during
the synergistic use of water and fertilizer have not been extensively
studied.  Future  research  should  focus  on  introducing
physiochemical  properties  like  surface  tension  and  viscosity  of
liquid  fertilizers  into  irrigation  and  spraying  studies  and  delve
deeper  into  analyzing  droplet  behavior  when  interacting  with
crop foliage.
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Drop impact dynamics depend strongly on the static properties
and  dynamic  features  of  the  foliage,  including  the  wax  layer
structure,  trichome  structure,  stomatal  characteristics， and  leaf
oscillation.  This,  in  turn,  affects  the  surface  roughness  and
wettability  of  the  leaves[38,39].  At  present,  studying  plant  leaf
microstructures  largely  relies  on  complex  and  expensive  methods
such  as  scanning  electron  microscopy  (SEM)  and  atomic  force
microscopy (AFM).

In  a  study  published  in  1997,  Neinhuis  and  Barthlott[40]

discovered  that  lotus  leaves  have  micro-scale  conical  features  and
nano-scale protrusions. These features collectively contribute to the
superhydrophobic  and  self-cleaning  performance,  commonly
referred to as the “Lotus Effect”. Figure 2a shows the SEM images
of  the  lotus  leaf  surface[41].  Kwon  et  al.[42],  using  SEM,  observed
differences in the transverse and longitudinal wax layer structures of
rice  leaves.  This  led  to  differences  in  the  wettability  of  the  leaf
surface  (Figure  2b).  Wang[43]  studied  the  microstructure  of  leaves
from  Ligustrum  lucidum  Ait.  and  Viburnum  odoratissimum  at
different  growth  stages  with  AFM.  The  results  showed  that  the
distinct  patterns  in  leaf  surface  roughness  might  be  related  to  the
effect of stomatal development and external environmental factors.
Figure 2c shows the AFM images of the abaxial surface of the new
leave  of  Ligustrum  lucidum  Ait.  Zhu  et  al.[16]  tested  the  different
surface  roughnesses  and  wax  layer  thicknesses  of  tea  leaves  along
the  transverse  and  longitudinal  directions  and  analyzed  the  impact
behavior  of  pesticide  droplets  on  hydrophilic  tea  leaf  surfaces
(Figure 2d).
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Figure 2    SEM images of the lotus leaf surface[41] and rice leaves[42],
with AFM images of Ligustrum lucidum Ait.[43] and tea leaves[16]

Considering the level of parameter quantification, the structural
characteristics  of  crop  leaves  can  be  categorized  according  to  the
static  contact  angle θ  of  droplets  on  the  leaf  surface.  A  variety  of
theoretical  wetting  models  for θ  have  been  proposed,  focusing  on
the  wettability  of  plant  leaf  surfaces.  Young[44]  first  established  a
theoretical  framework  for  determining  the  contact  angles  of  pure
liquids  on  smooth  and  homogeneous  solid  surfaces  under  ideal
conditions.  When  a  droplet  is  in  equilibrium  on  the  surface,  the
tangent  line  at  the  point  where  the  liquid  contacts  the  solid-gas
interface  represents  the  droplet’s  surface.  The  angle  between  this
tangent line and the solid surface, typically denoted as θ, is referred
to as the contact angle (Figure 3a).

However,  the  presence  of  surface  roughness  or  microstructure
in most natural and artificial surfaces has a significant impact on the
contact  angle  θ.  Wenzel[45]  modified  Young’s  equation  by
introducing the roughness coefficient r, that is, the ratio of the true
contact area to the apparent contact area, r>1, and assumed that the
liquid could completely fill the textures on the surface (Figure 3b).
In certain cases, such as when the surface is highly hydrophobic, the
droplets  cannot  fill  the texture,  resulting in trapped air  beneath the
droplets.  Therefore,  the  liquid-solid  contact  surface  was  composed
of a combination of solid and gas phases (Figure 3c).

Cassie and Baxter[46] derived the Cassie-Baxter equation from a
thermodynamic  standpoint,  which  is  suitable  for  describing
composite contacts on any surface. The wetting mode is one of the
most  important  means  of  controlling  droplets  through  interfacial
phenomena.  The  Wenzel  wetting  mode  exerts  a  strong  pinning
effect  on the droplet  contact  line.  This  results  in lower mobility of
the droplet,  and it  is an ideal wetting state in the field of irrigation
and fertilization. Based on an analysis of the surface free energy and
energy barrier, the factors affecting the wetting mode and triggering
the  transition  between  the  Cassie  and  Wenzel  states  have  been
widely  studied  (Figure  3d).  Lafuma  and  Quéré[47]  discovered  that
when  a  droplet  is  subjected  to  physical  compression,  a  Cassie-
Wenzel transition may occur. Ren[48] computed the transition states,
energy  barriers,  and  minimum  energy  path  during  the  Cassie-
Wenzel  wetting  state  transition  process  and  found  that  the  wetting
transition involves a series of intermediate metastable states.

Typically, when 0°<θ<30°, the leaf surface is considered super-
hydrophilic because of its smooth and hydrophilic trichomes. When
30°<θ<90°,  the  leaf  surface  is  classified  as  hydrophilic  because  of
its  smooth  wax  layer.  Meanwhile,  when  90°<θ<150°,  the  leaf
surface  is  deemed  hydrophobic  because  of  the  presence  of
epidermal cell protrusions or wax-hooked hair. When 150°<θ<180°,
the  leaf  surface  is  super-hydrophobic  because  of  its  multi-level
hydrophobic  structure[49,50].  These  fundamental  models  aid  in
understanding  the  diverse  wetting  phenomena  in  agriculture,  and
serve  as  a  guide  for  achieving  different  control  effects  on  the
dynamic  behavior  of  droplets  on  leaf  surfaces.  In  this  context,
precise control of droplets can be achieved in different processes.

 
 

cosθc=f(cosθ+1)−1

a.Young wetting mode b. Wenzel wetting mode c. Cassie wetting mode d. Transition wetting mode

γsg−γslcosθ= γlg

γsg

γsl

liquid
liquid liquid liquid

air

solid

γlg

θ

cosθw=rcosθ

Note: θ, θw, and θc represent Young’s contact angle, Wenzel’s contact angle, and Cassie-Baxter’s contact angle, respectively; γsg, γsl, and γlg are the tensions at the solid-
gas, solid-liquid, and liquid-gas interfaces, respectively; f is the fraction of the solid-phase area in the composite contact surface.

Figure 3    Sketch of different wetting modes[51]
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The  current  research  emphasis  is  on  studying  the  static
characteristic  parameters  of  detached  plant  leaves  through
observation.  However,  in  nature,  plant  leaves  are  typically
suspended  and  exhibit  dynamic  oscillation  characteristics  when
subjected  to  droplet  impact.  Therefore,  further  research  should
focus on investigating the dynamic characteristic parameters of leaf
surfaces  during  droplet  impact  using  numerical  simulations  and
experimental  methods.  This  should  be  built  upon  prior  studies  on
static characteristic parameters to provide a deeper understanding of
the topic. 

2.2    Droplet impact process
When  droplets  impact  solid  surfaces,  inertial,  viscous,  and

capillary  forces  govern  the  behavior  of  the  droplets.  The  inertial
force  is  primarily  determined  by  the  kinetic  energy  and  influences
the  droplet  spreading  stage.  Viscosity  regulates  the  viscous
dissipation,  whereas  surface  tension  provides  the  energy  necessary
for  droplet  deformation  and  propels  the  recoiling  stage.  This  can
result in three potential outcomes, that is, shattering, bouncing, and
deposition[52-54].  In  the  field  of  drop  impact  dynamics  on  solid
surfaces,  researchers  have  conducted  various  experimental,
theoretical, and numerical investigations.

Worthington[55]  documented  diverse  splash  phenomena  caused
by  drop  impacts.  Given  the  widespread  occurrence  and  intricate
nature of the drop impact process, numerous experiments have been
conducted  to  investigate  the  dynamic  spreading,  receding,  and
bouncing  behaviors  of  drops  upon  impacting  solid  surfaces.  The
impact  process  is  primarily  influenced  by  the  hydrodynamic
characteristics of the droplets and the dynamic and static properties
of  the  surface.  Experiments  are  also  conducted  according  to  these
variables.  During  the  experiments,  to  reduce  the  number  of
variables  involved,  the  fluid  characteristics  of  the  droplets  are
usually represented by several dimensionless parameters as listed in
Table 1.
 
 

Table 1    Dimensionless parameters of fluid characteristics
Parameter Formula Implication

Weber number (We) We = ρv2D/γ Relation between inertia and surface
tension

Reynolds number
(Re) Re = ρvD/µ Relation between inertia and viscosity

Capillary number
(Ca) Ca = µv/γ Relation between viscosity and surface

tension

Bond number (Bo) Bo = ρgD2/4γ Relation between gravity and surfacetension
Note: ρ, v, D, γ, μ, and g are the mass density, impact velocity, initial diameter,
surface tension, dynamic viscosity, and gravity acceleration of the drop, respectively.
 

As  research  deepens,  the  surfaces  transition  from solid  planes
and inclined walls  to actual  crop leaf  surfaces.  Šikalo and Ganić[56]

used  high-speed  photography  to  observe  the  microphenomena  of
droplets  impacting  different  solid  surfaces,  including  water,
isopropanol,  and  glycerol.  They  investigated  how  droplet
characteristics  influenced  whether  droplets  deposited,  splashed,  or
rebounded on  the  surfaces.  The  results  highlighted  the  crucial  role
of the Weber number in these interactions (Figure 4a). Moon et al.[57]

investigated  the  temporal  evolution  of  droplets  on  flat  textured
surfaces.  Owing  to  the  surface  geometry,  the  spreading  droplet
exhibited a wavy shape. Meanwhile, it assumed various shapes and
experienced  a  pinch-off  phenomenon  during  the  receding  phase
(Figure 4b).

When applying irrigation and fertilization through spraying, the
droplets impact the crop leaves at a certain angle. Findings from the
literature  on  droplet  impacts  on  inclined  surfaces  can  provide

valuable  references[42,56,58].  Kwon  et  al.[42]  studied  water  droplet
impacts  on  rice  leaves  at  various  inclinations  and  orientations
(Figure  4c).  Three  distinct  impact  behaviors  were  observed  based
on the normal component of the Weber number (WeN), whereas the
contact  distance largely depended on the tangential  Weber number
(WeT).
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Figure 4    Dynamics of droplet impact process on various surfaces
 

Compared  with  fixed  planes  and  inclined  walls,  the  impact  of
liquid  droplets  on  curved  surfaces  and  actual  crop  leaves  is  more
complex.  Recently,  some researchers  have conducted experimental
studies[59-61].  Gilet  and  Bourouiba[59]  investigated  the  dynamic
evolution  of  the  droplet  impact  and  fragmentation  on  flexible
leaves.  They  analyzed  the  influence  of  leaf  size,  mass,  and
flexibility, resulting in two types of droplet fragmentation scenarios
and  spreading  modes,  that  is,  crescent  moon  ejection  and  inertial
detachment,  as  shown in Figure  4d.  Chen et  al.[61] explored droplet
impact  on  a  horizontal  hydrophilic  wire  through  experiments  and
examined  the  effects  of  eccentricity,  Weber  number,  and
wettability.  The  results  demonstrated  that  eccentricity  and  We
simultaneously  affected  the  maximum  spreading  coefficient  and
spreading time. The evolution of the drop impact morphology under
different eccentricity conditions is shown in Figure 4e.

Based on the integration and analysis of numerous experimental
results, various theoretical models have been proposed. In modeling
the splashing stage, Mundo et al.[62] proposed a mathematical model
for droplet shatter based on the energy balance:

K =We1/ 2Re1/ 4 > Kcrit (1)

Kcrit

where,  K  is  the  impact  parameter  and  Kcrit  is  the  critical  shutter
threshold.  When  K>Kcrit,  the  droplets  spatter;  otherwise,  they
rebound  or  deposit.  K  depends  on  the  droplet  characteristic
parameters,  whereas  Kcrit  is  associated  with  foliage  characteristic
parameters,  such  as  surface  roughness  and  wettability.    is
typically performed by fitting experimental data, which can be time-
consuming  and  laborious.  To  simplify  this  issue,  Forster  et  al.[63]
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Kcritproposed  a  method  for  estimating    based  on  the  static  contact
angles of droplets in an acetone solution.

For hydrophilic surfaces,

Kcrit = −0.584
(
CA20% acetone

)
+147 (2)

For hydrophobic surfaces,

Kcrit = −0.9227
(
CA50% acetone

)
+160 (3)

However, these models only determine whether a splash occurs
and do not provide further analysis of secondary droplet formation.
Given  that  these  secondary  droplets  can  significantly  influence
deposition,  further  research  should  focus  on  analyzing  the  process
of  secondary  droplet  fragmentation  during  impact.  Dorr  et  al.[64]

introduced  the  splashing  diffusion  factor  f  (0<f≤1)  to  measure  the
timing  of  fragmentation.  Here,  a  smaller  value  of  f  indicates  an
earlier  shatter  and less kinetic energy consumption.  During droplet
splashing,  only  a  fraction  of  the  sub-droplets  usually  detach  from
the  target  surface,  whereas  the  rest  remain  adhered  to  it.  This
phenomenon  can  be  characterized  by  the  pinning  proportion
parameter p (0≤p<1), where p=0 indicates complete shatter and p>0
indicates  partial  shatter.  The  calculation  of  parameters  f  and  p
affects the number of secondary droplets produced during splashing,
and  their  impact  characteristic  parameters.  Huet  et  al.[65] developed
an  image  analysis  method  based  on  high-speed  photography
experiments to quantify the parameter p and pinning volume during
bounce  or  splash.  The  pinning  volume  can  be  significant  and  is
primarily  affected  by  the  impact  process.  The  exact  mechanisms
leading to partial drop pinning on a complex surface such as a leaf
require  further  examination.  Therefore,  no  theoretically  derived
method could determine the parameter values of f and p, which is an
important direction for future research.

In terms of building mathematical models for droplet bouncing
or  deposition,  Mao  et  al.[66]  explored  the  influence  of  impact
parameters  on  droplet  maximum  spreading  and  rebound  through
extensive  experiments.  They  improved  the  prediction  formula  for
maximum spread diameter and proposed a rebound model based on
energy conservation.

E*
ERE =

1
4

(dm

D

)2

(1− cosθ)−0.12
(dm

D

)2.3

(1− cosθ)0.63 +
2
3

( D
dm

)
−1

(4)

E*
ERE > 0 E*

ERE ≤ 0
where, dm is the maximum spreading diameter of a droplet. During

,  the  droplet  bounces  off  the  surface;  during  ,  it
remains  on  the  surface.  However,  their  model  only  considered  the
situation  in  which  droplets  impact  flat  surfaces  vertically.  Dorr  et
al.[67]  introduced  modifications  to  the  rebound  model  for  various
inclination angles. Ding et al.[68] investigated the impact behavior of
a  water  droplet  on  small  cylindrical  superhydrophobic  targets  and
found that a larger We accelerated the droplet spreading, leading to
a rebound phenomenon. They established a droplet  rebound model
based on the critical We and the diameter ratio of the target droplet
diameter.

In  the  field  of  fertigation,  there  is  greater  focus  on  fertilizer
droplet deposition on crop leaves. The maximum spreading factor β,
which denotes the ratio of the maximum spreading diameter to the
initial diameter of the drop, has a direct impact on the wetting effect
of  fertilizer  on  plant  leaves.  Therefore,  many  researchers  have
established  a  relationship  between  β  and  We  and  Re  through
theoretical analysis or semi-empirical formulas. Table 2 outlines the
classical models for predicting β.

Most  impact  models  are  algebraic  idealized  models  combined

with  empirical  fitting  of  high-speed  photography  test  data.  While
these  models  offer  simple  calculations  and  insights  into  the
outcomes of  droplet  surface impact,  they lack detailed information
on velocity,  pressure,  and stress  distributions  throughout  the  entire
process. To further determine the underlying mechanisms of droplet
impact  deposition,  numerical  simulation  methods  based  on
computational fluid dynamics (CFD) have been used. Selective but
not limited studies include different methods for interface tracking,
including  the  Volume  of  Fluid  (VOF),  Level  Set  (LS),  Coupled
Level Set, Coupled Level Set and Volume of Fluid (CLSVOF), and
lattice  Boltzmann  methods  (LBM).  A  critical  challenge  lies  in
accurately  predicting  the  gas-liquid  interaction  at  a  three-phase
contact  line,  particularly  the  dynamic  contact  angle  θd  during  the
spreading  and  receding  stages,  which  significantly  influences  the
impact process[69].
  

Table 2    Classical models for predicting β
Model Formula Instruction

Richard et al.[70],
Eggers et al.[71] β ∼We1/ 2

ρD3v2 ∼ γd2
m

Impact in the capillary regime, assuming a pure
transfer of kinetic energy into surface energy, energy

conservation is simply 

Clanet et al.[72] β ∼We1/ 4 Impact in the capillary regime, following the
conservation of momentum and volume

Chandra and
Avedisian[73] β ∼ Re1/ 5

ρD3v2 ∼ µ(v2/h)d3
m

Impact in the viscous regime, the kinetic energy is
dissipated by viscosity, which is expressed as

Note: h is the thickness of the droplet at maximum spreading.
 

Therefore, it is important to consider this dynamic condition in
CFD  simulations.  Pasandideh-Fard  et  al.[74]  used  the  VOF  method
and introduced θd to enhance the droplet contact diameter prediction
on a flat solid surface. Roisman et al.[75] developed a new algorithm
for modeling the dynamic contact angle based on the instantaneous
velocity of the contact line. This was applied to the VOF model to
simulate  droplet  diffusion  on  a  dry  solid  surface  at  low  Weber
numbers.  Yokoi  et  al.[76]  integrated  a  dynamic  contact  angle  model
to  the  CLSVOF  method  to  study  droplet  impact  behavior.
Malgarinos et al.[77] proposed a new wetting force model (WFM) to
simulate  the  deposition  process  of  droplets  impacting  solid  dry
surfaces,  where  the  simulation  results  were  more  suitable  for
medium-low Weber numbers. Ahamd et al.[78] used the LBM method
to investigate the oblique impact of two successive droplets on flat
surfaces.  The  results  indicate  that  the  impact  behavior  of  two
successive droplets differs from a single droplet due to coalescence.

Compared to solid surfaces, the droplet impact on plant leaves
is a more complex dynamic process that is affected by both droplet
and  foliage  characteristic  parameters[79].  Gilet  and  Bourouiba[59]

studied  the  dynamic  evolution  of  splash  ejection  after  a  single
droplet  impacted  a  leaf,  producing  two  dominant  fluid
fragmentation  scenarios:  crescent  moon  ejection  and  inertial
detachment.  Dorr  et  al.[67]  investigated  droplet  impacts  on  real
leaves,  that  is,  cotton,  rice,  and  wheat  leaves  with  various  spray
formulations  and  leaf  characteristics.  They  proposed  a  modified
mathematical  model  of  droplet  shatter,  bounce,  and  deposition,
considering  different  leaf  inclination  angles  and  droplet  impact
trajectories. Delele et al.[80] utilized the VOF method to simulate the
dynamic  impact  behavior  of  water  droplets  on  hydrophilic  and
hydrophobic plant leaves, that is,  apples, pears,  leeks and cabbage.
The study analyzed the effects of droplet impact velocity, diameter,
and  leaf  characteristics  on  the  impact  process,  revealing  that
droplets  tended  to  deposit  and  rebound  on  hydrophilic  and
hydrophobic  surfaces,  respectively.  Zhu  et  al.[16]  proposed  the
CLSVOF interface tracking method to study the impact dynamics of
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three pesticide droplets on the transverse and longitudinal leaves of
hydrophilic tea trees. They further analyzed the liquid phase pattern,
surface  wettability,  pressure,  and  velocity  distribution.  The
calculated predictions matched the published data. Liu et al.[81] used
the  VOF  method  to  investigate  the  impact  process  of  droplets  on
virtual tea leaves and explored the effects of the impact angle, leaf

curvature,  and  gravity  on  the  droplet  flow  field.  Their  results
indicated that smaller impact angles resulted in a more pronounced
droplet  slip  phenomenon.  With  increasing  droplet  size,  gravity
played a greater role in the droplet movement. Table 3 summarizes
the numerical simulation approaches and range of conditions for the
representative studies.

 
 

Table 3    Approaches used and the range of conditions of representative studies for liquid droplet impingement
Year References Model Contact angle model Surfaces Liquid droplets d0/mm v0/m∙s–1 Experiments

1996 Pasandideh-Fard et al.[74] VOF Constant equilibrium angle/
dynamic from experiment Stainless steel surface Water 2.05±0.03 1.0 Own

2008 Roisman et al.[75] VOF θd, Kistler’s law Stainless steel surface Water 2.50 0.16-0.48 Own
2009 Yokoi et al.[76] CLSVOF θd, Modified Tanner’s law Chemically treated silicon wafer Water 2.28 1 Own
2014 Malgarinos et al.[77] VOF θd, WFM Solid dry surface Water 2.28-3.76 0.08-1.64 Published data
2016 Delele et al.[80] VOF Static contact angle Leaf of apple, pear, leek and cabbage Water 0.05-0.80 0.1-10.0 Own
2018 Zhu et al.[16] CLSVOF θ Tea leaf Pesticide 0.3 4 Published data
2018 Ahamd et al.[78] LBM θ Inclined flat surface Liquid Re=80, We=40 Published data
2022 Liu et al.[81] VOF θ Virtual tea leaf Water 0.3, 0.5 3 Own
Note: θ, θd represent static contact angle and dynamic contact angle, respectively.
 

Plant  leaves  exhibit  several  dynamic  characteristics.  The
aforementioned  study  primarily  focused  on  the  impact  analysis  of
plant  leaves  fixed  on  a  plane  but  failed  to  investigate  the  dynamic
impact  process  of  suspended  leaves.  These  studies  overlooked  the
process  of  multiple  droplets  shattering and bouncing,  subsequently
forming deposition. To enhance the validity of future research, it is
imperative  to  investigate  phenomenon  such  as  multiple  droplets
shattering and rebound while analyzing the dynamic characteristics
of leaves and conducting research on the dynamic impact process of
droplets and leaf surfaces. 

3    Droplet-foliage dynamic interaction
 

3.1    Crop foliar interception
Droplets  impact  crop  leaves  and  cause  droplet  shattering,

bouncing, and deposition, resulting in foliar interception. Maximum
foliar  interception is  known as leaf  retention.  Foliar  interception is
mainly  affected  by  the  water-holding  capacity  of  the  leaf  surface.
This  is  influenced  by  droplet  and  foliage  characteristics,  and  the
impact process. Prior research has largely focused on the formation
mechanisms,  measurement  methods,  and  model  construction  of
canopy  interception  at  the  macroscale[82-84].  However,  limited
research has been conducted on how leaf surface wettability, droplet
characteristics,  and  environmental  factors  affect  foliar  interception
as a microscale representation of crop canopy interception. As foliar
interception  directly  affects  leaf  absorption  and  leaf  burning,  it  is
necessary  to  conduct  in-depth  research  on  the  microscale
interception of fertilizers on leaf surfaces.

The amount of foliar interception is primarily influenced by the
water-holding capacity  of  the leaf  surface,  which varies  depending
on  the  foliage  characteristics.  Leaf  wettability,  determined  by
factors  like  wax  layer  structure,  trichome  structure,  and  stomatal
characteristics,  plays  a  crucial  role  in  this  phenomenon.
Environmental factors also affect leaf wettability by influencing leaf
surface  structure  and  morphology[85].  To  determine  the  underlying
mechanisms,  Wilson  et  al.[86]  studied  the  effects  of  leaf  position,
density,  and age on potato foliar  water  interception.  Their  findings
indicated  that  the  upper  canopy  leaves  had  stronger  water-holding
capacities  than  the  lower  leaves,  randomly  distributed  leaves
performed  better  than  dense  leaves,  and  old  leaves  were  stronger
than  new  ones.  Wang  et  al.[87]  measured  the  maximum  water
retention capacity of 21 plant leaves using submerging and spraying

methods  and  preliminarily  discussed  the  effect  of  leaf  surface
wettability on foliar interception, noting variations in water droplet
forms after interception affecting measurement results.

Compared  to  water  interception,  nutrient  interception  on  leaf
surfaces  during  fertigation  is  more  complex  and  influenced  by
factors  such  as  droplet  characteristics,  impact  progress,  and
technical  fertigation  parameters[88].  For  precise  foliar  fertilization
through  irrigation  spraying,  attention  should  be  given  to  fertilizer
droplet  deposition  and  nutrient  interception  on  leaf  surfaces  to
ensure  efficient  utilization.  Lu  et  al.[89]  analyzed  how  droplet  size,
velocity,  surface  tension,  and  application  rate  influence  maximum
leaf  retention  capacity,  indicating  that  the  stable  retention  capacity
initially  increased  with  increased  droplet  size,  velocity,  and
application  rate  before  stabilizing.  Qin  et  al.[90]  replaced  pesticides
with a tracer solution and employed an N-3 unmanned aerial vehicle
(UAV) for low-altitude spraying to study spraying parameters such
as  working  height  and  lateral  spray  swath  during  spray  droplet
deposition.  Zheng[91]  suggested  that  leaf  deposition  could
quantitatively  evaluate  the  efficacy  of  plant-protection  UAV
variable-rate spraying operations and recommended the selection of
nozzles  with  higher  initial  spray  droplet  velocities  during  actual
operations. Zhang et al.[92] established a prediction model integrating
droplet  interception  and  impact  models  for  rice  plants  in  plant-
protection  UAV  spray  technology.  However,  they  neglected  the
effects  of  secondary  droplets  generated  by  the  bounce  on
deposition.  Ding  et  al.[93]  proposed  an  improved  method  for
determining  droplet  deposition  on  virtual  rice  leaves,  emphasizing
the  importance  of  the  injection  height  and  angle  for  enhanced
deposition efficiency.

Current  research  has  primarily  focused  on  the  deposition  of
crop protection sprays in ideal conical spray scenarios. Compared to
crop-protection  spraying,  fertigation  droplets  are  larger  and  have
higher  kinetic  energies.  When  they  contact  the  leaf  surface  at  a
smaller  impact  angle,  a  high-energy  impact  occurs,  resulting  in
varied retention effects and leaf retention capacities. Therefore, it is
essential  to  integrate  the  droplet  characteristic  parameters  of
fertigation  and  develop  models  for  foliar  interception  and  the
prediction of nutrient retention capacity in fertigation.

Measurement  methods  for  leaf  retention  capacity  are  also
crucial  factors  affecting  the  study  of  retention  patterns.  In
experiments,  it  is  common  to  directly  measure  the  leaf  retention
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capacity by collecting droplets.  Qin et  al.[90] used circular  polyester
cards  as  soluble  fluorescent  tracer  receivers  to  determine  droplet
deposition  per  unit  area  and  analyzed  the  distribution  of  droplet
deposition  between  different  layers  in  maize  canopies.  The  field
experiment  setup  (Figure  5a)  involved  placing  receivers  at  various
parts  of  the  crops  to  measure  droplet  deposition  on  the  polyester
cards  using  fluorescence  analysis.  Zwertvaegher  et  al.[94] measured
spray  deposition  using  water-sensitive  papers  and  analyzed  their
uniformity. These papers can be easily attached to any crop, and the
color  of  the  coating  changes  from yellow  at  pH  3.0  to  blue  at  pH
4.6.  However,  false  positives  were  sometimes  obtained  as  a  blue
spot could appear due to factors like water vapor in the air or dew
on  the  crop,  not  just  the  liquid  mixture[95,96].  To  address  this  issue,
Menger  et  al.[97]  added  fluorescent  dyes  to  a  solution  sprayed  onto
filter  paper,  captured  images,  and  analyzed  the  retention  patterns
through  image  processing  (Figure  5b).  Bueno  et  al.[98]  conducted
field experiments to establish spray drift curves suitable for soybean
crops  under  meteorological  conditions  in  Brazil. Figure  5c depicts
the  field  experiment  setup,  with  the  filter  paper  placed  downwind.
The deposits were evaluated using a fluorescent tracer applied to the
filter paper through fluorimetry analysis.
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a. Polyester cards experiment setup[90]
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Figure 5    Measurement methods for leaf retention capacity
 

Although all these methods use samplers to replace crop leaves,
which  have  sufficient  absorption  properties  and  prevent  rebound,
they  still  exhibit  some errors  compared  to  the  actual  leaf  retention
capacity.  Further  research  is  needed  to  develop  accurate
measurement  methods  for  leaf  retention  capacity  during  field
fertigation. 

3.2    Leaf absorption
Foliar fertilizers can enhance crop yield and quality by enabling

direct  absorption  and  use  of  nutrients  by  leaves  during  sprinkler

fertigation,  thereby  improving  their  physiological  characteristics.
However,  excessive  fertilizer  concentration  or  exposure  to  high
temperature  and  sunlight  during  leaf  absorption  can  alter  the
physiological  characteristics  of  the  leaves,  hinder  photosynthesis,
change  leaf  respiration  and  transpiration,  affect  nutrient  migration,
and result in symptoms such as reddening or browning necrosis[99].

Foliar  fertilizers  are  increasingly  used  worldwide[100].  The
process of foliar nutrient absorption is dynamic and intricate, and is
influenced  by  several  factors,  including  foliage  characteristics,
physical  and  chemical  properties  of  the  fertilizer  solution,  and
ambient  temperature.  These  determinants  affect  the  efficiency  of
foliar  fertilizers,  physiological  characteristics  of  leaves,  and  crop
quality[101].  Contemporary  research  on  leaf  absorption  has  focused
predominantly  on the  mechanisms underlying the  influence of  leaf
characteristics on nutrient absorption[102].

Leaf  characteristics  that  influence  leaf  absorption  include
cuticle structure, trichome structure, and stomatal characteristics[103].
The cuticle is the primary barrier for plants to interact with, absorb,
and accumulate nutrients from the external environment while also
controlling  water  and  organic  matter  loss.  It  is  a  heterogeneous
ultrastructure that can be broadly divided into three regions, that is,
epicuticular  wax  (EW),  cuticle  proper  (CP),  and  cuticular  layer
(CL)[104].  The  wax  layer  is  composed  of  two  layers,  that  is,  the
epicuticular  wax  layer,  which  forms  a  distinctive  wax  film  on  the
cuticle  matrix,  displaying  an  amorphous  film,  particulate,  or
crystalline  structure  contingent  upon  the  varying  chemical
components,  and the  inner  wax layer,  which  lies  embedded within
the cuticle and exhibits an amorphous configuration[102].

Holloway[105] discovered that the epicuticular wax layer plays a
vital  role  in  regulating  the  wettability  of  plant  surfaces.  Empirical
research  has  indicated  that  the  structural  morphology  of  the  wax
layer can be affected by agricultural solution spraying[106]. This may
result in deficient deposition or diffusion of spray droplets in some
instances,  whereas  the  inner  wax  layer  determines  epidermal
permeability.  Owing  to  the  complex  structure  and  chemical
composition  of  the  cuticle,  predicting  the  environmental  micro-
interface behavior of nutrients within it is exceptionally intricate[107].
Currently,  our  understanding  of  the  nanoscale  structure  and
chemical  heterogeneity  of  the  cuticle  remains  limited  and  requires
additional  research  to  establish  nutrient  penetration  models  inside
the cuticle.

In studies focusing on trichome structures, Li et al.[108] evaluated
the  absorption  of  foliar-applied  Zn  via  ion  mass  spectrometry  and
observed Zn accumulation in some glandular trichomes of soybean,
but  not  in  tomato  leaves.  Kim  et  al.[109]  analyzed  the  effects  of
trichome  structure  and  wettability  on  the  water  absorption
performance  of  cactuses.  This  study  has  shown  that  hydrophobic
trichomes and trichome clusters facilitate the absorption of fog and
dew drops.

Initially,  researchers  believed  that  the  specific  structure  of
stomata  could prevent  aqueous solutions  from penetrating and that
only  when  external  pressure  is  applied  or  surfactants  are  added  to
reduce  surface  tension  could  foliar-applied  solutions  be  absorbed
through  the  stomata[110,111].  However,  subsequent  experimental
reports  from  different  backgrounds  have  shown  the  stomatal
absorption  of  water,  nutrients,  and  fluorescent  tracers  without  the
use  of  surfactants.  Solutions  can  spontaneously  penetrate  stomata
via diffusion, whereas the presence, density, and degree of stomatal
aperture may affect the penetration rate of substances applied to the
foliage[112,113]. Burkhardt et al.[114] re-evaluated the stomatal absorption
of aqueous solutions using anions with varying solubilities,  further
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analyzing  their  impact  on  the  leaf  physiology  of  apples  and
tomatoes,  while  also  visually  observing  crucial  processes.  These
results confirm that aqueous solutions can be absorbed through the
stomata.  Xia  et  al.[115]  posited  that  leaf  stomatal  conductance  is  the
primary channel  for  nutrient  and gas  exchange between plants  and
their external environment. They recommended a model to optimize
the  response  of Camellia  oleifera  leaf  stomatal  conductance  in  the
hilly  regions  of  southern  China  by  incorporating  the  CO2

concentration difference between the stomata.
Focusing  on  foliar  nutrient  absorption  during  sprinkler

fertigation,  Jordan  et  al.[116]  conducted  a  foliar  tolerance  test  using
reused  municipal  and  synthesized  saline  water.  These  findings
indicate that  Na+ and Cl− absorption through the leaf  surface is  the
primary  cause  of  foliar  damage  and  yield  reduction.  Li  et  al.[117]

found that increasing fertilizer application had no substantial effect
on  winter  wheat  yield.  Although  the  stem  nitrogen  content  and
uptake increased with  increasing fertilizer  application,  the  increase
in  nitrogen  uptake  was  lower  than  the  increase  in  fertilizer  use.
Excessive nitrogen application can also result in leaf burning. Li et
al.[118] used  15N isotope  tracing  technology to  investigate  the  effects
of different urea spraying concentrations on nitrogen uptake and use
in  cotton.  The  findings  indicated  that  foliar  urea  spraying  could
increase  chlorophyll  content  and  leaf  area,  promote  nitrogen
absorption and use, and increase the plant height and total biomass
of  cotton  plants.  The  spray  concentration  was  set  to  1%.  Zhao  et
al.[12]  explored  the  effects  of  urea  spray  concentration  on  the
physiological characteristics and yield of summer maize using field
experiments.  These  results  suggest  that  the  effects  of  foliar  urea
absorption  on  photosynthetic  capacity  are  associated  with  nitrogen
deficiency.  The  time  of  urea  spraying  should  be  determined
according to crop fertilizer requirements.

Hu  et  al.[119]  investigated  changes  in  the  yield  and  quality  of
spring  tea  under  different  biogas  slurry  application  rates.  Their
findings  showed  that  the  maximum  biogas  slurry  application  rate
enhanced  both  the  yield  and  quality  of  spring  tea,  potentially
because  of  the  large  amount  of  nitrogen  absorbed  by  the  tea  trees
sprayed with biogas slurry. Arsic et al.[120] used multiple methods to
investigate the foliar fertilizer absorption behavior of spring barley
under nutrient deficiency conditions. They also used laser ablation-
inductively  coupled  plasma-mass  spectrometry  (LA-ICP-MS)  to
visualize  the  absorption  pathways  of  P  and  Mn  ions  through  the
leaves,  showing  new  links  between  foliar  characteristics,  foliar-
applied  ion  absorption  pathways,  and  the  restoration  of  affected
physiological processes in nutrient-deficient leaves.

To  summarize,  current  research  on  sprinkler  fertigation  has
mostly  focused  on  the  effect  of  foliar  nutrient  absorption  on  crop
growth.  However,  the  amount  and  pathways  of  foliar  nutrient
absorption  remain  unclear.  Most  studies  on  foliar  nutrient
absorption have been conducted ex vivo in laboratory settings using
methods such as radioactive labeling or fluorescent tracers. Because
of  their  complex  and  potentially  damaging  pretreatments,  these
approaches cannot accurately assess nutrient distribution, absorption
rates, and pathways on plant leaf surfaces. In the future, researchers
should actively seek new methods and technologies, such as in situ
detection  techniques,  to  conduct  more  thorough  investigations  of
foliar  nutrient  absorption,  absorption  rates,  and  pathways  and
further  investigate  the  effects  of  different  fertilizer  concentrations,
environmental temperatures, and foliar interception amounts on leaf
physiological  characteristics.  This  is  crucial  for  studying  the
mechanism of  foliar  nutrient  absorption  and the  emergence  of  leaf
burning symptoms. 

3.3    Leaf burning
Leaf  burning  is  a  physiological  phenomenon  that  results  from

the  chemical  composition,  intense  light,  or  high  temperatures,
causing  discoloration,  damage,  and  necrosis  of  plant  leaf  tissue.  It
not only diminishes crop yield but also reduces the ornamental and
commercial  value  of  plants[121].  To  date,  research  on  leaf  burning
symptoms  and  influencing  factors  has  predominantly  focused  on
high  temperatures,  drought  stress,  and  sunburn[122].  Li  et  al.[99]

investigated  the  stress  state  of  tea  leaves  after  high  temperature
treatment and the resulting damage to their photosynthetic systems.
The results showed that the photosystem I had a higher tolerance to
heat  stress,  and  its  ability  to  resist  strong  light  damage  was
enhanced.  In  contrast,  photosystem  II  was  more  sensitive  to  high
temperatures,  resulting  in  weakened  resistance  to  strong  light
damage.  Based on the visible  symptoms of  heat  damage in  the tea
plants,  burns  were  categorized  as  mild,  moderate,  or  severe.
Changes in the phenotype of the tea leaves are shown in Figure 6a.
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Tian  et  al.[121]  discovered  that  under  sunlight  exposure  during
summer  and  autumn,  the  chlorophyll  content  of  the  leaves
decreased,  the  photosynthetic  capacity  and  stress  resistance  of  tea
trees  weakened,  and  leaf  burning  occurred  easily.  Xu  et  al.[123]

reviewed the morphological and physiological characteristics of rice
at  different  growth  stages  under  heat  stress  conditions.  During  the
vegetative  stage,  heat  stress  (42°C-45°C)  causes  leaf  burning,
increased water loss, impaired seedling and root growth, and death
of  seedlings.  Rice  is  more  susceptible  to  heat  stress  during  the
reproductive  stage.  Heat  stress  triggers  a  decrease  in  chlorophyll
content,  and  a  reduction  in  the  ratio  of  variable  fluorescence  to
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maximum  fluorescence  (Fv/Fm)  and  the  photosynthetic  rate.  The
morphological  and  physiological  characteristics  of  the  rice  under
heat stress are shown in Figure 6b.

Leaf  burning  caused  by  fertigation  is  directly  related  to  leaf
absorption.  When  the  fertilizer  solution  concentration  exceeds  a
certain  threshold,  the  balance  of  nutrients  in  the  leaf  tissue  is
disrupted,  resulting  in  burning  symptoms.  The  occurrence  of  leaf
burning depends on the spraying performance and is influenced by
multiple  factors  such  as  fertilizer  type,  application  rate,
concentration, timing, spraying method, and frequency.

Maas[124]  analyzed  data  from  71  agricultural  crops  and  found
that  the  rate  of  absorption  increased  with  increasing  ion
concentration  and  environmental  temperature.  Additionally,  the
frequency  of  spraying  impacted  the  accumulation  rate  of  salt  ions,
contributing  to  varying  degrees  of  leaf  burning.  Ebert  and
Downer[125]  demonstrated  that  the  selection  of  the  sprayer  and
application volume could alter droplet spectral properties, including
droplet  size,  number,  and  velocity.  This,  in  turn,  affects  the
deposition distribution of pesticide droplets on target surfaces. The
concentrated deposition resulting from these  factors  can cause  leaf
burning.  Zhang[6]  experimentally  found  that  higher  nitrogen
concentrations in summer corn foliage primarily caused burning at
the  leaf  edge  and  tip.  However,  the  photosystem  activity  and
photochemical  efficiency  of  the  non-burned  areas  significantly
increased after one day of fertigation. A urea concentration of 0.4%
was  identified  as  the  critical  concentration  for  leaf  burning.  Xu  et
al.[13] conducted field experiments on rice sprayed with Zn fertilizer
using different Zn sources, spraying rates, methods and frequencies.
The results showed that UVA-based spraying significantly reduced
the risk of residual fertilizer owing to its low Zn input and high Zn
recovery rate.  During the experiment,  leaf burning symptoms were
observed  after  fertigation,  and  photosynthetic  performance  was
measured. The safe Zn application rate threshold of the chelated Zn
fertilizer  was  0.8%,  approximately  double  that  of  ZnSO4  and
ZnNO3.  SPAD  and  net  photosynthetic  rate  decreased  with
increasing  Zn application  rates,  depending  on  the  type  of  fertilizer
used. Figure 6c shows the leaf  burning phenomenon photographed
after seven days of foliar Zn fertigation.

Current  research  on  leaf  burning  caused  by  fertigation  has
mainly focused on the appearance and photosynthetic characteristics
after burning. However, there is a lack of quantitative studies on the
relationship between leaf burning and leaf absorption. There is also
relatively  limited  understanding  of  the  mechanisms  by  which
factors  such  as  fertilizer  concentration  and  environmental
temperature affect leaf burning. 

4    Discussion: problems and prospects
Inefficiencies in foliar interception, leading to wasted fertilizer

and  water  loss,  and  leaf  burning  or  low  fertigation  concentration
resulting  from  uncertainties  in  fertilization,  have  emerged  as
primary  factors  limiting  the  widespread  use  of  fertigation.
Therefore,  it  is  crucial  to  integrate  the  characteristics  of  liquid
droplets and foliage, understand foliar interception rules during the
process  of  water-fertilizer  integration,  and  comprehend  the
mechanism  of  leaf  burning.  The  state-of-the-art  studies  were
reviewed  from  two  main  aspects  of  this  issue,  and  the  interaction
mechanism  of  droplets  and  foliage  from  this  perspective  is
illustrated  in  Figure  7.  These  studies  have  deepened  our
understanding  of  the  complex  interactions  between  fertigation
droplets  and  foliage  and  have  contributed  to  a  more  in-depth
exploration  of  the  key  factors  in  fertilization  and  irrigation

processes.  Despite  the  significant  advances  in  this  field,  several
challenges warrant further systematic exploration.
 
 

Impact process
Droplet characteristic

parameters parameters

Theoretical analysis 

Experimental research

Numerical simulation

Splashing Bouncing

Foliar interception

Leaf absorption

amount indicators

Leaf burning Normal growth Leaf burning

Critical concentration of

fertigation

Physiological

Deposition

Absorption Absorption rate

Foliar characteristic

Figure 7    Interaction mechanism of droplets and foliage
 

1)  Particular  attention  has  been  paid  to  recent  theoretical,
experimental,  and  numerical  efforts  to  explore  the  dynamic
behavior  of  droplets  and  foliage.  However,  to  the  best  of  our
knowledge,  research  on  the  droplet  impingement  process  during
sprinkler  fertilization  is  lacking.  The  droplet  size  in  sprinkler
fertigation is typically large, resulting in a high kinetic energy upon
contact  with  the  leaf  surface  at  a  small  impact  angle,  leading  to  a
high-energy  impact.  Plant  leaves  in  nature  are  generally  fixed  by
roots  and  suspended  on  branches,  which  impart  dynamic
characteristics  that  cause  leaf  oscillations  upon  droplet  impact.
Further numerical and theoretical efforts are required to analyze the
dynamic  characteristics  of  foliage  and  investigate  the  dynamic
impact  of  fertilizer  droplets  on  foliage.  Current  research  has
predominantly  focused  on  the  results  of  the  initial  impact,
overlooking  the  process  of  multiple  droplets  shattering  and
rebounding,  which  leads  to  deposition.  A  schematic  of  the  impact
process is shown in Figure 8. To enhance the effectiveness of future
research,  it  is  essential  to  study  phenomena  such  as  multiple
droplets  splashing  and  rebounding  while  also  considering  the
dynamic surface characteristics of leaves for further analysis.
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2) During sprinkler irrigation and fertigation, foliar interception
is influenced by the impact  process.  Existing mathematical  models
are  only  discrimination  formulas  that  determine  whether  the
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corresponding  impact  behavior  occurs  or  not,  without  calculating
the  actual  deposition  amount.  Future  research  should  combine
experimental  data  and  image  recognition  technology  to  further
understand  the  droplet  impact  process,  establish  the  relationship
between the impact behavior and actual deposition amount, and thus
comprehend  the  law  of  leaf  interception.  This  will  enable  us  to
develop  universal  theoretical  models  that  can  predict  leaf  fertilizer
retention  by  integrating  foliar  characteristic  analyses.  Upon
understanding  foliar  interception  laws,  it  is  crucial  to  consider  the
influence  of  canopy  structure  on  leaf  interception  and  analyze  the
macroscopic canopy deposition under different sprinkler conditions,
thus enhancing the practical  importance of the sprinkler fertigation
scheme.

3)  Currently,  the  amount  of  nutrient  absorption  and  the
corresponding  pathways  for  foliar  interception  under  different
fertilizer concentrations and ambient temperatures remains unclear.
Future  studies  should  explore  the  relationship  between  nutrient
absorption  rates  and  foliar  interception  in  response  to  varying
fertilizer  concentrations  and  interception  levels.  It  is  essential  to
investigate  the  underlying  mechanisms  that  influence  foliar
interception,  leaf  absorption,  and  leaf  burning.  Ultimately,  it  is
necessary to determine the critical fertigation concentration required
to  prevent  leaf  burning  under  different  spraying  conditions.  These
efforts provide a theoretical foundation for the precise establishment
of an integrated fertilization system. 

5    Conclusions
This review provides a comprehensive analysis of the dynamic

interactions  between  droplets  and  foliage  during  sprinkler
fertigation.  By  analyzing  and  comparing  relevant  literature,  the
study summarizes the current state of two main aspects of this issue,
the major challenges, and the proposed solutions for future research.

This  article  commences  by  reviewing the  recent  experimental,
theoretical, and numerical efforts to explore the impact process and
its  underlying  mechanisms.  The  experimental  results,  theoretical
models  and  numerical  methods  have  revealed  the  complex
mechanisms of fertigation droplets on foliage, influenced by various
droplets and foliage characteristics.

Moreover, this study analysed the dynamic interaction between
the  droplet  and  foliage,  including  foliar  interception,  leaf
absorption,  and  leaf  burning,  which  are  influenced  by  the  impact
process.  It  discusses  the  challenges  that  hinder  the  widespread  use
of  fertigation,  such  as  inefficiencies  in  foliar  interception  and
uncertainties in fertilization, which require further exploration.

In  conclusion,  this  paper  proposes  future  perspectives  to
promote  fertigation  technology,  such  as  research  on  the  dynamic
impact of fertilizer droplets on foliage, the development of universal
models for leaf fertilizer retention, and the determination of critical
fertigation  concentrations  under  varying  conditions  to  prevent  leaf
burning.

The advancement and application of water-fertilizer integration
technology  in  sprinkler  irrigation  have  notably  advanced  in  recent
years.  However,  achieving  efficient  and  effective  fertilizer
application  requires  a  deeper  understanding  of  the  principles  of
foliar  interception  through  innovative  technologies  and  an
investigation  into  the  underlying  mechanisms  governing  foliar
interception,  leaf  absorption,  and  leaf  burning.  Utilizing  3D
modeling  of  oscillating  blades  can  further  explore  the  dynamic
impact.  Advancements  in  image  recognition  technology  and  data
analytics  can  aid  in  establishing  the  relationship  between  impact
behavior  and  actual  interception  amount.  Accurate  measurement

methods,  such  as  in  situ  detection  techniques,  are  invaluable  for
studying the mechanism of foliar  nutrient  absorption and the onset
of leaf burning symptoms. Continuous technological advancements
and  improvements  in  agricultural  practices  hold  promise  for
enhancing  the  precision  and  targeting  of  fertigation,  thereby
mitigating  fertilization  uncertainties.  This  progress  will  provide
theoretical  support  for  addressing  practical  production  issues,
fostering innovation, and facilitating the large-scale development of
water-fertilizer integration technology. 

Acknowledgements
This  work  was  financially  supported  by  the  National  Natural

Science  Foundation  of  China  (Grant  No.  51939005)  and  the  Key
Research and Development Program of Jiangsu Province (Grant No.
BE2021340).

[References] 

 Bates  B C,  Kundzewicz  Z  W,  Wu S,  Palutikof  J  P.  Climate  change  and
water. Technical paper of the intergovernmental panel on climate change.
Geneva, Switzerland: Intergovernmental Panel on Climate Change. 2008;
210p.

[1]

 United  Nations.  Wastewater  the  untapped  resources.  In:  The  United
Nations  World  Water  Development  Report.  United  Nations  Educational,
Scientific and Cultural Organization. 2017; pp.69-77.

[2]

 Li  H,  Issaka  Z,  Jiang  Y,  Tang  P,  Chen  C.  Overview  of  emerging
technologies  in  sprinkler  irrigation  to  optimize  crop  production.  Int  J
Agric & Biol Eng, 2019; 12(3): 1–9.

[3]

 da  Silva  A  L  B  R,  Zotarelli  L,  Dukes  M  D,  van  Santen  E,  Asseng  S.
Nitrogen fertilizer rate and timing of application for potato under different
irrigation methods. Agricultural Water Management, 2023; 283: 108312.

[4]

 Threadgill  E  D. Chemigation  via  sprinkler  irrigation:  Current  status  and
future development. Applied Engineering in Agriculture, 1985; 1: 16–23.

[5]

 Zhang  M.  Water  and  nutrient  losses  and  management  methods  during
fertigation  through  a  center-pivot.  Master  dissertation,  Beijing:  China
Institute of Water Resources and Hydropower Research, 2019; 103p.

[6]

 Fan  X  R,  Zhao  W X,  Li  J  S.  Field  evaluation  of  nitrogen  volatilization
loss  during  fertigation  through  center  pivots.  Agricultural  Water
Management, 2023; 280: 108215.

[7]

 Asadi M E, Clemente R S, Gupta A D, Loof R, Hansen G K. Impacts of
fertigation via sprinkler irrigation on nitrate leaching and corn yield in an
acid-sulphate  soil  in  Thailand.  Agricultural  Water  Management,  2002;
52(3): 197–213.

[8]

 Zhao W X, Shan Z J, Li J S, Li, Y F. Effects of fertigation splits through
center pivot on the nitrogen uptake, yield, and nitrogen use efficiency of
winter  wheat  grown  in  the  North  China  Plain.  Agricultural  Water
Management, 2020; 240: 10629.

[9]

 Bali  K M, Eltarabily M G, Berndtsson R,  Selim T. Nutrient  and salinity
management  for  spinach production under  sprinkler  irrigation in the low
desert region of California. Irrigation Science, 2021; 39(6): 735–749.

[10]

 Li  H,  Tang  P,  Chen  C,  Zhang  Z  Y,  Xia  H  M.  Research  status  and
development trend of fertilization equipment used in fertigation in China.
Journal  of  Drainage  and  Irrigation  Machinery  Engineering,  2021;  39(2):
200–209. (in Chinese)

[11]

 Zhao  W  X,  Zhang  M,  Li  J  S,  Li  Y  F.  Effects  of  urea  concentration  on
summer maize growth and yield with sprinkler fertigation. Transactions of
the CSAE, 2020; 36(4): 98–105. (in Chinese)

[12]

 Xu M,  Liu  M J,  Liu  F,  Zheng  N,  Tang  S,  Zhou  J  J,  et  al. A  safe,  high
fertilizer-efficiency  and  economical  approach  based  on  a  low-volume
spraying  UAV  loaded  with  chelated-zinc  fertilizer  to  produce  zinc-
biofortified rice grains. Journal of Cleaner Production, 2021; 323: 129188.

[13]

 Yue  X  L,  Yang  Q  L,  Liang  J  P,  Tang  J  K,  Yang  Y.  Alternate  micro-
sprinkler irrigation synergized with organic fertilizer: A sustainable water-
fertilizer  management  technology  of  improving  quality  and  increasing
efficiency  in  Panax  notoginseng  production.  Industrial  Crops  and
Products, 2023; 194: 116335.

[14]

 Pawase  P  P,  Nalawade  S  M,  Bhanage  G  B,  Walunj  A  A,  Kadam  P  B,
Durgude  A  G,  et  al.  Variable  rate  fertilizer  application  technology  for
nutrient  management:  A  review.  Int  J  Agric  &  Biol  Eng,  2023;  16(4):
11–19.

[15]

　40 　 October, 2024 Int J Agric & Biol Eng　　　Open Access at https://www.ijabe.org Vol. 17 No. 5　

https://doi.org/10.25165/j.ijabe.20191203.4310
https://doi.org/10.25165/j.ijabe.20191203.4310
https://doi.org/10.1016/j.agwat.2023.108312
https://doi.org/10.13031/2013.26756
https://doi.org/10.1016/j.agwat.2023.108215
https://doi.org/10.1016/j.agwat.2023.108215
https://doi.org/10.1016/S0378-3774(01)00136-6
https://doi.org/10.1016/j.agwat.2020.106291
https://doi.org/10.1016/j.agwat.2020.106291
https://doi.org/10.1007/s00271-021-00740-4
https://doi.org/10.1016/j.jclepro.2021.129188
https://doi.org/10.1016/j.indcrop.2023.116335
https://doi.org/10.1016/j.indcrop.2023.116335
https://doi.org/10.25165/j.ijabe.20231604.7671
https://www.ijabe.org


 Zhu  L,  Ge  J  R,  Qi  Y  Y,  Chen  Q,  Hua  R  M,  Luo  F,  et  al.  Droplet
impingement behavior analysis on the leaf surface of Shu-ChaZao under
different  pesticide  formulations.  Computers  and  Electronics  in
Agriculture, 2018; 144: 16–25.

[16]

 Fang W, Zhang K X, Jiang Q, Lv C J, Sun C, Li Q Y, et al. Drop impact
dynamics on solid surfaces. App.Phys Lett, 2022; 121: 210501.

[17]

 Zhu Z R, Zhu D L, Ge M S. Effects of irrigation characteristics and plant
morphological features on interception of sprinkler water by maize plants.
Irrigation Science, 2023; 41: 337–353.

[18]

 Mercer  G  N,  Sweatman  W  L,  Forster  W  A.  A  model  for  spray  droplet
adhesion,  bounce  or  shatter  at  a  crop  leaf  surface.  Progress  in  Industrial
Mathematics at ECMI 2008, 2010; pp.945–951. doi: 10.1007/978-3-642-
12110-4_151.

[19]

 Kang F,  Wu X Y,  Wang Y X,  Zheng Y J,  Li  S G,  Chen C C. Research
progress  and  prospect  of  pesticide  droplet  deposition  characteristics.
Transactions of the CSAE, 2021; 37(20): 1–14. (in Chinese)

[20]

 Cui  Y  T,  Wang  S,  Li  W,  Cui  S  M,  Huang  Y  J,  Li  H,  et  al.  Research
progress in droplet deposition on superhydrophobic plant leaves. Chem J
Chinese Universities, 2021; 42(4): 1061. (in Chinese)

[21]

 Ma J, Liu K, Dong X Y, Huang X, Ahmad F, Qiu B J. Force and motion
behaviour of crop leaves during spraying. Biosystems Engineering, 2023;
235: 83–99.

[22]

 Trapaga  G,  Szekely  J.  Mathematical  modeling  of  the  isothermal
impingement  of  liquid  droplets  in  spraying  processes.  Metallurgical
Transactions B, 1991; 22: 901–914.

[23]

 Hilz  E,  Vermeer  A  W  P.  Spray  drift  review:  The  extent  to  which  a
formulation can contribute to spray drift reduction. Crop Protection, 2013;
44: 75–83.

[24]

 Bird  J  C,  Dhiman  R,  Kwon  H-M,  Varanasi  K  K.  Reducing  the  contact
time of a bouncing drop. Nature, 2014; 505: 436.

[25]

 Song  M  R,  Ju  J,  Luo  S  Q,  Han  Y  C,  Dong  Z  C,  Wang  Y  L,  et  al.
Controlling  liquid  splash  on  superhydrophobic  surfaces  by  a  vesicle
surfactant. Applied Sciences and Engineering, 2017; 3(3): 1602188.

[26]

 Song  M  R,  Hu  D,  Zheng  X  F,  Wang  L  X,  Yu  Z  L,  An  W  K,  et  al.
Enhancing  droplet  deposition  on  wired  and  curved  superhydrophobic
leaves. ACS Nano, 2019; 13(7): 7966–7974.

[27]

 Hoffman H, Sijs R, de Goede T, Bonn D. Controlling droplet deposition
with surfactants. Phys Rev Fluids, 2021; 6(3): 033601.

[28]

 Yuan  S  Q,  Li  H,  Zhu  X  Y,  Xiang  Q  J,  Zhang  J,  Liu  J  P,  et  al.  Wall-
attachment fluidic sprinkler. CN101224444B.

[29]

 Pan X W, Jiang Y, Li H. Effects of the depth of the needle-shaped water
dispersion  device  inserted  into  the  jet  on  the  jet  breakup  of  sprinklers.
Irrigation and Drainage, 2023; 72(4): 887–909.

[30]

 Wang  Y  H.  Key  components  design  and  experimental  research  of  roll
wheel  line  move  irrigator.  Master  dissertation.  Harbin:  Northeast
Agricultural University, 2016; 77p.

[31]

 Li  J  S,  Li  Y  F,  Wang  J,  Wang  Z,  Zhao  W X. Microirrigation  in  China:
history, current situation and prospects. Journal of Hydraulic Engineering,
2016; 47(3): 372–381. (in Chinese)

[32]

 Nelson  Irrigation.  Irrigation  technology  for  the  future.  2016;  Available:
https://www.nelsonirrigation.com/. Accessed on [2024-02-01].

[33]

 Sayyadi H, Nazemi A H, Sadraddini A A, Delirhasannia R. Characterising
droplets  and  precipitation  profiles  of  a  fixed  spray-plate  sprinkler.
Biosystems Engineering, 2014; 119(1): 13–24.

[34]

 Ge  M S,  Wu  P  T,  Zhu  D  L,  Ames  D  P. Comparison  between  sprinkler
irrigation and natural rainfall  based on droplet diameter. Spanish Journal
of Agricultural Research, 2016; 14(1): e1201.

[35]

 Jiang  Y,  Liu  J  L,  Li  H,  Hua  L,  Yong  Y  C.  Droplet  distribution
characteristics of impact sprinklers with circular and noncircular nozzles:
Effect  of  nozzle  aspect  ratios  and  equivalent  diameters.  Biosystems
Engineering, 2021; 212: 200–214.

[36]

 Hua L, Jiang Y, Li H, Qin L T. Effects of different nozzle orifice shapes
on  water  droplet  characteristics  for  sprinkler  irrigation.  Horticulturae,
2022; 8(6): 538.

[37]

 Lin  H,  Zhou  H  P,  Xu  L  Y,  Zhu  H  P,  Huang  H  H.  Effect  of  surfactant
concentration  on  the  spreading  properties  of  pesticide  droplets  on
eucalyptus leaves. Biosystems Engineering, 2016; 143: 42–49.

[38]

 Zhu  Y  Q,  Gao  Y  X,  Zhang  C  H,  Zhao  X,  Ma  Y,  Du  F  P.  Static  and
dynamic wetting behavior of TX-100 solution on super-hydrophobic rice
(Oryza  sativa.)  leaf  surfaces. Colloids  and  Surfaces  A:  Physicochemical
and Engineering Aspects, 2018; 547: 148–156.

[39]

 Neinhuis  C,  Barthlott  W.  Characterization  and  distribution  of  water-[40]

repellent,  self-cleaning  plant  surfaces.  Annals  of  Botany,  1997;  79(6):
667–677.
 Zorba  V,  Stratakis  E,  Barberoglou  M,  Spanakis  E,  Tzanetakis  P,
Anastasiadis  S  H,  et  al.  Biomimetic  artificial  surfaces  quantitatively
reproduce the water repellency of a lotus leaf. Advanced Materials, 2008;
20(21): 4049–4054.

[41]

 Kwon D H, Huh H K, Lee S J. Wettability and impact dynamics of water
droplets on rice (Oryza sativa L.) leaves. Exp Fluids, 2014; 55(3): 1691.

[42]

 Wang H X. Mechanisms of plant leaves based on leaf surface wettability
on rainfall  interception and dust-capturing. PhD dissertation. Shanxi: Xi’
an University of Architecture & Technology, 2012; 210p.

[43]

 Young  T.  III.  An  essay  on  the  cohesion  of  fluids.  Philos  Trans  R  Soc,
1805; 95: 65–87.

[44]

 Wenzel R N. Resistance of solid surfaces to wetting by water. Industrial
& Engineering Chemistry, 1936; 28(8): 988–994.

[45]

 Cassie  A B D,  Baxter  S. Wettability  of  porous  surfaces. Transactions  of
the Faraday Society, 1944; 40: 546–551.

[46]

 Lafuma A, Quéré D. Superhydrophobic states. Nature Materials, 2003; 2:
457–460.

[47]

 Ren W Q. Wetting transition on patterned surfaces: Transition states and
energy barriers. Langmuir, 2014; 30(10): 2879–2885.

[48]

 Wang  S,  Jiang  L.  Definition  of  superhydrophobic  states.  Advanced
Materials, 2007; 19(21): 3423–3424.

[49]

 Quéré D. Wetting and roughness. Annual Review of Materials Research,
2008; 38(1): 71–99.

[50]

 Ma X H, Lan Z, Wang K, Chen Y S, Cheng Y Q, Du B G, et al. Dancing
droplet:  interface  phenomena  and  process  regulation.  CIESC  Journal,
2018; 69(1): 9–43. (in Chinese)

[51]

 Yarin  A  L.  Drop  impact  dynamics:  splashing,  spreading,  receding,
bouncing. Annual Review of Fluid Mechanics, 2006; 38: 159–192.

[52]

 Josserand  C,  Thoroddsen  S  T.  Drop  impact  on  a  solid  surface.  Annual
Review of Fluid Mechanics, 2016; 48(1): 365–391.

[53]

 Xu  M  H,  Li  X  R,  Riseman  A,  Frostad  J  M.  Quantifying  the  effect  of
extensional  rheology  on  the  retention  of  agricultural  sprays.  Physics
Fluids, 2021; 33(3): 032107.

[54]

 Worthington A M. A study of splashes. By A. M. Worthington. With 197
illustrations  from  instantaneous  photographs.  London  and  New  York,
Longmans Green and Co. Science, 1909; 29(742): 464–465.

[55]

 Šikalo  Š,  Ganić  E  N.  Phenomena  of  droplet-surface  interactions.
Experimental Thermal and Fluid Science, 2006; 31(2): 97–110.

[56]

 Moon  J  H,  Cho  M,  Lee  S  H.  Dynamic  contact  angle  and  liquid
displacement  of  a  droplet  impinging  on  heated  textured  surfaces.
Experimental Thermal and Fluid Science, 2019; 101: 128–135.

[57]

 Srivastava  T,  Jena  S  K,  Kondaraju  S. Droplet  impact  and  spreading  on
inclined  surfaces. Langmuir:  the  ACS  Journal  of  Surfaces  and  Colloids,
2021; 37(46): 13737–13745.

[58]

 Gilet  T,  Bourouiba  L.  Fluid  fragmentation  shapes  rain-induced  foliar
disease transmission. J R Soc Interface, 2015; 12(104): 20141092.

[59]

 Liu X, Min J C, Zhang X. Dynamic behavior and maximum spreading of
droplets  impacting  concave  spheres.  Physics  of  Fluids,  2020;  32(9):
092109.

[60]

 Chen  Y  D,  Yang  Y  X,  Shi  X  X,  Zhang  W  R,  Liu  L  S,  Liu  X  C.
Experimental  and  numerical  simulation  of  dynamic  characteristics  on
single  drop  impacting  hydrophilic  wires.  Case  Studies  in  Thermal
Engineering, 2023; 42: 102760.

[61]

 Mundo  C,  Sommerfeld  M,  Tropea  C.  Droplet-wall  collisions:
experimental  studies  of  the  deformation  and  breakup  process.
International Journal of Multiphase Flow, 1995; 21(2): 151–173.

[62]

 Forster W A, Mercer G N, Schou W C. Process-driven models for spray
droplet  shatter,  adhesion  or  bounce.  In:  Proceedings  of  the  9th
International  Symposium  on  Adjuvants  for  Agrochemicals.  Freising,
Germany: Technical University of Munich, 2010; 277–285.

[63]

 Dorr G J, Forster W A, Mayo L C, McCue S W, Kempthorne D M, Hanan
J,  et  al.  Spray  retention  on  whole  plants:  modelling,  simulations  and
experiments. Crop Protection, 2016; 88: 118–130.

[64]

 Huet  O  D,  Massinon  M,  De  Cock  N,  Forster  W  A,  Zabkiewicz  J  A,
Pethiyagoda R, et al. Image analysis of shatter and pinning events on hard-
to-wet  leaf  surfaces  by  drops  containing  surfactant.  Pest  Management
Science, 2020; 76(10): 3477–3486.

[65]

 Mao T, Kuhn D C S, Tran H. Spread and rebound of liquid droplets upon
impact on flat surfaces. Aiche Journal, 1997; 43(9): 2169–2179.

[66]

 Dorr G J, Wang S S, Mayo L, McCue S W, Forster W A, Hanan J, et al.[67]

　October, 2024 Hu B, et al.　Interaction mechanism for droplets and foliage under sprinkler irrigation and water-fertilizer integration Vol. 17 No. 5 　 41　

https://doi.org/10.1016/j.compag.2017.11.030
https://doi.org/10.1016/j.compag.2017.11.030
https://doi.org/10.1063/5.0124256
https://doi.org/10.1007/s00271-022-00823-w
https://doi.org/10.1007/978-3-642-12110-4_151
https://doi.org/10.1007/978-3-642-12110-4_151
https://doi.org/10.1007/978-3-642-12110-4_151
https://doi.org/10.1007/978-3-642-12110-4_151
https://doi.org/10.1007/978-3-642-12110-4_151
https://doi.org/10.1007/978-3-642-12110-4_151
https://doi.org/10.1007/978-3-642-12110-4_151
https://doi.org/10.1007/978-3-642-12110-4_151
https://doi.org/10.1007/978-3-642-12110-4_151
https://doi.org/10.7503/cjcu20200621
https://doi.org/10.7503/cjcu20200621
https://doi.org/10.1016/j.biosystemseng.2023.09.012
https://doi.org/10.1007/BF02651166
https://doi.org/10.1007/BF02651166
https://doi.org/10.1016/j.cropro.2012.10.020
https://doi.org/10.1038/nature12895
https://doi.org/10.1126/sciadv.1602188
https://doi.org/10.1021/acsnano.9b02457
https://doi.org/10.1103/PhysRevFluids.6.033601
https://doi.org/10.1002/ird.2825
https://doi.org/10.1016/j.biosystemseng.2013.12.011
https://doi.org/10.5424/sjar/2016141-8076
https://doi.org/10.5424/sjar/2016141-8076
https://doi.org/10.1016/j.biosystemseng.2021.10.013
https://doi.org/10.1016/j.biosystemseng.2021.10.013
https://doi.org/10.3390/horticulturae8060538
https://doi.org/10.1016/j.biosystemseng.2016.01.003
https://doi.org/10.1006/anbo.1997.0400
https://doi.org/10.1002/adma.200800651
https://doi.org/10.1007/s00348-014-1691-y
https://doi.org/10.1098/rstl.1805.0005
https://doi.org/10.1039/tf9444000546
https://doi.org/10.1039/tf9444000546
https://doi.org/10.1038/nmat924
https://doi.org/10.1021/la404518q
https://doi.org/10.1002/adma.200700934
https://doi.org/10.1002/adma.200700934
https://doi.org/10.1146/annurev.matsci.38.060407.132434
https://doi.org/10.1146/annurev.fluid.38.050304.092144
https://doi.org/10.1146/annurev-fluid-122414-034401
https://doi.org/10.1146/annurev-fluid-122414-034401
https://doi.org/10.1063/5.0038391
https://doi.org/10.1063/5.0038391
https://doi.org/10.1126/science.29.742.464
https://doi.org/10.1016/j.expthermflusci.2006.03.028
https://doi.org/10.1016/j.expthermflusci.2018.10.003
https://doi.org/10.1021/acs.langmuir.1c02457
https://doi.org/10.1098/rsif.2014.1092
https://doi.org/10.1063/5.0020110
https://doi.org/10.1016/j.csite.2023.102760
https://doi.org/10.1016/j.csite.2023.102760
https://doi.org/10.1016/0301-9322(94)00069-V
https://doi.org/10.1016/j.cropro.2016.06.003
https://doi.org/10.1002/ps.5796
https://doi.org/10.1002/ps.5796
https://doi.org/10.1002/aic.690430903


Impaction of  spray droplets  on leaves:  Influence of  formulation and leaf
character  on  shatter,  bounce  and  adhesion. Experiments  in  Fluids, 2015;
56: 143.
 Ding S Y, Liu X, Wu X M, Zhang X. Droplet breakup and rebound during
impact  on  small  cylindrical  superhydrophobic  targets. Physics  of  Fluids,
2020; 32(10): 102106.

[68]

 Antonini  C,  Villa  F,  Bernagozzi  I,  Amirfazli  A,  Marengo  M.  Drop
rebound  after  impact:  The  role  of  the  receding  contact  angle. Langmuir,
2013; 29(52): 16045–16050.

[69]

 Richard  D,  Clanet  C,  Quéré  D.  Surface  phenomena:  Contact  time  of  a
bouncing drop. Nature, 2002; 417: 811.

[70]

 Eggers  J,  Fontelos  M  A,  Josserand  C,  Zaleski  S.  Drop  dynamics  after
impact on a solid wall: Theory and simulations. Physics of Fluids, 2010;
22(6): 062101.

[71]

 Clanet  C,  Béguin  C,  Richard  D,  Quéré  D. Maximal  deformation  of  an
impacting drop. Journal of Fluid Mechanics, 2004; 517: 199–208.

[72]

 Chandra  S,  Avedisian  C  T.  On  the  collision  of  a  droplet  with  a  solid
surface. Proc R Soc Lond, 1991; 432(1884): 13–41.

[73]

 Pasandideh-Fard  M,  Qiao  Y  M,  Chandra  S,  Mostaghimi  J.  Capillary
effects during droplet impact on a solid surface. Physics of Fluids, 1996;
8(3): 650–659.

[74]

 Roisman  I  V,  Opfer  L,  Tropea  C,  Raessi  M,  Mostaghimi  J,  Chandra  S.
Drop  impact  onto  a  dry  surface:  Role  of  the  dynamic  contact  angle.
Colloids  and  Surfaces  A:  Physicochemical  and  Engineering  Aspects,
2008; 322: 183–191.

[75]

 Yokoi  K,  Vadillo  D,  Hinch  J,  Hutchings  I.  Numerical  studies  of  the
influence  of  the  dynamic  contact  angle  on  a  droplet  impacting  on  a  dry
surface. Physics of Fluids, 2009; 21(7): 072102.

[76]

 Malgarinos  I,  Nikolopoulos  N,  Marengo  M,  Antonini  C,  Gavaises  M.
VOF  simulations  of  the  contact  angle  dynamics  during  the  drop
spreading: Standard models and a new wetting force model. Advances in
Colloid and Interface Science, 2014; 212: 1–20.

[77]

 Ahamd S, Tang H, Yao H. Oblique impact of two successive droplets on a
flat surface. International Journal of Heat and Mass Transfer, 2018; 119:
433–445.

[78]

 Chen  Q,  Cang  Y  Z,  Zhang  J,  Xu  L  Y,  Zhou  H  P,  Jiang  X  S. Research
progress in wettability of pesticide droplets on plant branches and leaves.
Journal of Chinese Agricultural Mechanization, 2020; 41(10): 35–40. (in
Chinese)

[79]

 Delele M A, Nuyttens D, Duga A T, Ambaw A, Lebeau F, Nicolai B M,
et  al.  Predicting  the  dynamic  impact  behavior  of  spray  droplets  on  flat
plant surfaces. Soft Matter, 2016; 12: 7195–7211.

[80]

 Liu D M, Chen Z Z, Zhou H P, Chen Q, Yang H X. Numerical simulation
and verification of the flow field characteristics of droplets impacting the
surface  of  tea  leaves.  Journal  of  Chinese  Agricultural  Mechanization,
2022; 43(6): 58–66. (in Chinese)

[81]

 Stambouli  T,  Martínez-Cob A, Faci  J  M, Howell  T,  Zapata N. Sprinkler
evaporation  losses  in  Alfalfa  during  solid-set  sprinkler  irrigation  in
semiarid areas. Irrigation Science, 2013; 31: 1075–1089.

[82]

 Zhang Y F, Wang X P, Hu R, Pan Y X, Paradeloc M. Rainfall partitioning
into throughfall, stemflow and interception loss by two xerophytic shrubs
within  a  rain-fed  re-vegetated  desert  ecosystem,  Northwestern  China.
Journal of Hydrology, 2015; 527: 1084–1095.

[83]

 Zapata  N,  Salvador  R,  Latorre  B,  Paniagua  P,  Medina  E  T,  Playán  E.
Effect of a growing maize canopy on solid-set sprinkler irrigation: kinetic
energy dissipation and water partitioning. Irrigation Science, 2021; 39(3):
329–346.

[84]

 Holder C D. Leaf water repellency of species in Guatemala and Colorado
(USA)  and  its  significance  to  forest  hydrology  studies.  Journal  of
Hydrology, 2007; 336(1-2): 147–154.

[85]

 Wilson  T  B,  Bland  W L,  Norman  J  M. Measurement  and  simulation  of
dew accumulation and drying in a potato canopy. Agricultural and Forest
Meteorology, 1999; 93(2): 111–119.

[86]

 Wang  H  X,  Shi  H,  Yu  Y,  Shi  Y.  Effects  of  leaf  surface  energy
characteristics and drop shape on rainfall interception. Journal of Soil and
Water Conservation, 2012; 26(3): 249–252, 259. (in Chinese)

[87]

 Dorr  G J,  Kempthorne  D M,  Mayo L  C,  Forster  W A,  Zabkiewicz  J  A,
McCue  S  W,  et  al.  Towards  a  model  of  spray-canopy  interactions:
Interception,  shatter,  bounce  and  retention  of  droplets  on  horizontal
leaves. Ecological Modelling, 2014; 290: 94–101.

[88]

 Lu J, Jia W D, Qiu B J, Li P P. Experiment on retention of spray liquid on
cucumber  leaves.  Transactions  of  the  CSAM,  2010;  41(4):  60–64.  (in

[89]

Chinese)
 Qin W C, Xue X Y, Zhou L X, Zhang S C, Sun Z, Kong W, et al. Effects
of spraying parameters of unmanned aerial vehicle on droplets deposition
distribution  of  maize  canopies.  Transactions  of  CSAE,  2014;  30(5):
50–56. (in Chinese)

[90]

 Zheng Q S. Research on variable fertilization technology of rape based on
multi-rotor  UAV.  Master  dissertation.  Zhejiang:  Zhejiang  University,
2019; 89p.

[91]

 Zhang H Y, Lan Y B, Wen S, Chen C L, Xu T Y, Chen S D. Modelling
approach  of  spray  retention  on  rice  in  plant  protection  using  unmanned
aerial  vehicle.  Transactions  of  the  CSAE,  2022;  38(18):  40–50.  (in
Chinese)

[92]

 Ding  W  L,  Zhu  F  L,  Jin  M  J,  Xu  L  F,  Zhang  Y  P.  Simulation  and
visualization  of  spraying  droplets  behavior  and  deposition  within  virtual
rice canopy. Int J Agric & Biol Eng, 2022; 15(5): 19–27.

[93]

 Zwertvaegher  I  K,  Van  Daele  I,  Verheesen  P,  Peferoen  M,  Nuyttens  D.
Development  and  implementation  of  a  laboratory  spray  device  and
rainfall  simulator  for  retention  research  using  small  amounts  of
agroformulations. Pest Management Science, 2017; 73(1): 123–129.

[94]

 Turnera C R, Huntingtona K A. The use of a water sensitive dye for the
detection and assessment of small spray droplets. Journal of Agricultural
Engineering Research, 1970; 15(4): 385–387.

[95]

 Salyani M, Zhu H P, Sweeb R D, Pai N. Assessment of spray distribution
with  water-sensitive  paper. Agricultural  Engineering International, 2013;
15(2): 101–111.

[96]

 Menger R F, Bontha M, Beveridge J R, Borch T, Henry C S. Fluorescent
dye  paper-based  method  for  assessment  of  pesticide  coverage  on  leaves
and  trees:  A  citrus  grove  case  study.  Journal  of  Agricultural  and  Food
Chemistry, 2020; 68(47): 14009–14014.

[97]

 Bueno M R, Cunha J P A R, de Santana D G. Assessment of spray drift
from  pesticide  applications  in  soybean  crops.  Biosystems  Engineering,
2017; 154: 35–45.

[98]

 Li  Z  X,  Li  X,  Fan  L  C,  Han  W  Y.  Effect  of  heat  stress  on  the
photosynthesis system of tea leaves. Journal of Tea Science, 2015; 35(5):
415–422. (in Chinese)

[99]

 Fernández  V,  Gil-Pelegrín  E,  Eichert  T.  Foliar  water  and  solute
absorption: an update. The Plant journal, 2021; 105(4): 870–883.

[100]

 Khan  S,  Basra  S  M  A,  Nawaz  M,  Hussain  I,  Foidl  N.  Combined
application  of  moringa  leaf  extract  and  chemical  growth-promoters
enhances  the  plant  growth  and  productivity  of  wheat  crop  (Triticum
aestivum L). South African Journal of Botany, 2020; 129: 74–81.

[101]

 Lu  H,  Zhang  Y  L,  Wu  Y  B.  Research  progress  on  foliar  absorption
mechanism  of  pollutants.  Environmental  Chemistry,  2020;  39(12):
3371–3383. (in Chinese)

[102]

 Wang  J  F.  Effects  and  related  mechanisms  of  foliar  uptake  on
translocation  and  accumulation  of  polycyclic  aromatic  hydrocarbons  in
winter  wheat.  PhD  dissertation.  Shanxi:  Northwest  A&F  University,
2021; 114p.

[103]

 Buchholz  A. Characterization  of  the  diffusion  of  non-electrolytes  across
plant  cuticles:  properties  of  the  lipophilic  pathway.  Journal  of
Experimental Botany, 2006; 57(11): 2501–2513.

[104]

 Holloway  P  J.  Plant  cuticles:  Physicochemical  characteristics  and
biosynthesis.  Air  Pollutants  and  the  Leaf  Cuticle,  1994;  36.  doi:
10.1007/978-3-642-79081-2_1.

[105]

 Tamura  H,  Knoche  M,  Bukovac  M  J.  Evidence  for  surfactant
solubilization of plant epicuticular wax. Journal of Agricultural and Food
Chemistry, 2001; 49(4): 1809–1816.

[106]

 Fernández  V,  Guzmán-Delgado  P,  Graça  J,  Santos  S,  Gil  L.  Cuticle
structure in relation to chemical composition: Re-assessing the prevailing
model. Front Plant Sci, 2016; 7: 427.

[107]

 Li C, Wang P, Lombi E, Cheng M M, Tang C X M, Howard D L, et al.
Absorption  of  foliar-applied  Zn  fertilizers  by  trichomes  in  soybean  and
tomato. Journal of Experimental Botany, 2018; 69(10): 2717–2729.

[108]

 Kim K, Kim H, Park S H, Lee S J. Hydraulic strategy of cactus trichome
for  absorption  and  storage  of  water  under  arid  environment. Front  Plant
Sci, 2017; 8: 1777.

[109]

 Schönherr J, Bukovac M J. Penetration of stomata by liquids: dependence
on  surface  tension,  wettability,  and  stomatal  morphology.  Plant
Physiology, 1972; 49(5): 813–819.

[110]

 Taiz  L,  Zeiger  E.  Plant  physiology.  Sunderland,  MA,  USA:  Sinauer
Associates, 2010; 782p.

[111]

 Eichert  T,  Goldbach  H  E.  Equivalent  pore  radii  of  hydrophilic  foliar[112]

　42 　 October, 2024 Int J Agric & Biol Eng　　　Open Access at https://www.ijabe.org Vol. 17 No. 5　

https://doi.org/10.1007/s00348-015-2012-9
https://doi.org/10.1063/5.0024837
https://doi.org/10.1021/la4012372
https://doi.org/10.1038/417811a
https://doi.org/10.1063/1.3432498
https://doi.org/10.1017/S0022112004000904
https://doi.org/10.1063/1.868850
https://doi.org/10.1063/1.3158468
https://doi.org/10.1016/j.cis.2014.07.004
https://doi.org/10.1016/j.cis.2014.07.004
https://doi.org/10.1016/j.ijheatmasstransfer.2017.11.129
https://doi.org/10.1007/s00271-012-0389-2
https://doi.org/10.1016/j.jhydrol.2015.05.060
https://doi.org/10.1007/s00271-020-00713-z
https://doi.org/10.1016/j.jhydrol.2006.12.018
https://doi.org/10.1016/j.jhydrol.2006.12.018
https://doi.org/10.1016/S0168-1923(98)00116-6
https://doi.org/10.1016/S0168-1923(98)00116-6
https://doi.org/10.1016/j.ecolmodel.2013.11.002
https://doi.org/10.25165/j.ijabe.20221505.7099
https://doi.org/10.1002/ps.4333
https://doi.org/10.1016/0021-8634(70)90099-5
https://doi.org/10.1016/0021-8634(70)90099-5
https://doi.org/10.1021/acs.jafc.0c01835
https://doi.org/10.1021/acs.jafc.0c01835
https://doi.org/10.1016/j.biosystemseng.2016.10.017
https://doi.org/10.1111/tpj.15090
https://doi.org/10.1016/j.sajb.2019.01.007
https://doi.org/10.1093/jxb/erl023
https://doi.org/10.1093/jxb/erl023
https://doi.org/10.1007/978-3-642-79081-2_1
https://doi.org/10.1007/978-3-642-79081-2_1
https://doi.org/10.1007/978-3-642-79081-2_1
https://doi.org/10.1007/978-3-642-79081-2_1
https://doi.org/10.1007/978-3-642-79081-2_1
https://doi.org/10.1007/978-3-642-79081-2_1
https://doi.org/10.1007/978-3-642-79081-2_1
https://doi.org/10.1007/978-3-642-79081-2_1
https://doi.org/10.1007/978-3-642-79081-2_1
https://doi.org/10.1021/jf000608r
https://doi.org/10.1021/jf000608r
https://doi.org/10.3389/fpls.2016.00427
https://doi.org/10.1093/jxb/ery085
https://doi.org/10.3389/fpls.2017.01777
https://doi.org/10.3389/fpls.2017.01777
https://doi.org/10.1104/pp.49.5.813
https://doi.org/10.1104/pp.49.5.813
https://www.ijabe.org


uptake routes in stomatous and astomatous leaf surfaces - further evidence
for a stomatal pathway. Physiologia Plantarum, 2008; 132(4): 491–502.
 Will  S,  Eichert  T,  Fernández  V,  Müller  T,  Römheld  V.  Boron  foliar
fertilization  of  soybean  and  lychee:  Effects  of  side  of  application  and
formulation  adjuvants  (Article).  Journal  of  Plant  Nutrition  and  Soil
Science, 2012; 175(2): 180–188.

[113]

 Burkhardt  J,  Basi  S,  Pariyar  S,  Hunsche  M.  Stomatal  penetration  by
aqueous  solutions-an  update  involving  leaf  surface  particles.  New
Phytologist, 2012; 196(3): 774–787.

[114]

 Xia  X,  Chen  Y  Z,  Yue  L  L,  Ma  B,  Wu  Y  J.  Modifying  the  stomatal
conductance  model  of  Camellia  oleifera  in  the  southern  hilly  region  of
China. Transactions of the CSAE, 2022; 38(3): 93–102. (in Chinese)

[115]

 Jordan  L  A,  Devitt  D  A,  Morris  R  L,  Neuman  D  S.  Foliar  damage  to
ornamental  trees  sprinkler-irrigated  with  reuse  water.  Irrigation  Science,
2001; 21: 17–25.

[116]

 Li J S, Li B, Su M S, Rao M J. Responses of nitrogen uptake and yield of
winter  wheat  to  nonuniformity  of  sprinkler  fertigation.  Scientia
Agricultura Sinica, 2005; 38(8): 1600–1607. (in Chinese)

[117]

 Li  Y  Q,  Dong  H  L,  Li  P  C,  Liu  J  R,  Liu  A  Z,  Wang  X  R,  et  al.
Physiological  and  biochemical  mechanism  of  15N-urea  foliage  spraying
in  increasing  the  nitrogen  uptake  and  utilization  of  cotton  seedlings.

[118]

Journal  of  Plant  Nutrition  and  Fertilizers,  2014;  20(6):  1553–1559.  (in
Chinese)
 Hu  Z  M,  Wan  Q,  Li  H,  Li  Y,  Li  R  L,  Yang  Y  Y.  Effects  of  sprinkler
irrigation  with  biogas  slurry  on  tea  garden  soil  and  tea  yield.  Journal  of
Southern Agriculture, 2020; 51(11): 2757–2763. (in Chinese)

[119]

 Arsic M, Persson D P, Schjoerring J K, Thygesen L G, Lombi E, Doolette
C L, et  al. Foliar-applied manganese and phosphorus in deficient barley:
linking  absorption  pathways  and  leaf  nutrient  status.  Physiol  Plantarum,
2022; 174(4): e13761.

[120]

 Tian Y Y, Zhang L X, Zhang Z Q, Li Z, Hou J, Qiao M M. Influences of
main meteorological factors on leaf sunburn of tea cultivar ‘Huangjinya’.
Shandong Agricultural Sciences, 2017; 49(7): 42–48. (in Chinese)

[121]

 Müller  K,  Keller  M,  Stoll  M,  Friedel  M. Wind speed,  sun  exposure  and
water status alter sunburn susceptibility of grape berries. Front Plant Sci,
2023; 14: 1145274.

[122]

 Xu  Y  F,  Chu  C  C,  Yao  S  G. The  impact  of  high-temperature  stress  on
rice: Challenges and solutions. The Crop Journal, 2021; 9(5): 963–976.

[123]

 Maas E V. Crop tolerance to saline sprinkling water. Plant and Soil, 1985;
89: 273–284.

[124]

 Ebert  T  A,  Downer  R  A.  A  different  look  at  experiments  on  pesticide
distribution. Crop Protection, 2006; 25(4): 299–309.

[125]

　October, 2024 Hu B, et al.　Interaction mechanism for droplets and foliage under sprinkler irrigation and water-fertilizer integration Vol. 17 No. 5 　 43　

https://doi.org/10.1111/j.1399-3054.2007.01023.x
https://doi.org/10.1002/jpln.201100107
https://doi.org/10.1002/jpln.201100107
https://doi.org/10.1111/j.1469-8137.2012.04307.x
https://doi.org/10.1111/j.1469-8137.2012.04307.x
https://doi.org/10.1007/s00271-001-0050-y
https://doi.org/10.1111/ppl.13761
https://doi.org/10.3389/fpls.2023.1145274
https://doi.org/10.1016/j.cj.2021.02.011
https://doi.org/10.1007/BF02182247
https://doi.org/10.1016/j.cropro.2005.06.002

	1 Introduction
	2 Droplet-foliage impact process
	2.1 Influence of droplets and foliage characteristics
	2.2 Droplet impact process

	3 Droplet-foliage dynamic interaction
	3.1 Crop foliar interception
	3.2 Leaf absorption
	3.3 Leaf burning

	4 Discussion: problems and prospects
	5 Conclusions
	Acknowledgements
	References

