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Abstract
The cultivation of strawberries in plant factories with artificial lighting (PFAL) has recently been recognized as it makes pesticide-free and stable

year-round production possible. Conventional strawberry cultivation uses bees for pollination. Considering the global decline in bee populations

and the difficulty of managing these living creatures in a closed environment, it is essential to establish an efficient and sustainable alternative for

pollination in PFAL. This study investigated the feasibility of robotic pollination in PFAL by comparing the effects of hand and robot pollination on

strawberry fruit quality and yield. No differences between the two pollination methods were found in the percentages of marketable and non-

marketable fruits. Also, there were no differences in weight, volume, sugar content, and the number of achenes among the fruits of the same

grade.  Although robot  pollination,  as  it  is,  is  not  perfectly  comparable  to  or  exceeds  manual  pollination yet,  it  has  already reached a  level  of

practical use to solve the problem of pollination by bees.
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 Introduction

Strawberries (Fragaria × ananassa) are a very popular crop in
Japan.  Over  the  past  few  decades,  many  June-bearing  and
ever-bearing  varieties  have  been  bred  and  their  cultivation
methods actively improved and developed for better fruit qua-
lity  and  higher  yield[1].  These  techniques  have  extended  the
harvest  season  of  strawberries  from  mid-November  to  May,
with more than 90% of total  production grown under forcing/
protected or semi-forcing/protected cultivation[2]. In the forcing/
protected  cultivation,  the  temperature  is  controlled  to  keep
plants in a semi-dormant or non-dormant state without expos-
ing  them  to  the  low  temperature  that  induces  dormancy,  to
prompt  flower  bud  formation  in  the  simulated  winter  season.
However,  it  is  difficult  to  control  the  air  temperature  in  the
summer,  and  the  high  temperature  during  the  vegetative
growth  stage  induces  the  inhibition  of  flower  bud  formation.
Therefore,  stable  year-round  production  of  strawberries  is  not
possible with the conventional forcing cultivation method.

The  plant  factory  with  artificial  lighting  (PFAL)  is  a  system
that cultivates plants efficiently in a completely closed environ-
ment  using  only  artificial  light  such  as  LEDs  while  controlling
the environmental conditions[3]. So far, a wide variety of plants
are  studied  for  their  viability  in  PFAL,  such  as  lettuces[4,5],
herbs[6,7],  medicinal  plants[8] and  edible  flowers[9].  Although
leafy vegetables are the major crops in PFALs,  fruit  vegetables
such as tomatoes are also added to the production list[10]. Also,
strawberries  have  been  considered  as  one  of  the  candidate
crops  in  PFAL  as  they  neither  require  high  light  intensity  nor
grow  too  tall[11].  In  fact,  studies  on  strawberry  cultivation  in  a
closed  environment  such  as  PFAL  are  actively  conducted

around  the  world[11−13].  Year-round  constant  temperature,  a
necessary  environmental  condition  that  conventional  forcing
cultivation  cannot  attain,  makes  it  possible  to  induce  conti-
nuous  flower  bud  formation  and,  therefore,  to  harvest  straw-
berries throughout the year.

Pollination is essential to plant production and consequently
to  agriculture[14].  In  Japan,  strawberry  is  the  fifth  most  polli-
nated crop by pollinators and about 80% of the value of  polli-
nation  services  is  brought  about  by  reared  pollinators[15].
Commercial  honeybees  are  the  most  commonly  used  reared
pollinators to pollinate strawberries cultivated in greenhouses.
In  recent  years,  however,  the  shortage  of  pollinators  such  as
honeybees  has  become  a  serious  problem  throughout  the
world[16]. As a substitute for honeybees, the use of blowflies has
drawn  attention  recently[17,18].  Even  if  blowfly  is  a  potential
pollinator  to  replace  bees,  there  remains  room  for  discussion
on  whether  or  not  it  is  ethical  to  use  creatures  as  pollinators
only for agricultural production.

In PFALs,  if  bee pollination were to be used in a  completely
closed  environment,  it  would  bring  several  risks  to  the  stable
production of  the  PFAL cultivation system.  These  risks  include
the  development  of  diseases  caused  by  dead  bees,  the  inva-
sion  of  bugs  that  may  be  present  in  beehives,  and  the  risk  of
operators being stung by bees. Moreover, bee pollination is not
the  most  realistic  method  for  'stable  production'  in  a  fully
closed  environment,  as  it  is  extremely  difficult  to  control  the
bees and manage pollination as the growers want. It is reported
that the number of bees per unit area has a great influence on
the  rate  of  deformed  fruit.  For  example,  more  than  20  honey-
bees/100 m2 damaged the pistils and increased the number of
malformed  fruits,  and  less  than  3  honeybees/100  m2 also
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increased unpollinated flowers and caused malformed fruits[19].
On the other hand, when honeybees were used to pollinate 10
different  cultivars  of  strawberries,  the  incidence  of  malformed
fruit ranged from 23.1% to 76.8%, which means that the rate of
normal  fruit  was  86.9%  to  23.2%,  varying  vastly  by  cultivar[18].
Therefore, an alternative pollination method that can achieve a
'stable  and  high  pollination  rate'  (marketable  fruit  rate  higher
than 80%) is urgently needed.

Several  alternative  pollination  methods,  such  as  pollination
machines  or  robots,  have  been  researched  and
developed[20−22].　A  strawberry  pollination  system  that  uses
ultrasonic radiation pressure as a substitute for bee pollination
for  strawberry  cultivation  in  a  plant  factory  has  been
developed[23].  However,  the  long-term  influence  of  ultrasonic
on the physiology of strawberry plants has not been researched
yet  thus  far.  If  robots  are  used  for  pollination,  risks  associated
with using bees can be avoided.  Some robots are being deve-
loped  to  conduct  the  pollination  movement  on  a  strawberry
flower detected by an integrated detection system[24]. This kind
of  detection  system  is  not  only  a  process  of  the  pollination
system but also a tool to collect and accumulate information on
scanned  plants.  Such  information  could  be  of  great  help  to
monitor  and  diagnose  plants,  because  it  would  require  much
more  effort  and  time  if  the  same  work  were  carried  out
manually by operators.

The  accuracy,  quality,  and  efficiency  of  pollination  directly
affect  the  yield  and  fruit  quality  of  strawberries  and  thus  the
profitability  of  strawberries  produced  in  PFALs.  There  are
studies  that  compare  the  effects  of  self-pollination,  insect  or
wind  pollination,  and  hand  pollination  on  fruit  development
and the quality of strawberries, and hand pollination is found to
perform  the  best[25,26].  If  robotic  pollination  could  perform  as
well  as  hand  pollination,  robots  can  replace  bees  and  other
insects  in  plant  factories  to  pollinate  strawberries.  However,
there has been no study that addresses this issue.

This  study  aims  to  evaluate  the  performance  and  feasibility
of  robot  pollination  and  compare  its  performance  with  hand
pollination. Evaluation is  made by examining whether the two
pollination methods lead to differences in strawberry fruit qua-
lity and yield.

 Materials and methods

 The experiment

The PFAL
The experiment was conducted in a 20 m2 PFAL placed in a

laboratory building of HarvestX Inc. in Tokyo, Japan. The PFAL,
though  small  in  size,  is  fully  equipped  with  facilities  for  air-
conditioning,  CO2 control,  and hydroponic  cultivation systems
for  year-round  plant  cultivation  under  perfect  environmental
control, and four 3-layer cultivation racks (the dimension of one
layer;  length  1,315  mm,  width  362  mm,  height  1,315  mm)  are
placed.

Strawberry plants used
In  the  PFAL,  120  strawberry  plants  (10  plants  per  layer,  30

plants per cultivation rack) (cultivar; 'Yotsuboshi') were planted
in  August  2020.  The  plants  have  kept  bearing  fruits  continu-
ously  since  then.  Of  120  plants,  we  used  90  strawberry  plants
(three cultivation racks)  in  this  experiment.  It  should be noted
that it  is  a  usual  practice for  strawberry cultivation in PFALs to

use plants, once planted, for as long as four to five years[27].  As
far as the vigor of plants and the state of flowers are concerned,
there were no appreciable differences between the first year of
cultivation and the start of this experiment.

Environmental conditions
Throughout  the  experiment,  the  following  environmental

conditions were kept. The light intensity in the PPFD was set to
300 µmol·m−2·s−1 provided by white LED lamps (GW45,  Kyowa
Co., LTD, Osaka, Japan). Air temperature, relative humidity, and
CO2 concentration  were  set  to  21°C  (light/dark  periods),
60%–80%,  and  800 µmol·mol–1,  respectively.  The  plants  were
irrigated hydroponically with a nutrient solution (Otsuka hydro-
ponic  composition,  Otsuka  Chemical  Co.  Ltd.,  Osaka,  Japan;
Otsuka formula,  nutrient  contents  of  which were:  N 21%,  P2O5

8%,  K2O  27%,  MgO  4%,  CaO  23%,  Fe  0.18%,  Cu  0.002%,  Zn
0.006%, Mo 0.002%, MnO 0.1%, and B2O3 0.1%)[28].

Experiment period
Our  experiment  took  46  d,  from the  first  pollination on July

12, 2022, to the final harvest on September 2, 2022. The pollina-
tion lasted until August 10 and the first harvest commenced on
August 2.

Treatments
Flowers  to  be  pollinated were  selected randomly  from their

growing sections of the 90 plants as they reached the stage of
appropriate  pollination,  until  the  number  of  samples  reached
50  for  each  pollination  method.  The  flowers  selected  were  on
the  first  and  second  day  of  anthesis  and  20  mm  or  more  in
diameter. Each pollinated flower was labeled with an ID tag to
avoid  repetitive  pollination.  For  both  pollination  methods,
Bonten (Fig. 1: Brahma in English, originally part of an earpick),
designed  specifically  for  pollination,  was  used  to  pollinate  the
flowers.  For  hand  pollination,  the  bundle  of  feathers  of  a
Bonten was gently placed onto the receptacle of the flower and
moved in  a  circular  motion for  five  seconds.  Robot  pollination
was  conducted  by  a  robot  (XV3-Unit,  HarvestX  Inc.,  Tokyo,
Japan), which, moved manually to a randomly selected flower,
executed  pollination  by  placing  the  bundle  of  feathers  of  a
Bonten  onto  the  receptacle  of  the  flower,  and  conducted  the
pollination  in  a  circular  motion  for  five  seconds  (Fig.  2).  The
radius of the circular movement of the Bonten is 1.53 mm and
the speed is 240 RPM (revolutions per minute).

Measurements
Ripened  strawberry  fruits  were  harvested  for  measurement

when  completely  turned  red  to  the  borderline  between  the
flesh and calyx. Right after harvest,  we measured the diameter
(mm),  length  (mm),  weight  (g),  and  sugar  content  (Brix%)  of
each fruit.

 
Fig. 1    Tool used for pollination.
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The diameter and length of the receptacle,  and of the fertil-
ized receptacle (fruit),  were measured using a digital  caliper at
pollination  and  every  week  after  pollination  until  harvest,  and
the volume of receptacle/fruit was estimated as follows: V = R2

× π ×  L  ×  (1/3),  where  V  =  the  volume  of  fruit  (cm3),  R  =  the
radius of receptacle/fruit (cm), and L = the length of fruit (cm).
Brix (%) was measured for each fruit by dripping a few drops of
juice squeezed from the strawberry into a digital refractometer
(Atago  PAL-BX/ACID4,  Tokyo,  Japan).  We  also  counted  the
number  of  unfertilized  and  fertilized  achenes  for  each  fruit
(Fig. 3).

Grading
We  categorized  all  the  harvested  fruits  into  three  grades

according  to  the  evaluation  criteria  explained  in Fig.  4.  Straw-
berries  of  the  top  two  grades  are  marketable  fruits,  whereas
those of Grade 1 are deformed and unmarketable. It should be

noted  that  the  criteria  for  grading  adopted  here  are  shape-
appearance-based  ones.  There  are  other  important  criteria  for
strawberry fruits, such as volume, weight, and sugar content. In
the  commercial  markets  for  strawberries,  the  first  screening/
grading is  made based on the  shape and appearance (malfor-
mity),  followed  by  the  second  screening/grading  based  on
other  criteria.  Adopted  here  are  the  evaluation  criteria  of  the
first screening/grading.

 Statistical analysis
Statistical  methods  applied  in  this  study  are  the  analysis  of

variance (ANOVA), the t-test for simple two-mean comparisons,
and  multiple-mean  comparisons  by  the  Tukey  method.  As  an
ancillary  statistical  test,  the χ2 test  for  testing  the  indepen-
dence of two distributions is applied.

 Results and discussion

 The distributions of pollinated flowers and harvested
fruits

The direct results of pollination are summarized in Table 1.
For both pollination methods, four flowers out of 50 sampled

flowers  pollinated  ended  up  sterile.  A  sterile  rate  of  8%  is
considered typical for the strawberry variety used[29].  Although
the same number of  sterile  flowers  appeared by hand pollina-
tion  and  robot  pollination,  respectively,  the  sterility  should  be
caused  by  the  quality  of  pollen  and  pistils[30−32] and  therefore
not considered to be related to the pollination methods.

Fruited flowers became fully ripened and harvested, on aver-
age,  26  d  after  pollination.  As  shown in Fig.  5,  it  is  difficult  for
eye inspection to distinguish the fully ripened robot-pollinated
strawberry from the hand-pollinated one.

Table 1 shows the distribution of fruited flowers by the grade
of  the ripened fruits  graded according to  the criteria  specified
in Fig. 4. The number and weight of fruits that belong to Grade
3 (the highest grade) are both better for hand-pollinated fruits
than robot-pollinated ones.  The opposite is  the case for Grade
2. For the fruits that belong to Grade 1 consisting of malformed
fruits, hand pollination records one fruit less than robot pollina-
tion, but in terms of weight, robot pollination gives less weight
than  hand  pollination.  As  a  result,  the  percentage  of  market-
able fruits (Grade 3 + Grade 2) in terms of weight is  higher for
robot  pollination  (92%)  than  for  hand  pollination  (88%).  The
percentage of nonmarketable fruits in terms of weight is as low
as 8% for robot-pollinated fruits.

 
Fig. 2    Robot pollination.

 
Fig. 3    Fertilized and unfertilized achenes of a sample strawberry.
Fertilized achenes are turning red and the fleshy surrounding skin
can  be  observed.  Unfertilized  achenes  are  green  and  the
surrounding skin is not enlarged.

Grade 3 2 1

Malformed

Definition

Example

 
Fig. 4    Grade classification of strawberry fruits.

Robot pollination for indoor strawberries
 

Nishimoto et al. Technology in Horticulture 2023, 3:19   Page 3 of 7



The χ2-test applied to the hand and robot distributions of the
number  of  fruits  in Table  1 indicates  that  the  null  hypothesis
that differences in pollination methods are independent of the
distribution  over  the  quality  grades  cannot  be  rejected.  If  the
average  grade  is  computed,  treating  the  grade  number  as  a
rank  variable,  it  is  2.57  for  hand-pollinated  fruits  and  2.41  for
robot-pollinated  fruits,  the  difference  of  which  is  not  statisti-
cally significant even if with the one-tail t-test.

The percentage of non-marketable fruits of 8% is the lowest
record  as  far  as  we  have  searched  in  the  literature  on  straw-
berry  production  in  greenhouses  and  PFALs,  only  followed  by
13%[33].  These  results  suggest  that  hand  pollination  may  have
an  advantage  over  robot  pollination  in  producing  better  qua-
lity  fruits,  though  the  advantage  would  not  be  so  large,  and
that, with the low rate of non-marketable fruits, this robot polli-
nation is at a level practically applicable.

 Fruit characteristics

 ANOVA
Table 2 summarizes the results of the two-way ANOVA, with

the pollination methods ('Hand' and 'Robot')  and the Grade (3,
2,  and  1)  as  factors,  applied  separately  to  five  fruit  characte-
ristics  as  dependent  variables.  Five  points  deserve  special
mention.

First,  the  difference  (variation)  in  the  pollination  method
does  not  give  any  statistically  significant  effect  on  any  of  the
first  four  fruits  characteristics  in  the  table,  neither  indepen-
dently nor in interaction with the Grade. Second, an exception
for  these  results  is  the  percentage  of  fertilized  achenes  in  the

total number of achenes, on which difference in the pollination
method gives an effect statistically significant at p < 0.05. This is
an  important  result  because  the  significant  effect  that  robot
pollination  gives  on  the  percentage  of  fertilized  achenes  is
negative.  The  simple  correlation  coefficient  (r)  between  the
percentage  of  fertilized  achenes  and  a  robot  dummy  variable
(robot-pollination = 1 and hand-pollination = 0) is r = −0.22.

Third,  the  differences  in  Grade  give  statistically  significant
effects on the weight and volume of fruits and the percentage
of  fertilized  achenes  in  the  total  number  of  achenes.  Fourth,
Brix  and  the  number  of  achenes  are  characteristics  affected
neither  by  the  difference  in  the  Grade  nor  the  pollination
method.

Fifth,  the  ratio  of  the  total  variation  of  the  dependent  vari-
able  accounted  for  by  the  variations  of  the  factor  to  the  total
variation,  which is  (1  -  Residual/Total),  is  less  than 10% for  the
volume,  the  Brix,  and  the  number  of  achenes,  19%  for  the
weight,  and  53%  for  the  percentage  of  fertilized  achenes.  The
high  percentage  of  the  last  characteristic  is  due  to  the  high
positive  correlation  between  the  percentage  of  fertilized
achenes and the Grade levels (r = 0.7),  which is brought about
because  the  percentage  of  fertilized  achenes  is  an  important
criterion in the grading of fruits (Fig. 4).

 Mean comparison
The  means  of  the  five  fruit  characteristics  are  compared  in

Table 3 by the pollination method and Grade.
The weight and volume of fruits  are both important charac-

teristics  that  positively  affect  the marketability  of  strawberries.
For  the  means  of  these  two  characteristics  of  the  fruits  that

Table 1.    The results of pollination: distributions of sampled flowers by pollination method.*

Number of flowers/fruits*** Total weight of fruits (g)

Hand Robot Hand Robot

Fruited flowers**
Grade 3 33 (66) (72) 27 (54) (59) 333 (75) 271 (62)
Grade 2 6 (12) (13) 11 (22) (24) 60 (14) 128 (29)
Grade 1 7 (14) (15) 8 (16) (17) 52 (12) 37 (8)
Sub-total 46 (92) (100) 46 (92) (100) 446 (100) 436 (100)

Sterile flowers 4 (8) 4 (8)
Total 50 (100) 50 (100)

* Numbers in parenthesis are percentages. ** For the definition of the grade, see Fig. 4. *** The chi-square test of the distribution of fruited flowers indicates
that the null hypothesis that differences in pollination methods are independent of the distribution over the grades is not rejected at p = 0.05 (χ2 = 2.14, D.F. =
2, p = 0.34).

Hand

Robot

 
Fig. 5    Development of strawberry fruits.
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belong  to  the  two  marketable-fruit  grades,  Grades  3  and  2,
there are no statistically significant differences among the four
means, not only between the two pollination methods but also
between  Grade  3  and  Grade  2.  For  the  unmarketable
malformed  fruits  of  Grade  1,  the  mean  weight  of  robot-polli-
nated  fruits  (4.6  g)  is  different  statistically  significantly  from
those  of  Grade  2  (11.6  g)  and  Grade  3  (10.0  g).  For  the  hand-
pollinated fruits, the mean weight of malformed fruits of Grade
1  is  lighter  than  those  of  Grade  2  and  Grade  3,  but  the  differ-
ences are not statistically significant. The means of fruit volume
are  subject  to  the  same  difference  pattern.  These  results  indi-
cate  that  the  significant  mean  difference  between  marketable
and non-marketable  robot-pollinated fruits  makes the grade a
significant factor in the ANOVA of weight and volume in Table
2. For these two characteristics, the variations among the fruits
within  the  six  categories,  measured  by  the  coefficient  of
variation,  are  large,  particularly  for  the  fruits  of  Grade  1.
However,  for  each  grade,  there  are  no  appreciable  systematic

differences in the degree of variation between the two pollina-
tion methods.

The average weight of marketable fruits in this study (Grades
3 + 2 for  Hand + Robot)  is  10.3 g/fruit.  The strawberry cultivar
used, 'Yotsuboshi,' was developed in the mid-2010s. The devel-
opers of this variety introduced it as having fruits of medium to
small size, good triangular pyramid shape, and high redness[34],
which  are  the  characteristics  of  the  marketable  fruits  (Grade  3
and Grade 2)  in  our  experiment  (Fig.  3 & 4).  A  difference from
our study was the fruit  weight,  which is  reported 20 g/fruit  on
average.  The  weight  of  our  fruits  is  lighter  because  plants
constantly,  as  explained  earlier,  keep  bearing  fruits  for  more
than  one  year.  The  fruit  size  becomes  smaller  as  harvest
proceeds to lower inflorescences[33,35]. It should be emphasized
that  strawberries  of  smaller  sizes  are  not  necessarily  handi-
capped  in  the  consumer  market.  Strawberries  of  around  10
g/fruit  are  categorized  as  small  to  medium  sizes  according  to
the  shipping  standard  in  Japan  and  are  widely  distributed  in
the market.  It  is  reported that  'Yotsuboshi'  strawberries  of  this
size command good prices[36].

The  sugar  content  (Brix%)  of  fruits,  on  average  9.5%,  is  a
stable  characteristic  that  does  not  vary,  not  only  between  the
pollination  methods  but  also  across  grades.  The  variation
among  the  fruits  in  each  category  is  also  relatively  small.  It  is
even  stable  across  cultivars.  Among  the  popular  strawberry
cultivars in the Japanese consumer market,  those with a sugar
content of 9-10% far exceed the majority[37].

The total number of achenes per fruit is another characteris-
tic  that  is  affected  neither  by  the  pollination  methods  nor  by
the grades, although the variation among fruits is larger than in
the  case  of  Brix.  It  has  been reported that  pistil  differentiation
occurs  during  the  flower  bud  differentiation  stage,  indicating
that the number of total achenes is determined before pollina-
tion[38].  Therefore,  the  total  number  of  achenes  would  not  be
affected by the pollination methods.

Since the percentage of fertilized achenes in the total achenes
per fruit is a criterion in the shape-based grading adopted in this
study,  the  means  decline  as  the  grade  becomes  lower  for  both
hand and robot pollination. The mean difference between Grade
3 and Grade 1 is statistically significant for both pollination meth-
ods. For hand-pollinated fruits, the mean of Grade 2 is not statis-
tically distinguishable from those of Grade 3 and Grade 1,  while
for  robot-pollinated  fruits,  the  mean  of  Grade  2  is  statistically
different from that of Grade 3 but not distinguishable from that
of Grade 1. For this characteristic,  the ANOVA reveals that robot
pollination gives a statistically  significant negative effect  on this

Table 2.    The results of ANOVA: the significance probability of fruit grade, pollination method, and their interaction effect, and the ratio of the residual
variation to the total variation, for the five fruit characteristics.*

Factor Variation ratio

Grade of fruits Pollination method Interaction effect
Residual/Total***

Significance provability**

Fruit weight (g/fruit)) 8.2E-04 0.646 0.260 0.811
Fruit volume (cm3/fruit) 0.001 0.596 0.316 0.945
Brix (%) 0.081 0.483 0.763 0.934
Number of achenes (no./fruit) 0.491 0.996 0.702 0.971
Percentage of fertilized achenes (%) 1.3E-13 0.027 0.431 0.469

* The degree of freedom is 2 for the grade, 1 for the pollination method, 2 for the interaction effect, 86 for the residual, and 91 for the total variation.
** For p < 0.001, probabilities are expressed in an index form, such as 8.2E-04, which stands for 8.2 × 10−4. The probability of less than the critical level of p =
0.05 is expressed in bold letters.
*** The variation ratio, residual/total, means the share in the total variation of the variation that is not explained by the factors.

Table  3.    The  means  and  coefficient  of  variations  (CV)  of  the  weight,
volume, and brix of strawberry fruits, the total number of achenes per fruit,
and  percentage  share  of  fertilized  achenes  in  the  total  achenes,  by
pollination method and grade.*

Hand Robot
1/2

Mean 1 CV (%) Mean 2 CV (%)

Fruit weight (g/fruit)
   Grade 3 10.1a 38.9 10.0a 31.7 1.01
   Grade 2 10.0ab 37.0 11.6a 42.5 0.86
   Grade 1 7.50ab 61.9 4.60b 62.8 1.63
Fruit volume (cm3/fruit)
   Grade 3 6.84a 46.8 6.58a 33.9 1.04
   Grade 2 6.84ab 39.9 7.98a 48.9 0.86
   Grade 1 4.84ac 64.2 2.77bc 68.6 1.75
Brix (%)
   Grade 3 9.36a 12.7 9.35a 13.2 1.00
   Grade 2 9.38a 10.6 9.55a 8.7 0.98
   Grade 1 9.87a 8.9 10.3a 11.5 0.95
Number of achenes (no./fruit)
   Grade 3 144a 32.3 133a 25.3 1.08
   Grade 2 131a 38.8 140a 40.2 0.94
   Grade 1 122a 55.9 125a 28.3 0.98
Percentage of fertilized achenes (%)
   Grade 3 81.5a 17.6 78.2a 19.6 1.04
   Grade 2 60.3ab 45.7 47.0bc 36.1 1.28
   Grade 1 43.9bc 55.4 30.5c 67.9 1.44

* Of the six means for each characteristic,  the means followed by the same
alphabet letter are not statistically different at p < 0.05 (tested by the Tukey
method).
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variable (Table 2). The mean difference between the two pollina-
tion methods by Grade is not statistically significant for all three
grades (Table 3). Unlike other characteristics, however, the mean
of hand-pollinated fruits is consistently higher than that of robot-
pollinated  fruits  for  all  three  grades.  These  systematic  differ-
ences  make  the  pollination  method  a  significant  factor  in  the
ANOVA.  Whether  pollination  satisfactory  goes  well  for  robot
pollination matters here.

Webb et al., studying English strawberry cultivars, found that
there were commonly eight achenes per cm2 of  the surface of
strawberry  fruits  produced  in  good  commercial  cultivation[35].
The mean surface areas of robot-pollinated Grade 3 and Grade
2  fruits  in  this  study  are  15.5  cm2 (radius  =  1.54  cm,  length  =
2.80  cm)  and  17.5  cm2 (radius  =  1.65  cm,  length  =  2.93  cm),
respectively, and their standard achene number reproduces the
total number of achenes almost exactly;  124 and 139 per fruit,
respectively,  for  the  actual  numbers  of  133  and  140  per  fruit
(Table 3).  Applying the percentage of  fertilized achenes (Table
3),  the  mean  numbers  of  fertilized  achenes  per  robot-polli-
nated fruits are 104 for Grade 3 and 66 for Grade 2. Webb et al.
also  established  well  that  the  number  of  achenes  on  a  straw-
berry  fruit  is  highly  correlated  with  the  weight  of  the  fruit[35].
SPRIAF (2005) reports that the number of fertilized achenes for
two  medium-  to  small-sized  commercially  popular  strawberry
cultivars  is  108  and  85  per  fruit  of  12.6  and  10.9  g,
respectively[33].  As  far  as  Grade  3  fruits  are  concerned,  the
performance in producing fertilized achenes of the robot-polli-
nated  strawberries  in  our  experiment  in  the  PFAL  is  compara-
ble  to  the  performance  of  similar-sized  strawberry  cultivars  in
greenhouses with bee-pollination.

 Prospects for improving robot pollination
Though not statistically significant,  robot pollination tended

to have a lower percentage of the highest grade (Grade 3) fruits
than hand pollination (Table 1). Though not statistically signifi-
cant  also,  the  number  of  fertilized  achenes  is  consistently  less
for  robot  pollination  than  for  hand  pollination  for  all  three
grades  (Table  3).  This  might  have  indeed  been  caused  by  the
dimensional  difference  of  the  movement  of  the  pollination
methods.  The  movement  of  the  robot  toward  flowers  is
uniform and 2-dimensional. In contrast, the movement of hand
pollination can be back and forth, i.e., 3-dimensional, adjusting
flexibly  depending  on  each  flower.  In  other  words,  depth  is
added  to  the  2-dimensional  movements  in  hand  pollination.
The results of our experiment indicate that such a difference, if
any, does not result in any significant difference in the grade of
strawberries  between the two pollination methods.  Improving
the pollination accuracy by applying such depth into the robot
pollination  movement  and  allowing  the  movement  flexibility
depending on flowers, the percentages of higher grades could
be increased.

The strawberry plants used in this experiment were regularly
pruned to adjust the number of leaves so that the flower clus-
ters  would  be  brought  to  the  front  side.  This  prevented  the
flowers and fruits from being hidden by the leaves. While bees
can move freely around plants and spatially recognize flowers,
the  robot  uses  a  fixed  RGB  camera  to  detect  flowers.  If  leaves
are not  pruned regularly,  the robot  may not  be able  to  detect
flowers  well,  and thus  may not  perform successful  pollination.
Should  this  pollination  robot  be  adopted  in  other  strawberry-
growing environments,  it  would be necessary to be combined
with regular pruning.

 Conclusions

In this study, we assessed, in comparison with hand pollina-
tion,  the  feasibility  of  robot  pollination  in  producing  quality
fruits  in  strawberry  production in  PFALs.  There  were  no differ-
ences  in  the  percentages  of  marketable  and  non-marketable
fruits  between  the  two  pollination  methods.  For  robot-polli-
nated fruits, the percentage of unmarketable, malformed fruits
to  be scrapped is  less  than 10%,  a  level  rarely  attained by any
method  of  pollination.  Of  the  five  fruit-quality-related  charac-
teristics  examined,  no  statistically  significant  differences  were
found between the two pollination methods in weight, volume,
sugar content,  and the number of  achenes.  The percentage of
fertilized achenes in the total number of achenes was the only
characteristic for which robot pollination showed some system-
atically  inferior  results  relative to hand pollination,  though not
statistically significant if the comparison was made for the fruits
in  the  same  grade.  Although  robot  pollination,  as  it  is,  is  not
perfectly comparable to or exceeded manual pollination yet, it
has  already  reached  a  level  of  practical  use  to  solve  the  pro-
blem  of  pollination  by  bees.  Slight  improvements  to  add  the
robot  pollination  3-dimensional  flexible  movements  would
make it  possible to replace hand or bee pollination with equal
or  even  better  performance  as  far  as  the  quality  of  strawberry
fruits are concerned.

Conflict of interest

The authors declare that they have no conflict of interest. Na
Lu is  the Editorial  Board member of Technology  in  Horticulture.
She  is  blinded  from  reviewing  or  making  decisions  on  the
manuscript.  The  article  was  subject  to  the  journal's  standard
procedures,  with  peer-review  handled  independently  of  this
Editorial Board member and her research groups.

Dates

Received  3  June  2023;  Accepted  21  July  2023;  Published
online 8 September 2023

References

Mochizuki  T,  Mori  T,  Kohori  J,  Kitamura  H,  Inokuchi  T,  et  al. 2017.
'Yotsuboshi', a new F1 hybrid strawberry of seed propagation type
for year-round production. Acta Horticulturae 1156:53−60

1.

Yamasaki  A. 2013.  Recent  progress  of  strawberry  year-round pro-
duction technology in Japan. Japan Agricultural Research Quarterly:
JARQ 47(1):37−42

2.

Kozai  T,  Niu G.  2016.  Role  of  the plant  factory  with artificial  light-
ing  (PFAL)  in  urban  areas.  In Plant  Factory—An  Indoor  Vertical
Farming  System  for  Efficient  Quality  Food  Production,  eds.  Kozai  T,
Niu G, Takagaki M. San Diego, CA, USA: Academic Press. pp. 7−33.
https://doi.org/10.1016/B978-0-12-801775-3.00002-0

3.

Hang T, Lu N, Takagaki M, Mao H. 2019. Leaf area model based on
thermal  effectiveness  and  photosynthetically  active  radiation  in
lettuce  grown  in  mini-plant  factories  under  different  light  cycles.
Scientia Horticulturae 252:113−20

4.

Xu  W,  Nguyen  DTP,  Sakaguchi  S,  Akiyama  T,  Tsukagoshi  S,  et  al.
2020.  Relation  between  relative  growth  rate  and  tipburn  occur-
rence  of  romaine  lettuce  under  different  light  regulations  in  a
plant  factory  with  LED  lighting. European  Journal  of  Horticultural
Science 85(5):354−61

5.

Nguyen  DTP,  Kitayama  M,  Lu  N,  Takagaki  M. 2019.  Improving
secondary metabolite accumulation, mineral content, and growth

6.

 
Robot pollination for indoor strawberries

Page 6 of 7   Nishimoto et al. Technology in Horticulture 2023, 3:19

https://doi.org/10.17660/actahortic.2017.1156.7
https://doi.org/10.6090/jarq.47.37
https://doi.org/10.6090/jarq.47.37
https://doi.org/10.1016/B978-0-12-801775-3.00002-0
https://doi.org/10.1016/j.scienta.2019.03.057
https://doi.org/10.17660/eJHS.2020/85.5.7
https://doi.org/10.17660/eJHS.2020/85.5.7


of coriander by (Coriandrum sativum L.) regulating light quality in a
plant  factory. The  Journal  of  Horticultural  Science  &  Biotechnology
95(3):356−63
Ren X, Lu N, Xu W, Zhuang Y, Tsukagoshi S, et al. 2022. Growth and
nutrient  utilization  in  basil  plant  as  affected  by  applied  nutrient
quantity in nutrient solution and light spectrum. Biology 11(7):991

7.

Lu N, Bernardo EL, Tippayadarapanich C, Takagaki M, Kagawa N, et
al. 2017.  Growth  and  accumulation  of  secondary  metabolites  in
perilla as affected by photosynthetic photon flux density and elec-
trical conductivity of the nutrient solution. Frontiers in Plant Science
8:708

8.

Xu W, Lu N, Kikuchi M, Takagaki M. 2021. Continuous lighting and
high  daily  light  integral  enhance  yield  and  quality  of  mass-
produced  nasturtium  (Tropaeolum  majus L.)  in  plant  factories.
Plants 10:1203

9.

Zhuang Y, Lu N, Shimamura S, Maruyama A, Kikuchi M, et al. 2022.
Economies  of  scale  in  constructing  plant  factories  with  artificial
lighting and the economic viability of crop production. Frontiers in
Plant Science 13:992194

10.

Yoshida H, Mizuta D, Fukuda N, Hikosaka S, Goto E. 2016. Effects of
varying light quality from single-peak blue and red light-emitting
diodes  during  nursery  period  on  flowering,  photosynthesis,
growth, and fruit yield of everbearing strawberry. Plant Biotechnol-
ogy 33(4):267−76

11.

Avendaño-Abarca  VH,  Alvarado-Camarillo  D,  Valdez-Aguilar  LA,
Sánchez-Ortíz  EA,  González-Fuentes  JA,  et  al. 2023.  Response  of
strawberry  to  the  substitution  of  blue  light  by  green  light  in  an
indoor vertical farming system. Agronomy 13(1):99

12.

Tsuruyama J, Shibuya T. 2018. Growth and flowering responses of
seed-propagated  strawberry  seedlings  to  different  photoperiods
in controlled environment chambers. HortTechnology 28:453−58

13.

Food  and  Agriculture  Organization  of  the  United  Nations  (FAO).
2023.  FAO's  Global  Action  on  Pollination  Services  for  Sustainable
Agriculture:  Tiny  miracle  workers. www.fao.org/pollination/back
ground/bees-and-other-pollinators/en/

14.

Konuma A,  Okubo S. 2015.  Valuating pollination services for  agri-
culture in Japan. Japanese Journal of Ecology 65(3):217−26

15.

Yoshiyama  M. 2010.  Current  status  on  global  decline  of  honey-
bees and its cause in North America and Europe. Honeybee Science
28(2):65−72

16.

Hanada A, Yoshida Y, Sato T, Goto T, Yasuba KI, et al. 2016. Utiliza-
tion  of  Phaenicia  sericata  Meig.  (green  blow  fly)  as  an  alternative
pollinator  to  honey  bee. Horticultural  Research  (Japan)
15(2):161−69

17.

Nishimoto T, Minami D, Yasukawa H, Horikawa D, Toi K, et al. 2019.
Malformed  fruit  incidence  in  greenhouse  strawberries  caused  by
young  pistil  injury  from  flower  visiting  of  honey  bees  before  full
bloom  and  use  of  blowfly Lucilia  sericata as  a  pollinator. Nara
Prefecture Agricultural Research and Development Center 50:1−10

18.

Miyamoto M, Koizumi T, Tezuka T, Tanaka E. 2013. Recommended
bee densities for strawberry culture in greenhouse. Gunma Prefec-
ture Agricultural Technology Center 10:25−30

19.

Barnett J, Seabright M, Williams HA, Nejati M, Scarfe AJ, et al. 2017.
Robotic  pollination-targeting  kiwifruit  flowers  for  commercial
application. PA17  International  Tri-Conference  for  Precision  Agricul-
ture, Hamilton, 2017.

20.

Shi  Q,  Liu  D,  Mao H,  Shen B,  Liu  X,  et  al.  2019.  Study on assistant
pollination  of  facility  tomato  by  UAV. 2019  ASABE  Annual  Interna-
tional  Meeting.  American  Society  of  Agricultural  and  Biological
Engineers,  Boston,  Massachusetts,  USA. https://doi.org/10.13031/
aim.201900055

21.

Shukla MK,  Singh L,  Vidya S,  Quasim H,  Bhandari  R.  2022.  Pollina-
tion System for Greenhouse Flowering Plants Using Nano Drones.

22.

In Advances in Mechanical Engineering and Technology: Proceedings
of  6th  International  Conference  on  Advanced  Production  and  Indus-
trial  Engineering  (ICAPIE)-2021,  eds.  Singari  RM,  Kankar  PK,  Moona
G.  Singapore:  Springer.  pp.  157−62. https://doi.org/10.1007/978-
981-16-9613-8_15
Shimizu  H,  Sato  T. 2018.  Development  of  strawberry  pollination
system  using  ultrasonic  radiation  pressure. IFAC-PapersOnLine
51(17):57−60

23.

HarvestX.  2023.  Indoor  Farm  Automation  "HarvestX". https://
harvestx.jp/en/solutions/

24.

Adhikari  RD,  Miyanaga  R. 2015.  Utilization  of  hairy  footed  flower
bee Anthophora plumipes (Hymenoptera: Apidae) for pollination of
greenhouse strawberry. Advances in Entomology 4(1):25−31

25.

Wietzke A,  Westphal  C,  Gras P,  Kraft  M,  Pfohl  K,  et  al. 2018.  Insect
pollination  as  a  key  factor  for  strawberry  physiology  and
marketable  fruit  quality. Agriculture,  ecosystems  &  environment
258:197−204

26.

Fresh  Fruit  Portal.  2022.  The  next  step  for  Oishii's  premium  berry
operation. www.freshfruitportal.com/news/2022/05/30/the-next-
step-for-oishiis-premium-berry-operation/ (Accessed  July  16,
2023).

27.

Sun  J,  Lu  N,  Xu  H,  Maruo  T,  Guo  S. 2016.  Root  zone  cooling  and
exogenous  spermidine  root-pretreatment  promoting Lactuca
sativa L.  growth  and  photosynthesis  in  the  high-temperature
season. Frontiers in Plant Science 7:368

28.

Hikei  K,  Sakakibara  M. 2011.  Varietal  differences  in  pollen  fertility
and  malformed  fruit  emergence  in  strawberry  forcing  culture.
Research  bulletin  of  the  Aichi-ken  Agricultural  Research  Center
43:33−39

29.

Smeets L. 1976. Effect of light intensity on stamen development in
the strawberry cultivar ‘Glasa’. Scientia Horticulturae 4(3):255−60

30.

Yoshida Y, Tanimoto K. 1999. Changes in Pollen Fertility of 'Nyoho'
Strawberry  in  Relation  to  Light  Intensity,  Temperature  and  Leaf
Carbohydrate  and  Mineral  Concentration. Scientific  Reports  of  the
Faculty of Agriculture, Okayama University 88(1):39−45

31.

Inaba Y. 2001. Pollen and pistil fertility of "Tochiotome" strawberry.
Bulletin  of  the  Tochigi  Prefectural  Agricultural  Experiment  Station
50:51−61

32.

Shizuoka Prefectural Research Institute of Agriculture and Forestry
(SPRIAF).  2005. Characteristics and cultivation techniques of beni-
hoppe: Cultivation management based on test data (in Japanese).
www.agri-exp.pref.shizuoka.jp/pdf/benihoppe_siryou.pdf

33.

Mori  T,  Kohori  J,  Kitamura H,  Inokuchi  T,  Kato I,  et  al. 2015.  Deve-
lopment of F1-hybrid strawberry of seed propagation type named
'Yotsuboshi'  by collaborative breeding among institutes. Horticul-
tural Research 14(4):409−18

34.

Webb RA,  Terblanche JH,  Purves  JV,  Beech MG. 1978.  Size  factors
in strawberry fruit. Scientia Horticulturae 9(4):347−56

35.

Tokai  TV.  2022.  Cultivation  with  a  combination  of  IT  and  human
intuition: A new standard of deliciousness made by the rare straw-
berry  "Yotsuboshi"  (in  Japanese). www.tokai-tv.com/tokainews/
feature/article_20220407_17303. (Accessed 16 Feb. 2023).

36.

Jalan  News.  2023.  Strawberry  picture  book. www.jalan.net/news/
article/439950/

37.

Yoshida Y. 1992. Studies on flower and fruit development in straw-
berry,  with  special  reference  to  fruit  malformation  in  'Ai-Berry'.
Memories of Faculty of Agriculture, Kagawa University 57:1−94

38.

Copyright:  © 2023 by the author(s).  Published by
Maximum  Academic  Press,  Fayetteville,  GA.  This

article  is  an  open  access  article  distributed  under  Creative
Commons  Attribution  License  (CC  BY  4.0),  visit https://creative-
commons.org/licenses/by/4.0/.

Robot pollination for indoor strawberries
 

Nishimoto et al. Technology in Horticulture 2023, 3:19   Page 7 of 7

https://doi.org/10.1080/14620316.2019.1677510
https://doi.org/10.3390/biology11070991
https://doi.org/10.3389/fpls.2017.00708
https://doi.org/10.3390/plants10061203
https://doi.org/10.3389/fpls.2022.992194
https://doi.org/10.3389/fpls.2022.992194
https://doi.org/10.5511/plantbiotechnology.16.0216a
https://doi.org/10.5511/plantbiotechnology.16.0216a
https://doi.org/10.5511/plantbiotechnology.16.0216a
https://doi.org/10.3390/agronomy13010099
https://doi.org/10.21273/HORTTECH04061-18
https://www.fao.org/pollination/background/bees-and-other-pollinators/en/
https://www.fao.org/pollination/background/bees-and-other-pollinators/en/
https://doi.org/10.18960/seitai.65.3_217
https://doi.org/10.2503/hrj.15.161
https://doi.org/10.13031/aim.201900055
https://doi.org/10.13031/aim.201900055
https://doi.org/10.1007/978-981-16-9613-8_15
https://doi.org/10.1007/978-981-16-9613-8_15
https://doi.org/10.1016/j.ifacol.2018.08.060
https://harvestx.jp/en/solutions/
https://harvestx.jp/en/solutions/
https://doi.org/10.4236/ae.2016.41004
https://doi.org/10.1016/j.agee.2018.01.036
https://www.freshfruitportal.com/news/2022/05/30/the-next-step-for-oishiis-premium-berry-operation/
https://www.freshfruitportal.com/news/2022/05/30/the-next-step-for-oishiis-premium-berry-operation/
https://www.freshfruitportal.com/news/2022/05/30/the-next-step-for-oishiis-premium-berry-operation/
https://www.freshfruitportal.com/news/2022/05/30/the-next-step-for-oishiis-premium-berry-operation/
https://doi.org/10.3389/fpls.2016.00368
https://doi.org/10.1016/0304-4238(76)90048-0
https://www.agri-exp.pref.shizuoka.jp/pdf/benihoppe_siryou.pdf
https://www.agri-exp.pref.shizuoka.jp/pdf/benihoppe_siryou.pdf
https://www.agri-exp.pref.shizuoka.jp/pdf/benihoppe_siryou.pdf
https://doi.org/10.2503/hrj.14.409
https://doi.org/10.2503/hrj.14.409
https://doi.org/10.1016/0304-4238(78)90044-4
https://www.tokai-tv.com/tokainews/feature/article_20220407_17303
https://www.tokai-tv.com/tokainews/feature/article_20220407_17303
https://www.jalan.net/news/article/439950/
https://www.jalan.net/news/article/439950/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

	Introduction
	Materials and methods
	The experiment
	Statistical analysis

	Results and discussion
	The distributions of pollinated flowers and harvested fruits
	Fruit characteristics
	ANOVA
	Mean comparison

	Prospects for improving robot pollination

	Conclusions
	References

