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Abstract

:

This paper presents a detailed design of a skid-steering mobile platform with four wheels, along with a Cartesian serial (PPP) manipulator. The aim of this design is to enable the platform to perform various tasks in the agricultural process. The parallel manipulator designed can handle heavy materials in the agricultural field. An experimental robotic harvesting scenario was conducted using parallel manipulator-based end-effectors to handle heavy fruits such as watermelon or muskmelon. The conceptual and component design of the different models was carried out using the Solidworks modeling package. Design specifications and parametric values were utilized during the manufacturing stage. The mobile manipulator was simulated on undulating terrain profiles using ADAMS software. The simulation was analyzed for a duration of 15 s, and graphs depicting the distance, velocity, and acceleration were evaluated over time. Proportional derivative control and proportional derivative-like conventional sliding surface control were applied to the model, and the results were analyzed to assess the error in relation to the input and desired variables. Additionally, a structural analysis was performed to ensure minimal deformation and the highest safety factor for the wheel shaft and L bracket thickness. Throughout the fabrication and prototype development, calibration tests were conducted at various X-, Y-, and Z-axis frame mounting stages. The objective was to minimize the lateral and longitudinal deviation between the parallel linear motion (LM) rails. Once the fabrication and prototype construction was completed, field testing was carried out. All mechanical movements in the lateral and longitudinal directions functioned according to the desired commands given by the Arduino Mega, controlled via a six-channel radio frequency (RF) controller. In the context of agriculture, the grippers utilizing parallel mechanisms were also subjected to testing, demonstrating their ability to handle sizable cylindrical and spherical fruits or vegetables, as well as other relevant objects.
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1. Introduction


Agriculture is undergoing a rapid transformation, emerging as an appealing high-tech industry that attracts professionals, businesses, and investors alike. This sector’s technological advancements are not only enhancing farmers’ production capacity but also revolutionizing the field of robotics and automation.



Since its inception thousands of years ago, farming has been a groundbreaking concept that allowed our ancestors to settle in one place and lay the foundations for future civilizations. However, as time has progressed, the strain on agriculture has steadily increased. Traditional farming practices are no longer sustainable, unable to keep pace with the growing global population. The pressing challenge lies in meeting the escalating demand for significantly improved production yields. According to the United Nations, the world’s population, currently at 7.3 billion, is projected to reach 9.7 billion by 2050. This population growth will require a substantial increase in food production, placing farmers under immense pressure to meet the rising demand.



Robotic systems have assumed an increasingly significant role in modern agriculture, becoming an integral part of precision agriculture or digital farming [1,2]. These robots operate autonomously, eliminating the need for experienced operators to carry out various farming tasks [3]. This autonomous capability represents a major advantage over traditional tractor-based systems [4,5]. Agricultural robots play a vital role in assisting farmers to achieve higher output yields through various means. This technology finds application in innovative and diverse fields, including drones, self-driving tractors, and robotic arms. By performing slow, repetitive, and mundane tasks, agricultural robots alleviate farmers’ burden, allowing them to concentrate on enhancing overall productivity.



The field of agricultural robotics has witnessed remarkable advancements, paving the way for a multitude of innovative applications [6,7]. Further, autonomous robots have been successfully employed in a wide range of farming operations, such as harvesting [8,9,10,11,12,13,14,15,16,17,18]. The process of harvesting, once considered labor-intensive and time-consuming, has been transformed by the integration of robotics. Harvesting robots are now capable of efficiently and delicately harvesting various crops, ensuring minimal damage and maximizing productivity. These machines also mitigate the dependence on manual labor, addressing the ongoing challenges of labor shortages faced by the agricultural industry. Notable examples of robotic systems that are used in harvesting include asparagus harvesting [19], sweet pepper harvesting [20,21], tomato harvesting [22,23], cucumber harvesting [24], strawberry harvesting [25,26,27], and apple harvesting [28,29,30]. Post-harvesting operations, often critical for preserving the quality and shelf life of harvested crops, have also benefited from robotic innovations [31]. Automated sorting, grading, and packaging systems ensure that the harvested produce is handled with precision and care, reducing waste and enhancing the overall supply chain efficiency.



Crop monitoring, a fundamental aspect of modern agriculture, has been revolutionized by robotics. Through the use of specialized robots equipped with advanced sensors and imaging technology, farmers can now obtain real-time data on their crops’ health, growth, and overall condition. These valuable insights allow for timely interventions and adjustments, optimizing crop yields and ensuring sustainable practices. These cutting-edge technologies have been applied in various crop monitoring [32,33] applications. Weed control, which has long been a labor-intensive and challenging task for farmers, has also seen significant improvements thanks to agricultural robots. These robots are designed to identify and selectively eliminate weeds without harming the desired crops, thereby reducing the reliance on herbicides and promoting more eco-friendly agricultural practices. In this direction, these autonomous robots have been instrumental in pest and weed control, as demonstrated in studies [34,35,36,37,38,39]. Beyond the primary focus areas, robots have found utility in a myriad of agricultural tasks. Soil monitoring robots help assess soil quality, moisture levels, and nutrient content, providing essential data to optimize fertilization and irrigation strategies [40]. Seed planting and seedling manipulation robots guarantee precise and consistent planting, promoting strong and healthy plant growth [41,42]. Furthermore, robots are actively involved in the fertilization process, delivering nutrients in a targeted and efficient manner [43,44,45]. This approach minimizes resource wastage while providing crops with the nourishment they require for robust development. Agricultural robots have also revolutionized irrigation practices. Automated systems efficiently deliver water to crops based on their specific needs, conserving water resources and reducing water wastage [46]. Target spraying is one of the tasks that are executed by automated machines or robotic systems [37,47,48,49,50]. Similarly, pruning operations have also received attention and brought developments in robotic systems [51,52,53] for the same. Conversely, the phenotyping task has garnered significant attention from the robotic community, leading to the development of numerous robotic systems [54,55] aimed at addressing this challenge. Finally, crop protection has become more effective and sustainable through the deployment of robots. They can monitor for pests and diseases, enabling timely interventions and reducing the need for chemical pesticides [56,57].



Overall, these advancements in agricultural robotics have ushered in a new era of efficient and sustainable farming practices. By harnessing the power of technology, farmers can now meet the growing global demand for food while minimizing environmental impacts and ensuring a more resilient agricultural industry for the future. Agricultural robots are currently in the prototype phase, demonstrating their potential to perform various farming operations. Among these applications, harvesting and picking are particularly prevalent in agricultural robotics. Robots excel in precision and speed, enabling them to increase yield size while minimizing crop waste left in the field. Multipurpose autonomous field navigation, harvesting, and picking robots [9,55,58,59,60,61,62,63,64,65,66,67] are gaining popularity among farmers. However, there are numerous other innovative ways in which the agricultural industry is embracing robotic automation to enhance output yields. As the demand for food continues to outstrip available cropland, it is crucial for farmers to bridge this gap. Agricultural robots serve as valuable tools to assist them in this endeavor.



Hence, the availability of a flexible and adaptable vehicle manipulator platform, both in terms of hardware and software, within a research laboratory provides the opportunity to simulate diverse scenarios and explore various solutions from fundamental and practical research perspectives, ultimately advancing the overall field of study. Incorporating sensors, actuators, and other essential equipment allows for experimental replication of key aspects in various applications. These may include generating external forces, enabling interactive interactions, influencing trajectory tracking through weight distribution, facilitating ground vehicle localization, and ensuring secure remote human engagement. Achieving successful integration and deployment of such hardware in precision agriculture necessitates the development of novel algorithms and technical innovations. This research paper presents a versatile vehicle manipulator system designed specifically for agricultural applications, with a focus on harvesting heavy fruits, weed removal, and pruning tasks. The system incorporates customized end-effectors to facilitate these operations effectively.



The paper is organized into several sections. In Section 2, the proposed functional design is described. Section 3 presents the analysis of velocity and force for the mobile base, while Section 4 covers the kinematic analysis of the proposed system. Detailed dynamic modeling and motion control are discussed in Section 5. The hardware implementation and experimental testing results conducted in a laboratory environment with the in-house fabricated prototype are presented in Section 6. Finally, Section 7 provides the main conclusions drawn from the study.




2. Design of the Proposed Agriculture Robot


The agricultural harvesting tasks encompass various types, including bulk harvesting of crops like paddy (rice), wheat, corn, sugarcane, etc. [68,69], as well as selective harvesting of specific fruits or vegetables or others such as apples, tomatoes, cucumber, and cherries [22,23,24,28,29,30]. In this research, the focus lies on selective harvesting, which is a more intricate process compared to bulk harvesting and has gained significance since its inception. Selective harvesting, in itself, takes on several different forms: harvesting fruits from tall trees [12,28], fruits and vegetables from shorter plants [20,22], vegetables from runners both on the ground and supported structures [10,24,67], vertical farm or greenhouse harvesting [21,66], and harvesting of leaves, cotton, and flowers [70], among others. Each of these tasks demands a dedicated end-effector designed to match the shape and characteristics of the respective fruit, vegetable, or others [71,72], to efficiently carry out the harvesting process in the field. The current paper concentrates on the harvesting and handling of heavy fruits with cylindrical, ellipsoidal, and spherical shapes on flat terrain, while also being capable of navigating some minor rough terrains. Moreover, the proposed end-effector has the potential to be utilized for weed removal based on visual feedback, although this aspect remains a subject for further research due to the prototype’s limited sensing capabilities.



This section presents and discusses the fundamental design requirements of the agricultural robot, along with a conceptual diagram of the proposed mechanism. Furthermore, solid and mathematical models are provided, accompanied by a detailed dynamic analysis.



The design requirements of the agricultural robot were carefully considered to ensure its functionality and effectiveness in the field. These requirements encompass various aspects such as maneuverability, load capacity, power efficiency, and adaptability to different farming tasks.



2.1. Design Requirements for the Proposed Agriculture Robot


The design of the proposed agriculture robot must adhere to the following characteristics:




	
Gentle Vegetable Picking: The robot should be designed to handle highly delicate and soft vegetables without causing any damage or mutilation during the picking process.



	
Environmental Adaptability: The robot needs to operate in unstructured environments with rough surfaces, natural pits filled with water, heavy rain, dense fog, and heavy dust. It should be equipped to withstand and navigate through such challenging conditions.



	
Vision Sensor Considerations: The vision sensor incorporated into the robot must account for changes caused by vehicle orientation and vibrations resulting from surface irregularities. This is crucial to prevent blurring in the captured images.



	
High Maneuverability: The mobile manipulator should possess excellent maneuverability, allowing it to turn on the spot with a small turning radius and exhibit omnidirectional movement. This enables efficient navigation within the agricultural environment.



	
Steering Torque: The torque provided by the steering motor should exceed the torque generated by friction, ensuring smooth and reliable steering control.



	
Controllable Electrical Motors: The electrical motors used in the steering and propulsion systems should be easily controllable and suitable for all specifications of the robotic platform.



	
Lightweight and Robust Mobile Platforms: The mobile platforms utilized should be lightweight yet possess sufficient strength to operate in challenging terrains commonly encountered in agriculture.



	
Extended Battery Life: The vehicle’s batteries should have the capacity to provide a reliable power supply for an extended period, enabling sustained operation without frequent recharging.



	
Strong End-Effector: The end-effector, responsible for gripping and holding objects, should be robust enough to handle the required tasks effectively.








The selective harvesting of heavy fruits from the ground necessitates a stable and mobile platform capable of maneuvering through rough terrains while accommodating a manipulator arm equipped with a dedicated end-effector. Presently, most agricultural robotic systems utilized for fruit harvesting have their manipulator’s arms mounted atop the mobile base, employing a serial configuration to enhance reachability. There have been limited efforts to explore parallel configurations in this context. Moreover, the majority of mobile bases are equipped with four-wheel drive, adopting either differential steering with two or more passive caster wheels [20,70] or skid steering [73] for improved operation and maneuverability. Only a few attempts have been made to implement swerve drive, utilizing four independently powered steerable wheels [74]. However, it has been observed that this configuration faces challenges on agricultural farms, especially when one or more wheels get stuck during motion. In contrast, there have been limited endeavors involving the implementation of omnidirectional wheels [66]. However, it should be noted that such systems are primarily suited for use on engineered surfaces, such as vertical farming setups or greenhouses, as they are hindered by the presence of passive rollers in their wheels. Similarly, very few attempts were made with track-based mobile bases [30]. Although these track-based systems are good in rough terrain maneuvering, they have poor motion capabilities and limited control. Considering these factors, and in pursuit of a modular and cost-effective solution, we propose employing a simple four-wheel skid-steering mobile base combined with a gantry-type bottom-looking manipulator for our envisioned work. Further, the proposed agriculture robot is designed to meet specific requirements and achieve its objectives reliably and efficiently. Given the complexity of the robot’s design and its unique agricultural applications, conducting a detailed kinematic and dynamic analysis is essential to ensure that it meets all specifications. Through this analysis, a comprehensive understanding of the robot’s motion and behavior can be obtained, allowing for optimization. A conceptual diagram, as shown in Figure 1, provides a visual representation of the proposed mechanism. This diagram illustrates the overall structure and key components of the agricultural robot, offering an overview of its design and functionality. To develop the conceptual design, advanced software tools such as FUSION360 and AutoCAD have been utilized, enabling precise modeling and visualization of the proposed robot.



In addition to the conceptual diagram, the development of solid and mathematical models has been crucial to comprehensively analyze the robot’s performance and behavior. These models consider mechanical properties, kinematics, and dynamics, providing valuable insights into how the robot functions. To derive kinematic solutions for the proposed design, an analytical approach has been adopted. Mathematical principles and equations are used to accurately determine the robot’s position, velocity, and acceleration. The implementation of these kinematic solutions in MATLAB enables simulations and performance assessment under various conditions, evaluating motion capabilities, workspace, and maneuverability. Moreover, a detailed dynamic analysis is conducted to understand the robot’s response to different operating conditions and external forces. This analysis assesses stability, control mechanisms, and potential areas for improvement. Additionally, dynamic analysis studies the robot’s behavior under varying external forces and loads, considering factors like inertia and torque. This leads to optimized control and motion planning strategies, refining the design for successful agricultural implementation.




2.2. Unique Contribution of This Paper


2.2.1. Design of the Vehicle Manipulator System (Mobile Manipulator)


The vehicle platform has been specifically designed to address challenges encountered in various terrains, including slippery ground. To ensure strong traction and pulling capability, the platform incorporates a skid-steering mobile base with a manipulator arm along with specialized end-effectors. This configuration enhances the vehicle’s stability and maneuverability. The serial–parallel hybrid manipulator type has been selected for the robotic manipulator due to its low inertia in the links and high payload-to-robot mass ratio. This design enables the manipulator to carry heavier loads efficiently. The mobile platform ensures that even when traversing difficult and irregular terrains, the vehicle remains stable without tipping over. Achieving precise motion and tracking control in parallel manipulators requires advanced controllers. As such, a sliding mode control (SMC) strategy has been proposed to achieve high-precision control for improved performance.




2.2.2. Motor Selection and Power Management


The motors used in the vehicle have been carefully selected based on factors such as power requirements, frictional coefficients, and the inclination of the terrain. High-powered motors are chosen to ensure easy navigation through uneven terrains. The vehicle incorporates a skid steer system, which provides increased traction, control, and maneuverability. The power supply for the vehicle’s operation is typically delivered through cables. However, considering the working conditions, there is a risk of the cables getting stuck, resulting in power and communication loss. To address this issue, a battery and RF controller arrangement has been implemented as an alternative power source and communication backup, ensuring continuous operation even in challenging situations.



These design considerations and implementations significantly enhance the functionality, reliability, and adaptability of the proposed agriculture robot, enabling it to perform effectively in diverse agricultural environments.




2.2.3. Integration of Robotic Sensor and Visual Feedback


To ensure continuous visual feedback in challenging environmental conditions like heavy rain, dense fog, and dust, a carefully chosen robotic sensor has been integrated into the vehicle. This sensor is strategically positioned to capture and process visual information even in adverse weather conditions. To address potential measurement errors caused by vibrations and slippery surfaces, vision-based image processing techniques have been implemented. These techniques enable the system to compensate for blurry images and utilize color and contrast information for precise distance and direction measurements. Additionally, an additional laser sensor has been included to enhance navigation accuracy. However, due to limited resources and constraints, the current version of the paper does not provide a detailed description of the sensor part, leaving it as a focus for future works.






3. Velocity and Force Analysis of Four-Wheel Skid-Steering System


The velocity and force analysis of the four-wheel skid-steering system is performed to understand the motion and forces involved in the system. The analysis is based on the Newton–Euler method, which considers the dynamic equations separately for each link and evaluates the results numerically.



Several assumptions are made for the analysis:




	
The ground is assumed to be even without any surface shrinkage.



	
The center of gravity (COG) of the robotic platform coincides with the geometrical center.



	
All wheels move with a constant velocity without slippage.



	
The manipulator is rigidly connected to the platform, and the links of the manipulator are also rigid.



	
The vehicle frame and links are symmetrical in design, and the center of mass is considered as per the ideal symmetrical shape.








The kinematic model takes into account the vehicle’s motion by analyzing its velocity components and the correlation between the wheel’s angular velocity and the body-fixed velocities. The configuration of the skid-steering mobile base and its corresponding velocity components, as well as the wheel velocities, are illustrated in Figure 2.



In Figure 2, the geometry of the four-wheel skid-steering system is depicted, where ‘B’ represents the vehicle frame, ‘a’ is the radius of the wheel, and   θ  b i    is the angle between the x-axis of frame B and the x-axis of wheel   C i  , and   i = 1 , 2 , 3 , 4   is the index representing the corresponding wheel. The tangential velocity of the wheel is given by


   V i  =  ω i   a  



(1)




where   V i   represents the tangential velocity of wheel   C i   with respect to frame B, and   ω i   is the angular velocity of the wheel.



The given equations describe the velocity and force analysis of the four-wheel skid-steering system. Let us break down the equations step by step.



The angular velocity of each wheel can be obtained by resolving    x ˙   c i    along the x-axis and    y ˙   c i    along the y-axis of the vehicle frame B:


   ω i  =      1  a i     0            x ˙   c i         y ˙   c i        



(2)







By considering the angle   θ  b i    and resolving velocities along the x-axis and y-axis of frame B, we can determine the velocity components in the vehicle frame B:


   V i B  =      cos  θ  b i       − sin  θ  b i         sin  θ  b i       cos  θ  b i               x ˙   c i         y ˙   c i        



(3)







The velocity components along the x-axis and y-axis of frame B can be expressed as


     u − r d  y i  =       x ˙   c i   cos  θ  b i   −    y ˙   c i   sin  θ  b i          v + r d  x i  =       x ˙   c i   sin  θ  b i   +    y ˙   c i   cos  θ  b i        



(4)







By solving the above equations, the following relation is obtained, as follows:


        x ˙   c i         y ˙   c i       =      cos  θ  b i       sin  θ  b i         − sin  θ  b i       cos  θ  b i             1   0    −  d  y i        0   1    d  x i            u     v     r      



(5)







The angular velocities of the wheels can be obtained by multiplying the transformation matrices:


   ω i  =      1  a i     0           cos  θ  b i       sin  θ  b i         − sin  θ  b i       cos  θ  b i             1   0    −  d  y i        0   1    d  x i            u     v     r      



(6)







Considering all four wheels as per the above equation, combining all four in the form of body-fixed velocities, it gives the following relation as given:


       ω 1       ω 2       ω 3       ω 4      =      1 a     −  d a        1 a     −  d a        l a     d a       l a     d a           u     r      



(7)







The linear and angular velocities of the vehicle can be calculated using the following matrix equation:


      u     v     r     = W      ω 1       ω 2       ω 3       ω 4       



(8)







The input configuration matrix (W) is given as follows:


  W =      a 4     a 4     a 4     a 4      0   0   0   0      −  a  4 d       −  a  4 d       a  4 d      a  4 d        



(9)







Further, the individual body-fixed velocities of the robot are as given below:


     u =      a 4    w 1  +  w 2  +  w 3  +  w 4         v =    0      r =      a  4 d    −  w 1  −  w 2  +  w 3  +  w 4       



(10)







The force analysis, shown in Figure 3, involves the calculation of the forces acting on the vehicle due to its motion. The forces include the traction force, resistance force, and centripetal force. These forces influence the acceleration and overall performance of the vehicle.



The resultant forces in x- and y-axes and moment about the z-axis can be calculated by multiplying the force vector by a transformation matrix as given below:


  Γ =      F x       F y       M z      =     1   1   1   1     0   0   0   0      − d     − d    d   d          F 1       F 2       F 3       F 4       



(11)







The simulation results and analysis obtained for the circular trajectory tracking task are based on inverse dynamics (feed-forward control) to understand the behavior of the mobile platform. The forces at all four wheels are observed for better comprehension. Figure 4a illustrates the trajectory plot, demonstrating the circular path followed by the mobile platform. The trajectory is defined by the desired position variables   1 − cos θ   for the vehicle’s x-axis motion (longitudinal motion) and   sin θ   for the vehicle’s y-axis motion (lateral motion). The results indicate that the platform successfully tracks the circular trajectory throughout the entire simulation duration of sixty seconds. In Figure 4b, the graph illustrates the behavior of the forces at all four wheels (   F 1  ,  F 2  ,  F 3  ,   and   F 4  ) during the circular trajectory following task. It is observed that during the initial phase,   F 1   exhibits a lower magnitude compared to the other three forces. This difference in force magnitudes is expected as the mobile platform initiates the circular motion with zero actual velocity, while the commanded velocity is non-zero. As the platform proceeds along the circular path, the forces at all wheels vary to ensure that the platform maintains its desired trajectory. These variations in forces are essential to facilitate successful tracking of the circular path throughout the task.



These simulation results provide valuable insights into the force analysis and behavior of the mobile platform during a circular trajectory. They demonstrate the effectiveness of the model and its ability to follow the desired path while adjusting the forces at each wheel accordingly.




4. Kinematic Model of Proposed Vehicle Manipulator


The proposed agricultural robot can have one or two manipulator arms, and for this project, a decision was made to use one manipulator arm for simplicity and ease of access. There are numerous configurations available for manipulator’s arms, especially when positioning the end-effector in three-dimensional space. To determine the most suitable configuration for the proposed system, a preliminary analysis (type synthesis) was conducted, although the details are beyond the scope of this paper. The analysis revealed the four best configurations, consisting of three parallel manipulator configurations based on 3RUU [19], 3PRRR [75], and 3PUU [76,77] arrangements, and one serial manipulator configuration based on PPP arrangements. Considering space and other constraints, the gantry-type PPP serial manipulator was selected for the proposed system. The kinematic model of the designed PPP Cartesian manipulator consists of three limbs connected in series to a moving platform in a fixed base. To further elaborate on the kinematic model, let us consider the Cartesian coordinates of the end-effector concerning the fixed-body frame. The position of the end-effector in the Cartesian coordinate system is determined by three rigid bodies and three joint variables. The joint variables represent the motion of individual axes, while the rigid bodies represent the physical links of the robot. By controlling these joint variables, the manipulator can achieve various positions of the end-effector within its workspace. Overall, this model allows the robot to perform tasks in a coordinated manner, offering advantages such as improved precision, stiffness, and payload capacity.



To derive the kinematic model and conduct the kinematic analysis, it is essential to establish the frame arrangement of the vehicle manipulator system. This involves defining coordinate frames for each component and establishing their relationships. The frame selection should be carried out in a manner that simplifies the modeling process and enables a clear understanding of the kinematic relationships within the proposed system. A well-defined frame arrangement forms the foundation for accurately analyzing the system’s motion and aids in designing efficient control strategies for the vehicle manipulator. The arrangement of frames on the vehicle manipulator has been established relative to the inertial frame, as depicted in Figure 5. This frame arrangement defines the coordinate frames for each component, facilitating the analysis of the system’s motion and the establishment of kinematic relationships within the vehicle manipulator. The mobile base state variables for the proposed vehicle manipulator are denoted as x, y, and   θ 3  . The height of the vehicle, where the manipulator base is located, is represented as ‘h’. On the other hand, the manipulator joint variables include linear displacements denoted as   d 4  ,   d 5  , and   d 6  . These state and joint variables are essential for characterizing the motion and configuration of the vehicle manipulator system during its operation.



Furthermore, Table 1 presents the Denavit–Hartenberg (DH) parameters for the proposed system, starting from the inertial frame and extending to the end-effector. This comprehensive information is crucial for accurately analyzing the manipulator’s kinematics and understanding its motion characteristics during operation.



Workspace Analysis


The proposed four-wheeled skid-steering mobile robot, integrated with a gantry-type Cartesian manipulator, underwent workspace analysis using MATLAB. The generated workspace, while the vehicle remains stationary, adopts a cuboidal shape based on the reach of the linear joints/actuators. This analysis offers valuable insights into the robot’s capabilities and limitations in terms of its operational workspace. In order to further assess and demonstrate the manipulator’s performance, end-effector displacements were recorded under various input conditions and analyzed using MATLAB. Figure 6 presents a portion of the analysis results, illustrating the variations in end-effector displacement across the workspace. These findings contribute to a comprehensive understanding of the robot’s range of motion and its capacity to execute diverse tasks within its operational workspace. Such workspace analysis outcomes are crucial in optimizing the manipulator’s design and control strategies, guaranteeing efficient and effective operation in agricultural applications. With this information at hand, the robot’s capabilities can be harnessed to their fullest potential, enhancing its utility in various agricultural tasks.





5. Dynamic Model of the Proposed Vehicle Manipulator


The dynamic modeling of the vehicle manipulator can be approached in two ways. The first method, known as the decoupled model, treats the vehicle and manipulator as separate systems. This involves mapping their frame arrangement and Denavit–Hartenberg (DH) parameters. In this approach, the vehicle’s dynamic model is represented in its body-fixed moving frame. The second method involves considering a single coupled model. Here, the mobile base dynamics are expressed in the earth-fixed inertial frame. The dynamic equations of motion are then derived using Newton–Euler’s recursive method. Indeed, it is noteworthy that the dynamic modeling of the vehicle manipulator in a single-frame model offers simplifications that facilitate analysis while still capturing the essential interaction between the two subsystems. This approach proves particularly valuable in certain scenarios, as it provides a comprehensive understanding of the system’s behavior and allows for efficient study of the interplay between the vehicle and manipulator components.



In this work, both the manipulator and ground-based wheeled vehicle’s three degrees of freedom are modeled using Denavit–Hartenberg (DH) parameters. This approach presents a novelty compared to the traditional modeling of the Unified Vehicle Manipulator System, which explicitly incorporates dynamic coupling effects. In contrast, the dynamic coupling effects naturally arise when the vehicle’s degrees of freedom are modeled using DH parameters. By utilizing the DH parameters, the transformation matrix between each coordinate frame is obtained. The dynamic coupling of the proposed vehicle manipulator is evaluated using the recursive Newton–Euler algorithm. Through forward propagation, the angular velocity, velocity, and acceleration of each link are determined. Subsequently, backward propagation enables the determination of forces and moments acting on each link. As a result, the equations of motion can be derived within a single framework. The interactions between adjacent links involve forces and moments as follows:


     f  k + 1  k     =  R  k   k + 1    f  k + 1   k + 1   +  F k  −  m k   g k  ,       t k  k + 1      =  R k  k + 1    t  k + 1   k + 1   +  d  k / k + 1   ×  R k  k + 1    f  k + 1   k + 1   +  d  k / k + 1   ×  F k  +  T k  +         d  k / k c   ×  ( −  m k   g k  )  +  n k  ,       n k     =  v k k  ×  (  M k   v k  )      



(12)






     F k     =  M k   (  a k k  +  α k k  ×  d  k / k c  k  +  ω k k  ×  (  ω k k  ×  d  k / k c  k  )  )  ,       T k     =  I k   α k k  +  ω  k  k  ×  (  I k   ω  k  k  )  ,       ω  k + 1   k + 1      =  R  k + 1  k   ω k k  +   z  T    q ˙   k + 1   ,       v  k + 1   k + 1      =  R  K + 1  K   v k k  +  ω  k + 1   k + 1   ×  d  k / k c   k + 1   ,       a  k + 1   k + 1      =  R  k + 1  k   a k k  +  α  k + 1   k + 1   ×  d  k + 1 / k   k + 1   +  ω  k + 1   k + 1   ×  (  ω  k + 1   k + 1   ×  d  k + 1 / k   k + 1   )      



(13)







In the given above equations, k represents the joint axis. The rotation matrix   R k  k + 1   , force vector   f k  , and gravity force vector   g k   are defined. Additionally,   d  k / k c    represents the vector from the center of gravity of the link,   d  k / k + 1    represents the vector from joint k to   k + 1  ,   F k   represents the total forces acting at the center of mass of the link,   T K   represents the total moments acting at the center of mass of the link,   a k   represents the linear acceleration vector,   α k   represents the angular acceleration vector,   v k   represents the linear velocity vector,   ω k   represents the angular velocity vector,   m k   represents the mass of the link,   M K   represents the mass of the link located at the center of mass,   I k   represents the moment of inertia and added moment matrix of the link located at the center of mass, and    z  T   represents the unit vector along the z-axis.



The forces and moments acting on the coordinate frame    x 0  ,  y 0  ,  z 0    are the final forces and moments acting on the vehicle. It will include also the forces and moments created due to the manipulator as well as all the coupling effects. Then the terms of the equation can be rearranged into the following form:


  M  η   η ¨  + n  η ,  η ˙   = τ  



(14)




where  η  is the vector of linear and angular displacements (joint variables),   η ˙   is the vector of linear and angular velocities (joint velocities),   η ¨   is the vector of linear and angular accelerations (joint accelerations),   M  η    is the inertia matrix of the vehicle manipulator system, and   n  η ,  η ˙     is the vector of other effects (this includes dynamic coupling, centripetal, Coriolis, gravity, and other effects).



The mathematical model of the mobile manipulator is then simulated in a MATLAB environment to analyze its dynamic behavior.



5.1. Robotic Dynamic (Motion) Control in Joint Space


In order to perform sensitive and repetitive tasks, the agriculture robot is equipped with an efficient motion control system to address uncertainties arising from load variations and external disturbances. The controller parameters are chosen based on experimentally verified values to minimize variations during real-time operation. For this purpose, a sliding mode control (SMC) technique is employed, which is a variable-structure nonlinear control method. SMC utilizes a discontinuous control signal to induce the system to “slide” along a cross-section of its normal behavior, thereby altering the system’s dynamics.



Let   η  t    be the actual joint positions,    η ˙   t    be the actual joint velocities,   M  η    be the inertial matrix, and   n  η ,  η ˙     be the other effects. The proposed motion control scheme is given as follows:


  τ = M  η   [   η ¨  d  + λ   η ˜  ˙  + K sign  s  ]  + n  η ,  η ˙    



(15)




where   s =   η ˜  ˙  + λ  η ˜    is the proposed sliding surface (based on simple PD-like control),    η ˜  =  η d  − η   is the vector of position tracking errors,     η ˜  ˙  =   η ˙  d  −  η ˙    is the vector of velocity tracking errors,  λ  is a positive constant and defines the sliding surface characteristics.    η d  ,   η ˙  d  ,   η ¨  d    are the desired positions, velocities, and accelerations, respectively.  K  is the controller gain matrix and it is a symmetric positive definite matrix.




5.2. Simulation Results and Discussions


Computer-based simulations are conducted to demonstrate the performance of the proposed vehicle manipulator and verify the effectiveness of the proposed motion control scheme. Additionally, to facilitate performance comparison, a conventional PD control with feedback linearization is also considered, as given below:


  τ =  K p   η ˜  +  K d    η ˜  ˙  + n  η ,  η ˙    



(16)




where   K p   and   K d   are the proportional and derivative controller gain matrices. These matrices are symmetric and positive definite, ensuring asymptotic stability for the system.



In the trajectory tracking task for the proposed vehicle manipulator system, the desired values of the system states are commanded to follow a given 3D spatial desired trajectory.


      x d  =     1 − cos  0.1 t         y d  =     sin  0.1 t         θ  3 d   =     0.1 t        d  4 d   =     0.5 sin  0.1 t         d  5 d   =     0.2 sin  0.1 t         d  6 d   =     0.5 − 0.3 sin  0.1 t      



(17)




where    x d  ,  y d   , and   θ  3 d    are the desired mobile base generalized coordinates or vehicle states.    d  4 d   ,  d  5 d    , and   d  6 d    are the desired manipulator linear displacements or joint space variables.



For this task, both PD and PD-like sliding mode controllers are implemented. The controller gain parameters are obtained through a real-time iterative process, and the corresponding gain values are provided in Table 2. These gain values are crucial for achieving effective trajectory tracking and validating the performance of the proposed motion control scheme.



The model was made to run for 9 s to capture the error under both scenarios. The error vs. time plot for PD control is shown in Figure 7. It has been noticed that during the PD control, the error value in terms of X and Y coordinate variation with the desired value has attained a value of 0.04 m and the error value remains fixed after two seconds, remaining constant for the rest of the defined path. However, during PD-like sliding mode control, the error value rapidly increased for one second and subsequently attained a value of zero after 5 s, as depicted in Figure 8.





6. Simulation Analysis Using ADAMS


The performance of the proposed model was evaluated using ADAMS software through real-time simulation, as depicted in Figure 9. The SolidWorks design (3D model) of the mobile manipulator, including the terrain profile with varying ground elevations, was imported into ADAMS software. Contact forces between the ground and wheels were defined, along with a linear force acting on the center of mass of the robot.



The model underwent simulation tests, subjecting it to two different linear force scenarios: 200 N and 220 N. The vehicle manipulator was commanded to follow a forward motion with constant forces on the x-axis, aiming to assess the vehicle’s behavior with the proposed design and construction on rough terrain and determine the suitable actuator for the mobile base. The tests were conducted for 15 s, and displacement, velocity, and acceleration curves were plotted against time to evaluate the model’s performance.



Figure 10 illustrates the performance of the model under a linear force of 200 N. It can be observed that the model faced difficulty negotiating the high ground, resulting in a deceleration after approximately 12 s. The center of mass of the frame exhibited a continuous increase until 12 s, after which it started moving in the reverse direction.



In the subsequent attempt with a linear force of 220 N, as shown in Figure 11, the manipulator successfully managed to overcome a 45-degree slope gradient. Notably, there was a sudden rise in velocity and acceleration during the downward movement when negotiating the slope, while the acceleration and velocity values decreased when negotiating the upward slopes.



These simulation analyses provide valuable insights into the performance and capabilities of the proposed model. They allow for the identification of potential limitations and areas for improvement, aiding in the refinement of the design and optimization of the robot’s performance in real-world agricultural environments. Additionally, the ADAMS model is utilized to validate the dynamic model derived using Newton–Euler’s method. This validation process ensures the accuracy and reliability of the proposed model, thereby enabling its application in model-based system control schemes.




7. Functional Prototype


The prototype model of the system has been developed in hardware, taking into account the findings from mathematical modeling, software simulation, and preliminary structural analysis. The design of the base frame was initiated using mild steel, with dimensions of 63 mm in thickness, 1300 mm in length, and 900 mm in breadth. The choice of mild steel was made due to its high strength, which provides structural stability and balance to the joints. Compared to aluminum, steel offers superior strength, making it suitable for the requirements of the system.



To ensure effective navigation through uneven terrains, high-powered motors were selected for the vehicle. These motors provide the necessary power to overcome obstacles and operate smoothly in challenging environments. The implementation of a skid-steering system further enhances traction, control, and maneuverability, enabling the robot to adapt to different terrains effectively.



One important feature of the PPP-based mobile manipulator design is its inherent stability. By establishing the home position of the end-effector assembly prior to the start of the mobile platform, the system is configured to prevent tipping over, even when encountering difficult and irregular terrains. This proactive approach to maintaining stability enhances the overall performance and safety of the robot during operation.



By considering factors such as material selection, motor power, and stability mechanisms, the prototype model has been designed to meet the requirements of agricultural operations in various environments. This hardware development phase marks an important step towards further testing, optimization, and eventual deployment of the agriculture robot.



The proposed agriculture robot consists of several key assemblies that enable its functionality and movement. These assemblies include the X-axis assembly, Y-axis assembly, Z-axis assembly, wheels assembly, and the end-effector.



	
The X-axis assembly allows the end effector to travel along the length of the frame. It utilizes linear guide rails and ball-bearing carriages for smooth translation and is shown in Figure 12. Ball screw mechanisms controlled by stepper motors are employed to move the carriages along the X-axis.



	
The Y-axis assembly enables lateral translation of the end-effector. It consists of a base plate, guide rails, ball-bearing carriages, and a ball screw arrangement driven by a stepper motor. This assembly facilitates movement in the lateral direction and is shown in Figure 13.



	
The Z-axis assembly is attached to the Y-axis assembly and is responsible for the vertical translation. It consists of guide rails, ball bearings, and a ball screw mechanism connected to a motor. This assembly allows for the vertical movement of the end-effector and is shown in Figure 14.



	
The wheels assembly includes four solid rubber wheels with a load-carrying capacity of 500 kg. The wheels are mounted to the base frame using L brackets and drive the entire assembly set. These wheels enable the robot to move and navigate through different terrains.
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Figure 12. X-axis sub-assembly. 






Figure 12. X-axis sub-assembly.
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Figure 13. Y-axis sub-assembly. 






Figure 13. Y-axis sub-assembly.
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Figure 14. Z-axis sub-assembly. 






Figure 14. Z-axis sub-assembly.
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The end-effector is a crucial component of the robot and can be customized for various agricultural operations. The designed end effector is specifically used for picking loads, such as baskets containing fruits or vegetables, and is shown in Figure 15. It operates using a lead screw mechanism to open and grab objects. Additionally, there are conceptual end-effectors being considered for weed picking, pruning operations, and plucking fruits from trees.
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Figure 15. End-effector assembly. 






Figure 15. End-effector assembly.
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The paper presents two types of end-effectors designed specifically for different types of fruits in agricultural operations based on parallel mechanisms/manipulators.



The first type of end-effector, shown in Figure 16, is designed for cylindrical-shaped fruits. It utilizes a parallel manipulation configuration and is operated by a single actuator. This end-effector is designed to effectively grip and pick cylindrical fruits, such as bananas or cucumbers. The lead screw mechanism allows the arms of the end-effector to open and close, providing a secure grip on the fruits.



The second type of end-effector, shown in Figure 17, is designed for spherical-shaped fruits. Similar to the previous design, this end-effector also employs a parallel manipulation configuration and a single actuator. It is specifically tailored to handle spherical fruits like apples or oranges. The end-effector uses a three-fingered gripper mechanism, operated by a scissor lift mechanism, to grasp and pick the spherical fruits with precision.



The same end-effector can also be used as a weeding mechanism that incorporates an additional aluminum rail, positioned laterally over the cart, to which the gripper and slider are attached. This rail can be longitudinally translated using the ball screw mechanism located along the cart’s longitudinal rail on both sides. The design employs three ball screws for the translational motion of the components. The ball screw converts rotational motion into linear motion. Figure 17 presents the CAD model of the ball screw assembly. The rail is supported by ball-bearing carriages, enabling smooth translation motion. These carriages are guided by guide rails placed on T-slots within the cart. A slider is connected to the lateral rail, facilitating the vertical movement of the gripper to reach weed roots. The slider is laterally translated along the rail using a ball screw mechanism.
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Figure 16. End-effector designed to carry a heavy load and ideal for all types of cylindrical-shaped fruits. 






Figure 16. End-effector designed to carry a heavy load and ideal for all types of cylindrical-shaped fruits.
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Figure 17. End-effector designed for spherical-shaped fruits. 






Figure 17. End-effector designed for spherical-shaped fruits.



[image: Machines 11 00776 g017]





As depicted in Figure 17, telescopic slides are affixed to the lateral frame using ball-bearing carriages and guideways. A close-up view of the telescopic slides is shown in Figure 17. The gripper, illustrated in Figure 17, is mounted on these telescopic slides, allowing for height adjustment according to specific requirements. The end-effector of the gripper consists of a three-fingered parallel gripper design.



Both end-effectors are designed to accommodate the specific shape and size of the target fruits, ensuring efficient and reliable picking operations in agricultural settings. The use of parallel manipulation configurations and single actuators allows for simplified control and operation of the end-effectors, enhancing the overall performance of the agriculture robot.



The combination of these assemblies and the end-effector allows the proposed agriculture robot to perform various tasks efficiently in agricultural settings.



Fabrication and Making of Prototype


During the fabrication of the prototype, a combination of off-the-shelf components and custom-designed parts was utilized. The following steps were undertaken:




	
Procurement of Components: Wheels, bearings, and chain sprockets, among other readily available components, were procured from suppliers.



	
Design and Manufacture: Components such as L brackets and wheel shafts were designed using CAD software and manufactured according to the specifications provided in the CAD drawings.



	
Panel Boxes: Two-panel boxes were specifically designed to house electronic components, including motor drivers and batteries, ensuring proper organization and protection.



	
Assembly: Rail assemblies were fixed onto the base frame, while wheel assemblies were mounted on L brackets. This arrangement facilitated the mobility of the robot.



	
Manual Testing: The manual movement of all axes was manually tested by rotating the ball screw for each axis. The tire-free movements were examined by pushing and pulling the mobile platform.



	
End Effector: The ball screw arrangement for the end-effector was manually tested and subsequently mounted on the Z-axis.



	
Calibration: The complete structure underwent calibration to ensure smooth and unhindered movement of components along the X-, Y-, and Z-axes.



	
Testing of Electronic Components: The functionality of individual motor drives for the X-, Y-, and Z-axes, along with end-effector movement, was tested. This involved checking the specifications and performance of electronic components.








To provide further details on the electronic components used during the fabrication of the prototype, refer to Table 3, which outlines their specifications.



By following these steps and ensuring the proper integration and functioning of components, the prototype of the agriculture robot was successfully fabricated and is shown in Figure 18, laying the foundation for further testing and refinement.



The fabricated prototype’s functionality is demonstrated in the lab environment by successfully picking up a bottle guard from flat ground. The sequence of the robot’s motion for this task is depicted in Figure 19. This demonstration confirms that the proposed robot is performing the intended task according to its design. However, further enhancements in sensor integration and overall system integration are required to make it a more viable and practical solution. These improvements will enhance the robot’s capabilities and ensure its reliable performance in real-world applications.





8. Conclusions


Robotic technology offers numerous opportunities to enhance agricultural output in multiple dimensions. The farming industry should explore the potential use of advanced prototypes as versatile robotic platforms capable of handling various agricultural tasks. By making minor modifications, these platforms can be utilized for repetitive farming activities, significantly boosting overall productivity while saving time and reducing the need for manual labor. To enable efficient operations, the platform can be equipped with wide-view and narrow-view cameras for real-time live streaming. Leveraging AI-based tools, it can effectively identify fruits and weeds, streamlining the farming process. The current prototype utilizes a four-wheel skid-steering mechanism, which can be further improved by incorporating a steering mechanism for all four wheels, enhancing its versatility and making it more holonomic.



Moreover, the platform is designed with an end-effector capable of lifting heavy fruits like watermelon and muskmelon. Its stability is exceptional, and the gantry-type Cartesian manipulator design inherently allows the overall system to handle heavy loads in agricultural landscapes. The proposed vehicle manipulator prototype has successfully demonstrated its intended functionality in terms of handling heavy fruits and maneuvering flat rough terrains and shows great potential for deployment in agriculture fields, especially with iterative design optimization. Overall, harnessing the potential of robotic technology in agriculture holds significant promise for improving productivity, efficiency, and ultimately, the success of the industry.



The proposed system is designed to operate on flat ground and rough terrains with smaller-sized bumps, typically up to 10 cm to 15 cm in height. It is configured to operate at a limited speed of 0.5 m/s. The current design focuses on handling heavy fruits, weed removal, and pruning operations. However, the end-effector designs can be adaptable for multiple purposes. Currently, the robotic system has a gantry-type structure, which is suitable for smaller-sized plants, and it utilizes a bottom-looking sensor configuration. Nevertheless, with appropriate modifications, the proposed system can be extended to perform fruit harvesting in taller trees with heights up to 3 m. This extension can be achieved by enhancing the design to enable the vertical joint of the manipulator to move in an upward direction, facilitating harvesting at elevated heights. Furthermore, the mobile base of the system utilizes skid steering and is equipped with four powered solid rubber wheels. This configuration may limit the maneuverability of the robot, and the absence of an active suspension system restricts its operation in hilly and rough terrains. However, by incorporating a proper suspension system, the robot’s capabilities can be significantly enhanced. An active suspension system would enable the robot to navigate more efficiently on uneven and challenging terrains, including hilly landscapes and rough surfaces. With the addition of a suitable suspension mechanism, the robot’s stability and adaptability will improve, allowing it to traverse various terrains with ease and perform agricultural tasks in diverse environments. This enhancement would make the robot more versatile and suitable for a wider range of agricultural applications.
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Figure 1. Conceptual design of the proposed mobile manipulator. 
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Figure 2. Four-wheeled skid steering: velocity analysis. 
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Figure 3. Four-wheeled skid steering: force analysis. 
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Figure 4. Circular trajectory task performed by the skid−steering mobile platform. 
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Figure 5. Kinematic frame arrangement of the proposed vehicle manipulator. 
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Figure 6. Variations in end−effector displacements within the manipulator’s workspace. 
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Figure 7. Error vs. time plot for mobile manipulator for PD control. 
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Figure 8. Error vs. time plot for mobile manipulator for PD−like sliding mode control. 
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Figure 9. Simulation test of model on ADAMS. 






Figure 9. Simulation test of model on ADAMS.



[image: Machines 11 00776 g009]







[image: Machines 11 00776 g010 550] 





Figure 10. Mobile manipulator center of mass, velocity, and acceleration graph with respect to time under 200 N of force. 
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Figure 11. Mobile manipulator center of mass, velocity, and acceleration graph with respect to time under 220 N of force. 
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Figure 18. In-house fabricated prototype of the agricultural mobile manipulator. 
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Figure 19. Demonstration of a vegetable-picking task using the proposed vehicle manipulator. 
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Table 1. DH parameters of the proposed vehicle manipulator.
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	i
	    α  i − 1     
	    a  i − 1     
	    θ i    
	    d i    





	1
	    3 π  2   
	0
	    3 π  2   
	    d 1  = x   



	2
	    3 π  2   
	0
	    3 π  2   
	    d 2  = y   



	3
	    3 π  2   
	0
	     3 π  2  +  θ 3    
	    d 3  = h   



	4
	    3 π  2   
	0
	    3 π  2   
	   d 4   



	5
	    3 π  2   
	0
	    3 π  2   
	   d 5   



	6
	   π 2   
	0
	   π 2   
	   d 6   
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Table 2. Controller gain parameters.
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	Control Scheme
	Gain Parameters





	PD control scheme
	    K p  = 4  I  6 × 6   ,  K d  = 4  I  6 × 6     



	Proposed PD-like sliding mode control scheme
	   K = 4  I  6 × 6   , λ = 2  I  6 × 6     
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Table 3. Specifications of electronic components.
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	S. No.
	Component Name
	Specifications
	Quantity





	1
	Battery
	12 V, 40 AH Car Battery
	2



	2
	Stepper Motor Driver
	SEA2M68
	4



	3
	Stepper Motor
	PSM86 (2 Phase)
	4



	4
	DC Servo Motor
	Rhino Servo 24 V, 60 RPM, 100 W Motor
	5



	5
	Electronic Controller
	Arduino Mega 2560 R3 with 3D Model
	1



	6
	Transmitter
	Flysky FS-16X RX
	1



	7
	Servo Motor Driver
	Cytron 20A -MD 20A
	1
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