


Recent Engineering Intervention in Mechanized Vegetable Transplanting Techniques: A Review of Semi-automatic, Automatic and fully automatic Vegetable transplanters



          ABSTRACT: 
Rising vegetable demand and a growing shortage of farm labour have increased the need for mechanized transplanting. Manual transplanting is slow, labour-intensive, and often uneconomical, especially during peak agricultural seasons. To address these challenges, recent engineering developments have introduced semi-automatic and fully automatic vegetable transplanters that improve operational efficiency, reduce production costs, and enhance planting precision. This review focuses on advancements in the design, development, and performance of modern vegetable transplanters, highlighting their efficiency, accuracy in seedling placement, economic benefits, and adaptability to various crops and field conditions. In onion cultivation, transplanting plays a vital role in crop establishment and yield, yet traditional methods often result in inconsistent spacing and depth. Mechanized systems offer improved uniformity, higher labour productivity, and reduced transplanting stress. The paper also examines emerging technologies such as pneumatic mechanisms, robotic pick-and-place systems, and GPS-assisted guidance, which further increase precision and field performance. Finally, current limitations and future research needs are discussed to support the refinement and wider adoption of automatic onion transplanters for sustainable and high-yield vegetable production.
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          INTRODUCTION:   
Vegetable cultivation plays a crucial role in ensuring nutritional security and enhancing the income of smallholder farmers, particularly in countries like India, China, and Southeast Asian nations. Among vegetable crops, onion (Allium cepa L.) holds significant importance due to its high demand, export potential, and year-round cultivation. A critical step in onion cultivation is transplanting, which directly influences plant spacing, root establishment, and eventual yield. Traditionally, onion transplanting has been conducted manually using labourers, a process that is tedious, time- consuming, and highly dependent on labour availability. The increasing cost and scarcity of agricultural labour during peak seasons have intensified the need for mechanized transplanting solutions. In response to these challenges, engineers and researchers have focused on developing semi-automatic and fully automatic vegetable transplanter machines, which aim to improve planting uniformity, operational efficiency, and overall crop productivity. These machines are capable of performing tasks such as seedling picking, positioning, and soil insertion in a synchronized manner, often replacing multiple labourers in the field. The mechanization of transplanting not only saves labour and time but also contributes to better crop stand and reduced mortality of seedlings. Recent innovations in the field of transplanting machinery have incorporated advanced engineering principles, including cam-follower mechanisms, pneumatic actuators, robotic arms, and electronic control systems, to increase transplanting precision and adaptability to various soil conditions. Additionally, efforts are being made to integrate automation technologies such as GPS navigation, computer vision, and IoT-based monitoring to further improve efficiency and sustainability.
                   This review aims to provide a detailed assessment of the recent engineering interventions in   mechanized vegetable transplanting, with a specific focus on onion crop. It evaluates the design, performance, and limitations of various types of automatic onion transplanters and highlights innovations and trends that are shaping the future of transplanting mechanization in vegetable farming. The mechanization of onion transplanting is a significant milestone in the advancement of precision horticulture, aiming to enhance operational efficiency, reduce labour dependency, and improve planting uniformity. Onion transplanting machines are designed to carry out key tasks such as seedling separation, conveyance, orientation, placement, and soil covering, which are otherwise performed manually. The evolution of mechanized transplanters has progressed from simple manual tools to semi-automatic machines, and more recently, to fully automatic transplanting systems.
Semi-automatic onion transplanters generally involve manual feeding of seedlings into a rotating or reciprocating planting mechanism. These machines may be walk-behind or tractor-mounted, and typically require 2–4 operators to feed the seedlings. Although semi-automatic transplanters reduce operator fatigue and improve row and depth uniformity compared to manual planting, their overall efficiency is limited by the speed and consistency of human feeding. Common semi-automatic mechanisms include: Rotating disc transplanters, Cam-based mechanisms, Four-bar linkages with finger-type seedling holders. These machines usually achieve field capacities ranging from 0.1 to 0.3 ha/hr, with missing plant rates of 5–10%, depending on operator skill and machine calibration. Fully automatic machines eliminate the need for manual feeding by using mechanical or robotic systems to pick seedlings directly from nursery trays (such as plug trays or paper pots) and insert them into the soil. These machines are equipped with:   Seedling picking arms or suction-based extractors, Belt or chain conveyors, Depth and spacing control systems, Electro-pneumatic actuators for synchronized movement. Some models even integrate vision systems to detect seedling orientation and robotic arms to adjust planting angles. Fully automatic transplanters demonstrate higher planting accuracy, reduced seedling damage, and greater field capacities (0.4 to 0.8 ha/hr) compared to manual or semi-automatic options. However, they are often costlier, require technical maintenance, and are more suitable for large-scale commercial farms.
     2. PERFORMANCE EVALUATION OF SEMIAUTOMATIC , AUTOMATIC AND FULLY AUTOMATIC VEGETABLE TRANSPLANTER OPERATED MACHINE.

[bookmark: _Hlk206363735]           Yongshuang Wen [footnoteRef:1]  Designed  A Automatic Transplanter for Vegetable plug seedling .machine vision-based plug seedling identification system was employed to detect vegetable plug seedlings by analyzing the area characteristics of the seedling's stems, leaves, and plug bodies. The identification results were transmitted to a programmable logic controller (PLC), which activated a nozzle to remove unqualified seedlings from the conveyor belt lattice. During the cultivation, packaging, and transportation of vegetable plug seedlings, trays may contain missing, unhealthy, or damaged seedlings, leading to missed planting or reduced survival rates during automatic transplanting. To address this issue, a seedling selection system was developed for an automatic transplanter, incorporating functions for seedling identification, elimination of weak seedlings, and supplementation of missing ones. When an empty conveyor belt lattice reaches the seedling discharge funnel, the rear lattice carrying a plug seedling is accelerated to ensure a continuous supply of seedlings . A comparative field experiment was conducted using 30-day-old pepper plug seedlings to evaluate the performance of the seedling selection system . The results indicated that with the seedling selection system activated and seedling extraction frequencies of 60, 80, and 100 plants per minute, the plug seedling identification success rates were 98.84%, 98.38%, and 96.99%, respectively, while the rates of robust seedlings were 98.05%, 97.78%, and 95.83%. The robust seedling rates increased by 15.64%, 16.07%, and 13.89%, respectively, compared to when the seedling selection system was turned off. [1: ] 

           Yue, R developed a dual-row seedling pick-up device and an integrated control system.  To improve the efficiency and stability of automatic transplanting machines, Unlike conventional mechanical end-effectors that risk damaging seedling trays, a flexible pneumatic end-effector was designed based on mechanical and buffer optimization analysis. The system utilized multi-sensor feedback and servo motor control to coordinate lifting and clamping cylinders, achieving low-speed, high-efficiency seedling picking. Field tests using 33-day-old cabbage seedlings in 128-hole trays showed a picking speed of 180 plants/min, with stable positioning errors of 0.5–0.9 mm and a 97.3% average success rate. Buffer optimization reduced peak acceleration by 39.4%, demonstrating effective shock absorption. The system successfully met technical requirements for automated transplanting, offering a valuable reference for future transplanter development.








              Singh, Kamalpreet developed and evaluated a chain pot paper-type transplanter for onion cultivation using Solid Edge V20 and local fabrication resources. The study involved two onion varieties (Punjab Naroya and PRO 6), two seedling ages (30 and 40 days), and two surface conditions (flat and raised beds). Performance was assessed based on field capacity, seedling damage, plant population, seedling height, bulb size, and yield.
The results indicated that seedling age significantly affected plant height after 80 days, with younger seedlings generally performing better. Plant density remained consistent at 10 plants per meter in all treatments. Bulb size was significantly influenced by both variety and seedling age, while yield was significantly affected by onion variety and field surface condition. The highest yield (34.9 t/ha) was achieved with Punjab Naroya seedlings (30 days old) on raised beds. The transplanter’s theoretical and actual field capacities were 0.024 ha/h and 0.016 ha/h, respectively, demonstrating satisfactory field performance.The present study was conducted to develop and evaluate the chain pot paper type transplanter for onion crop. The transplanter was developed using Solid Edge V20 and then fabricated with the help of local manufacturer. Two varieties of onion were selected i.e Punjab Naroya and PRO 6. Two ages of seedlings were kept i.e 30 days and 40 days. Evaluation of the developed transplanter was performed using two surface treatments i.e flat and raised bed. Performance was evaluated on the basis of field capacity, plants per metre length, damage to seedlings, seedling height, bulb size and yield. There was significant effect of age of seedlings on their height. The average height of seedlings after 80 days from transplanting observed were 31.50 cm, 25.93 cm, 31.17 cm, 24.27 cm, 34.00 cm, 28.17 cm, 34.63 cm and 27.97 cm for treatments S1V1A1, S1V1A2, S1V2A1, S1V2A2, S2V1A1, S2V1A2, S2V2A1 and S2V2A2 respectively. The average plants per metre length was found to be 10 in all the treatments. The effect of varieties and age of seedlings on the bulb size was found to be significant. The average bulb size observed were 5.18 cm, 5.10 cm, 5.51 cm, 5.60 cm, 5.70 cm, 5.70 cm, 5.61 cm and 5.55 cm for treatments S1V1A1, S1V1A2, S1V2A1, S1V2A2, S2V1A1, S2V1A2, S2V2A1 and S2V2A2 respectively. The effect of varieties of onion and field surface on the yield was found to be significant. The average yield observed were 33.5 t/ha, 32.8 t/ha, 29.5 t/ha, 28.5 t/ha, 34.9 t/ha, 34.1 t/ha, 30.9 t/ha and 29.8 t/ha for treatments S1V1A1, S1V1A2, S1V2A1, S1V2A2, S2V1A1, S2V1A2, S2V2A1 and S2V2A2 respectively. Theoretical field capacity of the transplanter was 0.024 ha/h and actual field capacity of the transplanter was 0.016 ha/h.
[bookmark: _Hlk206363894]               Yue, R  developed a dual-row seedling pick-up device and an integrated control system.  To improve the efficiency and stability of automatic transplanting machines, Unlike conventional mechanical end-effectors that risk damaging seedling trays, a flexible pneumatic end-effector was designed based on mechanical and buffer optimization analysis. The system utilized multi-sensor feedback and servo motor control to coordinate lifting and clamping cylinders, achieving low-speed, high-efficiency seedling picking. Field tests using 33-day-old cabbage seedlings in 128-hole trays showed a picking speed of 180 plants/min, with stable positioning errors of 0.5–0.9 mm and a 97.3% average success rate. Buffer optimization reduced peak acceleration by 39.4%, demonstrating effective shock absorption. The system successfully met technical requirements for automated transplanting, offering a valuable reference for future transplanter development.




[bookmark: _Hlk206364114]          Habineza, E., conducted a comprehensive review of vegetable transplanters and the kinematic analysis of their major mechanisms. Although automation is feasible, vegetable transplanting is still primarily done manually, making it labour-intensive and inefficient. The authors categorized transplanters into handheld, semi-automated, and fully automated types, focusing on mechanisms such as seedling picking and dibbling, which are typically based on bar-link and gear systems. The study emphasized the use of analytical techniques and CAD systems to assess and optimize the design of transplanter components. Clamp-type and sliding-type mechanisms with 4- or 5-bar linkages and 1–2 degrees of freedom were found to handle seedlings effectively without causing damage. Additionally, gear-driven rotating dibbling mechanisms were noted for their ability to transplant up to 45 seedlings per minute. The review offers valuable insights for improving the design and performance of vegetable transplanters. Fully automatic vegetable transplanters demonstrated the highest performance, achieving an effective field efficiency of 0.093 ha·h⁻¹ and a transplanting efficiency of 92.6%. In comparison, semi-automatic transplanters recorded 0.026 ha·h⁻¹ field efficiency and 81% transplanting efficiency. Handheld transplanters exhibited the lowest performance, with an effective field efficiency of 0.0243 ha·h⁻¹ and a transplanting efficiency of 56.4%. This indicates that advancements in automatic transplanter design have significantly enhanced the efficiency of vegetable transplanting. Additionally, under varying field conditions, the misplanting rates for handheld, semi-automatic, and fully automatic transplanters were recorded as 0%, 3–8%, and 4.9%, respectively, reflecting their relative planting accuracy. The primary mechanisms in vegetable transplanting are picking and dibbling, which are further categorized into bar-linkage systems and gear-driven mechanisms. Successful vegetable transplanting depends on precise control of the picking trajectory, hopper velocity, and forward speed. Researchers have used analytical modeling, software simulations, and kinematic analysis to determine optimal component dimensions, link bar–gear combinations, and degrees of freedom for effective transplanting performance. Recent studies recommend that the most effective gripping mechanisms for clamp- and sliding-type systems are 4- and 5-bar linkages with 1 or 2 degrees of freedom. Additionally, gear-driven rotating dibbling mechanisms were recommended for their ability to achieve a planting rate of 45 seedlings per minute efficiently.
          Turbatmath developed a tractor-operated onion transplanter and evaluated two metering mechanisms—finger type and plug type—under laboratory conditions at three travel speeds (0.75, 1.00, and 1.25 km/h) using onion seedlings aged 6, 7, and 8 weeks. The study concluded that the plug-type metering mechanism, operating at 0.75 km/h with 7-week-old seedlings, was the most suitable for transplanting. Field trials of the semi-automatic onion transplanter equipped with a plug-type metering mechanism demonstrated a row-to-row spacing of 20–22 cm, plant-to-plant spacing ranging from 10.5 to 22 cm, and a planting depth of 3.5 to 4 cm. The observed missing transplant percentage was between 10–12%. The machine achieved a field capacity of 0.09 ha/h with a field efficiency of 68–75%. The draft requirement ranged from 466 to 476 kgf, and the cost of operation was reduced by 38.84% compared to manual transplanting.
        Mahadeo, M.N.S. developed a twin-row vegetable transplanter compatible with a tractor-operated bund forming, mulch, and drip laying machine to address the labour- intensive and time-consuming nature of manual transplanting on raised beds. Six-week-old chilli and tomato seedlings were used to evaluate the machine’s performance at three forward speeds (0.8, 1.0, and 1.2 km/h) and plant spacings (300, 600, and 1200 mm). The results indicated that while higher speeds increased effective field capacity (maximum of 0.124 ha/h) and field efficiency (up to 93.90%), they also raised the Seedling Miss Index and Multiple Index to 12.45% and 13.19%, respectively. The best Quality of Feed Index (98.12%) was achieved at 0.8 km/h with 1200 mm spacing, while the lowest (75.25%) occurred at 1.2 km/h with 300 mm spacing. The optimal operation for minimal seedling miss and multiple indexes was at 0.8 km/h and 300 mm spacing. The machine reduced labour costs by approximately 87%, with operational costs of ₹1053/h and ₹12,015/ha, and a payback period of 1.31 years. Overall, the twin-row transplanter proved effective for farm mechanization, offering improved efficiency and 40.61% cost savings over traditional methods.
      Kumar, N. (2022) conducted a study to design and evaluate a Modified Single Row Battery Operated Vegetable Transplanter (MSRBOVT) as an improvement over the Existing Two Row Battery Operated Vegetable Transplanter (ETRBOVT), aiming to reduce labour, drudgery, and physiological stress in vegetable transplanting. The MSRBOVT comprised components such as a DC motor, battery, power transmission unit, furrow opener and closer, seedling delivery system, and control unit. Field evaluations using chilli and brinjal plug seedlings showed that at an average speed of 0.289 km/h, the MSRBOVT achieved a field capacity of 0.016 ha/h, field efficiency of 92.82%, transplanting efficiency of 88.95%, and plant survival rate of 86.98%, with a transplanting rate of 547 seedlings/h. In comparison, the ETRBOVT at 0.192 km/h recorded slightly lower performance metrics: field capacity of 0.015 ha/h, efficiency of 86.10%, transplanting efficiency of 87.61%, plant survival rate of 85.78%, and a transplanting rate of 692 seedlings/h. Physiological assessments revealed that the MSRBOVT reduced the average heart rate and energy expenditure of operators, shifting the workload classification from "heavy" to "moderate." Operational costs were also lower with the MSRBOVT (Rs. 3673.12/ha) compared to the ETRBOVT (Rs. 4249.33/ha). The study concluded that the MSRBOVT was superior in terms of field performance, ergonomic comfort, and cost-effectiveness.
     Kohariya, S. K.  designed and developed a power tiller operated vegetable transplanter at the Department of Farm Machinery and Power Engineering, IGKV, Raipur. The machine was powered by a Husqvarna TF 545D diesel engine (9 HP/6.6 kW @ 3600 rpm) and aimed to support small and marginal farmers, especially in Chhattisgarh where small land holdings constitute 27.8% of total agricultural land. This solution addressed the limitations of high-cost 31–40 hp tractors, promoting mechanization through affordable 18–22 hp power sources popular in small farms. The developed single-row power tiller-operated vegetable transplanter, with overall dimensions of 1200 × 820 × 300 mm and fabricated using mild steel components, was evaluated under Vertisol soil conditions. The prototype, designed using CAD-CAM software, was tested for transplanting 45-day-old tomato and brinjal seedlings at three forward speeds (1.0, 1.5, and 2.0 km/h). The performance metrics included plant spacing, missing index, seedling angle, transplanting efficiency, field capacity, field efficiency, fuel consumption, and operational cost. Results indicated that the machine performed best at the lowest speed (1.0 km/h), with improved transplanting precision, reduced missing index, optimal seedling angle, higher transplanting and field efficiency, and reduced fuel consumption and operational costs. It achieved a labour saving of 9.65% and time saving of 79.65% compared to manual methods. A single-row vegetable transplanter, designed for operation with a power tiller and constructed using mild steel, was developed and evaluated in Vertisol soils. The transplanter was tested for tomato and brinjal at three forward speeds (1.0, 1.5, and 2.0 km/h). Key findings showed that plant spacing and seedling angle varied with speed, with better transplanting precision and efficiency at 1.0 km/h. The machine showed effective field capacities between 0.016–0.028 ha/h, field efficiencies of 70–80%, and fuel consumption between 1.2–1.4 l/h. Operational cost was Rs. 155.41/h. The optimal speed of 1.0 km/h led to the best overall performance, along with 9.65% labour savings and 79.65% time savings.
         Singh, A. K. (2010) developed and evaluated a two-row semi-automatic vegetable transplanter to address the challenges of manual transplanting in India. The machine was tested on brinjal (Swarna Shree), tomato (Cherry), and chilli (KA-2) crops at Birsa Agricultural University, Ranchi, during the kharif season of 2010 using a Randomized Block Design to assess its performance under field conditions. The transplanter achieved up to 80% labour savings across all crops, with transplanting cost reductions ranging from 2.26% in chilli to 4.21% in tomato. Although treatment M2S2 exhibited a higher percentage of missing hills, it recorded the lowest sapling mortality and highest plant survival—ranging from 6.10% to 7.15% for sapling mortality and 84.55% to 88.70% for plant survival across crops. Furthermore, M2S2 significantly influenced plant height, number of branches, fruits per plant, and yield per plant. the performance evaluation of the two-row semi-automatic vegetable transplanter was conducted under two field conditions (flat bed and raised bed) and two sowing methods (manual and machine). The mean operational speed and theoretical field capacity were found to be 0.9 km/h and 0.135 ha/h, respectively, while the actual field capacity ranged from 0.0926 to 0.1016 ha/h. Field efficiency varied between 68.35% (tomato) and 75.26% (brinjal). The study concluded that the transplanter was highly suitable for vegetable transplanting, particularly under raised bed conditions, due to its efficiency, labour savings, reduced transplanting time, and minimal seedling mortality.
       Manes, G. S., Dixit, A. K., (2010) developed and evaluated a tractor-operated, two-row semi-automatic vegetable transplanter to address the high labour demand (244–310 man-h/ha) and timeliness issues in vegetable cultivation. The machine, equipped with a picker wheel metering mechanism, was capable of transplanting wash-root type seedlings of cauliflower, tomato, and chilli in both bed and flat field conditions. Field evaluations showed a low plant-missing rate (2–3%) at 0.8–1.0 km/h, depending on spacing and operator skill. Plant mortality and yield were comparable to manual transplanting, but with a substantial 70–80% reduction in labour requirement.
The tractor-operated two-row semi-automatic vegetable transplanter achieved plant missing rates of 2–3.5% at 0.8–1.0 km/h, with slightly higher mortality than manual transplanting, particularly in brinjal due to mechanical stem handling. Yields (q/ha) for transplanter vs. manual methods were: chilli – 210 vs. 195, brinjal – 415 vs. 424, cauliflower – 333.3 vs. 367.1, cabbage – 172.4 vs. 185.2, and gobi-sarson (kg/ha) – 1,554 vs. 1,551, with differences mainly from row spacing (67 cm machine vs. 60 cm manual). Despite fewer plants/m² in machine transplanting, yield remained at par due to better plant growth from more space. Labour savings were 70–80% depending on spacing, while cost savings were up to 10% owing to low machine capacity.
             Zamani, D. M.  developed and evaluated a fully automatic tomato transplanter comprising a main chassis, seedling tray transfer mechanism, pneumatic pickup arm, crash tube, furrower, and PLC-based control system; field tests confirmed its functional performance. The study evaluated mechanical damage, establishment angle, and in-row spacing of seedlings using a factorial RCBD with three replications, testing forward speeds of 1, 1.5, and 2 km h⁻¹ and cultivation depths of 5 and 10 cm; both factors significantly affected performance at the 5% level, with the single-row transplanter achieving a theoretical capacity of 0.06 ha h⁻¹ at 1 km h⁻¹.
        Jo, J. S.& Okyere, (2018). investigated ways to improve the efficiency of vegetable transplanters, highlighting that the performance of these machines is strongly influenced by the design of the planting device. They noted that common problems, such as inaccurate planting angles and overly wide transplanting hole diameters, reduce overall effectiveness. To address this, the study focused on analyzing and modifying the linkages of a linkage-type planting device, which is widely used in Korea. The research was conducted in three stages, beginning with the extraction and analysis of the physical trajectory of the transplanter using a charge-coupled device (CCD) camera. The study confirmed that modifying the linkages of a planting device, supported by trajectory simulations and field demonstrations, can significantly improve the overall efficiency and precision of vegetable transplanters. analyzed a linkage-type vegetable transplanter and introduced mechanical modifications to improve efficiency. Since such devices often cause soil repulsion, link lengths were adjusted based on simulated and actual trajectory comparisons. The maximum error between simulated and actual trajectories was 3.8 mm, and improvements enhanced planting angle, soil intrusion diameter, and planting depth, confirming better overall performance. The linkages of the vegetable transplanter were modified, and the performance of the original and improved planting devices was compared under field conditions. The existing device recorded an average planting angle of 8.77° ± 0.61°, soil intrusion diameter of 61.38 ± 4.42 mm, and planting depth of 68.24 ± 1.71 mm. The improved device achieved a planting angle of 3.81° ± 0.51°, soil intrusion diameter of 50.08 ± 2.58 mm, and planting depth of 68.92 ± 1.05 mm. Overall, the modifications reduced the planting angle by 4.96°, decreased soil intrusion diameter by 11.3 mm, and slightly improved planting depth, resulting in enhanced precision and efficiency of transplanting.
             Nandede and Raheman (2015) developed a multi-stage rotating cup-type metering mechanism for transplanting vegetable seedlings of tomato, brinjal, and chili raised in paper pots. The system comprised a seedling feeding wheel, metering wheel, fixed slotted plate, seedling delivery tube, furrow opener, furrow closer, and power transmission unit. Performance evaluation was conducted with seedlings of 8–11 cm height at five forward speeds (0.6–3.2 km/h) and two plant spacings (45 and 60 cm) under controlled soil bin conditions. The results showed that feeding, conveying, planting, and overall efficiencies of the unit exceeded 90% at forward speeds ranging from 0.6 to 2.2 km/h. At the higher forward speed of 3.2 km/h, the feeding and conveying efficiencies remained above 90%. However, planting efficiency dropped sharply to around 50% because the pot seedlings could not be positioned vertically in the furrow. The seedlings were placed at an angle greater than 70° from the vertical, making them unsuitable for proper transplanting.
            Paradkar and Raheman (2021) developed an automated metering mechanism for a vegetable transplanter, integrating a 3-DOF serial robotic arm with an automatic feeding conveyor. The system was designed to pick and place tomato seedlings raised in biodegradable paper pots (50 cm³ volume, 3.5 cm diameter, 5.2 cm height, and up to 47 g weight including pot mix and seedling). A matrix-type feeding conveyor positioned the pots for pickup, while an LDR–LED sensing unit controlled its intermittent movement. The mechanism was tested under both laboratory and field conditions to evaluate its performance. The robotic arm achieved a handling capacity of 20 seedlings per minute, with an effective cycle time of 2.5–3.1 seconds per seedling. The power consumption was 18 W for the conveyor and 16 W for the robotic arm. Under laboratory conditions, the conveying, metering, and overall efficiencies were 96.83%, 95.91%, and 92.86%, respectively, compared to 94.7%, 93.28%, and 88.33% in field conditions. The system was lightweight, simple in design, and successfully handled pot seedlings without damage, making it suitable for mechanizing vegetable seedling transplanting.
         Pandirwar (2016) designed and developed a tractor-operated semi-automatic six-row onion transplanter to address the labour-intensive and costly nature of manual transplanting. Physical properties of 50-, 60-, and 70-day-old seedlings were studied, and experimental plug- and finger-type mechanisms were developed. Soil bin studies analyzed seedling age, drop height, operating speed, and finger material, with SAS software used to determine optimum conditions. Based on these, a six-row prototype was designed in Pro-E Wildfire 4.0, fabricated, and field tested, showing improved transplanting efficiency, planting depth, and seedling placement with reduced damage. The performance parameters and cost economics of the developed onion transplanter were compared with manual transplanting. As seedlings aged, their diameter, weight, length, and compressive strength increased, making them more robust—data that guided the design and adjustment of machine components. The plug-type metering mechanism achieved plant spacing of 12.14–13.35 cm with a planting depth of 1.84–2.92 cm, while the finger-type mechanism showed wider spacing of 16.79–19.50 cm and planting depth of 2.85–3.43 cm. Transplanting success and furrow closure were superior in the plug mechanism (76.67–100% and 73.33–100%) compared to the finger mechanism (18.33–78.33% and 15–73.33%). Similarly, plug filling efficiency was 96.67–32.22% against 95.28–22.5% for finger type, while seedling damage remained lower in the plug mechanism (0–17.3%) than in the finger type (0–31.3%).
          Rahul, Raheman, and Paradkar (2019) designed and developed a 5R, 2-DOF parallel robot arm to handle paper pot seedlings in vegetable transplanters, aiming to integrate automation and reduce reliance on heavy mechanical components. The robotic arm, built using 3D-printed parts, embedded microcontrollers, and sensors, featured a gripper for precise pick-and-place operations along a desired path. The study detailed the synthesis of link lengths to achieve the required reach and presented a logical programming approach for the microcontrollers, enabling smooth and coordinated actuation of the input links. To minimize dynamic vibrations during continuous operation, parabolic blends were introduced at the start and end of the robot’s joint trajectory. The robotic arm was designed with adaptability, allowing modification of the number of pickup points per row and adjustment of pickup and drop coordinates within its workspace. Its performance was tested with 15 paper pots (4 replications, 60 runs) containing a soil–sand–vermicompost mixture, each weighing around 80 g with nearly 5% moisture content. The robot arm completed the pick-and-place operation of a seedling pot from 116.6 mm distance within 2.1–2.4 s, consuming up to 20.47 W of power. During experiments, it consistently handled all pots without any misses, cracks, or visible damage. Its positional repeatability was measured as 2.1 mm on the X-axis and 3.4 mm on the Y-axis.
     Jin et al. (2018) developed a single-row automatic transplanting device for potted tomato seedlings in China, addressing the low automation level that hampers transplanting efficiency and quality. The system, designed using mechatronics, integrates seedling tray transport, automatic extraction, and mechanical planting. By analyzing tomato seedling properties and applying kinematics orthogonality with a dynamic sequence solution, the authors optimized the mechanism to achieve a “sickle” trajectory for precise transplanting. The mechanical parameters of the seedling collection mechanism were determined using the analytic drawing method, and transplanting tests were performed at 25 °C with 40-day-old seedlings at 55% moisture content. At a transplanting frequency of 120 plants/min, the success rate dropped to 77.78% with a maximum leakage rate of 38.75%. However, when operating between 60–90 plants/min, the device effectively met the requirements for high-speed transplanting of potted vegetable seedlings. The results indicated that at a transplanting frequency of 60 plants/min, the success rate reached a maximum of 92.59%, while the leakage rate was minimized to 23.13%.
       Khadatkar et al. (2024) developed and evaluated a robotic transplanter equipped with a single jaw-type gripper for automatic extraction of nursery seedlings. The system, driven by PLC-based programming and DC motor control, enabled precise seedling pickup from protrays and transfer through a delivery pipe, with user input provided via an LCD interface. Tested on chilli and tomato seedlings, the device achieved an extraction rate of 3 seedlings per minute, demonstrating the potential of mechatronics-based automation to improve transplanting efficiency. The primary objective was to evaluate the feasibility of operating the technology with a 12 V battery supply, specifically for chilli and tomato seedlings. The robotic transplanter achieved a notable success rate of 91–95% in handling nursery-grown seedlings, highlighting its potential to enhance transplanting efficiency. The single-gripper seedling extractor attained an extraction speed of about 3 seedlings per minute, which could be further increased by integrating multiple grippers. Although the success rate was encouraging, a leakage rate of 7.6–13.9% was recorded, indicating the need for further improvements to reduce seedling loss or damage during transplanting. Even though this leakage level is comparatively low, it remains a critical factor for refinement. The developed mechatronic robotic transplanter and automatic seedling extractor represent a valuable advancement in agriculture and horticulture, with the potential to transform conventional practices of transplanting nursery-grown seedlings. The findings revealed that for nursery-raised seedlings, the success rate ranged between 91–95%, leakage between 7.6–13.9%, and overall successful transplanting between 86.8–90.3%. Given the shortage of manual labor in agricultural operations, robotic transplanters present a promising solution for the future of Indian farming. This study focused on the design and evaluation of a mechatronic robotic transplanter integrated with an automatic seedling extractor.
         Durga et al. (2018) reported the development and evaluation of a mini-tractor drawn single-row semi-automatic vegetable transplanter, primarily designed for tomato and brinjal seedlings. The machine comprised a main frame, revolving magazine-type metering system, seedling delivery tube with a parabolic cut at its lower end, double-disc furrow opener, and revolving press wheels for soil compaction. Its performance was tested at forward speeds of 1.0, 1.5, and 2.5 km h⁻¹, focusing on transplanting quality parameters. The machine achieved a field capacity of 0.05, 0.089, and 0.11 ha h⁻¹, with corresponding field efficiencies of 83.3%, 75.55%, and 73.3% at forward speeds of 1.0, 1.5, and 2.5 km h⁻¹, respectively. The study revealed that seedling-to-seedling spacing ranged between 44.26–41.46 cm for tomato and 44.71–40.26 cm for brinjal, depending on the forward speed. The transplanting efficiency varied from 88–61% in tomato and 90–68% in brinjal.
        Thorat et al. (2017) reported the design and development of a manually operated two-row trolley-type vegetable transplanter to overcome the limitations of manual transplanting, which is highly labouur-intensive, uneconomical, and often delayed due to seasonal labour scarcity. The machine was developed considering the morphological characteristics of seedlings, agronomic requirements, and ergonomic suitability. It was designed to transplant two rows (four seedlings) simultaneously, using a jaw mechanism fitted at the base of four hollow delivery tubes as the key operational component. Their work demonstrated a practical low-cost solution aimed at improving transplanting timeliness and reducing dependence on manual labor in vegetable cultivation. The minimum operational cost was estimated at ₹672.74/ha, while the cost of transplanting 1000 seedlings was ₹114.43 with the transplanter compared to ₹156.38 manually, indicating a notable cost saving. Assuming an annual utilization of 250 hours, the payback period of the machine was calculated as 926.74 hours, equivalent to about 3.71 years. The transplanter achieved a maximum field efficiency of 86.75% with 4-week-old seedlings on bare beds. The effective field capacity was recorded as 0.014 ha h⁻¹ for 6-week-old seedlings on mulch beds.
         Jo et al. (2018) developed and improved a linkage-type planting device for a vegetable transplanter to overcome problems of inaccurate planting angles and large hole diameters. Using CCD camera analysis and Recurdyn 3D simulation, the trajectory of the device was studied and optimized. The improved design showed enhancements of 4.96 mm in planting angle, 11.30 mm in soil intrusion diameter, and 0.68 mm in planting depth, confirming better planting performance. In this study, a linkage-type planting device of a vegetable transplanter was analyzed and mechanically modified to enhance its working efficiency. Trajectory analysis was carried out using simulations and compared with actual data, showing a maximum error of 3.8 mm. After modifying the link lengths, the improved device achieved a planting angle of 3.81° (reduced by 4.96°), a soil intrusion diameter of 50.08 mm (reduced by 11.3 mm), and a planting depth of 68.92 mm compared with the existing device. These results confirmed that mechanical alterations in linkage design effectively reduced soil load area and improved transplanting performance.
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Table 1: Performance Evaluation of semi-automatic transplanters
	S.N
	Authors (Year)
	Machine 
type
	Key mechanism/ innovation
	Crop(s)
	Reported Performance
(example
	Notes

	1. 
	Singh, K. 
(2018)
	Chain pot
Paper-type
Vegetable 
transplanter

	Seedling ages: 30 & 40 days - Surface:
 Flat & Raised beds

	Onion (Punjab
Naroya& 
PRO 6)
	F.C(theoretical:0.024 ha/h, actual: 0.016 ha/h) – 
Plant density: 10 
plants/m (all treatments) - Seedling height after 80 days: 24.27–34.63 cm - Bulb size: 5.10–5.70 cm - Yield: 28.5–34.9 t/ha

	Best yield 
(34.9 t/ha) recorded
 with Punjab Naroya
(30-day seedlings)
 on raised beds. – 
Transplanter 
demonstrated 
satisfactory 
field performance 
despite lower actual 
field capacity.


	2. 
	Turbatmath et al. (2011
	Handheld
Semiautomatic,
automatic

	Picking 
and 
dibbling, 
based on 
bar-linkage 
and 
gear-driven systems.
	Mechanized onion transplanting showed a 2–3.5% missing rate, slightly higher mortality than manual, with comparable bulb yield
	Handheld: 0.0243 
ha·h⁻¹, 56.4% efficiency, 0% misplanting.
Semi-automatic: 0.026 
ha·h⁻¹, 81% efficiency, 
3–8% 
misplanting.
Fully automatic: 
0.093 ha·h⁻¹, 
92.6% efficiency, 
4.9% misplanting.
	Automatic transplanters provide the highest efficiency; design advancements significantly improve transplanting 
performance.

	3. 
	Kumar, et al
(2022)
	

Two-row battery-operated vegetable transplanter
	Single-row ergonomic design 
with 
reduced drudgery 
and lower operational 
cost
	Chilli, 
Brinjal
	MSRBOVT: 0.016 ha/h, 92.82%eff.,88.95% transplanting eff., 86.98% survival, 547 seedlings/h. ETRBOVTslightly lower.
	MSRBOVT superior in efficiency, ergonomics, and cost-effectiveness.

	4. 
	Manes & 
Dixit (2010)
	Tractor-operated, two-row semi-automatic vegetable transplanter
	Picker 
wheel 
metering mechanism for wash-root seedlings
	cauliflower, tomato, 
chilli, 
brinjal, cabbage, 
gobi-sarson;
	Plant missing rate: 2–3.5%; Slightly higher mortality in brinjal (due to stem handling); Yields at par with manual transplanting (chilli: 210 vs. 195 q/ha, brinjal: 415 vs. 424 q/ha, cauliflower: 333.3 vs. 367.1 q/ha, cabbage: 172.4 vs. 185.2 q/ha, gobi-sarson: 1,554 vs. 1,551 kg/ha); Labour reduced by 70–80%; Cost saving ~10% (low machine capacity)
	Reduced labour and timeliness issues in vegetable transplanting; showed machine transplanting can match manual yield while saving labour

	5. 
	Paradkar & Raheman (2021)
	Walk-behind, hand 
tractor powered vegetable transplanter
	Designed specifically for 
Paper chain
 Seedling
	Cabbage, lettuce, onion
	Field capacity: 0.05 ha/h - Planting depth: 2–3 cm - Missing rate: <10
	Machine achieved good performance for paper 
pot seedlings. - Ensured eco-friendly transplanting with biodegradable pots

	6. 
	Pandirwar (2016)
	Tractor-operated semi-automatic 
six-row onion transplanter
	Comparative study of plug vs. finger-type metering
	Onion
	Plug-type: spacing 12.1–13.4 cm, depth 1.8–2.9 cm, success76.7–100%, furrow closure 73–100%, damage 0–17.3%
Finger-type:spacing 16.8–19.5 cm, depth 2.9–3.4 cm, success 18–78%, closure 15–73%, damage 0–31.3%
	Plug-type mechanism was more efficient and less damaging than finger-type, making it more suitable and economical for onion transplanting.

	7. 
	Thorat et al. 
(2017
	Manual 
trolley,
Two -row
	Jaw at base of
 4 delivery 
tubes

	Mixed vegetables
	Max FE 86.75% 
(4‑wk seedlings, 
bare bed); 
EFC 0.014 ha·h⁻¹ 
(6‑wk, mulch); 
₹ savings
	Payback ≈3.71 
years at
 250 h·y⁻¹

	8. 
	Durga et al al. (2018)
	Mini-tractor, single-row 
(semi-auto)
	Revolving magazine, double-disc opener, 
press wheels
	Tomato, 
brinjal
	Eff.:88–61% (tomato),
90–68% (brinjal)
FC: 0.05–0.11 ha·h⁻¹
	Efficiency drop with 
Speed : quality assessed 
at 1.0-2.5km/h


	9. 
	Singh, A. K. (2010
	Two-row semi-automatic vegetable transplanter
	RBD; flat vs. raised 
beds; 
manual vs. machine 
sowing
	Brinjal, 
Tomato
Chilli
	Speed :0.9 km/h TFC -0.135 ha/h ; Actual field
Capacity: 0.0926- o.1016
Ha/h ; Field efficiency :
68.35 % (tomato )-75.26%
(brinjal ); labour savings :
: up to 80% transplanting
Cost reduction :2.26 % (
Chilli -4.21 %(tomato)
Sapling mortality : 6.10-7.15 % plant survival :84
.55-88.70 %
	Raised bed transplanting gave best results; machine ensured high labour/time savings, reduced costs, minimal seedling mortality
















Table 2: Performance evaluation of automatic vegetable transplanters

	S.N .
	Authors (Year)
	Machine 
type
	Key mechanism/ innovation
	Crop(s)
	Reported Performance
(example)
	Notes

	1. 1111
	Yongshuang 
Wen et al
(2022–23)
	Automatic transplanter with 
Machine
 vision
	Machine 
vision-based 
seedling identification system + 
PLC control; 
	Pepper 
plug 
seedlings 
(30-day-old)
	Identification success 
rate: 98.84% 
(60 plants/min), 
98.38% 
(80 plants/min), 
96.99% 
(100 plants/min). 
Robust seedling 
rate: 98.05%, 97.78%, 95.83

	Seedling selection 
system improved 
robust seedling rate
 by ~14–16%

	2 .
	Yue, R. (Year not specified, ~2022–23)
	Dual-row automatic seedling 
pick-up 
device 
with integrated control system
	Flexible pneumaticend-effector with multi-sensor and servo control ensures precise, damage-free seedling handling.
	Cabbage seedlings 
(33 days, 
128-hole tray
	Picking speed:18 plant
/min; Positioning error :0.5-0.9 mm Avg 
success rate 97.3% reduced peak acceleration39.4 %


	Flexible pneumatic
 system ensured 
precise, damage-free 
high-speed 
transplanting.



	4 .
	Habineza et al. (2023)
	Automatic transplanter
	
Kinematic analysis classifies transplanters as semi-automatic or automatic



)
	.
Multiple 
crops (general
	Speed, accuracy, success rate, seedling damage across designs.
	Semi-automatic transplanters are cheaper and common in Asia, while automatic ones offer precision but need higher cost and control.

	5.
	Mahadeo, M. N. S.et al ( 2023)
	Twin-row vegetable transplanter integrated with tractor-operated bund forming & mulch laying machine
	Twin-row planting unit 
Integrating with
Raised-bed forming
Mulch -laying
system


	chilli & 
tomato
	Best Quality of Feed Index: 98.12% (0.8 km/h, 1200 mm spacing); 
Max field efficiency: 93.9%; EFC: 0.124 ha/h; Seedling Miss Index: up to 12.45%; Multiple Index: up to 13.19%; Labor cost reduced~87%; Operational cost: ₹1053/h, ₹12,015/ha; Payback: 1.31 years; 
Cost saving: 40.61%
	Integrated multi-function machine (transplanting 
+ mulch + drip) for raised beds; improved efficiency & economic viability of mechanized transplanting

	6 .
	Kohariya, 
S.K. (2021)
	Power-tiller operated vegetable transplanter
	Designed for small marginal
Farms Integrated with 
tiller attachment
	Tomato & Brinjal (45-day-old seedlings
	Plant spacing, 
missing index, seedling angle,transplanting efficiency, field capacity (0.016–0.028 ha/h), 
field efficiency (70–80%), fuel consumption 
(1.2–1.4 l/h), 
cost (₹155.41/h)
	Best performance at 1.0 km/h, with higher precision, lower missing index, optimal seedling angle, 9.65% labour saving, and 79.65% 
time saving over
 manual transplanting.

	7 .
	Jo, j. s
 Okyere
(2018)

	Linkage-type vegetable transplanter
	Modified linkage reduced 
soil 
repulsion, improved planting angle & depth 
precision, enhancing overall transplanting efficiency
	Vegetable seedlings (general, Korea)
	Max error between simulated & actual trajectory :3.8 mm- planting angle reduced 
8.77°→3.81°. .
Soil intrusion diameter reduced: 61.38 → 50.08 mm
Planting depth improved: 68.24 → 68.92 mm
	Planting angle 
- Soil intrusion diameter 
- Planting depth 
- Trajectory error

	8 .
	Nandede & Raheman (2015)
	Multi-stage rotating 
cup-type metering mechanism
Veg transplanter
	Rotating 
cup-type metering
	Tomato, brinjal, 
chilli (paper 
pot seedlings)
	Efficiencies >90% up to 2.2 km/h; at 3.2 km/h planting efficiency dropped to ~50%. 5 speeds (0.6–3.2 km/h), 2 spacings (45 & 60 cm)
	Effective at low–
moderate speeds; high speed caused misalignment and poor vertical placement

	9 .
	Jinet al. (2018)
	Single-row automatic transplanting device for potted tomato seedlings (China)
	Mechatronics-based system with tray transport, automatic extraction & mechanical planting
	Tomato
	At 120 plants/min: success rate 77.78%, leakage rate 38.75%; At 60–90 plants/min: success rate up to 92.59%, leakage reduced to 23.13%
	Optimized “sickle” trajectory and analytic drawing method improved high-speed automatic transplanting efficiency

	10 .
	Jo et al. 
(2018)
	Automatic linkage-type device
	Link-length optimization
Via CCD
 Recurdyn

	Cabbage
/veg
 seedlings
	Planting angle ↓4.96°, 
soil intrusion 
↓11.3 mm; 
depth +0.68 mm
	Simulation -to fied 
Work
Flow
improves accuracy




Table 3: Performance evaluation of Fully automatic /robotic vegetable transplanter
	S.N
	Authors
 (Year)
	Machine 
type
	Key mechanism/ innovation
	Crop(s)
	Reported Performance
(example)
	Notes

	1
	Zamani, 
D. M. (2014)
	Fully automatic
Tomato transplanter 

	PLC-controlled pneumatic pickup arm + automated tray transfer system for precise seedling placement
	Tomato
	Theoretical capacity:
 0.06 ha/h at 1 
km/h  In-row spacing
Forward speeds: 1, 1.5, 2 km/h 
- Cultivation depths:
5&10 cmReplications: 3
	Speed&depth significantly affected transplanting performance at 5% level; best results at low speed & optimum depth

	2
	Khadatkar et al. (2024)
	Robotic transplanter with automatic seedling extractor
	Singh jaw -type 
GripperPLC based programming,
Dc motor 
Control LCD 
Interface ,12 battery operation
	chilli & 
tomato seedlings;
	Success rate: 91–95%; Leakage:7.6–13.9%; Overall transplanting success:86.8–90.3%; Extraction speed: ~3 seedlings/min (expandable with multi-grippers)
	Demonstrated feasibility of battery-powered robotic transplanting; improved automation in seedling handling with scope for leakage reduction


	3
	Rahul, Raheman & Paradkar (26019)
	5R, 2-DOF parallel robotic 
arm for vegetable transplanter
	3D-printed arm with gripper, microcontrollers, sensors, and parabolic blends for smooth motion.
	Vegetable
	Completed pick-and-place in 2.1–2.4 s from 116.6 mm distance; power consumption 20.47 W; no missed pots, cracks, or damage; positional repeatability: 2.1 mm (X), 3.4 mm (Y); adaptable pickup/drop coordinates
	Tested with 15 paper pots (80 g, ~5% moisture) × 4 replications (60 runs); evaluated power, handling accuracy, repeatability



SUMMARY AND CONCLUSION 
This section highlights the development and performance evaluation of various semi-automatic, automatic, and robotic vegetable transplanters designed to enhance efficiency and reduce labor requirements for small-scale and marginal farmers. Each transplanter is adapted to specific crops and farming conditions, with an emphasis on cost-effectiveness, user-friendliness, and field efficiency
Engineering interventions in vegetable transplanting have significantly advanced from semi-automatic devices requiring manual feeding to fully automatic robotic systems capable of precise and efficient transplanting. Semi-automatic transplanters offer affordable solutions for small and medium farms, while automatic transplanters represent the future of mechanized transplanting, particularly in labor-scarce regions. Continuous improvements in design, coupled with economic feasibility and adaptability to diverse field conditions, will determine their success and adoption in sustainable vegetable production.
Semi-automatic, automatic, and robotic transplanters have progressively improved vegetable transplanting by reducing labour demand and enhancing field efficiency. While semi-automatic models offer low-cost solutions with moderate efficiency, automatic transplanters provide better precision and higher productivity. Robotic systems, though costly, ensure maximum accuracy and labor savings, highlighting the future potential of advanced automation in sustainable vegetable farming.
Overall, the adoption of semi-automatic and automatic seed sowing machines holds promise for enhancing vegetable farming, making it more efficient and sustainable. Continued development and optimization of these machines will support the goal of achieving greater productivity and sustainability in agriculture.
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