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Abstract— Paddy planting in Sri Lanka has a deficit in 

mechanization. The commercially available transplanters are 

mainly for the rice mat method and are less suited for the short-

term rice varieties planted in Sri Lanka due to the high 

transplanting shock. The study aims to introduce an automated 

paddy transplanting machine that eliminates transplanting 

shock. The study focused on the rice pot seedling planting 

method, and a novel venturi-based vacuum ejection mechanism 

for the planting was developed. The planting mechanism was 

optimized through CFD to improve the ejection pressure. A 

nursery tray conveying mechanism was developed to feed the 

seedlings to the planting mechanism, along with a modified 

nursery tray design. A PLC-based control system was developed 

to control the planting and nursery tray conveying mechanisms. 

The final system was field-tested with paddy seedlings ejection 

with a success rate of 92.8%.  

Keywords—Paddy transplanting, Automation, Venturi 

effect, Parachute method 

I. INTRODUCTION 

Rice is the most cultivated crop in South and South-East 
Asia[1]. Rice is considered the staple food in Sri Lanka and 
accounts for 32% labor force of the country. Its contribution 
to the agricultural GDP of the country is by 14.2% [2]. With 
the higher demand for rice at present, most farmers are 
cultivating the short-term paddy varieties, which gives the 
yield in less than 4.5 months, and it has enabled the farmers to 
cultivate two seasons for a year [3]. The typical planting 
method followed by farmers is to manually broadcast 
germinated seeds due to the low cost involved and less time 
consumption. But these manually spread seeds are vulnerable 
to physical damage from animals and high-water levels [4]. 
Wet nursery and potted seedling (parachute) method 
transplanting are two other methods that are used in paddy 
cultivation that can give a 20% higher yield than seeds 
broadcasting [5]. As both of these methods are not adequately 
mechanized, they demand a higher amount of human labor.  

Rice mat nursery or Dapog transplanting is the widely 
mechanized paddy planting method that is commonly used in 
long-term rice variety planting countries [5]. The Dapog 
method introduces a transplanting shock for approximately 
two weeks, which is caused due to root damage while 
separating the seedling from the nursery mat [6]. Long-term 
rice varieties can recover from the introduced transplanting 
shock but for the short-term rice varieties, the 2-week 

transplanting shock is not fully recoverable, which affects the 
yield [7]. This shock is not present in potted seedling 
transplanting, hence it can provide a higher yield for short 
term rice varieties. 

 In the Dapog method, the nursery is grown into a mat 
which is directly fed into the machine. In the transplanting 
process, a mechanical finger cuts through the mat and plants a 
portion of the mat with a few seedlings. This cutting operation 
induces the above-mentioned transplanting shock. Several 
studies [8-16] have been conducted on transplanting 
mechanisms and machines based on the potted seedling 
nursery method as an alternative nursery technique to the 
Dapog method. Mechanical linkages are proposed in [8,9] and 
non-circular gear trains are proposed in [10-12] to seedlings 
pick and drop from the nursery tray. In the above methods, 
seedling ejection is carried out through mechanical contact 
and planting is obtained through either projection [9] or 

forcing the seedling into mud [8]. In the seedling projection 
method, the planting accuracy depends on wind conditions 
and particular seedlings. The planting performance of 
mechanical pick and drop mechanisms was less during field 
testing than in laboratory testing. This is mainly due to the loss 
of mechanical contact between the seedling stalk and gripper 
due to mud adhering [12]. Vacuum-based ejection is proposed 
by [13-16] for air pruned seedlings with automated 
capabilities. Vacuum-based mechanisms are advantageous in 
this aspect due to minimal mechanical contact.  

 In Sri Lanka, paddy cultivation is well mechanized in land 
preparation and harvesting, but less mechanized in planting 
and weeding [17]. There exists a potential for mechanizing 
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paddy planting. Since commercially available transplanters 
are less suited for Sri Lankan paddy plantations, there exists 
an opportunity to develop a transplanting method. The 
purpose of this study is to illustrate the design of a mechanized 
transplanting method that has the advantages of the parachute 
transplanting method while minimizing the required amount 
of human labour. 

II. DESIGN OF THE TRANSPLANTER 

An automated paddy transplanting machine was proposed 
as an attachment to a tractor to meet the gaps identified in 
planting methods and in mechanization. The transplanter 
design consists of 3 main sub-systems, the transplanting 
mechanism, nursery tray feeding mechanism and the control 
system. Fig.1 illustrates the functionality of each component 
in the overall design.  

 The transplanting machine was designed to undertake the 
transplanting operation at a rate of 0.5 acres per hour with the 
support of only one helper other than the machine operator. 
The designed machine consists of a venturi-based vacuum 
transplanting mechanism, individual bottom opened nursery 
containers that enable through-hole seedling ejection while 
avoiding root entanglements, a nursery container conveying 
and positioning mechanism, and a PLC-based control system 
that controls all the systems. Fig.2 depicts the overall 
mechanical design of the transplanter attachment. 

A. Venturi based Transplanting Mechanism 

Seedling ejection from a through-hole tray using an 
impulsive vacuum is proposed by B. K Huang [15]. A 
vacuum-based mechanism can eliminate the mechanical 
contact with the plants and reduce the energy losses in the 
moving mechanisms. A suitable vacuum generation method 
or ejection and required pressure differences for paddy 
seedlings were identified in the design stage.  

Based on the general uses of venturi valves in the 
industry, a specially designed venturi valve was proposed as 
a suitable method for vacuum generation. 

1) Preliminary Experimental Testing 
To find the required pressure difference for the rice 

seedling ejection, an experimental method was followed. For 
the experiment, Seedlings were planted on a bottom opened 
nursery container with a 140 draft angle, for 12 days and 
ejected using a controlled vacuum while measuring the 
vacuum pressure. Clayey, clayey loam, loam, sandy clay 

loam, and silt loam soil types were used separately as the 
growing medium for the seedlings to represent most of the 
soil conditions in Sri Lankan paddy fields [18].  

The required minimum pressure to eject a seedling from 
the container was measured in the experiment. According to 
the results of the experiment, seedlings required pressure 
differences between 1.6 – 5.3 kPa to eject from the tray. Also, 
the porosity values of the used growing mediums were 
calculated based on experimental results, and porosity varied 
between 0.1 to 0.3.  

From the experimental results, it was identified that 
clayey soil requires the highest-pressure difference of 5.3 
kPa, for the seedling ejection. Clayey soil was selected for 
subsequent experimental studies.  

2) Mathematical Model of The Transplanting 

Mechanism  

The transplanting mechanism was modeled as a venturi 
tube with a convergent throat section. The modeling of the 
throat section requires considering compressible effects due 
to subsonic to the supersonic transition of the flow near the 
throat exit [19]. Considering the mass and momentum 
conservation, 

m�  = ρvA = constant         (1) 
 

∂ρ

ρ
+ 

∂v

v
 +

∂A

A
 =0   (2) 

 

      Here m�  is the mass flow rate, ρ is the density of the fluid 
v is the velocity and A is the cross-sectional area. Considering 
the momentum conservation, the Navier-Stokes momentum 
equation in steady-state can be simplified to (3) considering 
convective and pressure gradient terms only to idealize the 
problem. 

ρv ∂v = − ∂p    (3) 
 

     The flow through the nozzle problem can be simplified to 
an isentropic flow condition as (4).  The pressure of the fluid 

is p and γ is the isentropic expansion factor [19].  
∂p

p
 = γ 

∂ρ

ρ
             (4) 

 
     Equation (2) can be substituted with (3) and (4). With 
suitable simplifications, (5) can be obtained in terms of the 
Mach number M.  

Fig. 2. Overall design of the paddy transplanting machine 
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      Considering the mass entrainment near the throat section 
[20], the velocity ratio of air near the throat section can be 

derived as (10). Here, inlet velocity vi, velocity near throat vt, 

inlet air density ρ
i

, air density near throat ρ� , and 

perpendicular distance to jet x and jet diameter D. k1 �� k2 
are proportionality constants which can be derived 
experimentally.  
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2 �x

D
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      The effect of mass entrainment near the throat causes air 
in the inlet section to be moved towards the jet. The paddy 
seedling with soil is modelled as a porous region considering 
soil porosity. Considering the packed bed nature of the soil 
and assuming soil to be spherical [21], the Ergun equation can 

be applied to obtain the pressure difference Δp developed 
between the top and bottom surface (11). 
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      Here, the length L is the length of the seedling. Here, ε is 

the void fraction of the soil bulb of the seedling, μ is the 

dynamic viscosity, and dp is the average diameter of the soil. 

Equation 11 can be used to obtain the pressure difference 

created during ejection. The ejection force Fe  developed was 

derived as (12). Here, As is the average cross-sectional area 
of the soil bulb. 

Fe = εΔpAs         (12) 
 

3) Simulation of the Transplanting Mechanism  
The transplanting venturi valve was designed to 

maximize the pressure difference. Fig. 3 shows the basic 
geometrical design of the venturi valve. The designed valve 
has two air inputs and an annular throat, which opens radially 
to the ejector tube. The valve's throat gap, lower throat angle 
α, and upper throat angle β were optimized using CFD 
(Computational Fluid Dynamics) analysis. CFD studies were 
carried out using ANSYS 18.1. Standard k – epsilon 
turbulence model and energy equation were used with the 
density-based solver in the steady-state study. A 2D model 
with symmetric wall conditions was employed to simplify the 
CFD model. Soil porosity of 0.3 and input pressure of 7 bars 
gauge pressure were used for the analysis. Fig. 4 shows the 
simulation results for variations of the pressure difference for 
different lower and upper throat angles α and β respective 

Pressurized air inlet  

Nursery 

Soil bulb 
with the 
seedling 

Throat gap  Plant Ejection 
movement  

Fig. 3. The geometry of venturi valve and nursery container at the ejection 
instance (not in scale) 

P
re

ss
u

re
 d

if
fe

re
n
ce

 i
n

 k
P

a 

Fig. 4. Variation of pressure difference with upper and lower throat 
angles angle during valve geometry optimization 

 

Fig. 5. Simulation results during the optimization stage for α=30, β= 4 and 
d= 0.5 mm a) Pressure contours near the inlet and throat region b) Velocity 

contours backcasted from the outlet 

(a) 

(b) 



angles. A 0.43mm vane gap was identified as suitable for the 
design from the simulation studies.  

According to the CFD simulations, 17.4 kPa of maximum 
pressure difference was achieved when α is 170 and β is 230. 
Fig 5. depicts an intermediate CFD result with pressure 
contours and velocity streamlines backcasted from the inlet 
section. The streamlines near the throat suggest mass 
entrainment occurs near the throat region, and as an effect of 
this, a low-pressure region is created below the seedling. The 
flow velocity near the throat exit is supersonic and flow 
transition was observed.   

B. Nursery Tray Holding and Feeding Mechanism  

A specially modified nursery tray was used to contain the 
growth medium and to constrain the root growth of the 
seedlings. 12 – 14 days old seedlings are suitable for 
transplanting on the prepared field [9]. A through-hole 
nursery tray was prepared by modifying an existing parachute 
tray. A nursery container has 20mm height and 10mm top end 
diameter with 140 negative draft angles. Two metal strips 
were attached at two corners of the leading edge, to be used 
to identify tray positioning. To avoid root entanglements 
between plants in adjacent containers, the air pruning 
technique was used. Air pruning is a technique that stops the 
growth of long roots by exposing them to dry air [22]. Air 
pruning technique results in superior seedling growth and a 
higher survival rate after transplanting [15]. A steel mesh was 
used as the bottom support for the nursery trays to allow air 
pruning. In the preparation of the nursery, the soil is filled 
from the bottom side of the nursery tray, after adding 2-3 
seeds to each container. Then the steel mesh is placed on the 
tray and rotated upside down using a fabricated tool.   

A chain conveyor with two parallel chains was designed 
to feed the seedling trays to the transplanting mechanism. The 
opposing chain links were connected with steel rods to 
support the trays as shown in Fig. 5.a. Trays are loaded onto 
the conveyor in an upside-down position to avoid seedlings 
falling due to gravity and engine vibrations. For seedling 
container positioning, the conveyer achieved longitudinal 
movement, and lateral movement was achieved by moving 
the whole chain conveyer system horizontally.                                        

Fig.5.b depicts the feeder's tray holding position and 
seedling ejection instance. The venturi valve was inclined by 
300 to the vertical to avoid free fall of plants through the 
venturi valve. 

C. Control System of the Transplanter 

A closed-loop control system was developed for tray 
feeding and transplanting actions by using a Xinje® XC3-24-
TC PLC (Programmable logic controller). The control system 
is powered by a 24V DC power supply. Two induction-type 

proximity sensors were used to identify the initial position of 
the tray before feeding it into the transplanting valve. After 
the feeding of a particular tray is started, tray feeding takes 
place in closed-loop mode until the tray is fully fed. Two open 
loop-controlled stepper motors carry out nursery tray feeder 
actuation laterally and longitudinally. The basic architecture 
of the control system is stated in fig.6. 

A ground wheel with a pules counter was used to 
determine the distance between seedling ejections. The 
planting distance was adjusted to 30cm in the testing, which 
can be altered according to the requirement. Valve opening 
time is maintained at 150ms to develop the required pressure 
difference. The venturi valve actuation was done with a 4/2-
way directional control valve, with one end silenced. After an 
ejection to the adjacent seedling tray, the conveyor lateral 
movement was done. This was done till seedlings of a row of 
nursery trays is planted. Then the tray was advanced to the 
next row by longitudinal movement and lateral movement 
was reversed.  

 

Fig. 6. Control system architecture  
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Fig. 7. a) Final assembly of the prototype transplanter b) fabricated prototype 
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D. Overall Design of the Transplanter 

Transplanter attachment was designed with three ejection 
valves as the nursery trays were able to provide seedlings for 
3 rows simultaneously with a row spacing of 20cm. Column 
spacing was maintained at 30 cm. Conveyor was sized to 
accommodate one extra tray other than the feeding tray as a 
reserve, to allow more time for the operator to load the next 
nursery tray. The lateral movement of the whole conveyor 
mechanism was achieved by specially designed 2 roller-type 
linear guides. To support the tray direction change, 4 free 
rotating rollers were placed around the curved part of the 
conveyor. 

Fabricated transplanter attachment was fitted on a 
separate structure to attach it to a two-wheel tractor without 
any permanent modifications. Fig.7.a shows the completed 
transplanter. To support the weight of the transplanter, and 
adjust the ground clearance, and support steering, a single 
wheel at the end of the attachment was utilized. The structural 
strength of the designed system was verified using finite 
element analysis (FEA) as shown in Fig 8, by applying 

realistic loading conditions for loading. The overall factor of 
safety considering ASTM 1020 mild steel rectangular tubes 
is 2.2. 

III. RESULTS  

Initially, the developed ejection mechanism was tested, 
and this mechanism achieved 95% of the plant ejection rate 
from the nursery trays. Then, a final fabricated prototype 
system was tested in the field with the 12-day old nursery. In 
infield testing, 92.8% overall transplanting success rate was 
achieved. 100% of planted seedlings had their seed intact, and 
there were no visible root damages on the seedlings.  

Fig. 9.a shows the transplanted seedlings using the 
transplanting machine. The planting angle was introduced 
during the planting of the seedlings, and it varied from 300 to 
600 to the vertical. which is in the acceptable range according 
to [23].  

After transplanting with the developed system, plant 
growth was recorded for 7 days. The transplanted angle was 
successfully recovered within 7 days. Fig. 9.b. and fig. 9. c. 
depicts the recordings of seedlings and their growth and 
transplanting angle recovery. Comparisons were made with 
seedlings which transplanted manually (control experiment) 
and with the developed system. This experiment shows no 
visually observable differences between seedlings 
transplanted with two methods. Fig. 10 shows the unearthed 
seedlings after the transplanting operation. 

IV. CONCLUSION 

A venturi-based vacuum transplanting mechanism was 
developed to minimize the seedling damage by ejecting them 
without mechanical contact.  

Pressure difference requirements for soil bulb ejection 
were measured using experimental methods. The venturi 
valve design was optimized through CFD. The final 
fabricated system was field-tested and proved to be a 
successful method for rice seedling transplanting without root 
damage. The machine had introduced a 300 to 600 planting 
angle, but it was successfully recovered within 7 days. 

For future studies, a curved venturi valve can be 
developed to improve the planting angle. In this study, row 
spacing of a particular pass was maintained, but manual input 
is required to align adjacent rows between two passes. A plant 
mapping system with machine vision can enable row aligning 
for fully mechanical weeding.  

Fig. 10. Unearthed seedlings 

Fig. 9. a) Transplanted seedlings just after machine operation b) Seedlings 

after 3 days of planting c) A Seedling after 7 days of planting 

(a) 

(b) (c) 

Fig. 8. FEA results for static loading conditions. a) Stress distribution of the 
structure b) Structural deformation 

(a) 

(b) 
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