
Mech. Sci., 13, 399–409, 2022
https://doi.org/10.5194/ms-13-399-2022
© Author(s) 2022. This work is distributed under
the Creative Commons Attribution 4.0 License.

Design of a transrectal ultrasonic guided prostate
low dose rate brachytherapy robot

Xuesong Dai1,2, Yongde Zhang1,3, Jingang Jiang1,2, Bing Li1,2, and Sihao Zuo2,3

1Key Laboratory of Advanced Manufacturing and Intelligent Technology, Ministry of Education,
Harbin University of Science and Technology, Harbin 150080, China

2Robotics and its Engineering Research Center, Harbin University of Science and Technology,
Harbin 150080, China

3Foshan Baikang Robot Technology Co., Ltd., Foshan 528237, China

Correspondence: Yongde Zhang (zhangyd@hrbust.edu.cn)

Received: 1 January 2021 – Revised: 28 February 2022 – Accepted: 3 April 2022 – Published: 29 April 2022

Abstract. Transrectal prostate brachytherapy (BT) can effectively treat prostate cancer. During the operation,
doctors need to hold the ultrasound probe for repeated adjustments, which makes it difficult to ensure the effi-
ciency, accuracy, and safety of the operation. We designed an 11 DOF (degrees of freedom) active and passive
transrectal BT robot, based on the analysis of the transrectal prostate BT process. The posture adjustment mod-
ule designed, based on the double parallelogram mechanism, realizes the centering function of the ultrasound
probe and performs the kinematic analysis. Based on Simscape Multibody, the working posture and centering
effect of the ultrasound probe’s different feed distances are simulated. A physical prototype of the transrectal
BT robot was developed and measured in experiments. The experimental results indicate that the angle rotation
error of the joint is controlled to within 1◦. The rotation range of each joint meets the design requirements. The
maximum error of the yaw angle’s remote center point motion and pitch angle’s remote center point motion are
0.5 and 0.4 mm, respectively, which are less than the deformation that can be endured in the anus by 6 mm. The
simulation and experimental results and the analysis of measurement errors have verified the effectiveness and
stability of the transrectal BT robot.

1 Introduction

Prostate cancer is the second most common cancer world-
wide and the sixth leading cause of cancer deaths in men
worldwide, with an estimated 1 276 000 new cancer cases
and 359 000 deaths in 2018 (Culp et al., 2020). Low dose rate
brachytherapy (BT) has higher efficacy and safety than exter-
nal beam radiotherapy and prostatectomy. The use of BT in
prostate cancer treatment is increasing every year (Corkum
et al., 2020). In recent years, many researchers have designed
ultrasound-guided robots to assist urologists in seed implan-
tation (Halima et al., 2021; Chen et al., 2017; Djohossou,
2019; Fichtinger et al., 2006, 2008; Lagerburg et al., 2006;
Rivard et al., 2005; Wei et al., 2005; Yongde et al., 2015;
Yu et al., 2007; Zhang et al., 2015). Parallel needle insertion
robots, which were developed in previous research (Lager-
burg et al., 2006; Rivard et al., 2005; Wei et al., 2005), can-

not puncture the prostate tissue behind the pubic bone if the
patient’s prostate is large (> 60 cm3). The literature (Chen
et al., 2017; Djohossou, 2019; Fichtinger et al., 2008) have
discussed the development of a prostate BT robot that can
perform angled needle insertion to puncture the prostate be-
hind the pubic bone. However, this increases the size of the
robot and the complexity of control. Currently, all prostate
BT robots adopt the transperineal approach for needle inser-
tion.

Clinically, there are two needle insertion routes for
prostate BT, namely transperineal BT and transrectal BT
(Xin et al., 2018), as presented in Fig. 1. Compared with
transperineal BT, transrectal BT has the following three ad-
vantages: (1) no anesthesia is required (transperineal seed
implantation requires general anesthesia, which increases the
surgical risk for the elderly), (2) the needle insertion path is
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Figure 1. Prostate BT via (a) transperineal and (b) transrectal ac-
cess.

short, and the position accuracy of the needle tip and parti-
cle is high, and (3) the pubic arch will not block the needle
insertion route. However, transrectal BT has the following
disadvantages: the intraoperative urologist needs to hold the
ultrasound probe for a long time, increasing the urologist’s
labor intensity, which in turn affects the BT accuracy (Dai et
al., 2021).

As mentioned above, there is currently no transrectal
prostate BT robot. Therefore, it is necessary to develop a
corresponding transrectal BT robot to address the abovemen-
tioned problems. We designed a robot for transrectal prostate
BT, which can effectively assist urologists in completing the
transrectal prostate BT and conducting simulation experi-
ments, physical prototype experiments, and measurement er-
ror analysis to verify its centering performance. The designed
robot not only enables doctors to free their hands during the
operation, but it also improves the efficiency and precision of
the prostate BT.

2 Design of the low dose rate (LDR) prostate BT
robot

2.1 Analysis of the ultrasound probe motion form

The prostate is located in the ampulla of the rectum. The
upper end of the prostate is wide (approximately 40 mm in
transverse diameter and 30 mm in vertical diameter), and the
lower end is narrow and flat (approximately 25 mm in the

Figure 2. Rectum anatomical diagram.

Figure 3. Motion scope of the ultrasonic probe.

front and rear diameter). After an edema, the volume of the
prostate can increase to one-quarter of its original volume
(Alberto et al., 2020). In the process of prostate BT, the ul-
trasound probe is inserted through the anus. The ultrasound
probe needs to complete the adjustment of the position, yaw
angle, and pitch angle and realize the rotation and feeding
of the ultrasound probe to complete the multiangle and all-
around prostate scanning. Figure 2 is an anatomical diagram
of the rectum (Vaggers et al., 2020). It can be found that the
space of the rectal ampulla is relatively large. In contrast, the
internal anal sphincter’s space is relatively narrow; therefore,
the ultrasound probe needs to pass through the anal canal to
reach the rectal ampulla. In this process, to avoid harm to the
rectum and to reduce the patient’s pain, the ultrasound probe
should always swing around the center of the anus periphery
as the center of rotation, and its range of motion is a cone-
shaped space, as illustrated in Fig. 3.

2.2 Structural design

According to the above analysis of the motion form of the
ultrasound probe, we divided the robot into three parts, i.e.
the preoperative position adjustment module, a posture ad-
justment module, and an ultrasound probe with self-rotation
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and a feeding module. Urologists use the preoperative posi-
tion adjustment module to adjust the ultrasonic probe to the
appropriate position. The posture adjustment module is used
to perform the yaw action and pitch action of the ultrasound
probe. The ultrasound probe with self-rotation and a feed-
ing module is used to perform the self-rotation and feeding
motions of the ultrasound probe.

In order for urologists to facilitate the adjustment of the
position of the ultrasound probe more flexibly and conve-
niently before surgery, we used a commercial 7 DOF (de-
grees of freedom) passive robotic arm as the preoperative
position adjustment mechanism of the ultrasound probe.

2.2.1 Posture adjustment module

In order to realize that the ultrasound probe can make a fixed-
point movement swinging in two directions around the pe-
ripheral central point of the anus, the remote center motion
(RCM) mechanism was selected for the attitude adjustment
mechanism. The remote center of the motion mechanisms
currently used in minimally invasive surgery includes par-
allelogram mechanisms, spherical mechanisms, arc mecha-
nisms, and triangular mechanisms. Since the posture adjust-
ment module is located at the end of the position adjustment
module, the remote center of the motion mechanism must be
selected to be as high as possible, with high precision and
light weight (Nguyen Phu et al., 2019). Through compari-
son, it is found that the RCM mechanism of the double par-
allelogram is the most suitable for the design requirements
of this paper. Therefore, this paper adopts the RCM mech-
anism based on the double parallelogram to design the pos-
ture adjustment module. Figure 4 is the schematic diagram
of the posture adjustment module, where the two parallelo-
grams are �ACFD and �BCJI, respectively. In Fig. 4, a local
coordinate system is established to describe the mechanism’s
parallel and centering characteristics.

When the connecting rod (see Fig. 4), DF goes around D
when the point is the center of the circle rotated by an angle
and α, A, and B have the following characteristics:

1. parallel characteristics, where AD//BI//CJ, AC//DF//IJ,
and

2. a centering characteristic, where the position of inter-
section H of extension line AD and extension line JI is
always unchanged.

Generally, according to the human body’s phys-
iological characteristics, the prostate occupies a
40 mm× 30 mm× 25 mm rectangular parallelepiped.
Figure 5 illustrates the prostate’s spatial state when the
patient is lying on the left side and shows the analysis of the
swing angle of the ultrasound probe scanning the prostate.
The yaw angle β is the swing angle of the ultrasound probe
in the transverse section, and the pitch angle is the swing
angle of the ultrasound probe in the longitudinal section.

Figure 4. Schematic diagram of the attitude adjustment module.

Figure 5. Analysis of the swing angle of the ultrasound probe.

The distance from the center point H of the anus to the
prostate surface HK is 60 mm. Considering that the volume
of the prostate will increase by 25 % after the edema, when
calculating the swing angle, the ultrasound probe takes the
space volume of the prostate as 50 mm× 40 mm× 40 mm
(Feng et al., 2009). Then, in the following:

PK = 25mm, MK = NK = 40mm,

OM= OK =
1
2

MN =
1
2

√
MK2+NK2,

OH = HK + OK = 88mm.

For the scanning range of the ultrasound probe to cover all
the regions of the prostate, a β angle and a γ angle shall meet
Eqs. (1) and (2) as follows:

tan
β

2
≥

OM
OH
=

28
88
, (1)
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Figure 6. Structure of the self-rotation and feed module of the ul-
trasound probe.

tan
γ

2
≥

PK
HK
=

25
60
, (2)

where the solution is β ≥ 35.4◦, γ ≥ 45.3◦.

2.2.2 Ultrasound probe with self-rotation and a feed
module

As illustrated in Fig. 6, the self-rotation and feed module
of the ultrasound probe is connected with the RCM mech-
anism through the RCM mount. To enable the ultrasound
probe to rotate coaxially with the rotation axis of this mod-
ule, the ultrasound probe is fixed to an adapter. The adapter
connects the module via cap A and cap B. Cap A and cap B
are supported by a linear rail (diameter, 3 mm; chromium-
plated 45 steel) and screw (T4 1; 304 stainless steel). A step-
per motor D (CHS-GM15BY, 12 V, 3 W; transmission ra-
tio of 1 : 380; Shenzhen Chihai Motor Co., Ltd.) drives the
screw. The linear rail and the screw connect the horseshoe-
shaped rotary rail through linear bearings and a screw nut.
The horseshoe-shaped rotary rail achieves rotation through
the meshing transmission of the sector gear and the pinion
driven by the stepping motor C (CHS-GM15BY, 12 V, 3 W;
transmission ratio of 1 : 380; Shenzhen Chihai Motor Co.,
Ltd.). The miniature bearings on the inside of cap C con-
nect with the arc track to support the rotary rail. The purpose
of selecting the horseshoe rotation rail is to allow sufficient
puncture space for the BT needle above the ultrasound probe.

2.2.3 Overall structure of the robot

The transrectal prostate BT robot is composed of a preopera-
tive position adjustment module, a posture adjustment mod-
ule, and an ultrasound probe with self-rotation and a feeding
module. Figure 7 is the overall structure diagram. The mech-
anism has 11 DOF, among which joints 1 to 4 are position
adjustment modules with 7 DOF, and joints 5 to 8 are atti-
tude adjustment modules with 4 DOF. The 7 DOF preoper-
ative position adjustment module adopts the 7 DOF passive

Figure 7. Schematic diagram of the overall structure.

arm (MG61003) produced by Noga Engineering & Technol-
ogy Ltd., Israel. The passive arm with 7 DOF can fix all the
joints through a locking button.

3 Analysis of the robot motion performance

In Sect. 2, the posture adjustment module and the self-
rotation and feeding module of the ultrasound probe are de-
signed. To verify if the ultrasound probe can scan various
parts of the prostate at multiple angles in all directions, for-
ward kinematic analysis of the two mechanisms is required
to obtain its theoretical movement space and theoretical cen-
tering effect.

3.1 Kinematic analysis of the posture adjustment
module and the self-rotation and feeding module

According to the ultrasound probe’s posture adjustment mod-
ule and the self-rotation and feeding module of the ultra-
sound probe mentioned in Sect. 2, based on the modified
D–H (Denavit–Hartenberg) method, each connecting rod co-
ordinate system of the two modules is established, as illus-
trated in Fig. 8. θ1 and θ2 are the azimuth and pitch angles of
the RCM mechanism, a2 and a4 are the rod lengths of each
rod, a3 is the feed distance of the ultrasound probe along the
x4 axis, and α4 is the rotation angle of the ultrasound probe.
The D–H parameters of each rod for both modules are pre-
sented in Table 1. Since the posture adjustment module is not
a simple open-loop motion chain and is a six-rod mechanism
composed of two parallel quadrangles, of which rod 1 is the
rotating platform in the posture adjustment module, rods 2
and 3 are the probe’s self-rotation and feed module instal-
lation platform and feed platform, respectively, and rod 4 is
the ultrasound probe. Based on the analysis of the mecha-
nism characteristics, the origin, O2, of the coordinate system
of rod 2 is established at the remote center point. The origin,
O3, of the coordinate system of rod 3 is established at the end

Mech. Sci., 13, 399–409, 2022 https://doi.org/10.5194/ms-13-399-2022



X. Dai et al.: Design of a transrectal ultrasonic guided prostate low dose rate brachytherapy robot 403

Figure 8. The kinematics coordinate system.

of the feeding platform. The origin, O4, of the coordinate sys-
tem of rod 4 is established at the end of the ultrasound probe,
and the directions of the x2 and x3 axes are along the axis x4
of the ultrasound probe. Therefore, the system is regarded as
a simple open-loop motion chain for discussion (Dong et al.,
2016).

The kinematic equation T from the reference coordinate
system of the base to the coordinate system at the end of the
robot is expressed as follows:

0
NT =

0
1T

1
2T

2
3T . . .

N−1
N T , (3)

i−1
i T = i−1

R T RQT
Q
p T

P
i T

= Rotxi−1 (αi−1)Transxi−1 (αi−1)
·Rotzi (θi)Transzi (di)

=

[ cosθi −sinθi 0 αi−1
sinθi cosαi−1 cosθi cosαi−1 sinαi−1 −di sinαi−1
sinθi sinαi−1 cosθi sinαi−1 cosαi−1 −di cosαi−1

0 0 0 1

]
. (4)

The two modules’ forward kinematic equation can be ob-
tained by multiplying the five joints’ homogeneous transfor-
mation matrix, as presented in Eq. (5).

0
5T =

0
1T

1
2T

2
3T

3
4T

4
5T

=

[
R05 P05
0 1

]
=


nx ox ax px
nt oy ay py
nz oz az pz
0 0 0 1

 . (5)

In Eq. (5), R05 represents the posture and P05 represents the
position, where, in the following:

n=


c1c2
c1s1
s2
0

 , (6)

o=


s1sf4− c1cf4s2
−c1sf4− cf4s1s2

c2cf4
0

 , (7)

α =


cf4s1− c1s2sf4
s1s2sf4− c1cf4
−c2sf4

0

 , (8)

p =


a2c1c2+ a3c1c2+ a4c1c2
a2c2s1+ a3c2s1+ a4c2s1
d1+ a2s2+ a3s2+ a4s2

0

 . (9)

In Eqs. (6), (7), (8), and (9), the following abbreviations rep-
resent the following trigonometric functions: s1 for sinθ1, c1
for cosθ1, sf1 for sinα1, cf1 for cosα1, and so on.

3.2 Simulation of the centering effect based on
Simscape Multibody

According to the schematic diagram and connecting rod pa-
rameters plotted in Fig. 8 and Table 1, the posture adjust-
ment module’s physical model and the self-rotation and feed-
ing module’s physical models are established in MATLAB’s
Simscape Multibody toolbox, where the end trajectory of the
ultrasound probe is tracked and recorded (Tatar et al., 2020;
Turkkan and Su, 2016). The resulting position coordinate
output will be recorded, and the working space graphic of
the ultrasound probe will be drawn in the workspace. Table 2
presents the parameters of the two modules.

Figure 9a is the simulation result when a3 = 0 mm. The
simulation result indicates that the remote center point co-
ordinates are (362, 1.43, and 209.6). When the azimuth and
pitch angle is set, the ultrasound probe is always located at
the remote center point and can form a cone-shaped space
with (380, 1.4, and 209.6) space position coordinates as the
vertex to observe the centering effect after increasing a cer-
tain feed distance. Without changing the other joint parame-
ters, the feed distance a3 of the ultrasound probe increases to
30 and 60 mm. The centering effect of the ultrasound probe
with a feed of 30 and 60 mm is illustrated in Fig. 9b and c,
respectively. After the measurement, the coordinates of this
point are still the same (380, 1.4, and 209.6). The ultrasound
probe realizes the change in the yaw angle and pitch an-
gle, according to the center of the remote center point when
a3 = 30 mm and a3 = 60 mm, which meets the design re-
quirements.

4 Experimental evaluation

By simulating the actual surgical environment and the op-
eration process, the reachable joint angle of the ultrasonic
probe’s posture adjustment mechanism is measured. The ex-
periment of measuring the remote center point of the posture
adjustment mechanism’s error is conducted to verify whether
the designed posture adjustment mechanism meets the actual
surgical needs. The physical prototype of the transrectal BT
robot is presented in Fig. 10.
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Table 1. D–H parameters of the manipulator.

Rod i αi−1 ai−1 di θi Range of motion and initial position

1 0 0 d1 θ1 −20 to 20◦, initial 0◦, d1 =−179 mm
2 −90 0 0 θ2 −25 to 25◦, initial 0◦

3 0 a2 0 0 a2 =−114
4 0 a3 0 0 10–100 mm, initial 10 mm
5 α4 a4 0 0 −90 to 90◦, initial 0◦, a4 = 175 mm

Figure 9. Centering effect of ultrasound probe at 0, 30, and 60 mm feeding.

4.1 Joint angle and corresponding motion error
measurement

The robot’s motion accuracy and motion range are factors
that guarantee the BT effect; therefore, it is necessary to ver-
ify the joint rotation accuracy and motion range of the pos-
ture adjustment module. The electronic digital angle mea-
suring instrument was used as the measuring instrument for
this experiment (accuracy of 0.1◦). The rotation angle com-
mand is sent to the robot through the control software to
measure the joint’s actual rotation angle. The error of the

joint (joints 5–7) angle rotation is controlled to within 1◦,
as illustrated in Fig. 11. According to the design require-
ments of the posture adjustment module, the rotation range
of the yaw angle of the set posture adjustment module is
θ1 =−17.7 to 17.7◦, and the rotation range of the pitch angle
is θ2 =−22.65 to 22.65◦. Therefore, the parameters of the
above two joints were measured to verify whether they met
the design requirements. Figure 12 presents the pitch angle’s
actual measurement results, and the measurement method of
the yaw angle is the same. According to the joint angle pa-
rameters measured in Table 3, each joint can reach the ideal
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Figure 10. The physical prototype of the transrectal BT robot.

Figure 11. The error of the rotation angle of the joints.

angle range and realize continuous rotation, while also meet-
ing the actual clinical needs.

4.2 Error measurement and error analysis of the remote
center point

In Sect. 3.2, the centering effect of the posture adjustment
mechanism was verified from the simulation point of view;
however, the centering effect of the actual physical proto-
type and the possible errors have not been considered. There-
fore, it is necessary to assess the physical prototype’s cen-
tering effect and then further analyze the measurement error
to verify whether it meets the surgical requirements. Since
this mechanism is used to realize the clamping, adjustment,
and positioning functions of the ultrasound probe to assist the
urologist in completing all-around scanning on the patient’s
prostate, it has higher safety performance requirements. The
deformation of the whole mechanism under the action of

Table 2. Attitude simulation parameters of the ultrasound probe at
0 and 30 mm feeding.

θ1 (◦) θ2 (◦) α4 (◦)

−20 to 20 −25 to 25 0

Table 3. Joint angle measurement.

Angle θ1 θ2

Target range −17.7 to 17.7◦ −22.65 to 22.65◦

Actual range −130.7 to 135.6◦ −24.5 to 29.2◦

gravity and external interference load will affect the posi-
tion of the remote center point, while the offset of the remote
center point will affect the positioning accuracy of the ultra-
sound probe during the actual surgery. When the ultrasound
probe is performing yaw and pitch actions, the remote center
point offsets the central point of the anus and thus makes the
ultrasound probe unable to rotate around the central point of
the anus, resulting in the anus being in contact with the ultra-
sound probe and receiving the pulling force of the ultrasound
probe, which can cause harm to the patient. The motion error
of the remote center point can be used as an essential in-
dex to evaluate the remote center’s motion performance. Its
measurement can realize the evaluation of the motion perfor-
mance of the remote center of the posture adjustment mech-
anism. First of all, in the measurement space, it is hoped that
the remote center point realizes the three-dimensional posi-
tion change. Therefore, it is necessary to conduct two groups
of experiments with the yaw angle (horizontal plane) remote
center point motion error measurement and pitch angle (ver-
tical plane) remote center point motion error measurement.

4.2.1 Measurement of the yaw angle’s remote center
point error

First, set the robot to a certain position, adjust the ultrasound
probe’s pitch angle to 0◦, and set the ultrasound probe’s ro-
tation angle α4 to = 0◦. Place the ultrasound probe in the
area directly above the graph paper (scale 1 mm), as pre-
sented in Fig. 13. Fix the remote center point pointer onto
the ultrasound probe’s remote center point and record the re-
mote center pointer’s initial position. For different feeds a3
(0, 30, and 60 mm), adjust the yaw angle to −40, −20, 0, 20,
and 40◦. The position coordinate data of the remote center
point obtained by multiple measurements are summarized in
Fig. 14. Under the same conditions, each group of experi-
ments was conducted five times, and their mean value was
taken as the final result. The measured distance between the
remote center point and the space fixed point (2.4 and 2.1) is
less than 1 mm, and the deformation of the anus is approx-
imately 6 mm. Therefore, the measurement results indicate
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Figure 12. Actual measured value of the pitch angle.

Figure 13. The measurement experiment of the yaw angle’s remote
center point.

that the deviation distance can be within the range of the
anus, which is in line with the surgical clinical requirements.

4.2.2 Measurement of the pitch angle’s remote center
point error

Place the ultrasound probe in the area directly in front of the
graph paper (scale 1 mm), as presented in Fig. 15. Fix the re-
mote center pointer onto the ultrasound probe’s remote cen-
ter point and record the remote center point pointer’s initial
position. For different feeds a3 (0, 30, and 60 mm), adjust
the pitch angle to −24, −12, 0, 12, and 24◦. Summarize the
pitch angle’s remote center point from multiple sets of mea-
surements, as illustrated in Fig. 16. Under the same condi-
tions, each group of experiments was conducted five times,
and their mean value was taken as the final result. The dis-
tance between the measured remote center point and the
space fixed point (3.6, 2) is less than 1 mm. The measure-
ment results indicate that the deviation distance can also be

Figure 14. The error measurement data distribution diagram of the
yaw angle’s remote center point.

Figure 15. The measurement experiment of the pitch angle’s re-
mote center point.
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Figure 16. The error measurement data distribution diagram of the
pitch angle’s remote center point.

within the scope of the anus, so it meets the requirements of
clinical surgery.

4.2.3 Error analysis of the remote center point

Remote center point positioning errors include systematic er-
rors and random errors, where the systematic error consists
of multiple error factors with a deterministic change rule
(Ernandes-Neto et al., 2020). Therefore, when considering
the systematic error, the true values of the measurement mean
and variance were used, and the confidence interval to define
the systematic error limit was used. We define the safety fac-
tor and use [x− k1s,x+ k1s] as the µ’s confidence interval,
where µ is the mean of the measurement, s is the measure-
ment variance, and x is the unbiased estimator of µ. In order
to determine the relative error, the relative fixed-point error
and relative standard error are used as the evaluation indica-
tors in each direction. The relative fixed-point error ε0 is the
error of the measured mean value relative to the fixed point,
and its expression is as follows:

ε0 =
|x −x0|

x0
× 100%, (10)

where x =
n∑
i=1
xi/n, x0 is the coordinate value of the fixed

point. The relative standard deviation (RSD) can be used to
test the precision of measurement results, and its expression
is as follows:

RSD=
S

x
× 100%. (11)

While most random errors obey a normal distribution, their
values range from −1 to 1 in order to reflect the random pro-
cess in different spatial position relationships.

We then set two sets of random two-dimensional variables,
with the random error in the x and y directions of the yaw

angle measurement and the random error in the x and z di-
rections of the pitch angle measurement. The correlation co-
efficient between the two-dimensional variables is defined as
follows:

r =

n∑
i=1

(xi − x)(yi − y)√
n∑
i=1

(xi − x)2
n∑
i=1

(yi − y)2

. (12)

The abovementioned error analysis theory takes the 95 %
confidence interval and calculates the measurement mean,
relative fixed-point error, relative standard error, confidence
interval, and relative parameters of the two-dimensional vari-
ables. The calculation results of azimuth error are presented
in Table 4.

It can be seen from Table 4 that, at the same probe feed
distance, the width of the confidence interval in the x direc-
tion is close to that of the y direction, which is stable at ap-
proximately 0.6 mm, indicating that the positioning perfor-
mance is relatively stable. The relative fixed-point error and
relative standard error in different feed directions remained
stable in the x and y directions, both remained stable below
15 %, and the error could be controlled within 1 mm. The
random relative error of x and y directions under different
feeding distances is low, indicating that the correlation be-
tween the two parameters is not strong, and it proves that the
measurement value of the y direction cannot be determined
by measuring the x direction. The results indicate that the
centering performance of the azimuth is stable, and the ac-
curacy meets the requirements. In the same way, the error
analysis is performed on the measurement data of the pitch
angle’s remote center point, and the analysis results are pre-
sented in Table 5. It can be seen from Table 5 that, when the
feeding distance of the probe is kept, the width of the con-
fidence interval in the x and z directions is close and stable
at approximately 0.5 mm, ensuring the stability of the cen-
tering performance. When the probe feed distance is varied,
the relative fixed-point error can be controlled within 1 mm.
The relative standard error of each group fluctuates less, in-
dicating that the accuracy of the measurement experiment is
reliable. Similarly, the values of random relative errors in the
x and z directions are also relatively small, demonstrating
that the two variables are not strongly correlated. The results
indicate that the centering performance of the pitch angle is
also stable and accurate enough to meet the requirements of
clinical surgery.

5 Conclusions

In this paper, we propose a robot for transrectal prostate BT.
The robot can assist urologists in operating the ultrasonic
probe. While reducing the labor intensity of the urologist,
compared with the urologist’s manual operation of the ul-
trasonic probe, the posture adjustment accuracy of the ultra-
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Table 4. The error analysis result of the yaw angle’s remote center point.

Feeding x direction y direction

distance Measured Relative Relative Confidence Measured Relative Relative Confidence Random
(mm) mean point standard interval mean point standard interval relative error

deviation deviation deviation deviation in x and y
(%) (%) (%) (%) directions

0 2.54 5.83 14.01 (2.23, 2.85) 2.06 1.60 14.80 (1.79, 2.33) 0.85
30 2.52 5.00 14.13 (2.21, 2.83) 2.20 4.76 11.59 (1.98, 2.42) 0.37
60 2.46 6.10 12.58 (2.22, 2.69) 2.3 5.12 12.67 (2.01, 2.49) 0.56

Table 5. The error analysis result of the pitch angle’s remote center point.

Feeding x direction z direction

distance Measured Relative Relative Confidence Measured Relative Relative Confidence Random
(mm) mean point standard interval mean point standard interval relative error

deviation deviation deviation deviation in x and z
(%) (%) (%) (%) directions

0 3.52 2.22 8.84 (3.25, 3.79) 1.96 2.00 13.79 (1.72, 2.2) 0.37
30 3.54 1.67 8.61 (3.27, 3.81) 1.9 5.00 12.34 (1.69, 2.11) 0.41
60 3.50 1.89 8.75 (3.25, 3.75) 1.98 3.00 12.89 (1.67, 2.29) 0.39

sound probe can also be improved. The transrectal prostate
BT robot is composed of a position adjustment module, a
posture adjustment module, and an ultrasound probe with
self-rotation and a feeding module. Among them, the pos-
ture adjustment module selects the RCM mechanism with
double parallelograms, thus allowing the ultrasound probe to
make a centering movement at the peripheral center point of
the patient’s anus. To verify the centering effect of the ul-
trasound probe, we set the coordinates of the remote center
point and selected two different feed distances to simulate
the centering point of the ultrasound probe, based on Sim-
scape Multibody. The simulation results indicated that the
ultrasound probe achieves a very stable centering effect un-
der different feeds, and it was verified from the perspective of
the simulation that the mechanism can meet the requirements
of actual clinical surgery. Finally, a physical prototype of the
transrectal prostate BT robot was developed. We assessed the
robot’s joint motion, the error of the joint angle rotation was
controlled to within 1◦, and the joint rotation range could
meet the scanning area of the ultrasound probe covering the
entire prostate. Then the posture adjustment module’s remote
center point motion errors of the azimuth and pitch angles
were measured. The error analysis of the measured data indi-
cated that the ultrasound probe’s centering performance was
stable when adjusting the attitude at different feeds. The ac-
curacy can meet the surgical requirements.
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