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            Abstract
          
        

        
          This study introduces a new type of two-finger end-effector designed to enable a single robotic manipulator to perform manipulation tasks that typically require two arms. The main objective is to enhance efficiency in both workspace usage and system cost by allowing complex, bimanual manipulation tasks through one manipulator. The system comprises two fingers, where one finger features three serially connected rotational joints and an integrated parallel gripper at its tip. The geometric and kinematic characteristics of the mechanism were analyzed to estimate its reachable workspace. A series of bimanual manipulation experiments were then conducted to evaluate its functional performance and practical applicability. Through experimental validation, it was observed that the proposed mechanism successfully executed various bimanual manipulation tasks that conventionally require coordinated actions of two manipulators. These results demonstrate that cooperative manipulation can be realized by a single arm when equipped with the proposed end-effector. In contrast to prior works focusing mainly on replicating the human hand structure or maximizing degrees of freedom, this study presents a hybrid mechanism that embeds a parallel gripper within a multi-joint finger. The design concept enables compact, efficient manipulation and suggests a simplified yet versatile approach for future robotic systems.
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      1. Introduction
      The gripper is mounted at the end of a manipulator and is responsible for grasping and manipulating objects. Grippers can be classified according to their mechanisms or applications, including pneumatic grippers[1], hydraulic-powered grippers[2], electric grippers[3], magnetic grippers[4], vacuum grippers[5], and passive grippers[6]. Among these, electric grippers are commonly used in applications requiring precise control. Electric grippers range from simple two-finger parallel types[7,8] to multi-finger grippers[9,10] and dexterous hands[11] that provide human-like degrees of freedom.

      To replicate the functionality of the human hand, extensive research has focused on the development of dexterous robotic hands[12-14]. These hands, characterized by a high number of degrees of freedom (DoF), are capable of producing a wide variety of motions and postures, thereby offering broad applicability across diverse domains. However, the high DoF inherent in such designs introduces challenges, including an increased number of actuators, complex control architectures, and elevated system costs[15,16]. To address these issues, underactuated mechanisms have been widely investigated. The principal advantage of this approach lies in its ability to achieve versatile motion while reducing the number of actuators required for control[17].

      Conventional grippers have primarily focused on grasping tasks, whereas robotic hands have been designed to perform both grasping and in-hand manipulation. Traditional in-hand manipulation mainly involves manipulating an object within a single hand, with a primary focus on changing the object’s orientation[18-21]. Such studies have laid the foundation for more sophisticated manipulation strategies that enable precise reorientation and repositioning without external assistance. However, single-hand manipulation becomes limited when tasks require coordinated motion or force interaction between both hands, such as unscrewing a bottle cap or tearing open a plastic package.

      To address such tasks, bimanual manipulation has been investigated, as it requires precise motion control and intricate coordination between the two arms[22]. To achieve human-level bimanual manipulation, alternative approaches such as reinforcement learning (RL) have been explored[23]. Studies have shown that imitation learning enhances robotic dual-arm coordination by combining waypoint guidance, hierarchical learning, and force-based control[24-26]. In particular, these systems[26-28] have demonstrated remarkable performance in developing data collection frameworks for imitation learning. Reinforcement learning often suffers from low sample efficiency and training instability, while imitation learning remains labor-intensive and time-consuming due to the need for extensive demonstrations[29]. To overcome these limitations, recent studies have explored high-level planning approaches that leverage large language models (LLMs)[30], vision–language models (VLMs)[31], and vision–language–action (VLA) frame works[32].

      Nevertheless, from the perspective of physical interaction, these approaches still rely on two independent grippers operating in parallel. For tasks that do not require high grasping forces, the use of two manipulators tends to be inefficient in terms of both cost and spatial requirements.

      Therefore, this study proposes an end-effector designed to enable a single manipulator to perform tasks that typically require dual-arm coordination. As shown in [Fig. 1], the proposed mechanism consists of two fingers, including a three joint articulated finger with an integrated parallel-gripper-like sub-gripper at the fingertip. This configuration allows a single tool to emulate coordinated dual-gripper behavior, enabling precise in-hand manipulation and repositioning of small objects without the complexity of a multi-arm system.

      
        
        

        [Fig. 1] 
				
        

        
          Approaches to bimanual manipulation: dual-arm manipulator versus the proposed single-manipulator end-effector
        
        

        

      

      The scope and contributions of this study are summarized as follows:

      
        	1. This study proposes an end-effector that enables bimanipulation tasks using a single manipulator, focusing solely on its mechanical design and functional capability.


        	2. The research emphasizes structural design approaches and experimentally verifies the bimanipulation performance of the proposed mechanism.


        	3. The applicability of the mechanism is demonstrated through several manipulation scenarios, showing its ability to perform various bimanipulation-like operations.


      

      The following section provides a brief overview of previous studies related to finger design. Section 3 describes the hardware design of the proposed system and kinematic analysis. Section 4 details the experiments and the results obtained from the selected tasks. Section 5 discusses the limitations of the study and outlines directions for future research, while Section 6 concludes the paper.

    

    

  
    
      2. Related Works
      Existing research has focused on replicating finger structures analogous to the human hand in order to enable both grasping and in-hand manipulation. This bio-inspired approach aims to mechanically reproduce the biomechanical features of the human hand to achieve flexible and adaptive manipulation. Typically, robotic fingers are classified as either fully actuated[14] or underactuated[17], each approach representing a trade-off between actuation efficiency and control precision. In a fully actuated design, every joint can be controlled independently, enabling fine motion execution, but this demands complex control architectures and a large number of actuators. Conversely, underactuated designs generate multi DoF motion with fewer actuators, which affords structural simplicity and reduced mass, yet they impose limitations on fine manipulation and force control.

      Previous works commonly apply the same structure from the little finger through the index finger, while designing the thumb separately. Most fingers are configured with 2 DoF[17], 3 DoF[33-35], or 4 DoF[14,36], whereas the thumb has been designed with 3 DoF[17], 4 DoF[14,33-35], or 5 DoF[36]. These configurations aim to realize a variety of grasp postures and enable thumb opposition. Moreover, the majority of the prior work addressed structural designs for reliably grasping objects of varying shapes. In particular, adaptive grasping mechanisms-where fingers automatically conform to object geometry-have been actively studied. However, those approaches generally focus on static grasping rather than the dynamic reorientation or repositioning of objects within the hand, i.e., in-hand manipulation. Executing in-hand manipulation requires fine torque control among joints and coordinated kinematics, which is difficult to achieve without advanced control systems. Furthemore, many complex tasks such as assembly or tool usage inherently require two-hand coordination, so many existing systems rely on dual-manipulator setups. Such dual-arm configurations are inefficient in terms of spatial footprint and economic cost, and synchronization control between the arms further adds complexity.

      Therefore, although prior works have explored multi-joint robotic hands, adaptive mechanisms, and dual-arm coordination, achieving dual-arm-level dexterous manipulation with a single manipulator remains challenging. This motivates the development of a mechanism that can provide fine manipulation capability without relying on dual-arm control or complex motion planning.

    

    

  
    
      3. Design and Kinematic analysis
      
        3.1 Design of the end-effector
        The objective of this study is to enable bimanual manipulation tasks-traditionally performed using a dual-arm manipulator-by employing a single manipulator equipped with a specialized end-effector. To replicate the functional capabilities of two arms within a single end-effector, the fingers mounted on the end-effector must provide higher dexterity than conventional parallel grippers. Human hands, for instance, perform grasping by flexion and abduction of the fingers, and the thumb additionally enables opposition to the other fingers, facilitating stable grasping. However, even the human hand has limited ability to rotate the flexion axis of each finger, and thus cannot fully substitute for arm-like manipulation using finger joints alone.

        To address this challenge, the proposed design utilizes three actuated joints for each finger to achieve finger articulation, and incorporates a fingertip gripper to grasp objects at the end phalanx. Although constructing each finger with a higher number of degrees of freedom-similar to a 6- or 7-DoF manipulator-is theoretically possible, such a configuration would significantly increase system complexity. Therefore, in this work, we adopt a minimum-DoF design approach, providing sufficient dexterity to reach desired contact configurations in 3D space while maintaining mechanical simplicity.

        The proposed end-effector consists of two fingers, as illustrated in ‘[Fig. 2]’. The end-effector is mounted on a UR3 robot via a customized mechanical adapter integrated into the base structure. Each finger is driven by three rotational joints, with one motor assigned to each joint. The base structure houses the motors responsible for driving the proximal joints of both fingers, along with an onboard MCU and motor drivers. Additional motors are serially mounted along the finger links, and the final motor actuates a compact fingertip gripper. The fingertip consists of a fixed pad attached to the motor frame and a movable pad driven by the motor shaft, enabling secure grasping. Further details on the kinematic structure, motion characteristics, and workspace analysis are presented in the following section.

        
          
          

          [Fig. 2] 
				
          

          
            Detailed design of the proposed end-effector
          
          

          

        

      

      
        3.2 Kinematic Analysis
        In this section, forward kinematics is performed to describe the motion characteristics of the proposed end-effector. As previously mentioned, each finger is a serial linkage composed of three rotational joints, allowing the position and orientation of the fingertip to be determined. To this end, coordinate frames were assigned to the joints and links, and the forward kinematic model was constructed accordingly. In particular, because each fingertip consists of a fixed tip and a movable tip, these two components are treated separately so that their respective poses can be estimated. Using the derived kinematic model, the fingertip pose and workspace of the fingers are subsequently analyzed.

        To describe the behavior of the proposed end-effector, coordinate frames were first assigned to each joint, and the corresponding DH parameters were defined. [Fig. 3] illustrates the coordinate systems of the end-effector ([Fig. 3(a)]) along with its kinematic diagram, while the kinematic parameters are annotated in [Fig. 3(b)].

        
          
          

          [Fig. 3] 
				
          

          
            Coordinate system and kinematic diagram of the proposed gripper for kinematic analysis, (a) Coordinate System of the end-effector, (b) Kinematic diagram of the end-effector
          
          

          

        

        First, as shown in [Fig. 3(a)], the center of the mounting surface where the manipulator and the gripper are attached is denoted as Po, and a coordinate frame Poxoyozo is assigned such that the direction perpendicular to the surface defines the zo axis. For the left finger, the analysis proceeds as follows. A coordinate frame Pj1x1y1z1 is attached with its z1 axis aligned with the rotational axis of the first motor. The second and third motors are assigned coordinate frames Pj2x2y2z2 and Pj3x3y3z3, with z2 and z3 corresponding to their respective rotational axes. The three points Pj2, Pj3, and Pj4 lie along the z1 axis. Beyond these joints, the fingertip is represented by two terminal points: the move tip and the fixed tip, both defined such that their z-axes point toward the object. Since the move tip is actuated by the motor at Pj4, the coordinate frame following Pj3x3y3z3 is denoted as Pj4x4y4z4. The end-point of the move tip is labeled as Pj5, with its coordinate frame Pj5x5y5z5. In contrast, the fixed tip is unaffected by the motion of the motor at Pj4 and can therefore be represented as the Pj4x4y4z4 frame when the motor angle satisfies θ4 = 0.

        The right finger has the same coordinate-frame structure as the left finger, except that the signs of the kinematic parameters required for transforming from the base frame Poxoyozo to the first motor frame Pj1'x1'y1'z1' differ.

        [Fig. 3(b)] shows the kinematic diagram constructed based on the coordinate frames defined in [Fig. 3(a)]. The rotational axes of the motors are represented as cylinders, and the notation for all points is kept consistent. The distances between points are denoted as d and l, while the motor rotation angles are variable and labeled as θ1, θ2 and θ3. Finally, the term θc annotated at Pj4 indicates that the endpoint of the move tip does not lie on the z1 axis in its initial configuration and is affected by θ4. Consequently, the distance between Pj4m and Pj5m is l42+l52. The kinematic parameters corresponding to the design dimensions are provided in the appendix.

        Let Tij∈SE(3) denote the homogeneous transformation matrix from frame i to frame j(where j > i). The matrix Tij can be expressed as follows.

        
          
            
              	
                
                  
                    
                      
                        T
                      
                      
                        i
                      
                      
                        j
                      
                    
                    =
                    
                      
                        T
                      
                      
                        i
                      
                      
                        i
                        +
                        1
                      
                    
                    
                      
                        T
                      
                      
                        i
                        +
                        1
                      
                      
                        i
                        +
                        2
                      
                    
                    ⋯
                    
                      
                        T
                      
                      
                        j
                        -
                        2
                      
                      
                        j
                        -
                        1
                      
                    
                    
                      
                        T
                      
                      
                        j
                        -
                        1
                      
                      
                        j
                      
                    
                  
                
              
              	
                (1) 
				
              
            

          

        

        Based on this, and using the coordinate frames defined in [Fig. 3(a)], the transformations from the base frame Poxoyozo to P4x4y4z4 can be obtained sequentially as T01,T12, and so on, as follows.
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        Here, the coordinates of the move-tip end Pem and the fixed-tip end Pef, expressed in the coordinate frame P4x4y4z4, are given as follows.
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        Here, θ4c=θ4-θc, where θ4 is the actuation angle of the Pj4 joint motor, and θc is a design parameter. The term le=l42+l52 is also a design parameter.

        For the right finger, the same procedure can be applied by replacing -l0 with +l0 in the matrix T01. All coordinate frames and points associated with the right finger are marked with a prime symbol (′). Accordingly, the transformation matrix of the right finger is denoted as Tij', and the transformation from the base frame Poxoyozo to the frame P4x4y4z4 is represented as T04'. The coordinates of the move tip end and the fixed-tip end for the right finger are denoted as P'em and P'ef, respectively.

        When an object is grasped using the fixed tip and move tip, it is assumed that the object is held at the midpoint between the two tips. Let the midpoint between the left finger’s tips be Pgl and that between the right finger’s tips be Pgr; they are expressed as follows.
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        At this point, if the grasping midpoint of the left finger is expressed in the base coordinate frame Poxoyozo, the transformed point is denoted as 0Pgl and is given as follows.
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        Therefore, the position of the left finger’s grasping midpoint Pgl expressed in the coordinate frame of the right finger’s grasping midpoint Pgr is denote as grPgl and is given as follows.
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        Here, the superscript T in TijT denotes the matrix transpose. Finally, in a manner analogous to bimanual manipulation-where the gripper mounted on the left arm is used as the observation frame to express the pose of the gripper mounted on the right arm-the position of the right finger’s grasping point can be expressed from the viewpoint of the left finger’s grasping point. The kinematic parameters used in this analysis are provided in the appendix.

      

      
        3.3 Reachable workspace
        To achieve a stable grasp, a kinematic analysis of the reachable space of each finger is essential. In particular, for structures in which two fingers are equipped with independent grippers, it is important to analyze the workspace of each finger individually and then identify the overlapping region between the two. This overlapping region represents the feasible grasping space in which both fingers can make simultaneous contact with the object, and therefore serves as a key indicator for evaluating the performance of the gripper design.

        The motion ranges of each joint and the gripper tips are summarized in [Table 1], and the reachable workspace of each finger was computed based on these ranges. For the grasping midpoints Pgl and Pgr of the two fingers, all possible positions generated by the combinations of joint angles were plotted to evaluate the overall reachable region. In addition, since the relative position of the grasping midpoint varies depending on the opening width of the tips-which changes according to the size of the object to be grasped-the final reachable region was derived by incorporating this effect as well.

        
          [Table 1] 
				
          

          
            Joint angle limits of the gripper
          
          

        

        
          
            
              	Joint angle
              	Range (degree)
            

          
          
            	
              θ
              1
            
            	-180 to 180
          

          
            	
              θ
              2
            
            	-90 to 60
          

          
            	
              θ
              3
            
            	-90 to 60
          

          
            	
              θ
              4
            
            	0 to 70
          

        

        

        [Fig. 4] illustrates the reachable workspaces of the two fingers in a 3D view as well as top and front views. The left finger is shown in blue and the right finger in red, and the overlapping region of the two colors represents the feasible grasping space in which both fingers can simultaneously reach. Additionally, the overlapping region of the two fingers forms a simultaneous reachable area near the center of the end-effector, representing the spatial range in which both fingers can make contact at the same time. As shown in the top and front views, the two workspaces converge toward each other, which is important because it provides the kinematic allowance for both fingers to reach the same region during grasping. This simultaneous reachable area satisfies the minimum spatial requirement for establishing a grasp on an object. Therefore, the workspace analysis demonstrates that the proposed end-effector possesses sufficient kinematic capability to perform stable two-finger grasping even when mounted on a single manipulator.

        
          
          

          [Fig. 4] 
				
          

          
            Reachable workspace of the end-effector
          
          

          

        

        In addition, to identify the kinematic characteristics within the overlapping region, the minimum singular value of the Jacobian for each finger was computed, and near-singular regions were visualized. As shown in [Fig. 5], near-singular configurations were identified in certain postures within the overlapping workspace. These configurations correspond to states in which end-effector motions may require large joint velocities, potentially affecting cooperative manipulation stability. Therefore, the experimental trajectories were designed to avoid these regions, and configurations in which both fingers simultaneously approached near-singular states were excluded.

        
          
          

          [Fig. 5] 
				
          

          
            Workspace overlap and near-singular regions of both fingers
          
          

          

        

      

    

    

  
    
      4. Experimental Validation
      This section validates the capabilities of the proposed endeffector through three simple bimanual manipulation tasks and one complex bimanual manipulation task. These tasks were selected because they represent the fundamental components of everyday bimanual operations. Prior to the task demonstrations, the gripping force of the gripper and the payload capacity of the non-gripping joints are measured and presented. Based on these experimental results, the functional effectiveness of the proposed end-effector is demonstrated. The configuration of the gripper used in the experiments is described in detail. The gripper consists of a total of seven motors (Pj1: XC-430-W230-T, Pj2 and Pj3: XL-430-W250-T, Pj4: XM-430-W350-T, Robotis). The motors were controlled using an MCU (Uno, Arduino) and Motor Shield (Dynamicxel Shield, Robotis). The fingers communicate through a daisy chain connection. The end-effector was mounted on a manipulator (UR3, Universal Robot) for use, and its total weight is 0.86 kg.

      
        4.1 Quantitative evaluation
        The quantitative evaluation of the end-effector consists of two parts. First, the gripping force generated by the gripper actuated by Pj4 was measured, and based on this result, the payload capacity of the other joints was evaluated. [Fig. 6(a)] shows the experimental setup for measuring the gripping force. A load cell (QLMH-25, BIRAN) capable of measuring both compression and tension was installed. A connector was attached to the load cell to fasten the wire, and the end-effector grasped a corresponding connector attached to the opposite end of the wire. From this configuration, the manipulator was moved vertically upward to measure the load-cell output, which was used to determine the gripping force. A gravitational acceleration of 9.812 m/s2 was used for converting the measurement to force, and data were collected at 20 ms intervals over five repeated trials. [Fig. 6(b)] illustrates the resulting force profile over time. The x-axis represents time (s) and the y-axis represents force (N). The five trials are shown in gray, and the averaged result is shown in black. Across five trials, the peak force ranged from 15.14 N to 16.32 N, with an average of 15.77 N.

        
          
          

          [Fig. 6] 
				
          

          
            Gripping force evaluation: (a) Measurement setup, (b) Time-domain force response
          
          

          

        

        However, the measured gripping force is a reference value obtained under a specific grasping condition. Since the relative posture of the gripper tips can vary depending on object geometry and contact configuration, the achievable force may differ across different objects. Therefore, this result should be interpreted as an indicative force capability rather than a universal maximum grasping force for all grasping scenarios.

        The next evaluation concerns the payload capacity of the manipulator. This measurement was conducted under the same conditions as the gripping force experiment, except that the object was grasped laterally and then lifted vertically upward. [Fig. 7(a)] shows the experimental setup. While the motor driven by Pj4 operates in current-control mode to ensure gripping stability and prevent overload, the motors in the remaining joints operate in position-control mode. Therefore, the load-cell value was recorded up to the point at which an overload was detected in the position-controlled joints. As with the gripping force test, the measurement was repeated five times. The x-axis represents time (s) and the y-axis represents force (N). The five trials are shown in gray, and the averaged result is shown in black. Across five trials, the peak load ranged from 14.59 N to 15.83 N, with an average of 15.42 N.

        
          
          

          [Fig. 7] 
				
          

          
            Payload evaluation: (a) Measurement setup, (b) Time-domain force response
          
          

          

        

      

      
        4.2 Bimanual manipulation
        During the bimanual manipulation tasks, the manipulator’s actions were executed based on pre-verified teaching positions. Since the purpose of this work is to evaluate the performance of the proposed gripper itself, manipulation tasks and autonomous object search are not considered. The posture for each action is determined beforehand and then applied during the experiments.

        First, three simple bimanual manipulation tasks were selected, each consisting of a single primary action. In the context of bimanual manipulation, an action involving direct interaction with an object is defined as a phase. For example, primary actions such as picking or opening require several auxiliary motions, including pose changing, approaching, gripping, and lifting. A phase is thus defined as the sequence of these auxiliary motions that collectively enable the primary interaction with the object. Based on this definition, the selected tasks were opening a container cap, unplugging a USB device from a USB hub, and closing a zipper storage bag, whose primary actions correspond to opening, pulling, and closing, respectively.

        [Fig. 8] presents the results of the three selected tasks. All tasks begin with the initial pose followed by opening the gripper. The next step involves moving closer to the object: [Fig. 8(a)] and [Fig. 8(b)] correspond to the approaching motion toward the object, while [Fig. 8(c)] shows a feeding motion in which the object is brought toward the end-effector. After this, the object is grasped, and for objects placed on a surface, a lifting motion is performed. Finally, the primary actions-opening, pulling, or closing-are executed to complete the phase. The results of the three single-phase tasks show that each task can be executed with relatively simple motions; however, these actions are inherently difficult to perform with a single hand. Conventional approaches typically require two parallel grippers to execute such tasks. In contrast, the proposed end-effector is capable of completing all three tasks on its own, demonstrating the advantage of the integrated mechanism.

        
          
          

          [Fig. 8] 
				
          

          
            Experimental results of three simple bimanual manipulation tasks, (a) Experimental result of opening a container cap, (b) Experimental result of unplugging a USB device, (c) Experimental result of closing a zipper storage bag
          
          

          

        

        For the complex bimanual manipulation task, a scenario requiring multiple phases was selected. This task involves three primary actions corresponding to unlocking a battery case, opening the case, and retrieving an AA battery from inside. [Fig. 9] illustrates the results of the three-phase experiment.

        
          
          

          [Fig. 9] 
				
          

          
            Experimental results of three phase complex bimanual manipulation tasks: phase 1 - releasing the case, phase 2 - opening the case, and phase 3 - picking the AA battery
          
          

          

        

        In the first phase, the gripper moves from the initial pose toward the case, presses one side of the case using one finger, and releases the latch on the other side using another finger. The latch on the opposite side is released in the same manner, after which the gripper changes its pose in preparation for the next phase.

        In the second phase, the gripper approaches the case. Since the case is too large to be grasped by a single finger, it is gripped using two fingers. The gripper then lifts the case and performs the opening action, followed by a pose change in preparation for the next phase.

        In the third phase, one finger of the gripper is opened and inserted into the interior of the case to grasp the battery. The gripper then lifts and moves the battery outward, completing the picking action.

        The results of this three-phase task show that, although each individual action is relatively simple, a substantial number of coordinated motions are required overall. Moreover, the finger movements needed for each action vary significantly, demonstrating that the proposed end-effector is well suited for executing the diverse motions involved in such multi-step manipulation tasks.

      

      
        4.3 Results
        The proposed end-effector generated gripping force and supported payload, both of which were confirmed through experiments without motor overload. Three single-phase manipulation tasks (container opening, USB unplugging, zipper closing) were successfully executed following pre-taught trajectories. A multi-phase task consisting of releasing, opening, and picking steps was also completed using coordinated motion of the two articulated fingers. These experiments confirm that the mechanism can execute diverse manipulation motions using a single manipulator.

      

    

    

  
    
      5. Discussion
      The results of this study demonstrate that the proposed end-effector can reproduce essential bimanual manipulation behaviors even when operated with a single manipulator. Quantitative experiments confirmed that the proposed structure provides sufficient gripping force and payload capacity, and the mechanism successfully performed not only single-phase tasks but also complex multi-phase tasks. Furthermore, the two fingers were shown to exhibit a partially overlapping workspace, and this simultaneous reachable region provides the geometric foundation necessary for forming two contact points with a single end-effector.

      The main contributions of this study are as follows. First, we propose an end-effector that enables bimanual manipulation tasks-traditionally requiring two independent grippers or a dual-arm manipulator-to be executed using a single manipulator. By integrating a three-joint articulated finger with a compact fingertip parallel gripper, the mechanism allows a single robot arm to emulate hand–hand coordination. Second, we systematically analyzed the kinematic model and workspace characteristics of the proposed structure, verifying that the overlapping reachable region enables stable dual-sided contact. Finally, through various manipulation scenarios ranging from simple tasks to multi-phase operations, we experimentally demonstrated the practical applicability of the proposed end-effector.

      Nevertheless, several limitations remain. The gripping force and payload capacity are suitable only for relatively lightweight objects, and applications requiring high loads-such as those in industrial environments-would require further improvements. Additionally, no external sensor system was integrated, and the mechanism did not use feedback to adapt to environmental variations. As a result, it is difficult for the system to handle object-position uncertainties or unexpected disturbances. Third, although the proposed end-effector can reproduce certain functions of a dual-arm system, it remains limited in tasks that require widely spaced contact points or high torsional torque. Moreover, since the proposed tool combines position-controlled upper joints and a current-controlled fingertip gripper in a serial-link structure, coupling effects may occur due to reaction forces generated during contact. To mitigate this issue, the experiments were conducted under low-speed and limited-acceleration conditions; however, transient vibrations may still appear in tasks involving abrupt contact forces. A systematic dynamic analysis of such coupling effects and feedback-based joint control will be addressed in future work.

      In addition, the manipulation trajectories were executed in a teaching-based approach with predefined object poses to validate the mechanical feasibility of the proposed end-effector. The waypoints were manually set by the authors, taking into account the overlapping workspace.

      Finally, the proposed end-effector was designed without structural dependency on a specific sensing system. It can be extended in future work by incorporating an RGB-D camera-based vision system to enhance robustness against disturbances.

    

    

  
    
      6. Conclusion
      This study presented a new end-effector designed to enable bimanual manipulation using a single manipulator. By integrating a three-joint articulated finger with a fingertip parallel-gripper mechanism, the proposed system demonstrates that actions traditionally requiring a dual-arm setup can be replicated within a single tool. The forward kinematic modeling and workspace analysis confirmed that the mechanism provides the geometric capability needed to generate two simultaneous contact points, and the experimental scenarios verified its functional feasibility across various manipulation tasks.

      The primary significance of this work lies in introducing a single-arm manipulation paradigm that can replace certain dual-arm operations while reducing system cost, spatial footprint, and mechanical complexity. This approach has strong potential for application in environments with limited space, mobile or portable robotic platforms, and simplified manipulation systems in industrial or service contexts. Overall, the concept proposed in this study provides a foundation for expanding the functional range of single-manipulator systems and may serve as an enabling technology for future robotic platforms that require compact yet versatile manipulation capabilities.

      However, the proposed approach is not intended to fully replace general dual-arm robotic systems. Since the proposed end-effector is implemented at the tool level on a single manipulator, the effective workspace in which practical bimanual manipulation can be achieved is inherently constrained. Tasks that require widely separated contact points, large payloads, or high torsional resistance are therefore better suited to conventional dual-arm robots, which offer a broader workspace and higher mechanical stiffness.

      Within its target scope, however, the proposed system is particularly well suited for compact manipulation scenarios where spatial constraints, system weight, or mechanical complexity limit the applicability of dual-arm configurations. By embedding two coordinated contact interfaces into a single end-effector, the proposed mechanism enables functional bimanual-like operations in confined environments, effectively bridging the gap between conventional single-gripper tools and full dual-arm systems. In this sense, the proposed end-effector should be viewed not as a replacement, but as a complementary solution that expands the functional range of single-manipulator platforms.

    

    

  
    
      A. List of Kinematic Parameters
      The design dimensions of the kinematic parameters used in the kinematic analysis are listed in ‘[Table 2]’.

      
        [Table 2] 
				
        

        
          List of Mathematical Symbols
        
        

      

      
        
          
            	Symbol
            	Values(m)
            	Description
          

        
        
          	
            l
            0
          
          	45.15
          	x0-axis DIS1 BET2 P0 and Pj1
        

        
          	
            l
            1
          
          	60.25
          	z1-axis DIS1 BET2 Pj1 and Pj2
        

        
          	
            l
            2
          
          	59.25
          	x2-axis DIS1 BET2 Pj2 and Pj3
        

        
          	
            l
            3
          
          	63.25
          	x3-axis DIS1 BET2 Pj3 and Pj4
        

        
          	
            l
            4
          
          	55.00
          	x4-axis DIS1 BET2 Pj4 and Pef
        

        
          	
            d
            0
          
          	54.20
          	z0-axis DIS1 BET2 P0 and Pj1
        

        
          	
            d
            5
          
          	9.25
          	−y4-axis DIS1 BET2 Pj4 and Pef
        

      

      
        
          DIS1: Distance, BET2: Between
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