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Abstract: The image-guided prostate intervention robot can assist surgeons in performing mini-
mally invasive intervention procedures. It has the advantage of overcoming the disadvantages of a
traditional surgeon's hand tremor and dependence on the need for an experienced surgeon, improv-
ing the intervention precision, and reducing the hazards caused by normal soft tissues due to surgi-
cal precision errors compared to traditional intervention procedures. In the design of prostate inter-
vention robots, structural design, materials, actuators, and compatibility issues should be consid-
ered. Based on the above considerations, a representative literature of the last decade was selected
for review.

Patents and articles on image-guided prostate intervention robots published in the last 10 years
(2013-2023)were searched in several electronic databases, focusing on keywords (structural de-
sign, puncture accuracy, image compatibility, actuator) for screening.

We retrieved a total of 26 prostate intervention robots guided by different images, classified them
by US, MRI, MRI-US and CT, selected representative robots guided by different image modali-
ties for review and tabulated them for comparison, and finally boldly predicted that the future di-
rection will be prostate robots guided by MRI-US images.

Image-guided prostate intervention robots can improve the deficiencies of conventional interven-
tion procedures. In the future how to improve the intervention accuracy will be the primary
problem of all intervention robots, through structural design, materials, actuators, and image com-
patibility issues have been improved.

Keywords: Prostate intervention robots, puncture accuracy, image guidance and compatible, actuator, material.

1. INTRODUCTION

In recent years, prostate cancer has become an increas-
ing concern for men. Globally, approximately 1.41 million
cases of prostate cancer are diagnosed each year, and
380,000 of them die from the disease [1, 2]. Treatment op-
tions for prostate cancer include radical resection, external ir-
radiation, high-intensity focused ultrasound, and brachythera-
py. Of these, BT(BrachyTherapy) has become a major treat-
ment option [3-8]. BT offers many advantages, including
minimal trauma, short recovery time, and few side effects.
In addition, it does not cause thermal changes in tissues or
damage healthy tissues.
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BT is usually performed as an intervention procedure us-
ing a TP (TransPerineal) or TR (TransRectal) approach [9,
10]. TR ultrasound is a widely used method in most prostate
interventions due to its real-time imaging and cost-effective-
ness [11]. However, ultrasound-guided prostate intervention
robots still face many challenges. For example, the shape of
the prostate and surrounding soft tissues can affect the accu-
racy of the puncture needle during the procedure, leading to
needle flexion and glandular edema. In addition, most punc-
ture needles are limited by the guidance mechanism, which
severely restricts their flexibility. Although US (Ultrasound
Systems) provide real-time imaging, they also have a high
rate of false negatives. The use of MRI (Magnetic Reso-
nance Imaging) instead of US can significantly improve
imaging quality and puncture accuracy. However, MRI as
an image-guided tool can have several disadvantages, such
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as long consumption time, limited spatial resolution, high
cost and limitations in materials, actuators and transducers.
In addition, to avoid image distortion caused by strong mag-
netic fields, some CT (Computed Tomography)-guided punc-
tures have been used in recent years and MRI and ultra-
sound image alignment methods have been used to achieve
higher accuracy [12]. The integration of medical imaging
techniques with medical devices is crucial, and good fusion
techniques can improve the accuracy of the puncture mech-
anism [13].

The emergence of prostate intervention robots has the po-
tential to address the limitations of traditional surgery, such
as a lack of experience on the part of the doctor, hand tre-
mors due to physiological factors, radiation damage caused
by radioactive particles to the doctor, and easy deflection
due to improper hand-eye coordination during needle inser-
tion. Therefore, automated prostate intervention robots can
often mitigate these deficiencies. The workflow of a prostate
intervention robot varies depending on different materials,
principles, and scenarios. For instance, different image acqui-
sition methods and DOF (degree-of-freedom) lead to vary-
ing levels of flexibility, which in turn affects the functional
flow of a prostate intervention robot [14]. As such, it is ne-
cessary to classify and summarize the various types of pros-
tate intervention robots based on these differences.

Currently, prostate BT robots still face significant chal-
lenges, especially in terms of how to improve the precision
of intervention procedures and reduce damage to normal
soft tissues. In recent years, with the rapid development of
intervention surgical robots, more BT robots have been de-
signed with greater flexibility and applicability. The flexibili-
ty of the robots depends on their structural design. For exam-
ple, Zhang et al. proposed a 6DOF articulated particle im-
plantation robot [15], which uses RRT (Rapidly-exploring
Random Trees) positioning combined with end-rotation vi-
bration injection to improve puncture accuracy. Fischer et
al. proposed an MRI-guided prostate surgery robot [16] that
allows horizontal and vertical adjustment as well as angular
rotation for a wide range of positional and postural adjust-
ments. Kim ef al. [17] proposed a 2DOF needle driver that
uses splines and synchronous toothed belt coordination to
achieve translational and rotational modes. Liang et al. pro-
posed a prostate biopsy robot guided by MRI, equipped with
two actuators in the working plane and one in the rotating
plane. The aim is to achieve horizontal, vertical, and rotating
functions of the needle [18]. Jiang et al. introduced a 3DOF
parallel robot with RCM (Remote Motion Center). Through
experiments on 20 hunting dogs of different sizes, the final
positioning error was approximately 5 mm [19]. In order to
address the challenging problem of prostate intervention
surgery in confined spaces, Duan ef al. developed a continu-
ous robot driven by line and constructed a prototype using
3D printing technology. Experimental results demonstrated
that the positioning error was less than 2.5 mm [20].

In this paper, we review typical linear brachytherapy
robots developed in the last decade based on their structural
design, puncture accuracy, material selection, and compati-
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bility with image guidance. Section 2 describes prostate BT
robots guided by different imaging systems, and Section 3
describes the compatibility of the puncture robot with im-
age-guided systems and intervention techniques. Our review
discussion is presented in Section 4, and the conclusions of
this paper are provided in Section 5.

2. PROSTATE INTERVENTION ROBOTS GUIDED
BY DIFFERENT IMAGES

2.1. Ultrasound-guided Prostate Intervention Robots

The novel 7DOF robot is proposed by Long for perineal
puncture intervention. The robot consists of a needle posi-
tioning module and a needle insertion module [21]. The nee-
dle positioning module mainly consists of two pairs of trans-
lational guides, while the needle insertion module moves lin-
early via ball screws. The needle can also be manually rotat-
ed to implant radioactive seeds. Experimental data confirm
that the robot has high puncture accuracy, reaching phantom
targets with a median accuracy of 2.73 mm and 5.46mm, re-
spectively. However, the mechanism is not bilaterally sym-
metric in weight and the prostate may be punctured lower in
one direction due to the effect of gravity on curvature. C.
Vaida et al. proposed an intervention soft tissue mechanism
with a parallel structure [22]. This mechanism is bulky and
has a cantilevered form with 3DOF X, Y, Z. The puncture
mechanism incorporates a guide plate and is capable of ad-
justing the needle angle itself. Although this mechanism is
suitable for more applications, it is less rigid, less flexible,
uses a parallel mechanism with high difficulty, and has mo-
tion singularities. Poquet [23] developed a 6DOF tandem
robot cooperative operating system that moves like a human
arm. It has FMC (Free Mode Control) and LMC (Locked
Mode Control). In the free mode, the ultrasonic probe does
not move, while the electromagnetic brake for the wrist, as
well as the drive for the shoulder and elbow joints, are in the
locked position. The system uses collaborative operations to
assist physicians in performing real-time piercings in locked
mode. Zhang et al. proposed a 6DOF articulated particle im-
plantation robot [15], the cantilever used RRT type as posi-
tioning and a parallelogram linkage mechanism was used to
improve the stiffness [24]. The robot includes: a positioning
module, surgical instrument module, and image navigation
module, where the positioning module includes a linear slide
that can undergo linear displacement, and the cantilever,
linkage, and base form a parallelogram mechanism, the surg-
ical instrument module that is incorporated in this robot is a
linear drive mechanism, a rotary drive mechanism, an axial
vibration mechanism and a puncture needle composition,
where the hollow tube is driven by a servo motor for rota-
tion and linearity. The piezoelectric ceramic component was
incorporated inside in order to provide axial high-frequency
vibration [25, 26], and the image navigation module is the
equivalent of the human eye providing the puncture route
through ultrasound paired with the surgical instrument mod-
ule. The experiment used a new piezoelectric vibration ro-
tary needle feeding device, vibration assisted to achieve high
precision puncture, but the current experimental environ-
ment is under the pig kidney to obtain data and due to the
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cantilever mechanism error, other aspects of the accumula-
tion will also have certain shortcomings. As shown in Fig.
(1A, C) Vaida's et al. [27] proposed a transrectal ultrasound
puncture biopsy needle intervention mechanism consisting
of a 2DOF puncture adjustment module and a 3DOF ultra-
sound probe adjustment module. The two modules are con-
nected in parallel by a universal joint, and the ultrasound
probe module is located below the puncture module. Al-
though the parallel mechanism is more flexible, the positive
solution of the parallel robot is more complex and in-
ter-mechanism errors accumulate. Ban ez al. proposed a 2D-
OF radioactive particle implantation device [28], which in-
cludes: an external needle insertion mechanism, an automat-
ic particle placement mechanism, and an internal needle re-
ciprocating propulsion mechanism. The internal needle slid-
ing table is firmly attached to the ball screw sliding table,
the external needle is firmly attached to the internal needle
sliding table, and a servo motor drives the sliding table to
achieve linear motion. The automatic pellet implantation de-
vice works as follows: the spring presses the pellet and
guides the inner needle, the outer needle pushes into the pel-
let toward the lesion point, and the inner needle withdraws
to press the pellet in. Lim ef al., proposes a robot assisted by
transrectal ultrasound prostate biopsy robot [29], with a 4D-
OF adjustment probe and adopted RCM [30-32], with no in-
traoperative registration [33]. Probe RCM protection can be
realized by rotating £ 1 and £ 2, along the axis of 53 to real-
ize linear motion and rotation. The bench test item 2, item 1
imaging test, targeted two in vitro tests, and clinical trials of
the IRB(Institutional Review Board) approval of 5 patients
puncture needles with an accuracy of 1| mm were conducted.
Wang et al. have developed an ultrasound-guided 8DOF
prostate biopsy robot, which integrates a kinematic model to
map the unbinding error and improve puncture accuracy.
The feasibility of both the kinematic model and the robot
has been verified through experiments [34].

A transrectal ultrasound image-guided prostatic puncture
robot with the public number CN113367777A was proposed
[35]. As shown in Fig. (1B), the prostate puncture robot com-
prises a base 1, a robotic arm module 2, an arc telecentric
module 3, a puncture needle clamping module 4, and an ul-
trasonic probe clamping module 5. Module 2 and module 5
are installed on the base 1. The puncture needle holding mod-
ule 4 is the end feed mechanism of the prostatic puncture
robot, and modules 2, 3 and 4 are connected together succes-
sively. The ultrasonic probe clamping module 5 comprises a
rotating joint and a moving joint. The ultrasonic probe
clamping module 5 is used to realize the feed and rotation
motion of the ultrasonic probe and meet the requirements of
the ultrasonic probe in puncture guidance. As shown in Fig.
(1C), GB1331341 demonstrates a 4DOF prostate puncture
robot guided by ultrasound [36]. The targeted puncture aux-
iliary device includes ultrasonic probe 1, probe tilt mech-
anism 2, Z stepper 3, YZ stepper connector 4, X stepper 5,
Y stepper 6, sample bench 7, casters 8, body film fastener 9,
and body film 10. The motion mode includes a moving mod-
ule in the XYZ direction of 3DOF and a probe pitching
mechanism 2; when the robot works, it first controls the pitt-
ing mechanism 2 to keep the probe 1 level, then adjusts the
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X stepper 5 and Z stepper 3 to align the probe with the hu-
man body, and also the Y stepper 6 to enter the probe into
the human body. In order to obtain a clear ultrasonic image,
the probe can be pitted, while keeping the probe end fixed,
the required movement is compensated by the Y stepper 6
and Z stepper 3. CH113331875B proposed a prostate biopsy
and puncture robot based on ultrasonic image guidance [37],
the main structure of which is shown in Fig. (1D), including
angle control mechanism 1, ultrasonic probe fixing mech-
anism 2, vertical position adjustment mechanism 3, and
puncture execution mechanism 4. The ultrasound images in
two different planes of the patient's prostate were obtained
by the transrectal ultrasound probe, and the motion was car-
ried out by the angle control mechanism, the vertical posi-
tion adjustment mechanism, and the puncture actuator to ac-
curately control the puncture needle. Patent US8702579B2
[38], as shown in Fig. (1E), is a 7DOF prostate puncture
robot. The robot can realize two functions of positioning and
puncture, positioning its own injection angle through SDOF,
and implementing injection through 2DOF. The mechanism
works in both horizontal and vertical space, with a trans-
verse translation of 105mm, a head-to-tail translation of
90mm, and a sagittal and coronal deflection of 30°.
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Fig. (1A). The needle insertion module [27]. (4 higher resolution /
colour version of this figure is available in the electronic copy of
the article).

Fig. (1B). The prostate puncture robot(CN113367777A) [35]. (4
higher resolution / colour version of this figure is available in the
electronic copy of the article).
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Fig. (1C). The prostate puncture robot(GB1331341) [36]. (4 high-
er resolution / colour version of this figure is available in the elec-
tronic copy of the article).

Fig. (1D). The prostate puncture robot(CH113331875B) [37]. (4
higher resolution / colour version of this figure is available in the
electronic copy of the article).

Fig. (1E). The prostate puncture robot(US8702579B2) [38]. Ultra-
sound-guided prostate intervention robot. (4 higher resolution /
colour version of this figure is available in the electronic copy of
the article).
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Yan proposed an 8DOF robot for ultrasound-guided per-
cutaneous prostate intervention therapy [39]. As shown in
Fig. (2), the ultrasonic probe of the robot has 2DOF, the nee-
dle positioning manipulator has 4DOF and a 2DOF driver
(needle), and the lifting platform controls the vertical height
adjustment of the robot. The ultrasound probe is aligned
with the anus by adjusting the posture of the lift platform,
which is then attached to the hospital bed. The probe and
needle actuators have 2DOF, linear, and rotary, respectively.
The needle positioning manipulator uses a parallel mech-
anism, which slightly improves stiffness. The particle swarm
optimization method improves the final puncture accuracy
based on the amount of information, and the average needle
tip error is between 0.963 mm and 1.846 mm. To improve
the accuracy, the system uses the particle swarm optimiza-
tion method in conjunction with the new mechanical mech-
anism. The old algorithm is greatly improved compared with
other new mechanical mechanisms. However, there are still
many drawbacks to ultrasonic guidance, the most serious of
which is false negatives. C Hen et al. [40] proposed an opti-
mal mechanism for the rapid release of multiple needle inser-
tion into the prostate guided by an ultrasound system. The
two driving fingers of the robotic arm realize translation and
angle adjustment, and stabilize the soft tissues of the pros-
tate by combining with multi-needle insertion. The duration
of the whole experiment is less than 3 minutes, and the aver-
age error is less than 0.5 mm. Tang ef al. [41] proposed to re-
alize prostate puncture surgery by a two-arm robot. One
robot arm operated the puncture module and the other operat-
ed the ultrasound probe. Combined with the real clockwise
tracking algorithm proposed by the author, it can be used for
two-dimensional ultrasound in robotic biopsy and BT to
achieve high-precision puncture.

Transrectal
ultrasound probe

- .

Fig. (2). Prostate intervention robot, proposed by Yan [39]. (4 high-
er resolution / colour version of this figure is available in the elec-
tronic copy of the article).

2.2. MRI-guided Prostate Intervention Robot

Su et al. proposed a piezoelectrically driven prostate
puncture robot for MRI-guided prostate puncture therapy
[42]. The tensioner in the strap joint is rotated to adjust the
distance between the motor shaft of the clamping mech-
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anism and the chuck shaft. The linear motor gives the sys-
tem 2DOF of motion, and the scissor mechanism is used for
lifting and lowering [43]. Fischer ef al. proposed an MRI-
guided robot for minimally invasive prostate surgery [16],
which includes: a front trapezoidal platform, a back trapezoi-
dal platform, and a needle drive bracket. The trapezoidal
platform with 4DOF can be transverse and longitudinal
movement and generate angle adjustment. The needle drive
bracket is connected to the front trapezoidal platform and
back trapezoidal platform through a spherical pair, and the
driving mode is suitable for the MRI piezoelectric motor,
compared with the pneumatic robot that is more compact.
The compact mechanism of the robot and its modular design
also make the mechanism more flexible. However, the accu-
mulation of many factors, such as the mechanism and hu-
man factors, will lead to a large deviation in the final punc-
ture during the operation. The combination of MRI and US
can be tried to plan the path before MRI and transrectal
imaging through US during the operation, which will have a
good puncture effect. Jiang proposed a SDOF robot for pros-
tate cancer treatment [44], which is made up of a horizontal
pitch, and insert modules connected in series. The cylinders
of the horizontal and pitch modules drive the puncture nee-
dle adjustment. The insert module is powered by an ultrason-
ic motor, and the robot is constructed of a polyformaldehyde
and copper alloy. Materials and the driving module are cho-
sen for use in an MRI environment. The experimental re-
sults show that the tip's error is 0.72 mm. The robot per-
forms high-precision punctures in the MRI environment,
avoiding secondary punctures and reducing patient pain.
However, the inner diameter of most MRI scanners is about
600mm, which also limits the structure and working angle
of the robot and requires a more compact mechanism. Kim
et al. proposed an MRI-compatible modular needle driver
[45]. The device mainly consists of a base robot and a nee-
dle driver. The base robot has 4DOF consisting of two trape-
zoidal connecting rods, and the needle driver has 6+1DOF
consisting of a needle gun adapter, a drive package, and two
concentric axes in the middle. The 2DOF of rotation is
defined as the degrees of freedom of rotation along the axis,
and the degrees of freedom of needle drive. The robot drive
device is the piezoelectric motor, and the needle drive de-
vice is an ultrasonic motor. Dan proposed a 3DOF robot for
prostate puncture in the MRI environment [46], which uses
a pneumatic drive to adapt to the MRI working environ-
ment, and the positioning needle is guided by 2DOF, as
shown in Fig. (3), where the nut on the rotation axis is used
to adjust the length of the needle, and 1DOF is used to
achieve linear puncture. The puncture accuracy of the robot
was 2.58 mm when tested on animal tissue. Eslami ef al. pro-
posed a 4DOF MR-compatible parallel robotic system de-
sign for transperineal prostate puncture. Most of the robot
materials are high-strength polycarbonate (filled with 20%
glass), ABS (Acrylonitrile Butadiene Styrene), cast nylon,
and other CNC machined materials [47]. The main structure
consists of two parallelogram mechanisms (trapezoidal plat-
form) and a slider structure; the different positions of the
trapezoidal table allow the needle to form different angles to
avoid obstacles. The slider is equipped with a fiber optic lim-
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it switch to prevent the slider from colliding with the sup-
port (the patient's legs must be open during the operation). A
robot for transperineal needle placement is proposed, which
is suitable for transperineal prostate biopsy [48-50]. Yial-
louras proposed a three-axis robot for prostate treatment
based on an MRI environment [51], which mainly realizes
linear, rotational, and up and down movement through the

rectum.
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Fig. (3). MRI-guided prostate intervention robot, proposed by Dan
[46]. (A higher resolution / colour version of this figure is avail-
able in the electronic copy of the article).

Patel et al. proposed a robot for transperineal prostate
biopsy [52]. The robot has 4DOF, with 2DOF translational
motion and 2DOF angular motion. Two linear guides are ins-
talled on the patient bed plate and fixed by screws so that
the whole robot mechanism can generate linear motion
through the linear guides. Since it is in the MRI environ-
ment, an ultrasonic motor is used to drive the movement of
the reference frame by ultrasonic motor. The sterile refer-
ence frame is configured in a Z-shape on three orthogonal
planes, which is convenient for holding the patient's legs and
fixing the skin to be taken out. Through the gelatin puncture
experiment under the nuclear magnetic 3T MRI scanner, the
obtained data showed that the signal-to-noise ratio was im-
proved by 15.35%, the RMS (Root Mean Square) error of
the gelatin surface was 1.5mm, and the maximum error was
2.1 mm. The robot fully utilizes the advantages of MRI com-
bined with medical instruments by ultrasonic motor under
MRI conditions. In addition, the robot can not only be easily
expanded by individual testing through modular design but
can also be used in other aspects of intervention surgery.
However, it still has certain limitations in the accumulation
of robot mechanism errors and needle deflection errors, and
the experiment is based on gelatin tissue. Li ef al. designed a
pneumatic prostate particle implantation robot [53], which
includes: an adjustment module that can realize the adjust-
ment of the robot puncture point, needle position, and pos-
ture. The function of the module is to realize the puncture of
the needle and the implantation of the particle. The modular
design idea [54] also makes the mechanism more compact
compared with other pneumatic robots. Fig. (4) shows 3D
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schematic drawings of the execution module and the adjust-
ment mechanism. The implanted cylinder and the break-
through slide are connected together to drive the puncture
cylinder. When the implanted cylinder reaches a certain posi-
tion, the breakthrough cylinder can quickly achieve punc-
ture. The robot consists of a preformed sliding table, locking
cylinder, friction wheel, locking gear, and locking rack. This
method of segmental processing solves the difficulty of
cylinder position control well. The executive module real-
izes the movement of the inner needle, outer needle and seed
into the inner cavity through three moving sliders. The ad-
justment is composed of a horizontal moving mechanism
and a lifting and pitching mechanism. The horizontal mov-
ing mechanism moves in the X and Y directions through the
connection of the guide slide block. The lifting and moving
mechanism adopts the scissor mechanism to adjust the pitch-
ing mechanism of the puncture needle. The cylinder of the
robot is made of pure aluminum, which has good heat dissi-
pation and can achieve high-precision positioning in the
MRI environment. The trachea joint is made of brass, and
the sealing element is made of polyurethane. Due to the
pneumatic principle, the puncture speed is extremely fast, so
the purpose of high-speed puncture can be realized. Through
the experiment, the puncture deviation of the robot is 6.5
mm smaller than the average deviation of the doctor's actual
operation. Due to the compressibility of the air, the devia-
tion of the final radioactive particles may be too large. More-
over, the experiment has not been implemented in a real hos-
pital environment, and the experimental data is single. There-
fore, the described pneumatic prostate particle implantation
robot has certain limitations. Seifabadi et al. [55] proposed a
6DOF prostatic intervention robot, including a 4DOF
perineal robot and a 2DOF needle steering module, to com-
pensate for errors caused by positioning and organization.

1 2 3 4 5

Fig. (4). MRI guided prostate intervention robot, proposed by Li
[53]. (A higher resolution / colour version of this figure is avail-
able in the electronic copy of the article).

CN109124770B describes a prostate puncture robot guid-
ed by MRI or CT [56], as shown in Fig. (5A), which in-
cludes a preloaded detachable probe, a probe fixing frame, a
TCP fixed-point control multi-degree of freedom robot with
a ranging device, and a computer console. The control can
help to complete the operation in the nuclear magnetic envi-
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ronment, which has the advantages of good real-time and
high precision compared with the ultrasonic guidance envi-
ronment. US20150265354 also proposed an MRI-guided
prostate puncture robot [57], as shown in Fig. (5B). Its driv-
ing module can achieve functions including rectal move-
ment and puncture needle deflection, and the driving mode
is a pneumatic motor.

1.14\‘_32321 325 323 3
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Fig. (5). A. The prostate puncture robot(CN109124770B) [56]. (4
higher resolution / colour version of this figure is available in the
electronic copy of the article).
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Fig. (5). B. The prostate puncture robot(US20150265354) [57].
MRI-guided prostate intervention robot. (4 higher resolution /
colour version of this figure is available in the electronic copy of
the article).

2.3. MRI-US-Guided Prostate Intervention Robot

Prostate cancer is the second most common cancer in
men worldwide, which has inspired researchers to develop
minimally invasive therapies for localized prostate cancer,
such as BT, which is ultrasound-guided, low-cost, radia-
tion-free, and has good real-time performance but poor imag-
ing quality. Although MRI has high imaging quality, MRI is
relatively time-consuming and costly. Therefore, Bi et al.
proposed a US/MRI fusion method with a serial cantilever
structure prostate robot [58]. As shown in Fig. (6A), the
robot adopted an elastic balancing mechanism to achieve the
balance of the cantilever beam. The parallelogram linkage
mechanism in the robot can reduce the mass and moment of
inertia of the cantilever beam, and the deviation of the nee-
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dle tip under the experimental environment is less than 2.5
mm. However, at present, bionic materials are used to punc-
ture soft tissues, which will have a large deviation from the
actual conditions. The point-based initial registration
method is adopted to register US and MRI images, which im-
proves not only the configuration accuracy but also the time.
Miah proposed a core-oriented prostate biopsy robot [59],
which used the combination of MRI and US to improve im-
age registration and puncture accuracy [60]. The transrectal
ultrasound probe was located at one end of the robotic arm.
The robot utilized the concept of a double cone, and the in-
creased incidence of puncture surgery performed by the
robot could be avoided. Zhang et al. [61] proposed a 6DOF
prostate radiotherapy robot based on the US-MRI fusion
method. The ultrasound probe of the robot is attached to the
puncture needle module. A multimodal image deformation
registration method based on MCC is proposed to achieve
high-precision puncture. However, the registration process
of the robot ultrasonic module is complicated, so it is neces-
sary to simplify the registration process without affecting
the puncture accuracy in the future. Seifabadi ez al. [62] pro-
posed a prostatectomy robot guided by MRI-US image fu-
sion. As shown in Fig. (6B), the retentor of the ultrasound
probe can realize translation and rotation of 2DOF, which
can improve the imaging stability of the ultrasound probe. In
the future, combined with the corresponding flexible robot,
intervention robotic surgery can be realized.

2.4. CT-guided Prostate Intervention Robot

Plitea et al. [63] proposed a SDOF BT robot that does
not require a guide plate, but the robot also requires physi-
cians to manually implant radioactive particles, which in-
creases the problem of radiation exposure. As shown in Fig.
(7), Garg et al. [64] improved acubot-rnd7-axis robot by add-
ing rotation and oblique needle insertion. CT scanning was
required before the operation, and the robot was fixed on the
bed. The total RMS error range of the system obtained by
the experiment was between 2.6-4.3 mm. Kim et al. [17] pro-
posed a CT-guided 2DOF needle driver (generally combined
with the end of the binding robot), a motion mode of transla-
tion with ball splines and a set of synchronous gear belts,
and rotation adjustment of the needle driver with splines and
another set of synchronous gear belts. The maximum error
of the final repeatability is 0.16 mm and the standard devia-
tion is 0.0058 mm.

Interventional therapy device
/—{ Elastic balance mechanism

bm—{ TRUS mechanism

uide plate

Fig. (6). A. MRI-US guided prostate intervention robot, proposed
by Bi [58]. (4 higher resolution / colour version of this figure is
available in the electronic copy of the article).
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Fig. (6). B. MRI-US guided prostate intervention robot, proposed
by Seifabadi [62]. MRI-US guided prostate intervention robot, pro-
posed by (A) Bi, (B) Seifabadi. (4 higher resolution / colour ver-
sion of this figure is available in the electronic copy of the article).

Fig. (7). Guided prostate intervention robots [17]. (4 higher resolu-
tion / colour version of this figure is available in the electronic
copy of the article).

3. THE COMPATIBILITY OF PUNCTURE ROBOT
AND GUIDED IMAGE SYSTEM AND INTERVEN-
TION TECHNIQUES

Image quality determines the accuracy of intervention
surgery. The well-known MRI system often needs to consid-
er the influence of distortion, SNR(Signal-to-Noise Ratio)
measurement, and material selection of robot system manu-
facturing on image quality, and CT-guided robots will also
conduct noise analysis. This section mainly discusses the se-
lection of the main manufacturing materials for MRI and
CT. The selection of the MRI driver is also discussed.

3.1. Material Selection and Method of Mri Guided Inter-
vention Robots

The material selection for MRI-compatible intervention
robots is relatively limited, and ferromagnetic materials,
non-conductive materials, and large amounts of metal
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Table 1. Ultrasound guided prostate intervention robots.

Zhang and Yu

Published| Author [DOF Mechanical Structure Needle Research Progress Human-computer In- Limitation

Insertion teraction

Approach
2012 [21]| Long 7 | Two pairs of translation guide, ball TP Robot's median precision Semi-automatic The effect of gravity can re-

screw, rotating mechanism is 2.73 mm and 5.46 mm duce accuracy
to reach the phantom
target
2014 [22]|C. Vaida| 5 |X,Y,Z 3DOF cantilever, Angle ad- - - Fully automatic Rigidity is poor, flexibility
justment mechanism is not high, there are singu-
lar points

2014 [23]| Poquet | 6 Electromagnetic brake, balance TR - Semi-automatic The presence of a cantilever

spring and with cable drive results in low stiffness
(which can be improved by
combining a linkage like a

parallel quadrilateral)

2018 [15]| Zhang | 6 | Linear sliding table, linear driving TR Improved accuracy by ro- Fully automatic The error and other aspects

mechanism, rotary driving mech- tating the insertion nee- of the cantilever mechanism
anism, axial vibration mechanism dle: approximately 87% accumulation will have cer-
reduction at 1000rpm at tain deficiencies
insertion speeds of 20
mm/s.

2018 [27] C 2+3 | The puncture adjusting module and TR - Fully automatic The forward solution of par-
the ultrasonic probe adjusting mod- allel robot is complicated
ule are connected through a univer- and the error between mech-

sal joint anisms will be accumulated

2019 [28]| Ban 2 | The inner needle slide table is fixed- - Repeatability of the de- Fully automatic Poor flexibility, need to rely

ly connected with the ball screw vice was within £0.1 mm on high flexibility of the
slide table, and the spring presses robot
the pill and guides the inner needle.
2019 [29]| Lim 4 [Poor flexibility, need to rely on high TR The puncture needle was semi-automatic -
flexibility of the robot completed with 1 mm ac-
curacy
2022 [39]| Yan 8 The lifting platform adjusts the TR The average error of the Fully automatic Singularity exists and the ac-
height, the needle positioning manip- tip is between 0.963 mm curacy needs to be improved
ulator is a parallel mechanism, and and 1.846 mm
the needle feeding mechanism
2017 [40]| Chen 4 Vertical slider mechanism, drive - The average error is less Fully automatic Poor flexibility and inability
unit, guide mechanism, insert mecha- than 0.5 mm to avoid important organiza-
nism tions

2019 [41]| Tang - | Screw slide table as puncture mod- - Tip positioning error is Fully automatic Single plane accuracy is low

ule, ultrasonic probe adjustment mo- 0.6mm, and the minimum
dule tip positioning error is
0.06 mm
Table 2. MRI guided prostate intervention robots.
Published| Author | Dof Mechanical Structure Needle Research Pro- | Human-computer In- Limitation
Insertion gress teraction
Approach

2012 [43] Su 6 Synchronous belt, scissors mech- TP RMS has an error Fully automatic The rigidity is low and the safe-

anism, pin drive module of 0.87 mm ty needs to be improved

2013 [16]| Fischer 4 The front trapezoidal platform and TP - Fully automatic The accumulation of many fac-

the back trapezoidal platform are con- tors, such as mechanism and hu-
nected with the pin drive bracket man factors, will lead to a large
through a spherical pair deviation of final puncture

2014 [44]| Jiang 5 | The horizontal module, pitch module - The tip of the nee- Fully automatic The structure needs to be more

and insert module are constituted in dle has an error of compact
series structure 0.72 mm
2015[45]] Kim |4+6+1| Two trapezoidal connecting rods - - Fully automatic General stability, easy to lead to
form the base, the biopsy gun soft tissue movement of the pro-
adapter, the drive pack, and two con- state
centric shafts in the middle form the
concentric shaft

(Table 2) contd....



Robots: Systematic Review

Recent Patents on Engineering, XXXX, Vol. XXX 9

Published| Author | Dof Mechanical Structure Needle Research Pro- | Human-computer In- Limitation
Insertion gress teraction
Approach
2013 [46]| Dan 3 Locate the needle guide. The nut is - The puncture accu- Fully automatic Flexibility is poor, rely on flexi-
used to adjust the length of the racy was 2.58 mm bility to get a robot
needle
2016 [47]| Eslami 4 Two parallelogram mechanisms TP - Fully automatic Poor stiffness
(trapezoidal platform) combined with
the slider structure
2015 [S1]|Yiallouras| 3 |Linear axis, rotation axis, lifting axis TR - Fully automatic Simple structure, poor flexi-
bility
2019 [52]| Patel 4 An improved mechanism based on TP The RMS error in Fully automatic The accumulation and experi-
[16] the gelatin surface ment of robot mechanism error
is 1.5 mm and the and needle deflection error are
maximum error is based on gelatin structure, but
2.1 mm still have some limitations
2022 [53] Li - |Executive module, adjusting module, - The puncture devi- Fully automatic The compressibility of air may
adjusting module, mechanism joins a ation of the robot cause the final radioactive parti-
locking mechanism, locking mech- is 6.5 mm smaller cles to deviate too much
anism includes: preformed sliding than the average
table, locking cylinder, friction deviation of the
wheel, locking gear and locking teeth doctor's actual op-
eration
2016 [55]| Seifabadi| 6 [Adjustment module and steering mo- TP - Fully automatic The stiffness is poor and the ac-
dule curacy is general

Table 3. MRI-US and CT guided prostate intervention robots.

Published|Image Naviga-| Author |DOF| Mechanical Structure Needle |Research Pro-| Human-computer In- Limitation
tion System Insertion gress teraction
Approach
2020 [58] MRI-US Bi 6 Improved mechanism Tip deviation Fully automatic The bionic material used in
based on [15] less than 2.5 the experiment will have a
mm large deviation from the actu-
al, and the image registration
time is long
2020 [59] MRI-US Miah - - - Fully automatic -
2016 [61] MRI-US Zhang | 6 | Puncture module and ad- - Fully automatic The registration process is rel-
justment module atively complicated
2016 [62] MRI-US |Seifabadi| 2 | The screw slide provides - semi-automatic The stiffness is poor, and the
linear motion and the retain- stability needs to be further
er achieves translation and improved
rotation
2015 [63] CT Plitea 5 - - semi-automatic The stiffness is poor, and the
stability needs to be further
improved
2017 [17] CT Kim 2 | The ball splines move lin- The total RMS Fully automatic The stiffness is poor, and the
early with one set of error range of stability needs to be further
synchronous gear belts, and the system is improved
the splines rotate with between
another set of synchronous 2.6-4.3 mm
gear belts

should be avoided as much as possible, because the induced
eddy current of the scanner will deform the magnetic field,
and reducing image artifacts and noise can improve punc-
ture accuracy. General selection: aluminum, brass, titanium,
high-strength plastics, and composite materials (nylon, sili-
cone, polyformaldehyde, polypropylene, PTFE, etc.)
[65-70]. Driving devices are also important in an MRI envi-
ronment. Currently, the mainstream drivers [71] are: ultra-

sonic/piezoelectric motor [72-75], pneumatic motor [76-78],
hydraulic motor [79-86], and mechanical brake [87, 88]. Pie-
zoelectric/ultrasonic motors and air motors are the most
widely used. The main limitations of air motors [89] are pre-
cise position control, fine step size, time delay, and nonlin-
ear friction. Future air motors may have better control, small-
er size, and as low noise as possible. The posture of the end
effector of the robot is extremely important in percutaneous
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puncture surgery, so the sensors selected are mostly optical
sensors, which will achieve better accuracy in the future, but
the price is relatively high.

3.2. Material Selection and Method of CT Guided Inter-
vention Robots

In terms of material selection, MRI-compatible interven-
tion robots are much better than MRI. Generally, glass fiber,
carbon-reinforced epoxy resin and ceramics are used. The in-
nomotion robot uses plastic and ceramic materials, and the
RCM needle guide robot [90] uses non-ferromagnetic and
non-conductive materials. Kim et al. [42] proposed a CT-
guided 2DOF needle driver using a polymer.

3.3. Image Recognition

To achieve high-precision puncture, not only a flexible
mechanism is needed, but also image recognition. General-
ly, it CT scans the prostate with X-rays, and the images are
finally formed based on the principle of different soft tissue
densities with different X-ray attenuation levels [91]. How-
ever, CT has a low quality for soft tissue imaging and may
cause misdiagnosis, so it is generally not used for prostate
BT [92].The principle of the ultrasound system is similar to
that of CT, which realizes imaging through the different at-
tenuation degrees of different tissues encountered by ultra-
sound. The final image is represented by gray pixels be-
tween black and white of the prostate. The ultrasound sys-
tem can detect in real-time and obtain the shape, contour and
size of the diseased tissue, which has been widely applied to
the branching-therapy technology of prostate in the past
[93]. Although the ultrasound system has great advantages
in a small area, it can sometimes cause false negative pheno-
mena. MRI imaging is mainly performed by attenuation of
capacity in different tissues in the environment of a strong
magnetic field, and the imaging quality of soft tissues is
very high, which can improve the puncture accuracy. How-
ever, due to the need to consider the selection of materials
under eddy current and magnetic field, artifacts are also easy
to be generated [94]. The MRI-US image fusion technology
combines the advantages of MRI and US to further improve
the puncture accuracy, but the problem of visual prostate
soft tissue image registration technology is still a big chal-
lenge [95]. It generally includes extrinsic and intrinsic regis-
tration methods. At present, the mainstream optimization
strategies are simulated annealing algorithm [96, 97], LM
(Levenberg-Marquardt) algorithm [98, 99], EM (Expecta-
tion Maximization) algorithm [100, 101], and ICP (Iterative
Closest Point) algorithm [102-105].

CONCLUSION

This review examines representative prostate interven-
tion robots from the last decade, categorized by different
imaging guidelines (US, MRI, MRI-US, and CT), and ana-
lyzes their structural design, puncture accuracy, materials,
actuators, and compatibility. It is clear that US-guided pros-
tate intervention robotic and MRI systems have received the
most attention in the study. However, the US may lead to
false negatives and the imaging quality is not as high as

Zhang and Yu

MRI, which is expensive and has limitations with respect to
the material of the robot. The fusion of MRI and US com-
bines the advantages of real-time imaging and high imaging
quality. Therefore, we predict that the US will become the
universal image guidance for prostate BT in the near future,
and MRI and US fusion-guided prostate intervention robots
will become mainstream in the future. Currently, with high-
-quality image guidance, it is necessary to consider how
other means can be used to improve puncture accuracy in or-
der to avoid damage to normal tissue by radioactive parti-
cles. Several factors can affect puncture accuracy, such as
needle and tissue-induced soft tissue deformation that re-
quires focal displacement prediction, respiratory or physical
factors that cause focal displacement, gravity compensation
of the robot's master hand, device material compatibility,
and drive unit.

CURRENT & FUTURE DEVELOPMENTS

In recent years, the prostate intervention robot has attract-
ed more attention because it can, to some extent, make up
for doctors' lack of experience in performing intervention
surgery. The physiological shaking of the hand leads to a
cheap puncture path and solves the lesion points that cannot
be reached by traditional intervention surgery. The structural
design and materials of the prostate intervention robot are al-
so great challenges, not only to make the robot more flexible
but also to meet the restrictions under different image gui-
dance The most obvious is the MRI-guided intervention
robot, where the material must be non-ferromagnetic conduc-
tive materials, and drivers are also limited, such as the most
common ultrasonic motor and pneumatic motor. In addition,
it is believed that the ultrasound probe may cause soft tissue
changes during movement in the body, thus shifting the loca-
tion of focal points, which will lead to deviation from the ac-
tual situation in 3D modelling. Therefore, it is also very im-
portant to design the ultrasound probe holder for the ultra-
sound-guided prostate BT robot [106-109]. In this paper, the
intervention prostate robot is reviewed and the BT prostate
robot is mainly discussed. Based on different image process-
ing techniques, the US, MRI, MRI-US and CT robotic sys-
tems and key technologies are discussed. US has the advan-
tages of low price and real-time surgery, but at the same
time, the imaging quality is relatively low and may even
cause false negative phenomenon. MRI has better soft tissue
imaging technology, which can greatly improve puncture ac-
curacy. However, due to its high price, the robotic system
must take into account the choice of materials, which results
in certain limitations. Although MRI-US fusion imaging
technology combines the advantages of US and MRI, the
problem of image registration has become the most critical
technology. In addition, we found that most robots used US
and MRI systems for brachyprostatic surgery, and image fu-
sion technology will become the future trend, while CT im-
age quality is consistent and unsatisfactory, and most of
them are applied to intervention surgery in the thoracic and
abdominal cavity. Although the image registration technolo-
gy of MRI-US has high requirements, and there are still
great challenges in imaging soft tissue deformation [110],
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we boldly predict that MRI-US will gradually become the
mainstream image guidance technology of intervention surgi-
cal robots in the future.

Tables 1-3 show a comparison of the 26 different im-
age-guided prostate intervention robot design options pro-
posed in this paper. All design options were compared in
terms of degrees of freedom, experimental accuracy, and
with or without automatic mode.
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