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Abstract

:

Minimally invasive surgical robots have the advantages of high positioning accuracy, good stability, and flexible operation, which can effectively improve the quality of surgery and reduce the difficulty for doctors to operate. However, in order to realize the translation of the existing RCM mechanism, it is often necessary to add a mobile unit, which is often bulky and occupies most space above the patient’s body, thus causing interference to the operation. In this paper, a new type of planar RCM mechanism is proposed. Based on this mechanism, a 3-DOF robotic arm is designed, which can complete the required motion for surgery without adding a mobile unit. In this paper, the geometric model of the mechanism is first introduced, and the RCM point of the mechanism is proven during the motion process. Then, based on the establishment of the geometric model of the mechanism, a kinematics analysis of the mechanism is carried out. The singularity, the Jacobian matrix, and the kinematic performance of the mechanism are analyzed, and the working space of the mechanism is verified according to the kinematic equations. Finally, a prototype of the RCM mechanism was built, and its functionality was tested using a master–slave control strategy.
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1. Introduction


Robot-assisted surgery has the advantages of high positioning accuracy, good stability, and flexible operation. During the movement of the minimally invasive surgical robot, it is necessary to ensure that the surgical instruments always pass through the fixed point of the spatial position of the incision and cannot pull the incision to avoid secondary injury to the patient. In order to ensure safety during surgery, some motion constraints are required, which is the key to designing minimally invasive surgical robots.



Generally, three methods are used to meet the motion constraints of surgical instruments, namely multi-joint linkage, passive joint constraint, and mechanism constraint. Among them, multi-joint linkage realizes the fixed point of the robotic arm during the movement process through kinematics and control algorithms, and the passive joint constraint can be affected by the patient’s breathing, heartbeat, and other physiological activities. Therefore, the above two methods were basically adopted in the early research, and currently mechanism constraint is mostly used to realize the motion constraints of minimally invasive surgical robotic arms.



The concept of the RCM (remote center of motion) mechanism was first proposed by Taylor et al., who also initially applied the mechanism to the field of the minimally invasive surgical robot [1,2]. If a part of or a point of the mechanism always passes through a fixed point far away from the mechanism itself (or confined in a narrow space) during the process of motion and there is no physical hinge constraint at that point, this kind of mechanism can be called an RCM mechanism [3]. The characteristics of this kind of mechanism can precisely meet the movement requirements of minimally invasive surgical instruments, so it is widely used in minimally invasive surgical mechanical arms. The RCM mechanism is the basis of the minimally invasive surgical robotic arms. Different RCM mechanism constructions result in different motion performances of the robotic arms, which have huge impacts on the surgical effects. Therefore, analysis and innovation related to the RCM mechanism are important research topics in the field of minimally invasive surgical robots. Common RCM mechanisms can be divided into spherical mechanisms, arc-shaped mechanisms, and double-parallelogram mechanisms. An arc-shaped mechanism is the simplest way to realize the principle of RCM. Ut-neu [4] is a minimally invasive surgical robot for neurosurgery that was established based on an arc-shaped mechanism. Yousef et al. [5] designed a crossed double-arc mechanism, which can realize two independent degrees of freedom (DOF) of yaw and pitch of the surgical instrument. Aiming at miniaturization, Peter et al. [6] designed a compact and modular minimally invasive surgical robotic arm based on an arc-shaped mechanism. Each robotic arm weighs less than 2 kg and can be fixed on the operating table for use, but the pitch range it can realize is only 35°.



Some other researchers have used spherical mechanisms to meet the motion constraints of minimally invasive surgical robotic arms. Lum et al. [7] divided spherical mechanisms into two types, the serial type and the parallel type, and an experimental evaluation showed that the serial spherical mechanism has the advantage of avoiding motion interference over the parallel type. A kinematics analysis and optimization were carried out using the serial spherical mechanism, and the optimal linkage length was obtained. Rosen et al. [8] established the Raven robot system for minimally invasive surgery based on the spherical mechanism.



The double-parallelogram mechanism is currently the most widely used RCM mechanism. For example, the famous Da Vinci surgical robot [9] is based on the double-parallelogram mechanism to achieve the remote center of motion. Tan [10] and Kong [11] proposed a new type of RCM mechanism based on the deformation of the double-parallelogram mechanism. The mechanism proposed by Kong can realize two DOF of yaw and translation of surgical instruments.



However, there is no RCM mechanism in the current research that can realize the translation of the surgical instrument directly, and an additional joint has to be employed at the end of the robotic arm. The above-mentioned arc mechanism, spherical mechanism, and double-parallelogram mechanism can only realize the yaw and pitch of surgical instruments, so it is necessary to adopt a prismatic joint at the end to perform the translation of surgical instruments. Unfortunately, due to the large volume of the prismatic joint, it may cause interference between different mechanical links during the movement. In order to address the issue, a novel planar 2-DOF RCM mechanism was proposed that can realize the translation of surgical instruments through the mechanism itself. Based on the mechanism, a robotic arm for minimally invasive surgery was developed, and the control performance was verified through an experiment.




2. Mechanism Design


2.1. Conceptualization


Surgical robots need to achieve multiple degrees of freedom of movement during surgery, but the DOF usually achieved by linkage mechanisms are the pitch and translation of the surgical instruments [12]. Therefore, in this paper, we design a novel planar RCM mechanism to achieve these two DOF of surgery simultaneously.



Analyzing the characteristics of the double-parallelogram mechanism in Figure 1, it is found that the virtual quadrilateral ABCR is the key to realizing the remote center of motion, and the virtual quadrilateral is guaranteed to be a parallelogram (BC//AR and AB//CR) by the parallelograms AODE and BEFC. In this parallelogram, the linkage BC performs a pure translational motion. Under the constraints of the two parallelograms, AODE and BEFC, the linkage BC is always parallel to the base during the movement process. Although it moves in the x and y directions, the two directions are coupled, so the DOF is still 1. Therefore, if the linkage BC can have two independent translational DOF, then the linkage CR can achieve two DOF in pitch and translation, and due to the constraint of the virtual parallelogram ABCR, the linkage CR will always pass through the virtual fixed point R. Considering that the parallelogram BEFC in the double-parallelogram mechanism is preserved, the parallelogram AODE can be replaced by two mobile joints, as shown in the lower left of Figure 1. In this mechanism, due to the existence of two mobile joints, the linkage BC has two independent translational DOF, so the end output linkage CR can achieve two DOF in pitch and translation. In order to reduce the volume of the mechanism, the positions of the two mobile joints can be changed, and the mechanism can be transformed into the construction shown in the lower right of Figure 1.



The mechanism can directly realize the two DOF of pitch and translation of the surgical instrument, and after adding a revolute joint whose axis passes through the fixed point to drive the entire mechanism to yaw, the yaw motion of the surgical instrument can be realized, as shown in Figure 2. The mechanism is derived from the double-parallelogram mechanism. On one hand, it inherits the advantage of occupying little space above the patient’s body. On the other hand, it can directly realize the pitch and translation of the surgical instrument without the need to add a mobile joint at the end, which can avoid the risk of interference in the movement of the manipulator to the maximum extent.




2.2. Mathematical Proof


As shown in Figure 3, two mobile joints of the mechanism are selected as active joints, and it is assumed that when both mobile joint I and mobile joint II are at the initial position, point C coincides with point O; that is, d1 = d2 = 0.



Due to the motion of mobile joint I and mobile joint II, the angle between the linkage A2B2 and the x-axis can be expressed as


  θ    = tan    − 1      d 2     d 1  − a    



(1)




where d1 and d2 are the displacements of mobile joint I and mobile joint II, and a is the distance between point A1 and point C. The expression for the line A2B2 can be written as


  P =  P   A 2    + k ω   k ∈ R  



(2)




where:



P = [x y]T is the coordinate of any point on the line;



PA2 = [d1 + b − a d2]T is the coordinate of the point A2;



b is the length of the linkage A1A2;



ω = [cosθ sinθ]T is the direction vector of the straight line A2B2.



Then, Formula (2) can be written as


    y −  d 2    x −    d 1  + b − a     =    d 2     d 1  − a    



(3)







Obviously, Formula (3) is constant for the point R[b 0]T, so the straight line A2B2 always passes through the point R[b 0]T, regardless of the movement of mobile joint I and mobile joint II. Therefore, the mechanism is an RCM mechanism, which can achieve pitch and translation in a two-dimensional plane around the virtual fixed point R.



The motion output rod (linkage A2B2) of the mechanism is coupled with two DOF of rotation around the RCM point and the translation along the axis. In order to analyze the condition that the rod performs a pure rotation around the RCM point without translation, it can be considered that point E and point A1 make circular motions around the origin at this time, and the coordinates of A1 can be expressed as [d1 − a d2]T. Then


    (  d 1  − a )  2  +  d 2 2  = C  



(4)




where C is a constant whose range satisfies 0 < C < c2 and c is the length of the linkage A1E. When the displacements d1 and d2 of mobile joint I and mobile joint II satisfy Formula (4), the output rod of the mechanism performs a pure rotation around the RCM point, and the corresponding insertion depth of the surgical instrument is   c −     (  d 1  − a )  2  +  d 2 2     .



In order to analyze the necessary conditions for the pure translational motion of the output rod along the axis, θ can be set as a constant. Then


     d 2     d 1  − a   = tan θ  



(5)







The linkage A2B2 will always maintain an angle (θ) with the x-axis and be able to perform translation along its own axis.




2.3. Singularity and Kinematic Performance Analysis


It is known that parallelograms tend to encounter singularity when all links are collinear [13]. When it is in the singular position, the mechanism will lose one or more existing DOF. It is necessary to avoid the mechanism in the singular position in advance. The singularity of the mechanism can generally be found by setting the value of the determinant of the Jacobian matrix of the mechanism to 0. The Jacobian matrix (J) is used as a linear transformation to relate the Cartesian velocity of the end to the joint velocity using the following formula:


  [  θ ˙  ] =  J  − 1   ( θ ) [ v ]  



(6)







When the Jacobian matrix (J) is invertible, if the Cartesian velocity of the end is known, the joint velocity can be obtained using Formula (6). However, the Jacobian matrix is a function of the joint angle (θ), which is not necessarily invertible for all joint angles in all pose configurations. If in a certain configuration, the value of the determinant of the Jacobian matrix is det (J) = 0; that is, the Jacobian matrix is irreversible. In this configuration, the mechanism cannot achieve a speed in a certain direction, which means it is in a singular situation.



In Figure 3, the closed-loop position vector equation of the mechanism is established based on the coordinate system O-xy.


   P D  =  P   A 2    − c ω  



(7)




where PA2 = [d1 + b − a d2]T is the coordinate of the point A2. Taking the time derivation on both sides of the equal sign of Formula (7), the corresponding relationship between the speed of the end point of the mechanism and the speed of the active joint can be obtained:


          x ˙  D          y ˙  D        =         d ˙  1          d ˙  2        − c  θ ˙        − sin θ       cos θ        



(8)




where   θ ˙   is the angular velocity of the linkage A2B2 rotating around the fixed point R. By substituting the relation between θ and the active joint displacements d1 and d2 in Formula (1) into Formula (8), the relation between the velocity of terminal point D and the active joint velocity can be obtained:


          x ˙  D          y ˙  D        = J         d ˙  1          d ˙  2         



(9)




where   J =       1 − E  d 2  s i n θ     E (  d 1  − a ) s i n θ       E  d 2  c o s θ     1 − E (  d 1  − a ) c o s θ         is the Jacobian matrix of the planar 2-DOF mechanism and   E =  c    (  d 1  − a )  2  +  d 2 2     .



When det(J) = 0, we obtain


  1 −  c      (  d 1  − a )  2  +  d 2 2      = 0  



(10)







When   c =     (  d 1  − a )  2  +  d 2 2     , Formula (10) is established. Combining with Figure 3, it can be seen that when the formula is established, point D coincides with point R, which means that the manipulator based on this mechanism is only in a singular situation when the end of the surgical instrument passes through the incision. It only occurs during the insertion and extraction of the surgical instrument, so it has no practical significance in the actual surgical process.




2.4. Kinematic Performance Analysis


The condition number (k) of the Jacobian matrix is often used for kinematic performance analysis [14], and its value is the ratio of the largest singular value to the smallest singular value of the Jacobian matrix, namely:


  k =    σ  max   ( J )    σ  min   ( J )    



(11)







Obviously, the value range of k is [1, +∞]. If its value is 1, the mechanism is isotropic; if its value is +∞, the mechanism is in a singular situation. Therefore, when the value of k is smaller, the kinematic performance of the mechanism is better.



Since the value of k is determined by the Jacobian matrix, which is a parameter of the joint motion, the value of k will also be different when the mechanism is in different configurations. To solve this problem, in order to describe the global motion performance of the mechanism, Gosselin et al. [15] proposed a global condition number index, which is defined as


  η =      ∫ W   (  1 k  ) d W         ∫ W   d W       



(12)




where W is the reachable working space of the organization. Obviously, the range of η is (0, 1); the larger the value, the better the kinematic performance of the mechanism.



In this mechanism, mobile joint Ⅰ and mobile joint Ⅱ are selected as the active joints. In the inverse kinematics analysis, the displacements d1 and d2 of mobile joint Ⅰ and mobile joint Ⅱ should be obtained according to the position of point D. To simplify the analysis, the relationship between the coordinates of point E and d1 and d2 is obtained first. The coordinate of point E can be represented by the coordinate of point D as


   P E  =  P D  −   [ b    0 ]   T   



(13)







The position vector of point E can be expressed as


   P E  =  P   A 1    − c ω  



(14)




where PE = [xE yE]T is the coordinate of point E; PA1 = [d1 − a d2]T is the coordinate of point A1; and c is the distance between point A1 and point E, which is the same as the distance between point A2 and point D. Substituting each variable into Formula (14), the expressions of d1 and d2 can be obtained:


   d 1  =  x E  −   c  x E       x E    2  +  y E    2      + a  



(15)






   d 2  =  y E  −   c  y E       x E    2  +  y E    2       



(16)




where d1 and d2 are the movement amounts of the two active joints, and Formulas (15) and (16) establish the relationship between the movement amount of the active joints and the coordinates of point E. Formula (13) establishes the coordinate relationship between point D and point E. By substituting Formula (13) into Formulas (15) and (16), the inverse kinematics solution of the 2-DOF mechanism can be obtained:


   d 1  =  x D  −   c (  x D  − b )       (  x D  − b )  2  +  y D    2      + a − b  



(17)






   d 2  =  y D  −   c  y D        (  x D  − b )  2  +  y D    2       



(18)







From Formulas (17) and (18), it can be known that for a certain point in the workspace, its coordinate [xD yD]T is a definite quantity. Then, the values of d1 − a and d2 are related to the structural parameters b (the length of linkage A1A2) and c (the length of linkage A1E). By substituting it into the Jacobian matrix (J) of the mechanism, it can be found that the Jacobian matrix is only related to c, and b is eliminated. Figure 3 shows that size parameter b only affects the fixed x-coordinate of point R and has no effect on the kinematic performance of the mechanism. To sum up, only the value of size parameter c affects the Jacobian matrix.



Figure 4a shows the change in η with c. It can be seen that η first increases and then decreases with the increase in c and reaches the maximum value of 0.64 when c = 230 mm. In order to study the specific influence of c on η in the working space, the distribution diagram of the reciprocal of the condition number (k) in the working space is drawn when the value of c is 230 mm, as shown in Figure 4b. Although the kinematic performance of the mechanism is optimal when c = 230 mm, the value of the specific dimension c also needs to consider some limitations in the structural design.



After the investigation, the top angle of the conical motion space for surgical instrument movement was 60°, and the insertion depth range was 50–200 mm. The limitation of the depth range means that the maximum distance from the terminal point A2 to the fixed point R is 200 mm; that is, the minimum value of dimension c is 200 mm. It is easy to see in Figure 3 that a should meet


  a ≥ sin ( 60 ° / 2 ) × ( c − 50 )  



(19)







It can be seen in Figure 4a that the kinematic performance of the mechanism is optimal when the length parameter c is 230 mm. However, when designing the manipulator with this parameter, due to the existence of some structural interference, such as that the range of motion of mobile joint I and mobile joint II cannot start from 0, its workspace is not necessarily larger than the required workspace. In the design of the mechanical arm, parameter c is taken as 250 mm, and parameter a is taken as 120 mm according to Formula (19). Under this condition, the ranges of motion of mobile joint I and mobile joint II are 25–215 mm and 35–200 mm.



Considering the construction of hardware, the final design results are shown in Table 1 and Table 2:





3. Kinematic Analysis


3.1. Forward Kinematics Analysis


In order to explain the kinematics of the manipulator, we use the DH algorithm for modeling. Since the manipulator based on this mechanism is not a simple serial or parallel manipulator, the following simplification needs to be made: the 2-DOF RCM mechanism from this plane is simplified into a revolute joint and a mobile joint. Finally, the coordinate system shown in Figure 5 is established according to the D-H method, and the dotted line represents the initial configuration. A coordinate system {0} is established at the first revolute joint, which is the base coordinate system fixed to the base and does not move with the manipulator. A coordinate system {1} is established at the RCM point and represents the revolute joint action of the RCM mechanism at this point. A coordinate system {2} is established at the RCM point to represent the action of the mobile joint realized by the RCM mechanism at this point. Finally, the tool coordinate system {H} is established at the end of the instrument.



For the coordinate system established in Figure 5, according to the definitions of parameters in the D-H method, the D-H parameters of the manipulator are obtained, as shown in Table 3, where θ1, θ2, and d are joint variables and L is the structure size.



The relative positional relationship between each two sets of coordinate systems in the above table can be represented by the transformation matrix nTn+1:


   T  n + 1     n  =       C  θ  n + 1       − S  θ  n + 1   C  α  n + 1       S  θ  n + 1   S  α  n + 1     1       a  n + 1   C  θ  n + 1         S  θ  n + 1       C  θ  n + 1   C  α  n + 1       − C  θ  n + 1   S  α  n + 1        a  n + 1   S  θ  n + 1        0    S  α  n + 1       C  α  n + 1        d  n + 1        0   0   0   1       



(20)







By substituting the parameters in the table into Formula (20) and multiplying the transformation matrix, the forward kinematics equation of the manipulator is obtained, as shown in Formula (21):


   T H    0  =  T 1    0  ×   T 2      1  ×  T H    2  =       − C  θ 1  S  θ 2      S  θ 1      − C  θ 1  C  θ 2      − d C  θ 1  C  θ 2        − S  θ 1  S  θ 2      C  θ 1      − S  θ 1  C  θ 2      − d S  θ 1  C  θ 2        C  θ 2     0    S  θ 2      d S  θ 2  + L      0   0   0   1       



(21)




where   C  θ 1  = cos  θ 1   ,   S  θ 1  = sin  θ 1   ,   C  θ 2  = cos  θ 2   , and   S  θ 2  = sin  θ 2   .



Formula (21) contains the position and attitude information of the coordinate system {H} in the base coordinate system {0}, which can be converted as follows:


   T H    0  =        R H    0       P H    0       0   1       



(22)







The rotation transformation (   R H    0   ) and translation transformation (   P H    0   ) are


   R H    0  =       − C  θ 1  S  θ 2      S  θ 1      − C  θ 1  C  θ 2        − S  θ 1  S  θ 2      C  θ 1      − S  θ 1  C  θ 2        C  θ 2     0    S  θ 2         



(23)






   P H    0  =       − d C  θ 1  C  θ 2        − d S  θ 1  C  θ 2        d S  θ 2  + L      1       



(24)







From Figure 3, the relationship between θ2, d, d1, and d2 can be obtained as


  d = c −     (  d 1  − a )  2  +  d 2    2     



(25)






   θ 2   = arctan (    a −  d 1     d 2    )  



(26)







By substituting Formulas (25) and (26) into Formula (24), the forward kinematics solution of the manipulator is obtained:


   P H    0  =       − ( c −     (  d 1  − a )  2  +  d 2    2    ) C  θ 1  C (  arctan (    a −  d 1     d 2    ) )       − ( c −     (  d 1  − a )  2  +  d 2    2    ) S  θ 1  C (  arctan (    a −  d 1     d 2    ) )       ( c −     (  d 1  − a )  2  +  d 2    2    ) S (  arctan (    a −  d 1     d 2    ) ) + L      1       



(27)








3.2. Analysis of the Motion Space of the Manipulator


This paper uses the Monte Carlo method to analyze the working space of the designed manipulator. First, according to the key rod size and the active joint motion range shown in Table 1 and Table 2, the random number function is used in MATLAB to randomly generate the motion amount within the motion range of each active joint, and then the motion amount of each active joint is arranged and combined. Finally, the coordinate value of the end of the surgical instrument is obtained by solving the forward kinematics formula shown in Formula (24). A large number of coordinate values are generated in the point cloud space, which is the reachable movement space of the manipulator. Programming in MATLAB software, the workspace shown in Figure 6 and the projection of the workspace on the plane of each coordinate system are obtained. For the convenience of display, the base coordinate system {0} in Figure 5 is translated along the Z axis to make its origin overlap with the RCM point, and the distribution image of the workspace is drawn in the translated coordinate system. The above simulation shows that the designed manipulator can meet the workspace requirements.




3.3. Inverse Kinematics Analysis


From the forward kinematics analysis in Section 3.1, it can be seen that the manipulator is a 3-DOF manipulator. The position and attitude of the tool coordinate system {H} are not independent, and its position is the input of the manipulator control. The position of the end point (that is, the origin of the tool coordinate {H}) is described in the base coordinate system {0} as


   P H    0  =          p x    0       p y    0       p z    0     1       T   



(28)







Then, from forward kinematics Formula (27), we can obtain:


           p x    0       p y    0       p z    0     1       T  =       − ( c −     (  d 1  − a )  2  +  d 2    2    ) C  θ 1  C (  arctan (    a −  d 1     d 2    ) )       − ( c −     (  d 1  − a )  2  +  d 2    2    ) S  θ 1  C (  arctan (    a −  d 1     d 2    ) )       ( c −     (  d 1  − a )  2  +  d 2    2    ) S (  arctan (    a −  d 1     d 2    ) ) + L      1       



(29)







The inverse kinematics solution of the manipulator can be obtained:


   θ 1  =   tan   − 1    y x   



(30)






   d 1  = a − ( c − d )   z − L  d   



(31)






   d 2  = ( c − d )      x 2  +  y 2     d   



(32)




where   d =    x 2  +  y 2  +   ( z − L )  2     , a, c, and L are structural dimension parameters.



It can be seen in Table 2 that the motion range of the revolute joint satisfies −38° < θ1 < 38°, so the value of θ1 can be directly obtained from Formula (30), thus avoiding the situation of multiple solutions.





4. Prototyping


According to the above design, the physical prototype shown in Figure 7 was finally obtained. Most of the prototype parts were machined from 6061 alloy, and the overall structural part of the prototype weighed about 2.5 kg, which had the advantages of small size and light weight. For the convenience of experimental operation, the surgical instrument in Figure 7 adopted grasping forceps. The instrument was driven by a micro screw motor to control the opening and closing.



4.1. Master–Slave Control


In order to further verify the feasibility of this newly designed RCM mechanism manipulator, we used the master–slave heterogeneous method to carry out master–slave control, and the selected master manipulator was Geomagic’s master manipulator Touch, as shown in Figure 8.



Considering the characteristics of minimally invasive surgery, a consistent motion control strategy was adopted in the master–slave motion control strategy to realize the point-to-point motion mapping between the handle of the master manipulator and the end of the instrument. In the master–slave coordinate system definition shown in Figure 9, the origin motion direction of the master manipulator handle motion coordinate system (H-xyz) is consistent with the origin motion direction of the surgical instrument end motion coordinate system (T-xyz) in the geodetic coordinate system G-xyz description. Due to the mismatch of the working space caused by the different parameters, such as the joint configuration of the master and slave ends and the length of the linkage, an incremental motion control strategy needed to be adopted, which could cut off the master–slave mapping at any time, adjust the position of the master manipulator, and ensure that the operator operated in a comfortable space. In addition, in order to meet the requirements of fine operation during the operation, the master–slave control strategy needed to add stroke-proportional control to improve the quality of the operation. Combining the above-mentioned consistent motion control, incremental motion control, and stroke-proportional control, the master–slave follow-up strategy of the minimally invasive surgical manipulator could be realized. The specific algorithm is shown in Figure 10.



In the master manipulator part, the position and pose parameters in reference frame M-xyz were obtained by calculating the joint parameter qm through the forward kinematics transformation formula of the master manipulator. The parameters were collected before and after every fixed time, and the difference was used to obtain the increment     r ˙  H    M    of the master manipulator terminal in M-xyz. In the master–slave control system, through the aforementioned consistent motion control, coordinate     r ˙  H    M    was transformed and then scaled according to the master–slave mapping ratio to obtain the increment     r ˙  T    S    of the end of the manipulator in its reference coordinate system S-xyz. This was added it to the actual manipulator end pose parameter (   r T  0    S  ) to obtain the desired pose (    r T      S   ) and finally obtain the desired joint angle (qs) by calculating (from the inverse kinematics of the manipulator) the actual pose parameter (    r T  0    S   ) of the slave manipulator, which was calculated from the actual joint angle (   q ′  s  ) of the slave manipulator through the forward kinematics transformation formula of the slave manipulator. In the slave manipulator part, a typical three-closed-loop motion control system of current, speed, and position was used to control the position of the manipulator’s joint motors.



According to the master–slave following algorithm described in Figure 10, the specific formula can be described as


   r T    s  = k ×  R   − 1   S G  ×  R    M G  ×   r ˙  H    M  +   r T  0    s   



(33)







In Formula (34), the actual joint angle (   q ′  s  ) is substituted into the forward kinematics transformation formula of the manipulator to obtain the actual manipulator end pose parameter (    r T  0    s   ). After the desired pose (   r T    S   ) of the robotic arm was obtained, the desired joint angle (   q s   ) could be obtained by substituting the inverse kinematics Formulas (29)–(31) derived in Section 3.3 for calculation.


    r T  0    S  =   T H      0  ×  P     H  =       − C  θ 1  S  θ 2      S  θ 1      − C  θ 1  C  θ 2      − d C  θ 1  C  θ 2        − S  θ 1  S  θ 2      C  θ 1      − S  θ 1  C  θ 2      − d S  θ 1  C  θ 2        C  θ 2     0    S  θ 2      d S  θ 2  + L      0   0   0   1      ×      0     0     0     1       



(34)








4.2. Master–Slave Control Experiment


4.2.1. Trajectory Tracking Experiment


In the experiment, the master manipulator was operated to control the slave manipulator so that its ends reached the four target positions on the graph paper in turn. The four target positions were the four vertices of a 50 mm × 50 mm rectangle. During the experiment, the master–slave mapping ratio was selected as 2:1. The experimental process is shown in Figure 11.



The master manipulator position data could be directly read by the host computer, and its trajectory during the experiment is shown in Figure 12a. In this paper, the collected joint motor encoder data were used to calculate the position information of the end of the manipulator through the forward kinematics formula, and its trajectory is shown in Figure 12b. It can be seen in Figure 12 that the side length of the rectangular track at the master manipulator end was twice the length of the rectangle at the slave manipular end, which corresponded to the master–slave mapping ratio of 2:1 in the experimental setup.



During the experiment, in order to pursue the best operation posture, when the main hand movement was not suitable for the operation space, the master manipulator adjustment button was pressed, the main hand was removed to a suitable position, and the experimental operation continued. The collected motion information of the master–slave manipulator end position in the xyz directions is shown in Figure 13. As can be seen in the figure, the position of the master manipulator in the xyz directions changed abruptly at about 12 s, which was the adjustment of the master manipulator at this time. The position of the end of the slave manipulator did not change abruptly, and the movement trend of the master and slave ends was the same. Due to the different definitions of the reference coordinate systems of the master and slave ends, the position information of the master and slave manipulator were represented in their respective reference coordinate systems. Therefore, in Figure 13, the x-direction trajectory of the master manipulator end in its reference system corresponds to the z-direction trajectory of the manipulator, the y-direction trajectory of the master manipulator end corresponds to the x-direction trajectory of the manipulator, and the z-direction trajectory of the master manipulator end corresponds to the y-direction trajectory of the manipulator.




4.2.2. Minimally Invasive Surgical Operation Simulation Experiment


The experimental setup is shown in Figure 14. A transparent acrylic cone was used to simulate the surgical operation space. A small hole with a diameter of 12 mm was set at the top of the cone to simulate a surgical incision. The diameter of the ball was 2.5 mm, the height of the column where the ball was placed in the inner ring was 10 mm, and the height of the outer column was 15 mm. In the experiment, the operator needed to hold the master manipulator, use the master–slave mapping ratio of 3:1, and operate the manipulator to grip and transport the ball. The experimental process is shown in Figure 15.



During the experiment, the trajectory data of the master manipulator and the encoder data of the joint motor of the manipulator were collected. According to the master–slave control algorithm, the expected trajectory of the slave hand could be obtained, and the actual trajectory of the end of the manipulator could be obtained from the encoder data of the joint motor of the manipulator through a forward kinematics calculation. As shown in Figure 16, the slave hand could follow the desired trajectory of the slave hand well and complete the expected operation of the operator. The trajectory errors of the manipulator in all directions during the operation are shown in Figure 17.



The maximum error and average error in the master–slave following process are shown in Table 4. It can be seen in the table that the maximum value of the manipulator following error during the operation was 1.49 mm and the average error was 0.45 mm, among which the proportion of error less than 0.5 mm was 62.54% and the proportion of error less than 1 mm was 96.54%. David and Kwartowitz [16] determined through experiments that the positioning error of the Da Vinci surgical robot system was no more than 1.2 mm, which was similar to the positioning accuracy of the surgical robot in this paper. Considering that the operator can always make active adjustments through visual feedback to move the surgical instrument to the target position, the errors shown in Table 4 will not affect the manipulative performance of the manipulator.



Figure 18 shows the following curves of the three active joints of the manipulator in the master–slave motion. The time period when the joints changed sharply was selected for enlargement. It can be seen in the figure that the delay of each joint was basically 60–80 ms, and the maximum delay was less than 100 ms. The delay included the time consumed by the communication and the master–slave mapping calculation, and the rest was the position following delay from the robotic arm to the master manipulator. According to the experiment by Marescaux et al., the acceptable delay limit for doctors for safe operation is 330 ms [17], so the delay of the robotic arm can meet the needs of use and will not affect the fluency of the doctor’s operation.



The diameter of the surgical instrument rod used in the experiment was 5 mm. Before the experiment, the axis of the surgical instrument passed through the center of the 12 mm diameter hole at the top of the acrylic cone. During the operation, the surgical instrument produced pitch and yaw motions, but it did not contact the wall of the small hole at the top of the acrylic cone, which proved the existence of the fixed point of the mechanical arm, and the deviation during the movement did not exceed 2.5 mm, indicating that the robotic arm can meet the surgical requirements that the fixed point offset cannot exceed 5 mm.






5. Conclusions


This project aimed to design a minimally invasive surgical manipulator and realize its master–slave control. On this premise, a new planar 2-DOF RCM mechanism was designed. Based on this mechanism, a prototype of the minimally invasive surgical manipulator was built. The arm could achieve RCM motion, and this was mathematically proven. In this paper, the singularity and kinematic performance of the mechanism were analyzed using the Jacobian matrix, and the global condition number index reached its maximum when the length of linkage c was 230 mm and its value was 0.64. In this paper, the motion space of the proposed RCM mechanism was analyzed. Regarding the main structural parameters, c was 250 mm, a was 120 mm, and the range of motion of mobile joint I and mobile joint II were 25 mm and 215 mm, and 35 mm and 200 mm, respectively. Based on this parameter, the active joint design of the manipulator and the selection of the joint motor were carried out. After that, the three-dimensional model of the manipulator was established, and the physical prototype was obtained by processing and assembling. Finally, the kinematics model of the manipulator was established using the D-H method. We used a master–slave experiment to test the mechanical properties of the manipulator. First, through the trajectory tracking experiment, it was proven that the robotic arm could track the movement of the master manipulator smoothly, which preliminarily showed that the robotic arm and the master–slave control system could basically meet the application requirements of minimally invasive surgery. Second, the remote operation gripping and handling experiment of the manipulator was carried out. In the experiment, the average following error of the end of the manipulator was 0.45 mm, and the maximum following error was 1.49 mm, which was similar to the Da Vinci surgical robot. Under the condition that the master–slave mapping ratio was 3:1, the master–slave following delay was between 60 and 80 ms, which would not affect the smoothness of an operation. Overall, the manipulator can meet the application requirements.
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Figure 1. Deduction of planar 2-DOF RCM mechanism. 
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Figure 2. A 3-DOF RCM mechanism. 
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Figure 3. Dimensioning for kinematic analysis. 
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Figure 4. Mechanism motion performance index. (a) η varies with c. (b) The distributions of 1/k when c = 230 mm. 
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Figure 5. D-H coordinate system of surgical robotic arm. 






Figure 5. D-H coordinate system of surgical robotic arm.



[image: Sensors 23 02361 g005]







[image: Sensors 23 02361 g006 550] 





Figure 6. The 3D workspace and 3 plane projections. 
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Figure 7. Prototype. 
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Figure 8. Master manipulator Touch. 
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Figure 9. Master–slave coordinate system definition. 






Figure 9. Master–slave coordinate system definition.



[image: Sensors 23 02361 g009]







[image: Sensors 23 02361 g010 550] 





Figure 10. Master–slave control algorithm flow. 
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Figure 11. Tracking experiment process. 
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Figure 12. Master–slave trajectory. (a) Master manipulator trajectory. (b) End trajectory of the slave manipulator. 






Figure 12. Master–slave trajectory. (a) Master manipulator trajectory. (b) End trajectory of the slave manipulator.



[image: Sensors 23 02361 g012]







[image: Sensors 23 02361 g013a 550][image: Sensors 23 02361 g013b 550] 





Figure 13. Trajectories of master and slave in the xyz directions. (a) Master x direction. (b) Slave z direction. (c) Master y direction. (d) Slave x direction. (e) Master z direction. (f) Slave y direction. 
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Figure 14. The experimental setup of the robotic arm gripping and handling. 
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Figure 15. The experimental process of gripping and handling. 
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Figure 16. Master–slave following trajectory. (a) The tracking effect at the end of the manipulator. (b) Enlargement of the tracking effect at the end of the manipulator. 
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Figure 17. Master–slave following error in gripping and handling experiments. (a) X direction. (b) Y direction. (c) Z direction. (d) Resultant. 
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Figure 18. Robotic arm joint tracking effect where zoom in takes place in red boxes. (a) Revolute joint tracking effect. (b) Enlargement of revolute joint tracking effect. (c) Mobile joint I tracking effect. (d) Enlargement of mobile joint I tracking effect. (e) Mobile joint II tracking effect. (f) Enlargement of mobile joint II tracking effect. 
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Table 1. Key linkage length.
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	Parameter
	A1C = a
	A1A2 = b
	A1E = c





	Length (mm)
	120 mm
	260 mm
	250 mm
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Table 2. Range of the active joints.
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	Active Joint Variables
	Revolute Joint θ1
	Mobile Joint Ⅰ d1
	Mobile Joint Ⅱ d2





	Range of motion
	−38–38°
	22–215 mm
	35–200 mm
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Table 3. D-H parameters of surgical manipulator.
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	#
	Joint Angle θ
	Joint Offset d
	Linkage Length a
	Linkage Torsion Angle α





	0-1
	θ1
	L
	0
	−90°



	1-2
	−90° + θ2
	0
	0
	90°



	2-H
	0
	d
	0
	0
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Table 4. Master–slave following errors.






Table 4. Master–slave following errors.












	
	X Direction
	Y Direction
	Z Direction
	3D Space





	Maximum Error (mm)
	−1.27
	−1.00
	1.13
	1.49



	Average Error (mm)
	0.25
	0.24
	0.17
	0.45
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg





media/file4.png
Mobile
joint I

Revolute joint Mobile joint |





media/file30.png





media/file26.jpg
s
w0
€
s
@
@
s
o N A
Times Times
© @
0
0
5
0
o IR I
“Tines Timels
(© ®





media/file39.jpg
o ©

J bt

£ At ol o
o T et s

W/ y
‘_lﬂi____ T e E W R
o o

®






media/file27.png
X/mm

40 7

201

_20 -
_40 -
_60 -

_80 -

z/mm

—100

I 20 25 30 35

Time/s

(a)

30 1
20 1
10 1

_10 -
_20_
_30_

—40

5 10 15 20 25 30 35

Time/s

(b)





media/file18.png





media/file35.jpg
EEE

[}

s 60 10
Timels

(a)

(b)





media/file21.jpg





media/file3.jpg
Mobile
joint IT

Revolute joint Mobile joint 1





media/file22.png





media/file19.jpg
Master manipulator Master-slave control system Stave manipulstor

Tnvere
Kinematcs
of the slave
manipulator

Forvard kinematics
of master manipultor

Forvard
Kinematcs
of the slave
manipulator

an

o ooy
P —

H
i
Zs
g%

Lover






media/file7.jpg
om0 w0 m0 om0 %o
omm o e ume

(a) (b)





media/file28.png
y/mm

z/mm

48 -
.
]
]
!

_58 -
_60_
_62_

64—

80 -
60-
10-
20-
0-
90
401
60
80

0 5 10 15 20

Time/s

(e)

Time/s

| (d)
30
20-
10-
0.

y/mm

o
-
-
o

Time/s

(f)





media/file10.png





media/file40.png
Angle/®

-]

[ ] L2 = ]|
= = = =

Mobile joint I displacement/mm

[E—
o

40 ¢ 10. 51

- - - - Actual angle of revolute joint motor | |- = - Actual angle of revolute joint motor
30 FT T Theoretical angle of revolute jomt motor | [= ' = Theoretical angle of revolute joint motor
',-'\\ 10. 0'\/\\
0k }/ \ ] \_ \
X f'\ i \ \
\\ /}' \"‘ \\ 9 5 \ \ . /\/‘
10 F*~ /"\ s o ‘N . e
\"h \ ’
J m\ ‘%‘)D 9 O _ NN /
\ S \ N ’
0F ey < \ M /_ ’
\ \ ot
\ / 8. 5 \, \ /1 7
-10 \ j v 1!
"‘.\ ; | \ / ']
] / . < . ’
_20 i \\;; 'ifo 8.0 ' - »/‘I
—?0 T T T T T T T T T T T T J 1 7. 5 T T T T T T T T T
0 10 20 30 40 50 60 70 36.6  36.8 37.0  37.2 37.4
Time/s Time/s

(a) (b)

- - - Actual displacement of mobile joint |

=
=

o — o (@)
= (- = =

]
-

Mobile joint IT displacement/mm

-

S Actual displacement of mobile joint I 42. 0'_ — = Theoretical displacement of mobile joint I
- Theoretical displacement of mobile joint I - 11,8 \ ,\/’7'<,: N
7 E _/ 7 D RN
i L g 41 6_ / Vs S \\ N
/ : ‘) N
, £ 41. 41 ;e o
\.\N ' 2 ;! /\\, N
\ J a.41. 21 ’ S S
\ / —g ] /4 A N
\ J —41.04 /' ~
\ / i E 1 ¢!
\ i 2,40.84 ¢ '
\‘ /’\\ o~ o !, II
J \ / " 1R
\\,/ ‘\ !ﬂ é 40 6 _, )
/
Vo / 40. 44
A
\'\_“! k\h,a‘ 40 2 T T T T T T T T T 1
e T e e i 45, 2 45, 4 45. 6 45, 8 46. 0 46. 2
10 20 30 40 50 60 70 .
Time/s Time/s
ime

() (d)

- - - - Actual displacement of mobile jointlI o704 | Actual displacement of mobile jointll
L Theoretical disol , e o Y b |= =" Theoretical displacement of mobile jointll
placement of mobile jointll - N
A £26.57 SY
f{il E RAR
A S 26. 01 NMos
f, "u /\l g 7 \/ \ /
A $25.57 vV /
S\ ,f 'lvl ‘\ & ' ‘v /
/A N J , ;25 0 ' K
! \' f! ‘ = - A ! ¥
/ \ AN \ Mo e 24.5 o }
/ |\ 7 v o .é v \ I
/ \ [/ il ©'24.0- R 7
11 / :g Q.\ R \//,
u z 23. 51 \/\\.- _ ’\:
23. 0
———T———T————T—— 26.6  26.8 27.0 27.2 @ 27.4
10 20 30 40 o0 60 70 Time/s

Time/s

(e) (f)






media/file36.jpg
o
o
o
0.0
0 o 2 w0 1 s @ 7 o fo ® s 1 0 6w 7
Timels Timels

© ()





media/file33.jpg





media/file32.png





media/file14.png





media/file11.jpg





media/file6.png
S 3 =
o~ w

ﬁu\ © > 2
Mobile joint II E

O >
y A

)
i)






media/file15.jpg
Encoder Y

\ Up-Down B
el Encoder Z
\A oo In-Out

sTYWS

Gimbal Z
CW-CCW

Gimbal Y
Up-Down





nav.xhtml


  sensors-23-02361


  
    		
      sensors-23-02361
    


  




  





media/file16.png
Encoder Y:
Up-Down Encoder Z:

‘_ ° [n-Out

STYLUS

Gimbal Z;
CW-CCW

CGimbal Y:
Up-Down





media/file2.png
D
Mobile
joint II

Revolute Mobile joint |

Mobile joint 1
joint





media/file20.png
Slave manipulator

Master-slave control system

Master manipulator

of the slave
of the slave
manipulator

Adjustment of the
master manipulator
T
Consistent motion
control strategy

IIIIIIIIIIIIIIIIIIIIIIIIIIIIII

-
_ Increment 7

M

Forward kinematics r H

of master manipulator
T Qm
| Lever motion |






media/file37.png
T T L T 1
() LO ()

— S S

o
i T
Ww/I01I SUIMO[[O] UOIIIP A

T
LO
-

L o v o v o
. N < = ﬂ 11 11
wu/ 10113 3UIMO[[0J UONOIIP X

70

60

50

40

30

20

10

70

60

50

40

30

20

10

Time/s

(b)

Time/s

(a)





media/file23.jpg
Master manipultor
adjusimen

T

(b)





media/file5.jpg
: £y
1 1urof aIqoN

Mobile joint |






media/file24.png
Master

manipulator

20 adjustment






media/file29.jpg





media/file1.jpg





media/file31.jpg





media/file25.jpg
%
10
£
Eo
S0
2
0
-0t
) o RS
Times Times
(a) (b)






media/file12.png
mm

."

Zimm

y/mm

xmm

y/mm

zZimm

xmm

y/mm






media/file9.jpg





media/file0.png





media/file38.png
_ .
) Lo

5_

)
— — S o
wu/I0119 doedg
I 1 " 1 " 1 1 1
Lo S Lo S Lo S
— — o o o —

_ _
WIW/I01Id SUIMO[[O] UOIIIID 7

70

40 50 60 70

30
Time/s
(c)

20

10

Time/s

(d)





media/file8.png
0.64

0.62

c0.58¢

0.56 |

0.54

200 220 240 260 280 300
c/mm y/mm -200  —100 x-b/mm

(a) (b)





media/file34.png
e A Trajectory A

—-—--rajectory A
- - - Trajectory B

o - - - Trajectory B






media/file17.jpg





