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Abstract The existing interventional therapy robots for the

microwave ablation of liver tumors have a poor clinical

applicability with a large volume, low positioning speed

and complex automatic navigation control. To solve above

problems, a composite configuration interventional therapy

robot with passive and active joints is developed. The

design of composite configuration reduces the size of the

robot under the premise of a wide range of movement, and

the robot with composite configuration can realizes rapid

positioning with operation safety. The cumulative error of

positioning is eliminated and the control complexity is

reduced by decoupling active parts. The navigation algo-

rithms for the robot are proposed based on solution of the

inverse kinematics and geometric analysis. A simulation

clinical test method is designed for the robot, and the

functions of the robot and the navigation algorithms are

verified by the test method. The mean error of navigation is

1.488 mm and the maximum error is 2.056 mm, and the

positioning time for the ablation needle is in 10 s. The

experimental results show that the designed robot can meet

the clinical requirements for the microwave ablation of

liver tumors. The composite configuration is proposed in

development of the interventional therapy robot for the

microwave ablation of liver tumors, which provides a new

idea for the structural design of medical robots.
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1 Introduction

Microwave ablation of liver tumors refers to the inactiva-

tion of liver tumors in situ under image guidance by

heating the liver tumor tissue via microwave to a high

temperature (above 60 �C), achieving an effect of complete

coagulation necrosis of the tumor. Microwave ablation has

developed rapidly and become an important method for

tumor therapy.

The application of amedical robot system in tumor thermal

ablation therapy can improve the precision of ablation and

ability of conformal ablation aswell as reduce the dependence

of the therapy on the experience of physicians [1–4].

Hong, et al [5] designed an automatic needle insertion

robot system based on ultrasonic image guidance. The

ultrasonic probe and the puncture needle were arranged on

the same plane, and then the real time ultrasonic image was

used to track the target point. The robot was control to push

the needle. However, the system could only achieve two-

dimensional positioning in the ultrasonic image plane, and

it could not complete the active positioning in the real

sense.
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Researchers in Johns Hopkins University developed a

set of dual-arm robot that was used for ultrasound-guided

radiofrequency treatment. One arm was mounted to an

ultrasonic probe, and the other one controlled the puncture

location [6]. The system was a completely open navigation

system, which was suitable the operation of anatomic tissue

exposure.

The Steady Hand [7] minimally invasive surgery robot

system for eyes was developed by Johns Hopkins Univer-

sity in the USA, which could assist in eye surgery. The

robot had a small volume, but its working space was very

small too.

Chinese PLA General Hospital and Beijing Institute of

Petrochemical Technology developed a surgical-assistant

robot for the microwave ablation of liver tumors [8–10].

The robot could only realize the support function of

microwave needle, which had no navigation function.

Xu, et al [11–13], Yang, et al [14], Ni, et al [15], and

Xiong, et al [16] proposed a microwave ablation treatment

for malignant liver tumors using a three-dimensional

ultrasound-guided robot assisted system. The robot system

was composed of an imaging module, a puncture robot, a

microwave ablation thermal field simulation module and a

surgical navigation software. The test results showed that

the localization accuracy of the robot was within the 3-mm

minimum, and the highest one was (1.6 ? 1.0) mm. The

average relative error between the volume and simulation

results was 5.6%. Although the positioning accuracy can

meet the clinical requirements, the robot adopted the

SCARA configuration and the body was huge. In order to

ensure safety, the movement speed was very slow. The

robot was difficult to integrate into the operation process.

In addition to the robots for the microwave ablation,

some research teams did some basic research such as the

evaluation system, preoperative planning, image process-

ing and needle steering for a robot.

The role of navigation and robot technology in the

treatment of tumor thermal ablation under the ultrasound

guidance was evaluated by Lu, et al [17–19]. Nouaille, et al

[20] deal with the design process adapted to medical

robots.

Gao, et al [21] presented a survey of the state of the art

of research on algorithms of needle steering techniques, the

surgical robots and devices. Guiatni, et al [22], Wang, et al

[23] and Gulhar, et al [24] proposed medical imaging

systems to guide robots. The planning system was pre-

sented by Azimian, et al [25] and Weede, et al [26]. Yang,

et al [27] developed a novel surgery robot for feeding guide

wire and gave a risk criterion for the system.

Spanish researchers at Malage Victor F. Munoz

University developed an ERM robotic system to assist

minimally invasive surgeries. The robot had 5 DOFs,

including 3 active DOFs for the laparoscopic camera

position control and 2 passive DOFs for the wrist

structure [28]. Fu, et al [29] at Harbin Institute of

Technology designed a laparoscopic robot whose struc-

ture was similar to the former. Although the two robots

were realized by combination of the active and passive

joints, these were not suitable for ultrasound-guided

microwave ablation and the control systems were com-

plex for clinical therapy.

Deng [30] proposed a navigation algorithm for tumor

ablation robots that was based on a universal robot (UR5).

The robot was not limited to ultrasound imaging and

microwave tumor ablation surgery. Since the industrial

robots were adopted, the control system could not be

developed according to the requirements of the operation.

In conclusion, only active joints are adopted generally

for the existing interventional therapy robots. The robots

can complete the basic positioning function with poor

clinical applicability, since their sizes increase rapidly with

the positioning range, and the positioning speed is slow

with complex control of automatic navigation considering

safety factors. Although some robots for laparoscopic

surgery are designed with active and passive joints, they

are not applicable to the microwave ablation of tumors.

Because the surgical tools for laparoscopic surgery are

different from those for microwave ablation surgery and

their navigation principles were different also.

Therefore, this paper presents a composite configuration

interventional therapy robot system for the microwave

ablation of liver tumors that can complete intelligent

positioning and navigation of surgical instruments under

ultrasound guidance and the robot can be pulled in or

retreated from operation rapidly to expand its working

space. The robot can be well integrated into the clinical

operation.

2 Composite Configuration Robot Structure

As shown in Fig. 1, the robot is composed of a Cartesian

worktable, telescopic arm and hand manipulator.

(1) The Cartesian worktable is locked at the rear of the

surgical bed. The Cartesian worktable can accurately

adjust the position of the ablation needle tip with an

absolute positioning accuracy of 8 lm. Its motion

ranges in the X, Y and Z directions are 200, 50 and

50 mm respectively.

(2) The telescopic arm has 7 DOFs (two ball joints and

one elbow joint) without a driving motor and has a

large movement space. Its motion ranges are

500 mm in the length direction, 1000 mm in the

width direction and 400 mm in the height direction.

It can realize rapid positioning in 10 s and can lock
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all joints simultaneously by its locking device, as

depicted in Fig. 2.

(3) As shown in Fig. 3, the hand manipulator has two

DOFs and is driven by two DC servo motors. It can

clamp an ablation needle and keep the motion center

of the needle tip in the same puncture point while

adjusting its posture. This type of hand manipulator

is known as remote center of motion (RCM).

In the ablation operation, the ultrasound image naviga-

tion control system can automatically operate the RCM

mechanism according to the location of the tumor, and the

ablation needle in the RCM can be adjusted to the appro-

priate puncture path.

3 Kinematics of the Robot

3.1 Simplified Robot Navigation Mechanism

The Denavit-Hartenberg(D-H) method was adopted to

establish the mechanism diagram of the robot, as shown in

Fig. 4. The D-H parameters of each joint are shown in

Table 1.

The parameter values in Table 1 are the measured val-

ues of the arm D-H parameters, and the joint variables are

set as an initial value.

The homogeneous transformation matrix between the

joints can be obtained from the table.

i�1
i T ¼

coshi � sinhi 0 ai
sinhicosai coshicosai � sinai �disinai
sinhisinai coshisinai cosai dicosai

0 0 0 1

0
BB@

1
CCA

ð1Þ

In Eq. (1), i = 1 to 12, so

0
12T ¼ 0

1T
1
2T

2
3T

3
4T

4
5T

5
6T

6
7T

7
8T

8
9T

9
10T

10
11T

11
12T: ð2Þ

In the robot operation procedure, the robot navigation

motion can be performed by its Cartesian worktable and

RCM mechanism only after its telescopic arm is drawn to

Fig. 1 Composite configuration robot

Fig. 2 Telescopic arm

Fig. 3 RCM type of hand manipulator

Fig. 4 Robot mechanism diagram
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the planned position and locked. In this case, the telescopic

arm is supposed to be a rigid body, and the schematic of the

robot mechanism can be simplified. The simplified robot

navigation mechanism has five degrees of freedom (Z1, Z2,

Z3, Z11 and Z12). Therefore, the homogeneous transforma-

tion matrix is

T ¼ 0
1T

1
2T

2
3T

10
11T

11
12T; ð3Þ

T ¼

cosh11cosh12 �cosh11sinh12 �sinh11 40

sinh12 cosh12 0 �660�d2

sinh11cosh12 �sinh11sinh12 cosh11 �d3 þ d1

0 0 0 1

0
BBB@

1
CCCA

¼
M P

0 1

� �
:

ð4Þ

In Eq. (4), the rotation matrix is represented by M and

the translation matrix is represented by P.

The above equation indicates that P is related to only the

parameter d1, d2 and d3, and then M is related to only the

parameter h4 and h5; thus, the robot is completely decou-

pled when the robot telescopic arm is locked.

3.2 Inverse Kinematics Analysis

According to the clinical operations, the 7 DOFs of the

telescopic arm can be simplified as follows:

(1) The rear ball joint is simplified as a ball sliding joint,

i.e., h4 remains unchanged—because its rotation

around the body length direction can be achieved by

h11 instead of h4, as shown in Fig. 4.

(2) The front ball joint is simplified as a 0-DOF joint, i.e.,

h8, h9 and h10 remain unchanged—because its rotation

axis is extremely short (approximately 5 mm), and the

rotations of h8, h9 and h10 are very small (approxi-

mately 15�), which has only a slight influence on the

position accuracy of the telescopic arm.

Figure 5 shows the simplified mechanism diagram of

the telescopic arm; then, Eq. (3) can be rewritten as

3
10T ¼ 3

4T
4
5T

5
6T

6
7T

7
8T

8
9T

9
10T ¼ W N

0 1

� �
: ð5Þ

In Eq. (5), W is the rotation matrix and N is the trans-

lation matrix.

Letting N = k1 k2 k3ð Þ’, k1, k2 and k3 are the three

coordinates of the RCM tip and should equal to the planned

coordinates of the puncture point.

Next, the following equations are set:

k1 ¼ 50 + 410cosh5cosh6sinh7 + 410cosh5sinh6cosh7
þ 200cosh5cosh6;

k2 ¼ 410sinh6sinh7 � 410cosh6cosh7 þ 200sinh6;

k3 ¼ 410sinh5cosh6sinh7 + 410sinh5sinh6cosh7
þ 200sinh5cosh6:

ð6Þ

The values of h5, h6 and h7 can be obtained by Mat-

lab2016a, and the theoretical value of the position and

posture of the telescopic arm can be represented.

4 Robot Navigation

4.1 Procedure of the Robot Navigation

Robot navigation was developed from manual navigation

in the clinical operation. The current microwave ablation

clinical procedure is as follows:

(1) Scanning with the B-Mode ultrasonic probe

After scanning the patient’s liver tumors by Free-

Hand (free arm scanning), the image information is

input to the surgical planning software in computer.

(2) Making the three-dimensional reconstruction

The physician completes the three-dimensional recon-

struction of the important peripheral vascular tumors to

establish a preoperative 3D model coordinate system.

(3) Planning the ablation needle path

According to the target location and 3D model of

Table 1 D-H parameters of the mechanical arm

No. i Length of common

perpendicular ai-1/mm

Included

angle

ai-1/(�)

Setover

di/mm

Joint

angle

hi/(�)

1 0 0 d1 0

2 L0 90 d2 0

3 0 90 d3 0

4 0 -90 L1 h4
5 0 90 0 h5
6 0 90 0 h6
7 L2 0 0 h7
8 L3 -90 0 h8
9 0 90 0 h9
10 0 90 0 h10
11 0 0 L4 h11
12 0 -90 L5 h12

Fig. 5 Simplified mechanism diagram of telescopic arm
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important peripheral vascular tumors the physician

performs ablation needle path planning in the

ultrasonic image navigation workstation.

(4) Making the incision

According to the surgical planning results, the

physician makes an incision at the puncture point.

(5) Pushing the ablation needle

The patient holds his breath for a moment, and the

doctor physician pushes the ablation needle into the

tumor. The entire process lasts for 5–10 s.

(6) Evaluating the operation

After the operation, the patient will be scanned again

to evaluate the effect of the operation.

Based on the above manual navigation. The main pro-

cedures of the robot navigation are as follows:

(1) Calculating the coordinates of the centroid of the

tumor’s 3D model by the self-developed navigation

software and considering them to be the coordinates

of the target point;

(2) Obtaining the puncture point O based on the

physician’s planning surgical path RM on the

interface of the navigation software;

(3) Mapping all the above point coordinates to the robot

coordinate system;

(4) Positioning the telescopic arm;

(5) Adjusting the Cartesian worktable localization and

RCM localization.

4.2 Telescopic arm intelligent localization

As noted above, the telescopic arm will be posed and

locked according to the surgical planning situation at the

beginning of the robot navigation. The intelligent posi-

tioning of the telescopic arm is achieved as follows:

(1) Obtaining the values of h5, h6 and h7 by the inverse

kinematics Eq. (6);

(2) Sending the above solutions into the arm positioning

graphic display interfaces, as shown in Fig. 6(a);

(3) Detecting the position of the telescopic arm by four

NDI micro sensors, as shown in Fig. 7;

4) Drawing the arm to reach the planning position until

the red alarm light of Fig. 6(b) is on.

4.3 Cartesian Worktable Localization

After the telescopic arm is localized, the further precise

positioning of the needle tip is fulfilled by the Cartesian

worktable.

According to Eq. (4), the position of the robot RCM

mechanism is controlled by Cartesian worktable, i.e., its

positioning motions in the X, Y and Z directions have a

decoupling relationship, as shown in Fig. 8.

The adjusting values in each direction can be calculated

according to Eq. (7).

DXw ¼ Xw1
� Xw0

;
DYw ¼ Yw1

� Yw0
;

DZw ¼ Zw1
� Zw0

:

8<
: ð7Þ

In Eq. (7), Xw1
; Yw1

and Zw1
are the coordinate of the

puncture point and Xw0
; Yw0

and Zw0
are the coordinates of

the current coordinates of the needle tip point.

4.4 RCM Localization

After telescopic arm intelligent localization and Cartesian

worktable localization, the position of the needle tip is

determined.

Fig. 6 Graphic display interfaces of the telescopic arm
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The needle’s posture is adjusted by RCM. The RCM

localization algorithm is used to adjust the posture of

the ablation needle according to the target point and

surgical planning results. This adjustment can assist

physicians to avoid the important blood vessels and

tissues in hepatic tumor ablation surgery. The elevation

view of the pose of the ablation needle is shown in

Fig. 9.

According to Eq. (4), the posture of the needle is con-

trolled by RCM. In the RCM mechanism, RCM’s rotation

and swing movements are independent, as shown in

Fig. 10.

In Fig. 10, the solid line OR0 is the current posture of the

needle. The dotted line OR is an extension line of MO. The

three points (R, O and M) must be in a straight line to assist

doctors in avoiding the important blood vessels and tissues

during hepatic tumor ablation surgery.

Angle h is a space angle from the current posture to a

reasonable posture. To obtain the space angle, two DC

servo motors must turn corresponding angle a and b.
The algorithm of the rotation angle a and the swing

angle b are as follows:

a ¼ 180�arcos
op � om
opj j omj j

� �
�arcos

op � or
opj j orj j

� �
;

b ¼ arcos
op � orð Þ � op � omð Þ
op� orj j op� omj j

� �����
����:

ð8Þ

4.5 Example of Robot Navigation

To illustrate the robot navigation process more clearly, an

example is shown below.

(1) After Scanning with the B-Mode ultrasonic probe

and the three-dimensional reconstruction of tumor

imaging, the coordinates of the target point (tumor

Fig. 7 Attachment of the magnetic locator sensors

Fig. 8 Moving direction of Cartesian worktable

Fig. 9 Elevation view of the pose of the needle

Fig. 10 Schematic diagram of the posture adjustment
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centroid) M in Fig. 11 are obtained as (53.271,

46.466, -125.244).

(2) Through the surgical planning, the coordinate of

puncture point O is determined as (-61.369,

111.089, -141.497).

(3) Letting (k1, k2, k3) = (-61.369, 111.089,

-141.497), it can be obtained that h5 = 51.7�,
h6 = 39.7� and h7 = -86.1� using Eq. (6).

(4) Draw the arm to reach the planning position until

the indicator on the area D of Fig. 7 is lit.

(5) Using the needle tip magnetic senor, the current

coordinates of the needle tip point (O’) are

measured to be (-59.254, 108.375, -139.473).

(6) Calculate the coordinate difference between O and

O’.

(7) Using Eq. (7), the controllable variables of the

Cartesian worktable are calculated to be

DXw = -2.115, DYw = 2.714, and

DZw = -2.024.

(8) Using the magnetic senor, the coordinates of the

center of the RCM’s axis (P) are determined to be

(-191.355, 97.754, -396.778).

(9) Using Eq. (8), the controllable variables of RCM

are calculated as a = 15.36� and b = 23.73�.
(10) Control the Cartesian worktable and RCM to make

the ablation needle reach the planning position and

gesture by the self-developed navigation software.

5 Force Feedback Experiments

A simulation method has been designed to imitate the

clinic interventional therapy of the robot. The steps of the

method are as follows:

(1) In the laboratory environment, doctors used the

ultrasonic probe with NDI micro sensor to scan the

liver of the experimental person and used self-

developed navigation software for liver image

acquisition, as shown in Fig. 12;

(2) A virtual circle was built by acquisition multiple

normal liver ultrasound images, and the circular

three-dimensional model was reconstructed to sim-

ulate the liver tumor, as shown in Fig. 13;

(3) The physician drew the arm to reach the planning

position, and the indicator light in Fig. 7 was lit;

(4) The self-developed navigation software was used to

adjust the position and posture of robot hand

manipulator until the ablation needle tip reaching

the puncture point determined by the image of the

navigation system, as shown in Fig. 14;

(5) Only after the experimental person left, the physician

push the ablation needle tip into the virtual tumor

target displayed in the navigating interface and

record the coordinate localization data of the abla-

tion needle tip and top in different position, as shown

in Fig. 15.

Fig. 11 Example of robot navigation

Fig. 12 Simulation experimental. 1 Ultrasonic image navigation

workstation; 2 B-mode ultrasonography system; 3 Magnetic orienta-

tion system; 4 Composite configuration robot; 5 Ultrasonic probe with

NDI micro sensor

Fig. 13 Liver tumor segmentation map navigation software
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Descriptions of the illustrations in Figs. 14 and 15 are

provided below:

(1) The lower right part of the figures is the three-

dimensional display of the actual ablation needle,

navigation lines and the liver with a virtual tumor.

(2) The lower right part of the figures is the 2D

parametric picture of the actual ablation needle

position and the navigation line diagram, where the

white ‘‘?’’ signal indicates the target position.

(3) The red ‘‘?’’ signal indicates the position of the

actual ablation needle tip and the green ball signal

indicates the posture of the ablation needle, i.e., only

when the above three signals are overlapping is the

actual ablation needle tip into the target.

(4) There are two groups of arrows and data to indicate

the deviation direction and data and a gray bar to

indicate the depth of ablation needle.

Ten individuals were tested using the above simulation

method, and the data are provided in Tables 2 and 3.

As shown in Fig. 16, the needle tip magnetic sensor and

needle top magnetic senor can measure the real-time

coordinate of the needle tip and needle top.

Fig. 14 Real-time locations of the actual needle and virtual liver

tumor before robot navigation

Fig. 15 Ablation needle tip pierced into the virtual liver tumor after

navigation and posture adjustment

Table 2 Navigation process data of test No.1

Location of the needle Coordinates of the needle tip X, Y, Z/mm Coordinates of the needle top X, Y, Z/mm

Before into the body -92.636, 120.207, -151.777 -165.152, 126.457, -338.019

Reach the skin -53.621, 101.557, -142.180 -223.016, 201.059, -179.307

Into the body 1/3 -32.466, 90.9735, -139.193 -204.746, 189.711, -163.005

Into the body 2/3 15.548, 64.3132, -132.758 -158.739, 159.455, -156.305

Reach the target 54.652, 44.0452, -127.404 -118.289, 141.156, -152.865

Table 3 Navigation errors data

Test

No. i

Coordinates of the

target X,Y,Z/mm

Coordinates of the

need tip X,Y,Z/mm

Positioning

error e/mm

1 53.271

46.466

-125.244

54.114

45.645

-125.404

1.188

2 69.373

119.546

413.779

70.273

118.689

413.157

1.390

3 51.290

137.852

429.853

50.890

135.998

429.037

2.065

4 -28.177

25.124

-211.973

-26.977

25.698

-212.266

1.362

5 -134.287

192.165

-217.498

-136.087

192.864

-217.017

1.990

6 8.360

-32.885

-212.853

8.860

-31.565

-211.987

1.656

7 -0.626

-36.819

-211.863

-0.703

-36.023

-211.097

1.108

8 5.142

9.014

-252.063

5.056

9.149

-250.690

1.383

9 -7.543

3.792

-166.554

-8.024

3.187

-165.736

1.125

10 19.641

-142.395

-224.053

20.237

-140.896

-223.937

1.617
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Table 2 provides the navigation process data of test No.

1, and its puncture point and target positions are

(-61.3694, 111.089, -141.497) and (53.2712, 46.4661,

-125.244), respectively.

Table 3 provides the navigation error data of ten tests.

The mean navigation error is 1.488 mm, and the maximum

error is 2.056 mm, which met the clinical requirement of a

5-mm maximum error.

The 14G (diameter: 2.15 mm) ablation needle was

adopted in these experiments. The needle was made from

304 stainless steel, and its tip was ceramic. These charac-

teristics can reduce the deformation of the needle in the

inserting procedure. The maximum deformation did not

exceed 1 mm.

6 Conclusions

(1) An interventional therapy robot with composite

configuration is developed, and combination of

active and passive joints reduces the size of the robot

with a wide range of movement. Rapid positioning

for the ablation needle is realized with operational

safety, and the positioning time is in 10 s. In addi-

tion, the cumulative error of positioning is elimi-

nated and the control complexity is reduced by

decoupling active parts.

(2) The navigation algorithms of the robot are proposed

corresponding with composite configuration and it is

verified with the simulation clinical test method. The

mean error of navigation is 1.488 mm and the

maximum error is 2.056 mm, both of which meet the

clinical requirements for positioning accuracy.

(3) The robot system can move flexibly in large motion

range with higher positioning accuracy, its structural

design provides a new idea for the development of

medical robots.
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