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Development of a PVDF sensor for potted seedling clamping force of
vegetable transplanting
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Abstract: Aiming at the problems of loose bowl, nutritive bowl damage and planting leakage caused by lack of perception and
detection of seedling clamping force in vegetable transplanting, a semi-micro-column structure sensor for measuring potted
seedling clamping force was developed based on polyvinylidene fluoride (PVDF) piezoelectric film. The diameter of the
semi-micro-column is 4 mm. The size of the force probe is 14 mmx=30 mm, the encapsulation position of the force probe is
25 mm away from the tip of the seedling claw. The hardware circuit for sensor signal acquisition including pre-amplification
module, power frequency notch module, low-pass filter module, processor module and power module was designed. The
circuit completes charge-voltage conversion, clamping force signal amplification, power frequency signal elimination, vibration
and noise elimination, and ensures the accurate acquisition of clamping force signal. In order to verify the sensor performance,
sensor calibration tests and indoor experiments were carried out respectively. The calibration tests showed that the sensitivity
of the clamping force sensor was 0.5264 V/N, the linearity was 4.74%, the accuracy was 6.51%, the hysteresis was 3.63%, and
the range was 8 N under the impact of different waveforms and frequencies, which fully meet the accuracy requirements of the

clamping force detection during transplanting.
and adaptability under different seedling frequencies.

Indoor experiments showed that the clamping force sensor had good stability
The sensor can provide useful reference for the perception and detection

of seedling clamping force and the feedback regulation of seedling clamping force.
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1 Introduction

The seedling clamping force refers to the force of seedling
picking mechanism on nutritive bowl in the process of picking and
throwing seedlings in vegetable transplanting operation. Its size is
the key factor to determine the damage rate of nutritive bowl and the
success rate of seedling picking. Most of the existing seedling
picking mechanisms adopt pure mechanical clamping mode, lacking
the perception and detection of the clamping force!'). There are
some problems in the seedling picking operation, such as loose bowl,
nutritive bowl damage and planting leakage caused by too large or
too small clamping force, which affect the survival rate and success
rate of transplanting, resulting in the decline of transplanting quality
and crop yield®. Therefore, the research on the perception and
detection technology of seedling clamping force can provide
evaluation means for the design and optimization of seedling
picking mechanism, provide feedback for regulating seedling
picking strength of seedling claw, and then improve the quality of
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seedling transplantation and crop yields.
In order to the quality of potted seedling
transplantation, a lot of useful explorations and studies have been

improve

done by relevant personnel at home and abroad. Transplanting
technology in developed countries started early, and there were
some methods and devices to detect the clamping force, such as
Yang et al."” and Ting et al.l'""!?
proximity sensor to detect the clamping force of potted seedlings
with inclined claws respectively, and the detection effect was good.

Cotton et al.l'" used piezoelectric ceramics as a sensitive component

used capacitive force sensor and

and also detected the clamping force of the actuator on fruits and
vegetables. With the development of transplanting technology in
China, various kinds of seedling picking mechanisms and planting
mechanisms have emerged and related tests have been carried out.
For different potted seedlings, Liao et al.l'*! and Zhang et al.l'"”)
designed a needle seedling clamping mechanism based on
pneumatic technology, and the test proved that the success rate of
seedling picking was 93.0%. Zhao et al.'®! proposed a reversed
conjugate cam transplanting mechanism for vegetable potted
seedlings, which can adjust the clamping force by cam. Ji et al.['”}
and Jin et al.l'"®'"! designed planetary gear-train slip type planting
mechanism and duck-billed transplanting mechanism, and
optimized the mechanism by computer-aided software, the excellent
rate of planting seedlings reached 94%. Ye et al.””) proposed a
transplanting mechanism of planetary gear system driven by
incomplete

eccentricity, and optimized the parameters of

transplanting mechanism by human-computer interaction
optimization method. Of course, there are also relevant studies on

the detection of clamping force in China, such as Tao et al.?"
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designed a PVDF tactile sensor, which can effectively detect the
surface roughness characteristics of fruits and vegetables via
Yul® established the mechanical
model of two-fingered manipulator grasping, By means of
computer-aided software simulation, the gasket structure favorable
to sensor placement was obtained. Cui et al.””®! proposed using
resistance strain gauge to detect the clamping force of the clamp

processing of tactile signal.

finger, and using flexible lever amplification mechanism to realize
the measurement of micro-clamping force. Zhou et al.*¥
sliding sensor using varistor to sense the clamping force in the
process of grasping fruits and vegetables. In the existing literature,
most of them improve the quality of transplantation through
mechanism design and optimization. Although the detection of
clamping force is involved, it mostly focuses on the field of fruit and

made a

vegetable harvesting.
process of vegetable transplanting has not yet been seen.

Aiming at the problems of loose bowl, nutritive bowl damage
and planting leakage caused by lack of perception and detection of

The detection of clamping force in the

seedling
semi-micro-column structure sensor for potted seedling was
designed based on PVDF piezoelectric film, and the calibration tests
of the sensor were carried out. Finally, the stability and adaptability

clamping force in vegetable transplanting, a

of the sensor were verified by the indoor experiments of the
clamping force in seedling picking with the designed sensor.

2 Analysis of potted seedlings clamping force

In the process of automatic transplanting, it is the key to
accurately and reliably detect the clamping force of seedlings by
analyzing the stress and compression process of potted seedlings and
reasonably determining the structure and installation mode of
Sensors.

(X]

-
Ccompression
compensation

-

Sensor
installation
-
Amount of
compression bowl

1. Nutritive bowl 2. Seedling claw 3. Potted seedling

Note: F and F; are the clamping force of the seedling claw on the nutritive bowl,
N; fi and f; are the static friction force produced by the seedling claw on the
contact surface of the nutritive bowl, N; Fj is the resultant force between the
weight of the nutritive bowl and the adsorptive force between the nutritive bowl
and the seedling tray, N; F,' is the average force of the nutritive bowl on the
seedling claw, the size of which is equal to F», N; F\ is the action force of the
nutritive bowl at different positions on the seedling claw, N; £ is the clamping
angle.

Figure 1  Analysis of the clamping force of the nutritive bowl

during the seedling process

Regardless of creep and inhomogeneity of the nutritive bowl,
the force analysis of the nutritive bowl at the clamping stage is
shown in Figure 1. Assume that the seedling claw is inserted

parallel to the side of the nutritive bowl, then the seedling claw is in

clamping state, and the line AB is parallel to the side line of the
nutritive bowl. As can be seen from Figure 1: During the clamping
process, the compression of nutritive bowl increases with the
increase of the insertion depth of the seedling claw. The clamping
force at different contact positions between the seedling claw and the
nutritive bowl is also different, and the size of the clamping force
increases with the increase of the insertion depth. In order to
successfully remove the seedlings, the following conditions should

be satisfied:

A +f2)cos§+21‘7xsin§:F0 e))
where, F, represents the force exerted by the nutritive bowl at
different positions on the seedling claw.
perpendicular to the contact surface. The size of the force is as
follows:

The direction is

F.=c4 2
where, o, is the compressive strength of the nutritive bowl at
different positions and increasing with the increase of compressive
deformation, kPa; A is the clamping contact area of the nutritive
bowl, m%.

In the calculation, we usually simplify the clamping force of the
seedling claw on both bowl sides to F; and F,, and there is a
clamping force error caused by the different insertion depth of the
seedling claw. In order to compensate for clamping force error, a
semi-micro-column structure sensor based on PVDF piezoelectric
film was proposed, which can compensate the difference of the bowl
compression at the tip of the seedling claw and the detection position,
eliminate the error caused by the difference of clamping force
between the end and the measuring point, and detect the change of
clamping force more accurately and efficiently.

3 Sensor design

3.1 Measuring principle

PVDF piezoelectric film is a new type of polymer piezoelectric
material. It has the advantages of large piezoelectric constant, good
flexibility and ductility, high sensitivity and strong mechanical
toughness. It can be made into various complex shapes to meet the
complex and harsh working conditions in the field. The typical
performance parameters of PVDF piezoelectric film used in this
paper are shown in Table 1.

Table 1 Typical performance parameters of PVDF

Thickness Piezoelectric stress constant/pC-N"!

Density  Elastic modulus
/um ds, d ds3 /g-em? /10°N-m”
52 23 3 -33 1.78 3

In the process of dynamic force measurement, we use the
positive piezoelectric effect of PVDF piezoelectric film to detect the
force. When the PVDF piezoelectric film is impacted by external
force in a certain direction, the polarization phenomena will occur
inside it. At the same time, positive and negative charges will be
generated on two relative surfaces.
removed or changed, the polarity and difference of the generated

When the external force is

charges will also change.
collection and conversion, the charge amount is transformed into
potential difference, which reflects the magnitude and change trend
The
measuring principle of PVDF piezoelectric film used in this paper is
shown in Figure 2.

Through the subsequent charge

of force, thus realizing the measurement of dynamic force.
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Figure 2 Principle of PVDF Piezoelectric Film
Pressure Measurement

As shown in Figure 2a, the semi-micro column structure uses a
flexible material as the basement. When the PVDF piezoelectric
film is impacted by external force F, the polarization direction of the
film can only be the thickness direction (Z axis direction), because
its thickness is 52 um, which is much smaller than the length and
width, and the charge of the PVDF piezoelectric film can only be
generated in direction Z. Since the basement is made of a flexible
material, the surface stress of the piezoelectric film acted
perpendicularly is transformed into tangential strain, and the PVDF
piezoelectric film is not placed in the electric field. Therefore, the
piezoelectric equation of the piezoelectric film is as follows:

Dy =d,S, =d;, % 3)
where, Dj; is the charge density generated by piezoelectric film; ds;
is the piezoelectric stress constant; S; is the positive strain in the
length direction of piezoelectric film; F is the force acting vertically
on piezoelectric film; # and w are thickness and width of PVDF
Piezoelectric Film.

The charge quantity Q produced by PVDF piezoelectric film is:

0=D;S “
where, Q is the charge output from PVDF piezoelectric film; S is the
forced area of PVDF piezoelectric film.

Equations (3) and (4) show that the charge output from PVDF
piezoelectric film is linearly related to the vertical force, so its
piezoelectric effect can be used to measure the vertical force.

3.2 Sensor structure and encapsulation

The sensor is mainly composed of a force probe, a seedling claw
and wire. According to the agronomic and planting requirements,
the depth of inserting the seedling claw into the bowl during
mechanized transplanting is about 28 mm. In this paper, the force
probe is installed 25 mm away from the tip of the seedling claw,
which can ensure that the sensitive element contacts the bowl

completely when the seedling claw is inserted into the nutritive bowl.

The size of the force probe is 14 mmx30 mm, the force probe is
embedded in the seedling claw; the inner part of the seedling claw is
hollow structure, which facilitates the connection between wire and
the signal conditioning circuit. The structure is shown in Figure 3.

30 mm 1 2

M=

1. Force probe 2. Seedling claw 3. Wire
Figure 3 Sensor structure diagram

I

| 25 mm

In order to measure the clamping force of seedlings, the PVDF
piezoelectric film for measuring pressure is encapsulated in the force

probe. The manufacture and encapsulation of the force probe are
shown in Figure 4a, including the PVDF piezoelectric film, the
encapsulation cover plate, the flexible basement and the wire hole.
Among them, the size of PVDF piezoelectric film is 14 mmx30 mm,
because the surface electrodes of PVDF piezoelectric film are very
thin, the copper foil and PVDF piezoelectric film are bonded with
conductive silver glue to lead the upper and lower electrodes.
PDMS (polydimethylsiloxane) film is chosen as the protective layer,
and epoxy resin glue is used to bond. The structure of the
encapsulated PVDF piezoelectric film is shown in Figure 4b. The
flexible basement is a semi-micro-column structure. In order to
compensate for the difference of compression between the tip of the
clamp and the detection position, and to ensure the integrity of the
bowl, the diameter of the semi-micro-column structure is 4 mm, and
the flexible basement material is made of silica gel with Shaw
hardness of 60 HA. The size structure of the three key components
of the PVDF film, encapsulation cover plate, and flexible basement
is shown in Figure 4c.

a. Encapsulation of the force probe

Copper foil

Electrode

PDMS film

PVDF film

b. Structure of PVDF film
21
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Encapsulation cover plate

PVDF film

R4
/>T b4

21

Flexible basement
c. Key dimensions of the sensor member
1. PVDF film 2. Encapsulation cover plate 3. Flexible basement 4. Wire hole

Figure 4 Schematic diagram of the manufacture and
encapsulation of the force probe

In order to adapt to the complex working environment in the
field, the picking claw is made of anti-corrosion and high-strength
nickel-chromium alloy. When the force probe is packaged, the
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flexible substrate is bonded to the picking claw by 502 glue to ensure
its firmness. The PVDF piezoelectric film is bent into a circular arc
with a diameter of 4 mm and is bonded to the flexible substrate by
epoxy resin adhesive. The packaging cover plate is installed on the
top layer to ensure the packaging strength by connecting the
packaging groove and thread with the seedling claw. Finally, the
silicone rubber is used to seal all parts to improve its waterproof and
dust-proof performance of the sensor.
3.3 Design of sensor hardware circuit

Due to the small surface charge generated by the external force
of the PVDF piezoelectric film. The vibration interference of

seedling operation environment is large, which results in small
signal amplitude and high noise of sensor output signal. In order to
improve the signal-to-noise ratio, a signal conditioning circuit is
designed to amplify and regulate the charge signal generated by the
sensor. The conditioning circuit includes pre-amplification module,
power frequency notch module and low-pass filter module. At the
same time, in order to avoid the problem of poor stability and noise
caused by the traditional op-amps, resistors and capacitors, the
conditioning circuit mainly designed with functional integrated
chips, including AD745, LMF90 and SGM8422, as shown in
Figure 5.
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Figure 5 Signal acquisition and processing hardware circuit structure

Among them, the pre-amplification module is designed based
on instrumentation amplifier AD745.
convert the high impedance input into low impedance output,
convert the output charge of PVDF piezoelectric film into voltage,
and perform 21 times amplification on the sensor output signal. In
order to reduce the influence of high frequency noise during
transplanting operation, a two-stage power frequency and double
frequency notch circuit is designed based on LMF90 for signal
filtering, and the notch frequency is 50 Hz. Considering that the
two clamping force sensor signal processing needs to construct the
filter, the single-chip dual operational amplifier SGM8422 is used to

Its main function is to

design the low-pass filtering module. As shown in Figure 6, the
processing module adopts STM32F103RCT6 MCU produced by
Yifa Semiconductor Company, which integrates A/D conversion
function and can convert voltage analog signal into digital signal,
and the processing module also equipped with USB
communication module, program download port and crystal module.
It is convenient for data transmission and program burning to ensure
the normal operation of the microcontroller. The input voltage of

is

the hardware circuit is 12 V. In order to ensure the normal
operation of each module, LM2596 series integrated chip is used to
regulate the supply voltage. First, the 12 V input voltage is stepped
down to 5 V, and then the 5 V voltage is converted to 3.3 V by
ASM1117-3.3 forward regulator to power the microcontroller.
Since the AD745 and LMF90 chips require —5 V power supply, a
—5 V power supply module is added to ensure normal operation of

the chip.

4 Sensor calibration test

4.1 Establishment of calibration system

The sensor calibration system consists of function signal
generator, power amplifier, modal exciter, dynamic force sensor,
signal acquisition and analysis device, clamping force detection
sensor, signal processing hardware circuit and data display software.
The block diagram of the calibration system is shown in Figure 6.

Firstly, the function signal generator gives a specified waveform
input signal, which is amplified by a power amplifier to enable it to
have load capacity and drive the modal exciter to generate
corresponding amplitude vibration. Then, the vibration of the
modal exciter is loaded on the clamping force detection sensor, and
the dynamic force sensor installed on the modal exciter is used to
measure the output force of the exciter, and the data is connected to
the signal acquisition, analysis device and displayed synchronously
on the data display software; At the same time, the charge generated
by the clamping force sensor is outputted as a voltage by the signal
processing hardware circuit, and which is connected to the data
display software on the computer. The pressure signal and voltage
signal detected are displayed and recorded synchronously by the
data display software.

Function signal generator is Shanghai Guangxinyou AFG 1022
function generator, which can output standard waveform and
arbitrary waveform. The power amplifier is SA-PA010 power
amplifier produced by Shiao Science and Technology of Jiangsu

Province. The modal exciter adopts SA-JZ00 exciter of Jiangsu
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Shibo Science and Technology. The maximum excitation force is
20 N and the maximum excitation stroke is 6 mm. The dynamic
sensor adopts 502F01 sensor of Yangzhou Michael
Measurement and Control Company with a sensitivity of 22.44 mv/N
and a maximum range of 200 N. The signal acquisition and
analysis device adopt DH5902N solid data acquisition and analysis

force

system of Jiangsu Donghua Testing Company, which can realize
multi-channel data acquisition at the same time. Data display
software is a computer software for signal acquisition and analysis
device, which can realize real-time processing, storage and display

of data, and fully meet the requirements of calibration test.

Funetion signal
generator

Power amplifier
8
E
5 " Clamping force
5 Modal exciter pos
B detection sensor
]
& ¥
= . + els - = .
B | Signal acquisition Signal processing
g and analysis device hardware circuit
A v
| Data display software I-i
Data Data Data
display processing storage

[ | |

Figure 6 The block diagram of sensor calibration system

4.2 Calibration method

The calibration of the sensor is to establish the relationship
between the sensor output and the input, and to calculate the
performance parameters of the sensor. According to the test of
mechanical characteristics of vegetable potted seedlings based on

existing relevant literature®2*]

, we selected sensor calibration in the
range of 0-8 N, and the calibration site is shown in Figure 7. In
order to simulate the force on the bowl and the frequency of seedling
picking in transplanting, the function signal generator was set to
generate 0.75 Hz, 1 Hz, 1.25 Hz sine and square wave to start-up
vibration exciter respectively. By first increasing and then
reducing the gain of power amplifier, the sensor's stress was
increased to 8 N and then reduced to O N. The data display software
was used to store the pressure and voltage data. Each waveform
and frequency collected 40 groups of data, 20 groups in the
ascending process and 20 groups in the descending process. A total
of 240 groups of data were collected. We record the detected
pressure and voltage signals by calibrating the system's data display
software. Finally, the experimental data is fitted using the least
squares method to calculate the sensor parameters.

Figure 7 Sensor calibration testing field

4.3 Calibration results and analysis

The transplanting device has severe vibration and impact during
the working process, and has high requirements on the stability of
the sensor. In order to investigate the stability and adaptability of
the sensor, the range, sensitivity, linearity, accuracy, and hysteresis
were selected for calibration in combination with the high-speed
operation of the seedling claw. The calibration curves of clamping
force sensor are shown in Figure 8.
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Figure 8 Calibration curves of clamping force sensor
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(1) Range of sensor

According to the sensor calibration data and the related
mechanical characteristics of the potted seedlings, the output voltage
measurement range of the sensor is 0-5 V, and the range is 5 V. The
measuring range of clamping force is 0-8 N and the range is 8 N.

(2) Sensitivity of sensor

Sensitivity of sensor is the ratio of the change in output (Ay) to
the change in input (Ax). It is the slope of output characteristic
curve, usually denoted by S.

S=Ilim—= Z 5)

According to Equation (5), the sensitivities of the designed
sensor under sine and square wave shocks with frequencies of
0.75 Hz, 1 Hz and 1.25 Hz are 0.4996 V/N, 0.5105 V/N,
0.5287 V/N, 0.5492 V/N, 0.5309 V/N and 0.5396 V/N respectively,
with an average sensitivity of 0.5264 V/N.

(3) Linearity of sensor

The linearity of the sensor is an important index to describe its
waiting characteristic, also known as non-linear error. It represents
the degree of deviation of the actual relationship curve between
input and output from the fitting line, usually denoted by J.

o= Al x100% (6)
FS
where, AY,,, is the maximum deviation between the actual output
value of the sensor and the fitting line, Yyg is the measurement range
of the sensor.

After analyzing and calculating the data, under the impact of
sine wave and square wave with the frequency of 0.75 Hz, 1 Hz,
1.25 Hz, the maximum deviation between the designed sensor
output value and the fitted line is 0.2368 V, the output voltage range
is 5V, and the linearity of the sensor calculated by Equation (6) is
4.74%.

(4) Accuracy of sensor

The accuracy of the sensor (y) indicates the reliability of the
measurement results. It is usually expressed as the ratio of the
measured maximum absolute error (A4) to its output full range (Yxg).
The calculation formula is as follows:

y =AM 100% %)
FS

In the process of sensor calibration, the maximum absolute
errors of six groups test are 0.1256 V, 0.2356 V, 0.1963 V, 0.3256 V,
0.2456 V and 0.2156 V, respectively. The accuracy of the six
groups test obtained by Equation (7) is 2.51%, 4.71%, 3.93%, 6.51%,
4.91%, 4.31%, the accuracy of the sensor is 6.51%.

(5) Hysteresis of sensor

The hysteresis of sensor refers to the phenomenon that the
output characteristic curves do not coincide during the change of the
input amount from small to large and from large to small. The
hysteresis error () is usually expressed by the ratio of half of the
maximum output difference (AH,,,) to its full range output value
(Yrs) between forward and reverse stroke. The calculation formula
is as follows:

A o 100% (®)

FS

Yu=%

According to the calibration fitting data: Under the impact of
different frequencies and waveforms, the maximum output error of
the sensor is 0.3632 V, so the hysteresis error of the sensor is 3.63%.

The fitting results show that: Under the impact of different
waveforms and frequencies, the linear determinant coefficients of
the designed sensor are 0.9879, 0.9855, 0.9913, 0.9861, 0.9899 and
0.9868, respectively. The average linear determinant coefficient is
0.9879. It shows that the force acting on the sensor is highly linear
with the output voltage, and the sensitivity of the sensor obtained in
each test is very small.
designed in the measurement range has good repeatability and
stability.

It shows that the clamping force sensor

5 Experiments

In order to verify the stability and adaptability of the designed
clamping force sensor, the seedling clamping force experiment was
carried out on the fully automatic vegetable transplanting test bench.
The experiment site is shown in Figure 9.

5.1 Experiment materials

The Experiment seedling was Jianjiao No.1, with a seedling age
of 40 days and a seedling height of 10-12 cm. The plug is a
128-hole square vertebral body hole plate. The upper hole diameter
is 32 mmx32mm, the lower diameter is 13 mmx13 mm, the depth of
the hole is 42 mm, and the cell volume is 20 mL. The substrate is
made of perlite, vermiculite and peat at a volume ratio of 6:3:1, with
a water content of 50%.

The Experiment equipment includes vegetable transplanting
test-bed, clamping force sensor, signal conditioning hardware circuit,
the existing clamping force signal monitoring system of our research
group and portable computer.

5.2 Experiment method

According to China's dryland transplanting machinery
operating standards (JB/T 10291-2013), and combining with the
actual production situation™%.  Through the PLC control system
of vegetable transplanting test-bed, 45 plants/min, 60 plants/min and
75 plants/min were selected respectively, and the frequency of
seedlings in each group was 64 holes seedling operation, repeated
The
clamping force of each seedling was recorded, the mean, standard
deviation and range of the clamping force of each seedling at
different frequencies were counted to analyze the stability of the
clamping force sensor; In addition, the integrity rate of the bowl in
each group was calculated, and the adaptability of the clamping

5 times, and a total of 15 groups test were carried out.

force sensor under transplanting conditions was studied.
5.3 Results and discussion

The test results are shown in Table 2. By analyzing the
contents of Table 2, we can see that the mean clamping force
measured in 15 groups test with different seedling frequency is
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between 3.25-3.70 N, the standard deviation is between 0.072-0.096
N, the range is between 0.35-0.57 N, and the bowl integrity is
between 78.13%-98.44%.

Table 2 Statistical results of seedling clamping force test
e Nomber Mo SR e

1 3.60 0.096 0.42 92.19

2 335 0.086 0.51 98.44

45 3 3.28 0.091 0.43 96.88
4 3.64 0.079 0.56 90.63

5 3.30 0.084 0.48 96.88

Average 343 0.087 0.48 95.00

1 3.34 0.079 0.35 96.88

2 3.56 0.085 0.53 92.19

60 3 341 0.082 0.52 89.06
4 3.70 0.072 0.49 95.31

5 3.58 0.083 0.46 87.50

Average 3.52 0.080 0.47 92.19

1 3.55 0.075 0.41 82.81

2 3.59 0.079 0.53 87.50

75 3 3.62 0.085 0.34 85.94
4 3.48 0.089 0.57 87.50

5 3.70 0.081 0.41 78.13

Average 3.59 0.082 0.45 84.38

The test results of average value of clamping force and bowl
integrity under different transplanting frequencies are shown in
Figure 10. The average value of clamping force were 3.43 N,
3.52 N and 3.59 N, the average value of standard deviation were
0.087 N, 0.080N, 0.082N, the average value of range were 0.48 N,
0.47 N, 0.45 N, and the average value of bowl integrity were 95%,
92.19%, 84.38% when the frequency of picking up seedlings were
45, 60 and 75 plants/min, respectively. The results showed that the
measured fluctuation range was small and the stability was good
when the designed clamping force sensor was used to detect the
clamping force. Indoor experiments results show that the clamping
force sensor has good stability and adaptability under different
seedling frequencies. At the same time, we found the following
problems:

(1) When reading the clamping force values, there were many
fluctuations and even a few abnormal values near the clamping force
values. The main reason for this situation was the bowl substrate
was unevenly distributed and the seedling claw were suddenly
blocked during the process of inserting the nutritive bowl. In the
subsequent optimization process, the filter range of the sensor
hardware circuit can be adjusted according to the specific seedling
frequency to reduce the interference.

(2) With the increase of seedling picking frequency, although
the integrity rate of nutritive bowl has declined, but it was still within
the controllable range. The main reason for the decline of integrity
rate of nutritive bowl were the vibration of frame and the disturbance
of seedling claw when seedling picking at high speed. At present,

the current seedling picking mechanism has not reached 75 plants/min.

By reducing the speed of seedling picking, adjusting the diameter of
semi-micro column structure, reducing the vibration of frame and
disturbance of seedling claw, the breakage rate of nutritive bowl can
be greatly reduced.

40r
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Figure 10 Results of seedling clamping force test under

different transplanting frequencies
6 Conclusions

(1) Using PVDF piezoelectric film as sensing element, a
semi-micro column seedling clamping force detecting sensor was
designed. The size of the force probe is 14 mmx30 mm, the
encapsulation position of the force probe was 25 mm away from the
tip of the seedling claw. The diameter of the curved silicone
basement was 4 mm. It can effectively compensate the difference
of the bowl compression between the tip of the seedling claw and the
detection position of the bowl, and detect the change of the clamping
force more accurately.

(2) The hardware circuit of signal acquisition was designed,
including pre-amplification module, power frequency notch module
and low-pass filter module, processor module and power module.
The seedling clamping force signal was processed, which effectively
reduced the noise generated by complex working environment and
mechanism vibration in the field.

(3) The calibration test of the sensor shows that the sensitivity of
the sensor was 0.5264 V/N, the linearity was 4.74%, the precision
was 6.51%, the hysteresis was 3.63%, the average linear determinant
coefficient was 0.9879 and the range was 8 N under the impact of
different waveforms and frequencies, which fully meet the accuracy
requirements of clamping force detection during transplanting.
Indoor experiments showed that at the seedling frequency of
45 plants/min, 60 plants/min, 75 plants/min, the clamping force
detection value was between 3.25-3.70 N, the average value of the
standard deviation was between 0.080-0.087 N, the average value of
the range was between 0.45-0.48 N, the average bowel integrity rate
was between 84.38%-95%.
clamping force is small, the integrity of the bowel is high, and the

The measurement range of the

sensor has good stability and adaptability.
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