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Longitudinal axial flow rice
thresher feeding rate monitoring
based on force sensing resistors

Mohamed Anwer Abdeen?*, Gan Xie'**, Abouelnadar Elsayed Salem'-3, Jianwei Fu' &
Guozhong Zhang!™

The threshing unit is the main working unit of the combine harvester and plays an essential role in rice
threshing efficiency, seed loss, and damage. Every thresher has its limitation for feeding, and when
the feeding quantity exceeds the maximum rated amount, the thresher gets blocked, resulting in
higher losses, low threshing efficiency, more power consumption, and combine overloading shutting
down. This study constructed a longitudinal axial flow rice threshing platform, and a stress monitoring
system for the threshing drum top cover was designed using force sensing resistors. The sensors were
installed on the thresher top cover inner surface to detect the impact and extrusion forces caused by
the threshing process and detect the feeding rate when it exceeds the suitable feeding. Three feeding
rates (0.8, 1.1, and 1.4 kg/s) and three thresher speeds (1100, 1300, and 1500 rpm) were tested.

The time of the testing process was calculated using high-speed photography. The obtained results
revealed that the force signals collected by thin-film sensors significantly correlated with thresher
rotating speed and feeding rate. The thresher top cover’s average stress, average strain, and average
total deformation were simulated using ANSYS finite element analysis. This study provides a new
method for threshing drum real-time feeding quantity monitoring and early warning of thresher
blockage.

Rice is the second important cereal in the world today after wheat, providing together 95 percent of the total
staple food of the world’s population. The rice planting area in China is approximately 30 million hectares' and
is mainly harvested with combine harvesters>>.

The grain harvester is vital agricultural machinery that improves harvesting efficiency and reduces labor
costs*. The typical grain harvester combines the harvesting processes such as gathering, cutting, threshing,
separation, cleaning, especially threshing is its most crucial function’. Many small, medium, and large hand-
held and pedal-operated threshers have been used for a long time. However, they have not been implemented
significantly because of their low performance compared to traditional methods®. Combine harvesters are a
major force in rice harvesting in China, and the threshing and the cleaning device play an important role in the
entire harvesting process”'°.

The threshing unit is the core device of the combine harvester, which determines the operating performance
of the whole machine. Mechanical threshers are classified into axial-flow and cross-flow threshers. In axial-flow
threshers, the crop moves along the axe of the cylinder, and it is subjected to multiple impacts from the cylinder.
In cross-flow threshers, the crop is threshed while it moves between the cylinder and the concave transversally. In
spike-tooth thresher, an array of spikes arranged along with the cylinder impacts the crop on the concave, wherein
the rasp bar, a flat-surface cylinder runs above the concave, and the centrifugal force of the cylinder causes the
crop to be threshed!!. During threshing, rice stalks are fed along the axis of the cylinder, and the sloughed mate-
rial is discharged from the opposite end. Because of the concave screen and the grass guide on the cover of the
cylinder, the crop entering the thresher circulates around the cylinder during moving axially. The threshing of
grain is caused by the threshing teeth impact on crop ears'>. With the movement of the roller, the removed grain
and straw are separated then discharged to the cleaning device for further separation.

The speed of the threshing drum influences the capacity and performance of a thresher’®. An optimum
speed is desirable for improved performance of the thresher because excessive speed can cause the grain to
crack, while a low speed can give an unthreshed head. Due to unstable walking speed, crop lodging, maturity,
water content, and inconsistent field growth state, the real-time feed amount of the harvester fluctuates during
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Figure 1. Testing platform.

harvest. When the real-time feeding quantity exceeds the rated feeding quantity, the threshing drum is prone
to overload, blockage, and shutting down, which may cause severe damage to the harvesting parts and seriously
affect production efficiency'. Therefore, monitoring the real-time feeding quantity of rice combine harvester
using force sensing resistors and early warning of the blockage of threshing drum is crucial to prevent the block-
age of threshing drum.

Force sensing resistors are polymer thick film devices that exhibit a resistance decrease with increased applied
force to its surface. They are simple to use and low in cost and detect physical pressure, squeezing, and weight.
Piezoresistive sensors convert the external pressure into electrical signals utilizing resistance. Because of its simple
technology, piezoresistive sensors have been applied in robots'?, coal mine'®, blasting'”'#, medical treatment'?,
and other fields.

Xionget al.?’ adopted piezoresistive thin-film sensor combined with the corresponding control system to
realize the grip control of the manipulator. Wang et al.?! used piezoresistive thin-film sensors to measure the
pressure of crushed corn stalks on helical conveying blades. Peng?? designed the plantar pressure distribution
detector with a piezoresistive thin-film sensor, which can effectively detect the plantar pressure distribution.

Too low feeding rate reduces the separation rate, and too high feeding rate not only reduces the separation
rate but also increases the un-threshed rate. By selecting a reasonable feed rate, it is possible to increase the
separation rate while reducing the un-threshed rate'?.

Excessive feeding rate and low thresher rotating speed can overload the thresher and lead to more losses, less
threshing efficiency, more required power, and combine shutting down, which will increase threshing time and
affect productivity and grain quality. Also, the change of rotational speed and feeding quantity of the thresher
will change the force acting on its top cover. So that, a testing platform for longitudinal axial flow rice thresher
was designed, and pressure film sensors were used as the main testing tool to detect the forces acting on the
thresher top cover and monitor the thresher’s real-time feeding rate and early predict the blockage during the
threshing process.

Materials and methods

Testing platform. The longitudinal axial flow testing platform with dimensions of (3700, 1460, and
1540 mm) for length, width, and height was constructed in the Engineering College factory, Huazhong agricul-
tural university, Wuhan, China. The platform consisted of a thresher with spike teeth, concave, receiving boxes,
cover with a transparent observation window, conveying belt, diesel engine, frequency convertor, feeding device,
electric motor, pressure sensing system, torque sensor, and high-speed camera, as shown in (Fig. 1).

Conveying mechanism. This mechanism composed of a revolving belt with dimensions of (6 x 0.5 m). The
feeding device was driven by an electric motor using a pulley and belt. This mechanism was used to convey the
rice to the feeding auger.

Feeding auger. The feeding auger consisted of a rotating auger and a rotating chain with transverse steel
bars. It was used to feed the rice from the conveyer to the threshing drum.

Threshing device. The threshing device consisted of a cylindrical axial flow thresher with rod teeth,
thresher cover with helical blades, and a perforated concave. The thresher was driven by a diesel engine using
belts and pulleys. The thresher composes of 6 bars with spike teeth, as shown in (Fig. 2).
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Figure 2. Longitudinal axial flow thresher with spike teeth (dimensions in mm).
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Figure 4. Resistance vs. force.

Force testing system. Force Sensing Resistors (FSR) (Fig. 3) are devices that allow measuring static and
dynamic forces applied to a contact surface. Their range of responses depends on the variation of their electric
resistance?.

In the testing system, force-sensing resistors were used as the primary testing tool. These sensors are a poly-
mer thin-film device that exhibits a decrease in the resistance with an increase in the force applied to its active
surface, as shown in (Fig. 4).

The pressure sensing system (Fig. 5) is a multichannel acquisition system consisting of two parts; hardware
and software. The hardware system includes piezoresistive thin-film sensors, connecting cables, a data acquisi-
tion card, and a computer with Flexiforce software®!. The software system consists of a data connection module,
parameter setting module, data reading and display module, and data saving module.
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Figure 6. Software front panel.

The film sensors convert the pressure force into an analog resistance signal. The data acquisition card ampli-
fies the resistance signal, converts it into digital signals, and transmits them to the Flexiforce software on the
computer through the USB signal wire. The front panel of Flexiforce software is shown in (Fig. 6).

The test system can be started and stopped manually and also manually control data displaying and saving.
The measured data collected by this system is saved in Newton as a data table in word pad or Excel format.

Force sensor descriptions and dimensions. Model: 402, Active Area: 0.5” [12.7 mm] diameter, Nomi-
nal thickness: 0.018"” [0.46 mm], Semi-conductive Layer: 0.005” [0.13 mm] Ultem, Spacer Adhesive: 0.006"
[0.15 mm] Acrylic, Conductive Layer: 0.005” [0.13 mm] Ultem, Rear Adhesive: 0.002"” [0.05 mm] Acrylic.

Sensors measured force ranges from 0 up to 150 N, and the force resolution of FSR devices is better than +0.5%
of full use force.

Sensor’s installation. The sensors were installed on both sides of the thresher cover inner surface along
its axis, as shown in (Fig. 7), so they can sense only the impact force from rice extrusion during the threshing
process and neglect any disruption caused by machine vibration.

To guarantee the stability of the measured data, assure that the sensors would successfully feel the force under
the elastic deformation, avoid signal disruption caused by poor contact, and to fix the sensors on the thresher top
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Figure 7. Sensors installation in thresher cover.
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Figure 8. Installation of the sensors between ABS chips.

cover, ABS round chips (Fig. 8) were designed using Solidworks premium 2016 SP. 5*° and printed using a 3D
printer, and every sensor placed between every two chips, these chips can also protect the sensors from damage.

An elastic tape was installed below and above every sensor to guarantee the elastic deformation, which gives
resistance change.

High-speed photography. The feeding time of rice in the thresher was determined employing a high-
speed camera (Fig. 9). The high-speed camera type was PCO dimax H.D. manufactured by PCO company, Ger-
many, and the camera lens was A.F. micro-Nikon 60 mm f/2.8 manufactured by Nikon. The camera was fixed to
a frame that could be moved along the axis of the platform. The photographic distance was set to 1500 mm, and
the sampling frequency was set to 200 photos per second.

A window of 800 mm x 300 mm was opened on the thresher top cover and covered with 5 mm thick transpar-
ent Plexiglas for easy observation of rice movement.

Scientific Reports |

(2022) 12:1369 | https://doi.org/10.1038/s41598-021-04675-w nature portfolio



www.nature.com/scientificreports/

Camera

Figure 10. Testing procedure.

Testing procedure. The use of the plant in the current study complies with international, national, and
institutional guidelines.

The threshing platform (Fig. 10) was constructed and experimented at Huazhong Agricultural University
Engineering College’s factory. The conveyor length was 6 m, no rice was added to the first meter of the conveyor,
and the rice crop regularly spread in the last 5 m to ensure it would be fed at a constant speed.

Preliminary experiments have been carried out to determine the maximum feeding rate. Three feeding rates
of 0.8, 1.1, and 1.4 kg/s were tested as the maximum feeding rate of the thresher was 1.4 kg/s, and the drum
speeds were 1100, 1300, and 1500 rpm.

Results and discussion
After the test was carried out according to the aforementioned methods, the test data were collected and analyzed.
High-quality graphs were drawn using OriginPro 2019b (64-bit) 9.6.5.169%, and ANOVA was carried out using
Minitab 2017, 18.1%.

The forces measured by sensors 5 and 10 were too small, so they have been neglected.

The experiment design and results are shown in Table 1.

Effect of feeding rate on pressure sensors data under different thresher speeds. The obtained
results (Fig. 11) showed a positive relationship between the feeding rate and the measured forces for all the sen-
sors at every thresher speed. This may be attributed to increasing crop density and crop layer thickness in the
threshing gap, which results in high impact force and pressure on the thresher top cover and sensors. This result
was the same as the obtained result by Shenghua et al.?, who concluded that increasing the feeding rate for a
horizontal axial threshing drum increased the force acting on the thresher top cover.

Effect of thresher speed on pressure sensors data under different feeding rates. It was observed
that increasing thresher speed tended to increase the force measured by the pressure film sensors for all the feed-
ing rates (Fig. 12). This might be attributed to the increase in the collision force of rice stalks to the pressure
sensors and thresher top cover. This result was in agreement with the result obtained by Shenghua et al.®*, who
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Tk Measured force, N
Feeding rate, kg/s | rpm S 1S 2 |S 318 4 |S 6 |S 7 1S 8 |S 9
0.80 1100 0.01 0.09 0.02 2.15 0.01 0.42 2.01 0.35
1.10 1100 0.02 0.19 0.09 2.22 0.02 0.83 2.31 0.54
1.40 1100 0.08 0.23 0.64 2.99 0.08 1.06 3.00 1.05
0.80 1300 0.06 0.90 0.69 2.70 0.06 0.85 212 0.64
1.10 1300 0.15 0.90 0.89 3.18 0.15 1.03 3.02 1.45
1.40 1300 0.23 1.07 1.14 3.57 0.24 1.76 3.64 1.65
0.80 1500 0.70 1.15 2.19 3.37 0.73 1.81 3.01 1.12
1.10 1500 1.02 1.17 2.32 3.45 1.06 2.56 3.30 1.56
1.40 1500 1.11 1.28 2.74 3.78 1.10 2.88 3.82 1.99

Table 1. Experimental results.

concluded that increasing the threshing speed of a horizontal axial threshing drum increased the force acting
on the thresher top cover.

Analysis of variance (ANOVA). ANOVA is a statistical method used for determining the individual inter-
actions of every control factor in the testing design. It was used to analyze the effect of thresher rotating speed
and feeding rate on the forces measured by the pressure sensors. The analysis was carried out at a 5% significance
level and a 95% confidence level. ANOVA showed that feeding rate and thresher speed significantly affected the
force measured by pressure sensors.

Results are shown in (Tables 2, 3, 4, 5, 6, 7, 8, 9).

Regression analysis. Regression analyses are used for analyzing many variables when there is a relation-
ship between a dependent variable and one or more independent variables?. The dependent variable is the force
measured by the pressure sensors, and the independent variables are feed rate and thresher speed.

The linear regression equations are given below, where:

Y 100: Force measured during thresher speed of 1100 rpm.
Y 300: Force measured during thresher speed of 1300 rpm.
Y 500: Force measured during thresher speed of 1500 rpm.
X: Feeding rate.

. . Regression equations sen-
Regression equations sensor 1 g q

. sor 2
¥ e t0ae X Y100 = —0.0897+0.2351 X
Yoo =0.548-+0.361 X Y,300=0.6968 +0.2351 X

Y1500=0.9417+0.2351 X

. . Regression equations sen-
Regression equations sensor 3

. sor 4

Y= —0741+0.904X Yii00=1.153+1.182 X
Yi500=—0.086+0.904 X Y 500=1.850+1.182 X
Y 1500=1.421+0.904 X Y )

Y1500=2235+1.182 X

. . Regression equations sen-
Regression equations sensor 6

= sor 7
Yino=— 0.341+0344 X T s
Yi300=—0.226+0.344 X
Yis0=0.585+0.344 X Ya00= —0.392+1.460 X

Y 1500=0.809 + 1.460 X

. . Regression equations sen-
Regression equations sensor 8

sor 9
Y1100=0.418+1.840 X
Y —0.900-+1.840 X Yi100=—0.929+1.434 X
Yﬁssz 1.355+1.840 X Yi300= —0.331+1.434 X

Yis00= —0.021+1.434 X

Simulation of the forces acting on thresher top cover using finite element analysis. Finite
element analysis (FEA) is a numerical method for solving specific problems in engineering and science. These
methods are needed because analytical methods cannot cope with the complicated problems that are met within
engineering. One of FEA’ first applications was to find the stresses and strains in engineering components under
load.

The finite element analysis has been used to analyze cylindrical objects. For example, Rawat et al.** used the
finite element method to perform a modal analysis on a closed thin-walled cylindrical shell, and the effect of the
ratio of the end face thickness to the shell thickness on its natural frequency was studied.
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Sensor 1

Force sensor 1 (N)

Feed Sensor 1iKg/s)

force = 0.15 + 0.08647*x + 0.3898*y +( -0.0115) x*2 + 0.05917*x*y + 0.2598*y"2
where x= speed, y= feed

R-square: 0.9935

RMSE: 0.05854

Sensor 2

Force Sensor 2 (N)

Feed Sensor ? (€g/s]

Spead Sensor 2 (RPM)

force = 0.9225 + 0.4568 *x + 0.05846*y + (-0.21)*x"2 + (-0.001875)*x*y + 0.03375*y"2
R-square: 0.9959
RMSE: 0.04952
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R-square: 0.9962
RMSE: 0.1

Figure 11. Force measured by pressure film sensors.
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Figure 11. (continued)
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Sensor 8

| rorce_sensorss vs. speed_sensors,feed_sensors
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Figure 11. (continued)
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Figure 12. Effect of thresher speeds on pressure sensors data under different feeding rate.
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Source DF | SeqSS | Contribution (%) | AdjSS | AdjMS |F-value | P-value
Feed rate 2 0.07215 4.54 0.07215 | 0.036076 3.69 0.124
Thresher speed, rpm | 2 1.47693 | 92.99 1.47693 | 0.738465 | 75.50 0.001
Error 4 0.03912 2.46 0.03912 | 0.009781
Total 8 1.58820 | 100.00

Table 2. Analysis of variance sensor 1.
Source DF | SeqSS | Contribution (%) | AdjSS | AdjMS F-value | P-value
Feed rate 2 0.03215 1.81 0.03215 | 0.016077 13.54 0.017
Thresher speed, rpm 2 1.74218 97.93 1.74218 | 0.871089 | 733.61 0.000
Error 4 0.00475 0.27 0.00475 | 0.001187
Total 8 1.77908 | 100.00

Table 3. Analysis of variance sensor 2.
Source DF | SeqSS | Contribution (%) | AdjSS | AdjMS | F-value | P-value
Feed rate 2 0.47702 6.06 0.47702 | 0.23851 42.95 0.002
Thresher speed, rpm 2 7.37466 93.66 7.37466 | 3.68733 | 664.06 0.000
Error 4 0.02221 0.28 0.02221 | 0.00555
Total 8 7.87389 | 100.00

Table 4. Analysis of variance sensor 3.
Source DF | SeqSS | Contribution (%) | AdjSS | AdjMS | F-value | P-value
Feed rate 2 0.7957 29.27 0.7957 | 0.39787 | 13.30 0.017
Thresher speed, rpm | 2 1.8032 66.33 1.8032 | 0.90162 | 30.13 0.004
Error 4 0.1197 4.40 0.1197 | 0.02993
Total 8 2.7187 | 100.00

Table 5. Analysis of variance sensor 4.
Source DF | SeqSS | Contribution (%) | AdjSS | AdjMS | F-value | P-value
Feed rate 2 0.06755 413 0.06755 | 0.033776 3.76 0.120
Thresher speed, rpm 2 1.53067 93.67 1.53067 | 0.765333 | 85.25 0.001
Error 4 0.03591 2.20 0.03591 | 0.008977
Total 8 1.63413 | 100.00

Table 6. Analysis of variance sensor 6.
Source DF | SeqSS | Contribution (%) | AdjSS | AdjMS | F-value | P-value
Feed rate 2 1.1515 20.44 1.1515 | 0.57573 | 17.25 0.011
Thresher speed, rpm 2 4.3494 77.19 4.3494 | 2.17469 | 65.15 0.001
Error 4 0.1335 2.37 0.1335 | 0.03338
Total 8 5.6343 | 100.00

Table 7. Analysis of variance sensor 7.
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Feed rate 2 1.8329 55.06 1.8329 | 0.91647 | 20.53 0.008
Thresher speed, rpm | 2 1.3176 39.58 1.3176 | 0.65882 | 14.76 0.014
Error 4 0.1785 5.36 0.1785 | 0.04464

Total 8 3.3291 | 100.00

Table 8. Analysis of variance sensor 8.

Feed rate 2 1.11546 44.77 1.11546 | 0.55773 | 22.90 0.006
Thresher speed, rpm 2 1.27862 51.32 1.27862 | 0.63931 |26.25 0.005
Error 4 0.09742 391 0.09742 | 0.02435

Total 8 2.49149 |100.00

Table 9. Analysis of variance sensor 9.

Figure 13. Thresher top cover 3D model.

X
0.000 0.350 0.700 (m) P
I I ]
0175 0.525

Figure 14. Meshing.

In this study, the 3D model (Fig. 13) has been created using Solidworks premium 2016 SP. 5%°, and saved in
STEP format, and then the model imported to ANSYS v.12*! for the simulation.

The meshing element size was set to 10 mm, as shown in Fig. 14.

The thresher top cover’s average stress (Fig. 15), average strain (Fig. 16), and average total deformation
(Fig. 17) were simulated using ANSYS using finite element analysis.

Conclusion

In this paper, a stress monitoring system for the top cover of longitudinal axial flow rice threshing drum was
designed depending on force-sensing resistors as the primary testing tool. The pressure sensors have been fixed
on the inner surface of the thresher top cover along its axis using ABS chips. The pressure system was used to
measure the impact and extrusion forces caused by rice crop during the threshing process and monitor the

Scientific Reports |

(2022) 12:1369 | https://doi.org/10.1038/s41598-021-04675-w nature portfolio



www.nature.com/scientificreports/

A: Average

Equivalent Stress

Type: Equivalent {von-Mises) Stress
Unit: Pa

Time: 1

2021-09-20 9:55 PM

8.8318e5 Max
1.0429e5
1.0429e5

31645

12727

12727

7277

7327.7

0.036403
0.00036941 Min

0.000 0.300 0.600(m) P
I I ]
0.150 0450

Figure 15. Average stress of the thresher top cover.
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Figure 16. The average strain of the thresher top cover.
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Figure 17. Average total deformation of the thresher top cover.

feeding rate of the thresher in seeking of predicting the combine overfeeding to avoid thresher blockage, which
may cause severe damage to the harvesting parts and seeds and results in combine shutting down at the end.
The experiments were carried out under different thresher rotating speeds (1100, 1300, and 1500 rpm) and
different feeding rates (0.8, 1.1, 1.4 kg/s).
A high-speed photographic bench was built, and the time of the testing process was determined using a
high-speed camera which was fixed above the testing platform.
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After the obtained data had been analyzed, it was revealed that there was a positive relationship between the
force measured by the pressure sensors and thresher rotating speed and feeding rate as well. The thresher top
cover’s average stress, average strain, and average total deformation were simulated using ANSYS finite element
analysis.

This research study provides a new method for threshing drum real-time feeding quantity monitoring and
early warning of its blockage using pressure film sensors, which will help in increasing threshing performance,
decreasing threshing power and losses, and optimizing the rice combine performance.

Received: 5 September 2021; Accepted: 17 December 2021
Published online: 25 January 2022

References
1. Zhao, Z., Huang, H., Yin, J. & Yang, S. X. Dynamic analysis and reliability design of round baler feeding device for rice straw
harvest. Biosyst. Eng. 174, 10-19 (2018).
2. Miu, P. I. & Kutzbach, H. D. Modeling and simulation of grain threshing and separation in threshing units. Part I. Comput. Electron.
Agric. 60, 96-104 (2008).
3. Miu, P. I. & Kutzbach, H. D. Modeling and simulation of grain threshing and separation in axial threshing units. Comput. Electron.
Agric. 60, 105-109 (2008).
4. Cerquitelli, T. J. Predicting large scale fine grain energy consumption. Energy Procedia 111, 1079-1088 (2017).
5. Zami, M. A, Hossain, M. A., Sayed, M., Biswas, B. & Hossain, M. A. Performance evaluation of the BRRI reaper and Chinese
reaper compared to manual harvesting of rice (Oryza sativa L.). The Agriculturists 12, 142-150 (2014).
6. Unakitan, G. & Aydin, B. ]. A comparison of energy use efficiency and economic analysis of wheat and sunflower production in
Turkey: A case study in Thrace Region. Energy 149, 279-285 (2018).
7. Hanna, H. M. & Quick, G. R. Grain harvesting machinery design. In Handbook of Farm, Dairy, and Food Machinery (eds Hanna,
H. M. & Quick, G. R.) 93-111 (Elsevier, 2007).
8. Chabrol, D. et al. The Technical Centre for Agricultural and Rural Cooperation. ACP-LU Lome 6, 12-15 (1996).
9. Liang, Z., Li, Y., De Baerdemaeker, J., Xu, L. & Saeys, W. Development and testing of a multi-duct cleaning device for tangential-
longitudinal flow rice combine harvesters. J. Biosyst. Eng. 182, 95-106 (2019).
10. Yuan, L. Progress in super-hybrid rice breeding. Crop J. 5, 100-102 (2017).
11. Simonyan, K. & Imokheme, P. Development of an axial flow motorized sorghum thresher. J. Agric. Eng. Technol. 16, 14-21 (2008).
12. Wang, Q., Mao, H. & Li, Q. Modelling and simulation of the grain threshing process based on the discrete element method. Comput.
Electron. Agric. 178, 105790 (2020).
13. Gbabo, A., Gana, I. M. & Amoto, M. S. Design, fabrication and testing of a millet thresher. Net J. Agric. Sci. 1, 100-106 (2013).
14. Suzhen, W., Chongyou, W. & Baochun, L. Fault diagnosis of threshing cylinder based on PCA and wavelet neural network. J.
Comput. Appl. 36,99-102 (2016).
15. Cui, J., Cao, H., Zhu, ], Jiang, J. & Zhang, Y. Human gait monitoring system based on MEMS tilt sensors and thin film pressure
sensors. China Meas. Test 44, 70-75 (2018).
16. Wang, Z. & Xie, W. Solid state piezoresistive sensor and its application in coal mine. Hebei Coal 02, 9-11 (1986).
17. Wang, T. The Research on Method of Booster Output Pressure Test (North University of China, 2014).
18. Hou, H., Peng, J. & Hu, Y. Experimental study of shock wave attenuation properties in phenolic cotton fabric material. Initiat.
Pyrotech. 02, 13-16 (2016).
19. Qin, Y. Solid-state silicon piezoresistive pressure sensor and its application in medical devices. Med. Health Equip. 06, 15-17 (1997).
20. Xiong, L., Zheng, W. & Luo, S. Design of poultry eviscerated manipulator and its control system based on tactile perception. Trans.
Chin. Soc. Agric. Eng. 34, 42-48 (2018).
21. Wang, C,, Qi, S,, Yan, J. & Wang, J. Test and analysis of performance of screw conveyor for rubbing and breaking corn straw. Trans.
Chin. Soc. Agric. Eng. 31, 51-59 (2015).
22. Peng, K. A Design of Data Analysis System Based on the Plantar Pressure Measurement Device (University of Electronic Science
and Technology of China, 2015).
23. Sadun, A,, Jalani, J. & Sukor, J. First International Workshop on Pattern Recognition, 1001112 (International Society for Optics and
Photonics).
24. Flexiforce. Accessed 2020. https://www.tekscan.com/products-solutions/systems/flexiforce-elf-system (2019).
25. Solidworks premium SP. 5. Accessed 2020. https://www.iemblog.com/?p=2775&lang=en (2016).
26. OriginPro 9.6.5.169. Accessed 2020. https://tech-story.net/originpro-2019b-build-9-6-5-169-x86-x64/ (2019).
27. Minitab 18.1. Accessed 2020. https://www.minitab.com/en-us/support/downloads/ (2017).
28. Shenghua, Z. et al. Designing a real time feed measurement system for horizontal axial flow threshing drum based on thin film
sensor. J. Huazhong Agric. Univ. 39(2), 160-169 (2020).
29. Cetin, M. H., Ozcelik, B., Kuram, E. & Demirbas, E. Evaluation of vegetable based cutting fluids with extreme pressure and cutting
parameters in turning of AISI 304L by Taguchi method. J. Cleaner Prod. 19, 2049-2056 (2011).
30. Rawat, A., Matsagar, V. & Nagpal, A. K. Free vibration analysis of thin circular cylindrical shell with closure using finite element
method. Int. J. Steel Struct. 20, 175-193 (2020).
31. ANSYS v.12. Accessed 2020. http://plcforum.uz.ua/viewtopic.php?t=10699

Acknowledgements

The authors acknowledge the National Key Research and Development Program of China (Technological Inno-
vation of Regenerated Rice Mechanization in the North of the Middle and Lower Reaches of the Yangtze River,
2017YFD0301404-05); and the Fundamental Research Funds for the Central Universities (2662018PY038).

Author contributions

Conceptualization, M.A.A.; G.X,; and G.Z,; methodology, M.A.A.; G.X. software, M.A.A.; validation, M.A.A.,
G.Z., and A.S,; formal analysis, M.A.A.; investigation, M.A.A ; resources, M.A.A ; data curation, Z.G.; writing—
original draft preparation, M.A.A.; writing, reviewing, and editing, M.A.A.; visualization, M.A.A.; supervision,
G.Z.; project administration, M.A.A.; funding acquisition, G.Z.

Competing interests
The authors declare no competing interests.

Scientific Reports |

(2022) 12:1369 | https://doi.org/10.1038/s41598-021-04675-w nature portfolio


https://www.tekscan.com/products-solutions/systems/flexiforce-elf-system
https://www.iemblog.com/?p=2775&lang=en
https://tech-story.net/originpro-2019b-build-9-6-5-169-x86-x64/
https://www.minitab.com/en-us/support/downloads/
http://plcforum.uz.ua/viewtopic.php?t=10699

www.nature.com/scientificreports/

Additional information
Correspondence and requests for materials should be addressed to G.Z.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports|  (2022) 12:1369 | https://doi.org/10.1038/s41598-021-04675-w nature portfolio


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Longitudinal axial flow rice thresher feeding rate monitoring based on force sensing resistors
	Materials and methods
	Testing platform. 
	Conveying mechanism. 
	Feeding auger. 
	Threshing device. 
	Force testing system. 
	Force sensor descriptions and dimensions. 
	Sensor’s installation. 
	High-speed photography. 
	Testing procedure. 

	Results and discussion
	Effect of feeding rate on pressure sensors data under different thresher speeds. 
	Effect of thresher speed on pressure sensors data under different feeding rates. 
	Analysis of variance (ANOVA). 
	Regression analysis. 
	Simulation of the forces acting on thresher top cover using finite element analysis. 

	Conclusion
	References
	Acknowledgements


