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Abstract: Traditional renal puncture surgery requires manual operation, which has a poor puncture
effect, low surgical success rate, and high incidence of postoperative complications. Robot-assisted
puncture surgery can effectively improve the accuracy of punctures, improve the success rate of
surgery, and reduce the occurrence of postoperative complications. This paper provides a dual-armed
robotic puncture scheme to assist surgeons. The system is divided into an ultrasound scanning arm
and a puncture arm. Both robotic arms with a compliant positioning function and master-slave
control function are designed, respectively, and the control system is achieved. The puncture arm’s
position and posture are decoupled by the wrist RCM mechanism and the arm decoupling mechanism.
According to the independent joint control principle, the compliant positioning function is realized
based on the single-joint human-computer interactive admittance control. The simulation and tests
verify its functions and performance. The differential motion incremental master-slave mapping
strategy is used to realize the master-slave control function. The error feedback link is introduced to
solve the cumulative error problem in the master—slave control. The dual-armed robotic puncture
system prototype is established and animal tests verify the effectiveness.

Keywords: puncture robot; renal puncture; master-slave control; admittance control

1. Introduction

A kidney biopsy is currently the main method that can achieve a clear diagnosis of
diffuse renal diseases [1]. At present, there are two methods to achieve needle biopsy,
namely the freehand puncture and ultrasound guided puncture. Freehand biopsy in the
traditional way is labor-intensive. With the progression of the operation, the operation
accuracy declines continuously. In addition, the inevitable tremor during the puncture
operation greatly affects the puncture effect, leading to a low success rate of punctures. The
operation is accompanied by mild or severe complications, which seriously endangers the
health of the patient [2]. Thus, it is necessary to develop a robot-assisted percutaneous
puncture system, to enable doctors to perform renal puncture operations more accurately
and efficiently and further reduce the pain of the patient during the operation.

Due to the strong clinical demand for puncture surgery, many institutions have carried
out related research. Stoianovici et al. [3] developed a spinal and renal puncture surgery
robot named “Acubot”, and a pneumatically driven puncture surgery robot that can re-
place the puncture mechanism [4]. Mitchell et al. [5] developed a retinal surgery robot.
Uneri et al. [6] and He et al. [7] improved its human—computer interaction performance and
obtained EyeRoBot2 and EyeRoBot2.1, respectively. The navigation of puncture surgery
robots mainly uses external image guidance [8], including CT [9,10], MRI [11,12], and ultra-
sound [13-16], among which ultrasound image guidance is widely used. Boctor et al. [13]
developed an ultrasound-guided hepatic puncture surgical robot. Hong et al. [14] devel-
oped an ultrasound-guided puncture robot, UMI, which can adjust the puncture needle
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path through real-time ultrasound navigation. Kettenbach et al. [15] designed a tissue
biopsy puncture robot, B-Robot-I, based on ultrasound navigation. Bassan et al. [16] de-
veloped a three-dimensional ultrasound navigation robot for prostate tumor puncture
surgery. Although the puncture robot has been studied for years, it lacks practicality. A
very important reason is that the existing system is unable to meet the safety requirement
of surgery and satisfy the usage habits of surgeons.

The clinical demand for robot-assisted surgery has also promoted the research of surgi-
cal robot systems. Computer Motion has developed the ZEUS surgical robot system [17,18].
Intuitive Surgical has developed the master-slave teleoperation da Vinci surgical robot
system [19]; after system improvement, the da Vinci Xi [20] and da Vinci SP systems have
been developed, whose effectiveness is widely accepted. Hannaford et al. [21] developed
the open-source surgical system Raven II. Konietschke et al. [22] and Hagn et al. [23] devel-
oped the DLR MiroSurge lightweight surgical robot system. Although most robot-assisted
surgery robots interpret the meaning of minimally invasive, commercial systems pay more
attention to the preoperative docking effect and the master—slave operation during the op-
eration. In a sense, whether docking and master-slave operation are easy to use determines
whether the puncture robot can be applied to clinical applications.

At present, there are few clinical applications on the robotic system for renal puncture.
The main contributions of this paper are as follows. (1) A dual-armed robotic system
prototype with master—slave control and a dragging docking function for percutaneous
puncture is reported to assist the traditional renal puncture. The system is divided into an
ultrasound scanning arm and a puncture arm. The puncture arm is designed with a position
and posture decoupling function to guarantee the puncture safety. (2) An interaction force
control method is proposed for the positioning arm during the docking operation. (3) The
robotic system for renal puncture is verified by animal tests.

This paper is organized as follows. Section 2 describes the mechanical design and the
kinematic modeling of the dual-armed robotic system. Section 3 presents the robot control
system and control strategy. Section 4 describes the simulation analysis of the control
strategy and the animal tests. In the last part, the designed dual-armed robotic system for
renal puncture is summarized and prospected.

2. System Design and Modeling

The system architecture of the dual-armed robotic system is shown in Figure 1. The
dual-armed robotic system is divided into an ultrasonic (US) scanning arm and a puncture
arm. The ultrasonic robotic arm is designed to provide image guidance for the operation.
The puncture arm with the position and posture decoupling function performs the puncture
operation, with the consideration of the puncture safety. During the docking operation, the
two arms are positioned on the patient by dragging. During the surgery, the surgeons can
use one master operator to control the US arm moving on patients for scanning, while using
another master operator to control the puncture arm to adjust the posture of the needle.

Patient Ultrasonic scanning

robotic arm

Puncture

Provide image
guidance

Master-slave |
control

Puncture master operator

robotic arm

Force positioning Omega.7

control

Select operation
mode

Figure 1. Dual-arm puncture robot system architecture.
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2.1. Mechanical Design and Kinematic Modeling of Puncture Arm
2.1.1. Mechanical Design of Puncture Arm

During the dragging process, the robotic arm is easily restricted by the flexible working
space and joint singularities of the robotic arm. In order to make the dragging process
simple and easy, the puncture arm adopts a position and posture decoupling mechani-
cal structure.

The puncture arm is divided into the arm and wrist. The arm and wrist determine
the position and posture of the puncture needle, respectively. Regardless of the rotation
of the puncture needle, the puncture arm only needs five degrees of freedom to complete
the positioning of the puncture needle. However, redundant degrees of freedom are
required for doctors to avoid some surgical positions. Thus, we provide a redundant
degree of freedom at the end of the arm. The wrist provides two posture angles for the
puncture needle. The arm is decoupled from the wrist, and the arm is responsible for giving
the position of the puncture point and the redundant posture angle. The arm structure
is shown in Figure 2a. The wrist adopts a two-dimensional Remote Center of Motion
(RCM) mechanism (see Aksungur [24]), and its distal virtual point is the required puncture
point. The range of motion of the two-dimensional RCM mechanism can be calculated
by the required puncture angle. The arm is actually a decoupling mechanism. The RCM
mechanism used in this paper is shown in Figure 2b. The final mechanical structure of the
puncture arm is shown in Figure 2c.

Figure 2. Puncture arm structure design. (a) Arm decoupling mechanism; (b) Wrist RCM mechanism;
(c) Puncture arm structure.

2.1.2. Kinematic Modeling of the Puncture Arm

Due to the existence of the arm decoupling mechanism, a passive joint is introduced.
Thus, the puncture arm actually contains seven joints with kinematic meaning but has only
six degrees of freedom. The D-H coordinate system is established for the mentioned seven
joints, as shown in Figure 3. Among them, joint [y is the redundant passive degree of
freedom caused by position and posture decoupling and joint 7 represents the RCM point
at the end. The positive kinematics equation contains seven joint variables and defines six
generalized variables q; — g4 corresponding to motors. The D-H parameters are expressed
by generalized variables, as shown in Table 1.

Figure 3. D-H coordinate system of the puncture arm.
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Table 1. D-H parameters of the puncture arm expressed by generalized variables.

Link 1 2 3 3/ 4 5 6

0; q1 q2 + 90° qs —q2 — 90° —q3 qs — 90° qs + 90° qe + 90°

2.2. Mechanical Design and Kinematic Modeling of Scanning Arm
2.2.1. Mechanical Design of Scanning Arm

The function of the scanning arm is to provide image guidance for the puncture
operation. High-quality images are conducive to the improvement of the accuracy of the
operation. Thus, it is necessary to have different operation modes for doctors to choose.
However, it has no special requirements for the structure design, so the choice of the
scanning arm is a common 6-degree-of-freedom universal robotic arm with an ultrasonic
probe, as shown in Figure 4a. These six joints are all rotary joints, and the axes of joints 2, 3,
and 4 are parallel to each other, which has good working space and operation dexterity.

Figure 4. The structure and D-H coordinate system of the scanning arm. (a) Scanning arm structure;
(b) Scanning arm link coordinate system.

2.2.2. Kinematic Modeling of Scanning Arm

The six joints of the scanning arm are all designed as rotating joints. The linkage
parameters and D-H coordinate system of the scanning arm are shown in Figure 4b. The
positive kinematics equation contains six joint variables, and the D-H parameters expressed
by joint variables are shown in Table 2.

Table 2. D-H parameters of the scanning arm represented by joint variables.

Link 1 2 3 4 5 6
0. 61 6> 0 04 05 06
! (+90°) (+90°) 3 (+90°) (—90°) (+90°)

3. The Implementation of the Control System

The dual-armed puncture system adopts a centralized—distributed architecture, as
shown in Figure 5. The upper-level control algorithm is centralized to the industrial
computer to realize, and the joint motor servo control algorithm is distributed to the
independent driver on the bus to realize. The upper layer and the bottom layer are linked
together through the connection layer, including the software interface that connects the
PLC and Numerical Control (NC), and the hardware interface including an EtherCAT
coupler and general IO module.
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Figure 5. Dual-arm puncture system control architecture.

3.1. Master=Slave Control Strategy

This paper adopts the master—slave mapping strategy of differential motion increment
based on the inverse Jacobian matrix, and the master hand uses Omega? of the Force
Dimension company. The master—slave mapping strategy uses the differential displacement
increment in a small time period to replace the instantaneous speed, and the linear solution
can be obtained only by using the Jacobian matrix, which is convenient for programming
and calculation.

The linear solution equation for the discretized scanning arm inverse kinematics
problem can be described as:

Ag = ](Q)ilee
Ag = At M

Axe=[ pe & ] A

where Ag is the differential increment of the joint space, Ax, is the differential motion
increment of the position and Euler angle of the end of the scanning arm in Cartesian space,
and the time interval is At.

In addition, this method of linearly equivalent generalized velocity to differential
motion increment has the following errors:

e = Axe — J(q7)Aq. 2

The error e is a high-order error and can be ignored in the calculation. However, this
kind of small error will continue to accumulate, leading to a large master—slave following
error of the end effector. Thus, the differential motion incremental master-slave mapping
algorithm based on the inverse Jacobian matrix needs to introduce a feedback link, to
eliminate the accumulation of errors.

The master—slave real-time control algorithm in this paper is as follows. Collecting
the differential motion increment of the position and posture of the master hand Omega?,
the working space of the master hand and scanning arm are combined to determine the
master-slave space mapping function. Then, the expected differential motion increment of
the end effector’s position and posture of the scanning arm is obtained through mapping.
After this, the inverse Jacobian matrix is used to calculate the expected differential angle
increment of each joint of the scanning arm, and finally the expected angle of each joint is
calculated. Lastly, the expected angle of each joint is used as the input of the underlying
control algorithm of the joint motor module.

The master—slave control strategy based on the differential motion increment of the
inverse Jacobian matrix with error compensation is shown in Figure 6. The control process
uses speed as a variable, but in the actual algorithm, the differential motion increment is
used for programming calculations instead of speed. This kind of master—slave control
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algorithm reduces the calculation time, and the design of the error feedback link also
improves the accuracy of the master—slave control algorithm.
X

me |

Master | K |
hand

S Xse+e~ Inverse Jacobian matrix Joint motorM | 9

of slave hand J(q) ™ of slave hand

Positive kinematics |
T of slave hand

Xse' q

Figure 6. Master—slave control of inverse Jacobian matrix with error compensation.

3.2. Control Strategy for Positioning during Docking

The positioning control strategy can realize the preoperative positioning of the arm
during docking operation. The surgeons can drag the arm directly to determine the
position and posture of the puncture operation. In this situation, the arm needs to provide
a compliant operating experience. According to the characteristics of the puncture arm and
the architecture of the control system, this paper proposes a joint-space admittance control
strategy to achieve compliant positioning operation, which is based on the admittance
control strategy for independent joint control. This method actually superimposes the
admittance control to an independent joint control strategy, to obtain the compliant control
effect. During the drag process of the puncture arm, it will be affected by the gravity
moment and the nonlinear coupling moment. In the drag application, the acceleration is
small enough, and the nonlinear coupling moment can generally be ignored. However, the
gravity moment cannot be ignored. In this paper, joint torque sensors are installed for each
drive joint for gravity moment identification.

3.2.1. Design of Mass Damping Controller

The principle of the human—computer interaction admittance control is shown in
Figure 7. The interaction force acts on each joint, so there is no need for the transformation
of the transposed Jacobian matrix. In the actual design of the controller, it can be considered
that the output of the admittance controller is a speed command. The admittance of the
controller [25] is defined as .

qd
Y Fop (©)]

In the controller, admittance Y only represents the conversion from drag force Fey; to

control speed g;.

Nonlinear

D '—
coupling

1
1
i
o lq,,, lf{m l I, | | Robotic arm
i
Trajectory 9e 9ir 9 Server Joint |
| system
planner driver motor 1
'
1 . 1
E qa RGPS PRSP RS jl
! ' Operator system
U E VA
| 1 —| 49 1
| i I
- i { 4 |
Admittance 1 Fey | (Equivalent stiffnes: qe f><\ Drag !
! controller i of human arm U qu intention i
| | a

Figure 7. Human-computer interaction admittance control principle.

The most ideal equal admittance control system of the robotic arm joint is a mass
damping system. The process of dragging a robotic arm joint equals dragging a mass.
The mass and damping of the mass and the equal stiffness of the human arm determine
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the dragging experience and effect. The equivalent control block diagram of the human-
computer interaction system considering the operator is shown in Figure 8.

Operator system Robotic arm system
E i g 119 |
P Ms+C s i
e e a

Figure 8. Equivalent control block diagram of human—computer interaction system.

A simple approximation is made here. The operating system (the human) is equivalent
to a fixed stiffness Ky. Thus, the equivalent model of the entire system is linearized as a
second-order system, which can be described as

Ky
Y=—F5———, 4
Ms? + Cs + Ky @)
when the admittance controller selects the mass damping system, expressed as
' 1
y — 1d )

“FEx Ms+C

The system represented by Equation (4) can be obtained. The second-order system is
the simplest form of the control system, and the desired effect can be easily achieved by
adjusting the parameters. However, this situation is not in line with reality, so the purpose
of the admittance controller is to choose a suitable controller architecture, to make the
system as close to the ideal form as possible.

3.2.2. Design of Human-Computer Interactive Admittance Controller

The human—computer interaction system shown in Figure 7 is actually nonlinear. The
nonlinearity of the operator’s arm system [26] is difficult to describe with an accurate
mathematical model, but a reasonable approximation can be made, assuming that the
operator’s arm is a variable stiffness impedance system, which can be linearized and
approximated. The result after the linear approximation is shown in Figure 9. In the
linearized model, the factors affecting the human—computer interaction performance mainly
include three aspects: the stiffness of the human arm K 4, the designed admittance controller
Y, and the servo drive models G and S. The control of the linearized model is actually
a series correction of the system. In fact, when the admittance controller adopts the
lag correction strategy, the best effect is achieved. The typical lag correction strategy is
as follows:

F Tis+1
= = KY .
Foxt Trs+1
After adding the operator system and admittance controller to form a new system,
system stability should be reconsidered. The stability of the system is mainly affected by the
stiffness K4 of the human arm and the admittance controller Y. The arm stiffness K4 and
the gain Ky in the admittance controller can be equal to the coefficient K for consideration.

+ q
16 )
SO X

Y (6)

Figure 9. Human-computer interactive admittance control system after linearization approximation.
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3.3. Joint Gravity Moment Modeling and Parameter Identification

Since the puncture arm has seven degrees of freedom, there are seven gravity moment
parameters for seven generalized variables g. As shown in Figure 10, all the link combi-
nations in kinematics are given, where L1x is the length of links for axis 1, L2x for axis 2
and so on. Obviously, gravity moments g; and g4 for g1 and g4 are zero. As the position
and posture are decoupled, the motions of joint 2 and joint 3 will not change the posture of
joints 5, 6, and 7. Thus, we can make the following simplification:

$1(q) = g4(q) =0
$2(q) = acy + bsy ?)
83(q) = dcz + es3,

where ¢, denotes cos(qz2), s, denotes sin(qz). a,b,d, e denote the parameters of the corre-
sponding links. Similarly, for g5, g and g7,

g5(q) = AT[cs s5 ssce ssS6  d7ssce’
S6(q)
g7(q) = CT[se 506

BT[ss s 556 csce dyce dresse)l (8)
]T

7

where d7 denotes the displacement of needle feeding motion on axis 7. Moreover, A € R5,
B € R®, and C € R? are parameter vectors to be identified.

Figure 10. The link combinations in kinematics.

For parameter identification, the least squares method is adopted. Take joint 5 as
an example, define input variable x = [c5 s5 S5¢6 5556 d7S5C6]T and output variable
y = g5(q), parameter vector A. The vector formula is expressed as

Y= xTA+e, 9)

where e is the residual errors. N(N > 5) times of identification shall be carried out to
obtain vectors X, Y, and E. Apply the least square method to find the vector A.

A=(XTX)"'xTy, (10)

The above analysis has obtained the identification method of the gravity moment of
all generalized joint variables. During the identification process, the robot arm needs to
keep moving at a low speed, and the value read by the joint torque sensor can be regarded
as the joint gravity moment. After obtaining the identification parameters, during the
force setting and dragging process, the data of the torque sensor are subtracted from the
calculated joint gravitational moment to obtain the human—computer interaction torque.
Since the configuration of the US arm is conventional, the parameter identification method
will not be repeated here.
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4. System Simulations and Animal Tests

During a renal puncture operation, two stages are performed for the dual-armed
puncture system. We call them “docking” and “surgery”. During the docking process, the
operator positions the two arms at the patient’s kidney and needle entry point, respectively.
During the surgery process, master—slave control is the main operation for the puncture
system. In this section, the authors verify the master—slave control motion and arm posi-
tioning during docking by simulation. Then, a cycled reciprocating motion of dragging test
is carried out for verification. In the end, an animal renal puncture test is reported.

4.1. Master—Slave Control Algorithm Simulation

To form a master—slave control system, the algorithms are respectively packaged in
the form of functional blocks and integrated into the TwinCAT software control system.
Select each joint angle of the current position of the scanning arm as 6; = 90°, 6, = 75°,
03 = 90°, 6, = 105°, 05 = —90°, 85 = 90°, and use the randomly generated incremental
sequence as the differential motion increment of the master hand to simulate the motion
of the master hand. Then, the movement of the master hand is mapped to the end of the
scanning arm through the master—slave mapping function, and the inverse Jacobian matrix
is used to calculate the joint control amount. The master—slave control algorithm with or
without an error feedback link is used to calculate the following error. The master—slave
following error comparison of the two algorithms is shown in Figure 11. This algorithm
has an obvious effect on reducing the following error.

10

(=2} =<}

Following error(mm)
»

Time(s)

Figure 11. Comparison of following error with (red line) and without (blue line) error feedback link.

In Figure 11, the following error generated by the master—slave control algorithm
without the error feedback link is significantly greater than the result after adding the
error feedback link. Moreover, the following error generated by the master—slave control
algorithm without error feedback accumulates with the movement of the master hand.
Therefore, the faster the master hand, the longer the movement time, and the larger the
following error obtained by the master—slave control algorithm without error feedback. In
the simulation, the given speed of the main hand is large, which means that the following
error generated is also large. The error gradually accumulates and reaches 8.7 mm finally,
which is unacceptable for the surgical robot. After adding the error feedback link, the
error accumulation situation is greatly improved, and the maximum accumulated error is
reduced from 8.7 mm to 0.04 mm, which has a significant error reduction effect.

4.2. Simulation of Admittance Controller for Arm Positioning

The admittance controller is divided into the gain part and zero pole part. The gain
in the admittance controller can be combined with the equivalent stiffness of the arm for
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analysis. Adjusting the gain of the admittance controller can be regarded as changing the
stiffness of the arm. The output of the admittance controller is the speed command, which
is used as the feedforward input of the servo controller. Its integral and derivative can be
respectively used as the position and acceleration feedforward input. This is actually a
continuous system simulation of the trajectory planner.

First, consider the case where the admittance controller is pure gain. During the
simulation process, the stiffness of the arm is fixed to 100. When the gain of the admittance
controller is changed, it can be considered that the stiffness of the arm changes. Figure 12
shows the case where the admittance controller is pure gain. It can be seen from the figure
that when the gain increases, the system’s low frequency gain and shear frequency will
also increase, which means that the response speed and tracking accuracy of the system
will increase. Moreover, the high tracking accuracy will reduce the interaction force of the
system, thereby improving the dragging experience. However, the gain cannot be increased
indefinitely; high gain will make the system unstable.

200
% 100°¢
(0]
e
3
< -100 Gain increase direction
-200
— -90
o
o)
Z
.
? 180
© /
%-270 Gradually unstable
e
o
-360"

0 | 405
10Frequenc:y/Hz 10

Figure 12. Admittance controller in the case of pure gain.

When the mass damping controller is introduced as the admittance controller, it needs
to be discussed in two cases of stable gain and unstable gain. As shown in Figure 13a, when
the gain part of the admittance controller stabilizes the system, and the mass damping
controller is selected for the zero-pole part, it is equal to introducing a pole. If the pole is
located after the shear frequency, it will not affect the low-frequency part of the system,
and a small quality parameter needs to be set to obtain a larger pole. If the pole is located
before the shear frequency, it will adversely affect the system, reducing the shear frequency
and stability margin of the system, and it may even make the system unstable in severe
cases. When the gain or arm stiffness is too large and the system is unstable, as shown in
Figure 13b, the system can be stabilized by introducing a mass damping controller. This is
actually obtaining the leading phase angle by sacrificing the shear frequency of the system,
but one pole also causes the lag of the phase angle. The effects of the two cancel out each
other, and it is difficult to obtain a higher stability margin.
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Figure 13. Analysis of the introduction of mass damping controller. (a) Stable gain introduces mass
dampling controller; (b) Unstable gain introduces mass dampling controller.

In fact, the mass damping controller is equal to a low-pass filter for the interactive
force signal. In the actual robotic arm, the interaction force is obtained by subtracting the
gravity from the force sensor information, and it will be influenced by the low-frequency
vibration interference of the robotic arm and the high-frequency interference of the electrical
signal. The force sensor acquisition card can easily filter out high-frequency interference,
and the low-frequency mechanical vibration needs to be filtered a second time. Thus, the
bandwidth of the selected filter will be very low, which is equal to the pole of the mass
damping controller being very small, and this will harm the system. In the above analysis,
it is found that the effect of the single-pole mass damping controller is not obvious. In fact,
the control of the linearized human-computer interactive admittance control system can be
regarded as a problem of series system correction.

When the high gain makes the system unstable, the introduction of a lag corrector can
work well, as shown in Figure 14. Lag correction is different from the single-pole mass
damping controller, which can bring a larger phase angle margin through the additional
zero pole points. After applying the lag correction, the system can tolerate a large system
gain, which means that it can accept a greater arm stiffness.

Finally, it is found that the decisive factors for the force positioning function are
actually the joint kinetic features of the robotic arm and the performance of the servo
driver. The admittance controller is only used as a system correction device. For example,
the following performance of the force positioning control depends on the maximum
acceleration and deceleration capacity of the robotic arm joints. The admittance controller
can only be used to ensure the stability of the system when the stiffness of the human arm
changes drastically.

4.3. Cycled Reciprocating Motion of Dragging Tests

After comparison of the admittance controller with pure gain and with a lag corrector,
cycled reciprocating motion of dragging tests are carried out. This work uses an open-loop
admittance controller, with parameters d = 5 Ns/m, m = 1 kg. The two tests are situations
of high dynamic performance and high sensitivity. The methods and results are shown in
Figures 15 and 16.
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Figure 14. Analysis of lag compensation as admittance controller.
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Figure 15. High dynamic performance motion test of dragging operation: (a) contact force; (b) robot

velocity; (c) robot position.
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Figure 16. High sensitivity motion test of dragging operation: (a) contact force; (b) robot velocity;

(c) robot position.

Figure 15 shows robot performance data in high dynamic performance and high stabil-
ity. It can be seen that when the positioning amplitude is 50 mm, the positioning frequency
reaches 2 Hz, the contact force does not exceed 15 N, and the maximum positioning speed
in Cartesian space is as high as 800 mm/s. The data are stable and there is no divergence.
In Figure 16, under low-speed conditions, the positioning amplitude is 50 mm, and the
robot speed does not exceed 400 mm/s. The contact force does not exceed 3 N. The robot

exhibits high sensitivity.
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4.4. Animal Tests

Several animal renal puncture tests are carried out using the dual-armed robotic
puncture system. Figure 17 shows the robotic puncture system prototype, including a US
arm, a puncture arm, an operating console, and an ultrasonic monitor. Figure 18 shows
the arm positioning operation (a and c) and master—slave control (b). Figure 18d shows
the surgery process of the animal test. The animal tests verify the effectiveness of the
dual-armed robotic puncture system.

US Arm

Ultrasonic
Image

Puncture
Arm

Operating Console

Figure 17. The prototype of dual-armed robotic puncture system and system composition.

Figure 18. Process of the animal tests. (a) US arm docking operation; (b) master-slave control of
US arm for image guidance; (c) puncture arm docking operation; (d) the surgery process of the
animal test.

5. Conclusions

This paper proposes a dual-armed robotic puncture system for renal puncture. For
the docking process, surgeons can position the arms by dragging. For the surgery process,
surgeons can use the master operator to control the arms for image guidance and adjust the
needle posture, respectively. This paper describes the mechanical design, control system
design, and animal tests of the dual-armed robotic puncture system, which consists of a US
arm that provides ultrasound guidance and a puncture arm with a position and posture
decoupling function. The control strategy of each robotic arm has been selected according
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to the needs of puncture surgery and verified by a simulation and tests. The results show
that the dual-armed robotic puncture system in this paper is easy to operate during the
docking process, and the master—slave control can meet the demand of image guidance
and puncture operations. The animal tests are reported to verify the effectiveness of the
system prototype.

In the future, the dual-armed robotic puncture system can be used for clinical trials,
which is expected to improve the kidney retreat and the up-and-down displacement caused
by breathing during the puncture process, reducing the degree of rupture of the renal
parenchyma and renal capsule. This will increase the success rate of puncture surgery and
reduce the occurrence of complications, so the system has good application prospects.
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