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Abstract: Efficient transplanting has been identified as one of the essential steps towards achieving an
increased yield in the farm. However, many factors are affecting these processes such as soil moisture
content and the speed of pickup. This study was carried out to investigate the effect of different soil
moisture content and pickup speeds on pickup force, balance, resistance, and lump damage during
transplanting of seedlings. The results showed that penetration resistance was inversely proportional
to the speed and soil moisture content. The highest penetration resistance (38 N) values were recorded
under the lowest speed (0.5 mm/s) at the low moisture content; whereas, the lowest penetration
resistance was obtained at highest speed (10 mm/s) under high moisture content. The highest pick-up
force resistance values were recorded under the lowest speed (0.5 mm/s) at low moisture content than
the lowest pick-up force resistance of 1.4 N at (10 mm/s) under the high moisture content. On the
other hand, an increase of pick-up force led to a decrease in the pick-up force resistance. The pick-up
damage and the pick-up speed are directly proportional—nevertheless, the former increased with a
decreasing soil moisture content. The highest pick-up damage values (82%) were observed under
the top-most speed (10 mm/s) at high moisture content. It can be concluded that for successful
auto-transplanting of seedling the soil condition, the force applied and speed should be taken into
consideration. This work will implement an effective seedling-picking performance and basis for the
optimal design of end-effectors.
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1. Introduction

Efficient transplanting has been identified as one of the critical steps towards achieving an
increased yield on the farm. However, understanding the importance of the soil-lump physical and
mechanical interaction effect on transplanting could enhance effective means of transplanting vegetables
automatically [1]. The seedling transplanting machinery is mainly semi-automatic, and the bottleneck of
its development lies in the seedling collection mechanism that is still in continuous research [2].

As developed by Choi (2002) [3], a gripping robot could be used for vegetable transplanting.
The end-effector’s design of plug seedlings transplanting should be based on the mechanical properties
of substrate lump [4]. Although the development of seedling transplanting system is focused on the
composition of mechanical systems, there is relatively much less research on the effect of soil moisture
content (SMC) and end-effector speed on changes in seedling pickup force and lump damage [5].

The impact of the restricting factors influencing seedling transplanting include soil substrate,
lump moisture content, soil-root deformation, stress distribution by penetration pins, the end-effector’s
pick-up speed, execution structure and characteristics used during transplanting [6–9].
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Throughout the transplanting process, seedlings are picked-up steadily from the roots (usually in
cell trays) by end-effectors and planted into pots or plug trays. The dynamic nature of the process,
particularly the varieties of mechanical properties of seedling lump at varying moisture content and
the influence of mechanical roles at different speeds affect the transplanting efficiency, which is a
significant problem. Furthermore, the situation where end-effector’s pick-up pins penetrate through
the soil-lump medium and damage the seedling lump is a serious problem [10].

This study aims to investigate the damage effect on seedling lumps under the effects of the
end-effector pick-up force and extraction speed, as well as the effect of different moisture content levels.
Moreover, a subsequent monitoring of this damage occurring on tomato plant seedling lump by using
X-ray computed tomography (CT) system visualization techniques.

2. Materials and Methods

2.1. Principle of Force Gripping Seedling Lump Damage

From previous studies soils can be represented for seedling transplanting purpose, as a continuum
medium with seedling lump and other items being components [11,12]. The root growth in the soil
can be described with the assumptions that the root is considered as finite fibers with a relatively high
tensile to differentiate its size from that of other components in the soil, which is assumed as having
lower mechanical properties [13].

As a scientific approach, the aspect of considering mini-soil volume for analysis was brought to
discussion as well as being pointed out by Dupuy et al. [14]. Such a method is particularly excellent as
a mean of assessing the factors contributing to the development of lump properties in the soil, which
corresponds to the seedlings lump damage in the soil, including elongation, cessation or death of
meristems in the fiber of the living tissues, in addition to the root damage, which is the most significant
part in the seedling soil lump conformity.

In estimating the soil-lump behavior under a compressive pick-up force, it was assumed that the
substrate soil-lump medium is isotropic and the penetration force, as well as, parallel compression had
an effect on the soil-lump properties. Additionally, following the principle proposed by Zhang and
Cai, 2010 [15], the following equations were used to quantify the damage of materials:

d = 1−
A∗
A

,

where, A∗ is the damaged area and A is the total area of the object. In this study, d is the damaged part.

2.2. Study Area Characterization

This study was carried out in the modern greenhouse of Jiangsu University—China. Soil substrate
mix of peat moss, vermiculite and perlite was prepared in the ratio of 3:1:1 (v/v), then was packaged
into cell trays at a bulk density of 0.28 g cm−3. Tomato (Lycopersicon esculentum L.) seeds were sown in
the center of each individual tray cell. After germination, the samples were subjected to daily watering
application to restore some cohesion between aggregates and restructure the soil.

2.3. Force Application on the Seedling Soil Lump

A manual device was employed in the application of force on the seedling soil lump (Figure 1).
The force was manually applied by turning the round knob at the top of the device, which equally
distributes the force effect on the soil via the two pins. Strain gauge load-cell sensors (Hungyan Juxing
Testing Instrument Factory, Tai Zhou, China) of 120 ± 0.2 Ω resistors were selected and used with each
finger having two fixed on it to form a balanced Wheatstone bridge.

Wires were connected to the strain gauges by soldering and the semi-bridge was subsequently linked
with an amplifier that will produce signals (in mV). The system was calibrated using increasing level
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of known loads (1 N, 2 N, 3 N, 4 N, 5 N, 6 N, and 7 N) and the change in signal tracked accordingly. A
relationship between the signal (mV) and load (N) was plotted and established (Supplementary Figure S1).

Figure 1. Measurement of seedling pick-up force from cell tray using a developed pick-up end-effector
force instrument.

2.4. The Water Moisture Contents Measurements

The seedlings that lump the moisture content at two levels (air-dried and after watering) were
determined gravimetrically. Ten soil samples were randomly selected from each group, samples of
each group were mixed, then divided and placed into a pre-labeled Petri dish, weighed, then dried in a
DZF-6050 vacuum oven (Shanghai, China) for 8 h at 105 ◦C. The two groups of dishes were re-weighed
on a Sartorius electronic balance (range of 0–200 g, accuracy of 0.1 mg) until a constant weight was
achieved. The average moisture content of the wet group was 75.69% whereas that of the dry group
was found to be 38.09%. The levels of the two groups can represent the changes of water before and
after watering.

2.5. Test of Seedling Lump Resistance Using the Texture Analyzer Test

The seedling lump samples were firstly fixed on the seedling platform of the texture analyzer (Stable
Micro Systems Ltd., Godalming, Surrey, UK). When starting the test, a test rod was pushed in a vertical
motion into the seedling soil lump sample, the loading test was set to “Return to Start” and the loading
depth was 40 mm. The loading test was carried out at different speeds of 0.5 mm/s, 5 mm/s and 10 mm/s,
respectively for the determination of soil lump penetration and pick-up resistances, and each test repeated
20 times.

2.6. Test of the Simulated Picking up Seedlings Using an End-Effector

As illustrated in Figure 2, the seedlings were set fixed on a stage of a vertical single-column test
bench. The plug seedling equipped with a DESIK digital display force gauge was attached to the
vertical single-column test through the electric single column test. When starting the measurement to
investigate the penetrating and picking forces, all initial pre-adjustments were arranged, producing an
oblique angle at the two fingers of the end-effector. The DESIK digital push–pull force gauge (range of
100 N, with a precision of 0.1 N) was mounted on the moving plate of the test bench. The test rod
of DESIK was connected to the end effector through a screw hole. Upon starting the simulated soil
entry test the end-effector was inserted by a 15◦ oblique angle, test speed was 10 mm/s, with a depth of
40 mm, the force required for the rod was measured in three different speeds (10, 5 and 0.5 mm/s),
within two different moisture content levels of the seedling soil-lump, these three different speeds were
applied and the trial was replicated nine times (each speed repeated three times).

2.7. SCANCO X-ray Tomography Facility Experiment

Scanning experiments were conducted with SCANCO X-ray machine tomography (Supplementary
Figure S2). Using tomato seedling samples with the manual force instrument for applying different
average forces of 6 N, 7.5 N and 9 N, strain gauge sensors were used to estimate the forces on the finger
of the instrument. In scanning the seedling soil, a resolution of 51.3 µm was used. In order to reduce
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errors associated with the detection and visualization of small artifacts, the scans for each level of force
application was conducted on three samples and each sample was scanned in triplicates. Scanning
configurations used in this experiment are listed in Supplementary Table S1.

Figure 2. Scheme showing the measurement of penetration and pick-up forces.

2.8. Damage Investigation

For damage evaluation, a total of nine samples seedlings lump with three replicates for each
condition were investigated under different pick-up compression forces. The manual pick-up
end-effector force instrument (described in Figure 1) was configured for different forces and tested with
the CT to monitor the position, size, direction of the primary gap and possible cracks in the process of
gripping. Prior to imaging, the manual pick-up end-effector could fit into the 100 mm diameter sample
holder for the X-ray scanning system. The process of clamping the pins effects on the compression
deformation by X-ray CT scanning was conducted on the samples before and after the application of 6,
7.5 N and 9 N forces to the seedling soil system.

The internal structure image series at various depths of visualization were used to analyze the
form and degree of damage as well as the internal structure. Since it was challenging to show the
damage present in 3D view, the visualization of the crack was presented by sub-volumes of the
predicted damaged area. Hence, upon obtaining the sub-volumes by the SCANCO X-ray machine
software using a setting of different color values to distinguish the crack from the uncracked areas
the cracks/pores are indicated with the blue areas in the sub-volume as shown in the Supplementary
Figure S3. The images were then imported into freeware ImageJ software for crack area quantification.
Upon converting the images into 8 bits in the software, the thresholding command was used to segment
the cracked area from the uncracked area. After this, the area was estimated using the ‘analyze particle’
command in the software.

2.9. Statistical Analysis

The experimental data were analyzed using the Minitab statistical analysis software (Minitab 17).
The general linear model procedure was used to perform an analysis of variance. When F values were
significant, mean values were compared by applying the least significant difference (LSD) test at the
0.05 level of significance.
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3. Results

3.1. The Penetration Force Resistance as a Function of SMC, Penetration Speed S and Force F

As shown in Figure 3, the penetration resistance was significantly (p ≤ 0.05) affected by the pick-up
force, pick-up speed and the moisture content of the soil as high and low moisture content HMC and
LMC, respectively. The penetration resistance increased with a decreasing pick-up speed but decreased
with increasing moisture content. The highest penetration resistance values were recorded under the
lowest speed of 0.5 mm/s at the lower moisture content; whereas, the lowest penetration resistance was
obtained at the highest pick-up speed of 10 mm/s under the high moisture content. The increase in the
penetration force led to a decrease in the penetration resistance, so the lowest penetration resistance
was recorded under 9 N. At all the respective pick-up speeds, which corresponded to the highest
penetration force applied.

Figure 3. Effect of the soil moisture content and pick-up speed on the penetration force resistance.
(A) Under the pick-up force of 6 N, (B) under the pick-up force of 7.5 N and (C) under the pick-up force
of 9 N. A, B and C capitalized letters indicate the difference between speed groups; a, b and c small
letters indicate the difference between moisture content groups.
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3.2. The Pick-up Force Resistance as a Function of SMC, S and F

In Figure 4, the pick-up force resistance was significantly (p ≤ 0.05) affected by the pick-up force,
pick–up speed and the SMC. The general trend was that the pick-up force resistance increased with
a reduction in the pick-up speed. Moreover, it reduced with increased SMC. However, the highest
pick-up force resistance values were recorded under the lowest speed (0.5 mm/s) at the low moisture
content (LMC); whereas, the lowest pick-up resistance was obtained at 10 mm/s under the high
moisture content HMC. On the other hand, the increase of the pick-up force led to a decrease in the
pick-up force resistance at the highest force, 9 N, applied.

Figure 4. Effect of the soil moisture content and pick-up speed on the pick-up force resistance. (A) Under
the pick-up force of 6 N, (B) under the pick-up force of 7.5 N and (C) under the pick-up force of 9 N.
A, B and C capitalized letters indicate the difference between speed groups; a, b and c small letters
indicate the difference between moisture content groups.
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3.3. The Pick-up Force and Pick-up Resistance

The relationship between the pick-up force and pick-up force resistance is given in Figure 5.
By gradually increasing the pick-up force in nine trails, the values of the pick-up force resistance
linearly increased with an increasing pick-up force reaching a highest pick-up force resistance value
of 4 N, which was corresponding to the pick-up force of approximately 7.8 N, whereas the further
increase of the pick-up force (15.75 N) led to a drastic fall in the corresponding resistance down to 0 N.

Figure 5. Pick-up force (F) and pick-up resistance (Fr). A graph showing the response of pick-up
resistance to the increase of pick-up force.

3.4. The Pick-up Damage as a Function of SMC, S and F

The percentage of pick-up damage was significantly (p ≤ 0.05) affected by the pick-up force,
pick-up speed and the SMC (HMC and LMC, Figure 6). The results obtained indicated that the pick-up
damage decreased with the decrease in the pick-up speed but increased with the decrease in SMC.
The highest pick-up damage values were observed under the most top speed (10 mm/s) at HMC,
whereas, 0.5 mm/s obtained the lowest pick-up damage under the LMC. On the other hand, the increase
of the pick-up force led to the rise in the pick-up damage hence the highest pick-up damage values
were obtained by the most top force applied of 9 N.

3.5. The Damage as a Function of the Force Balance

Force balance is the ratio between the pick-up force resistance and the pick-up force. The seedling
lump damage increased with the decrease of the force balance (Figure 7). The mutual values of the
damage (D) and the force balance (FFR−1) pattern are inversely proportional to one another. When the
value of the force balance ratio is at the high level the corresponding value of the damage is at the
lowest level and vice versa. That means the maximum level of the 100% damage happened at the least
force balance, corresponding to the zero-force balance, and the minimum damage level happened at
the peak of force balance ratio approximately at 0.83%.

3.6. The Force Balance Ratio as a Function of SMC, S and F

As shown in Figure 8, the force balance ratio was significantly (p ≤ 0.05) affected by the pick-up
force, pick-up speed and the SMC. The general trend was that the force balance ratio increased with
the decrease in the pick-up speed. Moreover, it decreased with the increase in SMC. Additionally,
the highest force balance ratio values were recorded under the lowest speed (0.5 mm/s) at the LMC;
meanwhile, the lowest force balance ratio was obtained by (10 mm/s) under the HMC. Likewise, the
increase of the pick-up force led to a decrease in the force balance ratio, so the maximum force balance
ratio recorded under a 9 N force.
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Figure 6. Effect of soil moisture content and pick-up speed on the pick-up damage. (A) Under the
pick-up force of 6 N, (B) under the pick-up force of 7.5 N and (C) under the pick-up force of 9 N. A, B
and C capitalized letters indicate the difference between speed groups; a, b and c small letters indicate
the difference between moisture content groups.
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Figure 7. The damage as a function of the force balance. A graph showing the response of the damage
(D) percentage to the decreasing force balance (FFr−1).

Figure 8. Effect of soil moisture content and pick-up speed on the force balance ratio. (A) Under the
pick-up force of 6 N, (B) under the pick-up force of 7.5 N and (C) under the pick-up force of 9 N. A, B
and C capitalized letters indicate the difference between speed groups; a, b and c small letters indicate
the difference between moisture content groups.
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3.7. The Damage as a Function of the Pick-up Force

From Figure 9, the pick-up damage was directly correlated to the pick-up force, as that pick-up
damage intensifies with the increase of the pick-up force (F). The top pick-up damage percentage of
100% was recorded under the pick-up force of approximately 15.75 N; Importantly the least pick-up
damage was obtained under the lowest pick-up force (approximately 1 N).

Figure 9. The damage as a function of the pick-up force. A correlation graph between the damage
percentage and pick-up force.

3.8. Damage Investigation by the X-ray CT System

The cross-section of the 3D images of the soils under 6.0 N, 7.5 N and 9.0 N respectively is
exemplified in Supplementary Figure S3. It can be observed that the pick-up force has an effect on the
structure of the soil having the same composition of peat moss, perlite and vermiculite. For better
understanding of the damage in the medium, the pore or cracks were identified with blue colors and
from this, it could be seen that there was a general increase in the area of pore/cracks as the force
application increased. The lowest area by visual inspection was seen with a 6.0 N force application
while that of the 9.0 N was having the highest area of pores/cracks.

4. Discussion

At high pick-up speed, the end-effector penetrates into the soil-lump easier than the low pick-up
speed [16]. Such a phenomenon is possible due to the low moisture content of the soil [17]. The pick-up
force resistance increased when the speed of the end-effector that penetrated the seedling soil lump
was slow [18]; meanwhile, it decreased when the end-effector speed was fast, and perhaps there would
not be any resistance at the peak of the speed. These results might be due to the energy that was
associated with the speed, which is in line with findings of Luhua et al. (2013) [19] who found that the
high speed decreases with penetration resistance. However, at higher SMC content, it is observed that,
the pick-up force resistance is reduced to enable the end-effector to quickly pick-up the lump of the
seedling without any known resistance especially in the highest level [20]. The process of the seedling
pick-up is difficult when the moisture content of the lump soil is low. The output might be due to the
difficulty of extraction of the seedling lump as against the principle of increasing the pick-up resistance
at the lacking of SMC [21]. These results are supported by the findings of Xin et al., (2013) who used
two different SMC and proposed that higher moisture content decreases the resistance due to the
reduced soil cohesion [22]. Upon a certain amount of the pick-up force, the end-effector trying to grasp
the seedling soil lump meets a reaction to cause a balance. As the pick-up force increases, the pick-up
resistance decreases until it reaches a level where the soil-lump would be picked-up undamaged or
damaged [23]. The undamaged situation refers to another factor in addition to the applied force. It also
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depends on the speed of the end-effector when grasping the seedling soil-lump, which affected the
pick-up force resistance, because the resistance increases with slow speed and the opposite is real to
damage the seedling soil-lump at high speed [24].

The damage situation perhaps depends on the condition of the soil, as the moisture content is
the main factor affecting the relationship between the force and the force resistance, which led to a
decrease or increase in the pick-up resistance force. Hence, it can affect the level of the damage of the
seedling soil-lump beside the two factors of the force and speed of the transplanting operation [25].

The seedling soil-lump pick-up damage increased as a result of increasing the seedling soil-lump
pick-up force [26].

Upon the highest movement of the seedling soil-lump, the probability of corresponding damage
happened more than the reverse situation of the slow motion. This is due to the perspective of the
speed of end-effector penetration movement to the transplanting pick-up force [27,28]. It is observed
that the SMC is inversely correlated to the damage [29]. The force balance is the primary indicator
of the seedling soil-lump damage, which means the force balance may specify the quantity and the
size of the damage; likewise, the final damage ratio shows how far the balance between the lump-soil
pick-up force and the faced pick-up resistance is [30]. The force balance ratio is regarded as the main
dependent parameter during the transplanting system, although it followed the effect of the speed of
the end-effector [31,32]. SMC is considered as another factor affecting the force balance of the seedling
soil-lump. It is inversely proportional to the highest value for the force balance ratio at the lowest
moisture content [33]. The relationship between the force balance and force pick-up is inextricability,
the transplanting system based on how far the stability between both of them, which indicates the
successfulness of the transplanting operation, [34].

The most dominant factors that affect the seedling transplanting are; the pick-up force used by the
grasp fingers, followed by the pick-up damage [35]. The study suggests that the actual cracks starts
close to the application of 7.5 N upwards since the area observed in 6.0 N sub-volume could be equally
be estimated as the normal soil pore areas in the soil. In fact, different objects have different material
properties and these tend to influence their resistances to deformation when subjected to forces [36,37].
The significance of this current study lay on the emphasis linking the physical and morphological
arrangements of the elements to other properties such as the water content and the pick-up speed and
indicating they significantly influence the strength of the substance [38,39].

5. Conclusions

From the obtained results it is clear that the damage caused by the different forces are affected by
various factors such as the pick-up forces and speeds as well as soil moisture status. The damage was
found to increase with the increase of pick-up forces and speeds. Moreover, the moisture status of
the soil plays a critical role concerning lump damage during the process of seedlings transplanting.
The highest SMC was found to cause little damage and vice versa. Therefore, the speeds of pick-up,
apply force, as well as SMC, should be taken into consideration when designing end-effectors. Our study
also recommended that the cohesion and adhesion force should be determined in further work since
it also has a secondary effect on the damage caused during the pickup process. We compared our
work with prior methods, which were used for a seedling substrate for assessing damage investigation.
The tests applied a variety of mechanical properties, interpreting most of the seedling lump damage,
through extensive relations. These included different factors and parameters, which displayed most
of the possibility of quantifying the damage in the seedling soil, which is shown to have a limitation
in this field. This could be considered as a valuable contribution to the implementation of effective
seedling transplanting/picking performance and basis for the optimal design of the end-effector for
future work.

Supplementary Materials: The following are available online at http://www.mdpi.com/2624-7402/1/3/26/s1,
Figure S1: Force versus excitation voltage plot. The correlation between the signal (mV) and load (N). calibrated
using 1N, 2N, 3N, 4N, 5N, 6N, and 7N loads, Figure S2: Illustration of the general principle of CT in imaging (top)
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and specific application in plant- soil (bottom), Figure S3: CT image of seedling soil (right) with its sub-volumes
(left) under gripping force application of (A) 6 N, (B) 7.5 N and (C) 9 N. (sub-volumes cracks are shown in blue
color), Table S1: Ct Scanning configuration/parameters used in this study.
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