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Article info:  
Integrating robotic technologies into agricultural practices has witnessed 

significant strides, particularly in tomato harvesting. This review paper 

offers a comprehensive examination of robot arms' end effectors developed 

for the intricate task of harvesting tomatoes. Drawing insights from a 

diverse range of sources spanning Google Scholar, Scopus, IEEE Xplorer, 

and AnimoSearch, the study analyzes the trends, challenges, and future 

trajectories of employing robotic end effectors in the agricultural context. 

The investigation encompasses an in-depth exploration of various end-

effector methodologies, including grippers, rotational mechanisms, scissor-

type tools, and suction devices, elucidating their merits and prevalence in 

the current research literature. Focusing on the utilizations of end effectors 

in agricultural robotic harvesting systems, the review delves into fruit 

detachment methods, types of end tools designed explicitly for harvesting 

tomatoes, and the integration of sensors into end effectors for enhanced 

capabilities. The paper highlights the nuanced criteria involved in end 

effector design, emphasizing operational characteristics, technical features, 

and the need for adaptability to diverse fruit shapes. Furthermore, a detailed 

analysis of the challenges faced by end effectors in tomato harvesting is 

presented, with proposed solutions and recommendations for future 

research. The discussion extends to the future trends in this evolving field, 

envisioning advancements in sensing technology, artificial intelligence 

integration, adaptability, autonomy, and sustainability. In conclusion, the 

synthesis of technological innovation and agricultural expertise holds 

promise for reshaping tomato harvesting, paving the way for more 

sustainable, efficient, and cost-effective farming practices. 
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1. Introduction  
 

The agricultural sector globally confronts fresh 

challenges concerning the balance between 

supply and demand. Given projections of a 

world population reaching 9 billion by 2050, 

there's a pressing need to double agricultural 

output to satisfy rising food requirements [1].  

The labor-intensive process of individually 

picking ripe produce has posed a persistent 

concern for farmers and growers. Hence, 

adopting robotics and mechanized harvesting 

techniques has emerged as a viable solution to 

address these challenges effectively [2]. 

Furthermore, the increasing adoption of 

advanced intelligent farming methods and 

precision agriculture is driving a surge in 

agricultural robot innovation. For example, fruit 

harvesting traditionally involves arduous manual 

labor. However, integrating agricultural robots 

improves efficiency, promoting competitiveness 

by reducing dependence on manual labor during 

harvests [3].  

Despite these technological advancements, there 

is a projected 50% decline in the agricultural 

workforce by 2050, potentially leading to a 

shortage of 5 million skilled harvesting workers. 

Consequently, this challenge may impact 

gathering more than 10% of the world's fruit 

production [4]. Harvesting is characterized by its 

seasonal nature, low compensation, repetitive 

tasks, and dependence on manual labor, 

providing limited opportunities for professional 

growth.  

The experienced workforce in this sector is 

gradually retiring, while younger generations 

show minimal enthusiasm for taking up these 

positions. Labor shortages contribute to delays in 

the harvesting process, and even a slight delay of 

a few days can result in a significant decline in 

quality, potentially causing an 80% reduction in 

market value. Consequently, farmers around the 

globe encounter an approximate annual revenue 

loss of USD 30 billion due to unharvested fruit 

sales [5]. Hence, there has been a notable 

transformation in crop management in recent 

decades. The assessment of harvesting robots 

encompassed various aspects, including the 

crops they harvested, performance metrics, 

design methodologies, hardware choices, and 

algorithm features. On average, these robots 

achieved an 85% success rate in localization, 

75% in detachment, and 66% in overall harvest 

success, with only a 5% rate of fruit damage. 

However, peduncle damage was higher at 45%, 

and the average cycle time was 33 seconds. 

Notably, a kiwi harvesting robot achieved the 

fastest cycle time, completing a cycle in just 1 

second [6].  

Robotic arms have become integral to automated 

agriculture, fulfilling essential crop planting, 

harvesting, and packaging functions. Utilizing 

these systems has the potential to reduce 

dependence on human labor while improving the 

efficiency of agricultural activities. Precisely 

programming robotic arms to execute specific 

tasks swiftly promises to increase crop yields 

and reduce labor costs [7]. As a result, the 

evolution of automated systems is geared 

towards mitigating labor shortages, expediting 

harvesting processes, and optimizing overall 

efficiency in crop harvesting. Harvesters rely on 

their manual dexterity in traditional manual 

harvesting to prune leaves or branches, grip the 

fruit, and separate it from the plant, sometimes 

using cutting tools.  

Expertise and familiarity are crucial in manual 

harvesting, and unseasoned harvesters could 

unintentionally harm the plants. Despite this, 

human hands and bodies possess inherent 

grasping capabilities, supported by the ability to 

feel, and the strength of muscles allows for quick 

adjustment to different crop shapes and textures, 

facilitating the accurate application of the 

required force for detachment [8]. Nevertheless, 

human capabilities are constrained by the impact 

of fatigue. In contrast, a robotic system can 

sustain continuous harvesting with precision 

without succumbing to exhaustion, ensuring a 

consistent output. Hence, scientists aim to mimic 

human harvesting capabilities by creating 

kinematic models for robotic arm movements 

and advanced end-of-arm tools with sensors for 

handling crops [9].  

The end effector acts as an external attachment 

affixed to the robot's wrist, enabling 

participation in various tasks in harvesting 

robots. In this context, the end tool acts as the 

link between the robot and the particular 

product, which, in this case, pertains to tomatoes. 
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Inadequate design of the terminal device poses a 

potential risk to the tomatoes, compromising the 

overall efficiency of the harvesting system, as 

noted in reference [10].  

Given the diverse range of tomato varieties, it 

becomes crucial for each harvesting system to 

incorporate a tailored end effector that aligns 

with the distinctive characteristics of the 

tomatoes undergoing harvest. The extensive 

literature review conducted for this article spans 

the years from 2007 to 2023.  

 

2. Literature review   

 

Researchers globally have recently put forth 

various robot end effectors tailored for 

harvesting tomatoes in agriculture. Park and 

team [3] present an innovative end-effector 

designed for a robot specialized in harvesting 

fruits and vegetables: its mechanism and field 

experimentation. Their work demonstrates 

advancements in end-effector technology 

targeted explicitly toward efficient tomato 

harvesting. Takeshi et al. [11] suggest and verify 

tomato recognition for harvesting robots 

considering overlapping leaves and stems. Their 

study addresses a crucial aspect of robotic 

tomato harvesting by focusing on the challenges 

posed by the plant's natural environment, 

particularly in scenarios where leaves and stems 

obscure the fruit. Ziyue et al. [12] review the 

structural advancements and methods for 

recognizing and localizing the end-effector of 

robots designed for picking fruits and 

vegetables. Their comprehensive review 

provides valuable insights into the state-of-the-

art technologies and methodologies for 

developing end-effectors suitable for various 

agricultural applications, including tomato 

harvesting. Shivaji [13] has focused on crafting 

a tomato harvesting robot that emphasizes the 

identification of tomato peduncles and approach 

methods. This research contributes to 

developing specialized robotic systems capable 

of accurately identifying and harvesting 

tomatoes, addressing the intricacies of 

navigating and harvesting within a dense plant 

canopy.  

Ting et al. [14] have implemented a robust 

cherry tomatoe detection algorithm in a 

greenhouse scene based on SSD. Their work 

showcases the application of computer vision 

techniques in automating the detection and 

localization of tomatoes, laying the foundation 

for precise robotic harvesting systems capable of 

operating in controlled environments. Takuya et 

al. [15] have evaluated the tomato growth state 

map for the automation of monitoring and 

harvesting. By leveraging advanced mapping 

techniques, their research explores the potential 

for automation in monitoring tomato growth 

stages, thereby enabling optimized harvesting 

strategies tailored to the developmental status of 

the crop. Jeahwi et al. [16] present an innovative 

end effector designed to harvest fruits and 

vegetables for a robot, showcasing its 

mechanical structure and a field trial. Their study 

contributes to the ongoing efforts to develop 

versatile end-effectors capable of handling a 

variety of agricultural produce, including 

tomatoes, with efficiency and precision. 

 

3. Materials and methods   
 

This review article's data sources and scientific 

information were gathered from Google Scholar, 

Scopus, IEEE Xplorer, and AnimoSearch, a 

search tool at De La Salle University in Manila. 

Initially, the study employed keyword 

combinations such as ''end-effector'' and ''robotic 

tomato harvesting.'' Fig. 1 illustrates the 

taxonomy for extracting keywords from the 

database on the Web of Science.  

 

 
Fig. 1. The classification system according to Web of 

Science database. 
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The aim is to determine the trends and volume of 

research about using robot arm end-effectors in 

tomato harvesting within the agricultural 

context. 

All identified papers underwent a thorough 

examination to gauge their relevance to the 

topic, and those needing more pertinent 

information regarding end effectors used in field 

applications were excluded. The assessment of 

all end effectors employed in tomato harvesting 

robots typically relied on the following criteria: 

their capabilities, intended final application, 

presence of sensors, integration with a robotic 

arm, and their current developmental stage.  

These evaluation criteria shed light on the 

leading technologies utilized in agricultural 

practices. By analyzing the number of journal 

articles published annually from 2007 to 2023, 

we were able to discern research trends and 

interests. Graphs were generated to represent 

these findings visually, and the keywords ''end-

effector'' and ''robotic tomato harvesting'' are 

reflected in the results observed in Figs. 2 and 3. 

In Fig. 2, the number of publications per year 

peaked in 2021, with 1,200 papers using the 

keyword ''end effector.'' The graph indicates a 

consistent annual increase in publications from 

2007 to 2023. 

Similarly, in Fig. 3, the number of publications 

peaked in 2022 and 2023, with eight papers 

using the keywords ''end effector'' and ''tomato 

harvesting robot.'' This graph also shows a 

steady rise in publications each year from 2007 

to 2023. 

 

4. Utilizations of end-effectors in agricultural 

robotic harvesting systems  
 

The end effector, a crucial component of the 

harvest system, has the potential for continuous 

improvement and refinement to ensure optimal 

performance in the harvesting process, as 

detailed in the reference [17]. The actions 

performed by the robot arm's end effector during 

harvesting often lead to unintended damage to 

the fruit, as explained in connection [18].  

Automated harvesting robots encounter 

significant challenges in detecting and 

accurately locating fruit, as highlighted in [19]. 
 

 

 
Fig. 2. The number of publications per year according 

to AnimoSearch in chronological order based on the 

keyword "end effector". 

 

 
Fig. 3. The number of publications per year according 

to AnimoSearch in chronological order based on the 

combination of the keywords "end effector" and 

"tomato harvesting robot". 

 

The harvesting of fruits commonly presents 

challenges due to diverse unorganized obstacles, 

such as branches and foliage, frequently 

hindering the efficient operation of the 

harvesting system. Therefore, creating and 

implementing a successful harvesting system 

requires finding a careful equilibrium between 

speed and effectiveness. The harvesting end 

effector, responsible for detaching fruits from 

trees, plays a crucial role in any harvesting 

mechanism. Its adaptability to specific fruits is 

standard practice, allowing for the customization 

of end effectors based on the harvested fruit [20]. 

Nevertheless, the versatile design enables 

relatively minor adjustments to accommodate 

produce of similar dimensions or different fruit 

types, as discussed in the reference. 
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The design of the end effector requires 

adherence to specific criteria, outlined as 

follows: (1) operational characteristics, 

including adaptability to diverse shapes, 

prevention of damage to the harvested product, 

consistent and highly precise operations, and (2) 

technical features, encompassing swift 

activation, minimal maintenance requirements, 

lightweight construction, and low energy 

consumption, as detailed in reference [21]. 

Consequently, the ensuing sections of this 

discussion will thoroughly examine fruit 

detachment methodologies, emphasizing the 

necessity of an effective end effector. Following 

that, a comprehensive overview will be 

presented, conducting a detailed analysis of the 

main types of end effectors that meet the criteria 

for harvesting tomatoes.  

Finally, a thorough discussion will follow, 

encompassing supplementary sensors and vision 

systems tailored for agricultural end effectors 

and considerations of operational conditions. 

Furthermore, fundamental principles regarding 

developing agricultural end effectors will be 

introduced. 

 

4.1. Fruit detachment methods 
 

Various methods are available for separating 

fruits from their attachment points, including 

techniques such as gripping and pulling, 

gripping and spinning, gripping and slicing, and 

several others. However, it is essential to note 

that the simplest and most commonly used 

method for fruit detachment involves the 

straightforward process of grasping and pulling, 

as emphasized in reference [10].  

This method entails gripping and pulling, 

separating the fruit from the plant by detaching 

it, cutting the stem, and cleanly separating it 

from the crop. However, this pulling motion 

exerts a significant force on the fruit, potentially 

causing damage and unintended disturbance to 

the plant. The shaking induced by pulling may 

lead to a chain reaction, causing all the fruits on 

the tree to sway, and an undesirable outcome 

may be the accidental detachment of not only the 

fruit but also the stem from the plant itself. An 

alternative approach to mitigate the risk of fruit 

damage involves delicately grasping the fruit 

from the branch and executing a precise cutting 

action, as discussed in reference [22].  

Stem cutting offers a viable alternative that 

minimizes the risk of damaging the harvested 

produce. However, it presents a more significant 

challenge. Identifying and cutting a small branch 

can be more difficult in real-world field settings 

due to dense foliage and obstructions than 

capturing the entire fruit. A potential solution to 

address this challenge while reducing the force 

exerted on the stem involves rotating the fruit 

before extracting it from the tree, as proposed in 

reference [23].  

This rotation before pulling is a well-established 

method in manual harvesting, making it easier to 

break the branch at its junction with the fruit. 

Suction-based approaches for detachment are 

commonly employed as well. Although suction, 

as a standalone method, shares similarities with 

grasping, it is essential to recognize that the force 

applied through suction can potentially harm the 

fruit, leading to injury at the point of contact and 

the risk of piercing or damaging the fragile skin 

of the fruit. As a result, integrating a vacuum is 

often considered necessary as an additional 

element working in tandem with another 

detachment approach, usually in combination 

with gripping, as described in reference [12]. 

This review explores end-of-arm tools designed 

for automating fruit harvesting in agricultural 

settings. It has been observed that using a 

vacuum-based gripper can complement the 

grasping approach. In this study, 'grasping' refers 

to directly handling the fruit customizing the end 

tool to match the fruit's shape. An alternative 

technique involves gripping the fruit by its stem. 

Vacuum-based grasping, on the contrary, utilizes 

pressure force for seizing. Rotation entails 

applying rotational motion to the end tool to 

separate the peduncles. As depicted in Fig. 4, 

cutting involves dividing the stem using scissors, 

a blade, or another cutting device. 

 

4.2. Different types of end tools for harvesting 

tomatoes 

 

The end tools designed for tomato harvesting 

integrate various specialized elements, with the 

primary choices generally being a gripper or a 

specialized tool.  
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Fig. 4. The end-effector employed in agricultural 

robotics for fruit harvesting detaches fruits by 

gripping them from the stem and cutting [24]. 

 

As a crucial element of tomato harvesting 

systems, grippers establish temporary, direct 

contact with the tomatoes, enabling their 

retrieval either by holding onto the tomato's body 

or firmly clamping onto the stem. Vacuums, 

constructed precisely as advanced suction 

devices, are considered a subset of grippers. This 

classification of end effectors used in this study 

for tomato harvesting is thus divided into four 

distinct categories based on their respective 

methods of detachment: 

1. Grippers with contact-grasping capability 

2. Rotational mechanism 

3. Scissor-based tool 

4. Suction device 

These four recognized categories of end-

effectors employed in tomato harvesting and 

their visual representations are illustrated in Fig. 

5 of this study. End tools from these specified 

categories can be combined. Hence, a terminal 

tool connected to a harvesting system can 

employ various methods for separating 

tomatoes, including grasping and rotating, 

holding and vacuuming, gripping and cutting, 

suction and cutting, and alternative techniques. 

Contact-grasping grippers securely retrieve 

tomatoes but can be obstructed by branches, 

leaves, or neighboring tomatoes and may 

damage delicate fruits. Vision systems can 

struggle with dynamic environmental factors, 

complicating precise stem identification. 

Conversely, suction end effectors require only 

partial fruit exposure for effective gripping, as 

reference [12] noted.  

 
 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 5. Various options for end effectors in tomato 

harvesting include: (a) the end effector with grippers 

with contact-grasping capability [25], (b) the end 

effector with scissor-based tool [3], (c) the end 

effector with rotational mechanism [23], and (d) the 

end effector with suction device [12]. 
 

For grasping grippers, incorporating rotation 

mechanisms is effective for breaking peduncles 

and suitable for tomato harvesting, as outlined in 

reference [24]. However, relying solely on 

rotation can damage tomatoes, necessitating an 

additional tool for harvesting.  



JCARME                                      End-effectors of the robotic . . .                                        Vol. 14, No. 1 

7 

 

Scissor tools, preferred for this purpose, require 

precise stem detection to avoid damaging the 

tomatoes. In contrast, grasping, pulling, or 

rotating can be performed more efficiently, as 

emphasized in reference [10].  

These delicate robotic components prevent 

collisions and minimize damage to tomatoes and 

hardware through gentle interactions. Recent 

research in soft robotics has developed 

promising grippers for robotic tomato 

harvesting, as shown in studies [26]. However, 

their intricate implementation poses challenges 

that need refinement before practical 

application, as noted in the same reference. 

Selecting the appropriate end effector depends 

on understanding the specific application 

requirements and environmental conditions [27]. 

 

4.3. The force of end effectors for tomato 

harvesting  

 

Tomatoes are delicate fruits that require careful 

handling during harvesting to prevent damage 

and maintain their quality. The force applied by 

end effectors plays a crucial role in ensuring 

efficient harvesting without compromising the 

integrity of the produce [28]. Tomatoes have 

tender skin and are susceptible to bruising or 

crushing if excessive force is applied. Therefore, 

the force exerted by end effectors must be gentle 

enough to avoid damaging the fruit. The force 

required to detach tomatoes from the vine varies 

depending on factors like ripeness and variety.  

End effectors should be capable of applying 

sufficient force to detach ripe tomatoes 

effectively while minimizing stress on the plant. 

While gentleness is essential, efficiency is also 

crucial in tomato harvesting. The force exerted 

by end effectors should be optimized to ensure 

timely and productive harvesting operations. 

End effectors should incorporate a soft gripping 

mechanism that provides a gentle yet secure hold 

on the tomato without causing damage. Smooth 

materials such as silicone or rubber can cushion 

the contact between the end effector and the fruit 

[29] (See Fig 6). 

Implementing variable force control 

mechanisms allows operators to adjust the force 

exerted by the end effectors according to the 

specific requirements of the harvesting 

conditions. This flexibility ensures optimal 

performance across different tomato varieties 

and ripeness stages [30].  

Integrating feedback sensors into the end 

effectors enables real-time monitoring of the 

force applied during harvesting. This feedback 

mechanism allows for precise control and 

adjustment, ensuring consistent performance 

and minimizing the risk of overexertion [31].  

The force of end effectors for tomato harvesting 

must strike a delicate balance between 

gentleness and efficiency. By considering 

factors such as tomato delicacy, detachment 

force, and design considerations, end effectors 

can be optimized to achieve optimal harvesting 

performance while preserving the quality of the 

produce. 
 

4.4. Sensors integrated into end effectors 
 

Robotic end effectors aim to replicate the skill 

and precision of human hands, striving to 

achieve this by incorporating a sophisticated 

array of tactile and visual sensors meticulously 

integrated into their design.  

This integration empowers them to sense and 

respond to touch and visual stimuli, as 

referenced [32]. When strategically positioned 

between an end effector and the harvested item, 

these sensors act as intermediaries and serve as 

invaluable sources of data and feedback.  

They provide insights that can be utilized to 

enhance and optimize the effectiveness and 

adaptability of the terminal device, tailored to 

the distinctive features and needs of the 

harvested item, as explained in reference [33].  
 

 
Fig. 6. A soft robotic three-fingered gripper [29]. 
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The sensors associated with end-effectors in the 

intricate domain of grasping operations exhibit a 

comprehensive taxonomy, effectively 

categorized into four overarching types, as 

systematically outlined in reference [34].  

All these categories are meticulously depicted in 

Fig. 7: (1) switching sensors, serving as binary 

indicators of contact; (2) tactile sensors, 

providing nuanced haptic feedback and 

assessing grasp quality; (3) visual sensors, 

enabling the end effector to perceive and respond 

to its surroundings; and (4) measuring sensors, 

facilitating precise quantification and 

measurement of forces and distances. 

The gripper engaged and clamped the fruit when 

both pairs of photocells were blocked. At this 

stage, pressure and collision sensors utilized 

force-sensitive resistance. Once the gripper's 

pressure sensor detected a specific pressure 

level, the electric cutter activated to sever the 

pedicel. The cutter ceased operation when the 

switch position sensor was triggered. The 

collision sensor helped prevent obstacles during 

the harvesting process [35]. 

Twenty-four piezoresistive tactile sensors (RX-

M0404S) were employed. These sensors were 

embedded within a layer of silicone skin as 

tactile arrays.  

 

 
(a)                                 (b) 

 
                  (c)                                 (d) 
Fig. 7. End-effectors equipped with sensors include 

(a) the end effector with switching sensors [35], (b) 

the end effector with tactile sensors [36], (c) the end 

effector with visual sensors [37], and (d) the end 

effector with measuring sensors [38]. 

Each array measures 14 mm × 14 mm and 

comprises a 4 × 4 grid of taxel elements. When 

an external force ranging from 0.2 N to 20 N is 

applied, the resistance of the taxel units changes, 

and this variation is recorded by a data 

processing circuit [36]. 

The sensing module featured a sensor rig moved 

horizontally along a slide by a motor. This rig 

had two color cameras for stereovision and a ToF 

camera (SR4000, Mesa Imaging AG, 

Switzerland). The color cameras (Prossilica 

GC2450C; Allied Vision Technologies GmbH, 

Germany) had a resolution of 5 megapixels and 

were fitted with low-distortion lenses with a 5 

mm focal length (LM5JC10M; Kowa GmbH, 

Germany) [37]. 

Three cameras were employed to capture image 

data in the greenhouse. The BFLY-U3-13S2C-

CS camera model (FLIR, Portland, USA) was 

utilized. Cam1 and Cam2 functioned as a stereo-

vision system to determine the distance to 

objects, while Cam3 was mounted on the end-

effector to adjust its pose. An I5-4690 processor 

and 8GB of RAM were used to manage the 

vision servo system [38]. 

Tactile sensors [39] discern object 

characteristics through direct contact, assessing 

mechanical attributes like pressure, force, slip, 

vibration, humidity, and temperature. For 

harvesting devices, tactile sensors at gripper 

fingertips measure contact forces and torques, 

enabling the tracking of structural deformations 

during grasping, as explained in reference [40]. 

When an object is in contact, it provides a digital 

signature with data about the fruit's shape, 

dimensions, position, and orientation. Visual 

sensors are crucial in contactless robotic 

manipulation, identifying obstructions, 

structures, and gripping locations. Monocular 

and stereoscopic cameras, as noted in [41], offer 

visual feedback to the manipulation system.  

Stereoscopic cameras provide 3D information, 

making them ideal for accurately identifying and 

localizing harvesting points. Measurement 

sensors determine distances, object dimensions, 

and tool settings, including velocity, 

acceleration, force, and torque. Distance 

measurement uses sensors like ultrasonic, 

microwave, and laser triangulation, as described 

in [42].  
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Sensors like Hall effect sensors, accelerometers, 

and force-torque sensors assess operational 

characteristics, as outlined in [43]. Integrating 

these sensors into hardware and software can 

yield significant outcomes. Since grasping is 

time-dependent, sensory data acquisition and 

integration must be dynamically synchronized 

[44]. Integrating multiple sensors enhances 

object manipulation by analyzing data between 

the end effector and the object, enabling real-

time decision-making, as outlined in reference 

[45]. Sensors enhance an end tool's cognitive 

capabilities when combined with control 

strategies, managing functions such as grasping 

force, object movement, velocity, position, 

orientation, and contact points, as detailed in 

reference [46]. 

 

4.5. End effectors for harvesting tomatoes 

 

Various configurations of end effectors have 

been devised and integrated into autonomous 

harvesting robotics systems. The physical 

properties of the harvested tomatoes 

significantly influence choosing a suitable 

terminal device.  

In the subsequent sections, we will examine the 

end tools used in modern agricultural settings for 

tomato harvesting, covering the period from 

2007 to 2023. The summarized results from the 

review are briefly outlined in Table 1. 

Another work, discussed in reference [48], 

implemented cherry tomato harvesting 

practically. The end-of-arm tool included a dual-

purpose cutter for severing the stem and a 

gripper attached to the blades for grasping and 

releasing the branch. The actuating cylinder 

could initiate the cutting device's pulling or 

pushing motion, starting its rotation.  

Technical challenges related to the end effector 

were documented, including difficulties in 

securely gripping the stem influenced by 

interactions with the primary branch near the 

cluster of tomatoes and challenges in providing 

consistent support and grip after detachment.  

In reference [51], an end effector designed for 

cherry tomatoes was introduced, featuring a 

gripper with a semi-spherical form capable of 

securely holding spherical items like tomatoes. 
 

Table 1. The end tools utilized in a tomato harvesting 

robot are evaluated based on criteria that consider the 

time needed for the harvesting cycle and the precision 

of detachment. 
End effector 

harvesting tomatoes 

Detachment 

method 
Evaluation 

Types 

Y
ea

r 

G
ra

sp
 

R
o

ta
te

 

V
ac

u
u

m
 

C
u

t 

T
im

e 
(s

) 

A
cc

u
ra

cy
 (

%
) 

3 Finger 

gripper [23] 2023 Y Y X X 4.86 95.8 

Sleeve/cutter 

[47] 2023 X X X Y 9.4 96.25 

2 Finger 

gripper/cutter 

[48] 

 

2018 

 

Y 

 

X 

 

X 

 

Y 

 

8 

 

83 

2 Finger 

gripper/cutter 

[49] 

 

2018 

 

Y 

 

X 

 

X 

 

Y 

 

X 

 

X 

Gripper/suction 

[12] 2022 Y X Y X X 83.9 

Suction/cutter 

[3] 2023 X X Y Y 15.5 80.6 

3 Finger 

gripper [25] 2022 Y X X X X X 

3 Finger 

gripper [50] 2023 Y X X X 20 88 

2 Finger 

gripper [26] 2020 Y X X X 20.06 92.45 

Semispherical/ 

cutter [51] 
2022 X X X Y 56 96 

 

Blades were incorporated to trim the tomato 

stem at the rims of both cups. 

The researchers enhanced harvesting efficiency 

by introducing a simplified mechanism for the 

passive cutting of the stem, eliminating the need 

for a separate stem recognition process.   
In reference [52], an end-of-arm tool created 
explicitly for tomato harvesting was developed. 
The end-of-arm tool utilized a shear-type gripper 
to grip, cut, and separate tomatoes. This gripper 
consisted of several elements, including a 
telescopic cylinder, an air compressor, a 
magnetic switch, a relay, and a cutting tool. Due 
to the sensitivity of tomatoes and the risk of 
damage, particular emphasis was placed on 
improving the control system for greater 
accuracy in detecting and handling tomatoes. 
The end-effector system encountered challenges 
related to the presence of fruits, leaves, and 
stems. Nevertheless, the apparatus demonstrated 
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sufficient adaptability to its surroundings and 
achieved impressive success rates.  
In a study outlined in reference [53], Zhao and 
his team introduced a tomato harvesting system 
featuring dual-arm manipulators, each equipped 
with a unique end effector. One was designed as 
a cutting tool, while the other was a vacuum cup 
for collaborative harvesting tasks. Initially, the 
suction-based terminal device would move 
toward the center of the tomato to firmly grip it. 
Afterward, the cutting mechanism would detach 
the tomato from the stem.  
Multiple cutting actions were applied to the 
branch until the suction end tool successfully 
grasped and retained the tomato. The 
collaboration between the two distinct end tools 
significantly enhanced the efficiency of the 
harvesting process.   
Zhang et al. [23] engineered pliable end 
effectors resembling a human hand's capabilities 
for picking tomatoes. The structural dimensions 
of the gripper were established to match the 
required range for grasping.  
The sensor system employed statistical 
principles for accurate sensor readings and data 
analysis, ensuring a secure grip and reliable slip 
detection. The control strategy and algorithm 
were formulated using a two-tier, two-level 
approach to ensure efficient and gentle fruit 
harvesting. In their research outlined in [50], 
Wang et al. devised a technique for managing 
the positioning of a flexible end tool in robots 
designed for tomato harvesting. Maintaining the 
loose-end tool's positioning utilizes a genetic 
algorithm to determine a viable pose. A quintic 
interpolation polynomial defines the path of the 
terminal device, reducing the chances of tomato 
damage caused by excessive approach speeds. 
Fig. 8 provides examples of representative end-
effectors designed for tomato harvesting 
purposes and do not destroy the tomato. 
The literature review suggests that the most 
effective method for tomato harvesting involves 
gripping and cutting. Due to their size, a two- or 
three-finger gripper is suitable, as shallow 
gripping and pulling are ineffective. 
Separating the tomato stem, possibly through 
cutting or rotating, is crucial. While vacuum 
application is an option, tomatoes' thin skin can 
be pierced; thus, a pliable suction pad is 
recommended. 

(a)                                   (b) 
Fig. 8. The end-effector is designed for harvesting 

tomatoes and does not destroy the tomatoes: (a) the 

end effector with flexible gripper [50] and (b) the 

end effector with dual cutting tool [51]. 

Obtaining 3D data on plant stems and fruit stalk 

posture for cherry tomato clusters is vital for 

developing obstruction-free end effectors. 

Improving gripper gripping status could enhance 

efficiency and prevent damage during storage 

and transit by avoiding tomato-sepal 

detachment. 

5. Results and discussion

5.1. Results

The review paper analyzes the various end 

effectors developed for tomato harvesting using 

robotic technologies. Drawing from a wide range 

of scholarly sources, including Google Scholar, 

Scopus, IEEE Xplorer, and AnimoSearch, the 

study identifies and examines different 

methodologies employed in end-effector design. 

Grippers, rotational mechanisms, scissor-type 

tools, and suction devices are the leading end 

effectors discussed.  

The investigation reveals that each end effector 

methodology has its merits and prevalence in the 

current research literature. Grippers offer 

versatility in grasping tomatoes of different 

shapes and sizes, while rotational mechanisms 

efficiently handle fruits in clustered 

environments. Scissor-type tools provide 

precision cutting, and suction devices enable 

gentle detachment of ripe tomatoes from the 

vine. Furthermore, the study explores the 

integration of sensors into end effectors, 

highlighting their role in enhancing capabilities 

such as fruit detection, ripeness assessment, and 

quality control.  
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It also emphasizes the importance of operational 

characteristics and technical features in end 

effector design, particularly regarding 

adaptability to diverse fruit shapes and sizes. 

5.2. Discussion 

Referring to the cited sources in the preceding 

sections, end effectors designed for tomato 

harvesting have been successfully developed, 

implemented, and field-tested. These end 

effectors fall into four categories: (1) grippers 

designed for grasping (both fruit and stems), (2) 

rotational mechanisms, (3) scissor-type tools, 

and (4) suction devices. Each mechanism is 

individually evaluated, and there is also a 

combination of various types.  

Multi-finger grippers are the most frequently 

employed terminal devices designed explicitly 

for grasping tasks, also called grippers for 

physical contact. In most of the reviewed 

literature (70%), grippers were used 

independently or in conjunction with other 

mechanisms. Among these frequently utilized 

end effectors, scissor tools were the most 

prevalent (50%), followed by suction devices 

(20%). Lastly, rotational mechanisms (10%), as 

depicted in Fig. 9.  

The literature analysis indicates that the most 

effective approach for fruit harvesting involves 

either gripping the fruit itself or its stem, which 

is detached from the plant through pulling or 

cutting. Maintaining a straightforward design for 

the terminal device yields more uncomplicated 

control strategies, resulting in improved 

performance and faster harvesting.  

The methods for detachment include gripping, 

vacuum suction, rotation, and cutting, with 

various combinations of these techniques 

employed. In Fig. 10, a comprehensive overview 

of the different types mentioned in the 

referenced literature is presented, categorizing 

them into six groups: (1) combined grasp and 

cut, (2) grasp alone, (3) grasp followed by 

rotation, (4) cutting, (5) cutting with vacuum 

assistance, and (6) vacuum-grasping.  

The predominant approach for detachment is 

grasping. However, the next step involves a 

combination of grasping and cutting.  

Fig. 9. The publication results describe four main 

categories of end effectors: grippers for contact-

grasping, rotational mechanisms, scissor tools, and 

suction devices. 

Fig. 10. The publication results describe the types of 

end effectors based on detachment techniques for 

harvesting tomatoes. 

This combined method ensures secure and 

damage-free tomato harvesting, avoiding 

potential harm from excessive pulling. As 

illustrated in Table 1, comparing the grasp 

method and grasp-cut techniques, we will see 

that grasp-cut techniques consistently have 

shorter harvesting cycles than the grasp method. 

However, despite its advantages in minimizing 

direct contact with the fruit's outer surface and 

reducing the risk of damage, this method faces 

primary challenges related to the vision systems' 

difficulty in accurately identifying and locating 

gripping or points of cutting at the base of the 

stem. As previously stated, terminal tool systems 

incorporating rotation rely less on detecting 

stems, making them more robust against 

estimation errors. Nonetheless, opting for the 

more straightforward approach of grasping and 

pulling the fruit results in a faster and less 

complex harvesting system. Therefore, grasping 

emerges as the preferred detachment method for 

tomatoes. 
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6.1. Challenge of robot arms’ end effectors for 

harvesting tomatoes  

The intriguing challenge of creating end 

effectors for robotic arms in tomato harvesting is 

a captivating problem within agricultural 

robotics. This endeavor focuses on crafting 

automated systems that can adeptly and gently 

harvest mature tomatoes from plants, ensuring 

no damage to the fruit or the plant. Successfully 

addressing this challenge promises to transform 

the agricultural sector, decrease labor expenses, 

and heighten operational efficiency [54].  

One of the foremost challenges in tomato 

harvesting robotics is the need for highly 

advanced sensing and computer vision systems. 

These technologies play a pivotal role in 

identifying ripe tomatoes amidst the foliage, 

distinguishing between colors, shapes, and sizes, 

and determining the ripeness of the fruit. 

Ensuring the robot can discern ripe from unripe 

tomatoes is crucial for efficient harvesting [55].  

Tomatoes are known for their delicacy and 

susceptibility to damage. To address this issue, 

end effectors must be meticulously designed to 

pick them with enough force. The aim is to avoid 

any form of bruising or puncturing that could 

render the tomato unsuitable for the market [56]. 

Agricultural environments are highly variable; 

tomato plants come in various shapes and sizes. 

Additionally, tomatoes can be situated at 

different heights and orientations. Hence, the 

terminal device needs to adjust to tomato plants' 

diverse structures and positions [57].  

Efficiency and speed are essential in tomato 

harvesting. A robot should be capable of picking 

tomatoes at a rate that makes the operation 

economically viable. This involves optimizing 

the robot's movements and decision-making 

processes [58].  Minimizing waste is another 

crucial aspect of tomato harvesting. The robot 

must be designed to avoid picking unripe or 

damaged tomatoes, reducing unnecessary waste 

and ensuring that only high-quality fruit is 

harvested [59].  

The robot should be prepared to operate 

effectively in various environmental conditions, 

including rain or extreme heat. Additionally, 

safety is paramount, primarily if these robots 

work near human workers. Safety measures must 

be implemented to avoid accidents and ensure 

the well-being of all involved [60]. Data 

processing plays a central role in tomato 

harvesting robots. The system needs to process 

vast amounts of data from its sensors and make 

real-time decisions about which tomatoes to 

pick. Moreover, energy efficiency is critical to 

the robot's overall operation, allowing it to work 

for extended periods without frequent recharging 

[61].  

In agriculture, cost-effectiveness is a crucial 

consideration. The cost of developing and 

maintaining these robots should be economically 

viable for farmers, ensuring that the adoption of 

this technology is financially feasible [62]. 

7. Future trends

The future of robot arms' end effectors for 

tomato harvesting will likely see substantial 

advancements in sensing technology and the 

integration of artificial intelligence. In the future, 

robots will feature enhanced sensors and AI 

algorithms to enhance their capacity for 

recognizing ripe tomatoes, evaluating fruit 

quality, and making instant decisions regarding 

harvesting. This advancement is poised to result 

in heightened precision and efficiency in the 

harvesting process [63].  

Future end effectors will be designed to offer 

even gentler and more precise manipulation of 

tomatoes. Materials and mechanical design 

innovations will allow robots to handle tomatoes 

carefully, minimizing damage and bruising. This 

will be critical for maintaining the quality of 

harvested tomatoes and reducing waste [64]. As 

tomato plants come in various shapes and sizes, 

future end effectors must be adaptable. These 

end effectors will be designed to handle different 

plant architectures and adapt to varying positions 

and orientations of tomatoes. This adaptability 

will be crucial for widespread adoption in 

diverse agricultural settings [65].  

Automation and autonomy will be key trends. 

Future tomato harvesting robots will become 

more self-sufficient and capable of operating 

autonomously in the field. They will integrate 

with other robotic systems, offering seamless 

collaboration and coordination in large-scale 

farming operations [66]. Improved data 
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processing capabilities and machine learning 

will empower robots to make more informed 

decisions. They will acquire knowledge from 

their experiences, constantly refining their 

harvesting techniques. This development is 

anticipated to enhance harvesting efficiency and 

adaptability to dynamic conditions [67].  

In the future, there will be a strong emphasis on 

energy efficiency and sustainability in robot 

arms' end effectors. These robots will be 

designed to operate on a single charge for 

extended periods, reducing the need for frequent 

recharging. Additionally, efforts will be made to 

make the entire tomato harvesting process more 

environmentally friendly [68]. As the 

technology matures, there will be a drive 

towards cost-effective solutions. Manufacturers 

will work to make these robots more affordable 

for farmers, thereby increasing their 

accessibility. This affordability will be critical in 

the widespread adoption of tomato harvesting 

robots [69].  

Safety will remain a paramount concern, mainly 

as these robots work alongside human labor. 

Future trends will include the development of 

safety protocols, standards, and regulations 

specific to agricultural robotics to ensure the 

well-being of workers [70]. 

8. Conclusions

The review paper provides valuable insights into 

integrating robotic technologies for tomato 

harvesting. It focuses on the development and 

utilization of end effectors, the components of 

the robotic system that directly interact with the 

tomatoes. The paper thoroughly explores 

different approaches to designing and 

implementing these critical components by 

extensively examining various methodologies 

and technologies. As a result, several key 

conclusions can be drawn regarding the most 

effective strategies and innovations in this field: 

(1) The study highlights the diversity of end

effector methodologies, including grippers,

rotational mechanisms, scissor-type tools, and

suction devices. Each methodology offers

unique advantages regarding fruit detachment,

handling, and adaptability to different tomato

varieties.

(2) The review identifies several challenges

inherent in tomato harvesting, such as tomatoes'

delicate nature, variability in fruit shapes and

sizes, and efficient handling in clustered

environments. These challenges underscore the

importance of developing robust and versatile

end effectors capable of addressing these

complexities.

(3) Integrating sensors into end effectors

emerges as a key trend, enabling enhanced

capabilities such as fruit detection, ripeness

assessment, and quality control. Sensor

technology advancements promise to improve

further the efficiency and accuracy of robotic

tomato harvesting systems.

(4) The discussion on future trends in robotic

tomato harvesting highlights the potential for

advancements in sensing technology, artificial

intelligence integration, adaptability, autonomy,

and sustainability. Continued research and

innovation in these areas are crucial for driving

the evolution of robotic harvesting systems and

realizing their full potential in agricultural

applications.

(5) The synthesis of technological innovation

and agricultural expertise holds promise for

reshaping tomato harvesting practices. By

leveraging robotic technologies and

advancements in end-effector design, the farm

industry can achieve more sustainable, efficient,

and cost-effective farming practices, ultimately

benefiting both farmers and consumers.

In conclusion, the review paper underscores the

importance of ongoing research and

collaboration between researchers, engineers,

and farmers to overcome challenges and unlock

the full potential of robotic tomato harvesting

systems. By addressing these challenges and

seizing emerging opportunities, the agricultural

industry can usher in a new era of innovation and

efficiency in tomato harvesting practices.
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