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ALGORITHM / 基于改进鲸鱼优化算法地块整体路径规划 

Shiteng GUO1,2,3), Xueping ZHAO2), Jian ZHANG3), Zhi guo PAN*1), Xiangyu BAI1), Zhuhe SHAO1),  

Yao LI1), Zhen LIU1), Shuai WANG1) 

1) College of Electrical and Mechanical Engineering, Qingdao Agricultural University, Qingdao/ China 
2) National Key Laboratory of intelligent agricultural power Equipment Luoyang/China 
3) College of Mechanical and Electrical Engineering, Hainan University, Haikou/China  

403 

35.  INNOVATIVE PYROLYSIS REACTOR DESIGN FOR ENHANCED PERFORMANCE AND 

SUPERIOR BIOCHAR QUALITY / REACTOR INOVATOR DE PIROLIZĂ PENTRU O PERFORMANȚĂ 

ȘI O CALITATE SUPERIOARĂ ÎMBUNĂȚITĂ A BIOCHARULUI 
Laurentiu-Constantin VLADUTOIU *¹⁾, Mario CRISTEA*¹⁾, Florin NENCIU ¹⁾, Valentin VLĂDUȚ ¹⁾, Mihai OLAN ¹⁾, 

Iulia GRIGORE ¹⁾, Cristian SORICA ¹⁾, Nicoleta VANGHELE ¹˒²⁾, Oana-Diana CRISTEA ¹⁾ 

¹⁾The National Institute of Research-Development for Machines and Installations Designed for Agriculture and Food 

Industry-INMA Bucharest / Romania; ²⁾Politehnica University of Bucharest, Bucharest / Romania 

414 

36.  DESIGN AND EXPERIMENT OF A MOREL PICKING MACHINE / 羊肚菌采摘机设计与试验 

Xiaohu BAI, Xiang ZOU, Zexu WANG, Guojing DU, Chuan LI, Chonghe GAO 

College of Engineering, Shenyang Agricultural University, Shenyang/China 

423 

37.  STATISTICS AND ANALYSIS OF PHYSICAL PARAMETERS OF ADZUKI BEAN SEEDS / 

红小豆种子物理参数统计及分析 

Guoqiang DUN*1), Luhan WANG2), Huiwen XUE1), Xinxin JI1,2), Quanbao SHENG2), Xinming LI2),  

Chaoxia ZHANG1), Yuhan WEI1) 

1) Harbin Cambridge University, Intelligent Agricultural Machinery Equipment Engineering Laboratory,  

Harbin / China; 2) Northeast Forestry University, College of Mechanical and Electrical Engineering, Harbin / China 

433 

38.  RESEARCH ON DETECTION OF SPARTINA ALTERNIFLORA BASED  

ON SA-YOLO / 基于 SA-YOLO 的互花米草识别算法研究 

Chunqing WANG, Shuqi SHANG, Ruzheng WANG, Ziao YANG, Xiaoning HE, Dansong YUE 

Mechanical and Electrical Engineering, Qingdao Agricultural University, Qingdao, Shandong, China 

447 

39.  DETECTION AND COUNTING OF GRAZING CATTLE FROM AERIAL IMAGES USING CNN / 

CNN АШИГЛАН АГААРЫН ЗУРГААС БЭЛЧЭЭРИЙН МАЛЫГ ИЛРҮҮЛЭХ, ТООЛОХ  
Hu GEJILETU1), Hishigdalai ULAANKHUU2), Bat-Erdene NYANDAG3*) 

1,3) Department of Computer Science, School of Applied Sciences, Mongolian University of Life Sciences, Ulaanbaatar, 

Mongolia 
2)  School of Business, Mongolian University of the Humanities, Ulaanbaatar, Mongolia 

459 

40.  RESEARCH ON GREENHOUSE PLANTING DENSITY OF LANDSCAPE FLOWERS IN COLD 

REGIONS BASED ON CFD SIMULATION I 基于 CFD 模拟的寒冷地区景观花卉温室种植密度研究 
Qibeier XIE, Jie REN *),  

1) School of Architecture, Inner Mongolia University of Technology, Hohhot, China 

469 

41.  STUDY ON THE OPERATING EFFECT OF STRAW CRUSHING AND SPREADING DEVICES ON 

SINGLE AXIAL FLOW HARVESTERS / 

单纵轴流收获机装配秸秆粉碎抛撒装置作业效果问题研究 

Jiang WANG1), Longjing LI1), Weiliang SHI1), Youqiang DING2)* 
1) College of Automotive Engineering, Zibo Vocational Institute, Zibo/China; 

2)Nanjing Institute of Agricultural Mechanization, Ministry of Agriculture and Rural Affairs, Nanjing/China 

480 

42.  DETERMINATION OF PHYSICAL PARAMETERS OF PELLETED RICE SEEDS AND CALIBRATION 

OF DISCRETE ELEMENT SIMULATION PARAMETERS /  

丸粒化水稻种 254 子物性参数测定与离散元仿真参数标定 

Qianshu MA, Tongjie LI, Donghan XU, Qingqing WANG*) 

Anhui University of Science and Technology, Bengbu, China 

490 

43.  RESEARCH ON ENVIRONMENTAL MONITORING AND COMPREHENSIVE EVALUATION SYSTEM 

OF PIG HOUSE BASED ON INTERNET OF THINGS TECHNOLOGY / 

基于物联网技术的猪舍环境监测与综合评价系统研究 

Lihong RONG1), Junling FAN1), Xiaolong GUO2), Zhimin TONG*1), Wenlong XU1), Yuexin PAN1), Shengzhang LI1), 

Weilong ZHANG1), Fang SUN1) 
1) College of Electrical and Mechanical Engineering, Qingdao Agricultural University, Qingdao/ China 

2) Shandong Hengji Agricultural and Animal Husbandry Machinery Co., Ltd., Weifang/ China 

501 
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44.  PRELIMINARY THERMODYNAMIC ASSESSEMENT OF A REFRIGERATION SYSTEM WITH A PCM 

BASED DEFROSTING / EVALUAREA TERMODINAMICĂ PRELIMINARĂ A UNUI SISTEM 

FRIGORIFIC CU DEGIVRARE PE BAZĂ DE PCM 

Valentin APOSTOL1), Horatiu POP *1), Tudor PRISECARU1), Claudia IONITA1),  

Jamal AL DOURI1),  Adrian CHIRIAC*1,2), Cornel Constantin PAVEL1)   
1) Faculty of Mechanical Engineering and Mechatronics, National University of Science  

and Technology POLITEHNICA Bucharest / Romania. 
2) Academy of Romanian Scientists, Ilfov 3, 050044 Bucharest, Romania 

515 

45.  DESIGN AND EXPERIMENT OF A DOUBLE LONGITUDINAL AXIAL-FLOW CORN THRESHING 

DEVICE FOR LARGE FEEDING CAPACITY /  

大喂入量双纵轴流玉米脱粒装置设计与试验 

Mingrui LI 1,3), Yanchun YAO1,2,3※)
, Yongkang ZHU1,3), Xibin LI1,3), Dong YUE1), Duanyang GENG1)) 

1) College of Agricultural Engineering and Food Science, Shandong University of Technology, Zibo, China; 
2) Opening Fund of National Key Laboratory of Agricultural Equipment Technology, Beijing, China 

3) Institute of Modern Agricultural Equipment, Zibo, China 

527 

46.  CFD-DEM BASED DESIGN OF ELBOW LIFTING PIPE CONVEYANCE UNDER NEGATIVE 

PRESSURE AIRFLOW / 基于 CFD-DEM 的负压气流下弯头提升管道输送设计 

Lianglong ZHANG1), Yue SUN1), Fan Yang1), Yalin Sun1), Fangyan Wang,1,3*); Xin Wang2*) 

1) College of Mechanical and Electrical Engineering, Qingdao Agricultural University, Qingdao / China. 
2) College of Civil Engineering and Architecture, Qingdao Agricultural University, Qingdao / China. 

3) Collaborative Innovation Center for Shandong s Main Crop Production Equipment and Mechanization, Qingdao / China 

539 

47.  DESIGN AND TESTING OF SMALL ELECTRIC DOUBLE-ROW LEEK HARVESTER / 

小型电动双行韭菜收获机设计与试验 

Yuxin SHAN1), Yinping ZHANG*1), Hua ZHOU1), Jiasheng WANG2), Qun MA3) 

1) College of Agricultural Engineering and Food Science, Shandong University of Technology, Zibo/China. 
2) College of Mechanical and Electrical Engineering, Qingdao Agricultural University, Qingdao/China. 

3) Shandong Dayi General Purpose Machinery Limited Company, Linyi/China. 

550 

48.  DESIGN AND SIMULATION ANALYSIS OF KEY COMPONENTS OF GRASS CRUSHER / 

牧草粉碎机关键部件设计与仿真分析 

Tao CHEN, Shu-juan YI*), Song WANG, Wen-sheng SUN  

College of Engineering, Heilongjiang Bayi Agricultural University, Daqing/P.R.China 

560 

49.  DESIGN AND EXPERIMENTAL STUDY OF CLEANING DEVICE FOR WHEAT HARVESTER BASED 

ON CFD-DEM / 基于 CFD-DEM 的制繁种小麦收获机清选装置的设计与试验研究 

Ranbing YANG1,2), Shuai WANG1), Zhiguo PAN*1), Guoying LI3), Yalong SHU1),  

Qi LIU1), Zhen LIU1), Yihui MIAO1) 
1) College of Electrical and Mechanical Engineering, Qingdao Agricultural University, Qingdao/ China 

2) College of Mechanical and Electrical Engineering, Hainan University, Haikou/ China 
3) Qingdao Pulantech Machinery Technology Co., Ltd., Qingdao/ China 

571 

50.  MASS FLOW DETECTION TECHNOLOGY FOR SEED AND FERTILISER PARTICLES AND ITS 

APPLICATION IN UAV-BASED SPREADING / 种肥颗粒质量流量检测技术及其在无人机播撒中的应用建议 

Yanshuang WANG1,2,3), Cancan SONG*1,2,3), Yongqi GAO1,2,3), Yubin LAN1,2,3), Guobin WANG 1,2,3), Rui MING4) 
1) College of Agricultural Engineering and Food Science, Shandong University of Technology, Zibo / China; 

2) Shandong University of Technology Sub-center of National Center for International Collaboration Research on 

Precision Agricultural Aviation Pesticide Spraying Technology, Zibo / China; 
3) Research of Institute of Ecological Unmanned Farm, Shandong University of Technology, Zibo / China; 
4) School of Computer and Big Data, Minjiang University, Fujian Provincial Key Laboratory of Information 

Processing and Intelligent Control, Fuzhou / China 

584 

51.  DEVELOPMENT AND TESTING OF AN INTELLIGENT TOBACCO LEAF HARVESTING ROBOT 

BASED ON MACHINE VISION / 基于机器视觉的智能烟叶采摘机器人开发与测试 

YuPei LIN1,2), GuoYong YAN3), Tao WANG3), Tao BAI3), Si TANG3), JunJie CHEN*1,2), BaoLin ZHANG *3)  

1)Southwest University, College of Artificial Intelligence, Chongqing, China 
2) National & Local Joint Engineering Research Center of Intelligent Transmission and Control Technology, 

Chongqing, China  
3) Qujing Tobacco Company of Yunnan Province, Yunnan, China 

600 

52.  OPTIMIZATION AND TESTING OF OPERATING PARAMETERS FOR THE AUTOMATIC SEEDLING 

PICKING DEVICE OF TOMATO POT SEEDLING TRANSPLANTER / 

番茄钵苗移栽机自动取苗装置作业参数优化与试验   

Fukang ZHOU1,2 , Mengqi ZHANG1,2 , Weichen YAN1,2 , Shijun SONG1,2 , Yi NIU1,2 , Tao FAN1,2 ,  

Bolong WANG1,2 , Fangyuan LU1,2 , Guohai ZHANG1,2*) 
1)Shandong University of Technology, Collage of Agricultural Engineering and Food Science, ZiBo, China 

2)Shandong University of Technology, Institute of Modern Agricultural Equipment, ZiBo, China 

610 
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53.  TOMATO MATURITY DETECTION BASED ON IMPROVED YOLOV8N / 

基于改进 YOLOv8n 的番茄果实成熟度检测 

JunMao LI, ZiLu HUANG, LingQi XIA, Hao SUN, HongBo WANG*) 

College of Mechanical and Electronic Engineering, Inner Mongolia Agricultural University, Hohhot / China 

619 

54.  SEMI-SUPERVISED WHEAT EAR DETECTION ALGORITHM BASED ON THE MODIFIED YOLOv8 / 

基于改进 YOLOv8 的半监督麦穗识别算法 

Yu ZHANG 1), Zhihui XU 1), Fuzhong LI 1), Xiaoying ZHANG *1), Xiao CUI *1) 
1) School of Software, Shanxi Agricultural University, Shanxi/China 

630 

55.  NUMERICAL SIMULATION OF AIR COOLING PROCESSES IN A POULTRY HOUSE WITH A 

TUNNEL-SIDE VENTILATION SYSTEM 

Viktor TROKHANIAK1), Oleksandr SYNYAVSKIY1), Vadym TKACHUK1), Tormi LILLERAND2), 

Oleksandr SKLIAR3), Yevhen IHNATIEV*2,3), Jüri OLT2) 
1)National University of Life and Environmental Sciences of Ukraine, Ukraine 

2)Estonian University of Life Sciences, Institute of Technology, 56 Kreutzwaldi Str., Tartu, Estonia 
3)Dmytro Motornyi Tavria State Agrotechnological University, 66 Zhukovsky Str, Zaporizhzhia, Ukraine 

640 

56.  EXPERIMENTAL INVESTIGATION ON THE SHEAR MECHANICAL PROPERTIES OF LICORICE 

ROOT / 甘草根剪切力学特性的试验研究 

Bintong ZHAO1), Zhu ZHAO 2),  Zhongnan WANG*2),  Ping ZHAO*1) 
1)  College of Engineering, Shenyang Agricultural University, Shenyang / China 

2) Liaoning Agricultural Technical College, Yingkou / China 

648 

57.  OPTIMIZATION AND EXPERIMENT OF CONVEYING TURNOVER DEVICE BASED ON PEANUT 

PLANT CHARACTERISTIC PARAMETERS / 基于花生植株特性参数的输送翻转装置优化与试验 

Jiajun LIU1), Chenglin JIANG1), Penghui MAO1), Kuoyu Wang1), Shuqi SHANG1), Dongwei WANG2), Ning ZHANG*1) 

1) College of Mechanical and Electrical Engineering, Qingdao Agricultural University, Qingdao / China 
2) Yellow River Delta Intelligent Agricultural Machinery Equipment Industry Academy, Dongying / China 

658 

58.  MULTIPLE PARAMETER OPTIMIZATION OF A LICORICE HARVESTER BASED ON ENSEMBLE 

MACHINE LEARNING AND IMPROVED GENETIC ALGORITHM / 

基于集成机器学习和改进遗传算法实现了甘草收获机的多参数优化 

Jinyu SONG, Yonglei LI*), Xiaopei ZHENG, Lipengcheng WAN, Zongtian LIU 

China Agricultural University, College of Engineering, Beijing / China 

669 

59.  MILLET EAR DETECTION METHOD IN UAV IMAGES BASED ON IMPROVED YOLOX / 

基于改进 YOLOX 的无人机图像谷穗检测方法 

Fuming MA1), Shaonian LI*1), Juxia LI2), Yanwen LI2), Lei DUAN2), Linwei LI 2), Jing TAN 1), Yifan WANG 1) 
1)College of Energy and Power Engineering, Lanzhou University of Technology, Lanzhou, Gansu / China 

2) College of Information Science and Engineering, Shanxi Agricultural University, Jinzhong, Shanxi/ China 

680 

60.  OPTIMIZATION OF VIBRATION TRANSMISSION SYSTEM BASED ON IMPLICIT PARAMETRIC 

MODELING OF SUGARCANE HARVESTER FRAME / 基于机架隐式参数化建模的蔗杆切割损伤优化 

Biao ZHANG1*), Weimin SHEN1), Dan PAN1) 
1) College of Mechanical Engineering, Guangxi University, Nanning, China 

691 

61.  A REVIEW OF INNOVATIVE DESIGN AND INTELLIGENT TECHNOLOGY APPLICATIONS 

OF THRESHING DEVICES IN COMBINE HARVESTERS FOR STAPLE CROPS / 

主粮作物联合收获机脱粒装置的创新设计与智能化技术应用研究综述 

Fuqiang GOU1,2,3), Jin WANG1,3), Youliang NI1), Zhenjie QIAN1), Tengxiang YANG1), Chengqian JIN*,1,4) 
1) Nanjing Institute of Agricultural Mechanization, Ministry of Agriculture and Rural Affairs, Nanjing, Jiangsu / China 

2)  Wenshan Advanced Technical School, Wenshan, Yunnan / China 
3)  Graduate School of Chinese Academy of Agricultural Sciences, Beijing / China 

4)  School of Agricultural Engineering and Food Science, Shandong University of Technology, Zibo, Shandong / China 

706 

62.  WHEAT IMPURITY DETECTION ALGORITHM BASED ON IMPROVED YOLO v8 / 

基于改进 YOLO v8 的小麦杂质检测算法 

Liqing ZHAO, Rui QIAN, Chuang LIU, Shuhao WANG, Junjie XIA 

College of Electrical and Mechanical Engineering, Qingdao Agriculture University, Qingdao / China 

726 

63.  RESEARCH OF THE TECHNOLOGICAL PROCESS OF GRANULATION OF BULK AGRICULTURAL 

MATERIALS / ДОСЛІДЖЕННЯ ТЕХНОЛОГІЧНОГО ПРОЦЕСУ ГРАНУЛЮВАННЯ СИПКИХ 

СІЛЬСЬКОГОСПОДАРСЬКИХ МАТЕРІАЛІВ 

Volodymyr BULGAKOV1), Adolfs RUCINS*2), Yevhen IHNATIEV 3,4), Serhiy STEPANENKO 5),  

Lucretia POPA6), Simone PASCUZZI 7), Ivan HOLOVACH 1), Oleksandra TROKHANIAK 1) 
1)National University of Life and Environmental Sciences of Ukraine / Ukraine; 2)Latvia University of Life Sciences and 

Technologies / Latvia; 3) Estonian University of Life Sciences / Estonia; 
4) Dmytro Motornyi Tavria State Agrotechnological University / Ukraine; 5) Institute of Mechanics and Automation of 

Agricultural Production of the National Academy of Agrarian Sciences of Ukraine; 
6) National Institute of Research–Development for Machines and Installations Designed for Agriculture and Food 

Industry–INMA, Bucharest / Romania; 7) University of Bari Aldo Moro / Italy 

737 
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64.  OPTIMIZATION OF PARTIAL HIGH-FREQUENCY QUENCHING TECHNIQUE PARAMETERS OF 

ROTARY TILLING BLADES / 旋耕刀局部高频淬火工艺参数优化 
Ruili WANG 1), Xueyin BAI 1), Fanbowen MENG1), Deshuai LI 1), Zhengqing WANG 1), Ke JIANG1), Wei WANG*1), 

1)College of Engineering, Shenyang Agricultural University, Shenyang, China 

751 

65.  DESIGN AND EXPERIMENT OF GRAIN HARVESTER YIELD MONITORING SYSTEM BASED ON 

MULTI-SENSOR FUSION / 基于多传感器融合的谷物收割机产量监测系统的设计与实验 

Peng LIU 1, Shijun SONG 1, Wei LIU 1, Yuqian ZHAO 1, Weichen YAN 1, Guohai ZHANG 1,2*)  

1)Shandong University of Technology, Collage of Agricultural Engineering and Food Science, ZiBo, China 
2)Shandong University of Technology, Institute of Modern Agricultural Equipment, ZiBo, China 

763 

66.  RESEARCH ON A RICE FIELD METHANE DETECTION SYSTEM USING HOLLOW-CORE 

PHOTONIC CRYSTAL FIBRE BASED ON TDLAS TECHNIQUE / 

基于 TDLAS 技术的空心光子晶体光纤稻田甲烷气体检测系统研究 

Bin Li* 1), Ruotong Liu1), Guangfei Shang1), Lihui Zhang1), Chenghao Han2), Yitong Huang1)    
1) School of Electrical & Computer Engineering, Jilin Jianzhu University, Changchun, China; 

2) School of Emergency Science and Engineering, Jilin Jianzhu University, Changchun, China 

777 

67.  OPTIMIZATION OF DAMAGED CORN KERNEL RECOGNITION ALGORITHM BASED ON A DUAL-

LIGHT SYSTEM / 基于双光系统的破损玉米籽粒识别算法优化 

Yuchao REN1), Bin QI *1,2), Xiaoming SUN*1,2), Jiyuan SUN1), Tengyun MA1), Yuanqi LIU1), Bohan ZHANG1), Qiong WU3)  
1) College of Agricultural Engineering and Food Science, Shandong University of Technology/ China; 

2) School of Fine Arts and Design, Shandong University of Technology, Zibo City, China. 
3) Zibo Normal College/ China 

787 

68.  SEMI-PHYSICAL SIMULATION RESEARCH ON THE CONTROL SYSTEM OF COMBINE 

HARVESTER CUTTING TABLE / 联合收割机割台控制系统的半实物仿真研究 

Yihu WANG1); Guohai ZHANG2*); Xipeng QIAN1); Qian DONG1) 
1) Shandong University of Technology, Zibo, China; 

2)  Institute of Modern Agricultural Equipment, Shandong University of Technology, Zibo, China 

797 

69.  DESIGN AND PERFORMANCE EXPERIMENTS OF THRESHING AND SEPARATING DEVICE FOR 

HEAD-FEEDING COMBINE HARVESTER / 半喂入联合收割机脱粒分离装置设计与性能试验 

Liquan TIAN1*), Zhan SU1), Zhao DING1), 
1*) Corresponding author. Intelligent Manufacturing College, Jinhua University of Vocational Technology. 

809 

70.  RESEARCH ON HYDRAULIC DRIVE CHASSIS OF TOBACCO HARVESTER IN SOUTHERN HILLY 

AREA / 针对南方丘陵地区的烟叶收获机液压驱动底盘研究 
Ting GUO1), Dandan ZHANG2), Shuo LIN3), Tao ZHANG4), Mingduan LU*5) 

1) Hunan Tobacco Company Chenzhou Branch, Chenzhou, China; 2) Guangdong Tobacco Company Shaoguan 

Branch, Shaoguan, China; 3) Anhui Tobacco Company Wannan Branch, Wannan, China 
4) Hunan Tobacco Company Changde Branch, Changde, China 

5) College of Engineering and Technology, Southwest University, Chongqing, China 

819 

71.  DESIGN AND EXPERIMENTATION OF ROOT-CUTTING DEVICE FOR HEAD-FORMING 

VEGETABLES / 结球类蔬菜切根装置设计与实验  

Yanjun LI 1,2), Jianfei ZHANG*1,3), Fuxiang XIE*2), Yongtao YU2) 
1)Key Laboratory of Modern Agricultural Equipment, Ministry of Agriculture and Rural Affairs, Nanjing/China; 

2)  School of Machinery and Automation, Weifang University, Weifang/China; 
3)  Nanjing Institute of Agricultural Mechanization, Ministry of Agriculture and Rural Affairs, Nanjing/China 

831 

72.  DESIGN OF SEMI-PHYSICAL SIMULATION PLATFORM FOR GRAIN CLEANING AND REGULATING 

SYSTEM / 谷物清选调控系统半实物仿真平台设计 

Xipeng QIAN1), Yihu WANG1), Guohai ZHANG1,2) 
1)Shandong University of Technology, Collage of Agricultural Engineering and Food Science, ZiBo, China 

2)Shandong University of Technology, Institute of Modern Agricultural Equipment, ZiBo, China 

841 

73.  DESIGN OF AND EXPERIMENTS WITH A CORN INTERPLANT WEEDING MACHINE BASED ON 

VISUAL RECOGNITION / 基于作物株距信息识别的杂草精准清除机设计与试验 

JingWen ZHANG1,2), QiangJi PENG3,4), JianMing KANG3,4), ZhiFeng DI3,4), ShaoWei WANG3,4), 

YingKai CHEN3,4), YuLong CHEN1,2*) 
1) School of Agricultural Engineering and Food Science, Shandong University of Technology, Zibo, China 

2) Institute of Modern Agricultural Equipment, Shandong University of Technology, Zibo/China 
3) Shandong Academy of Agriculture Machinery Sciences, Jinan, China 

4) Huang Huai Hai Laboratory of Modern Agricultural Equipment, Ministry of Agriculture and Rural Affairs, Jinan/China 

852 

74.  DESIGN AND TESTING OF SPIRAL CUTTER TOOTH TYPE FARMLAND STONE PICKER/ 

螺旋刀齿式农田捡石机的设计与试验 

Jia ZHANG1,2), Heng QU 2), Ping XIAO 1), Shaoteng MA 1,2), Weisong ZHAO3,4*)  

1)School of Mechanical and Electrical Engineering, Xinjiang Institute of Engineering, Urumqi, Xinjiang/China 
2) School of Mechanical and Electrical Engineering, Xinjiang Agricultural University, Urumqi, Xinjiang/China 

3) Western Agricultural Research Center, Chinese Academy of Agricultural Sciences, Changji, Xinjiang/ China 
4) Nanjing Institute of Agricultural Mechanization, Ministry of Agriculture and Rural Affairs, Nanjing/China 

865 



Vol. 75, No. 1 / 2025  INMATEH - Agricultural Engineering 

 

10 

Page(s) 

75.  CALIBRATION AND OPTIMIZATION OF DISCRETE ELEMENT PARAMETERS FOR COTTON 

STALK-RUBBER BELTS INTERACTIONS /  

棉秆-橡胶带相互作用的离散元参数标定与优化 

Yasenjiang BAIKELI1,2), Haodong XU 1,2), Jiaxi ZHANG 1,2), Rensheng XING 1,2), Yong YUE *1,2) 
1) College of Mechanical and Electrical Engineering, Xinjiang Agricultural University, Urumqi/ China; 

2) Key Laboratory of Xinjiang Intelligent Agricultural Equipment, Urumqi / China 

878 

76.  THE OPPORTUNITY OF ADVANCED TECHNOLOGIES UTILIZATION FOR DETECTING BASAL 

STEM ROT (BSR) IN PALM OIL PLANTATION: A REVIEW / 

PEMANFAATAN TEKNOLOGI CANGGIH UNTUK MENDETEKSI BUSUK PANGKAL BATANG (BSR) 

PADA PERKEBUNAN KELAPA SAWIT: REVIEW 

Hasbi Mubarak SUUD1), Bayu Taruna Widjaja PUTRA2,3,*), Nazmi Mat NAWI4),  

Wahyu Nurkholis Hadi SYAHPUTRA2,3,5) 
1) Study Program of Agricultural Science, Faculty of Agriculture, Jember, East Java, Indonesia 

2) Laboratory of Precision Agriculture and Geo-Informatics, University of Jember, Jember, East Java, Indonesia 
3) Center of Excellence of Artificial Intelligence on Industrial Agriculture, University of Jember, Jember, East Java, 

Indonesia; 4) Universiti Putra Malaysia, Malaysia 
5) Agrotechnology Study Program, Faculty of Agriculture, University of Jember, Jember, East Java, Indonesia 

888 

77.  DIGITAL ORCHARD CONSTRUCTION BASED ON NEURAL RADIANCE FIELD AND 

GEOREFERENCING TECHNOLOGY /  

基于神经辐射场与地理坐标配准技术的果树三维重建 

Huiyan WANG1); Binxiao LIU2); Jianhang WANG1); Changkun ZHANG1); Jinliang GONG2); Yanfei ZHANG1*)  
1)School of Agricultural Engineering and Food Science, Shandong University of Technology, Zibo / China 
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ABSTRACT 

In order to improve the seed supply performance of high-speed dense planting maize seeder, an air-assisted 

spiral seed-supply device was designed and optimized. The kinetic model of maize seeds in the migration 

zone was established. Based on computational fluid dynamics (CFD) simulation, the pressure and velocity 

distribution in the axial plane were explored when the blower pressure was 4.0, 4.5, 5.0, 5.5, 6.0 kPa, 

respectively. A two-factor, five-level central composite design (CCD) experiment was conducted using blower 

pressure and spiral shaft rotational speed as test factors while seed supply rate, coefficient of variation of seed 

supply rate stability and seed breakage rate were selected as seed supply performance indicators. The 

influence trends of the interaction terms on these performance indicators were explored. Based on the multi-

objective variable optimization method, the optimal working parameter combination of the air-assisted spiral 

seed-supply device was determined and verified by bench experiments. The results showed that the optimal 

combination of working parameters was a blower pressure of 6.0 kPa and a spiral shaft rotational speed of 80 

r/min. Under the verification test, the seed supply rate, the coefficient of variation of seed supply rate stability 

and the seed breakage rate were 2933.21 g/min, 1.87 % and 1.69 %, respectively, with a relative error of less 

than 5.5% compared to the optimized results. This study can provide a reference for the optimized design of 

seed-supply devices for high-speed dense planting seeders. 

 

摘要 

为提高玉米高速密植播种机供种环节的供种性能，设计并优化了一种气送式螺旋供种装置。建立了玉米种子在

迁移区的动力学模型。基于 CFD 仿真探究了气流送种区在风机压力分别为 4.0、4.5、5.0、5.5、6.0 kPa 时中

轴面的压强与流速分布。以风机压力、螺旋轴转速为试验因素，以供种速率、供种速率稳定性变异系数、种子

破损率为供种性能指标进行了二因素五水平的中心组合设计试验，探究了因素的交互项对供种速率、供种速率

稳定性变异系数、种子破损率的影响趋势。基于多目标变量优化的方法确定了气送式螺旋供种装置的最佳工作

参数组合并进行了试验验证。结果表明:装置的最佳工作参数组合为风机压力 6.0 kPa、螺旋轴转速 80 r/min，

验证试验下该参数组合的供种速率、供种速率稳定性变异系数、种子破损率分别为 2933.21 g/min、1.87 %、

1.69 %，与参数优化结果相对误差在 5.5 %以内。本研究可为高速密植播种机供种装置的优化设计提供参考。 

 

INTRODUCTION 

Maize is one of the most widely planted and productive food crops in the world (Tang et al., 2024; 

Fanigliulo et al., 2022). With the increasing demand for feed raw materials and the rapid development of deep-

processing industry, the demand for maize in China has expanded rapidly (Huai et al., 2024). To improve maize 

yield, the dense planting pattern has gained widespread attention among agricultural workers. Maize 

densification planting mode (Sun et al., 2024) is based on the precision sowing technology, which can 

reasonably reduce the seed spacing of maize. That not only ensures the space for plant growth, but also 

improves the planting density and increase production and efficiency. But in the dense planting mode, the 

 
1Wen-sheng Sun, Ph.D.; Shu-juan Yi, Prof. Ph.D.; Hai-long Qi, bachelor degree; Yi-fei Li, Ph.D.; Zhi-bo Dai, master degree;  
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sowing quantity per unit area of soil will increase, the seed spacing will decrease, and the sowing frequency 

of the seeder will also be higher during high-speed operation. In addition, maize seeds are often coated before 

sowing, and damage to the seed coating skin should be avoided during the sowing process. 

At present, the seed box of the seeder used for conventional operation is generally not provided with 

a seed supply control unit, and the seed is quantitatively supplied according to the outlet structure size of the 

seed box (Ding et al., 2021). The seed supply device of the centralized pneumatic dense planting seeder is 

mainly controlled by machinery, and the sowing speed is generally below 10 km/h. When the seed supply 

device operates at a high speed (above 10 km/h), it is easy to appear the phenomenon of "lack of power" of 

seed supply (Wang et al., 2021; Wang et al., 2020). Gao Xiaojun et al., (2022), explored a quantitative feeding 

device with a staggered symmetrical spiral groove wheel based on the discrete element method (DEM), and 

analyzed the effects of different inclination angles and lengths of the grooved wheels on the uniformity of maize 

particles flow. Yuan Hao et al., (2020), designed a piezoelectric vibration seed supply device to improve the 

seeding performance of low seeding capacity seed-metering device for plug seedling of super hybrid rice, and 

explored the influence law of seed tank depth and amplitude on seed supply performance based on DEM. Lei 

Xiaolong et al., (2017), explored the effects of dimple depth, dimple pitch and length of pressurized tube on 

the seed distribution and seeding uniformity during the seed supply stage of the air-assisted centralized planter, 

and optimized the structural parameters of the pressurized tube. Gao Xiaojun et al. (2018) investigated the 

changing rules of fluid field, coupling field, and particle field of venturi feeding tube under different nozzle mouth 

shrinkage angles, and optimized the constriction angle. However, there is little research on the seed-supply 

link of maize dense planting seeder under high-speed operation. 

In order to improve the seed supply performance of seed-supplying link of high-speed dense planting 

seeder of maize, an air-assisted spiral seed-supply device with spiral seed relocation and airflow seed delivery 

was designed and optimized. The theoretical model of maize seeds in the migration zone of the device was 

established, and the airflow distribution of the airflow seed delivery zone under different blower pressures was 

explored by computational fluid dynamics (CFD) simulation. The optimal working parameter combination of 

the device was obtained through the central composite design (CCD) test of two factors and five levels. The 

seed supply performance of the device was further improved. 

 

MATERIALS AND METHODS 

Overall structure and working principle 

The high-speed dense planting seeder of maize can complete the continuous operation links such as 

stubble cleaning, ditching, sowing, pressing and soil-covering at one time. As the seed-supply unit of the 

sowing link (Sun et al., 2024), the air-assisted spiral seed-supply device is mainly composed of a blower, an 

inlet pipe, an outlet pipe, a pipe, a seed box, a spiral shaft, a sleeve, a motor, a seed-supply nozzle and other 

parts. The seeds in the seed box have to undergo three processes of migration, mixing and conveying in the 

device, which can be divided into two parts of the migration zone and the airflow seed delivery zone according 

to the working process. As the medium connecting the seed box and the airflow seed delivery zone, the 

migration zone is the core unit of the device. The spiral shaft and the sleeve are the main components of the 

migration zone, and the hollow part between the spiral shaft and the sleeve accommodates the migration 

movement of the maize seeds. The spiral shaft parameters include spiral shaft outer diameter D1 of 56 mm, 

inner diameter d1 of 19 mm, guide Pt of 56 mm, etc. The sleeve parameters include opening angle φ of 180°, 

sleeve length L1 of 145 mm, sleeve axial opening L2 of 45 mm, sleeve outer diameter D2 of 63 mm, etc. 

As shown in Fig.1, the maize seeds in the seed box fall from the seed inlet to the migration zone by 

gravity, and orderly migrate towards the airflow seed delivery zone under the push of the spiral blades. 

Following the principle of "first come, first out", they fall from the seed outlet of the migration zone to the airflow 

seed delivery zone. The motor drives the spiral shaft to rotate clockwise at an angular velocity of ω, and the 

spiral blades are left-handed. The edge of the spiral blades rises along the left arm. The migration amount of 

the seeds in the migration zone in unit time is adjusted by changing the rotational speed of the motor. The 

airflow generated by the blower flows in from the inlet pipe. The migrated seed cluster are mixed with the 

airflow in the seed-supply nozzle to form a gas-solid two-phase flow, and then flows into the seed-metering 

device through the outlet pipe and the pipe. The conveying velocity of the seeds in the airflow seed delivery 

zone is changed by adjusting the blower pressure. By adjusting the rotational speed of spiral shaft and the 

blower pressure, the aim of precisely adjustable and efficient seed-supply of the device is achieved, and the seed 

supply operation requirement on the device when the maize dense planting seeder operates at a high speed is met. 
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Fig. 1 - Overall structure and working principle 

1. seed box cover; 2. motor; 3. seed box; 4. inlet pipe; 5. outlet pipe; 6. seed inlet of migration zone;  
7. seed outlet of migration zone. 

Analysis of the seed-supply process in the migration zone 

1 32

OOO

Hypothetical models

Hollow 

cylindrical 

segment

Arc-shaped 

seed cluster 

microsegments

D1

d1

D1

d1

dh

dc

ri

ds

dh

dc

 

Fig. 2 - Theoretical assumptions of the seed supply process 
1. sleeve; 2. seed cluster; 3. spiral shaft. 

 

After the seeds flow into the migration zone from the seed box, they will complete the migration process 

in the form of bulk particles under various forces such as gravity, inertia, friction and so on. Due to the great 

difference in the shape and size of maize seeds, in order to facilitate the theoretical analysis of the seed cluster 

in the migration zone, the following motion assumptions are established for the stable seed supply process of 

maize seeds in the migration zone based on the infinitesimal method (Yao et al., 2022): 

(1) Seed cluster in the migration zone are filled completely in the hollow between the spiral shaft and 

the sleeve, the phenomena of separation, jumping and other like cannot occur, and the seed cluster are tightly 

attached to the spiral blade; 

(2) Seed cluster are axially divided among the spiral blades into uniform and complete seed cluster 

segments, where in each segment is a hollow cylindrical segment which take the center O of a spiral shaft as 

a circle center, has the same inner diameter as the inner diameter of the spiral shaft, has the same outer 

diameter as the outer diameter of the spiral shaft and has the thickness of dh, and radially dividing each hollow 

cylindrical segment into arc-shaped seed cluster microsegments with the length of dc; 
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(3) The arc-shaped seed cluster microsegment ds at any radius ri on the radial section of any spiral 

shaft is taken as the research object, and the microsegment section is a rectangle of dc × dh, as shown in 

Fig.2. The rotational speed of the adjacent annular seed cluster microsegments diffusedly distributed in any 

radial direction will change. 

The spiral shaft of the device is a standard single-head screw with equal guide and equal diameter. 

The spiral blade exerts a force on the seed cluster, which makes the seed cluster produce a migration motion, 

in which the rotation of the spiral shaft is induced motion, and the motion of the seed cluster relative to the 

spiral blade is relative motion. The seed cluster forms a complex composite motion under these two motions. 

A dynamic analysis is performed on the migration process of the seed cluster microsegments clinging to any 

radius ri of the middle segment of the spiral blade, and a spatial rectangular coordinate system is established 

with the center of mass of the seed cluster microsegments as the coordinate origin, the axial direction of the 

spiral shaft as the z axis, the radial direction as the x axis, and the tangential direction as the y axis, as shown in Fig.3. 
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Fig. 3 - Dynamic analysis of seed cluster microsegments 
 

The force acting on the seed cluster microsegments during the rotation of the spiral shaft can be 

divided into a supporting force Fn perpendicular to the spiral blade and a friction force Ff3 between the seed 

and the spiral blade. In the process of seed movement, the microsegments will have the trend of moving axially 

to the seed outlet and radially outward. According to Newton's third law of motion-force and acceleration, the 

microsegments will be subjected to the interaction forces F1 and F2 of the adjacent seed cluster microsegments 

in the radial and axial directions, and at the same time, the moving microsegments will generate additional 

friction forces Ff1 and Ff2 due to the forces F1 and F2. In addition, because the motion of the microsegment is 

a composite motion composed of relative motion and induced motion, and the induced motion is rotation, the 

inertial centrifugal force Fe and the Coriolis force Fc should be considered when analyzing the force model of 

the microsegment. According to the basic equation of particle relative motion dynamics, the microsegment 

dynamics equation is established as follows: 

{
 
 
 
 
 

 
 
 
 
 
𝑚𝑎𝑟 = 𝐹𝑒 + 𝐹𝑐 + 𝐹

𝐹𝑒 = 𝑚𝑟𝑖𝜔𝑒
2

𝐹𝑐 = 2𝑚𝑟𝑖𝜔𝑒𝜔𝑟
𝜔𝑎 = 𝜔𝑒 − 𝜔𝑟
𝐹𝑓1 = 𝜇2𝐹1
𝐹𝑓2 = 𝜇2𝐹2
𝐹𝑓3 = 𝜇1𝐹𝑛
𝐺 = 𝑚𝑔

tan𝛼𝑖 =
𝑃𝑡
2𝜋𝑟𝑖

(1) 

 where: m is the mass of the microsegment, (kg); αr is the relative acceleration of the microsegment, (m·s-2); 

ωa is the absolute angular velocity of the microsegment, (rad/s); ωe is the angular velocity of the spiral shaft, 

(rad/s); ωr is the angular velocity of the microsegment relative to the spiral shaft, (rad/s); μ1 is the friction 

coefficient between spiral blade and seed; μ2 is the friction coefficient between the seeds; G is the gravity 

exerted on the microsegment, (N); g is the acceleration of gravity, (m·s-2) ; αi is the helix angle at the position 

of the spiral shaft where the microsegment are located, (°). 
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Projecting the relative acceleration αr to the x-axis, y-axis and z-axis, the rectangular coordinate form 

of the seed relative motion differential equation is 

{
  
 

  
 𝑚

𝑑2𝑟𝑥
𝑑𝑡2

= 𝑚
𝑑𝑣𝑥
𝑑𝑡

= 𝑚𝑎𝑟−𝑥 = 𝐹𝑐 + 𝐹𝑒 + 𝐹𝑓2 cos 𝛽2 − 𝐹1

𝑚
𝑑2𝑟𝑦

𝑑𝑡2
= 𝑚

𝑑𝑣𝑦

𝑑𝑡
= 𝑚𝑎𝑟−𝑦 = 𝐺 + 𝐹𝑓1 cos 𝛽1 + 𝐹𝑓3 cos 𝛼𝑖 + 𝐹𝑛 sin 𝛼𝑖 + 𝐹𝑓2 sin 𝛽2

𝑚
𝑑2𝑟𝑧
𝑑𝑡2

= 𝑚
𝑑𝑣𝑧
𝑑𝑡

= 𝑚𝑎𝑟−𝑧 = 𝐹𝑛 cos 𝛼𝑖 − 𝐹𝑓3 sin 𝛼𝑖 − 𝐹𝑓1 sin 𝛽1 − 𝐹2

(2) 

where:  

αr-x is the projection of the relative acceleration of the microsegment on the x-axis, (m·s-2); αr-y is the 

projection of the relative acceleration of the microsegment on the y-axis, (m·s-2); αr-z is the projection of the 

relative acceleration of the microsegment on the z-axis, (m·s-2); β1 is the angle between the friction force Ff1 

and the gravity G, (°); β2 is the angle between the friction force Ff2 and the positive x-axis, (°). 

 

The relative accelerations of the microsegment in the x-, y-, and z-axes are 

{

𝑎𝑟−𝑥 = 𝑟𝑖𝜔𝑟
2

𝑎𝑟−𝑦 = 0

𝑎𝑟−𝑧 = 0

(3) 

Simultaneous (1-3), available: 

𝑚𝑟𝑖[(2𝜔𝑒 − 𝜔𝑎)
2 − 2(𝜔𝑒 − 𝜔𝑎)

2] =

𝐹1[1 − 𝑇𝜇2 sin 𝛽2 − 𝜇2 cos 𝛽2 (𝑇𝜇2 cos 𝛽1 −𝜇2 sin 𝛽1)] − 𝑇𝜇2𝑚𝑔 cos 𝛽2
1 − 𝑇𝜇2 sin 𝛽2

(4)
 

which: 

{
  
 

  
 𝑇 =

𝜇1 sin 𝛼𝑖 − cos 𝛼𝑖
𝜇1 cos 𝛼𝑖 +sin 𝛼𝑖

sin 𝛼𝑖 =
𝑃𝑡

√𝑃𝑡
2 + (2𝜋𝑟𝑖)

2

cos 𝛼𝑖 =
2𝜋𝑟𝑖

√𝑃𝑡
2 + (2𝜋𝑟𝑖)

2

(5) 

 

It can be seen from the formula (4) that the absolute angular velocity ωa is related to the angular 

velocity ωe, the radius ri, and the guide Pt. When the angular velocity ωe is constant, the absolute angular 

velocity ωa will change with the radius ri of the microsegment location, which is consistent with the motion 

assumption in the previous content. Studies have shown (Chen et al., 2015; Yang et al., 2020) that when the 

rotational speed of the spiral shaft is too fast, the seed cluster near the inner diameter of the spiral shaft will 

produce an additional seed-cluster-flow, which will jump and roll in the radial direction and affect the axial 

motion of the seed cluster. In addition, if the rotational speed is too fast, the seeds just leaving the migration 

zone will splash around due to the excessive inertial force. The maximum inertial centrifugal force of the seeds 

should be less than the gravity of the seeds to ensure a smooth transition from the migration zone to the airflow 

seed delivery zone: 

𝑚𝜔𝑚𝑎𝑥
2

𝐷1
2
≤ 𝐾1𝑚𝑔 ⇒ 𝑛𝑚𝑎𝑥 ≤

30𝐾1
𝜋

√
2𝑔

𝐷1
(6) 

 where:  

ωmax is the limiting angular velocity of the spiral shaft, (rad/s); nmax is the limiting rotational speed of the 

spiral shaft, (r/min); K1 is the reliability coefficient. 

 

Simulation based on CFD 

 The UG NX 12.0 software is used to draw the fluid domain model and import it into Space Claim software 

for correction. The corrected model is imported into Fluent Meshing module for meshing. The minimum and 

maximum values of the surface grid are set to 0.5 mm and 5 mm, respectively. After the surface grid is 

generated, the fluid domain is calculated using polyhedral grid to fill the body grid. The fluid domain model is 

shown in Fig. 4.  
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 According to the characteristics of the gas flow in the device, the standard K-epsilon model is used as 

the turbulence model, the second-order upwind equation is used as the momentum equation, the first-order 

upwind equation is used for the turbulent kinetic energy and the turbulent dissipation rate, the turbulent 

intensity is set to be 5 %, the turbulent viscosity ratio is set to be 10. The Fluent time-step is 1 × 10-3s, and the 

total simulation time is 2 s. The inlet pressure was set as 4.0, 4.5, 5.0, 5.5, 6.0 kPa, respectively, and the outlet 

pressure was set as 0 Pa to explore the airflow distribution in the airflow seed delivery zone under different 

blower pressures. 

 

Cross-section of meshed model of fluid domainFluid domain

Pressure inlet

Pressure outlet

Body grid

Surface grid

Wall

 

Fig. 4 - Establishment of CFD simulations 

Bench test 

In June 2024, the bench test of the air-assisted spiral seed-supply device was carried out in the high-

speed precision seeding laboratory of the College of Engineering, Heilongjiang Bayi Agricultural University, 

Daqing City, Heilongjiang Province, China. The test conditions and results are shown in Fig. 5.  
 

Rear view

Experimental condition and results

15 14 101112

42 3 6

9

7
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1 5

13

 
Fig. 5 - Bench test 

1. electronic balance; 2. measuring cylinder; 3. DP2000 intelligent pressure and wind velocity air volume meter; 4. frequency converter; 

5. HTB-multi-stage blower; 6. air tube; 7. switch power supply; 8. infinite speed control knob; 9. display screen; 10. motor;  

11. inlet pipe; 12. seed box; 13. outlet pipe; 14. pipe; 15. seed net. 

 

The main test equipment includes HTB-multi-stage blower, frequency converter, DP2000 intelligent 

pressure and wind velocity air volume meter, seed net, motor, infinite speed control knob, switch power supply, 

electronic balance, etc. The typical maize variety "Farley 1439" (small rounded) planted in Heilongjiang 

Province of China were selected as the test seeds, and the basic material characteristic parameters were 

shown in Table 1. The selected seeds were all coated and sorted, and the results were the average values 

after multiple measurements.  
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Table 1 
Basic material characteristics of maize seed 

Variety 

name 
Seed 

picture 

Moisture 

content 

/% 

Thousand 

grain 

weigh/g 

Density 

/g·cm-3 
Pile 

angle/(°) 
Length 

mm 
Width 

mm 
Thickness 

mm 

Farley 

1439 

(small 

rounded) 
 

12.6 296.4 1.122 20.23 8.03±0.41 7.12±0.46 6.34±0.43 

 

In order to determine the optimal working parameters of the device and explore the interaction between 

the blower pressure and the rotational speed of spiral shaft on the seed-supply performance, a multi-factor 

experiment with two factors and five levels was carried out based on the CCD method. According to the actual 

test conditions, the blower pressure at 4.0 ~ 6.0 kPa and the rotational speed of spiral shaft at 50.0 ~ 80.0 

r/min was set. The test factor codes are shown in Table 2, where X1 and X2 are the factor code values of the 

pressure and the rotational speed respectively. 

Table 2 
Experimental factors and level codes in multi-factor experiments 

Coded values 
Experimental factors 

X1/ kPa X2/ r·min-1 

-1.414 4.0 50.0 

-1 4.29 54.4 

0 5.0 65.0 

1 5.71 75.6 

1.414 6.0 80.0 

 

Referring to GB/T 9478-2005 "Testing methods of sowing in lines", the test indexes were seed supply 

rate ϑi, coefficient of variation of the seed supply rate stability CV and seed breakage rate K1. Wherein, the 

seed supply rate is defined as the mass of the seeds flowing out of the device in unit time. The coefficient of 

variation of seed supply rate stability is defined as the percentage of the standard deviation of the seed supply 

rate to the average value of it at the same level of device parameter, measured many times to evaluate the 

uniformity of seed supply in the device. The seed breakage rate is defined as the percentage of the broken 

seed mass Z1 out of the total seed mass Zn flowing out of the device in given time. The evaluation index 

expression of seed supply performance is as follows: 

{
 
 
 
 

 
 
 
 𝜗𝑖 =

∑ 𝐺𝑖
𝑁1
𝑖=1

𝑁1

𝐶𝑉 =

√
∑ (𝐺𝑖 − 𝜗𝑖)

2𝑁1
𝑖=1

𝑁1 − 1

𝜗𝑖
× 100%

𝐾1 =
𝑍1
𝑍𝑛
× 100%

(7) 

where: Gi is the seed quality of the i-th test, (g); N1 is the number of experiments. 

In the experiment, the seeds discharged from the device were collected using the seed net for 1 minute. 

The net weight was measured, and then the broken seeds were picked up and weighed. Each group of 

experiments was repeated 5 times, and the seed supply rate, the coefficient of variation of the seed supply 

rate stability and the seed breakage rate were calculated under different treatments. 

 

RESULTS AND DISCUSSIONS 

Simulation analysis of flow field in the airflow seed delivery zone 

In order to explore the pressure distribution in the airflow seed delivery zone under different inlet 

pressures, the pressure nephogram in the axial plane of the fluid domain at 2 s was intercepted, as shown in 

Fig. 6 a ~ e. In the figure, the pressure distribution in the axial plane is similar for different inlet pressures, the 

pressure is higher in the area from the inlet of the inlet pipe to the inlet of the outlet pipe, the pressure in the 

outlet pipe and the pipe is lower, and negative pressure appears near the outlet pipe and the pipe inlet.  
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With the increase of the inlet pressure, the pressure range of the airflow seed delivery zone is gradually 

increased. The pressure ranges at 4.0, 4.5, 5.0, 5.5 and 6.0 kPa were -1271.52 ~ 3993.05, -1426.41 ~ 4558.55, 

-1693.46 ~ 4994.76, -1957.58 ~ 5525.13, -1950.10~5961.19 Pa, respectively. 

Dividing the segment of the flow field of the axial plane in the fluid domain from the pressure inlet to 

the pressure outlet into Q1Q2, Q2Q3 and Q3Q4, and randomly and continuously selecting 20, 120 and 550 

sample points from each segment in turn according to the arrow direction respectively. The pressure of the 

sample points on the line segments of 4.0, 4.5, 5.0, 5.5, and 6.0 kPa were recorded as shown in Fig. 6 f. In 

the process of airflow from Q1 to Q2, the vertical section area of the line segment is basically unchanged. The 

pressure shows a downward trend, but the downward speed gradually slows down. The inlet pressure of 4.0, 

4.5, 5.0, 5.5, 6.0 kPa decreased by 292.83,310.76,359.53,406.06 and 437.51 Pa, respectively, and the higher 

the inlet pressure, the more the pressure decreased. In the process of the airflow from Q2 to Q3, the vertical 

sectional area of the line segment of the sample points before and after Q2 suddenly changes from small to 

large. The vertical sectional area of the line segment of the sample points before and after Q3 suddenly 

changes from large to small. The pressure first increases slowly, then fluctuates slowly, and finally decreases 

rapidly. The pressure inlet of 4.0, 4.5, 5.0, 5.5 and 6.0 kPa reached the maximum pressure of this segment at 

the 42nd, 48th, 54th, 54th and 48th sample points respectively, which are 2974.79, 3405.17, 3783.44, 4227.45 

and 4446.06 Pa. During the process of airflow from Q3 to Q4, the vertical cross-sectional area of the line 

segment remains basically unchanged, and the pressure first rapidly decreases to the lowest point of the entire 

flow field sample point. The inlet pressure of 4.0, 4.5, 5.0, 5.5, and 6.0 kPa reaches the minimum value at 

sample points 189, 189, 189, 184, and 185, respectively, which are -679.32, -828.05, -820.72, -1053.8, and -

1153.51 Pa, and then shows an upward trend but the upward speed gradually slows down, reaching a local 

maximum before slowly decreasing again. Each inlet pressure at the 690th sample point is 0 Pa. 
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Fig. 6 - Pressure situation of the airflow seed delivery zone under different inlet pressures 

a. pressure inlet=4.0 kPa; b. pressure inlet=4.5 kPa; c. pressure inlet=5.0 kPa; d. pressure inlet=5.5 kPa; e. pressure inlet=6.0 kPa;  

f. sample point pressure curve of different inlet pressures. 

 

In order to explore the velocity distribution under different inlet pressures in the airflow seed delivery 

zone, the axial plane velocity nephogram of the fluid domain at 2 s was intercepted, as shown in Fig. 7 a ~ e. 

In the figure, with the increase of inlet pressure, the maximum velocity of the whole flow field shows a gradual 

upward trend, and the maximum velocity reaches 88.61 m/s when the inlet pressure is 6.0 kPa. There was 

little difference in the velocity distribution of the axial plane under different inlet pressures, and the highest 

velocity appeared at the outlet pipe, which was caused by the sudden decrease of the cross-sectional area of 

the airflow from the seed-supply nozzle to the outlet pipe. 
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The velocity at the sample points on Q1Q2, Q2Q3 and Q3Q4 with inlet pressures of 4.0, 4.5, 5.0, 5.5, 

6.0 kPa were recorded as shown in Fig. 7 f. In the process of the airflow from Q1 to Q2, the vertical sectional 

area of the line segment is basically unchanged, and the velocity shows an upward trend, but the rising speed 

gradually slows down, which is completely opposite to the pressure change trend in the segment, and conforms 

to the relationship between the velocity and the pressure in Bernoulli's principle. The Q1Q2 segment reaches 

a maximum velocity of 51.7 m/s at the inlet pressure of 6.0 kPa. In the process of airflow from Q2 to Q3, the 

velocity of each inlet pressure does not change much from the 21st to about the 50th sample points, and then 

it decreases rapidly. The inlet pressures of 4.0, 4.5, 5.0, 5.5, and 6.0 kPa reach the local minimal of the velocity 

of this segment at the 68th, 61st, 66th, 58th, and 65th sample points, respectively, which are 23.23, 19.52, 

28.32, and 22.94, 29.1 m/s. After which the velocity roughly shows a trend of first rising, then falling and then 

rising. The inlet pressures of 4.0, 4.5, 5.0, 6.0 kPa reach the minimum velocity in this segment at the 111th, 

113th, 118th, 115th sample points, respectively, which are 13.62, 16.7, 17.39, and 23.75 m/s. In the process 

of the airflow from Q3 to Q4, the velocity first rises rapidly to the maximum of the whole flow field sample points. 

The inlet pressures of 4.0, 4.5, 5.0, 5.5, and 6.0 kPa reach the maximum velocity at the 168th, 164th, 168th, 

168th and 168th sample points, respectively, which are 65.66, 64.71, 72.9, 78.88 and 79.4 m/s, and then 

decreased rapidly. Among them, the inlet pressure of 4.0 kPa and 5.0 kPa decreased relatively slowly, and the 

inlet pressure of 4.5 kPa was the lowest value of 16.74 m/s at the 229th sample point. The velocity of the 

sample points before and after the lowest value fluctuated greatly. Finally, the velocity showed an upward trend, 

but the rising speed gradually slowed down. The velocities at the 690th sample point were 47.68, 52.64, 60.21, 

56.8 and 64.82 m/s at the inlet pressures of 4.0, 4.5, 5.0, 5.5, 6.0 kPa, respectively. 
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Fig. 7 - Velocity situation of the airflow seed delivery zone under different inlet pressures 

a. pressure inlet=4.0 kPa; b. pressure inlet=4.5 kPa; c. pressure inlet=5.0 kPa; d. pressure inlet=5.5 kPa;  

e. pressure inlet=6.0 kPa; f. sample point velocity curve of different inlet pressures. 

 

Results of the multi-factor experiments 

According to the range of factors in Table 2, a multi-factor test was conducted, and the test results are 

shown in Table 3. In the table, X1, X2, and X3 are coded values of seed supply rate, coefficient of variation of 

seed supply rate stability, and seed breakage rate, respectively. The test results were processed and analyzed 

by Design-Expert 12 software, and the quadratic equation variance analysis was obtained as shown in Table 

4. 
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Table 3 
Design and results of the Central-Composite experiment 

No. 
Experimental factors Experiment indexes 

X1/ kPa X2/ km·h-1 Y1/ g·min-1  Y2/ % Y3/ % 

1 -1 -1 1390.15 1.64 1.22 

2 1 -1 2152.24 1.05 1.51 

3 -1 1 1833.94 1.61 1.46 

4 1 1 2676.8 1.54 1.58 

5 -1.414 0 1448.44 1.94 1.3 

6 1.414 0 2554.86 1.16 1.62 

7 0 -1.414 1670.56 1.15 1.36 

8 0 1.414 2402.78 1.89 1.56 

9 0 0 2017.56 1.65 1.48 

10 0 0 2007.56 1.58 1.43 

11 0 0 2001.99 1.52 1.44 

12 0 0 2002.98 1.59 1.47 

13 0 0 2043.70 1.69 1.49 

14 0 0 2030.79 1.72 1.39 

15 0 0 2008.34 1.51 1.37 

16 0 0 2022.48 1.71 1.42 

 
Table 4 

Variance analysis of the regression model 

Source 

Seed supply rate 
Coefficient of variation of 

seed supply rate stability 
Seed breakage rate 

Sum of 

squares 
p-value 

Sum of 

squares 
p-value 

Sum of 

squares 
p-value 

Model 1.761E+06 < 0.0001** 0.8020 0.0005** 0.1451 < 0.0001** 

X1 1.256E+06 < 0.0001** 0.3886 0.0003** 0.0930 < 0.0001** 

X2 5.019E+05 < 0.0001** 0.2837 0.0008** 0.0439 0.0002** 

X1 X2 1630.95 0.0251* 0.0676 0.0439* 0.0072 0.0446* 

X12 663.32 0.1242 0.0237 0.2027 0.0005 0.5795 

X22 565.05 0.1524 0.0385 0.1126 0.0005 0.5795 

Residual 2354.41  0.1273  0.0137  

Lack of fit 835.36 0.3523 0.0788 0.0666 0.0009 0.9134 

Pure error 1519.06  0.0485  0.0128  

Cor total 1.763E+06  0.9293  0.1588  

Note: * indicates a significant impact; ** indicates a highly significant impact. 

 

In Table 4, the p values of the regression models of seed supply rate Y1, Coefficient of variation of 

seed supply rate stability Y2, and seed breakage rate Y3 were all less than 0.01, indicating that the regression 

models were extremely significant. The p-values of the lack of fit test were all more than 0.05, indicating that 

the regression models had good fit. In the variance analysis of the Y1, Y2 and Y3, the blower pressure X1 and 

rotational speed of spiral shaft X2 showed extremely significant effects, and the interaction X1 X2 showed 

significant effects. The influence order of each factor on the Y1, Y2 and Y3 was: X1, X2. The quadratic 

regression equation of Y1, Y2 and Y3 is as follows: 

{
𝑌1 = −1584.37 + 567.44𝑋1 + 0.44𝑋2 + 2.69𝑋1𝑋2 − 18.21𝑋12 + 0.075𝑋22

𝑌2 = 2.33 − 0.35𝑋1 + 0.011𝑋2 + 0.017𝑋1𝑋2 − 0.11𝑋12 − 0.00062𝑋22

𝑌3 = −0.97 + 0.37𝑋1 + 0.027𝑋2 − 0.0057𝑋1𝑋2 + 0.015𝑋12 + 0.000067𝑋22
(8) 

In order to explore the influence trend of interaction terms of factors on the Y1, Y2 and Y3, the contour 

map is drawn as shown in Fig. 8.  

In Fig. 8a, when the rotational speed is constant, the Y1 is positively correlated with the blower 

pressure. The greater the pressure, the faster the conveying velocity of maize seeds entrained by airflow, the 

shorter the conveying time, and the higher the seed supply rate. When the pressure is constant, the Y1 is 

positively correlated with the rotational speed. The increase of the rotational speed can improve the migration 

velocity of the seeds in the migration zone, thereby improving the seed supply rate of the device. When the 
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pressure is 5.75~6.0 kPa and the rotational speed is 75~80 r/min, the Y1 is relatively high, ranging from 

2712.86 to 2975 g/min. In Fig. 8b, when the rotational speed is constant, the Y2 is negatively correlated with 

the pressure at the rotational speed of 50 ~ 75 r/min, and it increases slowly at first and then decreases with 

the increase of the pressure at the rotational speed of 75 ~ 80 r/min. When the pressure was constant, the Y2 

increased first and then decreased with the increase of the rotational speed at the pressure of 4.0~4.6 kPa, 

and it was roughly positively correlated with the rotational speed at the pressure of 4.6~6.0 kPa. When the 

pressure is 5.75~6.0 kPa and the rotational speed is 50~52.5 r/min, the Y2 is relatively low, ranging from 0.53 % 

to 0.83 %. In Fig. 8c, when the rotational speed is constant, the Y3 is positively correlated with the pressure. 

The higher the pressure, the faster the airflow entraps the seeds in the airflow seed delivery zone, and the 

easier it is to cause damage to the seeds coating when the seed collides with the seed and the seed collides 

with the inner wall of the device. When the pressure was constant, the Y3 was positively correlated with the 

rotational speed. With the increase of the rotational speed, the disturbance effect of the spiral shaft on the 

seed cluster in the migration zone is more obvious. The frequency of friction between seeds and seeds, seeds 

and components in the migration zone is increased. At the same time, with the increase of the rotational speed, 

the inertia force when the seeds flow out from the migration zone also increases, and the collision between 

the seeds and the seed-supply nozzle is intensified under the action of airflow. When the pressure is 4.0~4.25 

kPa and the rotational speed is 50~55 r/min, the Y3 is relatively low, ranging from 1.12 % to 1.25 %. 

   
(a) (b) (c) 

Fig. 8 - Effect of interactivity on test index 

 

According to the results of multi-factor experiments, the optimal working parameter combination of the 

device was determined based on the multi-objective variable optimization method. With the highest Y1, the 

lowest Y2 and Y3 as the optimization objectives, the optimization equation is established within the range of 

factors and solved by Design-Expert 12 software.  

The optimization equation is as follows: 

{
  
 

  
 

𝑚𝑎𝑥𝑌1
𝑚𝑖𝑛𝑌2
𝑚𝑖𝑛𝑌3

𝑠. 𝑡. {

4kPa ≥ 𝑋1 ≥ 6kPa
50r/min ≥ 𝑋2 ≥ 80r/min

1 ≥ 𝑌2(𝑋1, 𝑋2) ≥ 0
1 ≥ 𝑌3(𝑋1, 𝑋2) ≥ 0

(9) 

After calculation, the optimal working parameter combination for the device is: the pressure and the 

rotational speed are 6.0kPa and 80r/min, respectively. Under this parameter combination, the Y1, Y2, and Y3 

are 2971.515 g/min, 1.774 %, and 1.616 %, respectively. The results were verified by bench test, and the Y1, 

Y2, and Y3 were 2933.21 g/min, 1.87 %, and 1.69 %, respectively, with the relative error of less than 5.5 % 

compared to the parameter optimization results. The optimized combination of working parameters makes the 

device achieve better test results in the bench test, and the error is small, which shows that the parameter 

optimization is effective. 

 

CONCLUSIONS 

In this study, according to the working process, the air-assisted spiral seed-supply device was divided 

into the migration zone and the airflow seed delivery zone. By establishing the kinetic model of maize seeds 

in the migration zone, the theoretical relationship between the absolute angular velocity ωa of the seed cluster 

microsegment and the angular velocity ωe of the spiral shaft was obtained. Based on the CFD simulation, when 

the inlet pressure of the airflow seed delivery zone at 2 s was 4.0, 4.5, 5.0, 5.5 and 6 kPa, the pressure range 
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was -1271.52 ~ 3993.05, -1426.41 ~ 4558.55, -1693.46 ~ 4994.76, -1957.58 ~ 5525.13, -1950.10 ~ 5961.19 

Pa, and the maximum velocity of the airflow was 88.61 m/s. Based on the CCD, the multi-factor experiment 

was carried out, and the influence order of blower pressure X1 and rotational speed of spiral shaft X1 on seed 

supply rate, coefficient of variation of seed supply rate stability and seed breakage rate was: X1, X2. Based 

on the multi-objective variable optimization method, the optimal working parameter combination of the device 

was determined as the blower pressure of 6.0 kPa and the rotational speed of spiral shaft of 80 r/min. Under 

the verification test, the seed supply rate, the coefficient of variation of seed supply rate stability and the seed 

breakage rate were 2933.21 g/min, 1.87% and 1.69%, respectively. The relative error is within 5.5% compared 

with the result of parameter optimization. The device obtains higher seed supply performance under the 

optimized working parameter combination. 
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ABSTRACT 

To enhance the upright orientation rate of garlic clove bud tips, an air-suction garlic clove directional metering 

device with a guiding cam was developed. Key parameters influencing garlic clove discharge performance 

were determined through mechanical analysis. After optimization, the guiding cam's thickness (D) was set at 

4 mm, with the lead-in and the seeding section tilt angles (αt,β) of 5° and 15°, respectively. Comparative tests 

were conducted using optimal parameters, focusing on seed discharge disc rotational speed(n) and negative 

pressure (P) as main variables, with the upright rate of seeds in the receiving hopper serving as the evaluation 

index. Under conditions of -11.5 kPa negative pressure and 7 rad/s rotational speed, the upright rate reached 

97.2%. Results demonstrated that the addition of guiding cams significantly improved the upright rate, 

increasing it by over 10% compared to directional metering devices without guiding cams. 

 

摘要 

为了提高排种后蒜种芽尖向上直立率低的问题。设计了一种带有导向凸轮的气吸式定向排种器，通过完成蒜种

接触导向凸轮过程的力学分析，明确了影响导向排种性能的关键参数。得出导向凸轮厚度为 4mm、导入段倾斜角

度为 5°、投种段倾斜角度为 15°。并且接料斗最优参数组合下进行对比验证试验，排种盘转速（n）以及负压

大小(P)为试验因素，落入接料斗直立率为评价指标。增设导向凸轮排种器 p 为-11.5kPa、n 为 7rad/s 时，落入

接蒜斗直立率达到 97.8％。稳定吸附时，排种器直立率之差 Δ>10％。因此，增设导向凸轮的直立率显著高于

不安装导向凸轮。 

 

 

INTRODUCTION 

The metering device in sowing machinery typically performs four functions: seed filling, cleaning, 

guarding, and casting, with a guide mechanism ensuring uniform plant spacing. In garlic planting, maintaining 

an upright bud orientation is crucial (Wu et al., 2024; Liu et al., 2022; Xu et al., 2021). The garlic clove 

discharger must ensure uniform seed feeding in both timing and speed while discharging cloves with the bud 

tip upward to facilitate smooth entry into the hopper and improve seed uprightness (Babatunde et al., 2020; 

Chen et al., 2016). 

Recent studies by both domestic and international scholars have led to advancements in seed guiding 

devices (Kang et al., 2022; Zhao et al., 2018; Liao et al., 2020; Liu et al., 2015). A belt-type, high-speed corn 

seed guiding device using a rotating clamping method to improve seed entry accuracy and stability was 

developed (Ma et al., 2023). A soybean precision seeding device was designed to ensure consistent grain 

spacing (Chen et al., 2022). A corn posture-controlled seeding device that optimizes the seed guiding trajectory 

to maintain constant seed placement and speed was introduced (Dong et al., 2023). A finger-driven, 

synchronous belt seed guiding system was developed (Liu et al., 2017). John Deere of the United States 

created a brush belt seed guiding device to ensure stable seed guidance at high speeds (Ji et al., 2021). The 

seeds discharged from the seed meter are thrown onto the partition of the conveyor belt by turning the fingers. 

The seeds move to the seeding port along the conveyor belt and are delivered to the seed furrow at a 

consistent speed (Liu et al., 2020). 

The primary goal of seed guidance design is stable, accurate seeding. While prior research focuses on 

non-directional crops, this study introduces a fixed guide cam for air-suction garlic seeders, ensuring cloves 

discharge with the bud tip upward for smooth hopper entry. 
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MATERIALS AND METHODS 

Principle and composition of the guided cam working profile 

The air-suction garlic seeding device rotates at speed n, guiding suction holes through seed suction (I), 

directional (II), and discharge (III) areas, as shown in Figure 1. In the suction area, cloves are captured; in the 

directional area, they align tangentially with the suction hole’s center circle, maintaining an attitude angle of 

−15° to 15°. In the discharge area, cloves are released with the bud tip upward. Positioning the discharge point 

at S (horizontal) causes instability due to height, while lowering it to P resolves this. The guide cam adjusts the 

deflection angle for proper orientation, making its contour and position critical. 

 
Fig. 1 - Working principle diagram of a seed tray 

1 - Shell; 2 - Seed plate; 3 - Directional needles; 4 - Negative pressure chamber; 5 - Garlic clove; 6 - Guide cam; 7 - Hopper. 

 

The guide cam's working profile comprises two curved sections, ab and bc, connected smoothly by 

rounded corners. In-plane projection, these sections appear as straight lines. When garlic cloves contact the 

ab and bc sections, their posture and deflection angles are adjusted, correcting the 30° deflection at point P 

observed without a guide cam. This ensures the cloves fall smoothly into the receiving bucket with the bud tip 

facing upward, completing the guiding and seeding process. 

Guided Process Analysis 

The guiding process of garlic cloves was analyzed using a plane analytical method to examine the 

contact torque between cloves and the guide cam. Contact types include side edge and arc surface contact. 

For side edge contact, the cloves' posture angle at point S ranges from -15° to 15°, with contact occurring 

along varying straight-line segments. A coordinate system X and Y with point b as the origin was established 

to analyze the garlic clove contact, as shown in Fig.2. 

 
a) Garlic clove side edge contact 

 
b) Arc contact 

Fig. 2 - Analysis of garlic clove contact guide cam process 
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When the garlic clove first contacts the ab segment, as shown in Fig.2 (a), the counterclockwise torque 

(M1) must exceed the clockwise torque (M2) to meet the guidance requirements, as shown in formula (1). 

1 2

1 1

2 2
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f

M M

M F d

M F d

 

 

(1) 

where: M- rotational torque of garlic clove, N·mm; 

d - rotational force arm of garlic clove, mm; 

FN, Ff - the force of the guide cam relative to the garlic clove, N; 

 

The force arm (d) is defined as the distance from the center of the suction hole to the straight line (l). 

The expression for the force arm is determined by solving the equations of the two straight lines. 
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Garlic clove rotation arm(d) is obtained, as shown in formula (3): 
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(3) 

where: y1, y2 - expression for straight line segment lMN, lab; 

 αt- the lead-in section (ab) tilt angle, °; 

 

Taking the suction hole as the origin, FN and Ff are obtained by analyzing the force on the garlic clove. 
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 (4) 

where: θ1 - angle between centripetal force (T) and horizontal direction, °; 

 θ2 - angle between resultant force (F1) and horizontal direction, °; 

 θ3 - the angle between the force (FN) and the friction force (Ff ), °; 

 T - centripetal force on a garlic clove, N; 

 

Substituting Formula (4), and Formula (3) into Formula (1), Formula (5) can be obtained by simplifying 

it: 

            
2 2sin cos cos sint b t a a N b t b t fa y a x y F x a y a F  (5) 

The analysis of formula (5) reveals that counterclockwise rotation requires a relationship between αt 

and contact point positions (xa, ya). When the garlic clove first contacts the bc segment (Figure 2b), and the 

adjustment angle β aligns with the clove's deflection angle, the force arm d3 > d4, making β crucial for guiding. 

Therefore, the parameters αt, β, and the contour require precise design. 

 

Determination of guide cam profile 

The guide cam's position and contour were optimized using Jinshan garlic as the study object. Most cloves, 

measuring 27-34 mm in length and 16-23 mm in width, account for 96% of the total sample, with larger cloves 

contacting the guide cam earlier. For analysis, a clove length of 34 mm and width of 20 mm were selected. 

Initial contact scenarios were evaluated to determine the guide cam's position parameters. 
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Fig. 3 - Schematic diagram of the position where the garlic clove first contacts the guide cam 

1 - Side edge contact θz =15°; 2 - Arc contact θz =15°; 3 - Side edge contact θz =0°; 4 - Side edge contact θz =-15°. 

 

The design conditions for guide cam points a, b, and c are as follows: First, when θz is 15°, the side edge 

contacts point a at a distance r1 from the center, ensuring that cloves of various sizes make contact with the 

ab segment. Second, when θz is 15°, the arc surface contacts point b at a distance r2 from the center, 

positioning the force below the suction hole. At θz, the side edge passes smoothly through point b, and at θz is 

-15°, it contacts point c at a distance r4 from the center, as shown in figure 3. This design ensures garlic cloves 

maintain contact with the guide cam before separating from negative pressure, optimizing the guidance effect. 
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where: R - Radius from the center of the suction hole to the center of the seed plate, mm; 

       θb -The angle between the length L and width B of the garlic clove,°. 

 

 

The dimension parameters of the guide cam ab segment meet the following requirements: 

1 2 3 4129.47mm 134.2mm 141.35mmr r r r  (7) 

From formula (7), point a is positioned at r1 = 130mm, point b at r2 = 135mm, and point c at r4 = 140mm. 

 

 

Determination of guide cam thickness and installation position 

The precise guiding of garlic cloves depends on the thickness of the guide cam and its distance from 

the seed plate. An improper distance can lead to ineffective contact or tipping of the garlic clove. Measurements 

of Jinxiang garlic cloves indicate side edge contact points (l1) ranging from 2.6mm - 4.8mm and arc surface 

contact points (l2) from 5.1mm - 7.2mm. Consequently, the distance between the guide cam's center line and 

the seed plate (T) was set at T=5mm. The final thickness was established at D=4mm, ensuring effective 

guidance for 98% of the cloves.  
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 Fig. 4 - Garlic clove contact surface height  

1 - Garlic clove; 2 - Guide cam; 3 - Seed plate. 

 

Determination of tilt angle parameters 

The determination of the inclination angle of the lead-in section (αt)and the seeding section are crucial, 

as it directly influences the direction of the resultant force (F). If F points toward the center, it can cause the 

garlic clove to move radially, resulting in jamming and reduced sowing accuracy. To prevent this, the contact 

between the garlic clove and point a is analyzed. Ensuring point a does not cause jamming guarantees that 

as the clove contacts the ab section, the angle between the force and the suction hole center increases, thus 

avoiding jamming. By appropriately setting the αt angle, λ1 > 0 is maintained, ensuring smooth guidance of the 

garlic clove, as shown in Figure 5(a). 

 

 
 a) Analysis of the inclination angle of the lead-in section 

 
b) Analysis of the tilt angle of the delivery section 

Fig. 5 - Garlic clove contact profile analysis 

 

Geometric analysis of garlic clove contacting point a in the lead-in section: 
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(8) 

where: θ4 - the angle between ok and the horizontal direction,°; λ1 - the angle between ok and F, °; 

x1, x2 - horizontal distance and vertical distance between k and O, mm. 

 

Experimental measurements showed that for varying size ranges x1 and x2, θ2 ≈ 60°, and θ3 ranged from 

20.5° - 25.6°. Substituting θ2 and θ3 into formula(13), when λ1>0, the value range of αt is 2.3° - 8.6°.  

 

If β < αt, misguidance occurs ; if β > αt, root engagement fails, altering torque. β must position the force 

below the suction hole while ensuring root contact, as shown in Figure 5(b). For λ2 > 0, β ranges from 10° to 

30.3°. To avoid misdirection, β < 18.5°, setting the bc section's inclination between 13° and 19.5°. 
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Experimental materials and equipment 

The JPS-12 sowing bench test, with a modified air control system, positioned the negative pressure zone 

and seeding point 30° below the horizontal plane, as shown in Figure 7. Garlic cloves, categorized by 

thickness—A (12–15 mm, 30%), B (15–18 mm, 41%), and C (18–21 mm, 25%)—covered 96% of Jinxiang 

samples (Li et al., 2022). The guide cam and hopper are 3D printed using resin. 

  
Fig. 7 – Bench testing of metering devices 

1 - Metering device; 2 - Guide cam; 3 - Falling into the hopper in an upright position; 4 - Equipment Controls. 

 

Test methods 

(1) A five-factor, three-level design experiment was conducted in a stable environment with initial trials 

to determine αt, β, DX, DY and DZ ranges. The optimal parameter combination was determined using the upright 

orientation rate (Y1) as the evaluation index. The experimental structure code is shown in Table 1. 

Table 1 

                                     Table of factors and levels                                  

Level 

Factors 

Angle of the lead 

in section, αt  / ° 

Angle of the 

seeding section, β 

/ ° 

Lateral distance, 

Dx / mm 

Longitudinal 

distance, Dy / mm 

Vertical distance, 

Dz / mm 

-1 3 13 140 125 9 

0 5 15 145 130 11 

1 7 17 150 135 13 

 

(2) Based on the experiment (1), a bench high-speed operation performance comparison test was 

conducted on the seed meter with and without additional guides. A two-factor experiment tested negative 

pressure across 10 gradients (-8.5 to -13 kPa) and rotational speed at 4 levels(6–9 rad/s).  

The upright orientation rate(Y1) evaluated the guide cam's effectiveness: 

1
1 100%

Q

m
Y  (9) 

where: m1- the number of buds falling into the receiving hopper with the buds pointing upwards; 

Q - total number of garlic cloves. 

 

RESULTS 

Analysis of test results 

The results of the orthogonal test are shown in Table 2, where A, B, C, D, and E are structural coding 

values. Each group of tests was performed 4 times to obtain the average value. 

Table 2 

Experimental program and results 

Number 
Factors Indicators 

Number 
Factors Indicators 

A B C D E Y1 A B C D E Y1 

1 -1 -1 0 0 0 92.6 24 0 1 1 0 0 95.8 

2 1 -1 0 0 0 88.6 25 -1 0 0 -1 0 91.8 

3 -1 1 0 0 0 94.5 26 1 0 0 -1 0 85.6 

4 1 1 0 0 0 85.4 27 -1 0 0 1 0 88.8 

5 0 0 -1 -1 0 93.8 28 1 0 0 1 0 82.4 
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Number 
Factors Indicators 

Number 
Factors Indicators 

A B C D E Y1 A B C D E Y1 

6 0 0 1 -1 0 94.6 29 0 0 -1 0 -1 93.6 

7 0 0 -1 1 0 91.2 30 0 0 1 0 -1 94.2 

8 0 0 1 1 0 90.2 31 0 0 -1 0 1 89.6 

9 0 -1 0 0 -1 90.5 32 0 0 1 0 1 89.2 

10 0 1 0 0 -1 93.4 33 -1 0 0 0 -1 88.6 

11 0 -1 0 0 1 87.2 34 1 0 0 0 -1 84.5 

12 0 1 0 0 1 82.6 35 -1 0 0 0 1 87.6 

13 -1 0 -1 0 0 93.8 36 1 0 0 0 1 82.8 

14 1 0 -1 0 0 86.1 37 0 -1 0 -1 0 92.6 

15 -1 0 1 0 0 94.6 38 0 1 0 -1 0 93.8 

16 1 0 1 0 0 86.8 39 0 -1 0 1 0 88.4 

17 0 0 0 -1 -1 91.2 40 0 1 0 1 0 87.6 

18 0 0 0 1 -1 92.4 41 0 0 0 0 0 95.6 

19 0 0 0 -1 1 87.6 42 0 0 0 0 0 96.9 

20 0 0 0 1 1 85.8 43 0 0 0 0 0 92.8 

21 0 -1 -1 0 0 95.5 44 0 0 0 0 0 96.2 

22 0 1 -1 0 0 92.6 45 0 0 0 0 0 97.4 

23 0 -1 1 0 0 94.8 46 0 0 0 0 0 98.7 

 

The test results were analyzed using Design-Expert software to establish a quadratic regression model 

for the upright orientation rate (Y1). The model's significance was verified through Anova and regression 

coefficient tests, the results showed that the most significant factors were A, D, and E, Results are presented 

in Table 3. The responses between the important factors and their effects on Y1 were analyzed by completing 

the response surface, as shown in Figure 8. 

Table 3 

Measured test data from variance analysis 

Sources Sum of Squares Degrees of Freedom Mean Square F-value P-value 

Models 722.36 20 36.12 11.65 <0.0001 * 

A 156.88 1 156.88 50.99 <0.0001 * 

B 1.27 1 1.27 0.4082 0.5287 

C 1.00 1 1.00 0.3225 0.5752 

D 36.60 1 36.60 11.80 0.0021* 

E 81.00 1 81.00 26.12 <0.0001 * 

Lack of Fit 57.45 20 2.87 0.7154 0.7325 

Pure Error 20.07 5 4.01 R2 0.9131 

Note: * means extremely significant (P < 0.01) 

 

 
 

 
a) EC(A,D) b) EC(A,E) c) EC(D,E) 

Fig. 8 – Bench testing of metering devices 

 

Optimization of the model by parameter combination with Y1 taking the maximum value of αt=5°, β=15°, 

DX=140mm, DY=128mm, DZ=9mm. Verification tests with these parameters resulted in an average uprightness 

of 96.8%, which was determined to be the optimal parameter. 
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Comparative test 

Table 4 compares the performance of devices K and T under varying pressures and speeds. Device T's 

upright rate rose and then fell with increasing pressure; low pressure caused unstable C-size clove adsorption, 

while high pressure impeded posture adjustment. Optimal rates (>92%) were achieved at -10 to -12 kPa. 

Device K's upright rate stabilized at -10 kPa after an initial rise.  

Table 4 

Comparison of the qualified index of K and T seeding devices (Short version)  

Working 

speed (n) 

/ 

(rad/s) 

-8.5 kPa -9 kPa -9.5 kPa -10 kPa -10.5 kPa 

K T Δ K T Δ K T Δ K T Δ K T Δ 

6 66.3 67.2 -0.9 71.2 70.2 1.0 72.2 76.4 -4.2 78.5 82.6 -4.1 82.4 88.4 -6.0 

7 63.2 61.2 -2 68.8 70.6 -1.8 75.8 78.0 -2.2 79.0 83.8 -4.8 84.2 90.2 -6.0 

8 54.2 58.0 -3.8 63.4 60.4 3.0 60.2 61.8 -1.6 68.3 73.0 -4.7 76.3 84.6 -8.3 

9 50.3 48.6 1.7 50.2 49.4 0.8 55.2 56.4 -1.2 68.0 70.4 -2.4 70.2 78.4 -8.2 

Working 

speed (n) 

/ 

(rad/s) 

-11 kPa -11.5 kPa -12 kPa -12.5 kPa -13 kPa 

K T Δ K T Δ K T Δ K T Δ K T Δ 

6 82.6 93.4 -10.8 86.2 95.6 -9.4 82.0 94.6 -12.6 86.5 92.8 -6.3 82.0 89.6 -7.6 

7 83.5 93.5 -10.0 87.6 98.8 -11.2 88.5 97.9 -9.4 87.6 94.4 -6.8 86.2 95.2 -9.0 

8 83.5 90.8 -7.3 86.4 96.6 -10.2 83.4 94.2 -10.8 84.4 91.4 -7.0 81.3 90.6 -9.3 

9 82.4 91.4 -9.0 85.6 95.8 -10.2 85.4 94.0 -9.6 84.6 92.6 -8.0 83.4 92.5 -9.1 

Note: K represents the upright rate of the bud tip without a guide cam (%), T represents the upright rate with a guide cam (%), and Δ is 

the difference between the two rates (%) 

 

As shown in Table 4, the difference in the vertical rate (Δ) highlights the guide cam's impact on seeders 

T and K. Δ increases and then decreases with pressure changes. At -8.5 to -10 kPa, │Δ│<5%, showing minimal 

impact. Between -10 and -12 kPa, Δ reaches up to 10%, significantly improving the vertical rate. At -11.5 kPa 

and 7 rad/s, the T seeder achieves a vertical rate of 98.8%, with Δ at -11.2%, confirming the guide cam's 

superior performance. 

 

CONCLUSIONS 

The traditional air-absorbing garlic clove metering device has been improved by adding a guiding cam to 

control the orientation of the garlic cloves so that the bud tips are discharged in an upward direction, which 

improves the stability of the sowing and meets the agronomic requirements.  The analysis of garlic clove size 

and attitude determined the key parameters: introduction angle αt = 5°, thickness D = 4 mm, and seeding 

section inclination β = 15°, DX=140mm, DY=128mm, DZ=9mm, enabling effective posture adjustment. 

Validation experiments showed the guide cam significantly improved upright rates. At -10.5kPa, the upright 

rate difference (Δ) exceeded 5%, reaching (Δ) to 10% at -11 to -12kPa. At -11.5kPa and 7 rad/s, the upright 

rate peaked at 97.2%, 11.2% higher than without the guide cam, confirming its design effectiveness. 
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ABSTRACT  

To address the issue of reduced comfort and operational accuracy in tractors caused by the clutch engagement 

process in combination with automatic transmissions, dual-clutch transmissions, and hybrid power tractors, a 

new method is proposed that considers both the slipping process and synchronous instantaneous control at 

the moment of engagement. In this method, the optimal engagement process model of the clutch considering 

the clutch sliding process and synchronous instantaneous control was established, and the optimal trajectory 

of the clutch engagement process was solved based on the pseudo-spectral method. Then, the optimization 

results were compared with those obtained without considering the synchronous instantaneous. The results 

show that the proposed method considering the sliding process and synchronous instantaneous constraint 

can reduce the frictional loss of the clutch by 9%, and suppress the impact to below 10 m/s³. Finally, this 

method was applied to the control of tractor starting up, gear shifting and hybrid power mode switching 

processes. Simulation results demonstrate that this method can be effectively applied to these three operating 

conditions.  

 

 

摘要 

为解决搭配自动变速器、双离合器变速器和混合动力拖拉机离合器接合过程导致的拖拉机舒适性和作业精度降

低问题，提出了一种考虑滑摩过程和同步瞬间控制的新方法。在该方法中，建立了考虑离合器滑摩过程和同步

瞬间控制的离合器最优接合过程模型，并基于伪谱法求解了离合器接合过程的最优轨迹。结果表明，考虑滑动

过程和同步瞬间约束优化方法可使离合器的摩擦损耗降低 9%，并可抑制冲击降低到 10 m/s3 以下。最后，将

该方法应用于拖拉机起步、换挡和混合动力模式切换过程的控制，仿真结果表明，该方法能较好地应用于上述

三种工况。 

 

 

INTRODUCTION 

As a key component in the tractors' driveline, the clutch has important impact on the comfort of the vehicle 

during start-up, shifting and mode switching of hybrid vehicles (Fig.1) (Park et al, 2021; Van Berkel et al, 2014; 

Lu, 2012; Li et al, 2020; Minh et al, 2012). To ensure smooth driving and prolong the service life of components, 

the clutch is supposed to be engaged quickly and smoothly during the start-up, shift and mode switch process 

of tractors equipped with automatic transmission and hybrid-driven driveline (Gavgani et al, 2016; Zhao et al. 

2016; Fu et al., 2016). Researches have shown that the fast and smooth engagement can be obtained by 

controlling the drive and driven disc of the clutch to engage in a certain trajectory (Zhao. et al., 2016). 

Therefore, it is necessary to optimize the engagement trajectory of the clutch. 
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Fig. 1 - Typical driveline in the tractors 

 

For the optimization of clutch engagement trajectory, many experts and scholars have carried out 

extensive and in-depth research. Peng.et al., (2009), proposed a clutch engagement curve correction algorithm 

based on optimization theory, which corrects the original curve by judging the Hamilton function on the basis 

of the basic structure of the original curve. However, this method only analyzed the situation of the initial speed 

of the driven disc as 0, they did not analyze the gear shift process and the mode switch process of hybrid 

vehicles. To solve the problem of the variability of clutch engagement trajectory under uncertain factors such 

as system parameter perturbation and external load disturbance, Li et. al., (2018), proposed an optimization 

method which take the frictional loss and jerk as the optimization goal, and solve the optimization problem by 

using the Pontryagin theory. The result showed that, this method can reduce the frictional loss of the clutch 

during its engagement process, but the method did not solve the jerk of the synchronous instantaneous of the 

clutch. Li et. al., (2018), optimized the shifting process with optimal control theory, and designed a linear 

quadratic optimal controller for the torque phase and the inertial phase. The results show that this method can 

reduce the jerk of torque phase and inertia phase during gear shifting process. To reduce the vibration during 

the inertial phase of the clutch engagement of shifting process, Lu.et al., (2014), proposed to use the model 

predictive control method to control the inertial phase in the shifting process, and the results show that the 

method reduces the inertial phase vibration in the vehicle shifting process while ensuring the minimum change 

of the control amount in the shifting process. Mesmer et al. (2017, 2018), optimized the shifting process with 

the goal of minimizing the shifting time and frictional loss, and designed the optimal trajectory tracking controller 

for the shifting process by using the method of embedded nonlinear model predictive control, the simulation 

and experimental results show that the method can obtain better shifting quality, but the instantaneous 

synchronization of the clutch was not controlled in this study, resulting in residual oscillation on the drive shaft 

after clutch engagement. Guo, (2017), analyzed the clutch engagement process of hybrid vehicles from pure 

electric mode to hybrid drive state, he divided the clutch engagement process into two stages, slipping friction 

phased and synchronization phase. He proposed to use the method of Laguerre function set to optimize the 

control process of clutch engagement in hybrid vehicles, the results show that this method can reduce the 

torsional vibration of the transmission system during the engine starting process of hybrid vehicles. 

Making the clutch engage fast and smoothly is an important measure to improve the vehicle start-up, 

shifting and hybrid vehicle mode switching process (Wurm et al., 2016, Kim et al, 2017), in view of the problems 

of synchronous instantaneous jerk existing in the current research, a method combining process control and 

terminal constraints was proposed. 

The frictional loss and jerk during the clutch engagement process were chosen as the optimization goals 

during the slipping phase. In addition, the same acceleration of the drive and driven clutch was set as the 

terminal constraint. The pseudo-spectral method was used to solve this optimization problem, and the 

proposed method was applied to the start-up, shifting, and mode-switching processes of the hybrid vehicle. 

 

MATERIALS AND METHODS 

Modeling the clutch engagement process 

In practice, the working state of the clutch is divided into two types, engagement and disengagement. 

During the engagement process, the actuator pushes the clutch driven disc move to the drive disc, and the 

disc rubs against each other to transmit the torque, which can be illustrated in Figure 2.  
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Assuming that the input torque is Tin, the torque transmitted during slipping phase is Tc, and the 

resistance clutch is Tr, according to Newton's second law, the clutch engagement process can be modeled (Li, 

J., 2016). 

 
Fig. 2 - Model of clutch engagement process 
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where, J1 is the inertia of drive disc of clutch, J2 is the inertia of driven disc of clutch, ω1 is the rotation speed 

of clutch drum and ω2 is the rotation speed of clutch hub. 

Indicators for clutch engagement process 

1. Jerk. In the longitudinal dynamics of the tractor, the jerk (the change rate of longitudinal acceleration) 

is generally used to reflect the comfort of the tractor during acceleration. Moreover, the jerk can be represented 

by equation (3). When the value of the jerk is less than 10 m/s3 during clutch engagement process, the tractor 

can get good comfort during acceleration (Fu et al., 2016). 

( )1 c r

e

d T Tda
j

dt J dt

−
= =                                                     (3) 

To prevent the clutch from generating a large jerk during the engagement process, it is generally 

necessary to control change rate of the transmitted torque Tc when the clutch engages. 

2. Frictional loss. The frictional loss of the clutch during the engagement process can be measured by the 

slipping work, it reflects the degree of the wear of the clutch during the engagement process. Therefore, it is 

necessary to control its slipping work during the clutch engagement process, and the clutch slipping work can 

be measured with equation (4). 
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Wherein, W is the clutch slipping work, ts is the time when the clutch starts to slip with each other, and 

te is the time when the clutch engaged totally. 

During clutch slipping phase, it is generally required that the frictional loss and jerk to be as small as 

possible. Meanwhile, it is important to control the jerk caused by the synchronous instantaneous. According to 

the above requirements, the optimization goal of the clutch engagement process can be established. 

2

1 1 2 1 2

e e

s s

t t

c
t t

l u dt T dt   = + −                                              (5) 

where, λ1, λ2 is the weight coefficient, u1 is the control variable. The objective function consists of two parts. 

The first part is the sum of squares of the torque change rate, which represents the limit of the torque change 

rate during the clutch engagement process; it also represents jerk control. The second part is expressed as 

the frictional loss during the clutch engagement process. In addition, keeping the acceleration of the two discs 

at the moment of synchronous can reduce the jerk generated by the clutch engagement synchronous 

instantaneous. 

 

Based on the above objective function of the clutch engagement process, the clutch engagement 

process can be converted into an optimization problem, which can be expressed as equation (6). 
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wherein, Tin_min is the minimum of the input torque, the Tin_max is the maximum of the input torque, the Tc_min is 

the minimum torque transmitted during the clutch slipping process, the Tc_max is the maximum torque 

transmitted during the clutch slipping process, the x1_min is the minimum speed of the clutch drum, the x1_max is 

the maximum speed of the clutch drum, the x2_min is the minimum speed of the clutch hub, and the x2_max is the 

maximum speed of clutch hub. 

It can be seen from the above optimization problem that this problem is an optimization problem with 

terminal constraints, especially for the clutch synchronous moment, the constraint problem of the acceleration 

of the main and slave disks. For optimization problems with terminal constraints, the general analytical method 

is difficult to solve, therefore, this paper uses the numerical solution method to solve. 

When solving optimization problems with terminal constraints, pseudo-spectral method uses global 

interpolation polynomials to approximate state variables and control variables on a series of discrete points, 

and converts differential equation constraints into algebraic constraints by introducing pseudo-spectral 

difference matrices similar to finite difference matrices, and then solves nonlinear optimization problems with 

complex constraints. According to different distribution methods, pseudo-spectral methods can be divided into 

Legendre pseudo-spectroscopy, Radau pseudo-spectroscopy, Gauss pseudo-spectroscopy and Chebyshe 

pseudo-spectroscopy (Feng.et al, 2023). 

Radau pseudo-spectroscopy (RPM) is a numerical solution algorithm for solving nonlinear optimization 

problems. The basic idea is to discretize first and then optimize. Firstly, the unknown state quantity and control 

quantity to be solved are discretized at a series of Legendre-Gauss-Radau (LGR) points, and then the state 

variables and control variables are approximated by constructing global interpolation polynomials, and the 

original kinetic differential equation is replaced by derivation of the state variables, the optimization problem of 

continuous system is discretized into a series of algebraically constrained nonlinear optimization problems, 

and the nonlinear optimization problem of algebraic constraint is solved by numerical solving algorithm. 

Radau pseudo-spectral optimization problems can be divided into the following steps (Feng et al, 2022). 
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1) Time domain transformation: 

To satisfy the time domain of the Legendre orthogonal polynomial, it is necessary to convert the time 

domain in the optimization problem to the standard time domain [-1,1], and the variable τ represents the 

transformed time variable. 
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t t
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2) Polynomial approximation of state variables and control variables 

Based on the normalized time variable, the Lagrange interpolation polynomial is used to approximate 

the state and control variable. 
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wherein, Lj(τ) is the Lagrange interpolated polynomial. 
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wherein, τ1,..., τN  is the root of the Legendre polynomial, and τN+1 is the unconfigured node, which represents 

the end time. 

3) Polynomial approximation of differential equations 

Based on the approximation of the state quantity, the approximate state variable can be derived. 
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Substituting Equation 11 into 10 and discretizing at the LGR point, equation (12) is obtained. 
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where Dij is the differential matrix of the Radau pseudo-spectral method, and it can be expressed by equation 

(13). 
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After the conversion of the above steps, the optimization problem of the clutch engagement process can 

be expressed by equation (14). 
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where, l(x(τ), u(τ)) is the stage value function in the clutch engagement process. Ceq is the equality constraint, 

Cieq is the inequality constraint, and φ is the terminal constraint. 
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Thus, the optimization problem of continuous system is transformed into a series of nonlinear 

programming problems with algebraic constraints, and the discretized algebraic optimization problem is solved 

by using the sequence quadratic programming (SQP). 

 

RESULTS 

To test the effectiveness of the algorithm. The Optimization results were compared with the results 

obtained without considering the terminal constraint case. 

Case 1. With terminal constraints 

In this case, the engagement of the clutch for start-up was optimized. The initial speed of the clutch 

hub was set to be 0 r/min, the speed of clutch drum was set to be 764 r/min. The optimization problem 

was solved with GPOPS. The optimized engagement trajectory is shown in the Figure 3 illustrating the 

rotation speed of the clutch drum and hub. It can be seen from this figure that the rotation speed of the 

clutch hub increases gradually. The rotation speed of the clutch drum is kept as low as possible to keep 

the speed difference between clutch drum and hub at a small value because the objective function 

requires the frictional loss as small as possible. The clutch drum has small fluctuation at the 

synchronization stage to make the acceleration of the drive and driven disc tend to be consistent. When 

synchronized, the acceleration of the drive and driven disc is the same, as shown in the enlarged section 

in Figure 3a. 

 
Fig. 3 - Clutch engagement trajectory optimized by pseudo-spectroscopy 

 

Figure 3b shows the frictional loss during the engagement process. It can be seen from Figure 3b 

that the frictional loss is 10.12×105J. Figure 3c shows the value of the jerk during the engagement process, 

and it can be seen from Figure 3c that the value of the jerk is less than 10 m/s3 during the entire 

engagement process of the clutch, and at the moment of clutch synchronization, although the value of the 

jerk is larger, it is still less than 10 m/s3. 

2. Case 2. Without terminal constraints 

To check the effectiveness of the optimal problem that considers the process constraints and terminal 

constraints, the optimal problem without terminal constraints, which is mostly used in the optimal problem 

for clutch engagement process was also solved.  

 
Fig.4 - Optimization results of clutch engagement process without considering terminal acceleration constraints 

 

Figure 4 shows the results without considering the terminal constraint, Figure 4a is the rotation 

speed of the clutch drum and hub. It can be seen from the figure that the rotation speed of the clutch drum 

increases at first and then quickly decreases to the lowest value of the engine to make difference of the 

clutch drum and hub to be smallest during the whole engagement process. The rotation speed of the 

clutch drum was not adjusted at the synchronization stage, so the acceleration of the clutch drum and hub 
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was inconsistent, as shown in the enlarged section of the figure. Figure 4b shows the frictional loss during 

clutch engagement, and it can be seen from the figure that the frictional work is 11.1×105J, which is higher 

than the values produced by the pseudo-spectroscopy. Figure 4c shows the value of the jerk during the 

engagement process. It can be seen from the figure that the maximum values of jerk exceed 10 m/s3 at 

0.25 s, 0.6 s and synchronization moment. Compared with the optimization without consider ing terminal 

constraints, the frictional loss is reduced by 9%, and the jerk is less than 10 m/s 3. 

From the result of optimization with terminal constraints and without terminal constraints, it can be 

seen that the rotation speed of the clutch hub gradually increases, and the rotation speed of the clutch 

drum has been running at a lower value to keep the difference between the clutch drum and hub at a 

smaller value, so as to minimize the slip loss. Wherever, the rotation speed of the clutch drum was 

adjusted, and during the adjustment period, it resulted in two large jerks (0.25 s,0.6 s) during the 

engagement process. 

Meanwhile, the rate of change of the torque transmitted by the clutch is constrained in the value 

function, resulting in a smaller value of the jerk throughout the clutch engagement process. When the 

terminal constraint is considered, the process constraint and the terminal constraint are both applied, 

resulting in a smaller jerk during the clutch engagement process, while if only the process constraint is 

applied without the terminal constraint, the clutch not only experiences a larger jerk at the slip phase, but 

also at the moment of synchronization. 

 

Clutch engagement trajectory optimization under different operating conditions 

(1) Start-up process 

In vehicles equipped with automatic transmissions, the clutch driven disc starts at zero and the 

rotation speed of drive disc is limited by the minimum engine speed. Therefore, the cultch engagement 

process during the start-up process is optimized with the condition that the initial speed of the driven disc 

is zero. 

Figure 5 shows the optimization curve of the clutch engagement process in the vehicle start -up 

process. To validate different start-up situations that are often present, three different start-up times was 

set to be 1.5 s, 2.0 s and 2.5 s, respectively. The optimization result is shown in Figure 5. It can be seen 

from the figure that the rotation speed curve of the driven disc is a smooth curve, and when the clutch is 

about to synchronize, the acceleration of the drive and driven disc is consistent, thus ens uring that the 

clutch has a small jerk during the slipping process and the synchronization moment.  

 
Fig. 5 - Start-up process, clutch engagement process optimized 

Shift process 

 
Fig. 6 - Optimal engagement curve of the clutch during the upshift process 
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Unlike in the vehicle starting process, the initial speed value of the clutch driven disc is not zero 

during the shifting process. In this study, the upshift process was taken as an example. During the upshift 

process, the initial speed value of the driven disc is not zero, and the speed of drive disc is higher than 

the speed of driven disc of the target gear. 

To simulate the upshift process of different gears, the shift process time is set to 0.5  s, and three 

different gear values are set, the corresponding gear ratios are 1.2, 1.5, 1.8, respectively and the clutch 

driven disc speed value is set to 955 r/min. The optimization process of the optimal engagement path of 

the clutch in the upshift process under different transmission ratios is shown in Figure 6. From the figure, 

it can be seen that the drive disc speed decreases actively, the driven disc speed rises gradually, and at 

the end of the shift, the rotation speed of the drive and driven disc were consistent, and the angular 

acceleration value is the same at the same time. 

Mode switching situation in the hybrid tractor 

In parallel hybrid tractors, at high speeds, the engine is usually used to drive the vehicle directly to 

reduce the overall energy consumption. Parallel hybrid vehicles require clutch control when the engine 

intervenes to prevent sudden engine intervention and vibrations in the driveline. For the parallel hybrid 

vehicle, a small generator is used to drive the engine to start when the parallel hybrid vehicle engine is 

involved, and the speed of the engine is adjusted to be slightly higher than the speed of the clutch driven 

disc, meanwhile, the difference between the speed of drive and driven disc is small so that the clutch can 

be engaged smoothly and quickly when engaged. To verify the applicability of the method in the clutch 

engagement process of mode switch process, three different small speed differences were set to be 48 

r/min (5 rad/s), 95 r/min (10 rad/s) and 144 r/min (15 rad/s), respectively, and the engagement time of the 

clutch was set to be 0.5 s, the optimization results are shown in Figure 7. It can be seen from Figure 7 (a) 

(b) that the rotation speed of driven disc increases gradually, the speed of the drive disc decreases 

gradually, and there are some fluctuations when the speed of the drive disc decreases, the reason for this 

fluctuation that the difference between the drive and driven disc is small, is that the engine needed to be 

adjusted to make the acceleration of the drive and driven disc be consistent. For the large value of the 

difference between the drive and driven disc, the engine speed can be smoothly reduced, which can be 

seen in Figure 7c, and the acceleration of drive and driven disc can still be consistent at the 

synchronization moment. 

 
Fig. 7 - In hybrid systems, the clutch engages the optimal curve when the engine is involved 

 
 

 

CONCLUSIONS 

In this study, an optimization method that considers the slipping phase and synchronization moment of 

the clutch engagement was proposed. The frictional loss and jerk during the slipping phase were considered 

and the jerk at the moment of clutch synchronization was also considered as well, and the clutch engagement 

process was transformed into an optimization problem with terminal constraints. To solve this problem, the 

pseudo-spectral method was used and the optimization result was compared with the optimization method 

without considering the terminal constraints, and the results show that the frictional loss can be reduced by 

9% and the jerk is lower than 10 m/s3 by using the pseudo-spectral method considering the terminal constraint 

method, and this method was applied to the start-up, shift and mode switch process of the hybrid driveline. 

The results show that the method can ensure that the acceleration value of the clutch drum and hub tends to 

be consistent when the clutch is synchronized, which will reduce the residual oscillation on the drive shaft after 

clutch engagement (Petrescu et al, 2018).  
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This study optimizes the engagement trajectory of the clutch engagement process in terms of jerk and 

frictional loss, and solves the problem of jerk at the moment of clutch synchronization. However, the efficiency 

and energy consumption of the engine/motor connected to the clutch drum during its adjustment in the clutch 

engagement process have not been considered. In future work, the overall energy consumption of the process 

will be thoroughly analyzed. Additionally, a test rig will be developed to validate this method, and a novel control 

approach for tracking the optimal trajectory will also be explored. 
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ABSTRACT  

Aiming at the complexity and insufficient adaptability of current weeding devices for ridge tillage, this paper 

presents the design of a clamping-shear weeding device that mimics the hand-grabbing motion. Through the 

force analysis of the weed root system, the optimal shovel surface inclination angle is determined to be 

10°~40°. To ensure the sliding cutting condition, the shovel blade angle is calculated and determined as 30°. 

Based on the Mohr-Coulomb shear theory, the shovel width is set at 50 mm. A single-factor test was conducted 

with the soil penetration depth of 40 mm and the clamping-shear speed of 4 cm/s, the results showed that the 

weed removal rate was over 85% and the crop injury rate was less than 6%. The optimal performance was 

observed with the shovel inclination angle of 30°. 

 

摘要 

针对现有垄作田间株间除草装置结构复杂、适应性差等问题，本文设计了一种模仿人手抓取操作的夹持

剪切式除草装置。通过对杂草根系的受力分析，确定最佳铲面倾角为 10°~40°。以满足滑切条件为原则，

对铲刃倾角进行分析计算，确定铲刃角为 30°。基于摩尔-库仑剪切理论，确定除草铲宽度为 50mm。设

定入土深度40mm、夹持剪切速度4cm/s，进行了铲面倾角单因素试验，结果表明：除草率在85%以上，

伤苗率在 6%以下，当铲面倾角为 30°时，除草性能为最优值。 

 

INTRODUCTION 

 Ridge tillage is one of the important farming methods in China, cultivating numerous food crops and 

supporting significant benefits to society, ecology, and economy (Liang et al., 2022). However, weeds grow 

disorderly on the ridges and compete with crops for sunlight, water, and nutrients, resulting in a decrease in 

crop yield and quality, causing huge losses to the agricultural economy (Li et al., 2022; Ahmad et al., 2020). 

To reduce labor costs and minimize environmental pollution, mechanical weeding is considered an ideal 

method (Fang et al., 2022; Dilipkumar et al., 2020). According to different weed operating areas in the field, 

mechanical weeding can be divided into intra-row weeding and inter-row weeding (Bing et al., 2021). Since 

intra-row weeds are closer to crops, there is a higher risk of damaging crops when removing weeds. Therefore, 

intra-row weeds are more difficult to control than inter-row weeds (Longzhe et al., 2021). At present, the 

optimization and innovation of intra-row weeding devices have become the research and focus of many 

scholars. 

 From the perspective of function, intra-row weeding devices can be divided into those that cut weed 

roots, those that separate weeds from soil, and those that combine both functions. Devices that cut weed roots 

mainly include rotary discs (Pérez-Ruiz et al., 2011) and swing hoes (Huang et al., 2012). The rotary discs 

were used earlier, and the weeding blades reciprocated rotating between crops to achieve the two actions of 

avoiding crops and weeding. They have a simple structure, but they cannot separate weed roots from the soil, 

therefore, weed control is not effective. The swing hoes mainly use the reciprocating swing of the weeding 

blades to achieve the actions of avoiding crop and weeding. The structure of this device is relatively compact 

and the crop injury rate is low, but current models use the pneumatic system to drive the swing weeding shovel, 

and the supporting power system is complex and heavy, making it unsuitable for lightweight operations. 

Devices that cut weed roots offer good crop-avoidance performance and minimize the risk of crop damage. 

However, the roots remain in the soil, leading to incomplete weeding. Devices that separate weeds mainly 

include finger weeder (Riemens et al., 2007), brush weeder (Ziwen et al., 2015), torsion weeder (Cirujeda et 

al., 2013) and cycloid hoe (Hu et al., 2012). The first three are relatively common weeding devices, but they 

can only remove weeds with shallow root systems and have a high risk of damaging crops; the cycloid hoe is 
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also a commonly used weeding device. Research on the cycloid hoe intra-row weeding device conducted by 

Hu Lian et al (Hu et al., 2012) shows that the weeding effect is remarkable and the damage to crops is less 

than 8%. However, the cycloid hoe structure is complex, the maintenance cost is high, and the control is 

difficult. Weeding devices that separate weeds can completely remove weeds from the soil, but there is a 

certain risk of damaging the crops. The main hybrid weeding devices include the rotary hoe (Qinsong et al., 

2022). This device uses the rotation of the rotary hoe, and the needle teeth penetrate the soil to cut the weed 

roots and take them away from the soil. The hybrid type has a better weeding effect. However, the mechanism 

is generally complex and the production cost is high. 

 In summary, most existing intra-row weeding devices suffer from complex structures, poor adaptability, 

high crop injury rates, and suboptimal weeding performance. To address these challenges, this paper designs 

a clamping and shearing intra-row weeding device tailored for corn ridge fields, particularly for operations 

during the 3-4 leaf stage. The design mimics the hand-grasping motion, with a parallelogram mechanism used 

in the finger component to reduce drive elements and simplify the device's structure. The weeding device is 

mounted on a six-axis robotic arm, leveraging the arm's multi-degree-of-freedom and flexibility to perform crop-

avoidance and weeding tasks. This enhances the device's field adaptability and minimizes crop damage. Key 

parameters are designed, and the device's effectiveness is validated through tests using crop injury and weed 

removal rates as evaluation indexes. 

 

MATERIALS AND METHODS 

Weeding device design 

Weeding field environment 

 Ridge tillage is the most common farming method in China, with ridge parameters varying by region. 

In plain areas, ridge heights (H) range from 160~350 mm, ridge spacing (D1) from 500~1000 mm, ridge top 

width (W1) about 300 mm, and ridge bottom width (W2) about 600 mm. Taking 3~5 leaf stage corn field as an 

example, the intra-row ridge spacing (D2) is about 240~300 mm, with the planting ridge parameters shown in 

Fig. 1. Weeds grow unorderly on the ridges. While tillage can effectively remove weeds between rows, intra-

row weeds must be removed precisely to avoid accidentally damaging crops. According to field surveys and 

relevant literature (Fujun et al., 2018), weed roots typically extend about 20 mm below the surface, while corn 

roots at the same depth have a radial spread of about 50 mm. To protect crop roots, the diameter of the crop 

protected area is set to 60 mm. 

 
Fig. 1 - Ridge parameters 

 

Weeding device configuration design 

 A human-like mechanical gripper is highly effective at grasping various objects due to its flexibility and 

adaptability (Bircher et al., 2021). Inspired by this, the weeding device in this paper is designed using the 

human hand as a bionic prototype. The human hand's structure primarily consists of an open kinematic chain 

with a series of moving and rotating joints. The configuration of the weeding device is divided into two main 

parts: the fingers and the palm. The fingers consist mainly of rotating joints, while the palm features moving 

joints. Key considerations in designing the fingers include the number and structure of the bionic fingers. 
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Having too many bionic fingers can complicate the structure and make control more difficult. Therefore, the 

number of bionic fingers should be minimized, provided the weeding function is maintained. For the palm, 

important factors include the connection between the palm and fingers, as well as the layout of the bionic 

fingers on the palm. 

 The configuration of the bionic weeding device designed in this paper is shown in Fig. 2. The device 

features four fingers, each with two degrees of freedom, comprising two joints and two connecting rods. The 

joints control the rotation angles of the connecting rods, allowing the fingers to bend by adjusting these angles. 

The fingers are symmetrically distributed on either side of the palm, which has one degree of freedom. The 

connection between the fingers and the palm is achieved through a slider pair, enabling the fingers to open 

and close. 

 
Fig. 2 - Weeding device configuration diagram 

 

 

Weeding device structure design 

 Based on the configuration design described in the section 2.2, each finger has two degrees of freedom. 

To achieve full constraint, two drive elements are necessary. However, directly adding a drive element to the 

second joint would result in a bulky finger structure and require a large driving torque. To address this, a multi-

link mechanism is employed for the single-finger design. By utilizing the characteristics of a parallelogram 

mechanism, a revolute pair is added to introduce a constraint, allowing the avoidance of placing drive elements 

at the second joint. This design makes the mechanism compact and lightweight. To further simplify the 

structure, the two fingers on the same side are driven synchronously by a double-head servo. The distal end 

of the finger, designed for weeding, is shaped like a cross-finger to closely mimic a human hand. The design 

model of the finger mechanism is shown in Fig. 3. 

 

 
Fig. 3 - Finger design model 

 
 

 The design model of the palm is shown in Fig. 4. A single-head servo serves as the power source, 

driving the fingers at both ends of the palm. The inward and outward opening and closing movements of the 

fingers are achieved through a gear rack transmission mechanism. 
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Fig. 4 - Palm design model 

 

 The overall structure of the weeding device is shown in Fig. 5. A double-head servo is connected to 

the second connecting rod of the two fingers on the same side, providing the necessary driving torque. This 

second connecting rod acts as a power arm, transmitting force to the weeding shovel via a parallelogram 

mechanism, allowing the shovels on both sides to mesh inward. The fingers on the same side are mounted on 

a shared slider, with a single-head servo driving their opening and closing along a guide rail through a gear 

rack transmission, thereby enabling the claw's movement. 

 
Fig. 5 - Overall structure of weeding device 

(a). 3D diagram; (b). open state; (c). closed state 
1.fixed plate; 2.connecting plate; 3.rack; 4.single-head servo; 5.weeding shovel; 6.connecting rod; 7.double-head servo; 8.slider 

 

The principle of avoiding crop and weeding of the weeding device 

 The weeding device is mounted on a six-axis robotic arm, and the operation process is divided into 

the avoiding crop process and the weeding process. The weeding operation is shown in Fig. 6. 

 (a)When the operation begins, the visual system first detects crops and weeds. If no weeds are 

detected, the robotic arm positions the weeding components in the neutral position between the rows. When 

the visual system detects weeds, a crop protection and a weeding areas are constructed. 

 (b) After identifying and locating the weeds, the robotic arm, receiving signals from the control system, 

maneuvers the weeding device to bypass the crops and position itself over the weeding area at an appropriate 

height, avoiding the crops. 

 (c) The weeding device’s two double-head servos rotate the second connecting rod, causing the 

weeding shovels to move toward the center. The tips of the shovels penetrate and break the soil surface, 

initiating the weeding process. 

 (d) Once the soil-breaking is completed, the double-head servos cease rotation. Then, the single-head 

servos engage, rotating gears on a rack that slides the two clamping claws toward the center along the guide 

rail. The weeding shovels advance into the field ridge at a fixed angle, continuing to break the soil. The root-

soil complex is then sheared under the combined effects of gravity and soil friction, gradually lifting along the 

shovel surface as the shovels mesh, initially separating the weed roots from the soil. Once the shovels 

completely mesh and shear the weed roots, the single-head servos stop. 
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